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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
e tune theoretical calculations and MC generators
e provide precise modeling of backgrounds to many searches

- any deviation from the SM expectation may be a sign of new physics!
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined

LHC Data Taking

« LHC has delivered > 70 fb" of proton-proton collisions
. 7TeV: 6fb' (2010-11)
e« 8TeV: 23fb" (2012)
« 13TeV: 4fb" (2015) + 40fb" (2016) RuM \

run'

 The 2016 data will improve most of the Run-I results — underway!

Data included from 2010-03-30 11:22 to 2016-10-27 14:12 UTC

= ' ' w . 60
= = 2010, 7 TeV, 45.0 pb
g == 2011, 7 TeV, 6.1 b '
2 B m— 2012, 8 TeV, 23.3 b %9
: : b i
| will focus on the main results ) et Tt it
£ 40} 2016, 13 TeV, 41.1 b {40
at 8 and 13 TeV (2015) £
= 30f e
o
]
el
©
o 20f 120
0
e
£
i 110
el
- _44 ——
x 50
T 0 - S ——— A

o

< N o o RO) Q & N e
AREEGE AWT AN SRR R S OF N 0

March 9, 2017 D. Trocino — Electroweak and QCD Physics at CMS — La Thuile 2017 3



Jets

8 Tev 1370V

double-differential inclusive jet arXiv:1609.05331 EPJC 76 (2016) 451
triple-differential dijet CMS-PAS-SMP-16-011
a, from R, CMS-PAS-SMP-16-008
very-forward inclusive jet CMS-PAS-FSQ-12-023 (7 TeV) CMS-PAS-FSQ-16-003

* A short list of the latest jet studies — far from being exhaustive!
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https://arxiv.org/abs/1609.05331
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-016-4286-3
https://cds.cern.ch/record/2235163
https://cds.cern.ch/record/2253091
https://cds.cern.ch/record/2146008
https://cds.cern.ch/record/2146006

Jet Production

* Double- and triple-differential (di)jet cross section vs jet pr and vy (|y, + v,l, [y, — v2l)

* measurement covers ~7 orders of magnitude, for jet p; up to ~ 2 TeV

e« compared with NLO QCD predictions + NLO EW + nonperturbative effects

* very good agreement over most of the phase space
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Inclusive, 13 TeV
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https://cds.cern.ch/record/2235163
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-016-4286-3

‘Compact Muon Solenoid

Jet Production: PDF Constraints /

19.7fb-1 (8 TeV)
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e Discrepancies for boosted dijet topologies:
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* high |y, +y,|, high p; = high x values

 Small experimental uncertainties
= effective constrain on PDF at high x
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https://cds.cern.ch/record/2235163
https://arxiv.org/abs/1609.05331

Jet Production: Qg Measurement

* Jet differential cross sections are sensitive to oy = determine g from a fit of the
theoretical predictions to the data

« Estimates of ag(M,) are obtained from different measurements, e.g. the differential
inclusive-jet and dijet cross sections, or the ratio of inclusive 3-jet to 2-jet cross sections
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https://cds.cern.ch/record/2253091

Very-Forward Jets

* The CASTOR calorimeter allows for jet measurements at —6.6 <17 <-5.2

do / dE [mb/GeV]
e e .
IS [ N e -t o

—_
<
o

Ratio
O a4 N W

March 9, 2017

access to very low x (~10°°), where DGLAP evolution is expected to break down

differential cross sections in jet energy or p; compared to different MC models and tunes,
based on either DGLAP or Gribov-Regge theory at low x

energy scale uncertainty currently too large to discriminate among models

low-energy region very sensitive to MP| contribution

0.212nb™ (13 TeV

hN—

anti-k, (R=0.5) (-6.6<1 <-5.2) (0.12 nb™ 7 TeV (pp)
T T T T T T 3 | T T T | ] T

— b=l it Bl il | i Lo digli e | 7
s e ; e 3 = 5 -+.PYTHIA8 CUETP8M1 -
= CMS EPOS - LHC = 8 10 EMS ++.PYTHIA8 CUETP8M1 (no MPI) S
L Preliminary = mem QGSJetll.4 Bl S 10° reliminary ... pyTHIA8 CUETP8M1 CTEQ6.1 -
= cmt Sibyll 24 = 2 0 .+ PYTHIA8 CUETP8M1 HeraPDF =
— =3 BibiBi@ =l
:.:_e!' lllll - - 103 ....#ﬂ: 1 —=
] E o E Tiwinias 3
3 7TeV 3 £ 10T z
[ 4 L 102F S— 3
E ".'.'.'.'.'.-.'.'.! 3 F 4
il e il 10 g #Data
= —e— Data \ese—— 1 E E Lumi 13 T V
C Pt . C Position
_ [___] Syst. errors (Al) i 1e EModel = ;:
=[] Syst. errors (w/o energy scale) C [CJCES . .
o —1 anti-k, (R=0.5) (-6.6 < <-5.2
= [ ] Syst. errors (lumi) - 107 ., b 'kt( : ')(' ' 'n' ' )'E
e e b R
- a g 3
B o L
\
=

400 600 800 1000 1200 1400 1600
E [GeV]

D. Trocino — Electroweak and QCD Physics at CMS — La Thuile 2017

z
S
2
b
o
7}
=
§
S
3
3
g
E
s
S



https://cds.cern.ch/record/2146008
https://cds.cern.ch/record/2146006

W and Z Bosons (+ Jets)

)8 Tov 13 Tov

CMS-SMP-14-012 PLB 750 (2015) 154 CMS-PAS-5MP-15-004

Z (+jets) CMS-PAS-SMP-15-010
CMS-PAS-SMP-14-009 VR PG
. CMS-PAS-SMP-15-002 CMS-PAS-SMP-15-004
EPJC 76 (2016) 325 EPJC 75 (2015) 147 CMS-PAS-SMP-16-009
W (+ jets) JHEP 02 (2017) 096 arXiv:1610.04222 CMS-PAS-SMP-16-005
T T EPJC 77 (2017) 92 arXiv:1611.06507
CMS-PAS-SMP-15-009 EPJC 77 (2017) 92
VBFW/Z JHEP 11 (2016) 147 EPJC 75 (2015) 66
W-like Z mass CMS-PAS-SMP-14-007 (7 TeV)

See also Kadir Ocalan's talk
on Tuesday (W + jets)
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https://link.springer.com/article/10.1007%2FJHEP02%282017%29096
http://www.sciencedirect.com/science/article/pii/S0370269315006620
https://cds.cern.ch/record/1728345
https://cds.cern.ch/record/2093537
https://cds.cern.ch/record/2114819
https://cds.cern.ch/record/2140105
https://cds.cern.ch/record/2194259
https://link.springer.com/article/10.1140/epjc/s10052-016-4156-z
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-015-3364-2
https://cds.cern.ch/record/2093537
https://cds.cern.ch/record/2205152
https://link.springer.com/article/10.1007%2FJHEP02(2017)096
https://arxiv.org/abs/1610.04222
https://cds.cern.ch/record/2204927
https://arxiv.org/abs/1608.07561
https://arxiv.org/abs/1611.06507
https://cds.cern.ch/record/2202823
https://arxiv.org/abs/1608.07561
https://link.springer.com/article/10.1007%2FJHEP11%282016%29147
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-014-3232-5
https://cds.cern.ch/record/2139655
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https://cds.cern.ch/record/2093537
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W/Z Differential Cross Sections

A number of differential measurements compared s 23 10" (13TeV)
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V + Jets Differential Cross Sections

e Sensitive to higher-order corrections, but also soft-QCD effects (e.g. PS)

« compared to MC simulations (ME + PS) and fixed-order calculations

* in general, good agreement with NLO and NNLO predictions

e Measurements of V + b/c cross sections available at 8 TeV
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https://cds.cern.ch/record/2202823
https://cds.cern.ch/record/2114819
https://cds.cern.ch/record/2204927

W Boson Electroweak Production

Oy = 0.42 £ 0.04 (stat) = 0.09 (syst) = 0.01 (lumi) pb

 Vector boson fusion (VBF) characteristic signature u > u
14
« 2jets at high I7l Zg W
— high dijet invariant mass m; AW Y
- large rapidity separation Arn u = d
- little hadronic activity in the
central part of the detector
=> multivariate analysis to increase > TP TIEE Ee
background discrimination © 10*ECMS ¢ Data =
(5 Muon channel - EW W42 jets i
o [ QCD W+jets 1
L : , PR = 10° Il Top quark i
* Fiducial cross section from fits to ; distributions, B 2y jets -
using parametric models for all processes % Il Diboson ]
o
>
LL

 Consistent with LO prediction

Oro = 0.50 %= 0.02 (scale) = 0.02 (PDF) pb

s talk 1000 1500 2000 2500 3000
see K. Ocalan JHEP 11 (2016) 147 m; (GeV)
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https://link.springer.com/article/10.1007%2FJHEP11%282016%29147

Towards a Measurement of W Mass

* “W-like” measurement of the Z boson mass in p'u” events

* U (W) treated as a neutrino to form the W-like (W'-like) candidate

« test of the W-mass measurement procedure and achievable precision

oy CMS Prelimina s=7TeV (4.7fb"
e Critical aspects s (W,_k )
[ pT I D M, b e'Mz
= — Total unc.
 Muon momentum scale: ~2x 10~ 3 _;;'unc
a m; | G
- achieved thanks to a novel calibration £ =i
algorithm using dimuons from J/1, Y(1S) = g — e e — P unc.
« Hadronic recoil calibration: <2 x 10~ o P 0
>
:
. .y 2 my — ] ——
 Final uncertainties ~ 20 MeV (exp) o
;‘ ET ———— [l e
-~ 30 Mev (theo) I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 |
-150 100 50 0 50 100 150

MZ\N-like _ MZPDG (MeV)
=» Competitive with current W mass measurements!
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https://cds.cern.ch/record/2139655

Multibosons

77 — 48
27 — 202v
Zy — Ly

Zy = vvy
WW — fvlv
WZ — 38v
WV — fv]
WVy — tvjjy
Vyy = tvyy [ tbyy
vy = WW — fvlv
VBS ss WW — fviv
VBS Wy — vy
VBS Zy — tly
VBS WZ — (vl
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PLB 740 (2015) 250
EPJC 75 (2015) 511
JHEP 04 (2015) 164
PLB 760 (2016) 448
EPJC 76 (2016) 401
arXiv:1609.05721
CMS-PAS-SMP-13-008

PRD 90 (2014) 032008
CMS-PAS-SMP-15-008

JHEP 08 (2016) 119
PRL 114 (2015) 051801

PLB 763 (2016) 280

CMS-PAS-SMP-16-004

CMS-PAS-SMP-16-006

PLB 766 (2017) 268
CMS-PAS-SMP-16-012

arxiv:1612.09256
arXiv:1702.03025
PRL 114 (2015) 051801
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http://www.sciencedirect.com/science/article/pii/S0370269314008697
http://www.sciencedirect.com/science/article/pii/S0370269316306256
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-015-3706-0
https://link.springer.com/article/10.1007%2FJHEP04%282015%29164
http://www.sciencedirect.com/science/article/pii/S0370269316303410
https://cds.cern.ch/record/2204922
https://link.springer.com/article/10.1140/epjc/s10052-016-4219-1
https://cds.cern.ch/record/2160868
https://arxiv.org/abs/1609.05721
http://www.sciencedirect.com/science/article/pii/S0370269317300187
https://cds.cern.ch/record/2235884
https://cds.cern.ch/record/2209148
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.032008
https://cds.cern.ch/record/2130360
https://link.springer.com/article/10.1007%2FJHEP08%282016%29119
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.051801
https://arxiv.org/abs/1612.09256
https://arxiv.org/abs/1702.03025
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.051801

Multiboson Measurements

 |Important test of the SM — probes gauge-boson self-interactions
 Background to many Higgs searches and new physics searches
* Relatively large diboson rates at the LHC

 use mainly W/Z leptonic decays for clean signatures and high trigger efficiencies
 add hadronic decays where possible to increase statistics

Jan 2017

CMS Preliminary

CMS measurements 7 TeV CMS measurement (stat,stat+sys) +——o——
vs. NNLO (nLo) theory 8 TeV CMS measurement (stat,stat+sys) —+—e——
13 TeV CMS measurement (stat,stat+sys) —+—e——
Y ——to——— 1.06 +0.01+0.12 5.0fb"
Wy, (NLO th.) ——o——— 1.16 +0.03 +0.13 5.0 fb™
Zy, (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 — - 1.01+0.13 £0.14 4.9 fb"
WW —_ o — 1.07 £ 0.04 + 0.09 4.9 b
WW —rer—i 1.00 +0.02 = 0.08 19.4 fb™
WwW —.— 0.96 = 0.05 + 0.08 2.3 fb"
Wz o+ 1.05 + 0.07 £ 0.06 4.9 fb™
Wz — - — 1.02 £ 0.04 £ 0.07 19.6 fb™
wWZ S — 0.80 = 0.06 + 0.07 2.3 fb"
ZZ 0.97 +0.13 £ 0.07 4.9 fb™
ZZ ———— 0.97 = 0.06 =0.08 19.6 fb™
ZZ e 0.90 +0.11+0.04 2.6fb"
S N
http e ah/goipNi7 Production Cross Section Ratio: 04y, / Oy\q,
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WW — fvi'v

« Clean signature: exactly 2 charged leptons + E ™ . CMs
gjj 1 ; —eo— Data
_ - g | -m- Madgraph
« Main background from tt — {"v{vbb - i
« no more than 1 jet, no b-tagged jets ;
=3
» jet veto efficiency sensitive to higher-orders 3

1
o

exp _ .
Oy — 115.3 = 5.8 (staty = 5.7 (exp) = 6.4 (theo) £ 3.6 (lumi) pb B
NNLO NLO s TE E
613 TEV = 120.3 i 3.6 pb VS 013 Tev = 106-0 i 6.6 pb § o it ”.”;/;///.r/-;//;;;;v
z 1 féif%{/é{/f?ﬁ?_???.’/—’/_’{_’/_’/"{’{?_29‘”(?229"{2?’,-ﬁl-}-:-;}”//'?%???;///y///%
g = 7
5 05 :_ Madgraph+Pythia normalized to 6, _:
CMS Preliminary L=2.3fb"(13TeV) 15— —]
ﬂ : T T T T | T T I T T I T T T T : % : :
C 400 Top-quark - o - N I
Cl>> - VZVVV 3 2 1 jf%;%;;ccgc%cgcc_zg;{fgcgg{_/é/_(::;-Q;-:-;;Q';;%é ]
W 350F 777 Non-prompt - 3 o T oo .
E —+— Data ] T o5 - MC@NLO+Herwig normalized 0 6, ]
[ [ Systematics - ~ _|
300F = s =
- — [0 "
E ] =
250 E 1 3 Tev E 9. 1 L 01 SIS LSS 1A S 1SS L L L —7A,_,;/A/ZZ/A/?_?Z;‘;E
c ] z -’Z””Z””’.”'”A”';XL;‘;_‘_" B A
C - S E ]
200 :_ _: = 0.5 :_ Powheg+Pythia normalized to o, , =
150F- = 0 05 1 15 2 25 3
100F = A, (rad)
50F- = Differential cross sections at 8 TeV
0 E Qjﬁ““- aielaioioioly] . . . g
0 150 200 Some discrepancies w.r.t. NLO predictions
E_Irl'_'IISS [Gev]
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https://arxiv.org/abs/1408.5243
https://cds.cern.ch/record/2160868
https://arxiv.org/abs/1507.03268

WZ — tvi'l

23" (13 TeV)
e Clean three-lepton signature o 80 13 TeV + Data =
. . . 2 OF | - E
 Main backgrounds: Z + jets, tt 5 eof s;%z —try E
with a mis-identified lepton " osop —F E
40 ;%; Zié; Nonprompt _;
30 %% >$ E
202— éy —f
CMS 19.6 o™ (8 TeV) 10l ‘ 1 E
% E —‘—_;_ | | - Data E 0 | L. -Tij:%i“*% néi .4 ,;
Nar g ﬁ 3 P %% 50 100 150 200 250 300 350 400
% - . 5 Pl (GeV)
7] -2 4Ti |
]'Il 10 E § . " _ 60| T T | T T T T T T T T T
s : 1 Differential cross 2 - :
S 10k | sections at 8 TeV ¥ | S i
= = : 50— T NNPDF3., fixed p = p = (m,+m,) —
- 8 TeV ] agrees with NLO g r MCFM NLO ST S = Ty
= ' ' : ' ' 5 predictions within O [ T nNPDR0. feed s e m) ]
2 E~ MadGraph+Pythia normalized to o, , = o L - 4
Blg o E . . < uncertainties 40~ .
0.5 ;— —é - i
2 F MCFM = 30— |
) el S ———— E NNLO calculations | ]
s e E improve agreement [ h
0 50 100 150 200 250 300 with measurements ¢ ]
Z G V |_ I 1 | I 1 1 l 1 1 l 1 1 I _|
P (Ge¥) 8 10 12 14
/s (TeV)
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https://arxiv.org/abs/1604.08576
https://arxiv.org/abs/1607.06943
https://arxiv.org/abs/1609.05721
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o Final states: 4e, 2e2u, 4u (also 2e2t, 2u2t at 8 TeV) N B e R e B
| S e
* Very small background with fake leptons L TUE ;
. . . b%' - MATRIX Nl\TLO (qvq+qg+gg) //_
* Measurements agree with NLO and NNLO predictions L e D o v _
" T 7 NNPDF3.0, fixed p_=p = m; 7
i NNLO ]
10— —
CMS 261" (13 TeV) i ]
% 357\7\ [ ‘ T 1T T T T 1T ‘ T 1T ‘ T 1T ‘ 1T \4: I i
S [r-="7 —+— Data ] 5 .
<R o I qq > 22ZyZ | . .
~ 30? 1 1 ~~ - gg —)ZZ i L 1 1 | 1 1 L | L 1 1 | | 1 1 |
4‘2 B ' ! “s [ lgg>H->2Z i 8 10 12 v— 14
§ 25! ! . I ZIWZ+X E . s (TeV)
L Lo 1 RS _
C : R 13 TeV |
20! : N 7 ot
. . ] Z/v*
. : ] Z/v* L B
15, : .. 7 ‘
10! {\‘q o+
S _ 13 TeV: measurement of Z — 4¢ branching fraction
I 1 Mt o B = 497 s 2 (sysn 33 (theo) £0.1 (lumi) X 10°°

100 200 300 400 500 600 700
M+ p-prvp- [GEV]
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http://www.sciencedirect.com/science/article/pii/S0370269316306256
http://www.sciencedirect.com/science/article/pii/S0370269314008697
http://www.sciencedirect.com/science/article/pii/S0370269314008697

« Exclusive or quasi-exclusive yy — WW production " P p P

* no hadronic activity at the primary vertex,

no additional tracks

_____ + +
[}
6 RS
(G i <

» Use leptonic WW decays with different flavor, e 'u®

« ~10 times less background, eliminate exclusive yy — £'£” production and DY

CMS 19.7 fb™ (8 TeV)
> c
= C Data
O gE SM vy — WW
3 = I Diffractive WW
~ 7F B Elastic yy — 1t
% C P Inelastic yy — 1t
o 6 B EWK WWqq
L C Inclusive diboson
5F ® I Drell-Yan
C 7040/ Stat. uncert. in simulation
4
- . 8 TeV
3 = ¢ /// //% ®
£ 778
77777 =
= V24 S A A AR A A A S
C 1 1 1 1 | 1 1 1 1 I 1 1 1 1 1 1 1 e e P YR
O0 50 100 150 200 250 300
March 9, 2017

350

Signal significance: 3.40 (expected 2.80)

e combined 7 and 8 TeV data sets

e signal evidence!
Cross section consistent with SM prediction
oplpp 2 p7W W s pute p| = 1087 fb

Oppy = 6.2 +-0.5fb
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https://link.springer.com/article/10.1007%2FJHEP08%282016%29119

CMS-PAS-SMP-15-008

Select Wyy — uvyy and Zyy — eeyy/uuyy events J . "

Main background: jets faking photons v I+

Signal significance: 2.4c for Wyy, 590 for Zyy . , . ,
Fiducial cross sections in agreement with NLO predictions
Owyy BIW1V) = 6.0+ 1.8 sta) = 2.3 (syst) = 0.2 wmi) fb oy \B(W=1v) = 4.76 = 0.53 fb

Oy B(Z211) = 12.7 = 1.4 (stap = 1.8 (sysp = 0.3 (umi) fb 03,0 -B(Z=11) = 12.95 = 1.47 fb

19.4 fo" (8 TeV) 19.4 fo" (8 TeV)
2 - CMS ¢ Data T 18-CMS ¢ Data
g 8 Preliminary I Wyy Signal Eg s - Preliminary Tz
g = I Zyy g 3
o e 1 Other Multiboson 2 4 - N\ [ Other Multiboson
S 6E B jet—y fakes 3 - I jet—y fakes
o - X\ Total uncertainty o 125 XN\ Total uncertainty
5F Muon Channel
C IS Muon Channel
4 Wyy 8t >
3 8 TeV 6 o
2 4 8 TeV
2
L
20 40 60 80 100 120 140 20 40 60 80 100 120 140
P [GeV] P [GeV]
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https://cds.cern.ch/record/2130360

e Wy +2jets and Zy + 2 jets produced

via vector boson scattering (VBS) VBS
 Leptonic W or Z decays + VBS topology b—>
« Main background: QCD Wy + 2jets and Zy + 2 jets R el
AAAAANAAN Y
QCD \
« Signal significance: 2.7c0 for Wyjj, 3.00 for Zyjj i
d ——290990990999~ &

 Measured cross sections in agreement with LO predictions

fid _ . fid _ +0.89 +0.41 )
1

c —— B o L 19.7 fb” (8TeV)

5 CMS Data > |||||||||||Illl||||||I|||||||||I|||||||||[||||||t

—~ 102 | Electron channel 8 Tev ;QCD Wy + jets — (O] CcMS —e- Data -

2 mJets —> y = O] : s

o mJets - e = Muon channel [l Dibosons i

2 mm Zy and dibosons o [ Top quark
© m = Top quark u o
Lo m EV€ \%ly +2jets | Ay 102 8 TeV B Fake v = Q)
g g Uncertainty band [%) [ QCD Zy+jets = ;<
S 10 = 5 I EW Ziy+2jets 1 <
Q Lﬁ BZ] Systematic uncertainty A
© S
2 10 o
= o
X L =
= IS | i £

9 - i 1

- g 071 {' 1 i

g § -2 200 400 600 800 1000

= 500 1000 1500 2000 2500
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https://arxiv.org/abs/1612.09256
https://arxiv.org/abs/1702.03025

Anomalous Gauge Couplings

« The SM predicts exact values for vector boson couplings

* New physics at very high energy scales — beyond the LHC reach — can manifest by
modifying the vector boson couplings, e.g. through loops

« Anomalous triple and quartic gauge couplings (aTGC, aQGC) can be modeled with
an effective Lagrangian or an effective field theory approach, e.g.

Llgwwy = ig] [WiuW”V“ — WLV,,W““] + iHVWJWUV””
AV (WW~y and WWZ additional couplings)
o WL v

W

 Anomalous couplings result in an increase of cross sections at high energies

e diboson invariant mass M, and boson transverse momentum p; are suitable observables

* |In the absence of deviations from the SM expectations, upper limits on aTGC/aQGC
parameters can be set
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aTGC and aQGC Searches in Run-l

—

19.6 fo' (8 TeV
—

S —
CMS 8 TeV T3 v+et, W), vy, Z(Ilyy
Beam halo
QCD
—
ZY VVY 0 W ev
E Wy— vy
B Zy— vvy
—— Data
[7ZZZ] Bkg. uncertainty
—mes h3=-0.001, h,;=0.0

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

Evenls/GeV
o

« alGC: inclusive diboson channels X

e aQGC: triboson and EW diboson processes s

* Numerous searches performed during Run-I (and Run-Il) 102

III]II‘ I III1III| 1 IIIIIII| | I\IIHIl W

» stringent limits on several couplings, 10° Bl , .
comparable with or exceeding LEP results g E
S 1&* ______ §ommpmimimn _% ........................................ ]
S o5F 1
. . . ol ' ' ‘ : : e
e The analysis of 2016 data is expected to improve 01 6 B o L el i o
on Run-I| results 19.6 fo" (8 TeV)
_ o _ _ ; 10° 2z > 2 [Jz-20 CMSS
 higher energy and larger statistics — more data in the tails! © I Top, WW, Wijets (Date) [N WZ > 3 :
O 102 e 77 - 202y 220,002 e ZZ - 212v 220,005 -
- CMS 19.4 o (8 TeV) ; 7z — 212v =0.01 —— 7Z - 212v £2=0.02 =
231" (13 TeV) c10F = —¢— Data |
= o 8 TeV @ Data o 1o 8 TeV T
E . CMS 13 TeV uv,WZ-category ; 3 —— SMF;,/A*=0.0 TeV* L%J ]
g10" g preliminary = S Dees . € |[EW ss WW...... aQGCF_ /A*=-5.0TeV* v ool 77 — 202v+
- 8 B B AV s b Ll 2 ——aQGCF, / A*= +5.0 Tev* B E
2 I W-+ijets 1 0
210% | 3 & I 107
w K E Wwwz | . ..................
- Single Top UL L PP PP PP PP PP PP T PP PP PPRPPS 10-2
10 BX$5 Background uncertainty 5 R rAnay
I W s L 10°®
o #ls i ® © 2F
107 ; - S iz
ﬁ%éfHH#H;h;;”lsluuuu i T % 05;)60 E;1(i)o 260 360460 E 100(
O .
s : ' ; ' S '1(|)o' g '2<|)0' i '3(|)0' 400 500 SR ERIRNRIE0)
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Summary of aTGC Limits

All results and references at

Mar 2016 - 2%?;\8 —
Central Do . August 2016 ) M3
Fitvalue [ gp i Channel Limits J'Ldt Vs EEViRe gé:“s Channel Limits Jiat LT
! ; YRPY ' 3 — WW 43e-02,4.36-02] 46fo'  7TeV
ax, ! | Wy [-4.1e-01,4.6e-01] 46fy' 7TeV A — W 05002 200021  s0a%" 8TV
I | Wy [-3.8e-01,2.9e-01] 50fy' 7TeV —o—i| wWw -6.06-02,4.66-02]  19.41b” g{gVT v
. I | WZ -1.3e-01, 2.4e-01 33.6 b 3 e
— ww [12e-01,1.7601]  203f5" 8TeV —_— WV -9.06-02, 1.0e-01] 46107 7TeV
—_ WW [2.1e-01,2.2e-01] 49fy" 7TeV — wv -:.ge—gg, i.?e-gg 5.0 b an;vv
) S WV -4.0e-02, 4.1e- 2.3 b €
——ri WW [-1.3e-01,9.5e-02] 19.4fp"' 8TeV — LEP Gomb. [-7.4e02,5.1e-02] 0.7 it 0.12‘0 Jev
21601, 2.26-01 4 — WW -6.2e-02,5.96-02] 46fp’ 7Te
—_ wv [2.1e-0 e-01]1 46 fb‘ 7TeV %2 — WW -1.9e-02,1.9e-02] 203 1p" 8TeV
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_E Qo g . —e— DO Comb. [-3.4e-02,8.4e-02] 86fb! 1.96TeV
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Summary of aQGC Limits

All results and references at

i CMS — i
. s T Channel Limits Ji s R0 Mis — Channel Limits i s
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V\;{y [—7:79+01: 7:4e+01] 19:7 fo' 8 TeV A Zyy [-1.6e+01, 1.9e+01] 20.3f"' 8TeV
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S i Wryy [-4.7e+02, 4.4e+02] 20.3fb' 8TeV b-=--l ss WwW [5.9e+00, 7.1e+00] 19.4 fb' 8 TeV
H Zy [-5.8e+01,5.9e+01] 19.7fb' 8TeV fr/A* — Zyy [9.3e+00, 9.1e+00] 20.3fb" 8TeV
H Wy -4.3e+01, 4.4e401]  19.7fo" 8TeV — Wy [-3.8e+00, 3.8e+00] 19.7fb" 8 TeV
fya /A° H Wy 400401, 4.06+01] 197" 8TeV fro /a* — Wy [-2.8e+00, 3.0e+00] 19.7 fb" 8TeV
fus /,\4 — Wy -6.5e+01, 6.5e+01] 19.7 fb:1 8 TeV o —— Wy [-7.3e+00, 7.7e+00] 19.7 fb"' 8 TeV
fiug I ——1 Wy -1.3e+02, 1.3e+02] 19.7fb" 8 TeV P O 7y [-1.86+00, 1.86+00] 19.7fb" 8 TeV
k=1 ss WW [-6.5e+01, 6.3e+01] 194" 8 TeV L ais . 71
fz /A0 ——- Wy [-1.6e+02,1.6e+02] 19.7fb' 8 TeV fro /A — Zyy [-7.4e+00, 7.4e+00] 20.3fb' 8TeV
| 1 ! ‘ 1 I FT‘I I 1 1 ‘ S|5 W|\N I [TTIO?*‘O‘]\! 6‘?e+0\1] 1 19W4 fb\1 8. Te\.! 1 ‘ | 1 | |T| | 1 | ‘ |ZY | \[—4-qe+0|0] 4\-094:00]| 1?.7 flb-1 |8 T\ev 1
-1000 0 1000 2000 3000 -50 0 50 10(_) _ 150 .
aQGC Limits @95% C.L. [TeV*] aQGC Limits @95% C.L. [TeV™]

Dimension-8 mixed transverse - -
Dimension-8 transverse parameters f_

and longitudinal parameters f, .
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC

Summary

 Alot of work has been done by CMS in the last years to understand the SM to ever
higher precision

«  Known QCD and EW processes have been studied in greater detail

e Our measurements benefit from (and drive) the advancements in theoretical calculations
and MC generators

 Rare and yet-unseen processes are starting to emerge

 First evidence and observations of rare processes, such as triboson and exclusive-boson
production

* Not only understanding the SM, but searching for new physics

* Increasing sensitivity to anomalous gauge boson couplings

* In 2016 the LHC delivered over 40 fb™" of data, and more is expected this year!

March 9, 2017 D. Trocino — Electroweak and QCD Physics at CMS — La Thuile 2017 27



b}
3
&
3
§
H
i
£
3

Bonus Slides
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The LHC accelerates and collides proton
beams

e center-of-mass energy of 7 — 8 TeV
(2011-12)

= high-mass particles O(TeV)!

* instantaneous luminosity up to
7.5 x 1033 cm-2s-1 (2012)

= rare processes!

e machine rate 40 MHz, but
collision rate ~1 GHz (pileup)

= need for a trigger system to
reduce the rate to an acceptable
level: ~400 Hz (2012)

CMS and ATLAS
two “general-purpose” detectors

= cross-check of results!
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The Compact Muon Solenoid (CMS)

MUON CHAMBERS INNER TRACKER
_ _ ELECTROMAGNETIC CALORIMETER (ECAL)
drift tubes, cathode strip chambers, silicon pixel and L
resistive plate chambers u-strip sensors scintillating PbWO, crystals

HADRONIC CALORIMETER (HCAL)
Plastic scintillator / brass

| | l Z: beam axis (“longitudinal”)
iz II

VERY FORWARD
CALORIMETER

e = --_.....___ X-Y: “transverse” plane
o
llllll N o _== e | 7 =—In[tan(0/2)]
SUPERCONDUCTlNG
COIL
B=38T
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Event Reconstruction at CMS

Final-state particles:
Electrons,

photons E> ECAL + tracker After reconstructing individual particles,

Had the “particle-flow” algorithm uses
aKrons [> HCAL + tracker the full-event information to refine

(. K. p. n) the reconstruction and provide a

Muons E> Muon chambers + tracker coherent event description

Electron

Charged Hadron (e.g. Pion)

= = = = Neutral Hadron (e.g. Neutron)
= ====Photon

Solenoid

. | _
T By, CERM, Febronry 2004

Muon chambers
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Missing Transverse Energy (MET)

* Undetectable particles (neutrinos, ...?7...) can be measured collectively as an
imbalance in the transverse momentum of all detected particles

» Initial state: two partons of unknown longitudinal momentum
and with negligible transverse momentum momentum

» final state: collision products must balance among themselves in conservation

the transverse plane no constraints along the beam axis

P . —miss __ - miss __ = miss
= missing transverse momentum (or energy): Dy =— D+, ET — ‘pT
i
electron energy | electron energy
in ECAL in ECAL
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Single W/Z Cross Sections

‘Compact Muon Solenoid

x10° P pb' (13 TeV)
> L S
. . ()] .y ..
« Inclusive W and Z cross section measurements S | j . CMS prefminary
. : - 4 —— data 4
at c.o.m. energies of 7, 8, and 13 TeV < b 7 Wy
..‘é’ | . . =(EJ\gDK+tt i
* Precision tests of theoretical predictions & F T .
, - i + E ™ in W events
= good agreement with NNLO I T events |
S f 1 13 TeV N
 Standard candles used for multiple purposes o4 \ .
(e.g. detector calibration, efficiencies) -
0_‘ “.‘"”L‘n i ]
BI [ T T T T T T T T T T 1 T ] -8 %21 ! | *T
o — ®  CMS Preliminary, 43 pb™ (13 TeV) W alg TP Y WP O I 1 10 H
E - Y CMS, 18 pb” (8 TeV) W+ ] % COU 70001 ) [Pl "Tf+ +Tr| IlT T
O  CMS,36pb" (7 TeV) W al g2 ‘ I .
X 104 — ®m  cDF Runpll = 0 50 100 150
© = O ooRuni - § - _ ww'aeTey F; [GeV]
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| —] (0] C -
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1 03 — pp — g 103 §_ z_)ee “. G' _g
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Jet Production
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* Double- and triple-differential (di)jet cross section vs jet pr and vy (|y, + v,l, [y, — v2l)

* measurement covers ~7 orders of magnitude, for jet p; up to ~ 2 TeV

e anti-k; clustering algorithm, R = 0.7 or 0.4 — test radiative and nonperturbative effects
« compared with NLO QCD predictions + NLO EW + nonperturbative effects

* very good agreement over most of the phase space

<71 pb* (13 TeV)

My : . Sl __197fb"1 (8 TeV) - 015
0 —— 0= 10<y <1(x102) > 6
2 10} CMS —V—Osi’/zzl 1=y*<2(x102) - Py CMS o— |y| < 0.5 (x10)
_Lg Ml —— 0=yp<1 2= y*<3(x101) 310 — NLOJets+ CT14 +05<|y|<10(x10)
= —8— l=<yp,<2 0= y*<1(x101) 4 Q . +10<|Y|<15(X10)
m b lsyp<2 1= y*<2(x101) 81011 Anti-k, R=0.7 - 15<|y|<20(x10)
S < < y* 0) |
%105_ o— 2=<yp<3 0= y*<1(x109) % 20<|Y|<25(X )
< i j 9 25< |yl <3.0(x10
oS 100 NLOJET++ (NLO®EW®NP) o-10 —B— y ()
e NNPDF 3.0 S 5 —— 3.2<|y| <4.7 (x10Y)
& 103 | U = PT, maxe0-3v" = ~ 7
i anti-kiR = 0.7 o 10°F -
102 L . R =
© 5 Yo
10t | . Y ==='e==-
100 | i 10° & -===:=’=e.
AT _=- '==.
10-1 b 1 10 A -=== “Seg ‘
- 1)
10-2 - 7 10-1 _.= oo
Dijet, 8 TeV | 103 | = Inclusive, 13 TeV
B F::) 10-3 u
10_4 L L L L L S ST A | | 1 | | | | II|;| |||||||
200 300 500 1000 200 300 1000 2000

PT,avg / GeV
Jet P, (GeV)
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Electroweak Diboson Production

« Wy +2jets and Zvy + 2 jets produced via vector boson scattering (VBS)

 Select events with one (two) electron(s) or muon(s), plus VBS topology requirements
 Main background: QCD Wy + 2jets and Zy + 2 jets production

- Normalization from low M; region
« Signal significance: 2.7o for Wyjj, 3.00 for Zyjj
 Measured cross sections in agreement with LO predictions

fid fid

Owyi = 10.8 + 4.1 (stay + 3.4 (sysyy = 0.3 (umi) fb 03 = 1.86 752 (stay) Ty (sys) =+ 0.05 (tumi) fb

c —— 19717 (8 Tev) 19.7 fb” (8TeV)
5 CMS ‘Data > |Illlllll|Illlllllllllllllllllllll|||||]|[||]|||t
—~ 102 | Electron channel 8 Tev mQCD Wy +jets — (O} CcMS —e- Data -
2 mJets — 7 3 ) : .
S mldets > e : Muon channel Il Dibosons i
> m Zy and dibosons 1 = [ Top quark
© m = Top quark u o
Lo m EV€ \%ly +2jets | Ay 102 8 TeV B Fake v = Q)
g g2 Uncertainty band w ] QCD Zy+jets 3 ;<
o 10 E 5 I EW Z/y+2jets . =
g ] Lﬁ BZ] Systematic uncertainty A
© S
— 10 N
= o
X L =
© N
AAAAA o1
oz 5 18
| LR A A } t |
ol 5 LA
g § -2 200 400 600 800 1000
> 500 1000 1500 2000 2500
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