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Four experiments are analyzing the collision products at the LHC:
ATLAS, CMS, ALICE and LHCb
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The Compact Muon Solenoid (CMS)
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CMS & TOTEM: forward region coverage
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The Compact Muon Solenoid (CMS)
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The CMS Collaboration brings together members of the particle physics community from across the
globe in a quest to advance humanity’s knowledge of the very basic laws of our Universe. CMS has
over 4000 particle physicists, engineers, computer scientists, technicians and students from
around 200 institutes and universities from more than 40 countries.
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The Large Hadron Collider: pp collisions
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Detector Coverage
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CMS publications versus time
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January 2018 CMS Preliminary
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September 2017 CMS Preliminary
CMS measurements 7 TeV CMS measurement (stat,stat+sys) ——0—+—
vs. NNLO (nLo) theory 8 TeV CMS measurement (stat,stat+sys)  ++e——
13 TeV CMS measurement (stat,stat+sys) +r+—e—+
YY 1.06 +0.01+£0.12 5.0fb™
Wy, (NLO th.) . o . 1.16 £+0.03+0.13 5.0fb"
Zy, (NLO th.) o 0.98 +0.01+0.05 5.0fb"
Zy, (NLO th.) — — 0.98 +0.01+0.05 19.5fb
WW+WZ 5 — 1.01+£0.13+0.14 4.9 b’
WW - o = 1.07 £ 0.04 £+ 0.09 49fb™
WW — 1.00 + 0.02 + 0.08 19.4 fb™
WW o —i 0.96 + 0.05 +0.08 2.3fb"
WZ —+——o—— 1.05+0.07 £ 0.06 4.9fb™
WZ — o — 1.02 + 0.04 +0.07 19.6fb™
WZ — e — 0.80 + 0.06 + 0.07 2.3fb"
Y4 - o 0.97 +0.13 £ 0.07 4.9 b’
Y4 —— 0.97 +0.06 + 0.08 19.6 b
Y4 — . — 1.14 £+ 0.04 + 0.05 35.9 fb"
Al results at 1 Production Cross Se1i:5tion Ratio: o../0O °
http://cern.ch/go/pN;j7 J exp theo
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How do-we “find” rowe physics inv
hadvovw colliders?

_Thediscovery of anew partidle. |

..furuny how I iy always inv the

last place we look for it...
&)
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Needle inv v havystack problem/

p-p collisions are messy!
QCD background
Unprecedented pile up

Higgs boson (?)
SUSY decay (?)

heavy resononce (?)

monojet (?)
4thv generatiovw (?7)
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Understanding and modeling the QCD interactions has a
direct impact on the potential for precision measurements
and discovery.

» systematic uncertainties in physics calibration due to the
non-perturbative QCD effects (e.g. the underlying event)

» model uncertainties in soft-QCD are propagated to the
systematic uncertainties in many measurements (e.g. top-
quark mass)

» largest systematics for Higgs cross-section is from o(ggF):
7% due to QCD scales and 7% due to knowledge of PDFs

» WIZ+jet is often one of the largest background to top-quark,
SUSY, Higgs and exotic searches

» pileup

s Ao Moraes Tsukuba, 10th April 2018 16



2009 S'W\fg le vertex reconstructed!

CMS Experiment at the LHC, CERN
Date Recorded: 2C09 12 0€ 05:07 CET
Run/Event: 123592/ 1231739

Candidate Collision Event with Muon
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Parton kinematics at the LHC

13 TeV LHC parton kinematics
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News on QCD and
Electroweak measurements
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QCD at the LHC

Essentially all physics at high-energy
hadron colliders are connected to
the interactions of quarks and
gluons (small & large transferred
momentum).

Hard processes (high-p+): well
described by perturbative QCD
Soft interactions (low-p+): require

non-perturbative
phenomenological models

< Soft Interactions: Problems with
strong coupling constant, & (Q32),

saturation effects,...

< On average, inelastic hadron-hadron collisions
i have low transverse energy, low multiplicity.

LS;EP'F, A.Moraes Tsukuba, 10th April 2018 21




Inelastic pp cross-section

—_ N CMS 13 TeV
o) = — 85
£ - e ATLAS (MBTS) — Pythia 8 o) L m CMS o ATLAS
5 100F = ATLAS (ALFA) --. EPOSLHC ) E. - e EPOsLHC " QGSJETII-04
6 oof | ISLEE“ --- QGSJET-I p° © 0T v PYTHAEZ2' (S8 4 PYTHIA8 CUETP8M1 (SS]
= . LHCb L s PYTHIA8 Monash (DL) & PYTHIAS MBR
80 L :
- O Auger N ,
- e pp (non-LHC) ~
0F © b 75— ) , &
60F- C - "o
=0k 70 — “
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30¢ ATLAS B0 S0 IO TTe0 TR0 TR L
AT A R i
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\s [GeV] :
S — -
The inelastic proton-proton cross section versus Vs. Proton-proton inelastic cross section at Vs=13 TeV in two phase
space regions, where §&=M2/s, compared to different models
Inelastic interactions are selected using rings of plastic and to the ATLAS result.
scintillators (MBTS) in the forward region
(2.07< | n | <3.86) The analysis is based on events with energy deposits in the

forward calorimeters, which cover n of —-6.6 < n <-3.0 and

. 1+1 . .
A cross section of 68.1 + 1.4 mb is measured in the 3.0 < n < +5.2 (HF and CASTOR).

fiducial region £=M2y/s > 10~6

o(E > 107%) = 67.5 + 0.8 (syst) £ 1.6 (lumi) mb
When extrapolated to the full phase space, a

cross section of 78.1 + 2.9 mb is measured. o(EX > 10~ or &y > 10_6) = 68.6 + 0.5 (syst) + 1.6 (lumi) mb
arXiv:1802.02613v1
(¥} Ehys.Rev.Lett. 117(2016) 182002 Submitted to J. High Energy Phys. (Feb 2018)
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Charged Particle Density

Datasets:

- data taken June 7, 2015 - Particle multiplicity at different c.m. energies:
: -
- number of collisions per bunch crossing: ~0.05 Important input to MC generator tuning!
- CMS tracker and pixel detectors ON
CMS magnet off, B=0 (straight tracks)

" CMS CMS
8 ——— . —_—
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- e ITLL R 2 o | *+ ISR A
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= B i ke, B i
T E 5 = X 1
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E : © . ]
2F -=- data E =F ;
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0 Covov o v by v by v v by v by ogg g T 0 = N y gl Pl | 4 s 2 | g
3 2 A 0 1 2 3 10’ 10° 10° 10*
M Vs [GeV]
0 Phys. Lett. B 751 (2015) 143-165
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TransMAX

TransMIN

Measurement of the underlying event activity in pp
collisions at 13 TeV associated to the leading charged
particle (ATLAS).
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The underlying event

Measurement of the underlying event activity in pp
collisions at 13 TeV, using inclusive Z boson

production events (CMS).
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Submitted to J. High Energy Phys. (Nov 2017)
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The strong coupling constant: os(Q)

Least precisely known of all
couplings

Impacts “all” LHC cross-sections.

Key for precise SM studies.

BSM physics (e.g. new coloured
sectors).

Uncertainties: +4% o(ggH), +7%
H—cc, +4% H—gg

CMS
0.24F— +0.0050
- 9 —— CMS Incl.Jet, Vs = 8TeV, adM,) = 0.1164" "
- —e— CMS Incl.Jet, Vs =8TeV |
0.22 — A ) —=— CMSR,,, /s=7TeV
C «— CMS Incl.Jet, Vs =7TeV
02— —=— CMSti, Vs=7TeV
[ R\ ~ CMS 3-Jet Mass , Vs =7TeV
0.18— —=a— DO lIncl.Jet
— DO Angular Correlation
0.16— & H1
= —e— ZEUS
0.14— World Avg ag(M ) =0.1181 = 0.0011
0.12
0.1
0.08—  JHEP 03(2017) 153
: 1 L1 1 l L L1 1 1 l L L L1l 1L 1l l

€78 10

20 30 40

100

200 300

__method | os(m,) | scale unc. | exp. unc. | PDF unc._

JHEP 03 (2017) 156

CMS PAS-SMP-16-008

multijet

CMS PAS-SMP-16-011

Triple diff.
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+0.0025

+0.0015
-0.0015

2000

1000
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Triple differential jet cross-section and PDFs

100 ~ HERAPDF method (Hessian)
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Measurement of the weak mixing angle with the forward-
backward asymmetry of Drell-Yan events at 8 TeV

Measurement of the effective weak mixing angle using the forward-backward asymmetry of Drell-Yan (ee and
MM) events in pp collisions at Vs = 8 TeV at CMS.

A Cr — UR — —
AEB — CMS ee+uu — - 0.23101 = 0.00052
CrF + UB ’ Preliminacy | .
e o0 1R o « 0.23056 + 0.00086
N e ol R CMS uu 18.8 fb” > 0.23125 = 0.00060
e 2(p{pP; —PLPr) » P, Prokmina Y
| N 1 -1 ' -+
\/MQ(MQ I P7) p2| LHCb uu 3o B . 3 0.23142 + 0.00106
ATLAS ee+uu 4.8 b ° 0.23080 = 0.00120
] _ _ DOee9.7fo" —— 0.23147 + 0.00047
With new analysis techniques and a larger dataset, the ) == -
statistical and systematic uncertainties are significantly =~ ©" e# 24 TR || SRRl .
reduced compared to our previous measurement. SLD: A S 0.23098 =+ 0.00026
LEP + SLD: A —0— 0.23221 = 0.00029
. LEP + SLD =~ 0.23153 + 0.00016
The extracted value of the effective - 1 L
.. . 0.23 0.231 0.232 0.233
weak mixing angle from the combined sin2g!
eff

ee and pu data samples is:

9 e

sin® 87 = 0.23101 £ 0.00036(stat) = 0.00018(syst) - 0.00016(theory) + 0.00030( pdf)
sin® 0P = 0.23101 + 0.00052.

it CMS PAS SMP-16-007
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The weak mixing angle with the forward-backward
asymmetry of Drell-Yan events: Future measurement!

« What can we expect at the high-luminosity LHC CMS-PAS-FTR-17-001
» Negligible statistical uncertainties
* PDF uncertainties further constrained with profiling
* Extended lepton acceptance with the upgraded CMS detector

* Smaller Arg at 14 TeV

(less valence quark » Larger lepton |nl acceptance

CMS Phase-2 Simulation Preliminary
QOB ETT T 1 1 1 1 1 T CMS Phase-2 Simulation Preliminary ,
< [0.0<|Y |<04 | 0.4<|Y [<08 | 08<|Y |<1.2 [1.2<|Y |<1.6 [1.6<|Y [<2.0 | 20<|Y |<24 | 24<|Y |<2.87] = ' ' T T 10
02 — o o o o p jun jun .
= 4 7 . -
— o _—
0.15 |- - B3 _._4% —
— o < d
- o] o <]
0.1 = < '0 $‘%0 .
: _¢_"-J|3‘ ﬂ_._ o8 E‘o * O *
0.05 — N o H go —] — —
— fle L 2 =] — = ]
- i e Ry ® - - -]
A . = :
R S I e -3 - .
i e _._;n- R O—gﬂ o o ] B ml <2.4 nl<2.8 -
- -
~0.05 [— = o b ﬁ Lo — - —e— Statistical —o— Statistical ]
- 1 e —
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Gauge boson couplings

* Shift from precision observables to first measurements
* Probe the non-Abelian gauge structure of the EW interactions

* Vector boson scattering processes

» What mechanism ensures the unitarity is respected?
» Is the 125 GeV Higgs boson the only solution?
» Characterized by VV and 2 jet final state

cmunesn Ao Moraes Tsukuba, 10th April 2018 29



Observation of electroweak production of same-sign W boson pairs

The first observation of electroweak production of same-sign
W boson pairs in proton-proton collisions

pp collisions at 13TeV: the data sample corresponds to an
integrated luminosity of 35.9 fo~1

2 jet and 2 same-sign lepton final state

CMS 35.9 b (13 TeV) CMS 35.9 o' (13 TeV)

c T L c T T T T T ]

5 L - Data o) - - Data 1

\150_ EW WW i - 150 - EW WW .

_.CL) mwz | Q i Bmwz i
(- ™ Nonprompt c [ Nonprompt

q>3 i Others q>) L Others i

L 100 I W Bkg. unc. L 100 s N W Bkg. unc. B

AN N |

50 SN ] 50 ]

\\\\\\}\\\\\N*\\\\m: R

0 TR R T T N T T T 0 . . . . h
500 1000 1500 2000 200 400 600
m, (GeV) m, (GeV)

Observed (expected) significance is 5.5 (5.7) standard deviations
Observed signal is consistent with SM predictions

Evidence by ATLAS and CMS in Run 1

i Phys. Rev. Lett. 120 (2018) 081801
gz A.Moraes Tsukuba, 10th April 2018 30




Electroweak Z + 2-jet production

* Pure EW production of dileptons in association with two jets
* Measured cross section is in agreement with the leading

order SM predictions

o(EW £4jj) = 552 + 19 (stat) = 55 (syst) b,

35.9 b7 (13 TeV)
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Best limits of anomalous triple gauge couplings!
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CMS PAS SMP-16-018 (Submitted to Eur. Phys. J. C)

pp collisions at 13TeV: the data
sample corresponds to an integrated

luminosity of 35.9 fb
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Top quark measurements

Every (top) precision measurement is a search

. . | arXiv:1803.01853
» The measurement of top properties is a test of g o anaoswcLoomows 1 '_r_n_(_;onl:,;;;,;e'v' P
the SM i St eS| B AR
= - :_ . Direct Mwwanérqme:surements i - _:
» The top mass is a fundamental property - =
80.4 —
» Essential for probing the SM I - —— - E
consistency via precision electroweak - -
fits 80.3 - E
80.25 :—Wf,?g@%“/ E
140{ - I150| — I16;)I — L:I’70HI | I180I - I19|)0I
m, [GeV]
» But no matter if you like it or not: It is unavoidable at the LHC
» Produced at a very high rate, mainly via strong interaction in ttbar pairs
t 9000 y—>—1t¢ g t g t
g g
A
t 9 OO —e—1 g i 9 t
» and at a lower rate via EWK interaction: single top quark production
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» The top quark is a main ingredient of many new physics scenarios

» Exotic partners, rare decays, heavy new particles decaying to top, new particles
produced together with top...

Vector-like quark pair production Resonances to heavy quarks Excited quarks

Q- qW Z/(1.2%) — tt t* - tg S=3/2 80 fb
B —— 8 TeV
T—-1tH Z'(10%) — it t* = tg S=1/2 500 fb
T-otZ
o o o [T
T - bW ,
W= tb b* = tW | Kr=1 60 fb
B — bH e —
B . bz W nd tb MVH < MW’ b* - tW KLIKR=1 70 fb ‘
YA W - tb Mve > Mw 0 04 08 12 16 2
B - tW Observed limit 95%CL (TeV)
X5/3 = tW 13 TeV Z£(1%)
X5/3 = tW Z'(10%) — it
T - bW Z’(30%) — tt
0 0.3 0.6 0.9 1.2 1.5 gKK — tt Resonances to dibosons
o ore
Observed limit 95%CL (TeV) 8 TeV dion — HH
Vector-like quark single production W= tb 8 TeV
tor & 13 TeV W’ = WH
TotH oers Z- Tt - tZt :
=1. 12 Ta'
C2=2.5 Observed limit 95%CL (TeV) N
Tty |- had Glu = WW
t = had &
T—tH =26 Gouk = 2Z

T-tZ cw=15
T—tZ cz=15
B—-bZ ocwm=15

T—->bW cw=15

B2G W’ = VW HVT(B)

new physics W= WHHVT(B)
searches with Z - VH HVT(B)

'EIE@IE

187}

heaVy SM partiCIeS radion - HH ml

0 025 05 075 1 125 15 175 2 0o 05 1 15 2 25 3
Observed limit 95%CL (TeV) Observed limit 95%CL (TeV)

Y= tH cw=1.0

®model-independent
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Top quark measurements

» In November 2015, the LHC delivered pp collisions at 5.02 TeV

» Reference run for Heavy lons collisions at that energy

> Measuring the inclusive tt cross section provides a reference for future measurements tt in
nuclear collisions at that nucleon-nucleon collision energy

> without the need to extrapolate from measurements at different /s

Surprise |/s: 5TeV
1711.03143
Ao/o=12%

Also useful to constrain PDFs
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Inclusive tt cross section
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® cu/pp/l+jets 5.02 TeV (L = 27.4 pb™)
| ®oen7TeV(L=5f"

i I+jets 7 TeV (L =2.3 b
® en8TeV (L=19.7 o)

A l+jets 8 TeV (L =19.6 fo)
4 en13TeV (L=2.21f0")

A l+jets 13 TeV (L=2.2fb")

B NNLO+NNLL

PRL 110 (2013) 252004

0 ep/up
¢ l+jets

80_— ® eu/up/l+jets

60-_ b
' [CINNPDF3.0 [lIMMHT14

A0f@ctia  [JaBmPie:
5.02 Vs(TeV)
1 1 1 | | | 1

8 10 12

14

s (TeV)

Tsukuba, 10th April 2018

34



Top quark measurements

» Later, we did measure tt production in actual Heavy lons collisions
» proton-nucleus collisions, pPb data
» center of mass energy of 8.16TeV

» First observation of the tt process using proton-nucleus collisions with > 50 significance

pPb CMS Supplementary
e [+jets (divided by A = 208)

10° —
- op Surprise collision type: pPb
- O eu/uu/ l+jets 1 1709.07411
L . pPb (174 nb™, 8.16 TeV)
| Ol+ets ANo/o=18%
0 ey

S00F * Paves the way for future measurements in
200F ¢ Heavy lons

100ENLO MCFM x K e Ce+jets

[ o CT10+EPS09 Q utjets
X CT14+EPPS16  @I/+jets

Inclusive tt cross section [pb]

—
o
)

E—— NNLO+NNLL (Top++)
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
NNPDF3.0, Mo = 172.5 GeV, ocS(MZ) =0.118 £ 0.001

| I | | | | | | | | |
6 8 10 12
Center-of-mass energy [TeV]

cst; PRL 119 (2017) 242001
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Top quark measurements: summary

XD+ BO0Cr 0«0l <«

* Preliminary

Tevatron combined 1.96 TeV (L < 8.8 fb™)
CMS dilepton,|+jets™ 5. 02 TeV (L =27.4 pb’ b
CMSeu7TeV(L=5fb"

CMS I+jets 7 TeV (L=2.3b™)

CMS all-jets 7 TeV (L = 354m b}
CMSeu8TeV (L=19.7 o™
CMSmeBTaML_196m)
CMsmHmssTaML_184m)
CMSeu13TeV (L= 43pb 50 ns)

CMS eu13TeV (L= 22fb)

CMS l+jets* 13 TeV (L = 42pb 50 ns)
CMS I+jets 13 TeV (L = 2.21b™
CMS all-jets* 13 TeV (L =2.53 fb™)

s NNLO+NNLL (pp)

CMS Preliminary

Feb 2018 |

800}
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L .CT14
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.MMHT14—-
|:|ABM12* =

=== NNLO+NNLL (pp)
L Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 | 3 s s[TeV] _|
- NNPDF3.0,m, =1725 GeV, o,(M,) = 0.118 = 0.001 ["a. (M,)=0.1 13] 3
B T RN TR MR AN N TR N N MY TN NN AN SN S N SN SR S
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Vs [TeV]
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CMS Preliminary

March 2018

b hadron lifetime
TOP-12-030 (2013)

Kinematic endpoints

e @—e—— 173.50 = 1.50 = 2.91 GeV

p@=— 173.90+0.90+1.70 Vv
EPJC 73 (2013) 2494 3.90=0.90 210 Ge
b-jet energy peak — @ 17229117+ 2.66 GeV
TOP-15-002 (2015)
Lepton+J/W ® 173.50 + 3.00 = 0.90 GeV
JHEP 12 (2016) 123
Lepton+SecVix o 173.68 + 0.20+1.58 GeV
PRD 93 (2016) 092006 PeE L -0.97 9€
Dilepton kinematics 17170+ 1.10 +2-68 GeV
TOP-16-002 (2016) — -3.09
Single top enriched 172.60 + 0.77 +0-97 GeV
EPJC 77 (2017) 354 N\ R -0.93 2¢
TOP-13-006 (2016) ®
o(tt) 7+8 TeV +1.70
JHEP 08 (2016) 029 ~@— 17380 -1.80 G&V
NNPDFS.0 o
CMS 7+8 TeV (2015) PN 172,44+ 0.13 0.47 GeV
PRD 93 072004 (2016)
World combination
ATLAS. CDF, CMS, DO @~ 173.34+0.27+ 0.71 GeV
arXiv:1403.4427 (2014)
I R N N B B S R
160 170 180 190
m, [GeV]
Tsukuba, 10th April 2018 36



News on the Higgs sector
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The Higgs boson: an introduction (I)

Standard Model of Elementary Particles

* The Standard model (SM) of particle physics h f
three generatipnso matter
explains a wide variety of microscopic phenomena | Rl .
1 1 1 mass 2.4 MeV/c? =1.275 GeV/c? =172.44 GeV/c’ 0 ) =125.09 GeV/c’
in a unified framework (Quantum Field Theory) el A | A | 2500 Ge
spin | 1/2 y 1/2 9 1/2 y 1 ‘ 0 H
® matters consist of quarks and leptons up J charm J top Jl guon | | Higgs
. . R ~4.8 MeV/c* =95 MeV/c? ~4.18 GeV/c? 0 )
® interaction between particles governed by " @l:® @ |l
gauge bosons down J strange J bottom J ) photon )
0.511 MeV/c? ~105.67 MeV/c? =1.7768 GeV/c* =91.19 GeV/c? T )
-11/2 e/ 11/2 L} 11/2 T/ (1) %
* The Higgs mechanism is responsible for assigning clectron J| _muon e J2boser ) @
. N e <1.7 Mev/c? <15.5 MeV/c? “s039Geve ) €O
mass to particles z | N | Ml |
P 8 1/2 \ly 12 \"w 12 \,} 1 ‘ §
M 4 M M o ron muon u
® Higgs boson is an evidence of the Higgs field ui | Aeitrine J | neutrno J(_nettrino J | Whoson | &
. . . symmetry breakin
*x A main goal of the LHC is the in-depth y y s
investigation of electroweak symmetry breaking \
* A SM-like Higgs boson = H(125) was discovered
by ATLAS and CMS experiments of the LHC in 2012
0
_CBPF

Ceryo Uraninrs de
Pencpman | e

A. Moraes

Tsukuba, 10th April 2018

38



The Higgs boson: an introduction (ll)

* 6 years after the discovery, the story continues

. . PRD 89 (2014) 092007
® precise measurements of properties

CMs \s=7TeV,L=5.1f"; Vs=8TeV,L=19.7 fb"
. . > s — -
» mass, couplings/cross-section &3¢ + Data
a0k [ Jm,=126GeV -
@ discover other Higgs decay channels =TT =2 :
and production modes 5 °F E
[ 20 =
» H—=1t, H—bb, ttH production M
® rare processes : H— UM, H—invisible 10f- ’ =
@ search for Higgs bosons beyond the SM 5? il 1] E
0 80 100 200 300 400 600 860
\’ m,, (GeV)
THe
HIGGS
BOSON
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LHC: Higgs production

_ gluon fusion (ggH)
48.3 pb

Run] —} Run2

IIIIII;IIIIEIIlllllllllllIllllllllllilllllllllll

M(H)= 125 GeV

[ IIIIIII

| A

LHC HIGGS XS WG 2016

. WIZ fusion (VBF)
3.77 pb

| IIIlIII|

WH 1.36 pb
ZH 0.88 pb

|

11 111l

ttH
0.50 pb

TE-I..I .I.l:-lé-llllél|||||||I|l|||||III|IIII§IIII|IIII|§ ‘ ! |
6 7 8 9 10 1112 1314 15 tHq
s[TeV] " 0.074pb

cmumees A, Moraes Tsukuba, 10th April 2018 40

—
<
N
|
|




LHC: Higgs decays

* Most of the H(125) decays accessible at the LHC

n Lrrrprerrprrrrprerrp ittty ter e i p e et rp it e

2 : — ’ * Bosonic decay : ZZ (3%), yy (0.2%) as
é) W A : the discovery channels with clean
51010 : final states, including WW (22%) for
S | precise measurements

m

S
ro
N
N

* Fermionic decay : bb (58%) dominant
channel, Tt (6%) and pp (0.02%) as

rare decay not discovered yet in
Runl — Highlights of Run2!

103

\

IIII|IIII|IIII|IIII|IIIIiIIII|IIII|IIII|IIII|IIII
120 121 122 123 124 125 126 127 128 129 130

M, [GeV]

107

5 main production processes x 6 decay modes
=30 exclusive final states contributed to H(125)
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JHEP 11 (2017) 047

H —)ZZ an d H —)W CMS PAS HIG-16-040

CMS PAS HIG-17-015

* Measurement of mass of H(125) decaying to 4 leptons and diphoton channels

® sensitivity enhanced by event categorizations

20

10

CMS 35.9b' (13 TeV) CMS Preiiminary 35.9 fb (13 TeV)
> _I TTT | TTTT | TTTT | TTTT TTTT TTTT | TTTT | TTTT | TTTT | TTT I_ > 1 B B A N L B B B B e
[} 70r o) C H—yy , ]
0 - + Data 7] (514000 o 1954 GeV. fiei 16 All categories _
C . g C My=1e9: U=t S/(S+B) weighted
~ L F ] H(125) . @ ? :
— 60 N 7 +£12000 1 ¢ Data .
@ B [ ] q9—2z,zy* . o C —— S+B fit
o - BN 9972z, 2y . WioooEx{ B component ]
S 50 = 2 ook P :
kT - B z+x ] D 8000 1o =
L . C L
C _ [o)) C 2 O
40— _ "% 6000 -
B : & 4000F -
30— ]

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

100 110 120 130 140 150 160 _ 170 _ 180

m,, (GeV)

mass (H2ZZ) : my = 125.26 + 0.20 stat. * 0.08 syst. GeV
2% more precise compared to Runl ATLAS+CMS combination

Re )
CBPF _
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H —>TT PLB 779 (2018) 283

* Second largest branching ratio (~6.3%) among fermionic decay channel
® lower background compare to bb

* 4 most sensitive channels (ep, eth, P Th, ThTh) X 3 event categories (0-,|-,2-jets)

® targeting ggH and VBF processes
* Clear excess at m,;=125 GeV

4.90 (4.70 expected)

* First observation of H—tt from single experiment . :
5.90 combined with CMS Runl

CMS %%, VBF 35.9 fb™' (13 TeV)

+ Observed

e =109

Z—tT

=;“’ * Signal strength Y (the ratio of

v the measured Higgs boson

QCD multijet

-Others . . o .
o ane rate to its SM prediction) is

= H—tt (0 =1.09)

S T T T T
F0 < m, < 300 GeV

T T T T T T T T T T T T T T T T
: 300 < m, < 500 GeV : 500 < m, < 800 GeV : m; > 800 GeV

Events/bin

compatible with SM
H=0.98 £ 0.18 (Runl+Run2)

_+. Obs. - bkg.
Bkg. unc.

—  Hott
Bkg. unc.

|:| Bkg. unc.

e A Moraes Tsukuba, 10th April 2018

Pencpinan | mican



VH H—bb arXiv:1709.07497

* Dominant decay mode (~58%) in SM, but not yet discovered due to large background

® recoiling against W/Z boson is advantageous

CMS simulation (13 TeV)
> L AL AL DL AR
* 3 channels (0-, |-, 2- leptons) from W/Z—=€¢,0v,vv G 50001 M= 125 GeV ]
. . . o o % 4000 - —=— Before regression |
* Multivariate regression to improve mass resolution 5 AW pesk = 156%
L - —e— After regression
* Signal extraction using multivariate analysis technique 30001 B
2000} .
35.9fb™ (13 TeV) i
ovs 1000 .
pp — VH; H— bb -
Combined u = 1.2 = 0.4 <Ny . ]
050 100 150 200 250
ZH(bb) My, [GeV]
u=09=+05
WH(bb) Evidence of H—=bb which can lead to the discovery!
u=17+07
"""""""""""""""""""""""" Data used Significance Significance Signal strength
0 lept.
k=002:05 - expected observed observed
{ lept Run 1 2.5 2.1 0.8910%
e Run 2 2.8 3.3 1197049
2 lept. Combined 3.8 3.8 1.06 1231
u=18=0.6 0.29
— 1 | a1
-1 0 2 3
Best fit u

)
__CBPF
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CMS PAS HIG-17-026

ttH H—Dbb (leptonic)

* Direct probe of the top-Higgs Yukawa couplings
® cross section increased by a factor of 3.9 in Run2

® gain from largest BR(H—bb)

* At least one lepton from top decay — higher purity

* Complex final states require more sophisticated methods semileptonic ttH diagram

® 3 different multivariate analysis techniques 35.9 16 (13 TeV)
L

CMS Preliminary

' tot stat syst

* Limited by tt+HF and b-tagging uncertainties o

+1.21 +0.63 +1.04
-0.24 -1.12 -0.60 -0.95

Dilepton ———

Best-fit J = 0.72 % 0.45 Single-epton imit 0.84 105 1027 w041
significance |.60 (2.20 expected) |
huge improvement in sensitivity than Run| Combined HH 0.72 545 “o24 “ose
e

Best fit u= o/c_ atm, =125 GeV
SM

Ak
CBPF
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CMS PAS HIG-17-022

ttH H—bb (hadronic)

* Hadronic top decay — higher rate (46%) but more challenging
® =7/ jets in an event requires dedicated all-jet triggers

® fully reconstructed final state to the Higgs candidate

* Enhanced quark-jet final states by quark-gluon jet discriminant

® reduce QCD multijet background fully hadronic ttH diagram

-1
* Two levels of multivariate methods to separate 35.9fb” (13 TeV)

. CMS Preliminary w tot (stat syst)
signal and background 7i. 3b 16 98 (w27 w2
8j, 3b . 1.2 %8 (25 *29)

. " 29), 3b -— 35 5 (51 %%5)

* Provided supplementary sensitivity to the 7i db g 54 28 (w1 23
. ) = | ' -2.7 -1.8 -21

overall search for ttH production 8j, =4b . 0o 28 (w5 w23
20j, =4b ~— 0.4 %, (45 1%)

3b cats - _{7 *52 (+1.4 +5.o)

-fi = -+ | 54 \-14 53

Best-fit g = 0.9 = |.5, 4b cats . 15 78 (08 19

upper observed limit g < 3.8 at 95% CL Combined| ~ -~ 08 &Z (%7 13)

Best fit o = o/og,, at m, = 125 GeV

ALK
CBPF

cmumunese A, Moraes Tsukuba, 10th April 2018

Hencpmman | mican

46



CMS PAS HIG-16-040
CMS PAS HIG-17-018

tt H S CMS PAS HIG-17-022
u m I I la ry CMS PAS HIG-17-026
* A variety of final states, studied with different experimental techniques:

® tt + b-jets: large branching ratio, but complex multijet final state

o tt + leptons (H=>WW, ZZ, t7): lower rate, low SM backgrounds

® tt + yy,4¢: small branching ratio, but very clean final state

decay mode best fit p significance

H— yy . 22(+09/08) 330 (1.60 exp)

........................................................................................................................................................................................

........................................................................................................................................................................................

Hobb, 1€ +2¢ 072 (+0.45/-045) = 1.60 (220 exp)

* The ttH combination is not yet available but all above channels enter the combination
of couplings measurement
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CMS PAS HIG-17-019

Rare H—puu

* Probe of H(125) couplings to 2"? generation of leptons
® very low BR (~0.02%)

@ beneficial from excellent dimuon mass resolution

* No significant excess is observed

® 95% CL upper limit on the signal strength

10000

8000

6000

4000

2000

S/(S+B) Weighted Events / 0.5 GeV

Runl+Run2 : best-fit g = 0.9 * 1.0 significance of 0.980 (1.090 expected)

CMS Preliminary

35.9fb" (13 TeV)

C ':I_>““ All categories c%
—  {l125=0.7 for mn=125 GeV S/(S+B) weighted RS

¢ Data O
— S+B fit g
I ~ N T T T T B component =
— I = o &
- =20 3
L -
- @)
ol 2
L voo 0
- e (0}
C L L L P N R SRR |

A. Moraes

125

130 135 140

145 150
m,, [GeV]

5.0fb” (7 TeV) + 19.8 fb™ (8 TeV) + 35.9 fb™* (13 TeV)
CMS Preliminary

—=— Observed

------ Expected background only
- +x1o

------ *20

- - — Expected (SM mu = 125 GeV)

H < 2.64 obs. (1.89 exp.

= N WO »p O O N 00 ©

120 121 122 123 124 125 126 127 128 129 130

m,, [GeV]
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Couplings of H(125)

*x In k-framework, K represents the deviations from SM predictions of the Higgs boson
couplings to SM bosons and fermions

* By allowing BR(H—BSM) to vary in the fit, indirect constraints on Higgs couplings to
invisible and undetected particles can be obtained

* H(125) still looks SM-like up to now

CMS Preliminary 35.9 fb' (13 TeV)
CMS Preliminary ® Observed >|> 1__"I R T T T
35.9 b (13 TeV) — 10 interval S > - wZ
B —20i I \é
IKZI ] interva
— E S -1
he | : O 10
W ' L
u g S ||f
e, | e Y,
_ g 1072
I | ———
hic,| o 107°
lKgl —4—0——
B -4
I, | s 107k,
v | : (D 1.55"
B. fe—— o ®) 1
inv BRinv< 0.22 @ 95% CL "C")
— 0.5¢
o = i
Bundet.h BRundet,< 0.29 @ 95A C S 0:"|— iy L
111 | 111 | 111 | 111 111 111 111 | 111 | 111 | 111 m _1 2
0 02 04 0608 1 12 14 16 1.8 2 10 10 10

Ak
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Parameter value

Particle mass [GeV]
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Physics Beyond the
Standard Model (BSM)?
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SUSY: where are we?

Productuon @ 13 TeV

o B e
®  This is just meant to give a 3102 ! =
. , > : E
hint of why we’ve done o
what we’ve done. ™ 10§
®  Clearly if you want to look 5t : Events in 5 fb*

—
TTTIT T

for the highest cross
sections you start with

—_ 1000

107K E
gluinos and squarks. 7100
= Where we are now, we're 107¢ 3 10
starting to eat into the . :
space of the weak-inos. 10”200 400 600 800 10001200140016001800

Mass [GeV]
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSY CrossSections
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SUSY: where are we?

Selected CMS SUSY Results* - SMS Interpretation

ICHEP '"16 - Moriond '17

PP—~535.5 ~aq%
PP—99.9 ~qq%
PP—gg,3 »bb¥x
w555 03!
PP—~3§,g —~bb¥
PpP—G9,9 ~>tty
n55.5 -t
PP—3§,9 —tty

o
S PP—G 3,0 —tty
3 ppP—~89,9 ity
S -35.5
PP 99,9 —tty
3 fp:ﬁ .9 —>117<01
PP—gg,g ~tt —~toy
PP—9 9,9 —bty"
pp—>§§,§ —qax; ~aaWx
PP—99,9 —>qq3<j—>quzc
__PP—99,9 :’quX:_’quf ________
PP—=09.9 —aa(x /% )~ aqq(Wiz)y
PP—~99.9 —ad(x /%) = aa (W)
o AT 13
pp—tt,t =ty
pp—:t“.t' -t 3’(6
pp—:rt' 1 -t %
o1 3 13t
pp—tt,t =t
pp—tt,t >t
pp —{EE 3 ~c (Max exclusion for M- M s, <80 GeV)
pp—tt,t —c :’.‘o (Max exclusion forM,, - M s, <80 GeV) - -
N et e (Max exclusion for M e - M o0 <80 GeV) C M S P rel imin ary
E PP—tt,t —bffy (4-body) (Max exclusion for M, - M s, <80 GeV)
S pp—tt,t —>bff 20(4-body) (Max exclus!on forM . -M s <80GeV)
8‘ pp—tt, t~—>l:ff 7, (4-bociy) (Max exclusion for M, - M s, < 80 GeV)
R s =13TeV
o TTT % b bW
Pt ~7 b bW . .
PPtE i, b bW L=129fb L=35.9fb
pp —bb,b —b ¥
pp—;ﬁ),’i)eb %
P Ebb b %
pp —bb,b —b ¥ i~
pp*aa,a—wi q+ (U,d,C,SL ~ o~ o~ o~
PP—a 9,4 _’q;(1 qR+ L(u,d,c,s)
O S e
8 pp—»z( z(l—ﬂll Vz( z(
< PP =X x1—>lllvx %
) w7y ey )
PP =X, X TTTVY Y ] . .
S PP % W2 For decays with intermediate mass,
X PP 30, 7, WHIL iy iy : m =Xx-m +(1-x) m
§ pp—>x2X:—>WZ %, 18 2l soft (Max exclusion for M, -M ¢ <40 GeV) Intermediate — Mother LSP
m L L L I L L L I L L L I L L L L L L I L L L I L L L L L L I L L L I L L L I L

0 200 400 600 800 1000
*Observed limits at 95% C.L. - theory uncertainties not included

1200

1800 2000
Mass Scale [GeV]

1400 1600

Y

CBPF

Only a selection of available mass limits. Probe *up to* the quoted mass limit for m ~0 GeV unless stated otherwise
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SUSY: where are we?

Having found no SUSY so far in "standard" channels (strong production, large
mass splittings), the searches shifted in the following directions

e Search for SUSY in compressed spectrum scenarios (e.g, stop nearly
degenerate with top quark + neutralino masses)
Use ISR as an important tool to boost compressed system

e Search for EW production of SUSY particles
First sensitivity for Higgsino pair production in Run 1; now rapidly increasing
the reach

e Search for SUSY via Higgs boson in decay chain
Just started to be sensitive

e VBF SUSY production
Not yet sensitive - but a powerful tool for the future
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SUSY: where are we?

e These new paradigms require new tools:

® Soft-lepton triggers

® Jet substructure techniques

® Ever increasing use of ISR as a tag

® Charm tagging

® Use of "designer" kinematic variables
® Optimal top quark reconstruction

e These tools are common between SUSY and many other
searches, leading to significant cross- pollination spreading
across the search fields and also now being used in precision
measurements
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Other scenarios (non-SUSY)

Search strategies Physics models

| Many handles to search for evidence | Heavy resonances
of new phenomena

O Multi-lepton final states
| Lepton flavour violation

| Quantum black holes
| Extra dimensions

. Exploit Higgs 1 Non-resonant effects
I Di-jet events ] Excited quarks
[ ...
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Other scenarios (non-SUSY)
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LHC: the biggest, most complex sclentific endeavour

GLLYVBV\/’CLa Ln D(O’CL\/’L’Cg . We're only on the gth year of a program that
will be active for (at Least...) another 2 decades.

pata from the LHC provides a unigque and rich environment
to perform precision studies as well as searches for BSM
signals.

Fromw common/abundant SM processes to rare events
which “ma Yy” challenge our theory, LHC detectors are
testing the SM predictions as never before!

LHC wpgrade: will bring new challenges and opportunities

posstble to achieve higher centre-of-mass energy (new type of
hay), ncreased Luminosity (bigger pile of hay).
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CMS PAS HIG-17-031

H(125) Combination

* Cover a wide range of H(125) measurements using the full 2016 data
®© combined analysis sensitive to 22 out of 25 possible production x decay channels

* Signal strengths for the production and decay are compatible with SM expectations

Pencpinan | mican
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CMS Preliminary ® Observed CMS Preliminary ® Observed
35.9 fb" (13 TeV) = +10 (stat.@sys.) 35.9 o™ (13 TeV) = +10 (Stat.®sys.)
- S = =10 (sys)
u | ~33% more precise B : )
ggH =
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Myer _—°""_ o B \ ~30% i h
B . improves up to 20% Uz : < o ore precise than
for VBF and VH i Runl ATLAS+CMS comb.
- uWw NN
Mzn :‘: L
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ttH " than Runl ATLAS+dMS comb. B : already reach the same level
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Parameter value Parameter value
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CMS Preliminary

Dark Matter Summary* - June 2016
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The Large Hadron Collider

QCD measurements at the LHC:

- test predictions of QCD phenomena at high(est) energies with large
statistical samples of rare processes;

- detector allow measurements with unprecedented precision and fiducial

coverage (wide x-coverage; unprecedented high-Q? interactions)
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Forward Detectors at CMS

Hadronic Hadronic
Forward (HF) Forward (HF)
140 m (3.0<|n|<5.0) (3.0 <n| <5.0) 140 m TOTEM RPs
wi (147,220m)
TOTEM RPs ZDC CASTOR ZDC
(147,220m) |\ 5 g 4) (-5.2 < 1 < -6.6) (In| > 8.4)
TOTEM T2

— (in front of
CASTOR position)

HF Detector

CASTOR

e
* @11.2 m from interaction point *Tungsten-Quartz-Cherenkov \5. ,»-r".;l.
* Rapidity coverage: 3<|n|<5 sampling calorimeter s, - _’.'.t ,-'..' of i A \
" | « Steel absorbers/quartz fibers * Octagonal cylindrical shape ok : “{‘l
(Long+short fibers) » Segmented in 16 sectors in ¢ and N
’ 14 modules in z
* 0.175x0.175 n/@ segmentation

» Separated electromagnetic and i -u )
\

hadronic sections i

* Located at 14.4 m from IP in CMS
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Constraints on the double parton scattering cross section
from same-sign W boson pair production

A first search for same-sigh W boson pair production via double-parton scattering (DPS) in pp

Tj_j---...\_\/,-ﬁ. collisions at a center-of-mass energy of 8 TeV has been presented.
f T e ,/: The analyzed data were collected by the CMS detector at the LHC during 2012 and
m'" “ v~ correspond to an integrated luminosity of 19.7 fb—1.
9 ! ) ]
/;3,,,(}:" ,‘.J”‘v@{,.__l = The results presented here are based on the analysis of events containing two same-sign W
ol “'“‘,;Q bosons decaying into either same-sigh muon-muon or electron-muon pairs.
LMo T .
1 | . . : : .
s 4 Several kinematic observables have been studied to identify those that can better
T discriminate between DPS and the single-parton scattering (SPS) backgrounds.

Schematic diagram corresponding to the

production of a same-sign W boson pair : ‘
via the DPS process. - CMS 19.7tb" (8 TeV] - CMS 18.7 1877 (8 TeV)
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Constraints on the double parton scattering cross section
from same-sign W boson pair production

CMS 19.7 b’ (8 TeV)
_T-:'_ E rv 1] rr. . rprrrr T r [T 1
' s Obse'vedLimit
. P e ExpecledLimil
.\*.,.:‘.\‘\_/"-P--..‘\_' — E E - EXpeCth t 1 S.d.
Wy m — M= _ Expected & 2 5.0.
I e T T FYTHIA 8 prediction
h ~.-,-,\/'.:'~(-,-|~.,___\ . Lli,- J"~",':;‘.R. - Factorizaion approach
N :
i, - L} [}
42 /"/' /'\--"]:,‘», [ E
/.,’ q’;/' v '{:_'.-- o
',/ — "\ -~ ‘ ,‘:E"\ “ [ B
Y :
,f',l 'l
2 - ""‘-‘_,-// E E
Schematic diagram corresponding to the E .
production of a same-sign W boson pair . | ]
via the DPS process. Combined ' - —
1::11111111111[11111111111
Q 0.5 1 1.5 2 25
95% CL Limit on 6383, [pb]

No excess over the expected contributions from SPS processes is observed.

A 95% confidence level (CL) upper limit of 0.32 pb is placed on the inclusive cross section for same-sigh WW
production via DPS.

A corresponding 95% CL lower limit of 12.2 mb on the effective double-parton cross section is also
derived, compatible with previous measurements as well as with Monte Carlo event generator expectations.

4 JHEP 02 (2018) 032
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Two-particle angular correlations: the
“ridge” effect

Observation of near side long-range correlation in smaller system:

= Surprising!
CMS collaboration was the first to discover it in small systems

=  All LHC collaborations involved now!!!

|
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T oms
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N>110, 1.0GeV/c<pT<3.OGeV/c %
Z

| | %
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O
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Comparison with different systems

- CMS
- A PbPb \'s = 2.76 TeV A
& | cpPb |s=5.02Tev c}:
> I .
o i opp\.f=13TeV A o O
S— - _ D
5 copp\s=7TeV =
Q9 I A -
-; 0.1 — 0
b i
ks A 0 2.0 < |An]| < 4.0
S i
g8 . - 1.0<p_<2.0GeVic
i A QO ce ®
ompeb e e
0_ 1 |} 1 1 10J.0 L 1 1 1 20lo L L L 1 3010 L 1
Noffline

trk

Ridge yield starts to increase linearly for the three systems from Nk ~ 40
(approximately)

~Strong system-size dependence of the Associated Yield slope increase
Ry )
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