Some Highlights of CMS Results
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Outline

» CMS performance

» Some highlights from CMS

¢ Higgs Physics
+» Standard Model Measurements

¢ Beyond Standard Model Searches

» Summary

Apologize that can NOT
include all the CMS recent
results and can NOT tell
the details of the analyses

Most results from ICHEP16
and Moriond17 after the
gth FCPPL




CMS Collaboration and It’s Goals

TRACKER
CRYSTAL ECAL

Total weight 12500 T
Overall diameter : 15.0 m
Overall length 215 m
Magnetic field : 4 Tesla

CMS experiment at LHC is an CMS
International scientific collaboration,
Involving about 3500 scientists,
engineers, and students from 199
Institutes in 46 countries
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: MUON CHAMBERS

Discovered the last Standard Model
particle: Higgs Boson

but... there is more than “just” the Higgs
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CMS Data Taking History

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:22 to 2016-10-27 14:12 UTC
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CMS Operations in Run 2

CMS in 2016 operated with Detector Active Fraction
high efficiency
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CMS physics results

Show all Total Exotica Standard Model | Supersymmetry Higgs Top Physics

Heavy lon B Physics Forward Physics Beyond 2 Generations

591 collider data papers submitted as of 2017-03-08

110 4

» Around 600 papers
submitted/published

100 -

» ~200 public results
already with Run2 data




CMS Object Reconstruction
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Events with high- P, jets
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Brief nggs Summary from Run-|
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ATLAS and CMS
LHC Run 1
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Higgs mass from ATLAS+CMS
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Higgs at LHC Run2 (13TeV)

» Cross sections are increased by ~2.3 except for ttH 3.8 from
8 TeV to 13 TeV

» More than 100 fb-tis expected in Run 2
~25 fbtin Run 1

» We expect 10 times more the BEH scalar events than Run 1

» Results with 12.9 - 35.9fb-t data are presented in the follows
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11 12 13 _14 15

: Vs [TeV]
Cross section [pb] ggF VBF
@125.09 GeV

Y 21.39 1.600 0.701 0.4199 0.1326

13 TeV 48.52 3.779 1.369 0.8824 0.5065

m 2.27 2.36 1.95 2.10

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG

3.82

0.2015
0.4863
2.41
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Higgs Re-Discovery
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CMS-HIG-16-041

5.60 at 125.09 GeV and
max. 6.1o at 125.97 GeV

Look for small signal peak (BR~0.2%,
good mass resolution o™~ 1-2% m,,
over large background (yy, vj, jj)

Event signature:
« 4 leptons (4e, 4y, 2e2)

\
o Large S/B ratio ( > 2:1)

« Good mass resolution (I—Z%D

Background:
o ZZ (main): estimated from MC

« Reducible background (data
driven)

‘Re-discovered by both H->ZZ->4l and H->vyy
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Measurements from H->2Z->4l
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Measurements from H->yy
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ttH Production

e combine Run1:
= 2 8+1.0, 3.40

Important to

study directly
the coupling of -
top to Higgs
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See details
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Double Higgs Production: H(125)H(125)

g

OHH . main way to extract
Higgs trilinear coupling AHHH

CMS preliminary

AHHH
— __.H
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(35.9 fb)

— 1T: 3 states puth,eth, Tnn

__-H

— bb: 3 types: 2b or 1b-tag, or boosted ak8 jet

Ogg—HH = 33.49+4360 (scale) + 2.1 (PDF) + 2.3 (as) fb

[13 TeV. NNLO + NNLL with top mass effects, HXSWG, arXiv:1610.07922]

CMS-HIG-17-002

3597 (13 TeV)
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95% CL on o x B(S— HH— bbrtr) [fb]

10 g "ﬁ')'bser:ve'd"CLs
- ---4--- Expecled CLs |
- I Expecied = To |
i | Expecited + 20 | | | |
1 300 400 500 600 700 800 900
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we

Non-resonant search excludes
28 times the SM

Resonant production tested up
to mX =900 GeV
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Standard Model Measurements



SM Cross Section measurements

All measurements consistent with standard model
CMS Preliminary
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All results at: http://cern.ch/go/pNj7EW: W-iv. Z-l, I=e.n

Th. Ac,,in exp. AG
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o x B [pb]

Inclusive W/Z production

Measured values, including Vs dependence,

agree with NNLO QCD predictions

Ratios of production rates - tools to

constrain PDFs

SMP-15-004
SMP-15-011

| T 1 I L | T T I T T [ | I T I _
®  CMS Preliminary, 43 pb™ (13 TeV) w
= ®  CMS, 18pb* (B TeV) Wt A
O ©CMS, 36ph* (7 TeV) \"'
1 04 = W CcOFRuni =
- 0 DiRunl -
— R -
v < ]
10° =
B PP n
100 =
— Theory: NNLO, FEWZ and NNPDF 3.0 PDFs -
B L 1 L L 1 | L 1 L L L L Ll I L ]
0.5 1 2 5 7 1 20
Center-of-mass energy [TeV]
CMS Preliminary 43 pb™ (13 TeV)
T T | T T T | T T I
| Observation Theory: FEWZ (NMLO)
Uncertainty Observation: NNPDF3.0
NNPDF3.0
10557 ——H
CTi4
10.55, ——{
MMHT2014
10637 H——
ABMAZLHC
10.568 o k+H
HERAPDF15
10615 A
[InnEr uncersing :IFDF onily) | |
10.0 105

CMS Preliminary

43 pb'(13 TeV)

He{{ Observation, uncertainty (exp., exp. & theory)
Uncertainty (lumi)

Theory: FEW.Z (MNLO), NNPOF3.0
Observation: NNPDF3.0

Wal'y
W=y
_____ wov |
_____ oo S
""" e i i,
""" Wt izt e oS0l mGi0
W sy S 21t o o e * 008y
_____ Wolizott e 108620063015,
S R B B I

ratio (exp./th.) of total cross sections and ratios
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» Background to many Higgs searches and
new physics searches

» Relatively large diboson rates at the LHC

Important test of the SM — probes gauge-
boson self-interactions

v use mainly W/Z leptonic decays for
clean signatures and high trigger

efficiencies

v add hadronic decays where possible to
Increase statistics

Diboson Production

March 2017

CMS Preliminary

T

CMS measurements
vs. NNLO (nLo) theory

T
7 TeV CMS measurement (stat,stat+sys) —+—o—+—
8 TeV CMS measurement (stat,stat+sys) ——e——
13 TeV CMS measurement (stat,stat+sys) ——e——

http://cern.ch/go/pNj7

1.5
Production Cross Section Ratio: o,/ o,

Very good agreement with SM expectations

Y o 1.06+0.01+0.12 5.0fb"
WY, (NLO th) —o+——— 1.16+0.03+0.13 5.0 fb
ZYy, (NLO th) O 0.98+0.01+0.05 5.0fb™
Zy, (NLO th) e 0.98+0.01£0.05 19.5fb
WW+WZ 55 - 1.01+0.13+0.14 4.9 fb"
WWwW —_ 1.07+0.04+0.09 4.9fb’
WWw R 1.00+£0.02+0.08 19.4fb"
WW ol 0.96+0.05+0.08 2.3fb"
Wz o 1.05+0.07 £ 0.06 4.9 fb"
W2Z e 1.02+0.04+0.07 19.61b™
74 ——e— 0.80+0.06+0.07 2.3fb"
Y4 \ | 0.97+0.13+0.07 4.9 fb"
Y4 ————— 0.97+0.06+0.08 19.6 fb™
zZZ e < 1.10+0.04+0.05 35.9fb" > \\e‘“"

015 1I I I I I I l l l l 2
All results at:

heo
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Anomalous triple and quartic gauge couplings (aTGC, aQGC)

Diboson and triboson measurements are the natural choice to search for anomalous

gauge couplings

CMS

March 2017 ° ATLAS —
eVl Cp 4 Channel Limits LLdi 1 Vs
A — ww -4.3e-02, 4.3e-02 461b 7 TeV
z — Ww -2.5e-02, 2.0e-02 203f" 8TeV
—e— ww -6.0e-02, 4.6e-02 19.4f" 8TeV
[ Wz -1.3e-01, 2.4e-01 336f" 813 TeV
} Wz -2.1e-01, 2.5e-01 19.6fb" 8TeV
e | wv -9.0e-02, 1.0e-01 461fb’ 7 TeV
[ R WV -4.3e-02, 3.3e-02 5.0 fb’ 7 TeV
— WV -2.3e-02, 3.2e-02 19.6 fb™ 8 TeV
I wv -4.0e-02, 4.1e-02 231"’ 13 TeV
—e—— LEP Comb. -7.4e-02, 5.1e-02 0.7 fb” 0.20 TeV
A, [E— WW -6.2e-02, 5.9e-02 461" 7 TeV
— WW -1.9e-02, 1.9e-02 20.3 b 8 TeV
— WW -4.8e-02, 4.8e-02 491" 7 TeV
e~ WwW -2.4e-02, 2.4e-02 19.4f" 8TeV
— WZ -4.6e-02, 4.7e-02 461b’ 7 TeV
— Wz -1.4e-02, 1.3e-02 336fb" 8,13 TeV
— Wz -1.8e-02, 1.6e-02 196f" 8TeV
— WV -3.9e-02, 4.0e-02 461" 7 TeV
— wWv -3.8e-02, 3.0e-02 5.0 b’ 7 TeV
H WV -1.1e-02, 1.1e-02 19.6 fb” 8 TeV
— wv -3.9e-02, 3.9e-02 231’ 13 TeV
—e— DO Comb. -3.6e-02, 4.4e-02 861fb’ 1.96 TeV
—e— LEP Comb. -5.9e-02, 1.7e-02 0.7 b 0.20 TeV
AT — WwW -3.9e-02, 5.2e-02 461’ 7 TeV
— WwW -1.6e-02, 2.7e-02 203f' 8TeV
_ WW -9.5e-02, 9.5e-02 491b’ 7 TeV
—e— ww -4.7e-02, 2.2e-02 19.4 fb™ 8 TeV
— WZ -5.7e-02, 9.3e-02 1
— WZ -1.5e-02, 3.0e-02 ~
— Wz -1.8e-02, 3.5e-02 1061 8TeV
 — v -5.5e-02, 7.1e-02 461" 7 TeV
— WV -8.7e-03, 2.4e-02 19.6 b 8 TeV
—_ wv -6.7e-02, 6.6e-02 231’ 13 TeV
—e— DO Comb. -3.4e-02, 8.4e-02 8.6 lb’l 1.96 TeV
1 J 1 1 |—o-]—| | LEP Colmb_ ?.4e 02, 21.1 e-02 071 | 0.20 Te}/
0 0.5 1

Limits on WWZ aTGC couplings

aTGC Limits @95% C.L.

wett

LEP L3 limits — CMS WWy limits —_—
July 2013 B
i DO limits CMS yy - WW limits o
Anomalous WWyy Quartic Coupling limits @95% C.L. Channel Limits L \s
WWy [- 15000, 15000] 0.43fb" 0.20 TeV
vy— WW [-430,430] 9.70fb7 1.96 TeV
——— ww -21,20 19.30fb™" 8.0 TeV
a%/A® Tev™? ! [ !
Yy — WW [-4, 4] 5.05tb' 7.0 Tev
WWwWy [- 48000, 26000] 0.43fb™ 0.20 TeV
vy — WW [-1500,1500] 9.70fb” 1.96 TeV
WWy [-34,32] 19.30fb™ 8.0 TeV
a¥/A® Tev?
T A, Yy WW  [-15,15] 5.05fb" 7.0 Tev
-1
fro A% Tev WWwy [-25,24] 19.30fb" 8.0 TeV
-10°-10*-10°-102-10 -1 1 10 10% 10° 10* 10°
Limits on WWyy
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Inclusive tf cross section [pb]

10°

10?

10

CMS, dilepton en

Top pair/single top production

o orOa0B® a

* Preliminary

Tevatron combined 1.96 TeV [\L{ 8.81")
CMS eu* 502 TeV (L= 26 pb)

CMS eu7TeV ([L=5f")

CMS l+jets 7 TeV (L=2.310")

CMS all-jets 7 TeV (L= 3. 54“} )

CMS eu 8 TeV (L=12.7 ")

CMS |+jets 8 TeV (L=19.6 i J

CMS all-jets & TeV (L = 18. 41b 1

CMS en 13 TeV (L=43 pb 50 ns)

CMS e 13TeV(L=2210 J

CMS Preliminary

13TeV, <2.3fb™?

Aug 2016 |

~>

CMS l+jets* 13 TeV (L=42 pb 50 ns)
CMS l+jets* 13 TeV (L=2.310"
CMS all-jets* 13 TeV (L =253 fb")

1000

80
&5.02TeV/ 26pb!

600
E=== NNLO+NNLL (pp)

L Effect of the beam energy
I uncerainty: 12 pb
(not included In the Figure) -

.NNPDFJ b
| .ET14

.MI\J‘IHTM_
DABMIZ‘

NNLO+NMLL (pf)
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004

NNPDF3.0, m_ = 172.5 GeV, e,(M,) = 0118+DO{J1[0.{MZ] =0.113]

13 fs[TeV]

4 6 8 10

TOP-16-005/006

] 746 = 58 + 53 = 36 pb
PRL 116 (2016) 052002
L= 43 pb™, 50 ns
CMS, dilepton ep * o 793+ 8+38=21pb
CMS-PAS- TOP 16-005

[ 835+ 3+ 23=23ph I
cMs.anJets* —te+— 834+25+118+23pb
CMS-PAS TOP-16-013 P
Ly =25310 NNPDF3.0 JHEP 04 (2015) 040

MMHT14 EPJC 75 (2015) 5

* Preliminary

CT14 PRD 23 (2016) 033006

-l IIIII

15 4

Vs [TeV]

currently the
most precise
measurement

" ATLAS+CMS Preliminary LHCIOPWG = arias tchannel ]

PRDS0 (2014} 112006, paper in preparation,
I~ Single top-quark production anXiv:1609.03920
- ® CMS t-channel i
November 2016 JHEP12 (2012)035, JHEP0S (2014) 090,
arXiv:1610.00678
- ’ i i ‘ PLB716(2012) 142, JHEPO1 (2016064, B
ATLAS-GONF-2016-065 b
O CMS Wt

PRL110(2013)022003, PRL112(2014) 231802

LHC combination, Wt
ATLAS-CONF-2016-023, CMS-PAS-TOP-15-019

10° - % .
E—""i"i"‘"" ----------------- A

- v

ATLAS s-channel
ATLAS-CONF-2011-118 95% CL,
PLB756(2016)228

CMS s-channel

arXiv:1603.02555 95% CL
x 748 TeV combined fit 95% CL

Inclusive cross-section [pb]

- % ------- NNLO PLB736(2014)58 = t

scale uncertainty

------- NLO +NNLL PRD83(2011)091503,
PRDB82(2010)054018, PRD81(2010)054028 -
Wit:  contribution removed = g

10

scale ® PDF @ o, uncertainty

L —— NLO NPPS205(2010) 10, CPC191(2015) 74

- H= = Mg b 4

CT10nlo, MSTW2008nlo, NNPDF2.3nlo

Wi: p° veto for  removal =60GeV/ -
and qusﬁGe\/

[ scale uncertainty -

scale ® PDF ® o, uncertainty
Mip= 172.5GeV -

13
Vs [TeV]

Orcht — 149.6 £9.9 (stat) +10.6 (exp) 151

Ot-ch.t = 82.6 £5.2 (stat) £8.1 (exp) ﬂgg

(theo) £4.0 (lumi) pb
(theo) + 2.2 (lumi) pb

Within experimental uncertainty
no significant deviation observed

q

t-channnel

t
~220pb

w

Associate
production

t ~72pb

t

w+

S-channel

~10pb

TOP-16-003
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Top pair + W/Z production

g

d

Select event with 2 SameSign

leptons(ttW) or 3 or 4

T

leptons (ttZ)

o(ttZ) = 0.70%735 (stat.) Fg33 (sys.) pb

CMS-PAS-TOP-16-017

CMS Preliminary 12.9 fb™ (13 TeV)

E : L | T 1 | T T j,-f’% T T L L | T 1 | T 1 | T 1 |:
—NEQOO_— T 4 2-Dbestfit
‘:H;[EUUU:— N — 68% contour
- s —95% contour 7

1800F ; 7 — {-Dbestfit —

- o B=1Dfiz+1c 3

1600 7 =1-DfW=1o
14001 Z =
1200 Z —

— " ke -
1000 \)/ Z 3
\_.\\\\\\\\ R =

S0/ RRNNNRNE

600F 7 —
=\ E
400 ~ —
o(ttW) = 0.98 102 (stat.) 1022 (sys.) pb 200F- 7 3
. . :I 11 | 11 1 | 11 ﬁ/ /E 11 | 11 1 | 11 1 | 1 1 1 | 1 1 1 | 1 1 1 |_
OU 200 400 600 800 1000 1200 1400 1600 1800
Oy [10]
Channel Expected signiticance | Observed significance
2¢ss analysis (ttW) 2.6 &)
3¢ analysis (ttZ) 5.4 3.8
4¢ analysis (ttZ) 24 2.8
3¢ and 4/ combined (ttZ) 5.8 d.6O )




Beyond Standard Model Searches
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—y

Events / 20 GeV
o

Events / ( 100 GeV ) (data-fit)/c,,,

Data-Fit

Search for new resonances (l)

Prelimi :
CM.S -ﬁe‘l‘n{"?‘ary‘ T 12 9 fb (13 TeV CMS Prellmmary 129fb (13 TeV S 1of CMS Frofiminay ; Da:: fo_ (13 TeV)
3 + Data = E DR ® " .
L , ~ _ — Fit
: EBEB  — Fit model 750GeV bump was 8102 - % 10k, X = di-jets 9 (20 TeV)
- Toed . QI0°E : =, 10
oL t2sd. not confirmed by N — Fit e F gggg 13;
E . i~ Uncertainty o 10 '
- X => di-photon 2016 data (ICHEP16 2 5 |
L P ( ) o 10F X = Z+photon ° 1 \
10§ > E - “e“'
- I Eli E
; I 1= oo 00 oo 1 10 21__
TE ICHEP16 = I %%/ndf=38.9/39=1.0
- N F 1079 Wide PF-jets
- ., r F m>125TeV
e . : = S ,,—,—,, 107 Ml <25, 1Ay <13
2 ] Al m i
é\ o, o o7 Te al o )89 *» u|_' = ot
e i 7 w Wﬂ = 2 i ..l. | i (RN %E i .
. T ETY ale -1 ! j
2 _% il EXO 16-027 =2 . EXO-16-034 =I5 2 EXO-16-056
400 600 800 100012001400160018002000 200, 490 BOO 800 10000 4200 1400 iy S = = o
[GeV] 2 3 4 65 6 7 8
n,cev) | NO obvious excess Difet mass [TeV]
i
X 9 d' boson 129" (FTew = ‘ | 124 fb" (13 TeV) 13.0 b (13 TeV)
105 i T T rrrrrTrTTTTTT T '. ! j T T T ' T > L T T T LI T
CMS D 45 - D L A5
10* Preliminary ® Data Wouv . Wijets 9 10 x 9 dl |e pton + Data CMS (0] 10 x 9 dl Ie pton + Data CMS
s Bl wwwz i 2 10* ee [ vz — &" & Preliminary 2 10° 7 o> - Preliminary
122 DSingleTop B4 uncertainty § 10° . \:| tt, tW, WW, WZ, ZZ, 11 § e I-lu- I tw
3 =+e= W M,,=4.5 TeV (x800 L [ ] Jets w [ ] Ww, Wz, ZZ, tt, Wjets
10 T WWIWZ—evgo 10° 10°
1 i ;000 10 EXO-16-031 10 EXO-16-031
107 - 1 " 1
0P e b S 107" 0 ' 10"
, ‘ St . g
o Brrbib i o . "
= B2G-16-020 éxma 10 f o
1 1 2 2 4 4 —4 [ 1 I | 1 | | -4 | L L L L |
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Events / 100 GeV

Data-Fit

Search for new resonances (ll)

35.9fb" (13 TeV 35.9 b7 (13 TeV X - VH - qabb 35910 (13 TeV)

~—

~—

105 e N T L o o B B ML A B > ‘107 LU LA L L L L B IO 12: 5104? gr'zglfnjnary ¢+ Data (2793) %
- CMS ~-CMS data 3 8 CMS —4- CMS data 3 S - . . — Bkg. fit(2par) 7
L 7 1 05 L . — D i W mass, high purity, loose b tag ..... Bkg. fit (3 par.) -
104 = Preliminary .2 par. background fit _ 8 Preliminary .3 par. background fit E P 10° 2 — my, = 2000 GeV =
E 3 - = E _ 3
= <=« W'(2 TeV)>WZ ( = 0.009 pb) — 108 ==+ q*(4 TeV)>qZ (6= 0.01pb) __ s HVT model B (g,=3) -
N : %) 3 102 -
32 iah-puri —= T Z, high-purit 7 B 3
10 £ WZ, high-purity E qC) 10° E qZ, high-purity - & WH E
= <25, p, >200GeV Ll>J = ml<25 p . >200GeV 7 0 B B
102 ; M > 1050 GeV, |an | < 1.3; 10° B M, > 1050 GeV, |Anh| < 1% g g
- . 10° = = i3 E
0= & - - - : z
; ; 10 = = 1071| FETEIN AY ATREN VI ST At I I A 6 . S R A O B
L . - E + 5 6% ‘21;: ; l Cindf= 11616 p-value = 0.77 E
1 E ." "- 1 ; ’ ‘+ : 52 Oi ‘if??}fii;z i'i; ~b-b-b-d-4-4-4 -é
= . E o . = g 25 E
O Lol L L"\ Lol |"_‘ L I B NI BN BN RN B |’\’o‘ w L1 L[] -DZ 714660 15b0 20'00 25b0 30b0 35b0 4d00 45b0 5050
T T T T 1] 2 T T T T ~—
2+ ° ° — = - e ] GeV
.S SO SS (R = [ S S ——— |V |8 .. LN -7 Tc B X1 |1 B VRV R Cl
s 0 ra— B T— . 850 « v X = VH = qgbb 359" (13 TeV)
b ——-2-—. ——————————————— TR e e L L] !---.--------.- -------------- 8 b 2_‘ "'-."-"'. '''' b kbl .' """"" i -"-; """"""" o > E\ \C\\M‘S\ T | T T T ‘ T T T ‘ T 1T ‘ L ‘ T T T T | T T ‘:
_ D — -/ ° L — = =
2 - ‘ . ' Y Y ‘ ' 8 L Preliminary t Data (.14989) .
1500 2000 2500 3000 2000 3000 4000 5000 S 10t — Bkg. fit (4 par.) _|
Dijet invariant mass (GeV) Dijet invariant mass (GeV) T A\ ZMmass fowpurly, loosebtag ... Bkg. fit (5 par.) =
o F — m,, =2000GeV
X->VV and Vg
L = -
A F 3
N - .
ne 107 = =
0 E
e E
o B ]
No obVIous excess 1071\””‘H|HH\HH\‘H.\HHM [ I
6% 3;: 2lndllw .3/22 pvalue 0.69 E
i, 084 -i.i----{t--.}-i }-,}-%—;}Ji u.&; l-a-u -------------------- =
s -2F E
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£ 1000 1500 2000 2500 3000 3500 4000 4500 5000

Higgs boson decays to b quarks ™ (G8V)



Searches for BSM nggs

12.9 b7 (13 TeV)

60, CMS preliminary 12.9 fb” (13 TeV) __ CMSs Preliminary 1291 (13 Te)
CMS %?)ILSE::L?“ I + 16 Expected o LN»” é 2 Expected Observed 95% CL
Preliminary St gF r=0 MEled o — "
%GOK '“°d+scene|"|ell Y . 501 r;lT i r=2G e ]
g M i ] N =2 GeV
-H 50§ ] B MS'PAS'HIG'16'031 T i ['=10GeV - 7
§ - - 1 X 1l T = 40 GeV —
\ 401 harged Higgs NS i _ ;;
40k ] L pp — tb)H, H - v, ] Q ngh mass X>ZZ -
‘ots final ] o _
N 30 islets final state b 6 CMS-PAS-HIG-16-034
30 § ] -&- Observed .
: : - E’ Excluded : 1 E ...........
203 A / H / h= tt 7 20~ mssm mmods ¥ Expected median + 167
B - e Expected median + 2 |
10 z A CIVIS PAS HIG 16 037 10 _—‘/\\\ LI, m::ISSM * 125i3 GeV __ 10-1 H i i i i i}
- T T — 130 10° 2530
: ] my [GeV]
\\\\\\\\4\\\\\\\\\\1\\4\“ C 1 | L1 |‘| L1111 | | | | [ | ‘ L1111 | L1117 129fb (13T9V)
200 400 600 %800 1000 1200 1400 1600 1800 200/ 250 300 350 400 450 500 (02— : |
. FCMS bbu't +bbe1: +bb‘c
mA (GeV) mH (GeV) [ prellmfnary : Comblned channels

Excluded if h = SM Higgs

| CMS-PAS-H'G-].G-GZQ .....
Narrow resonance
: H->2 SM Higgs -
No excess is found above SM exp. bbtt

—
Q

+ Observed :
',,',T,(;)f" Expected CLS T T
[N Expected * o ' i :
; Expeeted+2c : : :
300 400 500 600 700 800 <9900
m, [GeV]

95% CL on 6x BR(H—s hh— bbrt) [pb]




SUSY

. pp — GG, §—=>ttX}  icHEP 2016
» Hierarchy problem 200 CMS poimnay ~ 13TeV -
> Unification of gauge couplings TSR S et B
. : o e e -
» Dark matter (lightest SUSY particle) 1400l —SU 18920, 21p (581 120 Gl E
- ZSUS-16-030, 0-lep (lop tag), 129 1" uino _2
o o 1200F _ 5Us-15-002, O-lep (H}'™), 2.3 fb"
» Many searches with jets, leptons, e Tt+LSP-
° ° ° ° 800:— agaee. _:
photons, missing energy in final state ]
. . oo
No significant deviation from - T
Standard Model observed | o e e e b
g
CMS Preliminary 129" (13 TeV) 1
;I pp—bb, b—)x b, x —>TI/Zx T—>x| m n— 100 GeV _: ! E‘ ICH EP16 — QOOCMS Pre/iminary 12 9 fb_ (13 TeV)
© 1000 m; = 0.5(m_,+ m.); NLO+NLL exclusion 1 & % pp—>)‘()‘(°—>IVII BR(x )= 0.5,m=0.5(m +m, ) y
) reeeeeeeeet Expected limit, £1(2) o,,, ] © O, 800 =Opserved + 10,,,, NLO-NLL ‘oxct. |8
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I P | E_') 500 - ]
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- o S - i 1 3
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95% CL upper limit on cross section [pb]
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ICHEP 2016
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= 900 | | | | ]
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C —SUS-16-016, 0-lep (ay), 12.9 b ]

600F. —SUS-16-029, 0-lep stop, 12.9 fb” Top SOt

r =SUS-16-030, O-lep (top tag), 12.9 fb™ 7

E SUS—IB-{)QS, 1-lep stop, 12.9 fib™ 7

00t _combination 0-lep and 1-lep stop, 12.9 fb™* =
aoof- 01+11 combinatigs:™ =
300 -
200F Y -
100F -

" 6'- "- ;:: 'E | ]

200 800 1000

400 600 1200
my [GeV]
CMS Preliminary  10.1-1291b" (13 TeV)
= 50 = 10°
~0 ~+ ~0 ~0 ~+ ~0
() PP > X, X X, > LA %, > W, ]
O 45 =Observed £ 16, ]
ol?fv_ 40 :f_i Expected ih‘lo-experimenl i20-experiment :
o o b |
1 L H ]
DRSS Neutralino .
E | ]
30 -
= =3 1 0
25f.. ==
20 B -
15f, Y
10F =
T o B B e s e s
100 120 140 160 180 200 220
Soft dilepton + MET my ;: [GeV],,

CMS-SUS-16-025

uarks

95% CL upper limit on cross section [pb]



SUSY .

pono pp - 3G, G —tIX°  moriond 2017
; : T I T T ‘ T T I LU ‘ T 17T I L ‘ LI I LI :
8 18001CMS Preliminary 35.9fb" (13 TeV) 1
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Basic idea: search of
mono-object recoiling
against MET

Summary of all Dark
Matter Searches in
Run Il : Max and Min
Limits on mediator
search (blue) decaying
to dark matter (red)

q

q
DM + jets/V(d0) v i
gnmz‘l ! gq=0.25 AV
DM + vy v =
gDM:1’ gq=0.25 AV
DM + Z('T) ol o
9,1 9,=0.25 AV
DM + t :
9., 8,,=b,=0.25 v
DM + H(bbAy) o
m,:=300GeV; m =100GeV :
DM .
QZI=0.8 | :
DM + jets/V(dG) s
gDM:gq:1 PS
DM + :
gDM:gq:1 o0, =2 PS
DM + bbAf o/o,=5 s
9595~ olo,=30 PS [l
1

& 450§ Axial Vector, Dirac, g_=025,g_ =1
£ 400E
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CMS Preliminary

X

No excess observed,
set limits on DM and -

mediator : Mediator mass 150~
up to 760 GeV excluded 100}
(vector/axial vector)
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Exotic : majorana neutrinos

CMS Preliminary 35.9 fo (13 TeV)
. ] . _I | T T | T T ‘ T T | T T | T T ‘ T T | I_
A search for a type-lll seesaw signal in events with I == o(ppoTN)to, -
three or more electrons or muons was performed - 95% CL upper limits
10_1 B -=-. Observed B
- e EXpected .
- I 1 std deviation ]
3 I 2 std deviation |
g | ]
@
107 E
» Constrains heavy majorana neutrinos I ]
> Limits improved by ~4OO GeV from 2015 10—3 1 | I | I ‘ I | | I | I ‘ I | | 1

400 500 600 700 800 900 1000

> Mass (GeV)
EXO-17-006
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Beyond 2nd generation: X;/;

SS 20 events are used to B2G-16-019
constrain the top partner Xg; e e i i S e
- - =
! : —e— 95% CL observed ----- 95% CL expected ]|
o s A
& 1= *+ 1 s.d expected + 2 s.d expected &
’:Q) é X, ; Signal Cross Section g
<, i i
\>_<:0 10 = =
5 B :
102 E e N i i
» No significant deviations ; :

e e Lo v lawralgavo lewea Uon e leaaeleroylowiyg vl
> Limits on mass at 1.10 (1.16) TeV on 700 800 900 1000 1100 1200 1300 1400 1500
left(right)-handed X, ,; : Improved by X, mass [GeV]

~200 GeV from 2015
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Summary

» Very successful operation of the LHC and CMS in 2016

» Higgs was rediscovered and measured with Run Il data : its properties consistent with
the SM expectations within uncertainty

» Precision results on SM process measurements are crucial for better understanding of
LHC physics : consistent with standard model

» Known excesses (such as diphoton in 2015) not confirmed using 2016 data
» Searches for BSM physics: no new significant excesses observed

» Many more CMS analyses are public and were not presented in this talk. More CMS
results will come with full 2016 data!
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H(125)H(125) : 3000fbL

CMS Projection s=13Tev  SM gg — HH

Extrapolation from 2015
to HL-LHC (3000 fb1)
(but analyses improve fast)

CMS-FTR-16-002

—2

L | L I 1T 11 | 1T 11 | | | T 11 | P T 11
— ECFA16 S2 — Stat. Only
Lo —  1.60
(S2+)
uﬂ'bl:: { { 040
Hvbb H 0.50
Hoobb I I 040
1111 | L 11 1 I 111 | L 111 | L1 11 I 1 111 | | I |
~1 0 1 2 3 4 5

expected uncertainty
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Production Cross Section, o [pb]

Why Standard Model Physics?

SM precision measurements are important at the LHC

test a wide range of QCD and EW predictions to the highest energies available

tune theoretical calculations and MC generators

provide precise modeling of backgrounds to many searches

- any deviation from the SM expectation may be a sign of new physics!

Mar 2014

CMS Preliminary

g

# 8TeV CMS measurement (L < 19.6 1b™)

7 TeV CMS measurement (L < 5.0 fb™) g Test of the SM over

—— 7 TeV Theory prediction

—— 8 TeV Theory prediction
pw>56 GeV
——
: :
p, >25 GeV :
: P, >40 GeV, p_>30 GeV :
——
P, 23,20 GeV
‘ p, >40,25 GeV
| Inc. jet [ Inc. y | y+et Yy [

All results at: http://cern.ch/go/pNj7

[ -
2 3

—
)

—
o

Production Cross Section, o [pb]
" 3

—
9

10°E

All results at: http://cern.ch/go/pNj7

~10 orders of magnitude!
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[ anjetd : N 2016 — Theory prediction
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8 im : e S S E : : :
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E : af = o % : :
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W/Z- boson production cross sections

Precise measurements using weak gauge Bosons:

* Huge statistic, clean signature

« Experimental uncertainties: better than 1%

« Excellent calibration and control of systematics

* Luminosity uncertainty: 2% - 3% => most precise measurements are ratios.

CMS@8 TeV: Phys.Rev.Lett.112(2014)191802

UiZ - Eﬁi = 1138 pb £0.07% (stat) +2.2% (theo) £2.6% (lumi

o(Z — ) = 1154 pb £<0.1% (stat) £1.8%(syst) +0.6%(beam) £1.9% (lumi

o(Z — ) =995 pb +£0.1% (stat) £1.8%(syst) £0.6%(beam) 11.8%“
CMS@13 TeV: CMS-PAS-SMP-15-011 I

0(Z — W) =1870 pb £ 0.1% (stat) £1.9% (syst) £2.7% (lumi)

o(Z — ) = 1969 pb £ 0.1% (stat) £1.8%(syst) £0.7%(beam) tz.l!o ”uml;
ATLAS@? ToV: JHEPOZ 2O 117

ohduedl(\W — e*y) = 2726 = 1 (stat) = 28(syst) = 49 (lumi) pb
g"veRl(W — ev) = 1823 + 1 (stat) + 21(syst) £ 33 (lumi) pb
g'uedl(W — p*v) = 2839 = 1 (stat) = 17(syst) = 51 (lumi) pb
o'W — pv) = 1901 + 1 (stat) = 11(syst) = 34 (lumi) pb
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Jet Production

» Double- and triple-differential (di)jet cross section vs jet prand y (ly; + Yal, Y1 — Yal)
» Measurement covers ~7 orders of magnitude, for jet prup to ~ 2 TeV
» Compared with NLO QCD predictions + NLO EW + nonperturbative effects

72 pb' (13 TeV)

=10"
E . CMS _ e~ |y|<05 (x10%)
310 Preliminary I?E:iii:é% ?i%’%
5 10" Tmnoos  S2suesin
- = T ) - 2.5<|y|<3.0 (x g
g 10% 4 3.2<}<47 (10 very good agreement over
©
© 107 most of the phase space
10°E S, oy,
10° = -===;_:=°==_ .
10 " a '==!=:=9===-'
10" o
10_3 1 | 1 L 1 I | |
200 300 1000 2000

SMP-15-007 Jetp_ (GeV) 38



Anomalous gauge couplings

» Triple and quartic gauge couplings
Non-zero in SM: WWy /WWZ /WWryy ... etc.
Zeroin SM: ZLyy | LLy | LLL | LZLyy ... etc.

» Anomalous couplings defined in different approaches:
Modifying couplings in SM Lagrangian (Ag,", Ak, 1Y) or, equivalently,
introducing effective extra vertices (h;", h," /", f.")

In effective field theory, in terms of Wilson coefficients ¢, and New

Physics scales
See e.g.. Degrande et al., Ann. Phys. 335 (2013) 21

as(0)

(1+§/App)n
to preserve tree-level unitarity is often neglected in reporting
experimental results (A; — ©) =2 not a large effect on aTGC limits

Caveat: the need for a form factor a.($) =
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Top production & decay

» Top production dominated by QCD production. EW
production provides direct access to Wtb vertex:

9 "00000

g1

g 00000

* In SM top decays to Wb:

~e)

q

lljets™ 46%

THets 15%

ntjets 15%

e

etjets 15% -
"dileptons" "leptontjets”

The top quark mass

ATLAS+CMS Preliminary LHC top WG Mo, SUMMArY, (5=7-8TeV Aug 20186
World Comb. Mar 2014, [7]
| stat

total uncertainty total staf

My, = 173.34 = 0.76 (0.36 = 0.67) GeV My, = total (stat = syst) = Rt
ATLAS, Hjels (%) 17231155 (0.75 = 1.35) 7TaV [1]
ATLAS, dilepton (%) 173.09 = 1.63 (0.64 = 1.50) 7TaV [2]
CMS, Hijets 173.49 = 1.06 (0.43 = 0.97) 7TaV [3]
CMS, dilepton 17250 = 1.52 (0.43 = 1 46) 7TaV [4]
CMS, all jets 173.49 = 1.41 (0.69 = 1.23) 7TaV [5]
LHC comb. (Sep 2013) 173.29 = 0.95(0.35 = 0.88) 7 TaV [6]
World comb. (Mar 2014) 173.34 = 0.76 {0.36 = 0.67) 1.86-7 TeV [7]
ATLAS, +jets 17233 =127 (0.75 = 1.02) 7 TaV [8]
ATLAS, dilepton 173.79 = 1.41 (0.54 = 1.30) 7TaV [8]
ATLAS, all jets 175 1=18(14=123) 7TaV [0]
ATLAS, single top 172221 (07 = 2.0) 8TaV [10]
ATLAS, dilepton 17299 = 0.85 (0.41= 0.74) 8TaV [11]
ATLAS, all jets 17380 =1.15(055 = 1.01) 8TaV [12]
ATLAS comb. -':;; f’g;l'_‘) 172.84 = 0.70 (0.34 = 0.61) T+8TaV [11]
CMS, Hijets 17235 = 0.51 (0,16 = 0.48) 8TaV [13]
CMS, dilepton 172.82 =1.23 (019 = 1.22) 8TaV [13
CMS, all jets 172.32 = 0.64 (0.25 = 0.59) 8TaV [13]
CM3, single top 17260 =122 (0.77 = 0.95) 8TaV [14]
CMS comb. (Sep 2015) 172.44 = 0.48(0.13 = 047D T+8TeV [13]

1) ATLAS-COMF-2012-048

7 ATLAB-COMF-2012-07T

(23 2HEP 12 2O17) 108

14 B i 672 (2012) 230
151 Evr i) C74 (2014) 2780

L ATLAS-COME-2013-100
71 e AT

18] i P hpa. . CTH (2008) 330
[54 Bi P hpa L CTH (2008) 158
110] ATLAS-COMP-2004-088

("} Superseded by results
shown below the line

] ar s TR
[12] & TLAS-CONF-200e-004

(1] 1 P00 (20715 720088
[14] CME-PAS-TOR- 18001

175 180
Mygp [GeV]

165 170

185
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Dark Matter Searches at LHC

* A wide range of final states can be investigated exploiting the full potential of
LHC experiments:

4 _ Mono-Photon x ¢

______ s

'Q'uar'ksv =
H
L5 [b]

o

S ™
O\ 1|7 | i
A

leptons

Mono-Jet

X
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Events / 100 GeV

o x B(W' — WZ) (pb)

Search for leoson VV Resonances
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. TS ngW » ATLAS Runl: ~3c excess for all
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102 —— Significance (stat)
I Significance (stat + syst)

=== hadronic VV search (~150 theory
papers), but not confirmed in the
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LG {ej) x2

LO (gjl+LC1({vj) p=0.5
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B2G summary plot

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

Q- qgW Z'(1.2%) — it t* = tg S=3/2 ao fb
L | =3 =
Z(10%) — tt t* = tg S=1/2
Ttz
gKK — 1t b* = tW  Ki=1 |
T - bW Wt
5
b* — tW | Ke=1 60 fh |
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B - bZ V= 1 M < B b* = tW KiKn=1 o |
8 TeV R 0 0.4 0.8 1.2 1.6 2
B-tW Observed limit 95%CL (TeV)
X5/3 = tW 13 TeV Z(1%) ~ u
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T - bW Z'(30%) — tt

0 03 06 09 1.2 15
Observed limit 95%CL (TeV)

Resonances to dibosons
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radion =+ HH
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Vector-like quark single production W —tb
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