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Goal of the HL/HE-Workshop

·Review, extend and further refine our understanding of the physics potential of HL-LHC 
· stimulate new ideas for measurements and observables,  

·extend the LHC discovery reach, 

· improve the modelling of LHC phenomena towards measurements at ultimate precision, 

·prepare to exploit the HL-LHC data to the fullest possible extent. 

·begin a more systematic study of physics at the HE-LHC (a possible pp collider in the LHC ring with energy of about 27 TeV). 

·Concretely 
·Update existing projections, perform new analyses, complete partial analyses and combine to provide the most 

complete picture.  
·Identify critical areas, harmonize (and combine where useful) results experiments and theory 
·Discuss new ideas and reassess prospects, in light of increased precision and new methods and insights 

·Produce a CERN Yellow Report as input to the European Strategy group by the end of 2018. 

·Five Working Groups (one YR chapter each): Standard Model, Higgs, BSM, Flavour, Heavy Ions 
·10-page executive summary for submission by Dec 2018 
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Workshop Timeline

·June/July 2017: creation of the structure 

·Oct/Nov 2017: Kick-off meeting 

·21 Dec 2017: WG convenors meeting: skeleton table of contents 

·March/April 2018: Draft table of contents, start writing 

·18-20 June 2018 (Plenary Meeting): Close-to-final table of contents           
https://indico.cern.ch/event/686494 

·September 2018: Full drafts  

·December 2018: Submission
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now

http://lpcc.web.cern.ch/hlhe-lhc-physics-workshop
 https://twiki.cern.ch/twiki/bin/viewauth/CMS/HLandHELHCYR

    European Strategy for Particle Physics: Open Symposium in May 2019 

https://indico.cern.ch/event/686494
http://lpcc.web.cern.ch/hlhe-lhc-physics-workshop
https://twiki.cern.ch/twiki/bin/viewauth/CMS/HLandHELHCYR
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·Material presented:  
·Experimental results: those already shown at kick-off + updates from recently published TDR + a number of planned 

analyses for the YR 

·Theory: many new results (many also including HE-LHC)

·16 Sessions, 4-5 talks each, about half theory, half experiments 
·Participants:  105 registered/local        Vidyo: a few tens 

Workshop Program
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We are here

Agenda largely following foreseen chapter structure
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WG2: Higgs

5

Outline
 1. Introduction: Main goals and timeline  

 2. Precision Higgs physics (WG1 does cross sections for the HE?) 
 1. Channels reach in diboson decays, including fiducial and differential measurements. 
 2. Channels reach in main Yukawa couplings, including fiducial and differential 

measurements. 
 3. Special focus on direct and indirect probe of top Yukawa coupling 
 4. Progress on TH uncertainties: what to expect? 
 5. Impact from PDFs and alphaS on Higgs measurements.  
 6. Progress on Higgs specific MC.  
 7. Higgs couplings precision overview. 
 8. Probes using differential distributions of CP sensitive observables (and other dimension 

-6). 
 9. Interpretation in terms of Composite Higgs and the MSSM. 

 3. Di-Higgs production and Higgs self couplings 
 1. SM calculation 
 2. Double Higgs measurements and trilinear coupling. 
 3. Indirect probes of the trilinear coupling through differential distributions measurements. 
 4. Indirect probes through single Higgs boson production. 
 5. Theory Implications (including a critical view of the validity of direct and indirect trilinear 

couplings measurements. 

 4. Other high energy probes 
 1. Measuring Offshell couplings 
 2. tth differential measurements 
 3. WH/ZH at high energy/luminosity 
 4. WW WZ at high energy/luminosity 
 5. VBF 
 6. longitudinal VBS and di-higgs 

 5. The higgs boson mass and width 
 1. Theory review 
 2. Measurement of the Higgs boson mass. 
 3. Mass shift from the diphoton interference: constraints on the width. 
 4. Direct constraints from the Higgs boson lineshape. 
 5. Direct constraints from the Higgs boson lifetime measurements. 
 6. Width from Off-Shell higgs boson coupling. 
 7. Width from the diphoton interference rate. 

 6. Invisible decays of the Higgs boson (DM WG?)  

 1. Main channels for direct searches. 
 2. Interpretation and combination with precision Higgs 

boson measurements. 
 3. Higgs portal interpretations. 

 7. Higgs flavor and rare decays  

 1. Flavor aspects Yukawa modifications in flavor models 
 2.  Exclusive Higgs decays 
 3.  Flavor tagging (charm and strange) exp mostly 
 4.  LFV decays of the Higgs exp mostly (CMS can try to cover this) 
 5.  Yukawa constraints from Higgs distributions 
 6.  CP violation in Higgs couplings (tau, ttH) exp mostly. 

 8. BSM Higgs 
 1. Searches for additional Higgs bosons in fermionic final 

states (taus, b's, muons and tops) 
 2. Searches for additional Higgs bosons in diboson final 

states. 
 3. Searches for intermediate mass Higgs bosons (60 GeV 

- 120 GeV) 
 4. Searches for low mass Higgs bosons (up to 60 GeV). 
 5. Covering the MSSM, 2HDMs and the NMSSM, 

composite Higgs. 
 6. Searches for unconventional signatures of additional 

Higgs bosons 
 7. Searches for exotic decays of the Higgs boson 

 9. Conclusions and outlook  

Precision Higgs Production and Couplings

HH Production and Self-Coupling

Other High-Energy Probes (off-shell, VBS)

Draft chapter structure https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HLHEWG2

Higgs Mass and Width

Higgs to Invisible

Higgs-Flavour and Rare Decays

BSM Higgs

Is the Higgs the Higgs of the Standard Model ?

Pr
ec

isi
on

Ra
re

with WG1

with WG4

with WG3

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HLHEWG2
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Higgs Couplings
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Wed afternoon: J. Campbell, Higgs precision calculations; S. Braibant, 
all channels except main Yukawa; A. Calandri, Top and bottom Yukawas; 
C. Wagner, Modified bottom and top Yukawas; U. Klein, Higgs at LHeC

ATLAS-TDR-25

·Updates underway incorporating latest 
improvements from Run-2 

·Revisit exp./theo. uncertainties

Talk A.Calandri
Talk A.Calandri

Talk S.Braibant Talk S.Braibant

Prospects on couplings 
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S. Braibant - 04/04/2018           Higgs Prospects Couplings                 HL/HL-LHC workshop - FNAL 

H ➝ ZZ*
Main contributor to the H mass measurement at 
Run2

Upgraded detectors bring significant improvements:


Increased CMS/ATLAS tracker acceptances up 
to |η|<4, new EM trigger, improved µ  triggers, 
h igher reco efficiency and momentum 
resolution in Phase2


Resolution of the four-muon invariant mass as a 
function of the pseudorapidity of the most forward 
muon 
No worsening of the mass resolution due to the 
pileup increase is observed
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4 ITk Performance and Physics Benchmark Studies

mμμ [GeV]
110 115 120 125 130 135 140

A
.U

.

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

ATLAS Simulation 

ITk  Upgrade (μ =200)   

Run-2 Detector (μ = 23)

ITk Upgrade
Mean
Sigma

124.7 ± 0.0
2.023 ± 0.020

Run-2 Detector
MeanMean
SigmaSigma

124.5 124.5 ±± 0.0 0.0
2.697 2.697 ±± 0.013 0.013

Figure 4.38: Signal resolution for H ! µµ signal events, the Run 2 resolution is compared to the
HL-LHC with pile-up conditions corresponding to hµi =200.

mechanisms: Vector Boson Fusion, Higgs-strahlung, and associated production with tt̄, be-
ing more than an order magnitude smaller [39, 40]. For centre-of-mass energies of 14 TeV,
the production cross section of pairs of 125 GeV Higgs bosons is estimated to be 40.8 fb at
next-to-next-to-leading order in QCD (with an uncertainty of ±8.5% from QCD scale un-
certainties, and ±7% from PDF+aS uncertainties) [41, 42]. Example Feynman diagrams of
this process at leading order in Quantum Chromodynamics are shown in Figure 4.39. The
diagram which exhibits lHHH dependence (Figure 4.39(a)) interferes destructively with the
box diagram that is independent of lHHH (Figure 4.39(b)), thus a small increase in the value
of lHHH decreases the expected HH production cross section, and modifies the distribu-
tions of event kinematics.

The low SM non-resonant HH production cross section means that it is necessary to con-
sider final states where at least one of the two Higgs bosons decays into a final state with
a large branching ratio. The decay channel with largest branching ratio is H ! bb̄. Thus
the high-performance b-tagging capability of the proposed upgraded tracker is of critical
importance for these analyses. The SM non-resonant HH production process is dominated
by gluon-gluon fusion, leading to centrally produced Higgs bosons, hence the extended
forward tracking capability of the ITk is not expected to lead to large improvements in
sensitivity.

HH ! bb̄bb̄

The HH decay channel with the largest branching ratio (33.3%) is HH ! bb̄bb̄. Projec-
tions for this channel have been made, extrapolating from the ATLAS Run 2 analysis [43],
to estimate the sensitivity to Higgs-boson pair production with the full HL-LHC dataset of
3000 fb�1. This extrapolation assumes similar detector performance to Run 2 for jet recon-
struction and b-jet identification; as such it gives a pessimistic estimate of the sensitivity

82

µ: ~8%  and kµ: ~5%

ATLAS-TDR-25

Couplings will typically  
be systematics limited 

can be further improved  
e.g. by taking ratios and/or  

with more experimental 
work
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Higgs Couplings
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Wed afternoon: J. Campbell, Higgs precision calculations; S. Braibant, 
all channels except main Yukawa; A. Calandri, Top and bottom Yukawas; 
C. Wagner, Modified bottom and top Yukawas; U. Klein, Higgs at LHeC

·Updates underway incorporating latest 
improvements from Run-2 

·Revisit exp./theo. uncertainties

Talk A.Calandri
Prospects on couplings 
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now known to N3LO

Talk J. Campbell

now known to  
N3LL+NNLO

Gluon fusion
• Cross-section now known 

exactly to N3LO, lifting per-mille 
accuracy threshold approximation 
(Mistlberger, 1802.00833, et al.).


• Full analysis of 27 
TeV production 
cross-section, 
including uncertainty 
estimates etc, a la 
YR4, already done.

4

[see talk of B. Mistlberger]ggF pT distribution
• At small pT fixed-order calculations have to be supplemented by 

resummation (NkLL) in order to provide a sensible description.


• current best is N3LL+NNLO (Bizon et al, 1705.09127), other groups 
exploring variety of resummation and combination schemes.


• In general the pT distribution is very sensitive to the nature of loop 
coupling of gluons to H.  

• This is true even for the particles 
we know about (t,b,c)!


• In the last year some important SM 
effects have been pinned down more precisely.

5

Talk A.Calandri

Off-shell 4ℓ mass spectrum: thresholds and interference effects 
carry information on Higgs couplings at different energy scales

Dorival Gonçalves
Campbell, Ellis, Williams 2013

!
!

Theoretical ingredients

Carries information on the Higgs couplings at different energy scales

Fermilab - 04.05.2018

Talk D.Goncalves
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charm!!

Higgs Couplings at pp + ep 
After HL-LHC and LHeC running concurrently for 10 years 

AT
L0
PH

YS
0P
U
B0
20
14
00
16
!

LHeC!@1ab31!!

!
!

pp:!PDF+αS!!errors!!

0.5%!with!!

new!ep!input!!

+much!more!Higgs!results!in!2038!…!
top,!W,!Z!,!τ!,!…under!study!
!

! use!LHeC!as!the!‘near’!
detector!for!pp!to!beat!the!

αs!and!PDF!uncertain/es!

from!~3%!to!<~0.5%,!

!  !δmb!to!10!MeV;!

!!!!!!δmcharm!to!3!MeV!

Uncertainty!on!pp!Higgs!cross!sec/on!
Giulia!Zanderighi,!Vietnam!9/16,!
from!C.Anastasiou!et!al,!1602.00695!
who!also!discuss!the!ABM!alpha_s..!!

11 

Already!with!the!first!~100!>31!

Higgs Couplings
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Wed afternoon: J. Campbell, Higgs precision calculations; S. Braibant, 
all channels except main Yukawa; A. Calandri, Top and bottom Yukawas; 
C. Wagner, Modified bottom and top Yukawas; U. Klein, Higgs at LHeC

After 10 years of LHeC + HL-LHC

Talk U.Klein (this figure taken from kick-off mtg Oct 2017)

Hbb	

realistic	HFL	tagging	&	BDT			
																																					LHeC	@	L=1000	fb-1		

10%PHP	
and	
100%	
other	bgd	

	
	
	
	

Hbb	signal	
with	BDT>0	

Hcc	signal	
with	BDT>0	

Hcc	

2%Hbb	
and	
2%		
other	bgd	

Uta	Klein	&	Daniel	Hampson		

9 
δμ/μ(Hcc)	=	7.4	%				

δμ/μ(Hbb)	=	1.0%				

Hcc	

Hcc	

Hbb	

remaining	Hbb	

μ=σ/σSM				

Uta	Klein,	Higgs@LHeC	

Talk U
.Klein

·Updates underway incorporating latest 
improvements from Run-2 

·Revisit exp./theo. uncertainties

now known to N3LO

Talk J. Campbell

now known  
to N3LL+NNLO

Gluon fusion
• Cross-section now known 

exactly to N3LO, lifting per-mille 
accuracy threshold approximation 
(Mistlberger, 1802.00833, et al.).


• Full analysis of 27 
TeV production 
cross-section, 
including uncertainty 
estimates etc, a la 
YR4, already done.

4

[see talk of B. Mistlberger]ggF pT distribution
• At small pT fixed-order calculations have to be supplemented by 

resummation (NkLL) in order to provide a sensible description.


• current best is N3LL+NNLO (Bizon et al, 1705.09127), other groups 
exploring variety of resummation and combination schemes.


• In general the pT distribution is very sensitive to the nature of loop 
coupling of gluons to H.  

• This is true even for the particles 
we know about (t,b,c)!


• In the last year some important SM 
effects have been pinned down more precisely.

5

Modification of kb would lead to large modification of all other BR  
Talk C.Wagner

C.KrauseIII: The uncertainties at the HL-LHC are O(5%).

Improvements:
cV , ct , c⌧ , and cg gain a factor
of 2.

cb, and c� gain a factor of 3.

cµ gains a factor of 6.

) The overall uncertainty goes
down to O(5%).

Loop corrections will start to become
important at this level.

de Blas/Eberhardt/CK [1803.00939]
Claudius Krause (Fermilab) Costraints on the ew�L April 5, 2018 15 / 19

Alternative to kappa: fit in EW  
chiral Lagrangian formalism
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Limits on Higgs self-coupling
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ATLAS DRAFT 3.3 Physics Benchmark Studies

 [GeV]γγm

100 105 110 115 120 125 130 135 140 145 150

E
ve

n
ts

 /
 2

.5
 G

e
V

0

10

20

30

40

50

60

70

ATLAS

Simulation Internal
-1 = 14 TeV, 3000 fbs

Stat. Unc.
γγbb→HH

Single H
γγbb

Reducible
Others
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Figure 3.34: Expected 95% CL upper limit on the cross-section s(HH ! bb̄gg) with 3000 fb�1 of
data and neglecting systematic uncertainties, as a function of the Higgs self-coupling constant l
in units of lSM. The ±1 s and ±2 s uncertainty bands are shown in green and yellow. The non-
resonant HH prediction shows the theoretical cross-section for di-Higgs production as function of
lHHH/lSM

HHH .

21st December 2017 – 17:03 73

o Result without systematics (Pixel TDR): 0.2 < ⁄hhh/⁄SM
hhh < 6.9

(based on improved b-tagging performance and photon energy resolution)
o ATL-PHYS-PUB-2017-001: ≠0.8 < ⁄hhh/⁄SM

hhh < 7.7
18/22

HL-HE-LHC WS , April 2018 Jezequel S. (LAPP) 12

3. DiHiggs @ HL-LHC

 → sSM

gg→HH=39 f (±6 %)

→ 120 k HH evts 

lHHH kt
t

t

Targets : 
First observation of HH production

Measure lHHH ( and kt coupling)

ATLAS TDR Pixel

Strong dependance on p
T
(4jets) trigger threshold

Precision limited by QCD multijet uncertainty 
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CMS Phase-2 Simulation Preliminary  (14 TeV)-13 ab

HH

·Di-Higgs cross section (SM: 39 fb (±6%) at 14 TeV 
·HL-LHC: aim to measure λHHH  

·Need control of backgrounds and single Higgs production 
·(Negative) Interference: need calculations to high accuracy 
·Additional constraints on λHHH from single Higgs precision measurements

9

Caterina Vernieri (FNAL) HL/HE LHC Meeting, 4-6 April 2018, FNAL

Why di-Higgs

3

Modified in many BSM scenarios 

Better than 20% precision on λHHH  [1305.6397] to see a deviation from SM (or less [1505.05488] in NMSSM)

Anomalous Higgs boson couplings  
Strong effect on cross-section and m(hh) shape 
EFT approach parametrizes new physics (dim 6 operators) 
modifications to κλ=λ/λSM and κt = yt/yt,SM 
 three new interactions: c2, c2g, cg 

ArXiv:1610.07922  
JHEP04(2016)126

κλκt κt

κt

c2
c2g cg

36 Chapter 1. Higgs boson pair production

The separate contribution of each diagram is illustrated in Figure 1.10. It should be
noted that the contribution from the triangle diagram cannot be isolated by setting to
zero the other couplings, as its amplitude squared depends quadratically on yt . However,
as already illustrated in Figure 1.9, it mostly contributes to the low mHH region. The
diagram involving the ⁄HHH and cg couplings contributes as well to the low mHH region
while those diagrams involving c2 and c2g have significant impact to the high mHH region,
the latter extending significantly beyond 1 TeV. As already observed in the simple case
discussed in the previous section, these five contributions have a non trivial interference
that can produce a large variety of HH signal topologies.

 [GeV]HHm
300 400 500 600 700 800 900

 a
.u
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0.005
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0.015

0.02

0.025

0.03
 = 1t = kλk

 = 1tk
 = 12c

 = 1g = cλk
 = 12gc

Figure 1.10 – Comparison of the mHH distributions for di�erent combinations of the
BSM couplings. All the couplings not explicitly indicated in the legend are set to
zero.

Exploring all the possible combinations of the five couplings is clearly not feasible for
an experimental search in terms of complexity of the combinations and computing time.
An approach discussed in Ref. [59] consists in defining “shape benchmarks”, combinations
of the five EFT parameters which topologies are representative for large regions of the five-
dimensional parameter space. The shape benchmarks are defined by scanning a sample
of 1507 points generated in a five-dimensional grid and by regrouping those with similar
kinematic properties. The latter are completely described at LO by two parameters that
are taken as mHH and and the absolute value of the cosine of the polar angle of one Higgs
boson with respect to the beam axis, | cos ◊ú|, as discussed in more detail in Section 5.2 of
Chapter 5. The similarity between two shapes is quantified through a metric defined from
a binned likelihood ratio test statistics. Twelve shape benchmarks are defined with this
procedure, and their corresponding shapes are shown in Figure 1.11. The corresponding

L.Cadamuro’s thesis

CMS-TDR-17-007

HH→bbττ

HL/HE-LHC WS , April 2018 Jezequel S. (LAPP) 13

3. DiHiggs @ HL-LHC (2)

Channel CMS ATLAS

HH→ bbbb Z(s
HH

(SM))=0.39 s -4.1 <l
HHH

/l
SM

< 8.7  @95 % C.L.

HH→ bbtt 1.6 SM 0.6 s

-4.0 <l
HHH

/l
SM

< 12.0  @95 % C.L.

HH→ bbgg 1.43 s 1.5 s

0.2 <l
HHH

/l
SM

< 6.9 @95 % C.L.

(stat only)

HH→ WWbb 0.45 s

tt(HH→ bbbb) 0.35 s

Update with most recent results including Run2 extrapolation

Improve significance for HH production

Benefit from kinematic distributions (m
HH

) for couplings (l,...) 

Combination : Channels and experiments ( + single H ? )

HH→bbγγ

Being updated with most recent results from Run-2 and combination

Thu morning: C. Vernieri: Di-Higgs CMS; P. Bokan: Di-Higgs ATLAS

Talk: P. Bokan

Plenary: Jezequel



    Andreas B. Meyer                                                                             Summary and Plans                                                 HL/HE LHC Meeting, Fermilab, 6 April 2018                                    

HH

·HL/HE-LHC have potential to probe the nature of the electro-weak phase transition 

·New scalars could be measured in resonant HH production observable at the HL/E-LHC 
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Thu morning: M. Ramsey-Musolf: Di-Higgs and 
EW phase transition; M.Sullivan.: Di-Higgs in singlet 
extensions; S. Homiller: HH at high energy

Caterina Vernieri (FNAL) HL/HE LHC Meeting, 4-6 April 2018, FNAL

Why di-Higgs

3

Modified in many BSM scenarios 

Better than 20% precision on λHHH  [1305.6397] to see a deviation from SM (or less [1505.05488] in NMSSM)

Anomalous Higgs boson couplings  
Strong effect on cross-section and m(hh) shape 
EFT approach parametrizes new physics (dim 6 operators) 
modifications to κλ=λ/λSM and κt = yt/yt,SM 
 three new interactions: c2, c2g, cg 

ArXiv:1610.07922  
JHEP04(2016)126

κλκt κt

κt

c2
c2g cg

36 Chapter 1. Higgs boson pair production

The separate contribution of each diagram is illustrated in Figure 1.10. It should be
noted that the contribution from the triangle diagram cannot be isolated by setting to
zero the other couplings, as its amplitude squared depends quadratically on yt . However,
as already illustrated in Figure 1.9, it mostly contributes to the low mHH region. The
diagram involving the ⁄HHH and cg couplings contributes as well to the low mHH region
while those diagrams involving c2 and c2g have significant impact to the high mHH region,
the latter extending significantly beyond 1 TeV. As already observed in the simple case
discussed in the previous section, these five contributions have a non trivial interference
that can produce a large variety of HH signal topologies.

 [GeV]HHm
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Figure 1.10 – Comparison of the mHH distributions for di�erent combinations of the
BSM couplings. All the couplings not explicitly indicated in the legend are set to
zero.

Exploring all the possible combinations of the five couplings is clearly not feasible for
an experimental search in terms of complexity of the combinations and computing time.
An approach discussed in Ref. [59] consists in defining “shape benchmarks”, combinations
of the five EFT parameters which topologies are representative for large regions of the five-
dimensional parameter space. The shape benchmarks are defined by scanning a sample
of 1507 points generated in a five-dimensional grid and by regrouping those with similar
kinematic properties. The latter are completely described at LO by two parameters that
are taken as mHH and and the absolute value of the cosine of the polar angle of one Higgs
boson with respect to the beam axis, | cos ◊ú|, as discussed in more detail in Section 5.2 of
Chapter 5. The similarity between two shapes is quantified through a metric defined from
a binned likelihood ratio test statistics. Twelve shape benchmarks are defined with this
procedure, and their corresponding shapes are shown in Figure 1.11. The corresponding

L.Cadamuro’s thesis

DiHiggs at HE?
•Thanks to HXSWG for the precision 
calculation of the di-Higgs rate + 
interpretation of di-Higgs searches 
in the context of BSM


•Large rates at HE (NLO xsec 
127.88+-11%fb, G. Heinrich)


•Recent theory study for the 
prospects at HE: https://arxiv.org/
pdf/1802.04319.pdf   (~30% 
accuracy in the measurement of the 
Higgs self-coupling using pp->hh-
>bb gamma gamma, 15ab-1 
luminosity assumed).

23

58K

34K 5K

40K 14K 4K 1K

71501.3K 4003.4K

94K

320K

440K
Nb @ 27 TeV, 10 ab-1

Factor 10 more HH events at HE-LHC: 
measure ΛHHH down to ~20% 

Talk: Ramsey-Musolf

Talk: Sullivan

Sensitivity to λ3

Estimate the precision on the self-coupling in a hypothetical
experiment assuming λ3 = λ3,SM

Expected events in SM depends on acceptance as a function of λ3

|d(σ/σSM)/dλ3| ≈ 0.55

Estimated precision
of ∼ 40% on λ3,SM

Samuel Homiller shomiller@gmail.com Measuring the Higgs Trilinear Coupling at an HE-LHC 14/15
14/15

Talk: HomillerStudy of HH→bbγγ at HE-LHC

HE-LHC: expect ~4σ significance 
from single channel bbγγ 
=> 40% precision on λHHH  

From kick-off mtg
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Dorival Gonçalves

Higgs candidate is genuinely part of a multi-jet system: 

 Proper modelling of the QCD emissions indispensable requirement for robust analysis

Signal & backgrounds are @NLO (MC@NLO), accounting for spin correlation on top decays

Directly Measuring ttH
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The full analysis and higher-order effects	
did not degrade our observable!
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Fermilab - 04.05.2018
Buckley, DG (PRL-2015)

·At low/moderate pt: sensitivity to kc, kb     —        at high pt: kt and BSM     — angular distributions: CP structure

Higgs Distributions
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Thu: T. Klijnsma: Differential cross sections; 
D.Goncalves: Higgs Couplings at high energies
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Introduction: Differential cross sections

3

• Transverse momentum pTH  

• Sensitivity to modifications of effective Higgs 
Yukawa couplings  

• Sensitivity to finite top mass effects 

H

yf 

yf = f · ySM
f

2

momenta pT . mh/2. This partly compensates for the
quadratic mass suppression m2

Q/m
2
h appearing in (1). As

a result of the logarithmic sensitivity and of the 2
Q de-

pendence in quark-initiated production, one expects de-
viations of several percent in the pT spectra in Higgs
production for O(1) modifications of Q. In the SM,
the light-quark e↵ects are small. Specifically, in compar-
ison to the Higgs e↵ective field theory (HEFT) predic-
tion, in gg ! hj the bottom contribution has an e↵ect
of around �5% on the di↵erential distributions while the
impact of the charm quark is at the level of �1%. Like-
wise, the combined gQ ! hQ, QQ̄ ! hg channels (with
Q = b, c) lead to a shift of roughly 2%. Precision mea-
surements of the Higgs distributions for moderate pT
values combined with precision calculations of these ob-
servables are thus needed to probe O(1) deviations in yb
and yc. Achieving such an accuracy is both a theoretical
and experimental challenge, but it seems possible in view
of foreseen advances in higher-order calculations and the
large statistics expected at future LHC runs.

Theoretical framework. Our goal is to explore
the sensitivity of the Higgs-boson (pT,h) and leading-
jet (pT,j) transverse momentum distributions in inclusive
Higgs production to simultaneous modifications of the
light Yukawa couplings. We consider final states where
the Higgs boson decays into a pair of gauge bosons. To
avoid sensitivity to the modification of the branching ra-
tios, we normalise the distributions to the inclusive cross
section. The e↵ect on branching ratios can be included in
the context of a global analysis, jointly with the method
proposed here.

The gg ! hj channel was analysed in depth in the
HEFT framework where one integrates out the domi-
nant top-quark loops and neglects the contributions from
lighter quarks. While in this approximation the two
spectra and the total cross section were studied exten-
sively, the e↵ect of lighter quarks is not yet known with
the same precision for pT . mh/2. Within the SM,
the LO distribution for this process was derived long
ago [17, 19], and the next-to-leading-order (NLO) cor-
rections to the total cross section were calculated in [20–
24]. In the context of analytic resummations of the Su-
dakov logarithms ln (pT /mh), the inclusion of mass cor-
rections to the HEFT were studied both for the pT,h

and pT,j distributions [25–27]. More recently, the first
resummations of some of the leading logarithms (1) were
accomplished both in the abelian [28] and in the high-
energy [29] limit. The reactions gQ ! hQ, QQ̄ ! hg
were computed at NLO [30, 31] in the five-flavour scheme
that we employ here, and the resummation of the loga-
rithms ln (pT,h/mh) in QQ̄ ! h was also performed up to
next-to-next-to-leading-logarithmic (NNLL) order [32].

In the case of gg ! hj, we generate the LO spectra
with MG5aMC@NLO [33]. We also include NLO corrections
to the spectrum in the HEFT [34–36] using MCFM [37].
The total cross sections for inclusive Higgs production

100

Figure 1: The normalised pT,h spectrum of inclusive Higgs
production at

p
s = 8TeV divided by the SM prediction for

di↵erent values of c. Only c is modified, while the remain-
ing Yukawa couplings are kept at their SM values.

are obtained from HIGLU [38], taking into account the
NNLO corrections in the HEFT [39–41]. Sudakov loga-
rithms ln (pT /mh) are resummed up to NNLL order both
for pT,h [42–44] and pT,j [45–47], treating mass correc-
tions following [27]. The latter e↵ects will be significant,
once the spectra have been precisely measured down to
pT values of O(5GeV). The gQ ! hQ, QQ̄ ! hg contri-
butions to the distributions are calculated at NLO with
MG5aMC@NLO [48] and cross-checked against MCFM. The ob-
tained events are showered with PYTHIA 8.2 [49] and jets
are reconstructed with the anti-kt algorithm [50] as im-
plemented in FastJet [51] using R = 0.4 as a radius
parameter.
Our default choice for the renormalisation (µR), fac-

torisation (µF ) and the resummation (QR, for gg ! hj)
scales is mh/2. Perturbative uncertainties are estimated
by varying µR, µF by a factor of two in either direc-
tion while keeping 1/2  µR/µF  2. In addition, for
the gg ! hj channel, we vary QR by a factor of two
while keeping µR = µF = mh/2. The final total theo-
retical errors are then obtained by combining the scale
uncertainties in quadrature with a ±2% relative error as-
sociated with PDFs and ↵s for the normalised distribu-
tions. We stress that the normalised distributions used
in this study are less sensitive to PDFs and ↵s varia-
tions, therefore the above ±2% relative uncertainty is a
realistic estimate. We obtain the relative uncertainty in
the SM and then assume that it does not depend on Q.
While this is correct for the gQ ! hQ, QQ̄ ! hg chan-
nels, for the gg ! hj production a good assessment of
the theory uncertainties in the large-Q regime requires
the resummation of the logarithms in (1). First steps in

Bishara, Haisch, Monni, 
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Figure 1: Higgs transverse-momentum spectrum in the SM (black, solid) compared to (a) separate variations and
(b) mixed contribution of the dimension-six operator for 0 GeV pT  400 GeV. The lower frame shows the ratio
with respect to the SM prediction. The shaded lighter and darker grey bands in the ratio indicates the uncertainty
due to scale variations in NLL+NLO and NNLL+NNLO case respectively. See text for more details.

The spectra presented in Figure 1 (b) correspond to switching on all three SMEFT operators. We choose
scenarios with increased top-quark Yukawa coupling (up to ct = 1.5), as hinted by the excess on the tt̄H rate over
the SM prediction reported in ATLAS and CMS [23, 24]. As it was noticed also in the NLL+NLO case most of
the scenarios distort the shape of the spectra beyond the scale uncertainty, but the further reduction of the scale
uncertainty in the NNLL+NNLO case allows also for a better discrimination between di↵erent scenarios. 5

5 Conclusions

If New Physics will not be accessible at the LHC through direct searches, e.g., with the discovery of new resonances,
it will be crucial to fully exploit the data to study possible (small) deviations from the SM predictions. The formalism
that can be used for this purpose is SMEFT, which parametrises high-scale BSM e↵ects through appropriate higher-
dimensional operators. Bounds on the corresponding Wilson coe�cients of these operators can be set by comparing
to the experimental data.

In this note we have presented an extension of the recently published NLL+NLO calculations of the Higgs pT
spectra augmented with SMEFT operators [1] to NNLL+NNLO level of accuracy. We start with state-of-the-art
SM predictions and scale them by relative SMEFT/SM e↵ects at NLL+NLO (i.e. the ratios plotted in the lower
panels of the Figures).

We found that variations of di↵erent SMEFT operators manifest themselves in di↵erent regions of the Higgs pT
spectrum: a modification of the bottom Yukawa coupling (O3) induces e↵ects almost exclusively at small pT , while
a direct coupling of the Higgs boson to gluons (O1) changes the shape of the distribution in the high-pT tail and
the top Yukawa coupling primary a↵ects the normalisation. We notice from the presented spectra that the shape of
the transverse momentum distribution depends on the mass of the particle that mediates the Higgs-gluon coupling.
The lower the mass of that particle, the softer is the resulting spectrum, and thus the enhancement of bottom
loop leads to the softest spectrum, while an enhancement of the point-like coupling (corresponding to infinite mass
particles in the loop) to the hardest one.

Finally we mention the limitation of our study. The NNLL+NNLO SM predictions are known only in the heavy
top limit, with just approximate inclusion of top mass e↵ects, and thus the approach involving a scaling of the

5
For more discussion on the SMEFT operators impact on the spectra refer to [1].
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• Transverse momentum pTH  

• Sensitivity to modifications of effective Higgs 
Yukawa couplings  

• Sensitivity to finite top mass effects 
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momenta pT . mh/2. This partly compensates for the
quadratic mass suppression m2

Q/m
2
h appearing in (1). As

a result of the logarithmic sensitivity and of the 2
Q de-

pendence in quark-initiated production, one expects de-
viations of several percent in the pT spectra in Higgs
production for O(1) modifications of Q. In the SM,
the light-quark e↵ects are small. Specifically, in compar-
ison to the Higgs e↵ective field theory (HEFT) predic-
tion, in gg ! hj the bottom contribution has an e↵ect
of around �5% on the di↵erential distributions while the
impact of the charm quark is at the level of �1%. Like-
wise, the combined gQ ! hQ, QQ̄ ! hg channels (with
Q = b, c) lead to a shift of roughly 2%. Precision mea-
surements of the Higgs distributions for moderate pT
values combined with precision calculations of these ob-
servables are thus needed to probe O(1) deviations in yb
and yc. Achieving such an accuracy is both a theoretical
and experimental challenge, but it seems possible in view
of foreseen advances in higher-order calculations and the
large statistics expected at future LHC runs.

Theoretical framework. Our goal is to explore
the sensitivity of the Higgs-boson (pT,h) and leading-
jet (pT,j) transverse momentum distributions in inclusive
Higgs production to simultaneous modifications of the
light Yukawa couplings. We consider final states where
the Higgs boson decays into a pair of gauge bosons. To
avoid sensitivity to the modification of the branching ra-
tios, we normalise the distributions to the inclusive cross
section. The e↵ect on branching ratios can be included in
the context of a global analysis, jointly with the method
proposed here.

The gg ! hj channel was analysed in depth in the
HEFT framework where one integrates out the domi-
nant top-quark loops and neglects the contributions from
lighter quarks. While in this approximation the two
spectra and the total cross section were studied exten-
sively, the e↵ect of lighter quarks is not yet known with
the same precision for pT . mh/2. Within the SM,
the LO distribution for this process was derived long
ago [17, 19], and the next-to-leading-order (NLO) cor-
rections to the total cross section were calculated in [20–
24]. In the context of analytic resummations of the Su-
dakov logarithms ln (pT /mh), the inclusion of mass cor-
rections to the HEFT were studied both for the pT,h

and pT,j distributions [25–27]. More recently, the first
resummations of some of the leading logarithms (1) were
accomplished both in the abelian [28] and in the high-
energy [29] limit. The reactions gQ ! hQ, QQ̄ ! hg
were computed at NLO [30, 31] in the five-flavour scheme
that we employ here, and the resummation of the loga-
rithms ln (pT,h/mh) in QQ̄ ! h was also performed up to
next-to-next-to-leading-logarithmic (NNLL) order [32].

In the case of gg ! hj, we generate the LO spectra
with MG5aMC@NLO [33]. We also include NLO corrections
to the spectrum in the HEFT [34–36] using MCFM [37].
The total cross sections for inclusive Higgs production
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Figure 1: The normalised pT,h spectrum of inclusive Higgs
production at

p
s = 8TeV divided by the SM prediction for

di↵erent values of c. Only c is modified, while the remain-
ing Yukawa couplings are kept at their SM values.

are obtained from HIGLU [38], taking into account the
NNLO corrections in the HEFT [39–41]. Sudakov loga-
rithms ln (pT /mh) are resummed up to NNLL order both
for pT,h [42–44] and pT,j [45–47], treating mass correc-
tions following [27]. The latter e↵ects will be significant,
once the spectra have been precisely measured down to
pT values of O(5GeV). The gQ ! hQ, QQ̄ ! hg contri-
butions to the distributions are calculated at NLO with
MG5aMC@NLO [48] and cross-checked against MCFM. The ob-
tained events are showered with PYTHIA 8.2 [49] and jets
are reconstructed with the anti-kt algorithm [50] as im-
plemented in FastJet [51] using R = 0.4 as a radius
parameter.
Our default choice for the renormalisation (µR), fac-

torisation (µF ) and the resummation (QR, for gg ! hj)
scales is mh/2. Perturbative uncertainties are estimated
by varying µR, µF by a factor of two in either direc-
tion while keeping 1/2  µR/µF  2. In addition, for
the gg ! hj channel, we vary QR by a factor of two
while keeping µR = µF = mh/2. The final total theo-
retical errors are then obtained by combining the scale
uncertainties in quadrature with a ±2% relative error as-
sociated with PDFs and ↵s for the normalised distribu-
tions. We stress that the normalised distributions used
in this study are less sensitive to PDFs and ↵s varia-
tions, therefore the above ±2% relative uncertainty is a
realistic estimate. We obtain the relative uncertainty in
the SM and then assume that it does not depend on Q.
While this is correct for the gQ ! hQ, QQ̄ ! hg chan-
nels, for the gg ! hj production a good assessment of
the theory uncertainties in the large-Q regime requires
the resummation of the logarithms in (1). First steps in
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Re (2016) [1606.09253]
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Figure 1: Higgs transverse-momentum spectrum in the SM (black, solid) compared to (a) separate variations and
(b) mixed contribution of the dimension-six operator for 0 GeV pT  400 GeV. The lower frame shows the ratio
with respect to the SM prediction. The shaded lighter and darker grey bands in the ratio indicates the uncertainty
due to scale variations in NLL+NLO and NNLL+NNLO case respectively. See text for more details.

The spectra presented in Figure 1 (b) correspond to switching on all three SMEFT operators. We choose
scenarios with increased top-quark Yukawa coupling (up to ct = 1.5), as hinted by the excess on the tt̄H rate over
the SM prediction reported in ATLAS and CMS [23, 24]. As it was noticed also in the NLL+NLO case most of
the scenarios distort the shape of the spectra beyond the scale uncertainty, but the further reduction of the scale
uncertainty in the NNLL+NNLO case allows also for a better discrimination between di↵erent scenarios. 5

5 Conclusions

If New Physics will not be accessible at the LHC through direct searches, e.g., with the discovery of new resonances,
it will be crucial to fully exploit the data to study possible (small) deviations from the SM predictions. The formalism
that can be used for this purpose is SMEFT, which parametrises high-scale BSM e↵ects through appropriate higher-
dimensional operators. Bounds on the corresponding Wilson coe�cients of these operators can be set by comparing
to the experimental data.

In this note we have presented an extension of the recently published NLL+NLO calculations of the Higgs pT
spectra augmented with SMEFT operators [1] to NNLL+NNLO level of accuracy. We start with state-of-the-art
SM predictions and scale them by relative SMEFT/SM e↵ects at NLL+NLO (i.e. the ratios plotted in the lower
panels of the Figures).

We found that variations of di↵erent SMEFT operators manifest themselves in di↵erent regions of the Higgs pT
spectrum: a modification of the bottom Yukawa coupling (O3) induces e↵ects almost exclusively at small pT , while
a direct coupling of the Higgs boson to gluons (O1) changes the shape of the distribution in the high-pT tail and
the top Yukawa coupling primary a↵ects the normalisation. We notice from the presented spectra that the shape of
the transverse momentum distribution depends on the mass of the particle that mediates the Higgs-gluon coupling.
The lower the mass of that particle, the softer is the resulting spectrum, and thus the enhancement of bottom
loop leads to the softest spectrum, while an enhancement of the point-like coupling (corresponding to infinite mass
particles in the loop) to the hardest one.

Finally we mention the limitation of our study. The NNLL+NNLO SM predictions are known only in the heavy
top limit, with just approximate inclusion of top mass e↵ects, and thus the approach involving a scaling of the

5
For more discussion on the SMEFT operators impact on the spectra refer to [1].
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(a) (b)

Figure 1: Higgs transverse-momentum spectrum in the SM (black, solid) compared to (a) separate variations and
(b) mixed contribution of the dimension-six operator for 0 GeV pT  400 GeV. The lower frame shows the ratio
with respect to the SM prediction. The shaded lighter and darker grey bands in the ratio indicates the uncertainty
due to scale variations in NLL+NLO and NNLL+NNLO case respectively. See text for more details.

The spectra presented in Figure 1 (b) correspond to switching on all three SMEFT operators. We choose
scenarios with increased top-quark Yukawa coupling (up to ct = 1.5), as hinted by the excess on the tt̄H rate over
the SM prediction reported in ATLAS and CMS [23, 24]. As it was noticed also in the NLL+NLO case most of
the scenarios distort the shape of the spectra beyond the scale uncertainty, but the further reduction of the scale
uncertainty in the NNLL+NNLO case allows also for a better discrimination between di↵erent scenarios. 5

5 Conclusions

If New Physics will not be accessible at the LHC through direct searches, e.g., with the discovery of new resonances,
it will be crucial to fully exploit the data to study possible (small) deviations from the SM predictions. The formalism
that can be used for this purpose is SMEFT, which parametrises high-scale BSM e↵ects through appropriate higher-
dimensional operators. Bounds on the corresponding Wilson coe�cients of these operators can be set by comparing
to the experimental data.

In this note we have presented an extension of the recently published NLL+NLO calculations of the Higgs pT
spectra augmented with SMEFT operators [1] to NNLL+NNLO level of accuracy. We start with state-of-the-art
SM predictions and scale them by relative SMEFT/SM e↵ects at NLL+NLO (i.e. the ratios plotted in the lower
panels of the Figures).

We found that variations of di↵erent SMEFT operators manifest themselves in di↵erent regions of the Higgs pT
spectrum: a modification of the bottom Yukawa coupling (O3) induces e↵ects almost exclusively at small pT , while
a direct coupling of the Higgs boson to gluons (O1) changes the shape of the distribution in the high-pT tail and
the top Yukawa coupling primary a↵ects the normalisation. We notice from the presented spectra that the shape of
the transverse momentum distribution depends on the mass of the particle that mediates the Higgs-gluon coupling.
The lower the mass of that particle, the softer is the resulting spectrum, and thus the enhancement of bottom
loop leads to the softest spectrum, while an enhancement of the point-like coupling (corresponding to infinite mass
particles in the loop) to the hardest one.

Finally we mention the limitation of our study. The NNLL+NNLO SM predictions are known only in the heavy
top limit, with just approximate inclusion of top mass e↵ects, and thus the approach involving a scaling of the

5
For more discussion on the SMEFT operators impact on the spectra refer to [1].
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• Similar thing can be done 
for κt vs. cg  

• Modify Lagrangian: 

(κt = 1, cg = 0) ~ SM,  
 
 
 
(κt = 0, cg = 0.007) ~ 
point-like coupling of 
the Higgs to gluons 

L = LSM +
X

i

ci
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H
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Introduction: Differential cross sections

2

• What is so interesting about differential cross sections? 

• The inclusive cross section may agree perfectly 
well with the SM, but the shape can still deviate 

• Of particular interest: gluon fusion,  
all sorts of interesting effects 
in the loop

σ

σtot

Inclusive cross section

Δσ

Observable (unit)

Differential cross 
section
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pT
H: Projections from ATLAS

8

H → γγ H → ZZ

• ~5% uncertainties for H → γγ, between 5-10% for H → ZZ 
• For H → γγ, Improvement by a factor of ~8-9,  

really close to                        (scaling only stat., assuming same syst.)  
• <5% uncertainty achievable with a combination

p
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• ~5% uncertainties for H → γγ, between 5-10% for H → ZZ 
• For H → γγ, Improvement by a factor of ~8-9, 

really close to                        (scaling only stat., assuming same syst.)  
• <5% uncertainty achievable with a combination

p
3000/36 ' 9

[ATLAS TD
R]

[ATLAS TD
R]

T. Klijnsma

Precision pT distribution

6
Jones et al, 1802.00349

point-like coupling (HEFT) invalid 
for pT~200 GeV, now known at NLO

Lindert et al, 1703.03886

bottom-quark interference 
contribution important at small pt

J.Campbell

Jones et al, 1802.00349 

yc/ycSM ∈ [−0.6,3.0]

Dorival Gonçalves

Higgs candidate is genuinely part of a multi-jet system: 

 Proper modelling of the QCD emissions indispensable requirement for robust analysis

Signal & backgrounds are @NLO (MC@NLO), accounting for spin correlation on top decays

Directly Measuring ttH
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Fermilab - 04.05.2018
Buckley, DG (PRL-2015)

D.Goncalves
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·Probe Higgs-mechanism (TGC and QGC) 

·Recently observed (CMS Run-2 5.5σ) 

·EFT: new physics is heavy (Λ >> EExp) quantify deviations from SM 

·Practical issue: many operators → EFT phenomenology 

PROJECTION: ONE COEFFICIENT AT A TIME
Preliminary

different powers of 10

�15

Claire A. Lee 13

CERN-LHCC-2017-005

• ssWW Event Selections 
• Two forward jets well separated in rapidity 
• Two same-sign leptons & ETmiss 
• Dominant backgrounds: WZ & ssWW QCD 
• Background systematics ~15%

VBS W±W±→ℓνℓν
• Studies improvement on measurement 

precision with ITk & a forward muon tagger 

• Improves signal acceptance and (WZ) 
background rejection

VBS and EFT

12

Thu morning: B. Li: VBS Measurements; C.Murphy: SMEFT; F. Kling: EFT

W±W±→ℓνℓν

ATLAS-TDR-25
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Figure 1: In the pp → ZZ + 2 j → ℓℓℓℓ + 2 j process, the reconstructed 4-lepton mass (m4ℓ) spectrum is

shown after requiring m j j > 1 TeV (left), and signal significance as a function of cφW/Λ
2 (right). The

overflow bin is included in the plot on the left.

In the event that there are multiple neutrino pz solutions to the W mass constraint equation, the

solution with the smallest magnitude is chosen. If no real pz solution exists, the x and y components of

Emiss
T

are varied minimally to give a unique solution.

Figure 2 shows the reconstructed 4-lepton invariant mass distribution for this channel.
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Figure 2: In the pp → WZ + 2 j → ℓνℓℓ + 2 j channel, the reconstructed WZ mass spectrum using the

charged leptons and the neutrino solution after requiring m j j > 1 TeV (left), and and signal significance

as a function of fT1/Λ
4 (right). The overflow bin is included in the plot on the left.

5.1 Monte Carlo Predictions

We include only the SM WZ production as background, as ATLAS analyses of current data [17] have

shown that mis-identification backgrounds are small in this channel. Non-VBS WZ production in as-

sociation with initial-state radiation of two jets was simulated using MadGraph [11]. MadGraph 1.5.9

4

ZZ→ℓℓℓℓ

Vector boson scattering at the LHC

Same-sign W±W±jj production at the LHC

W±W±jj VBS: no s-channel diagrams

q

q
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q0

H0

q

q

q0
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q

q
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q0

lowest order: W±W±
+ 2 jets, there is no SM inclusive W±W± production!

Event selection according to signature:

! exactly 2 same-sign leptons, p`T > 25 GeV (e±e±, e±µ±, and µ±µ±)

! Emiss

T

> 40 GeV

! � 2 jets with
pjetT > 30 GeV

jet

jet

�y

l±

l±

⌫

⌫
Anja Vest, TU Dresden 21

Vector boson scattering at the LHC

Same-sign W±W±jj production at the LHC

W±W±jj VBS: no s-channel diagrams
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lowest order: W±W±
+ 2 jets, there is no SM inclusive W±W± production!

Event selection according to signature:

! exactly 2 same-sign leptons, p`T > 25 GeV (e±e±, e±µ±, and µ±µ±)

! Emiss

T

> 40 GeV

! � 2 jets with
pjetT > 30 GeV
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Anja Vest, TU Dresden 21

TGC QGC

  5σ discovery limit: cφW/Λ2: 15/TeV2

Talk: B.Li

The (a)QGCs in VV Final States

Á Effective operators approach

Á Three types of dimension-8 operators
À Scalar: S0, S1, S2
À Tensor: T0 – T9
À Mixed: M0 – M7

April 5, 2018 Bing Li 9

Michael Rauch, arxiv:1610.08420
O. J. P. Eboli, M. C. Gonzalez-Garcia, arXiv:1604.03555

SM allowed ones

·Projection of global fit to Higgs, diboson and electroweak data  
Talk: C.Murphy

Expect very tight 
constraints for many 

coefficients

·Identify the most powerful EFT observables using Fisher information
Talk: F.Kling
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Exotic, invisible or rare Higgs

13

Thu afternoon; C. Verhaaren: Gaps in new Higgs searches; 
S. Dildick: Exotic and invisible Higgs decays; Z. Liu: Higgs 
rare and exotic decays; T. Flacke: Common exotic signatures

Working on updates for YR, taking into account latest analysis improvements

HL/HE-LHC WS , April 2018 Jezequel S. (LAPP) 16

7. Rare decays

Expected precision: m : 8 %  / k
m
 : 5 %

ATLAS TDR-025

Z=8.6s

Probe for fermion of second/first  generation

Benchmark for detector upgrade

H→ mm H→ 2 light quarks 

Channel Final state Exp. SM
x10-6

Limit @ 95 % 
C.L.
x10-6

H  rg→ p+p- g 16.8±0.8 880

H  fg→ K+K- g 2.31±0.11 480

arXiv:1712.02758

·Exotic decays: H→BSM or forbidden SM decays, currently BBSM < 34% 
·Invisible decays: unseen SM (e.g. neutrino) or BSM (e.g. DM), Binv < 24% 
·Rare SM decays: H →Zγ, H →φγ, H →ργ (Run-2 O(50) x SM)

P. Milenovic, on behalf of CMS Collaboration ATLAS/CMS/LHCb meeting, on HE/HL-LHC YR, 20th March, 2018

H → invisible: 
• Based on CMS Phase-2 TDR studies and Run-2 results with 36fb-1

• Primary effort in understanding MET performance @HL-LHC.

H(125) as a portal to the "dark sector": 
• H→γDγD→4μ :  Exploits signature with displaced muons.

• Provide a (model-independent) sensitivity for "dark" photons searches
• Exemplary case for displaced muon reconstruction capabilities  

of upgraded muon system @HL-LHC  
(impact of trigger thresholds, reconstruction efficiencies, etc.) 

• H→φDφD→4jets : Exploits signature displaced b-tagged jets.
• Based both on ggH and VH production modes (first studies promising)
• Exemplary case for challenging L1 triggers with "lifetime" tagging  

@HL-LHC.

LFV HIG decays: 
• Provide sensitivity to searches for H→μτ and H→eτ LFV decays (projections from Run-2: HIG-17-001)
• Roughly expect sensitivity @HL-LHC of 0.01%

Exotic H(125) decays

14

Talk: S.Dildick

h(125)→2a→4µ

Invisible decays: CMS

• h(125) → χχ (χ invisible) production through VBF

• Two jets with large Δηjj powerful discriminator 

agains QCD


• Two complementary analyses:

• Cut-and-count: signal extraction with fit to events 

passing selection based on kinematic differences

• Shape analysis: more relaxed selection, template fit 

to binned dijet mass


• Result (assuming SM production through VBF)

• B(H→ invisible) < 0.28% at 95% CL (21% exp.)


• Combination also available from searches with 
qqH, ZH (with Z boson decaying to pair of leptons), 
VH (with hadronically decaying boson) and ggH 
modes 

• B(H→ invisible) < 24% at 95% CL (24% exp.)

CMS-HIG-17-023

!17

Run-2 (2016) data: 35.9 fb-1 @ 13 TeV

Invisible decays: CMS

• h(125) → χχ (χ invisible) production through VBF

• Two jets with large Δηjj powerful discriminator 

agains QCD


• Two complementary analyses:

• Cut-and-count: signal extraction with fit to events 

passing selection based on kinematic differences

• Shape analysis: more relaxed selection, template fit 

to binned dijet mass


• Result (assuming SM production through VBF)

• B(H→ invisible) < 0.28% at 95% CL (21% exp.)


• Combination also available from searches with 
qqH, ZH (with Z boson decaying to pair of leptons), 
VH (with hadronically decaying boson) and ggH 
modes 

• B(H→ invisible) < 24% at 95% CL (24% exp.)

CMS-HIG-17-023

!17

Run-2 (2016) data: 35.9 fb-1 @ 13 TeV

planned for YR

planned for YR

Z.Liu

How can we search the gap at low mass?  !!!
As a very naive proof of principle 
analysis we look for a  j !" !e final 
state (jet + opposite sign, opposite 
flavor leptons) with cuts: 

• pT"   > 42 GeV (for triggering)   

• pTe    > 10 GeV 

• m"e   < 100 GeV 

• ΔR"j > 0.5, ΔRej > 0.5,  

• ΔR"e  < 1.0

14/2313 TeV, 300 fb expected bounds (S/√B = 3)
[arXiv:1710.11142]

[arXiv:1710.11142]
Th. Flacke

·Still a lot of exotic decay channels not investigated 

·Composite Higgs Models 
·additional particles, vector-like fermions, scalars 

·Study of H→ ττ recoiling against jet                                  
could help fill the gap
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·HVV:  

·CP even established                                                                     but 
CP odd admixture not excluded 

·New Run-2 method: expect much improved precision w.r.t ECFA’16 
projection, taking both production and decay information into 
account 

·For planned update for YR also include upgrade detector,          
expecting to reach permille-level precision 

·Hff: 
·Need fermion with observable polarisation information:                                                     

H → ττ or H → tt 

·Experiments: severe backgrounds dilute extraction,                        
difficult to project, but aiming for YR

CP Violation in the Higgs Sector

14

• Test for anomalous couplings:

Anomalous Couplings

14

SM

CMS-PAS-FTR-16-002

• Statistically limited. 1% reach @ 3000 fb-1

• Interference contribution becomes more dominant at smaller values of fai cos (fai)

ATLAS-PHYS-PUB-2013-023

• Test for anomalous couplings:

Anomalous Couplings

14

SM

CMS-PAS-FTR-16-002

• Statistically limited. 1% reach @ 3000 fb-1 (based on Run1 methods)
• Interference contribution becomes more dominant at smaller values of fai cos (fai)

ATL-PHYS-PUB-2013-023

fai×cos(φai) ECFA’16 result based on Run-1

Fri morning: A. Martin: TH perspective CPV; 
I. Ojalvo: EXP prospects for Higgs and CPV

Talk: I.Ojalvo

Talk: A.Martin
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8Only two contributions to Hff 

Possible to study in ttH, tH and H→ττ 

Note: Hff appears in (for example)  
Hgg couplings through the fermion  
loop but difficult to discern/affects  
tails of pT distribution 

Accessing CP Information: Hff  couplings 

b, τ, µ

b, τ, µCP Even CP Odd
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Talk: I.Ojalvo
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Higgs and Charm

15

Fri morning: E.Stamou: TH perspective Higgs and 
Flavour; D. Craik: EXP prospects for charm tagging

H0! cc @ Atlas

Atlas recently performed a search for H0 ! cc produced through
Z + H
Used 36.1 fb�1 of data at 13 TeV
Limit set is ⇠ 100⇥ SM prediction

arXiv:1802.04329

Dan Craik (MIT) Charm tagging & Higgs 06/04/2018 2 / 14

Charm tagging @ LHCb

BDTs developed to tag
jets in Run 1 data
Efficiency determined
on flavour-enriched
samples

e.g. tagged by fully
reconstructed
(middle) B or
(bottom) D decays
on “other” jet

2D fit to corrected mass
and track multiplicity of
reconstructed
secondary vertices also
gives good separation
of jet flavours

24

Jet Tagging
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Figure 7: Two-dimensional Mcor versus SV track multiplicity fit results for (top) B+jet, (middle)
D+jet and (bottom) µ(b, c)+jet data samples. The left plots show the projection onto the Mcor

axis, while the right plots show the projection onto the track multiplicity. The highest Mcor bin
includes candidates with Mcor > 10 GeV.

4.3 E�ciency measurement using highest-pT tracks

To determine the jet-tagging e�ciency, the jet composition prior to applying the SV tag
must be determined. This is necessarily more di�cult than determining the SV-tagged
composition. The �2

IP distribution of the highest-pT track in the jet is used for this task.
For light-parton jets the highest-pT track will mostly originate from the PV, while for
(b, c) jets the highest-pT track will often originate from the decay of the (b, c) hadron. To
avoid possible issues with modeling of soft radiation, only the subset of jets for which the

11
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Figure 6: From a b-jet and c-jet enriched data sample of Ref. [11]: (left) SV-tagger BDT
responses observed in data (annotation added here to show roughly where jets of each type
are found); (middle) projection onto the x-axis; and (right) projection onto the y-axis. The
BDT templates shown here were obtained from simulation. This and similar data samples
were used to calibrate the BDT responses for use in physics analyses.

simulation was known to model heavy-flavor hadron decays well, whereas the description of
jet properties had not yet been fully validated using data. Figure 6 shows that despite this
simplified approach, the separation between b-jets, c-jets and light-parton jets is excellent.

For Run 2, we plan to investigate using additional information to improve the perfor-
mance. We also plan to approach this as a true 3-class problem, rather than two 2-class
ones. As part of the jet-tagging development, we will update our bb̄ charge asymmetry mea-
surement [5] and make the first such measurement for cc̄. Recall that Ref. [37] suggested
that �(cc̄)/�(bb̄) provides a good standard candle to use in c-tagging calibration; therefore,
it makes sense to add these dijet measurements into the tagging-development project.

6.2.2 Intrinsic Strangeness and Charm

Whether there is intrinsic (non-perturbative) charm (IC) content in the proton at the � 1%
level is an open (and hotly debated) question. There is theoretical interest in the role that
non-perturbative dynamics play in the nucleon sea. Furthermore, the presence of IC in
the proton would a�ect the production cross sections of many processes at the LHC either
directly, by scattering o� of a large-x c or c̄; or indirectly, since altering the charm PDF
would a�ect the gluon PDF via the momentum sum rule. Ref. [44] considers two models
where the IC is valence-like (BHPS1, BHPS2) and two where it is sea-like (SEA1, SEA2).
LHCb has direct sensitivity to IC by measuring Z + c production, which can proceed via
gc! Zc. We performed a preliminary study of how these IC models a�ect Z + c production
at LHCb. Figure 7 shows the relative increase in Z +c production when IC is included in the
proton. These valence-like models will be easily distinguishable in Run 2 at LHCb, while the
sea-like models may be distinguishable in Run 3. We propose to perform this measurement
using our c-jet tagging algorithm.

Intrinsic strangeness in the proton is well established. The s and s̄ PDFs are typically
assumed to be identical, but they need not be. Figure 7 shows the shift in the W + c
charge asymmetry that LHCb would observe for the charge-asymmetric strangeness PDFs
from Ref. [45] (some of these models may now be ruled out; the point here, however, is that
observably large asymmetries may occur in W + c production). Phil and I measured W + c

SV features used 
in 2 BDTs

Performance validated & calibrated using large heavy-flavor-enriched jet data 
samples. Two-D BDT distributions fitted to extract SV-tagged jet flavor 
content; c-jet and b-jet yields each precisely determined simultaneously. 

Following the same strategy—but not vetoing charm—provides a method for 
tagging jets as originating from b or c quarks. 2-D BDT plane optimally utilizes 
all info that can separate b|c vs light and b vs c.

JINST 10 (2015) P06013
LHCb-PAPER-2015-016

For Higgs-charm Yukawa projected sensitivity, see my talk at Elba. 
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ATLAS ZH→cc Run-2 (arXiv:1802.04329)

Charm-tagging prospects at HL LHC

‘c = 30% ‘b = 20%

1 10
�c

1

10

�b

Profiling @ 95% CL
[fb�1] 2�300 2�3000

�b � [0.7, 4.7] � [0.9, 1.3]
�c <21 <3.7

95
%

68
.3%

95%

LHC run II and HL-LHC

med. b-tag+c-tag II

2�300 fb�1

2�3000 fb�1

@95% CL |Ÿc| ©
--- yc

ySM
c

--- < ±21, ±3.7 at RunII, HL LHC
[Perez, Soreq, ES, Tobioka 15]

E. Stamou (U Chicago) Higgs & Flavour & Top-FCNCs 7

Talk: D
.C

raik
Talk: D

.C
raik

Talk: E.Stamou
Combination of BDT for flavour separation

Prospects for H→qq looking up

·Higgs-fermion coupling so far only with 3rd generation 
·Higgs-charm couplings from diff dists. kc [-0.6 … 3.0]  (see above) 
·LHCb:  H → cc (Run-1): µ < 7900 x SM                                         

For 300 fb-1 expect better than 7 x SM 
·ATLAS: ZH → cc (Run-2): µ < 110 x SM 
·Recast of ATLAS and CMS H → bb measurements: Assuming        

εc = 30% and εb = 20%: expect |kc| < 3.7 @ 3 ab-1 

·Exclusive: e.g. ATLAS H->J/ψ(µµ)γ (BR(2x10-7): 15 x SM @ 3 ab-1 

·Exclusive and differential approach also work for light quarks
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Experimental Wishlist / Plan for YR 2018

16

Plenary S.GoriExperimental effort

6/11S.Gori from M.Cepeda talk at the assembly meeting of the LHCHXSWG, March 26
theory experiment 

Coupling studies

Differential 
cross sections

Width
Anomalous 
couplings

Rare decays

Exotic decays

Di-Higgs

Additional scalars
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·Lots of recent experimental and theoretical progress leading to substantial improvements  
·Prospects for λHHH 

·Charm coupling  

·Anomalous couplings   

·For YR:  
·Update existing results in a coherent way 

·Combinations: single Higgs and HH 

·Several new topics 

·Theory: update of cross sections for 14 and 27 TeV (done) 

·Discussion / Homework: 
·Investigate Charm-Higgs associated production 

·Coordinated effort on combination and systematics 

·Editorial Overlap: Exotic Higgs + BSM 

·Other relevant Higgs events: 
·CMS HH workshop (this week) 

·latest Higgs XS WG meeting https://indico.cern.ch/event/665524/timetable/?view=standard

WG2: Higgs - Wrap up

17

Prospects on couplings 
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https://indico.cern.ch/event/665524/timetable/?view=standard
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WG3: BSM 

18

Draft chapter structure: https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HLHEWG3

Introduction and overview

Supersymmetry

Dark Matter

Long-Lived Particles

Dark sector: dark Photons

Heavy Resonances

Vector-Like Quarks

Flavour-related studies

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HLHEWG3
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[CMS-PAS-FTR-16-005]Distribution of ET,miss+tt events
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Figure 8. Distribution of the |cos ✓``| variable after employing the full selection requirements as
specified in Section 5. The normalisation corresponds to the numbers of events expected for 100 fb

�1

at
p

s = 14TeV. The error bars indicate the errors on the generated MC statistics.

Our sensitivity study is performed in two ways. First by performing a simple counting
experiment and second by including shape information in the form of a 5-bin likelihood fit
to the |cos ✓``| distributions. The inclusion of shape information is motivated by the obser-
vation that the distributions of events as a function of the pseudorapidity difference of the
dilepton pair is different for signal and background. This feature is illustrated in Figure 8
which compares the predictions for a scalar (blue curve) and pseudoscalar (red curve) as-
suming M = 100GeV, m� = 1GeV and g� = gt = 1 with the SM background (black curve).

Given the presence of a sizeable irreducible background surviving all the selections,
the experimental sensitivity will be largely determined by the systematic uncertainty on
the estimate of the SM backgrounds. Such an error has two main sources: on the one
hand, uncertainties on the parameters of the detector performance such as the energy
scale for hadronic jets and the identification efficiency for leptons, and on the other hand,
uncertainties plaguing the MC modelling of SM processes. Depending on the process and on
the kinematic selection, the total uncertainty can vary between a few percent and a few tens
of percent. The present analysis does not select extreme kinematic configurations for the
dominant t

¯

tZ background, and it therefore should be possible to control the experimental
systematics at the 10% to 30% level. In the following, we will assume a systematic error
of 20% on the backgrounds in the case of the counting experiment. In the case of the 5-bin
shape fits we will consider background uncertainties of both 30% and 20%, fully correlated
across the bins. We have checked that in the absence of an external measurement (e.g. a
background control region) which profiles uncertainties, the use of correlated uncertainties
in the shape fit provides the most conservative results.

The results of our sensitivity study are displayed in Figure 9. Notice that the results
shown for 3 ab

�1 rely on the assumption that the E

miss
T measurement performance in the

very harsh experimental conditions of the HL-LHC will be equivalent to the one achieved

– 15 –

[UH, Pani & Polesello , 1611.09841] 
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t
t

Pseudorapidity difference of two leptons cos(θll) = tanh(Δηll/2) in          
di-leptonic top decays powerful probe CP-property of spin-0 mediators

Dark Matter …
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·… must be there somewhere, possibly at the LHC 
·Simplified models for specific interactions 
·EFT only valid if ΛDM large enough 

·Theory evolving rapidly: e.g. account for                     
interference of amplitudes (H→invisible)  

·MET: Need good control of SM Bg 
·Experimental and theory syst. (Pile-up, JES and PDF): 

expected sensitivities strongly depend on assumed 
uncertainties

Wed afternoon: M. Buckley: DM@HL/HE-LHC; D. Pinna: CMS DM; M. 
D’Onofrio: ATLAS DM; M. Williams: LHCb DM; G. Kribs: Dark Mesons

Example: monojets

4-6 April 2018 - HE/HL LHC                                 Deborah Pinna - UZH  11

Interpretation in terms of simplified model with Dirac DM upper limits at 95% CL on cross section

DM+jet: results interpretation 

gq=0.25

q

�̄

q

q

Z 0

�

gDM=1

vector/axial-vector interaction

5.3 Projected exclusion reach 15

Figure 8: Projected exclusion limits at 95% C.L. for 3000 fb�1 of HL-LHC statistics for two
simplified dark matter models using the monojet analysis. On top the axial vector mediated
simplified DM model (gDM =1, gSM =0.25), on the bottom the pseudoscalar mediated model
(gDM =1, gSM =1). The limits are shown for three systematic scenarios. For the AV model:
a ”current” scenario assumes that the level of systematic control in the high Emiss

T region is
the same as the Run-2 analysis [18], while the ”current/2” scenario scales it down by a factor
of 2, and the ”current/4” scenario by a factor of 4. For the PS model: a ”current” scenario
where the low Emiss

T region is dominated by systematic uncertainties and the uncertainties in the
high Emiss

T region are taken from the Run-2 analysis and scaled by luminosity, the ”current/2”
scenario is the nominal systematics scaled down by a factor of 2, and the ”luminosity scaled”
scenario takes the uncertainties from the current analysis and scales by luminosity for the full
Emiss

T range.

Dominating sensitivity region: tail of the ETmiss distribution 

Systematic uncertainties scenarios: 

current systematic, systematic uncertainties on ETmiss distribution as in arXiv:1703.01651 

current/2, current systematic scenario reduced by a factor 2 

current/4, current systematic scenario reduced by a factor 4

can be compared to limits on spin-dependent 
DM-nucleon scattering cross sections

CMS-FTR-16-005

4-6 April 2018 - HE/HL LHC                                 Deborah Pinna - UZH  

DM+tt: results interpretation 
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Planned
Interpretation in terms of simplified model with Dirac DM upper limits at 95% CL on cross section

gq=1 gDM=1

scalar/pseudoscalar interaction

t

t

t
t

�/A

g

g

�̄

�

Strategy sensitivity studies at HL-LHC

Projections of limits from current analysis scaling result to 3000 fb-1 lumi 
include estimate of systematic uncertainties expected at HL-LHC 

Sensitivity estimate on the discrimination between scalar and pseudoscalar mediator 
hypotheses

20 9 Results
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(c) BDT discriminant: scalar mediator
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(d) BDT discriminant: pseudoscalar mediator
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Figure 13: The expected and observed limits for the three different strategies for scalar (left)
and pseudoscalar models (right) with mc = 1 GeV and gq = gc = 1.

CMS-EXO-17-014 CMS-EXO-17-014 

Talk: D
.Pinna

planned for YR

M.D’Onofrio
tt+DM, via spin correlations 

 Deborah Pinna - BU  4-6 April 2018 - HE/HL LHC                                !20

DM+top: sensitivity
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Scalar
m"=1 GeV  
g"=gq=1

Scalar
m"=1 GeV  
g"=gq=1

D.P, A. Zucchetta, 
M. R. Buckley, F. Canelli 
Phys. Rev. D 96, 035031

Upper limits on DM production cross section  

following similar approach of CMS DM+tt analysis: 

- no shape information → counting experiment 

- data and SM bkg events from CMS-EXO-16-005 

Sensitivity projection:  
2016 dataset of 35 fb-1 
2023 dataset of 300 fb-1  

Assumptions 

- 2015 PU scenario (11 on average for BX) 

- signal uncertainty proportional to lumi 

- bkg uncertainties scale as √lumi

improvements in range 30% to factor 2 
without optimizing selection for DM+top

Planned
Impact on existing limits: improvements obtained including DM+top events in addition to DM+tt 

D.Pinna

single top+DM adds to sensitivity 

·Mass limits for monojet/MET 
analysis, assuming DM is 
Wino (Higgsino): 
· HL-LHC: ~250(150) GeV 
· HE-LHC: ~600(400) GeV 
· FCC-hh: ~1000(500) GeV

X.Wang

planned for YR
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Wed afternoon: M. Buckley: DM@HL/HE-LHC; D. Pinna: CMS DM; M. 
D’Onofrio: ATLAS DM; M. Williams: LHCb DM; G. Kribs: Dark Mesons

N.	De	Filippis	 April	4-6,	2018	
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Dark	photon	search	at	LHCb
Dark	sector	couples	to	the	SM	only	through	a	dark	photon	A’,		
which	shares	quantum	numbers,	and	therefore	mixes,	with	the	SM	photon			
à	A’	massive	spin-1	particle,	whose	coupling	to	the	electromagnetic	current	
is	suppressed	relative	to	that	of	the	ordinary	photon,	by	a	factor	of	ε	.		

arxiv	1608.08632	

Exploring	the	[m(A’),	ε2]	parameter	space		
•  inclusive	search	for	A’àµ+µ�	decays	with	the	LHCb	experiment	
•  pp	à	XA’	à XA’	with	background	coming	from		pp	à	Xγ�	à Xµ+µ� +	other	sources	
•  LHCb	sensitivity	for	both	prompt	and	displaced	muons	

Looking	forward	to	Run	3:	
•  increase	in	luminosity	
•  removal	of	the	

hardware	trigger	
	
à  Increase	the	number	of	

expected	A’!µ+µ�	
decays	in	the	low-mass	
region	by	a	factor	of	
O(100/1000)	compared	
to	the	2016	data	
sample.	

LHCb-PAPER-2017-038		

Dark Photons
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A Model of Dark Particle Physics?

How rich is the dark sector of matter?
Mike Williams 9

dark
higgs?

dark
quarks?

dark
leptons?

dark
forces?

Dark
nucleons

and nuclei?

SMSM

SMSM

A’

See Okun, 1982; Galison, Manohar, 1984; Holdom, 1986;  etc.; Arkani-Hamed, Finkbeiner, Slatyer,Weiner, 2008; Pospelov, Ritz, 2008; etc.

MIT

Mike Williams Massachusetts Institute of Technology

Associate Professor 77 Massachusetts Ave, 26-437

Department of Physics Cambridge, MA 02139-4307

mwill@mit.edu 617 253-4816

To members of the award committee,

This letter is in support of the application of Maria Patsyuk, who has applied for
the Leona Woods distinguished postdoctoral lectureship award. I am the founder and
leader of the LHCb group at MIT, a member of both the LHCb Collaboration and
Editorial boards, and the founder and leader of the MIT GlueX group. I have known
Maria since 2015, when she started working as a postdoc in my GlueX group.

The Detection of Internally Reflected Cherenkov light (DIRC) detector was a revo-
lutionary particle-identification system employed by the BaBar experiment at SLAC.
A novel upgrade to this system known as the Focusing DIRC (FDIRC) was designed
to maintain the amazing DIRC performance but with a greatly reduced number of
PMTs required—thus also greatly reducing the cost of such a system. Unfortunately,
the SuperB experiment in which the FDIRC was meant to be installed was canceled;
however, the DIRC and FDIRC concepts live on, as they have now been adopted by
many existing and future experiments.

My group at MIT led the design R&D for a DIRC-type detector planned for use at
Je↵erson Lab. Since joining our group, Maria as been the leader of our DIRC e↵orts.
She has done amazing work on developing its simulation in Geant, on designing a
laser-based calibration system, and designing and prototyping a method for preserving
as much Cherenkov light as possible using silicon cookies to join the PMTs to the
quartz exit window from the DIRC optical box. Maria does excellent work, and is
able to lead e↵orts like this largely independently. This is quite impressive for a junior
postdoctoral researcher.

Maria has also been working with Prof. Or Hen on developing a novel program
to study short-range correlations in nucleons using nuclear targets at GlueX—and on
similar projects in Russia. She is becoming a true leader in that area of nuclear physics,
which is even more impressive given her hardware commitments.

In summary, Maria Patsyuk is an excellent young physicist. I highly recommend
Maria for this lectureship award. She has done excellent work as a postdoctoral re-
searcher, and I have no doubt that she has a bright career ahead of her. Please do not
hesitate to contact me with any questions or if any further information is required.

↵0 = "2↵
Sincerely,

Associate Professor of Physics

Dark Photons
Higgs Portal
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A novel upgrade to this system known as the Focusing DIRC (FDIRC) was designed
to maintain the amazing DIRC performance but with a greatly reduced number of
PMTs required—thus also greatly reducing the cost of such a system. Unfortunately,
the SuperB experiment in which the FDIRC was meant to be installed was canceled;
however, the DIRC and FDIRC concepts live on, as they have now been adopted by
many existing and future experiments.

My group at MIT led the design R&D for a DIRC-type detector planned for use at
Je↵erson Lab. Since joining our group, Maria as been the leader of our DIRC e↵orts.
She has done amazing work on developing its simulation in Geant, on designing a
laser-based calibration system, and designing and prototyping a method for preserving
as much Cherenkov light as possible using silicon cookies to join the PMTs to the
quartz exit window from the DIRC optical box. Maria does excellent work, and is
able to lead e↵orts like this largely independently. This is quite impressive for a junior
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Maria has also been working with Prof. Or Hen on developing a novel program
to study short-range correlations in nucleons using nuclear targets at GlueX—and on
similar projects in Russia. She is becoming a true leader in that area of nuclear physics,
which is even more impressive given her hardware commitments.
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searcher, and I have no doubt that she has a bright career ahead of her. Please do not
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Sincerely,

Associate Professor of Physics

The X particle picks up couplings to SM particles proportional to mass, just 
like the Higgs. N.b., many non-DM theories also predict X fields.

Higgs Portal
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Talks by M.D’Onofrio, M.Borsato Dark Matter: more to be explored! 

30/10/2017 Monica D'Onofrio, HL/HE-LHC Workshop 13 

}  Many more DM scenarios are actively pursued by ATLAS, CMS and LHCb with 13 
TeV data à yet to be fully considered for HL-LHC. Examples:  

}  Axion-like Dark Matter  

@LHCb: Axion-top couplings constrained 

measurements of di-muon spectrum     

 

}  The dark sector: Higgs-portals 

@LHCb Severe constraints already! 
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Figure 5: Parameter space of the inflaton model described in Refs. [2–4]. The region excluded at
95% CL by this analysis is shown by the blue hatched area. The region excluded by the search
with the B0 ! K⇤0�(µ+µ�) decay [8] is indicated by the red hatched area. Direct experimental
constraints set by the CHARM experiment [7] and regions forbidden by theory or cosmological
constraints [4] are also shown.

⌧(�) = 10 ps. For longer lifetimes the limit becomes weaker as the probability for the �
to decay within the vertex detector decreases. Nevertheless, the present analysis improves
previous limits by up to a factor of 20 in the region of long lifetimes ⌧(�) ⇠ 1000 ps.

Figure 5 shows the excluded region at 95% CL of the parameter space of the inflaton
model presented in Refs. [2–4]. Constraints are placed on the square of the mixing angle,
✓2, which appears in the inflaton e↵ective coupling to the SM fields via mixing with the
Higgs boson. The inflaton lifetime is predicted to scale as ⌧ / 1/✓2. The B+ ! K+�
branching fraction is taken from Ref. [2]. It is predicted to be between 10�4 and 10�8

in the explored region and scales as B(B+ ! K+�) / ✓2, while the inflaton branching

5

Constraints in parameter space of the 
inflation models: mixing angle vs mass 

long τ	
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Figure 5: Exclusion regions at 95% CL: (left) constraints on the axion model of Ref. [20]; (right)
constraints on the inflaton model of Ref. [46]. The regions excluded by the theory [46] and by
the CHARM experiment [47] are also shown.

and inflaton fields, ✓, which exclude most of the previously allowed region.197

In summary, a search for the decay B0! K⇤0�, where � is a hidden-sector boson, is198

reported using 3.0 fb�1 of pp-collision data collected with the LHCb detector. No evidence199

for a signal is observed, and upper limits are placed on B(B0! K⇤0�)⇥ B(�! µ+µ�).200

This is the first dedicated search for a hidden-sector boson performed in a decay mediated201

by a b! s transition at leading order. Stringent constraints are placed on theories that202

predict the existence of additional scalar or axial-vector fields.203
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the sensitivity of this search. Constraints are placed on the mixing angle between the
Higgs and inflaton fields, ✓, which exclude most of the previously allowed region.

In summary, no evidence for a signal is observed, and upper limits are placed on
B(B0! K⇤0�)⇥ B(�! µ+µ�). This is the first dedicated search over a large mass range
for a hidden-sector boson in a decay mediated by a b! s transition at leading order, and
the most sensitive search to date over the entire accessible mass range. Stringent constraints
are placed on theories that predict the existence of additional scalar or axial-vector fields.
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Benchmark Models PRL 115 (2015) 161802
LHCb-PAPER-2015-036

axion portal

PeV 
scale!

Constraints in the axion portal reach the 
PeV scale on the axion decay constant in 
2HDMs.[Freytsis,Ligeti,Thaler, 0911.5355]

Strongest constraints on a scalar with 
2m(μ)<m<2m(!) mixing with the Higgs. 
Nearly rules out the Inflaton parameter 
space below 2m(!) in these models.
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Figure 4: Excluded branching fraction for the B+ ! K+�(µ+µ�) decay as a function of m(�)
and ⌧(�) at 95% CL. Regions corresponding to the fully-vetoed K0

S , J/ ,  (2S) and  (3770) and
to the partially-vetoed � and  (4160) are excluded from the figure. All systematic uncertainties
are included in the calculation of the upper limit.
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CHARM

Figure 5: Parameter space of the inflaton model described in Refs. [2–4]. The region excluded at
95% CL by this analysis is shown by the blue hatched area. The region excluded by the search
with the B0 ! K⇤0�(µ+µ�) decay [8] is indicated by the red hatched area. Direct experimental
constraints set by the CHARM experiment [7] and regions forbidden by theory or cosmological
constraints [4] are also shown.

⌧(�) = 10 ps. For longer lifetimes the limit becomes weaker as the probability for the �
to decay within the vertex detector decreases. Nevertheless, the present analysis improves
previous limits by up to a factor of 20 in the region of long lifetimes ⌧(�) ⇠ 1000 ps.

Figure 5 shows the excluded region at 95% CL of the parameter space of the inflaton
model presented in Refs. [2–4]. Constraints are placed on the square of the mixing angle,
✓2, which appears in the inflaton e↵ective coupling to the SM fields via mixing with the
Higgs boson. The inflaton lifetime is predicted to scale as ⌧ / 1/✓2. The B+ ! K+�
branching fraction is taken from Ref. [2]. It is predicted to be between 10�4 and 10�8

in the explored region and scales as B(B+ ! K+�) / ✓2, while the inflaton branching

5

PRD 95 (2017) 071101
LHCb-PAPER-2016-052

Batell, Pospelov, Ritz [0911.4939];
Bezrukov, Gorbunov [0912.0390,1303.4395]

How can we do better? Inclusive 
searches, also use hadrons, downstream 
tracks, more LUMI, etc. 

N.b., all such searches eventually run into 
the curse of longevity, unless open non-
SM decay modes exist, or their production 
and decay couple to the SM in different 
ways.

Model dependent limits – axion-vector portal 

Model dependent limits – scalar portal mixing with SM-higgs 

PRD 95(2017)071101 

PRL 115(2015)161802 

BSM parallel session: 
LHCb and more - M. Borsato 

Martino Borsato - USC

Dark Sector searches

2

1. Unified theory of DM and SM  
→ at TeV scale (e.g. SuperSymmetry)

• Direct searches (e.g. jet+MET)

• Indirect searches via quantum effects  
in SM decays (flavour physics)

2. Separated DM sector with portals to SM

• Scalar portal (e.g. inflaton)

• Axion portal (e.g. axion-like)

• Vector portal (e.g. dark photon)

portals

diagrams are a courtesy of M.Williams

→ see talk by David Curtin

χ

LHCb searches in low-mass dimuon spectra set strong limits on Axion and Higgs dark sector portals

χ

DM could also be a new strongly coupled, 
confining theory, which exists near the weak 
scale, could look like stau 

G.Kribs
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Regions where B(H0 ! ⇡V ⇡V ) > 50% is excluded at 95% CL

ATLAS 20.3 fb�1 at 8 TeV
LHCb 2.0 fb�1 at 7-8 TeV
CMS 18.5 fb�1 at 8 TeV

LLPs Decaying to Jet Pairs
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upper limits set on SM-Higgs BR to dark pions

competitive and complementary 
limits to ATLAS and CMS!

what about HL-LHC?

pushing to low 
mass and lifetime

Eur. Phys. J. C77 (2017) 812
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LLPs Decaying to Jet Pairs

Elena Dall’OccoHL/HE LHC - 04/04/2018

• search for hidden sector LLP decays via 
SM Higgs portal   

• mass range: 25-50 GeV 
• lifetime range: 2-500 ps 
• dataset: run I (2 fb-1) 
• signature: single displaced vertex with 2  
                      associated jets 

strategy  
• trigger on displaced vertex 
• requirements on jet pointing and material 

interaction veto to reduce main backgrounds: 
‣ vertex from heavy flavour decay or material 

interaction 
‣ SM dijet events 

• fit of the di-jet mass in bins of lateral 
displacement RxyMartino Borsato - USC
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Figure 2: Dijet invariant mass distribution in the di�erent Rxy bins, for the 2012 data sample.
For illustration, the best fit with a signal fi

v

model with mass 35 GeV/c2 and lifetime 10 ps is
overlaid. The solid blue line indicates the total background model, the short-dashed green line
indicates the signal model for signal strength µ = 1, and the long-dashed red line indicates the
best-fit signal strength.
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Figure 2: Dijet invariant mass distribution in the di�erent Rxy bins, for the 2012 data sample.
For illustration, the best fit with a signal fi
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model with mass 35 GeV/c2 and lifetime 10 ps is
overlaid. The solid blue line indicates the total background model, the short-dashed green line
indicates the signal model for signal strength µ = 1, and the long-dashed red line indicates the
best-fit signal strength.

10

LLP → jet jet
๏ Signature: single displaced 

vertex with two (b-) jets 
(previously searched double)

๏ Model: hidden-valley dark pions 
from SM Higgs decay 

๏ Using 2 /fb of 7 and 8 TeV pp data

๏ Triggering on displaced vertex

๏ Quality requirement on jets, di-jet 
pointing, material veto

๏ Signal from di-jet mass fit in bins 
of beam-axis displacement Rxy

13
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Hidden	Valley	v-pions	decaying	to	jet	pairs	at	LHCb	

•  model:	Higgs	decay	to	two	LLPs	each	decaying	to	two	fermions	

•  LHCb	signature:	single	displaced	
vertex	with	two	associated	jets	
(LHCb	acceptance	for	all	4	jets	is	
small,	only	few	%)	

LHCb-PAPER-2016-065	

•  analysis	strategy	
•  trigger	on	displaced	vertex	
•  find	two	associated	jets	
•  extract	signal	from	fit	to		

di-jet	mass	in	bins	of	
distance	to	beam	axis	(Rxy)	
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QCD	background	

hypotheEcal	
35	GeV	signal	

14	

LHCb,	2.0/t,	7,8	TeV	
preliminary	

LHCb acceptance for  
all 4 jets is only few %

LHCb-PAPER-2016-065 arXiv:1705.07332  

QCD

%V (35 GeV, 10 ps) 
best fit, BR=1

QCD

%V (35 GeV, 10 ps) 
best fit, BR=1

EUR. PHYS. J. C (2016) 76: 664

in most cases only 1 πv 
within LHCb acceptance

Eur. Phys. J. C77 (2017) 812
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Talk E.Dall’OccoRecast of LL searches into hidden-
valley dark pions from Higgs 
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LHCb published Run 1
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extrapolation to 300 fb-1

• signal and background scaled to 14 TeV 

• conservative assumptions on detector performance (trigger, material interaction, 
jet reco) 

• optimistic assumptions on the effect of pile-up
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Different constraints on B(H0 ! ⇡V ⇡V ) at 95% CL with 300 fb�1 at LHCb

B > 50% excl.
B > 5% excl.
B > 2% excl.
B > 1% excl.
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One can recast new physics searches involving final state tau’s, e.g. EW gauginos @ ATLAS:

Suggests charged dark pions less than about 130-200 GeV are ruled out.
GK, Martin, Ostdiek, Tong (to appear)

LHC Sensitivity I

Talk: M.Williams

LHCb: 95% exclusion limits for BR > 1% … > 50%

Dark sectors: Mike Williams’ talk an hour ago...

• Started with bump hunting in B ! K⇤µ+µ�

Nearly an order of magnitude improvement due to dedicated LHCb analysis

In axion portal models, scalar couples as (m /fa)
¯ �5 a (mt coupling in loops)
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FIG. 1: Bounds on fa as a function of tan � and mH for n = 1
in Eq. (8), for m2

a � m2
B. For each displayed value of fa there

are two contour lines, and the region between them is allowed
for fa below the shown value. The bound disappears along
the dashed curve, and gets generically weaker for larger tan �.

that LHCb should be able to carry out a precise mea-

surement [40]. Interestingly, since the B ! Ka signal is

essentially a delta function in q2
, the bound in Eq. (15)

can be improved as experimental statistics increase by

considering smaller and smaller bin sizes, without being

limited by theoretical uncertainties in form factors [41]

(or by nonperturbative contributions [42]). The bound

on fa will increase compared to the results we obtain in

the next section, simply by scaling with the bound on

1/
�

Br(B ! Ka).

V. INTERPRETATION

We now derive the bounds on fa using the calculated

B ! Ka branching ratio in Eq. (14) and the experimen-

tal bound in Eq. (15). We start with the axion portal

scenario with Br(a ! µ+µ�
) ⇠ 100% and where sin � is

defined in terms of fa by Eq. (8). We will then look at

the bound on more general scenarios, including the light

Higgs scenario in the NMSSM.

For the axion portal, Fig. 1 shows the constraints on fa

as a function of the charged Higgs boson mass mH and

tan �. For concreteness, we take n = 1; other values of n
correspond to a trivial scaling of fa. In the mass range

in Eq. (1), the dependence on ma is negligible for setting

a bound. The bound on fa is in the multi-TeV range for

low values of tan� and weakens as tan � increases. At

each value of tan �, there is a value of mH for which the
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FIG. 2: The shaded regions of fa tan2 � are excluded in the
large tan � limit. To indicate the region of validity of the
large tan � approximation, the dashed (dotted) curve shows
the bound for tan � = 3 (tan� = 1).

b ! sa amplitude in Eq. (12) changes signs, indicated by

the dashed curve in Fig. 1, along which the bound dis-

appears. Higher order corrections will a�ect where this

cancellation takes place, but away from a very narrow re-

gion near this dashed curve, the derived bound is robust.

The region tan � < 1 is constrained by the top Yukawa

coupling becoming increasingly nonpertubative; this re-

gion is included in Figs. 1 and 3, nevertheless, to provide

a clearer illustration of the parametric dependence of the

bounds.

As one goes to large values of tan �, the X1 piece

of Eq. (12) dominates, and sin(2�)/2 = 1/ tan� +

O(1/ tan

3 �). In this limit, the constraint takes a par-

ticularly simple form that only depends on the combi-

nation fa tan

2 �, as shown in Fig. 2. Except in the re-

gion close to mH ⇠ 550 GeV, the bound is better than

fa tan

2 � >⇠ few ⇥ 10 TeV.

These B ! Ka bounds are complementary to those

recently set by BaBar [30] in �(nS) ! � a ! � µ+µ�
:

fa
>⇠ (1.4 TeV) ⇥ sin

2 � . (16)

For example, for mH ' 400 GeV, the � bound dominates

for tan � >⇠ 5, while B ! Ka dominates for tan � <⇠ 5.

The bounds in Figs. 1 and 2 apply for a generic axion

portal model where mH and tan � are free parameters.

One would like some sense of what the expected values

of mH and tan � might be in a realistic model. Ref. [8]

considered a specific scenario based on the PQ-symmetric

NMSSM [31]. In that model small tan � is preferred,

since large tan� requires fine-tuning the Higgs potential.

In addition, mH is no longer a free parameter and is

approximately related to the mass of the lightest CP -

even scalar s0 via

m2
H ' m2

W +

�
2

sin

2
2�

ms0fa

vEW

�2

. (17)

Freytsis, Ligeti, Thaler
[0911.5355]

LHCb, m(a) = 600 MeV
[1508.04094]
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[LHCb, 1508.04094]

• Many other current / future LHCb dark photon searches [Ilten et al., 1603.08926, 1509.06765]

Z L – p. 19

Talk: Z.Ligeti
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Long-Lived Particles

21

·Various Long-Lifetime Scenarios 
·Approximate symmetries 

·Small couplings 

·Very heavy off-shell mediators 

·Phase space suppression 

·Different experimental strategies 
·direct detection or “collateral event features” 

·Creative use of experiments 

·Better trigger rate estimates to be done

Long-lived particles  

30/10/2017 Monica D'Onofrio, HL/HE-LHC Workshop 16 

}  Particles decaying non-promptly are one of the major 
targets of HL-LHC experiments   

}  Great discovery potential: many NP models predict LLPs  

}  small couplings: RPV decays, dark sector coupling  

}  small mass-splittings: degenerate next-LSP  

}  heavy messengers, split SUSY, hidden valley      Special Signatures from LLP 

21 

Issues and opportunities with LLP signatures: 

• Non-standard objects, custom trigger/reconstruction/simulation 

• Need to maintain dedicated detector capabilities 

Potential gains from HL-LHC from high luminosity, track-trigger, fast timing, 

better directionality. 

 

Variety of dedicated techniques to 
cover whole range of lifetimes (cW) 

Synergy among ATLAS, CMS 
and LHCb experiments 
•  Target complementary 

lifetimes and mass ranges 
•  Use different ‘signatures’ 

A few examples here, more  
in dedicated talks 

BSM parallel session: 
ATLAS talk: S. Pagan Riso 
CMS talk: J. Alimena;  LHCb talk: C.  Sierra 

Wed afternoon: L. Jeanty: LLP at ATLAS; L. Soffi: LLP 
at CMS; E. Dall’Occo: LLP at LHCb; I. Galon: FASER

dE/dx for HSCP (stau and gluino)

Dramatic improvements of experimental capabilities for LLP

292 Chapter 8. Physics performance

algorithms that use the position of the primary vertex will not be very efficient in reconstruct-
ing tracks with large impact parameters. If the particle is sufficiently boosted, the transverse
impact parameter is small(er) but the decay may still occur well outside the tracker volume. In
both cases, the stand-alone capabilities of the muon system constitute the only possibility for
detection.

Section 7 demonstrates that the additional hits in the new endcap muon stations, in combina-
tion with improved algorithms, permit efficient triggering on displaced muon tracks. In the
following, we discuss the impact on the reconstruction and the physics sensitivity in searches
for displaced muons in the context of the HL-LHC.

A dedicated muon reconstruction algorithm was designed for non prompt muons that leave
hits only in the muon system. This displaced stand-alone (DSA) algorithm is seeded by groups
of track segments in the muon chambers. For each seed, a muon track is reconstructed with the
same Kalman-filter technique as for the standard stand-alone (SA) muon reconstruction algo-
rithm, but without constraining the interaction point. The DSA algorithm improves the trans-
verse impact parameter resolution for displaced muons compared to the SA muons. Figure 8.9
(middle) shows the reconstruction efficiency as a function of the transverse impact parameter
for the DSA and SA algorithms. For the latter, the efficiency drops to ⇡15% at |d0| = 300 cm.
With the DSA algorithm, the reconstruction efficiency is around 50–60% and nearly indepen-
dent of the impact parameter. Figure 8.9 (right) shows the distribution of the number of hits
in the Run 2 and Phase-2 detectors for displaced muons. The impact of the new stations is
clearly visible. The charge misidentification probability is expected to further decrease with
the additional hits.

Figure 8.9: Left: The transverse imparameter, d0, for several simulated decay lengths, ct, before
reconstruction. Middle: Efficiency to reconstruct displaced muons from decays of long-lived
particles as a function of the generated impact parameter |d0| using the dedicated DSA algo-
rithm and the standard SA algorithm which includes a vertex constraint. Right: Distribution
of the minimum number of valid hits in the muon system for a SUSY eµ (M = 500 GeV and t =
1000 mm) for Run 2 (blue) and Phase-2 (red) detectors.

To study the impact on physics sensitivity, a particular SUSY model is selected where the dis-
placed signature consists of a dimuon final state emerging from the decay of heavy sparticles
(smuons). This signal serves as a proxy for any long-lived particle. Searches for the direct
production of heavy sparticles with long lifetimes are difficult in the present LHC runs, ow-
ing to small cross sections and limited integrated luminosity, and will only become possible at
the HL-LHC. In gauge-mediated SUSY breaking models, smuons can be (co-)NLSPs (next to
lightest supersymmetric particles) and decay to a muon and a gravitino [137]. This decay can

μ-efficiency

Talk L. Soffi

Talk L. Soffi

Multi-track displaced vertices in ID + MET

• Results
• significant increase in efficiency of reconstructing displaced tracks up to 400 mm, and 

increases reach up to 500 mm
• Next steps

• calculate efficiency of material veto in ITk for benchmark R-hadron samples
• use reinterpretation material from public Run 2 result to extrapolate MET and vertexing 

efficiency
• scale background to 3000 fb-1

• estimate physics reach
9

Tracking efficiency versus decay radius

Question to theorists: strong interest in specific EW or 
lower x-sec models that we should be targeting here?

Talk L.Jeanty

track efficiency as fct of vertex radius

FASER: ForwArd Search ExpeRiment at the LHC: 
Signal: two high-energy opposite-charge tracks  

(e.g. from dark photons) starting inside the detector 
1017 π0 expected, decay-in-volume eff.: 10-4 

Talk I.Galon

Other exps: Codex-b, Mathusla, MilliQan 

LHC Infrastructure

The LHC beam-lines run in tunnels which consists of 8 straight,
545 m long Intersections and curved Arcs connecting them.

The forward region is common to IP1 and IP5 and includes the LHC forward
physics experiments: LHCf, TOTEM, CASTOR, ALPHA

Iftah Galon - Rutgers, NHETC April 4, 2018 HL/HE LHC Meeting 9
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Heavy Resonances

22

·Resonances predicted in 
many BSM scenarios, Z’, 
VLQ 

·VLQ could also arise in 
heavy Higgs cascade 
decay 

·Z’ could also be light 

·If a new resonance was 
found by Run-3, upgraded 
detectors could help 
measure its properties

Thu morning; F. Yu: Z’ searches; R.Wang: Searches in Dijets; S. Khalil: CMS 
resonances; S. Demers: ATLAS resonances; A. Ismail: Anom. Z’ and diboson res.

New from ATLAS: Z’àee  

30/10/2017 Monica D'Onofrio, HL/HE-LHC Workshop 22 

}  LAr calorimeter has a direct impact on the dielectron invariant mass 

resolution  

}  Consider Sequential SM Z’ as benchmark  

}  2 electrons with pT>25 GeV 

}  Results: exclusion up to to 6.4 TeV, discovery reach ~ 5.9 TeV à more than 2 TeV 

better than current results! 

}  Constraints are about 200 GeV more stringent than for muons, thanks to 

the resolution for high pT electron  
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BSM-Higgs parallel session: 
Talk 1: S. Willocq  
Talk 2: K. Hoepfner  

 ATLAS  TDR (NEW) 

Sequential SM as benchmark: exclude up to 6.5 TeV 
more than 2 TeV better than current

4 ITk Performance and Physics Benchmark Studies

limit set on the signal cross section is the largest value of µ that is not excluded with 95%
confidence. This procedure is carried out for each signal mass. A luminosity uncertainty
of ±3% is included. A systematic uncertainty on the number of events in each channel is
applied: ±8.8% on resolved signal events, ±18.0% on the boosted signal events, ±10.8%
on the resolved background events and ±13.4% on the boosted background events. These
systematic uncertainties are extrapolated from the Run-1 analysis [53], the dominant exper-
imental systematic uncertainties are those from b-tagging (for the boosted signal events),
jet energy and mass scales (for resolved and boosted background events), and luminosity
(for resolved signal events).

Stacked tt̄ mass spectra for all included backgrounds and two signal points are shown for
each channel in Figure 4.44. Most signal events fall into the boosted channels, where the
excess of events is localised around the signal mass. Therefore the boosted channel domin-
ates the limit setting. The expected upper limits set on the signal cross section ⇥ branching
ratio as a function of the signal mass are shown in Figure 4.45. The mass reach of the search
is estimated to be 4 TeV for the leptophobic topcolour-assisted technicolour Z0 boson be-
ing used as a benchmark. At these masses the top candidates will tend to produce b-jets
with PT > 600 GeV. Thus to be sensitive in this mass region, it is critical to maintain stable
track reconstruction efficiency with increasing PT, similar to the performance shown in Fig-
ure 4.28.
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Figure 4.45: The expected upper limit on the cross section ⇥ branching ratio of a leptophobic
topcolour-assisted technicolour Z0 boson for masses in the range 1-7 TeV, assuming an integrated
luminosity of 3000 fb�1 at

p
s = 14 TeV.

90

Z’→ ℓℓ

Z’→ tt
ATLAS-TDR-25

Talk S.Demers

Talk S.Demers

31 Oct 2017              Diboson resonances at HL-LHC 17S. Willocq

Vector-like quark T à t h 

§  Systematic uncertainties: ½ theory unc. in tt+jets XS + exp. unc. 
§  Several VLQ scenarios considered, also qg àTtq’  

CMS-PAS-FTR-16-005 

Expected limits for singlet LH VLT with cL
bW = 0.5  

  m(T) > 1.7 TeV    T à th    3 ab-1 @ 14 TeV 
  m(T) > 1.25 TeV  T à tZ   36 fb-1 @ 13 TeV 
                                           [CMS B2G-17-007] 

Expected σ x B limits for singlet LH VLT at m(T) = 1.5 TeV  
  σ x B  <   28 fb  T à th     3 ab-1 @ 14 TeV 
  σ x B  < 300 fb  T à th   2.3 fb-1 @ 13 TeV  [CMS B2G-15-008] 

same σ(signal) assumed 
for m(T) = 1, 2, 3 TeV 

Property Measurements 
What if we see a hint of a signal in Phase 1? 

Æ Study properties of „excess“ with HL-LHC 
 

CMS example: study new physics properties with high statistics in 
characteristic distributions, e.g. AFB   
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Determine lepton 
charge and direction 

direction 
q 

New heavy spin-1 resonance (dilepton 
channel). Little theoretical constraints on AFB 
value  Æ any value between -0.75 and +0.75.  
 

More AFB studies by ATLAS 
and CMS from SM point 

Talk S.Khalil

Talk K.Hoepfner

Talk S.Shin

VLQ T→th: m(T)>1.7 TeV for 3 ab-1

Talk A.Ismail
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SUSY@ HL-LHC 
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}  Can push the reach to much higher masses  
3

Mass scales [GeV]
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-1 discovery: 14 TeV, 3000 fbσ5
-1 discovery: 14 TeV, 300 fbσ5

95% CL limits: 8 TeV

Summary of CMS SUSY Projections with SMS
Preliminary

Probe *up to* the quoted mass

Figure 1: Mass reach of searches for supersymmetry from selected 8 TeV results (masses ex-
cluded at 95% CL) and from projections for 14 TeV running with 300 and 3000 fb�1 (highest
masses for 5s observation). Simplified model spectra (SMS) topologies are used for the inter-
pretations in each case. The processes listed are the direct electroweak production of ec±

1 ec0
2 pairs

decaying into the WZec0
1 ec0

1 and WHec0
1 ec0

1 final states; gluino pair production with eg ! tt̄ec0
1; and

gluino pair production with eg ! qq̄ec0
1.

mass energy of 14 TeV. While the LHC design instantaneous luminosity is 1 ⇥ 1034 cm�2s�1,
the nominal scenario of the high luminosity LHC is to operate at a leveled luminosity of 5 ⇥
1034 cm�2s�1.

The primary goal of the Phase II upgrade program is to maintain the excellent performance
of the Phase I detector under these challenging conditions throughout the extended operation
of the HL-LHC. Performance projections based on a combination of detailed measurements
using the data taken in the experiment throughout the period 2010–2012 and the exposure of
test components to radiation levels matching anticipated HL-LHC show that the tracker and
the endcap calorimeters will suffer significantly from radiation damage after 300–500 fb�1, and
a plan for their major upgrade is being developed.

This upgrade is designed to mitigate performance issues associated with high pileup (PU),
which is most pronounced in the inner and forward detector regions. The tracker granularity
can be increased to maintain the excellent tracking efficiency in order to enable the determina-
tion of the original proton-proton collision points for all charged particles. New endcap calori-
meter configurations will also provide the opportunity to optimize segmentation and improve
energy resolution, particularly for jets.

4 Full-spectrum SUSY models used for benchmark studies
In this section we discuss five benchmark full-spectrum SUSY models that are used for studies
presented in this document. The SUSY particle mass spectra in these models are shown in
Fig. 2 and further details of these models are presented in Appendix A. These five SUSY models
contain production and decay channels that could be discovered with integrated luminosity of
either up to 300 fb�1 or up to 3000 fb�1. The first three models are motivated by naturalness (e.g.
Ref. [7]), and differ by the mass of the sleptons and also by the composition of neutralinos and
charginos, which are mixture of binos, winos, and higgsinos. Depending on the nature of these

ATL-PHYS-PUB-2014-010 

Gain several hundred GeV in discovery 

potential for pair-produced gluinos or 

squarks.  

Even more for chargino and neutralinos 

Available on the CERN CDS information server CMS PAS SUS-14-012

CMS Physics Analysis Summary

Contact: cms-pag-conveners-susy@cern.ch 2015/01/15

Supersymmetry discovery potential in future LHC and
HL-LHC running with the CMS detector

The CMS Collaboration

Abstract

The search for supersymmetry (SUSY) is a major goal of the LHC physics program.
The number of SUSY scenarios is large, and both high luminosity data samples and
the full set of CMS detector capabilities are required to provide sensitivity to the broad
range of signatures, cross sections, and decay branching fractions that can arise. If
evidence for a spectrum of new particles is discovered, an extensive program of mea-
surements will be required to determine its properties. In this document, results are
presented from a set of studies that address key questions related to the anticipated
program of SUSY searches, assuming integrated luminosities from 300 fb�1 (LHC
Run 2+3) to 3000 fb�1 (High Luminosity LHC). Natural SUSY models, which are mo-
tivated by the puzzle of how the low value of the Higgs mass is stabilized (the gauge
hierarchy problem), are one of the most important areas of investigation. Three full-
spectrum natural SUSY scenarios are considered in detail, as well as other scenarios
that lead to challenging experimental signatures, such as compressed mass spectra.
For some studies, simplified model spectra (SMS) are used to study scenarios in which
a small number of SUSY particles dominate the event sample for a particular exper-
imental signature. Using these complementary approaches, results are presented on
the sensitivities of measurements with a varying number of jets, b-tagged jets, and
leptons, and with a variety of different kinematic variables. These studies, together
with results from previous investigations, demonstrate the tremendous potential for
discovering and elucidating SUSY with the CMS detector in future LHC running.

Comprehensive studies carried out since 2012 by ATLAS 
(truth-smearing analyses) and CMS (projections) 

BSM parallel session: 
ATLAS talk: F. Meloni 
CMS talk: G.Zevi della Porta 

Large uncertainties from PDF à improvements expected 
with LHC data and, possibly, new facilities (LHeC)  

Strong SUSY

23

Fri morning: H. Baer: SUSY; I. Vivarelli: Strong SUSY ATLAS; K. Hatakeyama 
Strong SUSY CMS; S. Shin: Vector-like fermions in heavy Higgs cascades

There is a Little Hierarchy, but it is no problem
µ ⌧ m3/2

Talk: H.Baer

stop, bottom 
gluino

wino 
bino

higgsino 
gauge bosons

HL/HLE meeting - 4-7 April 2018 - Fermilab

How good was the guess?

•Estimate with parametrised detector response in rough 
agreement (although somewhat lower) with rough guess 

• Recall: markers are the limit for direct sparticle decay to a massless LSP
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Talk:J.Vivarelli

1-lepton Search

o Search selection:

n 1 lepton (e/µ)

n ≥5 jets 1 or 2 b-jets

n Centrality > 0.6

n Dφ(MET,jet1,2) > 0.8

n MET > 400 (800) GeV

n MT > 260 GeV, MT2
W > 260 GeV

o For this stau-coannihilation (STC) model, 70% of the signal in the 1-

lepton search comes from direct top squark production
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SUSY:	Direct	production	of	s-top	pairs	
ATL-PHYS-PUB-2016-022	•  Target	models	with	compressed	mass	spectra	

•  Pair	production	of	the	lightest	top	squark	mass	eigenstate	
•  Xsection	of	top	squark	1	pairs	with	a	mass	of	350	GeV	and	

700	GeV,	are	4676	fb	and	88	fb.	
•  exactly	two	electrons,	two	muons	or	one	electron	and	

one	muon	+	2	b-jets	
•  Transverse	mass		mT2	(l,	MET)	used	as	discriminating	

variable	+	other	topological/kinematical	cuts	

Masses	up	to	700	GeV	excluded	@	95%CL	
(currently	[mtop,	191]	and	[230,380]	GeV	

SUSY could still be reasonably natural
Talk:J.Vivarelli

Talk:Hatakeyama

Many RPC benchmark projections for SUSY by ATLAS and CMS 
hadronic, single-l, compressed, di-lepton edge, mono-jet, MET…
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Search for Wino like C1N2 decaying into same sign Ws (II)

17

• Baseline SR binned into 7 MTmin based regions
• [0, 90), [90, 120), [120, 150), [150; 200), [200; 250), [250; 300), and [300; inf) GeV 

• Search sensitive up to ~900 GeV scale  

1

10

210

310

410

510

610

Ev
en

ts

Nonprompt
and fake lep.
WZ
VG
WW
ZZ
BB_other
LLB
WWW
VVZ
ttW
ttZ

)10χ
∼), m(4

0χ∼, 2
±χ∼m(

    400,   150
    600,   150
    600,   250
    950,   150

CMS Delphes Phase II Simulation Preliminary , 14 TeV-1PU 200, 3 ab

0 50 100 150 200 250 300 350 400
 [GeV]T, minm

3−10
2−10
1−10
1

10

S/
B

450 500 550 600 650 700 750 800 850 900 950
) [GeV]2
±χ∼) = m(4

0χ∼m(

1−10

1

10

210

310

410

510

) [
fb

]
±

W±
 W

→ 40 χ∼
2± χ∼  

→
(p

p 
σ

95
%

 C
L 

lim
it 

on
 

4
0χ∼

2
±χ∼ →pp 

) = 25%±W± W→ 4
0χ∼

2
±χ∼BR(

, 14 TeV-1PU 200, 3 abCMS Delphes Phase II Simulation Preliminary

) = 250 GeV1
0χ∼Exp., m(
) = 150 GeV1

0χ∼Exp., m(
 1 s.d.±Expected 
 2 s.d.±Expected 

NLO+NLLσTheoretical In approval

·Natural electroweakinos and sleptons: multilepton 
final states with (low-pt) leptons 

·Charginos could be as light as 74 GeV 

·Significant benefits from improved                           
detectors (calo, muon, trigger, timing) 

·For YR planning new analyses

Electroweak SUSY

24

Fri morning: M. Low: Electroweakino Searches; A. Canepa: EW SUSY 
CMS; S. Amoroso: EW SUSY ATLAS; X. Wang: Wino and Higgsino DM

Talks: A.Canepa

11.2. CMS physics channel results 307
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2

�̃0
4

p

p

�̃0
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1

W±

Figure 11.30: Diagram for the wino-like ec±
2 ec0

4 pair-production and decay into a final state with
two same charge W bosons.

A Delphes simulation [81] of the CMS Phase-2 detector is used to estimate the signal and back-
ground yields. The signal Monte Carlo samples are generated by MADGRAPH 5 @NLO (v2.3.3)
up to two additional jets at leading order precision. The supersymmetric particles are then de-
cayed by the PYTHIA 8.2 package that provides also showering and hadronization. The produc-
tion cross sections have been calculated for

p
s=14 TeV at NLO-NLL using the resumming code

from Ref. [82, 83]. The final values are calculated using the 4LHC recommendations for the two
sets of cross sections following the prescriptions of the Cross Section Working Group [84]. Re-
sults from the search will be presented assuming a 25% branching ratio into same charge W
bosons.

MADGRAPH 5 is also used to produce the parton-level background processes at LO, followed
by parton showering and hadronization with PYTHIA 6. The Delphes based yields of processes
containing prompt leptons are corrected by the lepton identification efficiencies measured in
Run 2 collision data. These efficiencies are typically lower than those obtained from fully sim-
ulated Phase-2 data because they were optimized to significantly suppress the misidentifica-
tion probabilities. For example, the reconstruction efficiency for centrally produced electrons
ranges from 60 to 86% for pT values between 20 and 200 GeV. Background processes containing
misidentified leptons are determined from Delphes as well. However, only non-prompt lep-
tons from heavy flavor decays are included in Delphes. For the misidentified leptons from light
flavor quarks, gluons, conversions, the yields from Delphes have to be increased by 25% [85].

The candidate signal events contain two high quality and isolated leptons with pT � 20 GeV,
|h|  1.6, and same charge. Discrimination from the background processes is achieved by
selecting events with no additional leptons with pT � 5 GeV and |h|  4.0 (to suppress multi-
boson production), no pT � 30 GeV b jets (to suppress events with top quarks), and no high-pT
jets. The remaining background processes include the pair production of W and Z/g⇤ bosons.
These are suppressed by imposing a tight selection on the mT,min defined from the missing pT
as

mT,min = min[mT(lep1,pmiss
T ), mT(lep2,pmiss

T )]. (11.2)

To maximize the sensitivity seven (7) signal regions have been optimized with mT,min in the
ranges [0, 90), [90, 120), [120, 150), [150; 200), [200; 250), [250; 300), and [300; inf) GeV.

The search sensitivity is then calculated using a modified frequentist approach with the CLS
criterion and asymptotic results for the test statistic [86, 87]. The systematic uncertainty in the
prompt (misidentified, signal) yields are assumed to be 20% (50%, 20%) based on the estimates
computed in the corresponding search carried out in Run 2 collision data [85]. Figure 11.31
shows the mT,min distribution in candidate events and Table 11.7 reports the expected upper

CMS-TDR-17-006

MIP timing detector (30ps resolution): improved sensitivity to LLP

wino-like 
pair prod.

shown in Figure 5. Additional checks with systematic uncertainties of 20% and 50% on SM backgrounds
are also shown. There is no significant e�ect from the change of the systematic uncertainty on SM
backgrounds. The sensitivity from pure ⌧̃L⌧̃L or ⌧̃R⌧̃R production and the combination are shown in Fig. 6.
Under the assumption of 30% total systematic uncertainty, the 95% CL exclusion contour reaches 700
GeV in ⌧̃ mass for the combined ⌧̃L⌧̃L and ⌧̃R⌧̃R production, 650 (540) GeV for pure ⌧̃L⌧̃L (pure ⌧̃R⌧̃R)
production with massless �̃0

1 The discovery sensitivity reaches 500 (430) GeV in ⌧̃ mass for the combined
⌧̃L⌧̃L and ⌧̃R⌧̃R (pure ⌧̃L⌧̃L) production with a massless �̃0

1. No discovery sensitivity is found for pure ⌧̃R⌧̃R
production due to the too small production cross section.
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Figure 5: The 95% CL exclusion limits and 5� discovery contours for 3000 fb�1 luminosity on the combined ⌧̃L ⌧̃L
and ⌧̃R ⌧̃R production in HL-LHC with di�erent systematic uncertainties assumption on SM backgrounds. Only one
scenario of combined ⌧̃L ⌧̃L and ⌧̃R ⌧̃R production is excluded from the current searches at LHC, where the ⌧̃ (⌧̃R)
mass is 100 (109) GeV and the �̃0

1 is massless [21].

4 Conclusions

The sensitivity to heavy SUSY particles will be increased significantly when the centre-of-mass-energy
of the LHC reaches a value close to the design of

p
s = 14 TeV and an integrated luminosity of 3000 fb�1.

Feasibility studies on benchmark SUSY scenarios for direct stau pair production are carried out with
14 TeV MC samples and by applying detector response corrections to generator level particles, the 95%
CL exclusion and 5� discovery contours with the assumption of di�erent systematic uncertainties are
given, the exclusion limit reaches 700 GeV in ⌧̃ mass for the combined ⌧̃L⌧̃L and ⌧̃R⌧̃R production, 650
(540) GeV for pure ⌧̃L⌧̃L (pure ⌧̃R⌧̃R) production with massless �̃0

1, and the discovery sensitivity reaches
100 (120) to 500 (430) GeV in ⌧̃ mass for the combined ⌧̃L⌧̃L and ⌧̃R⌧̃R (pure ⌧̃L⌧̃L) production with a
massless �̃0

1 with 30% systematic uncertainty. No discovery sensitivity is found for pure ⌧̃R⌧̃R production
due to the too small production cross section.
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Figure 1: Next-to-leading order cross-sections for the direct stau pair production at the LHC as a function of the stau
mass. The left-handed and right-handed stau-pair production cross sections are shown separately.
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Figure 2: Representative diagram illustrating the pair production of charged staus and subsequent decay into a
two-tau final state.

(2.4) for electrons (muons). Jets are reconstructed with the anti-kt algorithm [38, 39] with a radius
parameter of 0.4, with pT > 50 GeV and |⌘ | < 2.5. To remove close-by objects from one another, an
overlap removal based on �R ⌘

p
(��)2 + (�⌘)2 is applied. Taus are required to be separated from

candidate electrons and muons by �R(e/µ, ⌧) > 0.2, otherwise the taus will be discarded. Similarly, jets
are required to be separated from candidate electrons and taus by �R(e/⌧, jet) > 0.2.

Jets misidentified as taus are parameterised as a function of the jet pT and ⌘, and every jet is assigned a
weight corresponding to the tau fake rate. To maximise the available MC statistics, the probability for an
event to have one, two or three fake taus is assessed using all possible combinations of jets. Each event is
then weighted by the probability it will contribute to the fake tau background. Cases with more than three
fake taus are not considered due to the negligible probability (less than 10�6). The truth Emiss

T is computed

5

Stau pair 
prod.

ATLAS PHYS-PUB-2016-021

 mass-degenerate 
higgsinos

N.	De	Filippis	 April	4-6,	2018	
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SUSY:	electroweakino	pair-production	

CMS	upgraded	calorimeter	à		highest	crystal	granularity	information	at	L1	for	better	
precision	in	the	association	to	the	tracker	information	à		improved	identification	and	
isolation	of	the	electromagnetic	objects	

SUSY	in	a	natural	scenario	with	higgsino,	bino,	and	wino	are	at	a	few	hundred	GeV	
scale	or	below,	and	almost	mass	degenerate	higgsino-like																									are	
expected	at	or	below	the	hundred	GeV	scale.		

Highest	cross	section,		multiple	leptons	final	state	with	low	pT	
leptons	ß	triggering	on	low	leptons		

CMS	TDR-17-002	

Analysis	
performed	in	
DELPHES	with	
an	average	of	
200	pileup	
events	

Loss	of	signal	
acceptance	because	of	
L1	trigger		pT	threshold	

Disappearing Tracks
• Results

• with 3000 fb-1, expect to exclude at least
• > 800 GeV for pure wino, τ = 0.2 ns
• > 250 GeV for pure higgsino, τ = 0.05 ns

• Interesting observations
• fakes significant, can add more signal 

regions (3,4,5 hits)
• standard tracking produces more kinked 

tracks for pions than current ID
• one of the few analyses that loses 

efficiency (at low lifetimes) from detector 
design

• Next steps
• further optimization of selection to reject 

fakes
• some interest in an HE-LHC projection

7

Tracking efficiency versus decay radius

HL-HLC projection for pure wino LSP

Question to theorists: how much 
interest in longer tracklets?

Talk L.Jeanty

Livia Soffi - 04/04/2018

~x0, t0 ~xV , tV

mV , ~pV

mI , ~pI

LLP

Visibile Object

Invisibile Object

19/21

Secondary Vertex Reconstruction with 
MTD

• Kinematic closure: direct 
measurement of the LLP mass  

• Reconstructed vertex to 
measure the TOF of LLPs  

I = G̃ ! MET

�̃0
1

e+

e�

• Timing resolution for tracks is 30 ps  

• Model independent: can either 

reconstruct mass or mass splitting 
depending on how velocity related 
to model structure

CMS Phase-2 
Simulation Preliminary

13 TeV

See Sasha`s talk https://indico.cern.ch/event/649760

Talk L.Soffi

The final states can contain three leptons/taus and missing transverse momentum as shown in Figure 2.
It should be noted that the WZ-mediated scenario with 100% branching fraction is not realistic for large
m�̃0

2
�m�̃0

1
> mh, however, the limits would fall somewhere between those achieved for the WZ-mediated

and Wh-mediated scenarios for the same production cross-section.

(a) WZ-mediated
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(c) Wh-mediated (h!⌧⌧)

Figure 2: The diagrams for the two �̃0
2�̃
±
1 simplified models studied in this note. The �̃±1 is assumed to

decay as �̃±1 ! W±(⇤)�̃0
1 and the �̃0

2 either as �̃0
2 ! Z(⇤) �̃0

1 or �̃0
2 ! h(⇤) �̃0

1 with 100% branching ratio.
Two final states are studied for the Wh-mediated scenario: 3` and 1`2⌧. The dots in (b) depict possible
additional decay products of the lightest Higgs boson decaying via intermediate ⌧⌧, WW or ZZ states.

Two final states are considered for the �̃±1 �̃
0
2 simplified models studied in this note,

Three leptons (3`): where leptons (`) refers to electrons and muons including those from the ⌧-lepton
decays but do not include hadronically-decaying ⌧-leptons. This final state targets both the WZ-
mediated and Wh-mediated simplified models.

One lepton + two ⌧ (1`2⌧): where the one lepton (`) plus two hadronically decaying taus (⌧) signature
is used to target the Wh-mediated simplified model.

The background for a signal with 3` or 1`2⌧ and large Emiss
T is dominated by the irreducible processes

WZ(⇤), tribosons and tt̄ + Z/W. The assumed systematic uncertainty of 30% on the estimated sum of all
backgrounds is expected to hold under the hypothesis that the theoretical uncertainty on the triboson
backgrounds is at the level of that of the diboson backgrounds for 14 TeV. The reducible process tt̄ is
also an important background, producing two prompt leptons from the W decays and a third when one
of the b-quarks in the event decays semileptonically and is mis-identified as a prompt, isolated lepton.
In the 1`2⌧ channel, the reducible processes tt̄, W+jets, Z+jets are important backgrounds where jets are
mis-identified as taus.

3.1 WZ-mediated Signal Region Selection

Candidate leptons are selected with pT larger than 10 GeV and |⌘|< 2.47 (2.4) for electrons (muons).
Candidate jets are selected with the anti-kt algorithm with a radius parameter of �R ⌘

p
(��)2 + (�⌘)2 =

0.4, with pT > 20 GeV and |⌘|< 2.5. Jets are required to be separated from candidate electrons with
�R(e, jet) > 0.2. Jets are tagged as originating from b-decays, “b-tagged jets”, with the chosen working
point of the b-tagging algorithm correctly identifying b-quark jets in simulated tt̄ samples with an average
e�ciency of 70%, with a light-flavour jet misidentification probability of about 1% (parametrised as a
function of jet pT and ⌘).

Leptons forming low mass Same-Flavour Opposite-Sign (SFOS) lepton pairs (invariant mass mSFOS <
12 GeV) are discarded to remove leptons from low-mass resonances. Leptons are required to be isolated

5

Talk M.Low

Talk S.Am
oroso

disappearing track appearing tracks

CMS-TDR-17-006

update for YR
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WG3: BSM - Wrap up

25

Run 2 LLP analyses on ATLAS

3

disappearing tracksdisplaced multi-track 
vertices in ID + MET, 

jets, leptons

displaced leptons, lepton 
jets, or lepton pairs

displaced multi-track vertices
in Muon Spectrometer

trackless 
jets with low 

EMfrac

stable or meta-stable 
charged particles

emerging jets

non-prompt 
photons

graphic credit: Heather Russell

·Significant benefits from detector upgrades 
and analysis techniques, e.g. EWK SUSY 
and LLP. 
· Still room for light, weakly coupled new physics, 

HL/E-LHC could find it at high pt 
·… and also moderate pt, depending on 

understanding of SM background

·Discussion / Homework: 
· How do we implement in the report complementarity with other experiments                                                                                      

(i.e. long-lived-particles additional detectors (FASER, COdeX etc) and facilities (LHeC). 

· Fully workout editorial overlap with Higgs and Flavour 

·Upcoming  WG3 dates: 
· Vidyo Meeting 23 April 

· Vidyo Meeting ~21 May (tba) 

· Target drafts write-ups of contributions by 30 May

·For YR:  
· Coherent documentation of  all the new experimental and theoretical ideas
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WG4: Flavour

26

Draft chapter structure: https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HLHEWG4

CKM Metrology and HL/HE questions for B Physics

Charm

τ-Leptons

Spectroscopy

Implications of flavour anomalies

Flavour aspects of top physics

Flavour aspects of Higgs

Strangeness

High pT searches in the context 
of flavour anomalies

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HLHEWG4
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Flavour Physics
·Classical B-physics metrology: 

Overconstrain CKM 

27

Flavor Constraints on New Physics Zoltan Ligeti
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Figure 9: Constraints on r̄ � h̄ , allowing NP in the Bd,s mixing amplitudes (left) and the expectation using
50 ab�1 Belle II and 50 fb�1 LHCb data (right) [69]. Colored regions show 95% CL, as in Fig. 2.
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Figure 10: Constraints on the hd �sd parameters (left) and those estimated to be achievable using 50 ab�1

Belle II and 50 fb�1 LHCb data (right) [69]. Colored regions show 2s limits with the colors indicating CL
as shown, while the dashed curves show 3s limits.

achievable with 50 ab�1 Belle II and 50 fb�1 LHCb data (right) [69]. Figure 10 shows that in the
future the bounds on the “MFV-like regions", where NP flavor is aligned with the SM (2qd ' 0
mod p), will be comparable to generic values of the NP phase, unlike in the past. Figure 11 shows
that the bounds on NP in Bs mixing, which were significantly weaker than those in the Bd sector
until recent LHCb measurements, are now comparable, and will comparably improve in the future.

As an example, if NP modifies the SM operator describing Bq mixing by adding to it a term

C2
q

L2 (b̄LgµqL)
2 , (3.4)

then one finds

hq '
|Cq|2

|V ⇤
tbVtq|2

✓
4.5TeV

L

◆2

. (3.5)

11

·Flavour could have a crucial role in falsifying the standard model.  
·If/when falsified, is there a chance to understand the new physics?

Z.Ligeti: Flavour at LHC; D. Craik: B Physics at HL/HE-LHC; 
A.Schwartz: Belle 2;  T. Skwarnicki: Spectroscopy questions for LHC

Plenary H.Jawahery

CPV interference phases: �
s

= �2arg(V
ts

V

⇤
tb

/V

cb

V

⇤
cs

)

Metrology important for anomalies: Bounds on LQ and Z

0 models from mixing!
Lot of room for improvement! Interplay between LHCb, ATLAS and CMS
Dordei (LHCb), Řeznícek (ATLAS), Sarkar (CMS)

J. Martin Camalich (CERN) Summary Flavor Pysics (WG4) 1st of November 2017 14 / 22

ATLAS and CMS can help 
in a few channels

Talk Z.Ligeti

Observed by LHCb & CMS

Expected LHCb Sensitivity with 300 fb-1

h
s

50 fb
-1

At LHCb

upgrade

D. Straub Recent result from LHCbRun1+ 1.4 

fb
-1

of Run 2

Precision of other accessible observables: 
t(B

s

->µµ) to ~2%

A
cp

(B
s

->µµ) to 0.2
B(Bàµµ)/B(Bsàµµ) to ~15-20%

Bàµ+µ-

NP models

today

w/300 fb
-1

B→ µµ Talk D
.C

raik

Time-dep. CP analysis of B→J/ψφ Spectroscopy

A much sharper picture to emerge

D0 mixing CPV

today
NP models

w/300 fb-1

LHCb

Sensitivity to lepton 
Flavor Violation in tau 
decays

CERN-LHCC-2017-003

Talk: Pernas 

In several areas LHCb (also  
Belle) are w/o cross check

expectation using 50ab-1 Belle II  
and 50fb-1 LHCb data

Talk: Skw
arnicki 
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·If confirmed by LHCb with Run-2, need confirmation → Belle II   
·LHCb can measure several more channels, also with Bs, Λb and Bc 

·ATLAS/CMS: low-pt in a few channels, and high pt

Flavour Anomalies

28

LQ and B-physics anomalies 
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With lower precision BELLE, CMS, ATLAS 

Possible explanation are LQ-like mediators. TeV scale and 3rd generation favored.  
LQ couple to leptons and quarks, with a coupling l  

Z´ and B-physics anomalies 

6 

JHEP 08 (2017) 055 
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LQ and B-physics anomalies 
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With lower precision BELLE, CMS, ATLAS 

Possible explanation are LQ-like mediators. TeV scale and 3rd generation favored.  
LQ couple to leptons and quarks, with a coupling l  

Fri morning: M. Freytsis: b→c τν and high pt; W. Altmannshofer: b→s mumu 
and high pt; B. Hamilton: Flavour observables; K. Hoepfner: High pt searches

New modes and kinematic distributions to distinguish among NP scenarios!

LHCb can measure many different channels

Homework: Prospects for kinematic distributions (e.g. D

⇤/⌧ polarization)

J. Martin Camalich (CERN) Summary Flavor Pysics (WG4) 1st of November 2017 4 / 22

W
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B.Hamilton

Future of ratios

• continuous improvement on R(X) in coming years
I LHCb: rich program of initial states

better R(J/ ), R(D)? ⇤b ! ⇤
(⇤)
c ⌧ ⌫̄? R(Ds)?

I Belle II: O(0.01) projections on R(D(⇤))
more results of Belle dataset: inclusive B ! Xc⌧ ⌫̄? additional R(D) modes?

A. J. Schwartz High Luminosity LHC Workshop Belle II Physics program 22

B® D(*)tn @ Belle II
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Belle 0.71 ab-1: Belle II 50 ab-1: 

Careful scaling from Belle ® Belle II: 

Type II 2HDM 
tanb/MH = 0.5

[A. J. Schwartz’ talk]

• polarizations/asymmetries in final states can help discriminate operators
[1206.3760, 1302.7031, 1602.07671, . . . ]

I new e�cient reweighting tools can help fit these [HAMMER; Ligeti, Papucci, Robinson,
1610.02045]

• not the focus here see B. Hamilton’s talk

A.
 S

ch
w

ar
tz



    Andreas B. Meyer                                                                             Summary and Plans                                                 HL/HE LHC Meeting, Fermilab, 6 April 2018                                    

Z 0 with Minimal Flavor Violation

assume that flavor diagonal and flavor violating couplings are related

gqq
L = g⇤ , gbs

L = VtbV ⇤
tsg⇤

Greljo, Marzocca 1704.09015

also WA, Straub 1411.3161

already ruled out
by di-muon resonance searches

+ searches for qqµµ contact interactions

! couplings to light quarks need to be suppressed

Wolfgang Altmannshofer (UC) High pT Implications of b ! s`` Anomalies April 5, 2018 9 / 17

Flavour Anomalies

·R(D) and R(D*) b→ c τν 
·Good fits for W’ vector, scalar or vector LQ 
·Full range of LQ c/should be done by exps. 

·Discussion: also directly check ratio between τ 
and µ processes at high pt, e.g. in ttbar evts 

29

Two operator fits

• 3 current mediators generate two dim-6 operators at once

-2 -1 0 1 2

-4

-3

-2

-1

0

1

2

CVR

C
V
L

CVR
v CVL

1 , 2 , 3

= 1 TeV

• all CSi and large C0
VR ruled out by Bc and sometimes q2 spectra

• large C00
SL ruled our by Bc

Update of [MF, Zigeti, Ruderman, 1506.08896]

Talk: Freytsis

·R(K*) b → sℓℓ 
· theoretically very clean 
· Best description for new physics in 

final states with muons                   
(very high energy) 

· Minimally flavour violating Z’ ruled 
out by dimuon resonance searches

Talk: Altmannshofer

· Minimalistic Z’ can not be fully accessed 
even at HE-LHC 

· Minimalistic LQ could be very heavy  

Sensitivities at the HL/HE LHC

pair production of lepto-quarks

Allanach, Gripaios, You 1710.06363

caveat: dominant lepto-quark decay mode could be “exotic” LQ ! `+ 3j
(Monteux, Rajaraman 1803.05962)

Wolfgang Altmannshofer (UC) High pT Implications of b ! s`` Anomalies April 5, 2018 15 / 17

Irreducible lepto-quark signatures

Lepto-quarks are pair produced
through QCD interactions

pp ! LQ LQ ! j(b)µ+ j(b)µ�

(pair production completely fixed by
QCD for the scalar LQ, but could be

model-dependent for vector LQ)

Lepto-quarks can be singly produced
through their couplings to

quarks/leptons

pp ! LQ µ ! j(b)µ+µ�

(single production can be important for
heavy LQ)

Wolfgang Altmannshofer (UC) High pT Implications of b ! s`` Anomalies April 5, 2018 14 / 17

Simplified Models

possible tree level explanations:

Z 0 Bosons
Lepto-Quarks

upper bounds on flavor violating couplings from Bs mixing imply
upper bounds on the particle masses

mZ 0 . gµ ⇥ 8TeV
mLQ . 20 � 40TeV (depending on the lepto-quark representation)

! a weakly coupled Z 0 is likely in reach of HE LHC

Wolfgang Altmannshofer (UC) High pT Implications of b ! s`` Anomalies April 5, 2018 8 / 17

Light LQ could explain both R(D) and R(K*)

•  What about the third family? 

 
 
 
 
•  Universality tested at 0.15% level and good agreement except for   

–  W decay old anomaly  
–  B decays  

 
 

3.1  Lepton Universality 

38 Emilie Passemar 

1.0010 ± 0.0015 

Updated with HFAG’17	

0.9860 ± 0.0070 

0.9961 ± 0.0027 

1.0000 ± 0.0014 

1.0029 ± 0.0015 

Updated with HFAG’17	

See talks in this morning Flavour session 

Talk: Passemar

Fri morning: M. Freytsis: b→c τν and high pt; W. Altmannshofer: b→s mumu 
and high pt; B. Hamilton: Flavour observables; K. Hoepfner: High pt searches



    Andreas B. Meyer                                                                             Summary and Plans                                                 HL/HE LHC Meeting, Fermilab, 6 April 2018                                    

Flavour Anomalies

30

Fri morning: M. Freytsis: b→c τν and high pt; W. Altmannshofer: b→s mumu 
and high pt; B. Hamilton: Flavour observables; K. Hoepfner: High pt searches

·High pt searches: Z’,W’ or LQ3  
·Several HL-LHC studies of W’, Z’ exist 

and/or are being updated or planned 
Z’→ tt, W’→ tb, LQ3→τb 

·Discussion:  

·how important is W’→τν, Z’→ ττ?

·Can we also measure ratios of τ 
and µ rates

CMS Plan: LQ3 Æ t + b 

Plan redo these two plots from existing Run-2 result 
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Model R2~ as described in Phys. Rept. 641 (2016) 
Signal xsec and k-factor from theorist 
Signals simulated in LO with MG 

Single 
LQ3 
sensitive 
to high-
mass/ 
coupling 
region 

Run 2 
Run 2 

Talk K. H
oepfner 

LQ3 → τb 

W´Ætb Impact of Systematics 
Three scenarios to extrapolate systematics from 12.9/fb to 3/ab 
1) Leave systematics unchanged, simply scale templates with lumi 
2) Reduce most experimental to percent level, theoretical uncertainties 

by factor 2, top pT reweighting by factor 3.  
3) No systematics (best possible limit) 
ÆImpact on projected exclusion limit: 4(4.4) TeV for case 1(3)  
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Discovery 

Detailed Table 
in backup 

W’ → tb planned for YR

Talk B.H
am

ilton

Prospects for Differential Observables

50 • (or 300)/fb will allow for extremely precise differential measurements
With enough • related data, can directly fit for parameters in models of hadronic 
form-factors

Can also potentially fit for effects of ◦ 𝑐 ҧ𝑐 resonances directly from the data (with 
an appropriate model)

Requires muon system performance similar to present detector to fully exploit in •
spite of busier events and larger radiation backgrounds

10

Effect of 𝑐 ҧ𝑐
phase on P5’

Projected sensitivity of 
phase2 upgrade dataset

M. Patel, 3rd Workshop on LHCb Upgrade II·Low pt searches (LHCb) 
·Differential dists, e.g. P5’ and other 

angular observables, separately 
for different leptons  

·Also other channels, e.g. b->dll 
(e.g. BS->K*0µµ) 

b ! s`+`� transitions: angular analyses
• Give access to many di↵erent observables sensitive to NP

• The systematic experimental uncertainties are orthogonal to those
a↵ecting BR measurements

• These observables provide complementary constraints to the BRs in
global fits
� Possibility to construct observables with reduced form-factor dependence

(e.g. P 0
5)
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SM from DHMV
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LHCb [JHEP 02 (2016) 104], CMS [PLB 753 (2016) 424], BaBar [PRD 93 (2016)
052015], CDF [PRL 108 (2012) 081807] and Belle [PRL 103 (2009) 171801]

P. Álvarez Cartelle (ICL) Rare decays and LFU @ LHCb 10/23

10/20
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·Perspectives on τ and Lepton Flavour Violation:

·τ→3µ: current best limit (Belle) B < 2.1 × 10-8 at 90% CL 

·HL-LHC: 1015 τ, mostly in fwd region (from Ds→τν) 

·Extended coverage up to |η| < 2.8,  3µ acceptance ~2.5% 
·Bg from B->D cascade decays (K or π decays in-flight) 

·CMS expected limit B(τ→3µ) < 4 × 10-9 at 90% CL

Lepton Flavour Violation

31

288 Chapter 8. Physics performance
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Figure 8.6: (Left) Pseudorapidity distribution of most forward muon in reconstructed t ! 3µ
events (pseudorapidity is for GEN-level muon). The blue histogram corresponds to events
with all three muons reconstructed with the help of the present detectors, CSCs, DTs, and
RPCs. The open histogram adds events, in which one or more muons were reconstructed with
the help of the ME0 chambers. (Right) Average trimuon invariant mass resolution as a function
of pseudorapidity of the most forward muon.

To select events, we employ a special “Tau3mu” muon identification targeting very low mo-
mentum muons, which is further augmented with three additional constraints on trimuon vari-
ables: trimuon vertex fit c2/dof, transverse displacement of the trimuon vertex, and maximum
DR distance among three pairs of muons. These three topological cuts help mitigate back-
ground associated with the high pileup conditions. The selection has about 30% efficiency for
signal events and practically eliminates the pileup contamination.

An analysis of a minbias QCD sample shows that more than 90% of the background is due to
events with B mesons, in which two muons come from B-D cascade decays (i.e. B ! µnD + X,
followed by D ! µn + X). The third reconstructed muon arises from a p/K decay-in-flight
or from an accidental alignment of a charged hadron track with a muon stub in the first muon
station.

In this search, there are no sufficiently powerful discriminating observables that could be used
as constraints. Therefore, we opt for building a discriminant Q as a product of ratios of 1D
signal and background probability density functions for more than a dozen observables, the
most discriminating among which are:

• c2/dof of the tri-muon vertex,
• transverse displacement of tri-muon vertex with respect to the primary interaction,
• angle between t lepton (trimuon) direction and the line connecting the primary in-

teraction and the tri-muon vertex,
• minimum DR distance among three pairs of muons in a trimuon event candidate,
• the highest and lowest momenta among three muons in a trimuon event candidate,
• number of b quark jets.

A dedicated L1 trigger is designed to be efficient for events passing the final selection and have
an acceptable rate. For Category 1, the L1 trigger requires two tracker muons (pT > 2 GeV,
dpT/pT < 3%) and one GEM-CSC segment in the first muon endcap station (dpT/pT ⇠ 20%).
For Category 2, the trigger requires one tracker muon and two segments in the first muon

Number of reconstructed τ→3µ events

Thu afternoon: E. Passemar: Perspectives on τ; A. Petrov: Lepton 
Flavour Violation; A. Kagan: Perspectives on charm; M. Pernas: c, s and 
τ at LHCb; M. Morgenstern: τ→3µ ATLAS; K. Mazumdar: τ→3µ CMS

�8

Search	for	!→3"	in	W	decays

From	signal	MC	

Rescaled	7	TeV		
measurement	

BR(!→3")	=	3.7×10-7

• after applying tight BDT selection expect 
0.193 background events, observe none 
in signal region and 1 event outside of 
signal region 

• Dominant uncertainty from systematics  
• Mainly from background estimation 

from sideband region 
• Place 90% CLs upper limit on branching 

ratio

M
.M

orgenstern

B(τ→3µ) < 3.7 × 10-7 planned for YR

Talk: K.M
azum

dar

TDR-17-003

●

HFLAV
Spring 2017

10−8

10−6

e−
γ

µ
− γ

e−
π

0

µ
− π

0

e−
K S0

µ
− K S0

e−
η

µ
− η

e−
η′

(95
8)

µ
− η′

(95
8)

e−
ρ

0

µ
− ρ

0
e−
ω

µ
− ω

e−
K

∗ (89
2)

0
µ

− K
∗ (89

2)
0

e−
K

∗ (89
2)

0
µ

− K
∗ (89

2)
0

e−
φ

µ
− φ

e−
f 0(9

80
)

µ
− f 0(9

80
)

e−
e+

e−
e−
µ

+ µ
−

µ
− e+
µ

−
µ

− e+
e−

e−
µ

+ e−
µ

− µ
+ µ

−
e−
π

+ π
−

e+
π

− π
−

µ
− π

+ π
−

µ
+ π

− π
−

e−
π

+ K
−

e−
K

+ π
−

e+
π

− K
−

e−
K S0 K S0

e−
K

+ K
−

e+
K

− K
−

µ
− π

+ K
−

µ
− K

+ π
−

µ
+ π

− K
−

µ
− K S0 K S0

µ
− K

+ K
−

µ
+ K

− K
−

π
− Λ

π
− Λ

pµ
− µ

−

pµ
+ µ

−

● ATLAS BaBar Belle CLEO LHCb

90% CL upper limits on τ LFV decays

2.2  Tau LFV 

•  Several	processes:	
	
 

 
 

 
 
 
 
 

•  Expected	sensiEvity	10-9	or	beWer	at	LHCb,	ATLAS,	CMS,	Belle	II,	HL-LHC?		

•   
 

Emilie Passemar 

   τ → ℓγ ,  τ → ℓα ℓβℓ β ,  τ → ℓY
  P ,  S,  V ,  PP , ...

12 

10-8

10-6

LHCb (τ→3µ)

ATLAS (τ→3µ)

Talks: E. Passemar and A.Petrov 

τ decay channels
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• ttÆ(μνb)(γq)Æμ+γ+(≥1 b-jet)
– Strategy: cut-and-count
– Dominant systematic 

uncertainties: instrumental (fake 
photons), tV+jets, VVγ

Alexander Khanov, OSU

Flavor changing neutral currents (3)

4/6/2018 11

CMS-PAS-FTR-16-006

tÆu+γ

tÆc+γ

Current HL-LHC projection
B (t→γu)

Wouter Dekens, HE/HL LHC meeting
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t ≠ Z ≠ q sensitivity from on-shell interference (work in progress)
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gray region excluded by present measurements

Black Top Working Group projection, Red our interference analysis

For t ≠ Z ≠ c crossover L at 1.5 ab≠1, for t ≠ Z ≠ u already important
E. Stamou (U Chicago) Higgs & Flavour & Top-FCNCs 21

Top-quark FCNCs from on-shell interference (work in progress)

Interference only for same final states (3-body decay)

Z

t

b

b

c Wt

b

b

c

Can both the Z and the W be simultaneously on-shell? Yes
(two independent Dalitz variables)

Both propagators (Breit-Wigner’s) must go onshell:

1

q2
Z ≠ m2

Z + imZ�Z
≠æ 1

imZ�Z

1

q2
W ≠ m2

W + imW �W
≠æ 1

imW �W

(these two i’s are socalled “strong phases”)
E. Stamou (U Chicago) Higgs & Flavour & Top-FCNCs 18

Top Couplings

32

E.Stamou

Increase FCNC 
sensitivity 

exploiting on-shell 
interference  

between signal and bg

W.Dekens

EFT global fit of Wtb couplings 
using low and high energy data 

(assuming no FCNC)  

Current and expected limits on FCNC
A.Khanov

updates planned for YR

Fri morning: W. Dekens: Anomalous Wtb couplings; 
A. Khanov: Flavour aspects of top (CMS+ATLAS);

• b-tagging at high luminosity remains solid
– b-tagging efficiency at fixed mistag rate is a function of pileup density, not <μ>

• Performance in the very forward region is a problem
– Existing algorithms are not optimized for large |η|, tracking  is losing lever arm

B-tagging performance (2)

4/6/2018 Alexander Khanov, OSU 7

CMS-TDR-014 ATL-TDR-025

10-4 10-5

B (t→Hu)

B (
t→

Zu
)

B (
t→

gu
)

10-4

10-5

Challenges for 
top reconstruction 

at HL-LHC 
e.g. b-tagging 

A.Khanov
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Detector Challenges

33

22

B
s
 Candidate Mass

Inv mass of φ-pairs  with 
● |d

z
|(φ-pair) < 1cm  

● |dxy|(φ-pair) < 1cm 
● 0.2 < dR(φ-pair) < 1 
● dR(K+, K-) < 0.12 

For <PU> = 200, 30% signal efficiency achievable at a rate ~ 15 kHz

Bs→φφ→4K: trigger threshold 2 GeV

TDR-17-001

Thu afternoon: M.Klimek, Boosted tagging with precision 
timing; M. Rudolph: Detector challenges for LHCb;          
Y. Cheng: Detector challenges for ATLAS + CMS

  16

Bs → φφ → 4K

● Rare process
– Br(Bs  → φφ) ≈ (1.84 ± 0.18) * 10-5  (PDG)

● Final state kaons are low pT tracks
– close to the L1 tracking threshold and 

hence difficult to reconstruct
● A track only analysis 

– an important benchmark analysis with 
Level-1 tracks

b → sss  penguin

● FCNC process forbidden at the tree 
level

● b quark decaying through a penguin 
diagram may receive contribution 
from massive particles beyond LHC 
reach and  provide new insight to the 
CP violating phase in the Bs system

Softest track

Tracker Upgrade: Object Performance 

04/05/2018 10 Yangyang Cheng | Detectors@HL-LHC 

Excellent tracking and vertexing 
resolution and efficiency:  
• increased coverage in forward 
• maintain and improve upon 
current detector performance 
at HL-LHC conditions w/ 200PU 

Pt resolution·LHCb 
·complete new experiment  
·4D detector by including timing Vertex Locator

Current VELO would not work for
HL-LHC

Huge fraction of fake tracks
(ghosts)

Can reduce with better granularity
and timing

9	

Studies	so	far…	

Reducing	pixel	size	to	27.5μm,	and	re-optimising	PR	
parameters	(e.g.	cone	size),	most	of	the	losses	are	
recovered.	

VELO	U2	Overview:	Annecy	TTFU	Workshop									22	March	2018 	 	Mark	Williams		

λ=55	PV	

Manuel	Jahn,		
CERN	summer	student	2016	

So,	smaller	pixels	almost	
certainly	needed	–	although	
probably	only	in	inner	radial	
region...	

For	Upgrade-I	VELO	design	(55	μm	pixels),	
performance	at	L=2x1034	/cm2/s	is	heavily	degraded	
�	e.g.	Ghost	rate	increases	by	factor	20	

14	

Studies	so	far…	

VELO	U2	Overview:	Annecy	TTFU	Workshop									22	March	2018 	 	Mark	Williams		

Biljana	Mitreska		
CERN	summer	student	2017	

…	
Radial	dependence	motivates	a	dual-technology	design	

	Small-r:	small	pixels,	radiation	hard,	 		
	timing	information	optional	

	Large-r:	larger	pixels,	fast	timing,			
	reduced	rad	hardness	

M. Williams et al. M. Rudolph 8 / 23

LHCb Vertex Locator

VELO with time
Timing even more important than pixel size!
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200ps time precision for inner detector

18	

*New*	studies	

VELO	U2	Overview:	Annecy	TTFU	Workshop									22	March	2018 	 	Mark	Williams		

Aditya	Bhanderi		
Manchester	MPhys	student	

At	L	=	2.0	×	1034	/cm2/s,		
PV	mis-association	rate	(PV%):	

•  No	timing:	20%	
•  Timing	only	in	inner	detector:	5-13%	
•  +200ps	timing	in	outer	region:	4-9%	

Caveat:	work-in-progress!	

Goal is ⇡ 30ps for outer
part
Mis-association scales
linearly with luminosity

Even a 200 µm pixel would
work!

M. Williams et al. M. Rudolph 9 / 23

Mis-Association fraction as fct of time res.

M.Rudolph

M.Rudolph

Y.Cheng

Y.Cheng

Timing Upgrade: Prospects for Flavor 

04/05/2018 Yangyang Cheng | Detectors@HL-LHC 19 

By adding time-at-vertex for the track: 
• Pile-up mitigation  
• Improve lepton isolation 
• Improve mass resolution in (HÆ)γγ 

channel, combined with calorimeter timing 
• Time of flight can be used for Particle ID 

(example on STAR; CMS results upcoming) 
 

MIP Timing Y.Cheng

·ATLAS + CMS 
·New (all-silicon) inner track detectors up to η<4 

·MIP timing detectors (against PU and for PID 

·Improve boosted tagging:                                 
resolve substructure by arrival time distribution

M.Klimek
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WG4: Flavour - Wrap up

34

·Planned: 
· Expecting LHCb proposal for Upgrade-II soon (May) 

· No change of YR contents expected in case of possible 
confirmation of anomalies 

·Discussion / Homework: 
· Flavour anomalies: can we formulate a no-loose theorem ? 

· Discussing simple combination of results from ATLAS and 
CMS with LHCb 

·Editorial Overlaps: 
· BSM and Flavour: separation of direct and indirect searches 

in context of flavour anomalies 

Flavor Constraints on New Physics Zoltan Ligeti
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Figure 9: Constraints on r̄ � h̄ , allowing NP in the Bd,s mixing amplitudes (left) and the expectation using
50 ab�1 Belle II and 50 fb�1 LHCb data (right) [69]. Colored regions show 95% CL, as in Fig. 2.
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Figure 10: Constraints on the hd �sd parameters (left) and those estimated to be achievable using 50 ab�1

Belle II and 50 fb�1 LHCb data (right) [69]. Colored regions show 2s limits with the colors indicating CL
as shown, while the dashed curves show 3s limits.

achievable with 50 ab�1 Belle II and 50 fb�1 LHCb data (right) [69]. Figure 10 shows that in the
future the bounds on the “MFV-like regions", where NP flavor is aligned with the SM (2qd ' 0
mod p), will be comparable to generic values of the NP phase, unlike in the past. Figure 11 shows
that the bounds on NP in Bs mixing, which were significantly weaker than those in the Bd sector
until recent LHCb measurements, are now comparable, and will comparably improve in the future.

As an example, if NP modifies the SM operator describing Bq mixing by adding to it a term

C2
q

L2 (b̄LgµqL)
2 , (3.4)

then one finds

hq '
|Cq|2

|V ⇤
tbVtq|2

✓
4.5TeV

L

◆2

. (3.5)

11

HL/HE-LHC, Oct 30 2017J. Zupan   WG4:Flavour

• ATLAS and CMS efforts manpower 
limited

• case in point Bs→(( 

• also τ→3(, B→K((
• one could contemplate  

other modes

• τ→(ee, τ→3e,B→K*((,B→(e,D→(e,...
Vagnoni@ LHCb implications 2016*

ATLAS & CMS

9

* these projections may be outdated by now 
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Workshop Timeline

·June/July 2017: creation of the structure 

·Oct/Nov 2017: Kick-off meeting 

·21 Dec 2017: WG convenors meeting: skeleton table of contents 

·March/April 2018: Draft table of contents, start writing 

·18-20 June 2018 (Plenary Meeting): Close-to-final table of contents           
https://indico.cern.ch/event/686494 

·September 2018: Full drafts  

·December 2018: Submission

35

now

http://lpcc.web.cern.ch/hlhe-lhc-physics-workshop
 https://twiki.cern.ch/twiki/bin/viewauth/CMS/HLandHELHCYR

    European Strategy for Particle Physics: Open Symposium in May 2019 

https://indico.cern.ch/event/686494
http://lpcc.web.cern.ch/hlhe-lhc-physics-workshop
https://twiki.cern.ch/twiki/bin/viewauth/CMS/HLandHELHCYR
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Working Group Meetings
· WG1 (Standard Model) 
·Top Wed, 28 Feb      https://indico.cern.ch/event/702718/ 
·EWK1, Thu 1 Mar     https://indico.cern.ch/event/702716/ 
·EWK2, Tue 6 Mar     https://indico.cern.ch/event/702717/ 
·QCD, Fri 2 Mar         https://indico.cern.ch/event/702715/ 
· WG5 (Heavy Ions, 6 Mar)  https://indico.cern.ch/event/698005/ 
· WG2 (CMS/ATLAS/LHCb) 20 Mar https://indico.cern.ch/event/714119/ 

· WG1 progress meetings foreseen for April/May 
· WG2 vidyo meeting first half of May (tba) 
· WG3 meeting: 23 April, and around 21 May (tba) 
· WG4 vidyo meetings until June (tba) 
· WG5 open meeting: 1 June (after QM) 

· HL/HE-LHC Plenary 18-20 June 2018   https://indico.cern.ch/event/686494/ 

· More meetings (various formats, formal and informal) towards submission

36

indico category: https://indico.cern.ch/category/9411

https://indico.cern.ch/event/702718/
https://indico.cern.ch/event/702716/
https://indico.cern.ch/event/702717/
https://indico.cern.ch/event/702715/
https://indico.cern.ch/event/698005/
https://indico.cern.ch/event/714119/
https://indico.cern.ch/event/686494/
https://indico.cern.ch/category/9411
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Editorial Work
·Goal 
·Report length: max. 150 pages per chapter 
·Start filling with material now (!), full draft by September 
·Expect technical instructions (overleaf template) from WG convenors soon

37

·Being discussed 
·Overlap between chapters: In general overlap is ok, but should 

try to coordinate 

·Higgs and BSM 

·BSM and Flavour: separation of direct and indirect searches 
in context of flavour anomalies ? 

·Higgs and Flavour 

·Flavour and SM (esp. top anomalous couplings: theory 
description in chapter 4, experimental results in both chapter 
1 and 4) 

·“Chapter 0”: concise description of “technical infrastructure”  
common to all chapters. 

·Detector Performance 

·DELPHES and other tools

???

• Hierarchy problem

• Origin of Dark Matter

• Strong CP problem

• Neutrino masses

• Matter/anti-matter asymmetry

• Explanation of Yukawas, fermion masses

• Quantum gravity

• Inflation

• ….

Many potential explanations of these involve physics that can be 
probed at LHC or HE-LHC


all involve BSM physics 

1%
deviations

BSM

Flavor

Higgs

HE-LHC

SM

Good synergy between WG’s 2, 3, and 4
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Systematic Uncertainties
·Encourage realistic evolution of uncertainties  
·We can be optimistic! Larger data samples, refined and/or novel analysis methods, greater computing resources. 

·Formulate ambitious physics goals 
·HL-LHC is much more than just a factor 10 (100) more data than phase-I (2016) in a more adverse environment.                                           
·Time and resources for substantial improvements of tools and methods (theory and exp.). This is exciting! 
·Use the statistics to constrain systematics !!! 

·Currently discussing guideline scenarios for systematics within and among experiments 
·Targeting numbers at the timescale end of April (necessary for update results for June),  
·Collect information from theory about what is achievable for SM backgrounds (and Higgs signal) 
·Foreseeing presentations for inspiration at June meeting 

·Each analysis is different → guidelines, not regulations 
·SM / HIG: running into systematics limitations, strongly depending on ancillary measurements 
·BSM: many analyses will be optimised for more statistics 
·Flavour: big impact from new detectors

38
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Misc. Issues

·Reference parameters: 
·HL-LHC: √ s = 14 TeV; L = 3 ab-1; for LHCb: 50 → 300  fb-1 
·HE-LHC: √ s = 27 TeV; L = 15 ab-1     (would like to unify this to 27 TeV 

·What if HL-LHC will operate at 15 TeV?  
·Keep 14 TeV as unique reference value, and optionally present in the report estimates for rate increase for a subset of 

processes (e.g. Higgs and HH production and very-high mass states). Expect improvement to be marginal and 
potentially compensated by a possible reduction in integrated luminosity. For mass searches 1 extra ~TeV can be 
added to the reach (~0.5 TeV for pair production).

39
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Conclusions

·HL-LHC is much much more than a factor 10 more data 
·Many new results and (even more) plans for YR shown 
·Many new studies started since the kick-off in October 
·A great thank you to organisers, speakers, contributors and audience!

40

HL-LHC workshop mailing list
lpcc.web.cern.ch/hlhe-lhc-physics-workshop

mailto:http://simba3.web.cern.ch/simba3/SelfSubscription.aspx%3FgroupName=hllhc-physics?subject=
http://lpcc.web.cern.ch/hlhe-lhc-physics-workshop


Backup
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parameter FCC-hh HE-LHC (HL) LHC

collision energy cms [TeV] 100 27 14
dipole field [T] 16 16 8.33
circumference [km] 100 27 27

straight section length [m] 1400 528 528

# IP 2 main & 2 2 & 2 2 & 2

beam current [A] 0.5 1.12 (1.12) 0.58

bunch intensity  [1011] 1 1 (0.2) 2.2 (0.44) (2.2) 1.15
bunch spacing  [ns] 25 25 (5) 25 (5) 25
rms bunch length [cm] 7.55 7.55 (8.1) 7.55
peak luminosity [1034 cm-2s-1] 5 30 25 (5) 1
events/bunch crossing 170 1k (200) ~800 (160) (135) 27
stored energy/beam [GJ] 8.4 1.3 (0.7) 0.36
beta* [m] 1.1-0.3 0.25 (0.20) 0.55
norm. emittance [µm] 2.2 (0.4) 2.5 (0.5) (2.5) 3.75 

Hadron Collider Parameters - 1 

3/16/2018 Vladimir SHILTSEV | HE-LHC Accel Phys6

Challenges FCC:
• Cost of 100 km magnets and civil
• 16 T magnets
• ~1000 pileup
• Collimation/protection

Challenges HE-LHC:
• Cost of 27 km magnets
• 16 T magnets
• ~800 pileup
• High current
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parameter FCC-hh HE-LHC (HL) LHC

rms IP beam size [µm] 6.7 (3) – 3.5 (1.5) 6.6 (3.0) (8.2) 16.7

half crossing angle [µrad] 37 - 70 131 (60) (255) 143

Piwinski angle 0.42 – 1.51 1.50 (1.50) (2.52) 0.65
crab cavities needed NO - YES YES (YES) (YES) NO
synchr. rad. power / ring [kW] 2400 101 (7.3) 3.6
beam-screen half aperture [mm] 13.2 13.2 or 14 17
beam-screen temperature [K] 50 20 or 50 20
SR power / length [W/m/ap.] 28.4 4.6 (0.33) 0.17
∆E / turn [keV] 4600 93 6.7
long. emit. damping time [h] 0.54 1.8 12.9
initial beam lifetime [h] 18 3 3 (15) 40
total / inelastic cross section 
[mbarn]

156 / 109 125 / 91 112 / 82

injection energy [TeV] 3.3 1.3 0.45
hor.,vert. arc half aperture [mm] 15,13.2 15, 13.2 (19, 14) 22, 17

Hadron Collider Parameters - 2 

3/16/2018 Vladimir SHILTSEV | HE-LHC Accel Phys7

Challenges FCC:
• Need new 3.3 TeV injector

• x100 LHC radiation power /meter

Challenges HE-LHC:
• Need new 1.3 TeV injector/beamlines

• x15 LHC radiation power /meter
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