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https://indico.fnal.gov/event/16151/timetable/
http://lpcc.web.cern.ch/hlhe-lhc-physics-workshop
http://simba3.web.cern.ch/simba3/SelfSubscription.aspx?groupName=hllhc-physics

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.

= |dentify 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 lons
= 10-page executive summary for submission by Dec 2018

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



WOrkShOp T|mel|ne http://Ipcc.web.cern.ch/hlhe-Ihc-physics-workshop

https://twiki.cern.ch/twiki/bin/viewauth/CMS/HLandHEL HCYR

= June/July 2017: creation of the structure

= Oct/Nov 2017: Kick-off meeting

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

10 T e o e

= 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

European Strategy for Particle Physics: Open Symposium in May 2019

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

= 16 Sessions, 4-5 talks each, about half theory, half experiments

= Participants: 105 registered/local

idyo: a few tens

Wed 4/4 Thu 5/4 Fri 6/4
09:00 -
Introduction & Welcome Dr. Joseph LYKKEN TH perspective on Higgs and ‘Emmanuel STAMOU SUSY at HL/HE-LHC Prof. Howard BAER
) Flavour
Lokl e bt ol ot in ] Curia II, Fermilab 09:00 - 09:23
Hisgs @ HL/ME LHC b Stephane JEZEQUEL [ ——————
= EE— TH perspective an CP violaion n  Adart HARTIN. Search for SUSY siran tecopo vivaRELT
T orits oomss » Higgs Couplings (tau, ttH) production at ATLAS at HL-LHC
BERE i chaervabios o HE/HL LG  ion o
10:00 1000 and the Higgs
One west, Femiah 0945 10:15 10:00 Curia 1, Fermitap 0965 - 10:07
L AR PTIS. Experimental searches at high pT in view of flavor
Challenges and open questions for flavor at HE/HL LHC Hassan JAWAHERY B s e | nematies EXP prospects for Higgs and CPV Ms. Isobel OJALVO Search on vectorlike fermions in Dr. Seodong SHIN
- g heavy Higgs cascade at HL/HE-
One West, Fermilab. 10:15 - 10:45 ] One Weat; Ferniteb] 101085530130 Luc
- oy 1030- 1100
R e — o ren
HL Machine Talk Alexander VALISHEV AR Curia I, Fermilab 11:00 - 11:18. Electroweak-ino searches Matthew LOW Anomalous tWb couplings and Wouter DEKENS
One West, Fermilab 11115 - 1140 Measurements of VBS. Bing LIl Precision Searches in dijets at  Sergel CHEKANOY Curia 11, Fermilab 12:00- 11:23 |
HE Machine Talk Dr. Viadimir SHILTSEV One West, Fermilab i
ol Dr. Anadi CANEPA | pjayor aspects of ATLAS+CMS  Alexander KHANOY
r— e ottsheil S Resonances or.So AL i e [
1200 s uria 11, Fermitl 23- 11
e One WestFermin Curi I, it 1136 115
swerr acLyme Searchesfor hesvy ressnancesand. Sarah OEWERS Searches for slectroweak SUSY  Simone AMOROSO - ‘ -
= exotics particles at HL-LHC at AT... articles at ATLAS at HL-LHC Lepton flavor viol n atthe  Prof. Alexey PETROV
One West, Fermilab. 12:00 |® e
One West, Femiah 1205 1245 e e
T st e Anomalous ' s Dl Amed At Wino and Higgsino Dark Matter at  Xing WANG
Lumch i - future hadron colliders Spectroscopy questions for  Tomasz SKWARNICKI
1200 == HL/HE LHC
Cura 1, Fermilsb 12:07- 1230
& Luneh
Fermiat 1245 1400
14:00 " Theory: SM Higgs precision Dr. John CAMPBELL DM@HL/HE-LHC Dr. Matthew BUCKLEY
Clcurations for the HL/HE LHC romien
Cura 1, Fermiat 1600 1418 -
14100 | HL/HE Detector challenges for  Matthew RUDOLPH [DRRatS new scalars.
Al channels except main .Sy BRAIBANT  HS DM Devoran pinwa ey R S
Yukawa Fermilat 14:00 - 14:25 -
Curlo T, Fermiab 14118 - 14:35 Gapa in new Higgs rmm————
&5 Fermiab
athLLc at ATLAS  CHS detector hallngesTorsyors CHENG
ATLAS B — Inspirational talk
One West, Fermilab 1436 - 1450 Eroic wod il Higge i ven DI
=
Lo Modified bottom and top rof,Caros WAGNER  LHCb DM ke witt1aws romisn 1430- 105
15100
- = Curla I, Fermilab 14:54 - 15:12 1500 | HL/HE LHC perspectives on taus £milic PASSEMAR e e et
P— sasa- 512 One est, Fermilab
Higgs at Liec U3 KLEIN) Daric Meson Production Gratam Keuss
remis 1500 15,25 [T T—————r mmayETey
One west, Fermian 151121530 uri 11, Fermi 1512+ 1530 e e i
One West, Fermilab
16:00 | Searches for Long-Lived particles at Laura JEANTY | Perspectives on flavor at HE/HL LHC Zoitan LIGETI 16:00 Dorival GONCALVES HL/HE LHC perspectives on Alexander KAGAN
FLLLHE 2t ATLAS e
One West, ermitan 10:00- 1625 o 1, e 1600- 1623
LLP cMS Livia SOFFT et
B physics measurements at Dr. Daniel CRAIK. Future of charm, Miguel RAMOS PERNAS e e Ciiaess Too HAN.
Curia 1, Fermilab 1622~ 1644 | EABICAT S ey wi d Che Prof. Tao HAl
Discussion session Maria CEPEDA etal.  Cyria 11, Fermilat. 16:28 - 16:51
ey Elens O 0cCo | One West, Fermian :
17ic0 | Cuna 11, Fermit T . 3 e ATLAS
FASER Dr. ifah GALON Curia IT, Fermilab,
One West, Femiah 001725
Curt 1, Fermis 17:05- 17:30 w3 muatons one West, Fermilsb

= 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

Andreas B.

Meyer

one West, Fermian

Agenda largely following foreseen chapter structure

Summary andarlans

We are here

mrELHC Meeting, Fermilab, 6 April 2018
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WG2: Higgs

1. Intraduictinn: Main nnale and timalina

» Precision Higgs Production and Couplings

‘ements.
2. Channels reach in main Yukawa couplmgs |ncIud|ng fiducial and differential
measurements.
Special focus on direct and indirect probe of top Yukawa coupling
Progress on TH uncertainties: what to expect? .
Impgact from PDFs and alpha$S on Higgs r?weasurements. Wlth WG1
Progress on Higgs specific MC.
Higgs couplings precision overview.
Probes using differential distributions of CP sensitive observables (and other dimension
-6).

¢} Intarnretation in terms of Comnosite Hinns and the MSSM

HH Production and Self-Coupling

Double Higgs measurements and trilinear coupling.

Indirect probes of the trilinear coupling through differential distributions measurements.
Indirect probes through single Higgs boson production.

Theory Implications (including a critical view of the validity of direct and indirect trilinear
couplings measurements.

+. o Other High-Energy Probes (off-shell, VBS)

® N OhA®

a s~ wN

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

T Higgs Mass and Width

Measurement of the Higgs boson mass.

Mass shift from the diphoton interference: constraints on the width.
Direct constraints from the Higgs boson lineshape.

Direct constraints from the Higgs boson lifetime measurements.
Width from Off-Shell higgs boson coupling.

Noo~ON

Andreas B. Meyer Summary and Plans

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

6.

. Higgs to Invisible ___

n (DM WG?)

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

3. Higgs portal interpretations.

Higgs-Flavour and Rare Decays

Flavor aspects Yukawa modifications in flavor models
Exclusive Higgs decays

Flavor tagging (charm and strange) exp mostly Wlth WG4
LFV decays of the Higgs exp mostly (CMS can try to cover this)

Yukawa constraints from Higgs distributions

D vinlatinn in Hinng couplings (tau, ttH) exp mostly.

s. st BSMHiggs

s e iONAl 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 With WG3

7. Searches for exotic decays of the Higgs boson

>0 s wn S

9. Conclusions and outlook

Wit rom the diphoton iterferonce rate. Is the Higgs the Higgs of the Standard Model ?

HL/HE LHC Meeting, Fermilab, 6 April 2018 5
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Higgs Couplings

Talk A.Calandri

Wed aftemoon: 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 Simulation Preliminary e Ta!kA'??F?ndn
(s =14 TeV: [Ldt=300 fo" ; [Ldt=3000 b 1 __ATLAS Simulation Preliminary t
H—>yy (comb) @~ [ '~ [T~ = h—yy, h>ZZ*—4l, h>WW*—hiy Z.x 3
0j . . —- C htr, h—>bb, h—>uu, h— e .
1) = HL-LHCisaHiggs Factory: > e W
-li SRR N . . 10 = 2 Bwr B Bp Bo By -
i E— | 140 M Higgs / Experiment = R0 -
(ZH-like) R - b . .
(trike) s 102k s N
H—ZZ ( \(/ﬁ)ka'; g T Vs=14TeV 3
-like . . . - - i .
(ttH-like) Couplings will typically - v —fLdt=3006"
(VBF-like) . T 10°E u — [Ldt=3000fb" 3
(qgF-lke) . be systematics limited = L Jrat=
i) ; . 1.2 =
like) i can be further improved =
— incl. . . =
e e 1 eg.bytakingratiosandior 2 T I ............................. = I»
i | with more experimental 5 09- E
H_m; (VBF-iike) | work 0.8 - 1 1 N
—>up (Cfgir:g:; - 10™ 1 10 10?
(ttH-like) | — T —— m, [GeV]
0 02 04 / Talk S.Braibant ATLAS-TDR-25  Talk S.Braibant
A M M - CMS Phase-2 Simulation Preliminary 3000 fb™', 14 TeV, 200 PU ’
© 1800 W zx
o 7',z
Updates underway incorporating latest e

improvements from Run-2
Revisit exp./theo. uncertainties

1000
800
600

400

200

L e r
70 80 90 100 110 120 130 140 150 160 170
m,, (GeV)

Lzz(exp) = 1 = 0.02 (stat.) = 0.03 (exp.) = 0.03 (theo.)

Summary and Plans

Andreas B. Meyer

u: ~8% and ky: ~5%
HL/HE LHC Meeting, Fermilab, 6 April 2018
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Higgs Couplings

Talk A.Calandri
ATLAS Simulation Preliminary

Wed aftemoon: 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

Talk A.Calandri

T T T T T T T
Vs =14 TeV: [Ldt=300 fb" ; fLdt=3000 fo” Talk J. Campbell ] __ATLAS Simulation Preliminary t
H—yy (comb) @~ """ T 777 = h—yy, h—>2ZZ* =41, h>WW*—viv Z,»I' 3
()} T = h—stt, h—bb, h—uu, h—2Zy V-\ll- .
(1j) i |
(VBF-like) 7 10" Kz, Kyys Kty Ky Koo K] ?
(WH-like) ] £ BR,=0 3
(ZH-like) - b . .
(ttH-like) 2l Fa _
=2z (oo now known to N°LO 107 AT T s taTev
(ttH-like) - 1 - N —[Ldt=3001" ]
(VBF-like) 3 _ _ 4
(ggF-like) gg ; 10 E ; det = 3000 fb E
t,X? T~ b = 1.25 =
XN o 1.4
[e] E

H->bb  {eomb) | 1S S N T
-like F = = =
(ZH-like) now known to T 827 E
H—tt (VBF-like) 3 TR 1 s s E

H—uu (szifr?g-; S 4 N'LL+NNLO 10 1 10 10
(ttH-like) ____§--I T m; [GeV]

Talk D.Goncalves
0 02 04 10° ET T ] T T T T LR |
AM/M E 4-lepton production, CMS cuts, Vs=13 TeV
107" ;— qq - 4leptons

E M gg » h - 4leptons

. . —2: 1 gg -~ 4leptons(cont)

= Updates underway incorporating latest w0 ss = dlptons(ital)

improvements from Run-2
= Reuvisit exp./theo. uncertainties

ERRTIT IR AAARTTIT B ARTIT MW

do/dm,[fb/GeV]
Sl

hemme e e s e == === |

Off-shell 4£ mass spectrum: thresholds and interference effects i
~cary information on Higgs couplings at different energy scales i J SRS SRR |
' ?{si ) Andreas B. Meyer Summary and Plans e o eSS e, v 2 o



Higgs Couplings

Altemnative to kappa: fitin EW

chiral Lagrangian formalism  C.Krause

I 1 g
Cy — Acy=0.03

Ct = Ac;=0.053 F——

I I

Ac, —0.062
|

|
1.1 1.2

Cy- ——-
i : Ac7:0.075_1
A, =0.041
| | | 1 |
-0.2 -0.1 00 01 0.2

[ I

de Blas/Eberhardt/CK [1803.00939]

Wed aftemoon: 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

Talk J. Campbell

Updates underway incorporating latest

improvements from Run-2
Revisit exp./theo. uncertainties

Modification of k, would lead to large modification of all other BR

Andreas B. Meyer

.
o 107
g
3
now known to N°LO 8 102
2
; 5 107
TO000) tx? \\ b ':[
10 = 1.2;
@ 1.1
now known R &
to N°LL+NNLO 5 09
0.8F
Talk C.Wagner

Summary and Plans

Talk U.Klein (th|s fi gure taken from kick-off mtg Oct 2017)

1

ATLAS Slmulatlon Prellmlnary

M (o
= hyy, hsZZ0 4], h>WW —hvly Z.x 3
- h—>tr, h—bb, h—>up, h—Zy o ]
L [z, Ky Kb Kpy Ko, Ky W
% BR, =0 et = Kw% = VR
C b ..~ ]
| YF, = ri@=’<n@ —z"' —
g ACIR -4 Vs =14 TeV E
C . . ]
B — [Ldt = 300 fb ! ]
m— J— —_ -1 —
= M/, charm! det = 3000 fb 5
- E 3
o
. e i
E pp: PDF+ag errors =
0.5% with 3
= new ep input! =
107 102

L]-IeC @15'1B . . mIGeV]

After 10 years of LHeC + HL-LHC

Hcc signal
with BDT>0

160 Spu/u(Hee) =7.4 %
HL/HE LHC Meeting, Fermilab, 6 April 2018
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g Kt Kxn _-H g 70000) w H
H H :3>- o ' 3¢ t I t Thu moming: C. Vemieri: Di-Higgs CMS; P. Bokan: Di-Higgs ATLAS

Events / 2.5 GeV

“H g 70000

Di-Higgs cross section (SM: 39 fb (£6%) at 14 TeV

HL-LHC: aim to measure Ann

Need control of backgrounds and single Higgs production

(Negative) Interference: need calculations to high accuracy

Additional constraints on AsrH from single Higgs precision measurements

Talk: P. Bokan

R X
KX Stat. Unc.
ATLAS I HH by

Simulation Preliminary = sg‘ﬁe H
Vs =14 TeV, 3000 b~ I Reducible |

Others

Plenary: Jezequel

” CMS Phase-2 Simulation Preliminary 3ab" (14 TeV)
1

HH—bbtt=2,

1

T
DY
N single-H

dN/dM,, [GeV'|
2

——— ggHH
———— VBFHH x10

CMS-TDR-17-007

200 250
MT2 [GeV]

] Channel CMS ATLAS
;»bbw HH- bbbb | Z(c,(SM))=0.396 | —4.1<h,,/A,<8.7 @95% C.L.
ATLAS TDR Pixel T el HH - bbtt 1.6 SM 0.6c
n Internal= Expected Limi (85% CL) —4.0<\,. [Ih.<12.0 @95 % C.L
£06705 110 115 120 125 130 135 140 145 150 atics Expected - 20 e ) HRH T Swm - o
_o ] HH - bbyy 143c 15¢
: ] 0.2 <A,y Mgy < 6.9 @95 % C.L.
2 (stat only)
5 HH - WWhbb 0.45c
tt(HH - bbbb) 0.35¢c

SM
}\'HHHD\'HHH

Andreas B. Me,

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

6Apr 2018 9
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g Ke K . g 70000) w H Thu moming: M. Ramsey-Musolf: Di-Higgs and
H H :3>- --@_ ty I t EW phase transition; M.Sullivan.: Di-Higgs in singlet

g “H g o000 DA H extensions; S. Homiller: HH at high energy
t
From kick-off mta _ Study of HH—bbyy atHELHC  Talk: Homillr
bb % " — SM Exp
3 250 ---- Expected ]
) m +lo
WW OC) 300 =20
ag .
- L 200
77 [40K 14K
10-6 100
1 3.4K1.3K 400 150 50
1 I 1 | | 10%
rarer - 0
bb WW gg L ZZ { { rarer -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0
HE-LHC: expect ~4o significance
Factor 10 more HH events at HE-LHC: tom sinptlae channe? bb
measure Aunn down to ~20% => 40% srecision on )\H::
= 0

Talk: R -Musolf
= HL/HE-LHC have potential to probe the nature of the electro-weak phase transion

Talk: Sullivan
= New scalars could be measured in resonant HH production observable at the HL/E-LHC

(%) Andreas B. Meyer Summary and Plans HUHE LHC Meeting, Fermilab, 6 April 2018 10
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. ] . . Thu: T. Klijnsma: Differential cross sections;
< 10°g T T T T T = . . . . .
I S IS rl U IO n S § | =sa  ATLAS Simulatin Internal > D.Goncalves: Higgs Couplings at high energies
& 1o st Projected HL-LHC sensitivity >
g E | Statesyst  Hoy,/5=14TeV,L=3ab",p=200 —| 3 . E—
J.Campbe" %F%,_ 1;2.. Opﬁmfstic pileup scenario ;_; T KlIJnSma
— 100 § -.._._ Optimistic resolution scenario wn § S r . A-‘"LAS‘%‘ "ﬁ 4 ; .
3 101 LO HEFT == ol o~ 51 8 of aagsmuion ]
2 ) L NLO HEFT E —_ % E £ r 14 TeV, 3000 fb” =
2107°F LO Full == i - =7 Foos|- ESommee  5
=107% | NLO Full z== 107 3 %’} E | | ] = o e nz 00" =F
_%\10,,1 b 0 F 3 ko] o.oe; [*] ..... @ 44454 XH = VBF4WHsZHstiHebbH _:_U.?
510} LHC 13 TV § E Fo B ]
< F ° 13 TeV H 3 ooa—y g =
100 | PDFzI:HCla NLO g sk H — W . . . m-@ e 1
10°7F A=73 ] 1 = g e E
W | : Hozz| T
0'952_”]] IR I 7 ° 38 Optimistic scenario Sy S
0.082; ;E og 20 - lfes23
2 IED 25¢] ' E| =
Q 9ol et b e N °la 20f 3
i VI + + 4:+1+++ +3 15§ é 0\0
Jongs et al, 1802.0034 o8 H ‘ 3 £
0 200 400 600 800 1000 % 200 300 400 500 600
P [GeV] P I Gev

= Atlow/moderate pt: sensitivity to ke ke —  at high pt: kkand BSM  — angular distributions: CP structure

Bishara, Haisch, Monni, Grazzi_ni, lInicka, Spira,

' ' ' ' GeV] [1705.05143] A T ow ]
< W £ wwreno o TeV NNLLARANLO gy 4 — 0t E
,’E. 1.4¢ — Ke=-10 My=125 GeV ° - : 489,00 ’ l:’?!'l —
S — Ke=-5 100 s ; E
3 _— =
< 1.2 Ke=0 1071 oozt E
E - 102 0.02- =
= ) 0.015/— B
: 1073 E E
S 04 _ P, eoRsReizey>;0ce
% }g - : 1.5; ----- n“"'"--. Oy 1/ O 1 3
S) i £ T . E
= §§ . T

B B B B 0:2 n PR PR BN PR B iy d e 0% 1 2 3

0 20 40 60 80 100 100 150 200 250 300 350 400 Ao
prn 1GeVl pr(H) [GeV] '

. YC/YCSM € [_06;30]
- Eﬁgi ) Anareas B. vieyer Summary and Plans HL/HE LHC Meeting, Fermilab, 6 April 2018 11



VBS and EFT

/ !

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

q q q q
= Probe Higgs-mechanism (TGC and QGC) n W
= Recently observed (CMS Run-2 5.50) TGC QGC
= EFT: new physics is heavy (A >> Eexp) quantify deviations from SN | q,” , ,Wi
q
d)
£ @ WEWE @y
Lerr = Lsm + ZZ Woa [T T e e e
d>4 i = ATLAS Simulation E‘xz‘j‘”’ﬂ: -
. . . [ ¥s=14TeV3000fb", <u>=200 Oth;lrbackg:ounds ]
= Practical issue: many operators — EFT phenomenology W i ) orervece 1
= Projection of global fit to Higgs, diboson and electroweak data
o Individual Talk CMurphy
0.05 Qj
2 4 A
1« Current Bounds " ' 'ZZ_)"e‘e'e"e ' 'SUblleading et ?
0. s (B = (B . HL LHC projection 3/ab £ AtLAS Simuiaton Pretiminary [ ves zz R
c HE "7 i i IL=3000f51 77, SMVBS ZZ + E
-0.05 Expect very tlght v B
| ] constraints for many
I I e e coefficients
TONT T FE L,
Talk: F.Kling

= |dentify the most powerful EFT observables using Fisher information

Andreas B. Meyer Summary and Plans

05 06 0708 1
m.. [TeV]
50 discovery limit: cgw/A2 15/TeV?

RERETHCVIEETN], Fermilan; OAPMTr2oTs™

0.2 03 04
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Thu aftemoon; C. Verhaaren: Gaps in new Higgs searches;

EXOtiC, inViSible or rare ngg S S. Dildick: Exotic and invisible Higgs decays; Z. Liu: Higgs

rare and exotic decays; T. Flacke: Common exotic signatures

= Exotic decays: H—BSM or forbidden SM decays, currently Besm < 34%

fa [GeV]

-

o _ planned for YR
= Invisible decays: unseen SM (e.g. neutrino) or BSM (e.g. DM), Biny < 24%
= Rare SM decays: H =2y, H = ¢y, H = py (Run-2 O(50) x SM) h(125)—2a—4u )
. . . Zlu A
= Still a lot of exotic decay channels not investigated
= Composite Higgs Models
= additional particles, vector-like fermions, scalars
= Study of H— Tt recoiling against jet : Talk: S.Dildick
could help fill the gap ) planned for YR H- 2 light quarks
Th. Flacke 359 (13 TeY)y T
10000 | | < o & sob.  amas
5000 =i mMimMoMIO ;-2? - Median expcted E 200/ bl f 2 Xiv:1712.02758-
=MS  mMI2 % Il oo . 4 gl ;
5 5 95% expected 150— —]
EOT - -~ :
gO.G:— 1001 = B::gmund Fit +10 *
g":; 04:_ 50: 5 z?:f;?::swo*
{ lar\: ' : v [ Bz—oey)=0.9x10°
10 20 30 40 50 60 70 80 90 100 ozF

[N )

]

éo 90 12)0 110 120 130
M-k [GeV]

Data / Fit

0
M p [GeV] { a X VeI 710.1114 2} Combined ~ VBF-tag  Z(l)Htag V(qq)H-tag  ggH-tag

Working on updates for YR, taking into account latest analysis improvements
( DEst ) Andreas'B. Meyer Summary and Plans HUAE THCMEEtng, Fermilan, 6 April 2018 13




CP Violation in the Higgs Sector O S gl 1P

= HVV: WV +xYVg:  kYV(g1 +q2)2 .
A(HVV) ~ @ 1 N v 22 92 + 3 (fh Zz) m:\zﬂeVleVZ
. (A1) (%) CP odd
= CP even established WV (1) rx@pr o VY (1) F @
CP odd admixture not excluded SM +ay” fuv ' f +a3 " fu ' f ,

wi = |ai’o; Xy oi = arg (a;/a
= New Run-2 method: expect much improved precision w.r.t ECFA16 foi = lai 0/ Llajte ¢ g (ai/m)

projection, taking both production and decay information into

account Talk: .Ojalvo
) CMS Projecion (3Tev)
= For planned update for YR also include upgrade detector, Q T
. . .. — Expected limits on . —— ECFA16 S1 (300fb™)
expecting to reach permille-level precision @ | Higgs Boson anomalous couplings
S CMS-PAS-FTR-16-002 —— ECFA16 S1+ (3000fb™)
_ B H—ZZ* -4l
= Hff Talk: A.Martin o my, = 125 GeV
(2}
= Need fermion with observable polarisation information: g3
(&)
H—1ttorH—tt o 2 ,_,
'-0(-'_3 1724
mf - : o @ | A
AHSf) = ==y (xr +iRs75) Y5 il T o
/ \ -02 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2
Expected 95% CL limits

CPEven CPOdd _ o | Ojaivo ECFA16 result based on Run-1 faixcos(@a)

= Experiments: severe backgrounds dilute extraction,
difficult to project, but aiming for YR
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" Fri moming: E.Stamou: TH perspective Higgs and
H I g g S a n d C h a rm Flavour; D. Craik: EXP prospects for charm tagging

= Higgs-fermion coupling so far only with 3rd generation ATLAS ZH—cc Run-2 (arX|v 1802. 04329)

= Higgs-charm couplings from diff dists. ks [0.6 ... 3.0] (see above) & wrams g y
E 2 c-tags, p? >150 GeV -tzt + jets B Q_)
= [ HCb: H— cc(Run-1): u <7900 x SM E =z 41 =
ZH(bb) 3 O
For 300 fb-" expect better than 7 x SM Saeooon 1
S
= ATLAS: ZH — cc (Run-2): y < 110 x SM =
= Recast of ATLAS and CMS H — bb measurements: Assuming
gc = 30% and &, = 20%: expect |ke| < 3.7 @ 3 ab"! 3 5
LHC run I and HL-LHC g ié: + |
10 F Proﬁlmg@ 95% CL e 8 0055580 foo 120 140 160 180 200
) 6% ooty | Talk: E.Stamou ez [GeV]
Ke <21 3.7 ~=\
) ) ) ' Comblnatlon of BDT for ﬂavour separation
e 7 ] ~ N T
ko | A = - LHCb data 1000 —
/// /// // 05_ .
L /////%?ﬂo/ ///’ /// J m : .D
e © /) med. btagtotag 11 3s used [ Q
_______ //// ——= 2x300fb~ 11 JTs U light parton Q
1”//././...1 _.2><.300?ftf.. q i ~
1 10 L
Ke -0.5_—
. r Initial (no-tagging) sample:
= Exclusive: e.g. ATLAS H->Jly(up)y (BR(2x107): 15x SM @ 3 ab™ | 70% ight parton, 22% charm, 8% beauty

= Exclusive and differential approach also work for light quarks s BD(')FibcIu dsg)l

Prospects for H—qq looking up
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Experimental Wishlist / Plan for YR 2018 Plenary S Gor

CMS . ATLAS | LHCb
Coupling studies Vv k vvk
leferent!al e vk
cross sections ;
Width v
Anomqlous e v
couplings . ; .
i . Zy,J/Py,FCNC |
: ,CC i : Hcc/Hbb
Rare decays HH Hp,pY,CC

g LFV: Invisible, 5
i DarkSusy; 4jets

Di-Higgs ~~  vvk vk
Additional scalars .
. TT, lowmassyy ™, WW

Legend: Past Studies, 2017 TDRs, Wishlist for 2018

Exotic decays

A->Zh, high mass ug, ZZ, A->2Zh,

S.Gori from M.Cepeda talk at the assembly meeting of the LHCHXSWG, March 26 6/11
( §E:si ) Andreas B. Meyer Summary and Plans HUHE LHC Meeting, Fermilab, 6 April 2018 16



WG2: Higgs - Wrap up

Lots of recent experimental and theoretical progress leading to substantial improvements

= Prospects for Aun
= 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:
= |nvestigate Charm-Higgs associated production

= Coordinated effort on combination and systematics

= Editorial Overlap: Exotic Higgs + BSM

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

A or (g/2v)"?

N
o

102

10

1044

—
TT

3000 fb' (14 TeV)
T T TTT1T ] ]

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

Andreas B. Meyer

Summary and Plans

J] I I]IT]II T lfl

- CMS -

_ Projection E._

- Z,," =
4L |-=68% CL ' |

b .

= T« _

- C = e

: @

2l E

=

'_I | 1 I L1 lll 1 1 1 ]ll 1

0.1 1 10 100

mass (GeV)
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WG3: BSM

1.0

2.€

3.1

Supersymmetry

Introduction and overview

2. Analysis'methods and approaches
- o ‘ * inties

. 3Y models at the HL-/HE-LHC (S. Heinemeyer et al.)
b. Probing SUSY at HL- and HE-LHC (T. Han et al.)
2. SUSY strong production
a. SUSY strong - improved searches for squark/gluinos (ATLAS)
b. Prospects for third generation squark production at the HL-LHC and HE-LHC (/.
Vivarelli et al. ATLAS)
c. same-sign dilepton SUSY (CMS)
d. Implications of a Stop Sector Signal at the LHC (A. Pierce et al.)
3. SUSY EWK production

a. Prospects for C1N2 via WZ and Wh in multilepton at the HL-LHC and HE-LHC (A.

de Santo et al. ATLAS)

b. Prospects for chargino pair production at HL- and HE-LHC (S. Carra’ et al. ATLAS)

c. Search for charg-neut in Wh channel using 1Lbb final states (M. D'Onofrio et al.
ATLAS)

d. Prospects for direct stau production at the HL-LHC (C. Zhung et al ATLAS)

e. Prospects for direct stau production at the HL-LHC (CMS)

f. Compressed electroweakinos at HL- and HE-LHC (S. Amoroso et al. ATLAS)

g. Prospects for radiative natural SUSy at HL- and HE-LHC (H. Baer et al.)

h. Constraining slepton and chargino through compressed top squark search (P.

Dark Matter SR + 2leptons and VBS + 2leptons (CMS)

e —_—

a. Prospects for DM interpretations in jet+MET analysis at HL/HE-HLC (C. Gustavino

et al. ATLAS)
b. Monojet searches for DM (CMS)
2. DM + ttbar / bbbar

a. Prospects for associated production of dark matter and top quark pairs at the HL-

LHC (F. Meloni et al. ATLAS)
b. Prospects for associated production of dark matter and bottom quark pairs at the
HL-LHC (M. McDonald et al. ATLAS)_
¢. HL/HE-HLC prospect for determining the CP nature of spin-0 mediators in
associated production of dark matter and top pairs (U. Haisch et al.)
3. DM + single top

a. HL/HE-HLC prospect for DM and a single top-quark production in a 2HDM model

with a pseudoscalar mediator (P. Pani et al.)
b. Sudies of DM production in single-top events (CMS)

c. Sudies of DM production in single-top events (ATLAS)
mINIcao w. IVIUyUI

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

4. More models expected to be targeted
a. Prospects for pure WIMP (pure triplet) Dark Matter at HL-LHC (L. Carminati et al.
ATLAS)
iels at HL/HE-LHC (Y.G.Kim et al.)
L/HE-LHC (P. Pani, F. Meloni)

Long-Lived Particles
IL-LHC (J. Anders et al. ATLAS)

2. Prospects for disappearing track analysis at HE-LHC (M. Saito et al.)
3. displaced vertex
a. Displaced R-Parity Violation at the LHC (H. Dreiner et al.)
b. Prospects for LLP->DV+MET (L. Jeanty et al. ATLAS)
c. displaced muons (CMS)
d. Prospects for LLP->mu+jets at the HL-LHC (X. Cid Vidal et al. LHCb)
e. Prospects for LLP->dijets at the HL-LHC (X. Cid Vidal et al. LHCb)
4. heavy stable charged particles (dE/dx and TOF) (CMS)
5. fast timing signatures for long-lived particles (CMS)
6. various interpretations
TNt s Mo mee s e s vt —iae - 10, and ATLAS/CMS (A. Pierce et

s. Dark sector: dark Photons

7]

8.1

oummary and Plans

the HL-LHC and HE-LHC (S.

Biswas et al.)
b. Axion-like particles at the LHC (A. Mariotti et al.)
(lepton-jets) at HL-LHC and HE-LHC (C.

Heavy Resonances
1d HE-LHC (S. Chekanov et al.)

b. Prospects for diboson resonance at HL-LHC and HE-LHC (R. Les et al. ATLAS)
c. Improving sensitivity to heavy resonance decaying 4 leptons at the HL-/HE-LHC (D.

Nahnnth A Al

VeCtOr'Like Quarks 3 (H. Alhazmi et al.)

b. Vectorlike quarks and leptons in extended Higgs sector (R. Dermisek et al.)
c. VLQs at HL- and HE-LHC: discovery and characterization (D. Barducci, L. Panizzi)

Flavour-related studies

B e s e —————

~LHC and HE-LHC (P. Azzi et al. CMS)

HL/HE LHC Meeting, Fermilab, 6 April 2018
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Dark Matter ...

= ... must be there somewhere, possibly at the LHC
= Simplified models for specific interactions

= EFT only valid if Aom large enough

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

= MET: Need good control of SM Bg

gq=

<

events/bin/(

= Experimental and theory syst. (Pile-up, JES and PDF

expected sensitivities strongly depend on assumed

uncertainties

tt+DM, via spin correlations

/ gom=1

,, M.D’Onofrio

/A X

[UH, Pani & Polesello , 1611.09841]

L p— scalar, 100 GeV
r — pseudoscalar, 100 GeV
[ — SM background

planned for YR

Anareasvieyer———

P T N TN ETN BN S S P
G0 0.1 02 03 04 05 06 0.7 0.8 09 1

Icos6,|

oloy,

single top+DM adds to sensitivity

Wed aftemoon: 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

vector/axial-vector interactio

g,~0.25

q X
P
Iy
q
) " q ]

CMS Preliminary Simulation

S
()
O 1400
=
[m]

gom=1

200 =

3000 o' (14 TeV)

Axialvector, gDM=1, 9= 0.25

current: control of systematics same as arXiv:1703.01651

current/2

° C.L. (%)

o2

current/4

D

giug yeL

N

CMS 12.9 fb!
(13 TeV)

D.Pinna

. hadroniq + sinqle‘lep‘to‘n phgrnnel ‘ I
1000 s s om Scdlar
i@ prn ted, L.=35 fo! i i ﬁe\vl 3
L - | =
200 Expected, L=300fo' X k
100 e &3
F. tt + DM, single t/t + DM 8x—8q s
E

20

Expe

ted; =35 b

1obmuxu Expected, L= 300.fb'

0.05 5L

10 20 30 4050

100

200 300

planned for YR
Stmmary and Plans

3900
m, (GeV)

|
500 1000 1500 2000 2500 3000 3500 4000 4500 0

M. .4 (GeV)

-PAS-FTR-16-005]

XWang

= 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
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Dark Sector

Dark Photons I

107

107¢

1077%

1078L

J/.; ¥2S) Y

&

107

107100 LHCb ppu displaced

1071

Chann Nn—Cal E137 LSND

10—12

g
3

LHCb pp prompt

00()5 001 002 005 01 O” 0.5 1 2 5 10

ma [GeV]

G.Kribs

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

When Mg, < (mg+my)

q +

50

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

Higgs Portal

Talk: Z.Ligeti\
E [ B(x— hadrons) =0 LHCb 8
% <“‘ = b B B(x— hadrons) =0.99 E
" t /;7 I g 2 wl\)
e
B K — <
a ; Z =
A o. 3
@ 1 §
. m
S >
= S
h 1000 2000 3000 B 4000 <
[LHCb, 1508.04094] m(ur) (Mev]
Recast of LL searches into hidden- Talk E.DallOcco
. . @ Reglons where B(H“ ~> 'r‘ ) > 3[17 is excluded at ‘) / CL
valley dark pions from Higgs = " T RS e A T
E ok — LHCb 2.0 b at7-8 TeV |
:: = CMS 18.5 fb~! at 8 TeV
HO 304 ]
10~ 1073 1072 107! 109 :\.O‘l - [m] 102
LLHCb: 95% exclusion limits for BR > 1% ... > 50%
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Long-Lived Particles

= 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

displaced
vertex

o-°

disappearing
(kink) track /__..---
~ stable
slow (B<I)
r

Decay
Length

~0.1-Imm

~10em

O(1-10m)

= Better trigger rate estimates to be done

dE/dx for HSCP (stau a1lgge \gzluino)

00 PU

track efficiency as fct of vertex radius

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

Talk 1.Galon
g Intersection
4 .
£ / VIPTAS D1 TAN D2 < Intersection Ac
et ‘ *—i istiaainiy . .
X /," ; . ‘ ‘ . ; ‘ ‘ . . | . ‘ ‘ . ; .’arl \'leﬂon L
Mol T E 0 {20 = a0 | " 400 Lpm]

FASER: ForwArd Search ExpeRiment at the LHC:
Signal: two high-energy opposite-charge tracks
(e.g. from dark photons) starting inside the detector
10" 70 expected, decay-in-volume eff.: 10+

Other exps: Codex-b, Mathusla, MiliQan

o 1 .2 e 8 __|_|_|'_|— I LI R | | [ | | [ | | 1 1 | 1 | 1 | ﬁ: S' 14 Tev q
£ [ CMSpnase-2 Simulation Preliminary © c 1.4 ATLAS Simulation Preliminary 1= T A S Q
£ [ ) =3 C 1= o - p—efficiency: ‘ =
£1.0[ M Bkg,p, >55GeV (DY —~ uy, ff — 212y) r o 10 m§=2TeV,mND=1OOGeV,r§:1ns Ny 27 a1 0.7 - -  REERECIEELEE SEELELAETERIEE TR —
= | I Pair-produced T, M = 871 GeV H O L % 1 g ! ! ! ‘ |
% i - Gluino, M = 1400 GeV g’ <C):1 C ] 8 180-6’4' . + S L] g)
-éo-s Et Z;E 1%:@—0——.—_._ —=— ITk Inclined Duals - 3 acl:.) ! ; t 4 L) [ ' ER
o I Dy . TR T OOt o0 --Be- ITKinclined Duals (w/ material) ] < i e LIS A
° 0.8~ g A - S —#— ATLASRun2 - B |, ‘ o
0'67 C --{3-- ATLAS Run2 (w/material) | 20454 Yoo oo
L — - F- . @ 4 ‘ ‘
r 0'62 7 So03f e +~"+**'+"'I"”1 """
0.4 C ] g vy
[ 0.4 == . Soab +++—
C = =2 : —4 Displaced StandAlone Muons '
o ‘ { ‘ ‘ {
021 0.2 = T - 01~ == -StangAlone Muons ™~ ~ T ]
- e ol ey P g g O g ] 0.0 i | i i i
0.0l 0 = ¢ 50 100 150 200 250 300
50 10?2 2x10? 10° 2x10° 100 200 300 400 500 600 700 800 dy (cm)
P (GeV) R-hadron Decay Radius [mm]
o Dramatic improvements of experimental capabilities for LLP _ |
DESY Andreas B. Meyer , eeting, Fermilab, 6 April 2018 21




Heavy Resonances

Resonances predicted in
many BSM scenarios, Z,
VLQ

Talk S.Shin
VLQ could also arise in
heavy Higgs cascade
decay

Talk A.Ismail
Z' could also be light

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

Andreas B. Meyer

-
(=]
3

-
o
Cl

Events/36 GeV

10*

10°

10?

10

Talk S.Khal

CMS Preliminary Simulation 3000 fb (14 TeV)

B o o e e A B AR : g
~ . tt -
I same o(signal) assumed T S tH B Vs dets ]
= = single t —
sform(T)=1, 2,3 TeV P E
— Thq, M(T) =1 Tev]
—— Tbg, M(T) =2 TeV |
—— Thq, M(T) = 3 TeVe|

Ttq, M(T) =1 TeV J
— Ttq, M(T) =2 TeV |

Ttq, M(T) =3 TeV_|

500 1000 1500 2000 2500 3000 3500

[GeV]

T reco

VLQ T—th: m(T)>1.7 TeV for 3 ab™!

Talk K. Hoepfner
E 450] FTTT | TTT | TTT | TTT | TTT | TTT | TTT | TTrT | TTT | I I I
?'fm CMS Delphes Simulation ]
& [ Preliminary M, = 400-800 GeV
0L NE
oo All regions CUMNE
E —— Phasell 140 PU at :
2500~ —s— Phase | aged 140 PU m"““ =
E —s— Phase|50PU i )
000 F e X -
: T 3
1500 F s
E @
1000 5
E &3
508 £
E N 1 | S
0r——3 35 @3 227 0 0z 04 08 D& 1
cosh,..

Summary and Plans

MO E ATLAS-TDR-25

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

Tak S. Demers
E EI L HIH Epr 95% CLsIupperllmII!
8‘ 10 -1 - Exp. 1 o uncertainty
— F f L dt = 3000.0 fb
= y L Exp. 2 o uncertainty
1\ ; Leptophobic Z’ cross section f
NC107E (s =14 TeV
m1072g

7t

107
F ATLAS Simulation
1057‘”‘\H‘mH‘m‘H‘\HH\HH\HH\HH
0O 1 2 3 4 5 6 7 8
m,.[TeV]
Talk S.Demers
ATLAS TDR (NEW)
T T SRS R R IR I I IR
‘é , ATLAS Simulation Preliminary Expected Jimit ]
© 10 {§=14TeV, 3000 o' pm Expected = 1o 3
Z =l Expected = 20
—Zssm

/—

—

2 e

N )
URALILUNRRLL

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

Fri moming: H. Baer: SUSY; 1. Vivarelli: Strong SUSY ATLAS; K. Hatakeyama

Strong SUSY CMS; S. Shin: Vector-like fermions in heavy Higgs cascades

Talk: H.Baer §-g production, § — dq %, Talk:J.Vivarelli
. - - ;‘ B T T | T T T T | T T T T | T T T T I T T T T | "Iv‘v,'l T T I T
Typical spectrum for low Agw models i 2500 — ATLAS Simulation Prellmlnary Gy = 10%
J . first/second generation g - IL dt = 300, 3000 fb”, /s = 14 TeV 7
o matter scalars L 0-lepton combined
________________ b 2000 __ ATLAS 203 o™, |'s =8 TeV, 95% CL
" stop, bottom C L e
— coooooooooooos :;-; " [uino 1500 - —— o iﬂﬂ?ﬁf;ﬁ?ﬁlﬁm
> ) :
\C_D/ 10° i ) B
g | e " 2 WwIno 1000 L
________________ z bino .
b immmmeeooo-. 7 higgsino 500 [
20l 0 TTTTTTTTTTTTTTTS Z -
bl A gauge bosons o
0
. 500 1000 1500 2000 2500 3000
SUSY could still be reasonably natural m, [GeV]
A Talk J V|vareII|
Talk:Hatakeyam s g E
- 123 ata eya a 14 TeV PU = 140 é 3 5:— = gluinos Full marker: current limit . E
£ "L cMs Phase Il Delphes Simulation = - wsquarks P marker: extrapolation 3
é 10— Preliminary » = 3 & stops e % =
€ | i 4 % R ]
S of >} £ 25( - E
= S~a | = 7
(2] : = v O C .
e P t -0 t R 2 =
g Y/ 22— f1 - tx & 150 3
L C .
.......... 1= E
0.5 =
. . . . . oLfS=BTeMIS=13TeY ]
500 1000 1500 2000I ) Im;f‘io‘(‘)“" ”L‘?ROO 1 02 1 03
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, Many RPC benchmark projections for SUSY by ATLAS and CMS
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m_ [GeV]

%

Fri moming: M. Low: Electroweakino Searches; A. Canepa: EW SUSY
E | e Ct rowea k S U SY CMS; S. Amoroso: EW SUSY ATLAS: X. Wang: Wino and Higgsino DM

= Natural electroweakinos and sleptons: multilepton ‘F’)";:"ropli)k; v+ CMS-TDR-17-006 Talks: A.Canepa
final states with (low-pt) leptons

CMS De/phesPhaseII imulation Preliminary ~ PU 200, 3ab 14 TeV

® T LR B L B B L B
0 & m(e, %), m() -Nonpromf) E
X? > _ ) and fake lep. 3
Talk M.Low v — o0 i mif
. . - —— 600, 250 =§VZW E
= Charginos could be as light as 74 GeV , b — %00 E8oner
A
__— : W =itz 4
= Significant benefits from improved
detectors (calo, muon, trigger, timing) mass-degenerate .
higgsinos X‘[fxlf X1 ¢ =
= For YR planning new analyses N 1 Y 1
r X1 0 @ WEpTTTg e
X1 D 100 E —— E
g s 0 X3 10°5""56""100 150 200 250 300 350 400
. T_- i m; . [GeV]
Stau pair >x P ' '
~ - 0
prod. 7 i* X 4
. AL d|sappeanng track fino LS appearing tracks
- ATLAS Simulation Prefminary ] gms - BRR > [Toms prasez | ————
500:_ %T:?‘l Tev’u:_at:°30zoeflb_1’ ;Z=200 _: Q_J| = E {47:12;33 LSlsrgolélgtlon Prellmlnary 3 Q_J| (25;600 Simulation Preliminal m:;)oocm -
C 0,,=30%, 5 o discovery E ; Tv.AII limits at 95% CL ] ; Ny 13Tev : : 102 Z: Q%
400 e oy UpdateforYR 4 0 8 —
Fo ahk:=5o%,95%_exc| - ] > 3 Ba00 ol wn
SO0 e s e DN é 100 - -3 ¢ 5
5 e R AR . 8 E E gz‘ E
200? ) E 8 : Expected limit (1 ,,,) ] 2001 : )2[1)
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}_: 2 :i A E ol Run 2 observed limit i N _CMS_TDR_ 17_006
900 206 B 300 B 400 B 560 B 600 ‘ 760 ‘ éOO 10_0' - |2<l)ol - .3(1)0. - ‘4(1)0' - ‘5(1)0| - 'e(l)o‘ - ‘7(1)0‘ - le_oo 0400 600 800 ‘ ZgiooV)
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ATLAS PHYS-PUB-2016-021 ™:[GeV] - L e '
7 MIP timing detector (30ps resolution): improved sensitivity to LLP
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VV G 3 . B S M W displaced multi-track | disappearing tracks
. - ra p u p vertices in ID + MET, non-prompt

jets, leptons photons

-

emerging jets

Significant benefits from detector upgrades displaced leptons, lepton

jets, or lepton pairs

and analysis techniques, e.g. EWK SUSY
and LLP. /
Still room for light, weakly coupled new physics,

stable or meta-stable
charged particles

HL/E-LHC could find it at hlgh pt trackless
= ... and also moderate pt, depending on displaced multi-track vertices ]etzmtr:ul:ow

understanding of SM background in Muon Spectrometer \
For YR: // /

= Coherent documentation of all the new experimental and theoretical ideas s

graphic credit: Heather Russell

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
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WG4: Flavour

2« CKM Metrology and HLHE questions for B Physics

b. F=2 processes and unitarity triangle

c. Future of inputs from charm and K-Kbar mixing

d. Experimental prospects (including interplay with Belle II)
th/exp perspective on future of global CKM fits

3.1 s for charm (15 pages)
Charm :*

"b. Direct CP violating probes
c. Null tests from isospin sum rules
d. Radiative and leptonic charm decays
e. Inputs for B physics
f. Experimental prospects (including interplay with Belle 1l and BES IIl)
g. Combined th/exp perspective on charm mixing/CPV global fits and charm as input to B

4, Strangeness 1geness (5 pages)
e
b. KS->mrpy
c. KS->1rmree
d. KS->pppp
e. Questions for hyperons
spects (including interplay with NA62 ?7?)
5.H I_Leptons us (5 pages)
Iniversality
b.LFV in tau decays (tau-> pup) !!
c. Tests of QCD
d. Vus determination

6. Spectroscopy stroscopy

b. Experimental probes in B decay

c. Probes from prompt production in pp

d. Experimental prospects (including interplay with Belle II)

e. Combined th/exp perspective, including how far ATLAS / CMS can contribute to finding
new states, confirming the pentaquark etc. observations, and studying their properties

( Bt ) Andreas B. Meyer

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

~m |mplications of flavour anomalies

8. F

10. h

b. Theoretical prospects tree-level b-> ¢ tau nu and b->"utau'nu”

c. Experimental perspective (including interplay with Belle II)

d. Combined th/exp perspective on global interpretations (EFT/non-EFT), with particular
emphasis on impact of LHC -only combined analysis and complementarity of this with

Flavour aspects of top physics

ORI \ivin.. ffects from T-odd
kinematic distributions
c. Interpretation of limits in top FCNCs

d. SMEFT analvsis and complementarity with B-decavs

Flavour aspects of Higgs =

b. Exclusive 'Higgs decays

c. Flavor tagging (charm and strange), exp mostly

d. LFV decays of the Higgs, exp mostly

e. Yukawa constraints from Higgs distributions

f. CP violation in Higgs couplings (tau, ttH), exp mostly

High pT searches in the context " wes«
of flavour anomalies

HISU HTUUGIDS Ul U=~ o i

v, v

d. Constraints on combined models

11. *Summary of theory + experimental outlook*
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Flavour Physics

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

~¥€3
. _ Time-dep. CP analysis of B—J/y¢ _ 2 8% Spectroscopy
= Classical B-physics metrology: _  S%aogs _
' oo B %0 B O )
Overconstrain CKM el R SEN 2
CMS 19.7 fo ! N = | ’ 1N
5 g0 Q3188 &
Plenary H.Jawahery Q = 12
1-57\ T T T T T T ‘ UL ‘ T T T ‘ T T \7 - —% 2007 g.
Y EZm LHCb 3 fb ! o r Ny
10k v(@) Seell ATLAS 19.2 fb~! 100: ‘
os | Vil B h [HFLAV Sumiies 2017] | 61 ud] i
> 3000 3100 (—3*2[(09 " ;3/3300
& 0.0 —----emeee A‘n& 777777777777777777777 — 6.x1010 . B—) qu e ) )
e  today o) DO mixing CP
- y 0.40F 5.x1071 J‘; < AG World Average Jan 2017 b
05~ ¥ &vy(o) & |§Vub| - n o . NP models jg 04N Hi;Ag:A]mIOHoJLH:;;OO/& ] E
B | = iC ek A =F
1.0 ) 030 — Ti 3.x10 Q - y - o
B 0.25 L L L ; t :x or "// ] CD
L :Y\ | i I L .\0.05 \0.1\0 I 7'17 I 0\.20\ I 0;25\ ] Z-Xl()im- W/300 fb-1 - /// E g
1o 05 00 0.5 1.0 15 2.0 Lx10-® : 2L / 7 i 1@
P ot : : 045809 I 12
0 2.x1077 4.x107 6.x107 8.x10 Iq/pl
Br( By»p*p)
expectation using 50ab Belle |l ATLAS and CMS can help In several areas LHCD (also
and 50fb™' LHCb data in a few channels Belle) are wio cross check

= Flavour could have a crucial role in falsifying the standard model.

= Iflwhen falsified, is there a chance to understand the new physics?
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Flavour Anomalies

R(D*)

A. Schwartz

W_.Altmannshofer

| DESY |

e T(B— DWrp)
DO (B — DM i)

V.5 e e e T
C Belle Il Projfedi(?n E
045 = : S:Leafomblnatlon —
r LHCb b
C —— World Combination -
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0.35[ -
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Fri moming: M. Freytsis: b—c tv and high pt; W. Altmannshofer: b—s mumu
and high pt; B. Hamilton: Flavour observables; K. Hoepfner: High pt searches

= If confirmed by LHCb with Run-2, need confirmation — Belle |
= [ HCb can measure several more channels, also with Bs, A, and Bc
= ATLAS/CMS: low-pt in a few channels, and high pt

B.Hamilton
b 10 = T T T T T | T T T T T =
- The uncertainties of ground and excited b=
.CEG 9 :_. states will be highly correlated. - R(D*) =
< = LHCb «RMD)
5 7 3 preliminary , g(A) E
=~ 6F ~R(A*) 3
< 5 = = RJ/Ny) 3
& LE E
O 4 = =
2 3F =
s E S~ E
S 2F E
(a4 1E phase I upgrade phase II =
N T TR -

2%20 2025 2030 2035
Time/year
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Flavour Anomalies

Fri moming: M. Freytsis: b—<c tv and high pt; W. Altmannshofer: b—s mumu
and high pt; B. Hamilton: Flavour observables; K. Hoepfner: High pt searches

Talk: Freytsis Talk: Passemar
Cy. v C
* Vg Ve .
u R(D) and R(D ) b_) ctv 2f 1o, 20, LEPEWWG (W >to)(W 5uv) | . |
1.0390 + 0.0130 '
= Good fits for W’ vector, scalar or vector LQ 1t HEAG R €5,1) <3
= Full range of LQ c/should be done by exps. 0 oot S
. . . . o HFAG Fit (t > Kv)/(K > uv,)
= Discussion: also directly check ratio betweent & - pansamn, o
and p processes at high pt, e.g. in ttbar evts -2} i rpet-oabis it
Ll - 1.0000 + 0.0014
A=1TeV Updated with HFA:G’17
3 -1 0 1 2 oo ' [ ‘
C‘/F, Igr/gul
1]
b o
= R(K*)b — s€@ >sz< '"'é’ o < b
: Talk: Altmannshofer
b
- theoretlca”y Very CIean 5 g+ imits on MFV Z' fromp p = p* 4~ < 2nd gen. leptoquark pair production
= Best description for new physics in 1 af ATLAS 3 Tev, 36111 we " [— MssTev, 1967
1 At -- HL-LHC 14 TeV, 3 ab~!
final states with muons 12} _ 10° i osrer 1o
(very hlgh energy) 1O B 2 L HE-LHC 33 TeV, 10 ab
. . . T A g E -4 \ “  onro ¥ BR HE-LHC 33 TeV ||
= Minimally flavour violating Z' ruled WY S e 1Ty
out by dimuon resonance searches 06 T < o5l N
....... x
= Minimalistic Z' can not be fully accessed - s L
even at HE-LHC e 10 R
[ [ 2000 4000 6000 8000 10000 2 4 6 8 1‘0
= Minimalistic LQ could be very heavy My [GeV] s
Light LQ could explain both R(D) and R(K¥)
l‘- e ——
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Fri moming: M. Freytsis: b—c tv and high pt; W. Altmannshofer: b—s mumu

F | aVO U r An O m a | I eS and high pt; B. Hamilton: Flavour observables; K. Hoepfner: High pt searches

M. Patel, 3@ Workshop on LHCb Upgrade Il

= Low pt searches (LHCh) A" T .
. . . ’ e LHCbdata o ATLAS data ] Projected sensitivity of :f,h::c9=,Clo=_o.7 O
= Differential dists, e.g. Ps and other : " Belledaa _© CMSdaa 3 7 phase2 upgrade dataset.  — wnca-as | P
. [ SM from DHMV ] 050] £ 300 fb-" w
angular observables, separately . [ZSM from ASZB o TN e
for different leptons —— 1 000 (30 contours) | 3
= Also other channels, e.g. b->dll e 2 L 1 S
(6.9, Bs>K ) z @f#é { o e
-= e T
0 3 10 15 ~L00TS 2 4 6 8 10 12
¢ [GeVZ/c*] a[Gev]
_ e Wt LQs— b planned for YR
. ngh pt searches: Z ,W or LQ3 CMS Preliminary Simulation 00017 (14Tey) o CMSPrelminary sty 1o (131evy -
. oy g o T e T T s LT
= Several HL-LHC studies of W', Z' exist 2 - T T =
; o) r — 95% CL esfpected . - Expected £ 1o Run 2
and/or are being updated or planned g 1. — unenngeasysomates 2O [ petrcavy 2
Z— t, W tb, LQs—b 1. R g
i i T : = ~F - 1Q,L S
= Discussion: 2" | ch L RS =
. . ’ ’ 5 102 3 depends on syste W= (_2
= howimportantis W—tv,Z— 11?7 % - %
TEt e =
=  Can we also measure ratios of T 2 Invariant Mass Analysis Scalar LQ
g_ _,_elusjets Nb'as=1or2 _ p=1
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Thu aftemoon: E. Passemar: Perspectives on t; A. Petrov: Lepton

Le ptO n F | aVO U r VI O | atl O n Flavour \ﬁolatic.)n;.A. Kagan: I5erspectives on charm.; M. Per.nas: ¢,sand

v at LHCb; M. Morgenstem: t—3u ATLAS; K. Mazumdar: t—3u CMS

Number of reconstructed T— 3y events

= t—3u: current best limit (Belle) B<2.1 x 108at 90% CL  , ss000-CMS Phase-2Simuation ____3000 0", 14 Tev. 0 PY
= HL-LHC: 10" T, mostly in fwd region (from Ds—1tv) G 30000F Y veckeror =
= Extended coverage up to |n| < 2.8, 3u acceptance ~2.5%  “"F fracertionoTMEMien E
. . 20000~ ]
= Bg from B->D cascade decays (K or 1 decays in-flight) ook E
= CMS expected limit B(t—3p) < 4 x 10 at 90% CL :
p ( l‘l) Y 10000E TDR_17_003
5000;
= Perspectives on t and Lepton Flavour Violation: O T T 8 e 2ot o
Talks: E. Passemar andA Petrov
) 90% CL upper limits on T LFV decays ~ =~~~ I df YR
HFLAV annea tor
SERERERRREe e e Fyo el B3y <37x107 P
T T +++++ 1 2] I B L B B ) LS B
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p p g AKhanov
. 14Tev
% E CMS: Phase-? Simulatio
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top reconstruction o
e~
at HL—LH.C z y
eg.btaggng S/ S
ol I s
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b jet efficiency
CMS-TDR-014

Current and expected limits on FCNC

ATLAS+CMS Preliminary AKhanOV November 2017
LHCtopWG
BR(t— Hu)  Each limit assumes that all other processes are zero  BR(t— yu)
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| DESY )
)

B (t—yu)

updates planned for YR

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

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

) o, W . s 7 E.Stamou
PN
b b == z on-shell int. |
s} ! S~ — _— g : on-shell int.
Sk T Sl
Increase FCNC & N
sensitivity SR U S ——E P
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+§+ *é’; $2$ 2 - \WDekens
@ gtb Cwy CWb (TQV)
1E+00 [ 0.25
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E02 t production g\;PXﬂ 2.5
1E-03 . i
h—b T
1E-04 t— Wb I Real 25
B Imaginary
EFT global fit of Wtb couplings
using low and high energy data
(@ssuming no FCNC)
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Thu aftemoon: M.Klimek, Boosted tagging with precision

D ete Cto r C h a | | e n g e S timing; M. Rudolph: Detector challenges for LHCb;

Y. Cheng: Detector challenges for ATLAS + CMS

= LHCb . - . . .
| Mis-Association fraction as fot of timeres. ~_~ Ptresoluon  YCheng
" Comp|ete new expenment Tzt outer [y ecton) ; 2 F ATII.AS ' I - Dighs Cstorg, S0 x S0 un?. ™
. . , . Q\ 10? :;ggummoztjetfr . — / z :'_ Run-2 - Analogue Clustering, Mo = 33 mm,, ]
= 4D detector by including timing £ o | =i e 5 [ Dl Smdaten .
5 8 g s X F-a-p, =1GeV (ITk) - 1
£ 7t Tt o o F—p, =1GeV (Run-2) - .
S 6 s - ——p, =10 GeV (ITk) - ‘_’,,_:"' ]
LHCb Vertex Locator M.Rudolph ¥ s o ioocev M. o]
g 0.6F | L % :é - 10 15---;:: =100 GeV (Run-2) _,-"""‘L‘tt:r E
g C .. —@— default VeloPix € 2;1" C :
Q - ] g .
£ 0.5¢ °, & ThinSil (optimized) 30720 60 80 100 120 140 160 180 200 220 1
; o4k ®. —m 4xPixel (optimized) _: outer detector time precision (ps) 10—20_1----1""'". 0 5 o ‘.-I|' . 1|5 . |2 . 2|5 . 113 - ,3|5 . ,4H
.g . AA .°. MlP Tmlngy YCheng ‘ ‘ ' true track n
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E N *eeess E E 355 d event raclt(:rsack -vertex At < 90 ps
02F | % 3 e 30§ P,>0.0 GeV Y.Cheng
= 1§ b stcsssbwcru Bs—pp—4K: trigger threshold 2 GeV
o T A R i e TR TeV, 560 PU
- nng, | Aiais, | S Lo *HL-LHC BS, 4D vtx, PU=200 e t T T I T CMS
0 L s 20 : o ]
0 2 4 6 =1 15 gt Without DY, N 0K - Phase-2 Upgrade ]
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g [0)2 i ? < e P _ .
o F a Nith MTD - i q’*;i, — L1 signal ]
B 5: [y = (TP e L E s Ll_leSSS Eenguin E i <=== Offline signal ]
u ATLAS+CMS nit_;silqlllill.\‘l.\l [ NN NN NN N l-la B r_i I“i . 1
T ' L i H L1 background i
= New (all-silicon) inner track detectors up to n<4 * o4 i -
. , 3 i ]
= MIP timing detectors (against PU and for PID N ool TOR-17-001 ]
@ 0.05- —
£ ]
o
. i z
= |mprove boosted tagging: M Kiimek % 52 54 56 58
~ resolve substructure by arrival time distribution M,, (GeV)
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WG4: Flavour - Wrap up

= Planned:
= Expecting LHCb proposal for Upgrade-Il 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

(3% Andreas B. Meyer Summary and Plans
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WOrkShOp T|mel|ne http://Ipcc.web.cern.ch/hlhe-Ihc-physics-workshop

https://twiki.cern.ch/twiki/bin/viewauth/CMS/HLandHEL HCYR

= June/July 2017: creation of the structure

= Oct/Nov 2017: Kick-off meeting

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

10 T e o e

= 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

European Strategy for Particle Physics: Open Symposium in May 2019
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Working Group Meetings

=  WG1 (Standard Model)
= Top Wed, 28 Feb  https://indico.cern.ch/event/702718/
= EWK1, Thu1Mar https://indico.cern.ch/event/702716/
= EWK2, Tue 6 Mar htips://indico.cern.ch/event/702717/
= QCD, Fri 2 Mar https://indico.cern.ch/event/702715/
= WGS5 (Heavy lons, 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)

= WGS5 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

indico category: 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

= 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
1and 4)

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

= Detector Performance
= DELPHES and other tools
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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-l (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

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

= Reference parameters:
= HL-LHC: Vs=14TeV: L =3 ab"; for LHCb: 50 — 300 fb"
= HE-LHC:Vs=27TeV;L=15ab" (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).
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CO N C| Us | ons lpcc.web.cem.ch/hihe-lhc-physics-workshop
HL-LHC workshop mailing list

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!
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Hadron Collider Parameters - 1

parameter FCC-hh HE-LHC (HL) LHC
collision energy cms [TeV] 100 27 14
dipole field [T] 16 16 8.33
circumference [km] 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 [10'] 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 [um] 2.2 (0.4) 2.5 (0.5) (2.5) 3.75

Challenges FCC: Challenges HE-LHC:

* Cost of 100 km magnets and civil * Cost of 27 km magnets

* 16 T magnets * 16 T magnets

* ~1000 pileup * ~800 pileup nilab

Bi8 » Collimation/protection * High current 8 42



Talk V. Shiltsev

| DESY

Hadron Collider Parameters - 2

parameter

FCC-hh

HE-LHC

(HL) LHC

rms IP beam size [um] 6.7 (3) - 3.5 (1.5) 6.6 (3.0) (8.2)16.7
half crossing angle [prad] 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 13.20r 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
AE [ 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 156 /109 125/ 91 112 / 82
[mbarn]

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

Challenges FCC:

* Need new 3.3 TeV injector

* x100 LHC radiation power /meter

Challenges HE-LHC:

* Need new 1.3 TeV injector/beamlines

an

* x15 LHC radiation power /meter

%al



