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LHC Run 2 pp luminosity goal: 150 fb1. 60 fb! in 2018 for ATLAS/CMS.
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http://cms-results.web.cern.ch/cms-results/public-results/publications-vs-time/

Highlights of Recent CMS Results

*Higgs: the elephant of the SM
* Top: the precision era
e Dark matter: a known unknown

Apologies to many whose favorite research subject is not mentioned

I. Volobouev 4 June 20, 2018
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Higgs physics before 2012
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Observation of ttH Production

g g t g t
g g t g t

 Direct probe of Higgs coupling to an “up-type” quark

e Constrain BSM models that modify the production rate without
substantially changing Higgs decay branching fractions

e Experimentally challenging due to large backgrounds. In the SM,
0.7y ~ 0.5 pb while o7 = 830 pb (at 13 TeV).

« Combination of multiple analyses exploring different tt and
Higgs decay signatures (88 event categories)

I. Volobouev 6 June 20, 2018



ttH Observation Channels

e ttH multilepton, arXiv:1803.05485 e ttH hadronic, arXiv:1803.06986
e Multilepton final states with Higgs decays into WW, ZZ, and * All-hadronic tt mode with Higgs decaying into bb
tT (with at least one t decaying hadronically) * No leptons, at least seven jets, at least three jets must
* Six mutually exclusive event categories, depending on the be b-tagged
numbers of reconstructed leptons and hadronic t * Six event categories, depending on the numbers of jets
candidates and b tags
* One or two b-tagged jets « MEM is used to discriminate ttH from tt + bb (also

e Qutputs of MEM and BDT discriminants (depending on the

_ _ e performs well against tt + If and multijet backgrounds)
channel) are used for the final signal rate determination

* QGL additionally discriminates If jets from gluons

* 3.20 signal significance over background-only hypothesis « 0.60 over background-only hypothesis
-1
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https://arxiv.org/abs/1803.05485
https://arxiv.org/abs/1803.06986

ttH (semi)leptonic, arXiv:1804.03682

Dilepton or €+jets tt mode with Higgs decaying into bb
One or two leptons (e or p), at least four jets, at least
three jets must be b-tagged

MEM is used to discriminate ttH from tt + bb. On top,
DNN (BDT) is used in the single lepton (dilepton) case.
Events are assigned (probabilistically) to 21 signal and
background categories depending on the numbers of
leptons, jets, b tags, and the multivariate classifier output
1.60 over background-only hypothesis

35.9fo" (13 TeV)

I | I I I I I | 1 1 I | I I 1
CMS
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Events / GeV

ttH Observation Channels

ttH diphoton, arXiv:1804.02716

Part of a general analysis with H — yy. All tt decay
modes considered.

BDT for background suppression. Signal is extracted
from the fit tom,,,.

3.20 over background-only hypothesis (ttH only)

LCMS 35.9 fp“ (13TeV) CcMs 35.91b" (13 TeV)
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e ttH with H —» ZZ — 4¢, JHEP 11 (2017) 047,
arXiv:1706.09936, CMS-PAS-HIG-18-001

* Part of a general analysis with H —» ZZ — 4¢

« After the full ttH selection, 0.5 signal events are
expected in the 118 <m,y < 130 GeV mass range
(with negligible background). 0 events observed.
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https://arxiv.org/abs/1804.03682
https://arxiv.org/abs/1804.02716
https://link.springer.com/article/10.1007/JHEP11(2017)047
https://arxiv.org/abs/1706.09936
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-001/index.html

Combination of ttH Results

Phys. Rev. Lett. 120, 231801 (2018), arXiv:1804.02610

35.9 fb! of Run 2 data, up to 5.1 fb* of 7 TeV and 19.7 fb! of 8 TeV

5.1fb" (7 TeV) + 19.7 fo'' (8 TeV) + 35.9 b (13 TeV)

51107 (7 TeV) + 197 i (8 TeV) + 35.9 o™ (13 TeV) T J— 5 1 fb (7 TeV) + 19 7 fb (8 TeV) + 35 9 fb (13 TeV} »
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Fit results for the independent signal
strength modifiers of the Higgs decay
channels considered

Profile likelihood log-ratio as a function of the
common signal modifier

Data excess over background-only
hypothesis

* u=

1.26103% =

1.267

010 (stat

+0.17

Zo1s(exp) *013(th.bkg) X3 %g(th- stg)
e 5.20 signal significance over background-only hypothesis
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.231801
https://arxiv.org/abs/1804.02610

ttH Event Candidate

pp — ttH

‘ I—» T+ —> € +Ve+V +Th*+V,
bW-—> b+u-+vy |

bW+— b+q+q’
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Search forpp - HH - yybE (including resonant production): arXiv:1806.00408 (submitted June 1)

Search forpp - X - HH - bbbb: arXiv:1806.03548 (submitted June 10), as well as the boosted
version, with X mass in the 750—3000 GeV range: CMS-PAS-B2G-17-019 (released June 4)

g

SM: agg—>HH ~ 33 fb,

BHH - bbbb) ~ 34%
B(HH — yybb) = 0.26%
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Previous Run 2 HH searches
by CMS:

bbbb : CMS-PAS-HIG-16-026
bbtr: PLB 778 (2018) 101
bbévéy : JHEP 01 (2018) 054

Non-resonant:
Wy < 24 at 95% CL,
as derived for the

HH - yybE channel
assuming SM branching.
This is the most stringent
Wyy constraint to date.
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https://arxiv.org/abs/1806.00408
https://arxiv.org/abs/1806.03548
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-17-019/index.html
https://cds.cern.ch/record/2209572?ln=en
http://dx.doi.org/10.1016/j.physletb.2018.01.001
http://dx.doi.org/10.1007/JHEP01(2018)054

Combined measurements of the Higgs boson’s couplings at /s =

H—ZZ—-4l
H—vyy
H—-WWwW
H—bb
H—tt
H—pp
H—inv

ggF VBF

Combined Higgs Couplings

13 TeV, CMS-PAS-HIG-17-031

By production mode

By decay mode

CMS Preliminary e Observed CMS Preliminary ® Observed
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Parameter value

Global Higgs signal strength modifier fit:

u= 1.17%
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http://cds.cern.ch/record/2308127?ln=en

Other Facets of the CMS Higgs Program

e Basic properties (mass, width, JP¢)

e Differential production cross sections

e Boosted production

e Heavy particles decaying into Higgs+X

e Differential decay rates

e Rare and exotic decays

e Searches for additional Higgs bosons

* Interpretation of measurements in terms of SM parameters, limits
on anomalous couplings and BSM parameters, etc

So far, Higgs appears to be remarkably SM-like

I. Volobouev 13 June 20, 2018



“Direct” run 2 top mass
measurement with 35.9 fbL:
arXiv:1805.01428

* Onel + at least four jets

e Stringent selection
requirements (including
exactly two b tags and
a good x? from kinematic fit).
1.6 x 10° events pass with
S/B~22.

e “Ildeogram” method is used
for m, extraction with JSF as
a nuisance parameter. Events
are weighted by exp(-x3/2).

* Main systematic uncertainties
come from b jet energy
correction (0.32 GeV), color
reconnection (0.31 GeV), and
ME generator dependence
(0.22 GeV, using POWHEG v2
vs. MADGRAPH5_aMC@NLO)

I. Volobouev

Top Mass

September 2017 CMS Preliminary March 2018
CMS 2010, dilepton PS b hadron Ii!etin-_ue 173.50 = 1.50 = 2.91 GaV
JHEP 07 (2011) 049, 36 pb’ 175.50 + 4.60 = 4.60 GeV TOP-12-030 (2013)

CMS 2011, dilepton
EPJC 72 (2012) 2202, 5.0 fb'

CMS 2011, all-jets
EPJC 74 (2014) 2758, 3.5 f5'

CMS 2011, lepton+jets
JHEP 12 (2012) 105, 5.0 f5"

CMS 2012, dilepton
PRD 93 (2016) 072004, 19.7 f5’

CMS 2012, all-jets
PRD 93 (2016) 072004, 18.2 f5'

CMS 2012, lepton+jets
PRD 93 (2016) 072004, 19.7 f5"

CMS legacy
PRD 93 (2016) 072004

172.50+ 0.43 £ 1.43 GeV

—el—— 173.49:0.69= 1.21 GeV

173.49+ 0.43+ 0.98 GeV

+

172.82+ 0.19+ 1.22 GeV

172.32+ 0.25+ 0.59 GeV

172.35+ 0.16 = 0.48 GeV

CMS 2016, lepton+jets

TOP-17-007 (2017), 35.9 fb”'

Kinematic endpoinis
EPJC 73 (2013) 2494

b-jet energy peak
TOP-15-002 (2015)

Lepton+J/w
JHEP 12 (2016) 123

90 =0, Rk e
r—@e—  173.80x0.90+170 5,/ GeV

— @~ 172.20x1.17:2.66 GeV

——e 173.50 = 3.00= 0.90 GeV

Tevatron combination
arXiv:1407.2682 (2014)
World combination
ATLAS, CDF, CMS, DO
arXiv:1403.4427 (2014)

I[|IIII|

&~ 172.44 £ 0.13+ 0.47 GeV
172.25+ 0.08 = 0.62 GeV

@ 17434-0370.52GeV
— 173.34x 0.27 = 0.71 GeV

165 170
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175 180
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PRD 03 (2016) 082006 U 097 5¢
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%ﬂpiii;l;)esh;ﬁi.’ 8TeV . - . 169.00=1.10"8 ; . GeV
=13 ) )] e
oftt) 7+8 TeV +1.70
JHEP 08 (2016) 029 —@— 173.80 -1.80 GeV
NNPDF3.0 S N S
CMS 748 TeV (2015) 172.44=0.13= 0.47 GeV
PRD 93 072004 (2016) o T €
World combination
ATLAS, COF, CMS. DO o 173.3420.27 = 0.71 GeV
arXiv:1403.4427 (2014)
ol e 1
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https://arxiv.org/abs/1805.01428
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https://doi.org/10.1007/JHEP12(2013)089

tt Differential Cross Sections

e Large number of tt kinematic variables considered: transverse momenta and rapidities of top quarks, transverse
momentum, mass, and rapidity of the tt system, jet kinematic variables, etc
e Distributions are unfolded to particle/parton level, rates are presented as both absolute and normalized
* Recent detailed measurements utilizing 35.9 fb! of Run 2 data:
» (+jets: arXiv:1803.08856 (submitted March 26). About 0.5 x 10° events after all selection requirements with
S/B ~ 20. A number of double-differential cross sections is presented as well.
» Dilepton: CMS-PAS-TOP-17-014 (released June 6). About 0.25 x 10° events with S/B ~ 4.

iof CMS Preliminary ~ 35.9 o' (13 TeV) CMS Preliminary ~ 35.9 fo'' (13 TeV) 35.8 b (13 TeV)
W T T I T [ T T | H Frrrrrrrrjrrrryrrror o= ,'—_‘ = N
L] ) g . 5 - CMS e/u+jets » Data
qE, 107 Dllepton # Data I W-jets _; %‘ 10 - Dllepton: paﬂon = 8 C parton level Sys ® stat
Lﬁ . Ml iisignal [l Z+jets : Q F e, - 2 oy agn Stat
10 Mltother [Jtt+zW T 8 o S 1ET e i POWHEG P8
5 Il singlet [ ] Diboson - — Lo =S - e - - - POWHEG H++
10 Uncertainty o) — 8 = ¥ vé: .- MG5 P8 [FxFx]
10 £ 1 = I8 ek e
o -g [T
3 v"d
10 © 8 e Data e N : vaga
102 ._Q_l— | — Powheg v2+Pythia8 . 102 b
L] 10—1 I -- Powheg v2+Herwig++ - S
10 F --- MG5_aMC@NLO+Pythia8 [FxFx] ~ — - F L b
= ° Loy ! [ ! [ ! [ J. L |¥|= J. _ = © 1.4+
e s = i Stat. ® Syst. = sle g _
12 E y 7/ o 12 [ Stat I - Ele o12p P L. |
§ @ 1 B4 & % /,// / ﬁ S g ' C . Mzzzmznooo ] L J‘.—%:* 1'1:. 1
08 | /////%/ =y e l_‘: S— i HE—
D A f I | 0811
2 3 4 5 6 7 8 =29 0 100 200 300 400 500 0 100 200 300 400 500 600 700 800
Jets p. (leading) [GeV] P {t,.,) [GeV]

MC: POWHEG v2 + Pythia8, tune
CUETP8M2T4, NNPDF3.0 PDF

e Significant disagreements with NLO and beyond NLO theoretical calculations (ATLAS findings are similar)
e Strong driver of developments in higher-order pQCD calculations and parton shower techniques
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https://arxiv.org/abs/1803.08856
https://cds.cern.ch/record/2284596?ln=en

Top Quark Observation in pPb Collisions

e 2016 proton-lead run at+/s,, = 8.16 TeV, 174 nb!, Phys. Rev. Lett. 119 (2017) 242001
e (+jets mode

PPb (174 nb™, sy = 8.16 TeV) pPb (174 nb”, (s, = 8.16 TeV)
2] N (7)) n
% 40- CMS et/ut + >4j (=1b) g 35 CMS et/ut + >4j (>2b)
> N > N
L 350 f [_)ata L 30E t [_)ata
B it correct . B it correct
305_ tt wrong 25 tt wrong
25} B background o B background
20" :
- 15¢
15¢ -
5¢
100 150 200 250 300 350 400 100 150 200 250 300 350 400
My, [GEV] My, [GeV]
Single b tag At least two b tags

0t = 45 £ 8 nb (SM prediction is ~57 nb)
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http://dx.doi.org/10.1103/PhysRevLett.119.242001

Studies of Boosted Tops

Two main directions:
> Calibration of jet substructure observables with tt events
> Searches for heavy particles decaying into top, e.g., X = tX' with X' = t,b,t,W,Z, H, etc
A good example of the latter: search for tt resonances in CMS PAS B2G-17-017 (released June 4)
From CMS-DP-2017-026 —

] —

[ \ | | ;
. CMS Preiminay 359M1(13TeV) oo CMS Preliminary 35910 (13 TeV) o  pAs10Eblg S8 (13 TeY)
b2} N II|I|II|I|I|II|IIIIIII||II|||II|I|IIII|IIII_ — L | « - : :
S 2500 e D 7 & - ~4- Data 1 S ) CMS N E
7 © [ Mergedtop @ 500F B Mergedtop i | w c  Preliminary P E
w F I Merged Wit - I Merged Wi | - -t . .
2000 - _ - - ; R 103 - ---eee Z74.0 TeV, 1% width
r Ml Verged QB 1 400 Il Merged QB t E E -
I Mot merged ft i [ Not merged 1
1500+ I w+dets - i B - dets ]
Single t 300 Single 1 7
- I OY+dets : B O -lets ]
1000 oo E 200 . oco E
- AK8PUPPI i AKS PUPPI
500+ pT>4OOGeV 100 F pT)4OUGeV
- - 141, < 0.54
C - o E _
Q 15F O 15F. _ AR
= 1_-+-+1+,..++....++....-9.-,._ ] S | t ++ M ++ + + | = 2p = 5 M E
= - H Fop Trweter ey {‘ﬂ x Z o — :
e 0‘50-""Oli"0|2"'[')lé"0'|4'."6Ié"[')ls'"0'|%"é|8"'0'|g'"'-1 e 0.5_IJJI||JI\JIIIIJJIJI!'JIII[JIIIII’IJI"IIIJ";I- _iz | L _E
102 03 04 05 0. 'Pmb.e ie{fﬁjf 0 50 100 150 200 st;od 300 3506430 e ol T 5300
2 oft drop mass [GeV] m_[GeV]
Other CMS Run 2 searches with boosted tops: JHEP 04 (2017) 136, An all-hadronic example with two
JHEP 07 (2017) 001, JHEP 06 (2018) 027 b tags. CMS top tagger is applied to

two AK8 jets with p; > 400 GeV.
Most stringent Z' — tt limits to
date are established by this

1. Volobouev 18 analysis.

Watch out for Boost 2018 results (Paris, July 16-20)



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-17-017/index.html
https://doi.org/10.1007/JHEP04(2017)136
https://doi.org/10.1007/JHEP07(2017)001
https://doi.org/10.1007/JHEP06(2018)027
https://indico.cern.ch/event/649482/
https://cds.cern.ch/record/2275225/files/DP2017_026.pdf

Dark Matter Searches

e The astrophysical evidence for dark matter (DM) is compelling: galactic rotation curves,
gravitational lensing with merging galaxy clusters, large-scale structure formation, etc

e While there are viable DM models that are fundamentally unobservable at the LHC, many
scenarios postulate existence of WIMPs and can be tested

e Such scenarios typically postulate new mediator particles that couple SM particles to DM. For
high mediator masses, EFT description by contact interactions becomes sufficient. For a detailed

introduction see, e.g., arXiv:1507.00966.

g q x(m,) Annihilation
X
DM SM
2
5
&M %
A
A"
DM SM
_ <
?C(m)c) Production

* To be detectable, such processes need SM recoil that can be generated either via decays of
heavier states or via initial state radiation. This leads to the mono-X + missing transverse energy
(MET) experimental signatures. Typical backgrounds come from SM processes with neutrinos

(involving Z — vv, etc).
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https://arxiv.org/abs/1507.00966

e Explores potential mediator coupling to Higgs

e Two benchmark models: Z’-2HDM and baryonic Z’
e Higgs is reconstructed in either yy (better mass resolution) or 77 (lower background) decay mode
* Thesignalis extracted from m,,, (yy channel) and from transverse mass (77 channel) distributions

e arXiv:1806.04771 (submitted June 12)

Mono-Higgs + MET Search

e CMS-PAS-B2G-17-004 (not discussed here) also searches for MET + boosted Higgs in the bb channel
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https://arxiv.org/abs/1806.04771
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-17-004/index.html

Interpretation of Mono-Higgs Results
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Systematic Studies of DM Mediators

Example: interpretation of monojet, mono-W, and mono-Z + MET search results in PRD 97 (2018) 092005
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http://link.aps.org/pdf/10.1103/PhysRevD.97.092005

Moving from 36 fb-* to 150 fb-!

Higgs program will strongly benefit:

> 3.30 “evidence” for H — bb should be promoted to
> 5.00 “observation”

» Coupling uncertainties will likely scale as 1/\/f

» Less inclusive measurements will become more common

» Studies that are systematically limited will benefit from better
calibrations and statistical/systematic uncertainty trade-offs

» HH sensitivity will be substantially increased. “Double Higgs
Production at Colliders” workshop is at Fermilab, Sep 4-8.

A number of precision studies will need substantial theoretical input
to take the full advantage of the luminosity increase

Increase in the reach of rare and BSM process searches should not be
underestimated
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In Conclusion

e Owing to the excellent LHC performance, CMS maintains rich and
vibrant Run 2 physics program

e 13 TeV data has already brought important new observations,
especially Higgs-related

e Data analyses are becoming more sophisticated, with techniques
like MEM and machine learning becoming mainstream

e Precision measurements of tt and other systems inspire progress in
higher-order calculations

e DM, hierarchy and naturalness problems, etc, strongly indicate that
our understanding of Nature is incomplete. Deep and wide searches
for BSM physics continue.

Completion of Run 2, detector upgrades, Run 3 and
HL-LHC will bring much more data. CMS will remain
an exciting experiment for many years to come.
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New in CMS In 2018

- Silicon Tracker - -
Pixel Detector | Lower operating temperature Electromagnetic Calorimeter

Replaced DC/DC converters New DAQ links

T ——

Muon System N M _ || Endcap Hadron Calorimeter
Upgraded readout electronics e ; N HPDs are replaced with SIPMs
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HCAL Endcap Upgrade

CMS Preliminary 2017
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Pixel Detector DC/DC Converters

Upgraded pixel detector was installed
in CMS in March 2017
> About 1.9 increase in the number

n=0 n{=0‘5 n=1.0 /r1=1‘5 T of channels
r=160mm / /"// outer rings > Same power cables
. — n=2.5 » DC/DC converters (~¥12 V to ~3 V)
— 2 £ | inner rings are used near the detector
r=29miny Pl 5 * The system was irradiated to ~10 kGy
50.0 cm # in 2017. DC/DC converters start to

exhibit problems above ~7 kGy (about
5% failure rate by the end of the year).
e Converters were replaced for 2018
operation
» After an extensive investigation and
external irradiation campaign, the
cause appears to be understood.
A design update will be needed to
eliminate the failures.

I. Volobouev 28 June 20, 2018



SM Higgs Branching Fractions
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tt Production Cross Sections
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SM Cross Sections Summary

May 2018 CMS Preliminary
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B2G Searches Summary

Resonances to heavy quarks

Vector-like quark pair production
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