= Electroweak and QCD Measurements DI
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hy Standard Model Physics?

...in the era of the Higgs Boson

Search for deviations from SM:

- Many new physics models reveal deviations from SM similar to the ones from NLO or NNLO

QCD
Example: contact interactions versus bump-hunting search % .
_ H
Establish: x A
- Understanding of backgrounds to new physics searches 9

- Improved proton PDFs

; : d comb. + 1o
68% and 95% CL contours i M Weaidl oG,
) omy =173.34 GeV

fit w/o M and m, measurements 1 - G =076 GeV

Explore the SM self consistency: | = i i, meomwamnts || <2107 50,5

direct M, ardd m, measurements

Measure its parameters with high-precision

M, workd comhb. 1 1o
M,, = 80.385 — 0015 GeV

Now that the Higgs was found,
measuring the top and W mass precise
enough will be an enduring challenge




How we do it?

Probes Probes
Physics
Jets Non-perturbative W/Z Bosons
Inclusive Inclusive
dijets QCD V+jets
muiltijets Ratio W/Z + jets
jet sub-structure Perturbative QCD W and Z + HF
HF production
Proton PDF
PhOtonS Valence, strange quarks Top quark
inclusive Qs
diphot ] :
ot ite EWK corrections Dibosons
v+ HF WW, WZ, ZZ, Wy, Zy
Electroweak
Hadrons parameters gllefe

Combine analyses, e.g. to obtain the most information about PDFs



How we do it?

Probes Probes
Physics
.Jet.s. Non-perturbative W/ Z BO.SO"S
Inclusive Inclusive
dijets QCD V+jets
muiltijets Ratio W/Z + jets
jet sub-structure Perturbative QCD W and Z + HF
HF production
Proton PDF
PhOtonS Valence, strange quarks Top quark
inclusive D
diphot _ :
i EWK corrections Dibosons
\\’/ s WW, WZ, ZZ, Wy, Zy
Electroweak
Hadrons parameters Higgs

Combine analyses, e.g. to obtain the most information about PDFs

Many topics left out:
SM Higgs production
Heavy-flavour physics (B-physics)
Heavy-ion physics (physics in dense media)



https://atlas.web.cern.ch/Atlas/ GROUPS/PHYSICS/PAPERS/STDM-2015-01/

Inclusive Jet Cross Sections

t T
ATLAS preliminary
3 TeV _ 1 Measurement done for two jet algorithms:
s=8 TeV, 20.3fb )
o . B — - anti-k; R=0.4
0 . Al + anti-k; R=0.6

NLO QCD prediction with the MMHT2014
PDF set corrected for non-perturbative
and electroweak effects

KA

0.5< |y| <1.0 (x0.5 10°)

1.0< |y| <1.5 (x1.0 107)

1.5< |y| <2.0 (x0.510")

g 2.0< |y| <2.5 (x1.010°9)

1” 2.5< |y| <3.0 (x0.5 107) H 4 —CH
NLO QCD® k""" "2 «,,, MMHT2014

& Dominant uncertainty is
the jet energy scale

% % 70 10° 2%10°

NLO QCD predictions describe data over 9 orders of magnitude!

Jet inclusive data starts to constrain gluon PDFs
(CT14, MMHT14, NNPDF3.0, HERAPDF2.0)



https://atlas.web.cern.ch/Atlas/ GROUPS/PHYSICS/PAPERS/STDM-2015-01/

Inclusive jet cross section

New
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CMS SMP-16-011

Triple differential dijet cross section
o
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CMS SMP-16-011

Triple differential dijet cross section

New

PDF constraints

19.7fb-1 (8 TeV)

CMS I I O=syp<l1

*
Preliminary 2=y*<3
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Triple differential dijet cross section

New

CMS SMP-16-011

New
Impact of CMS dijet measurement on PDFs: HERA I+li

HERAPDF Method (Hessian) HERAPDF Method (Hessian)

== HERA I+II DIS CMS =1 HERA I+l DIS
HERA I+I1 DIS + CMS Dijets X Preliminary HERA I+II DIS + CMS Dijets CMS+HERA:
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Extraction of Strong Coupling Constant (as)
PDF fit repeated with as as a free parameter

as(Mz) = 0.1199 4 0.0015 (exp) = 0.0002 (mod) T99902 (par) 0951 (scale)

Inclusive 2-jet, 3-jet and 4-jet azimuthal correlations in pp collisions at Vs =13 TeV  (just out)
CMS-PAS-SMP-16-014 :



Extraction of the Strong Coupling Constant

CMS Preliminary

+0.0055

—— CMS R,, preliminary, \s = 8TeV, ag(M)=0.1150 ' "

New —e— CMS R,, preliminary, s = 8TeV
CMS Incl.Jet , |'s = 8TeV
—a— CMSR,, , \s =7TeV
CMS Incl.Jet , \'s = 7TeV
—¥— CMS tt,\s =7TeV
CMS 3-Jet Mass , |'s = 7TeV
—«— ATLAS TEEC,|s =7 TeV
—6— DO Incl.Jet
DO Angular Correlation
H1
—— ZEUS
- = - World Avg og(M ) =0.1181= 0.0011

T
S~

1

Running of as(Q) obtained using
MSTW2008 NLO PDF set

Overview of as(Mz)
measurements using hadrons

H1 multijets at low Q?
EPJC 67:1 (2010)

H1+ZEUS (NC, CC, jets
H1-prelim-11-034, ZEUS-prel-11-001 (2011)

ZEUS incl. jetsin y p
NPB 864:1 {2012)

H1 multijets at high Q2
arXiv 1406.4709 (2014)

CDF incl. jets
PRL 88:042001 (2002)

DO incl. jets
PRD 80:111107 (2009)

D0 ang. correl.
PLB 718:56 (2012)

Malaescu & Starovoitov (ATLAS incl. jets)
EPJC 72:2041 (2012)

ATLAS N,

ATLAS-CONF-2013-041 (2013)

ATLAS Transv. energy-energy correlations
PLB 750:427 (2015)

CMSR,,
EPJC 73:2604 (2013)

CMS tf cross section
PLB 728:496 (2014)

CMS 3-Jet mass
EPJC 75:186 (2015)

CMS incl. jets at 7 TeV
EPJC 75:288 (2015)
CMS incl. jets at 7 TeV
arXiv 1609.05331 (2016)

World Average
Chin. Phys. C 38:090001 (2014)
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as(Mz) = 0.1150 = 0.0010 (exp) = 0.0013 (PDF) = 0.0015 (NP) 00050 _g 4509 (Scale)

= 0.1150 = 0.0023 (all except scale) +0-0050_q 5990 (ScCale)
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Inclusive isolated-photon cross section ariv:1701.06862v1

ET(Y) > 150 GeV

ATLAS Data
| -1
\'S =13 TeV, 3.2 fb ° mY|<O6 (X1 00)

0 0.6<n’|<1.37 (x10™
" 1.56<n’|<1.81 (x107)
01.81<n|<2.37 (x107°)

-_ATLAS 1 NLO QCD (JETPHOX):
"t\s=13TeV, 3.2 b 4t = MMHT2014
-~ luminosity uncertainty |1
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The NLO pQCD predictions(Jetphox) provide an adequate description of the data




Di-photon production cross section

ATLAS Preliminary Vs=8TeV, 20.2 fb’
-+- Data + stat. unc.
e Total exp. uncertainty
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-15/



J/WP production in jets

Fraction of jet transverse momentum carried by J/{y meson: z(J/)

2.5 < njet) < 4.0

Prompt J/@

|:| Data (syst)

— LO NRQCD

DPS

SPS

Double
parton

scattering
(DPS)

Pythia 8

\_

LHCb
(s =13 TeV
Prompt

Single parton scattering (SPS)
Data disagrees with LO non-relativistic QCD from

~

Y

\_

J/Y inside b-jets

[LHCDb
(s =13 TeV
b—J 1

Data (syst)

' |Pythia 8

Good agreement with Pythia 8

~

/

See: LHCDb parallel talk by Philip liten 13



Precision measurement of W and Z cross sections

Measurement of differential and integrated cross sections  arXiv:1612.03016

fo) fo)
T e o % % 200 ATLAS -EE-Zeu:u_'
~ Differential £ > \s=7TeV, 4.61fb" +-Z—>¢ee
~ measurements 3 £ 150 66 <m, <116 GeV
SO Shinuleeds B lbae s il = =e===e==
IN(ee,pp)l
£~ (ee,up)
1Y (ee,up)

- 3 massbins

Since 2010:

» 100x statistics Main systematics:
- Luminosity determination 3.4% — 1.8% - Signal modeling

- Better understanding of triggers and lepton reconstruction - Multijet background
14


https://arxiv.org/abs/1612.03016

Fiducial W and Z Cross Sections

Fiducial cross sections

No theoretical uncertainty from extrapolation outside experimental acceptance

OFiducial: W versus Z _
Phys. Rev. D85 (2012) 072004 arXiv:1612.03016

ATLAS ls=7TeV, 4.6 fb’

Data

ABM12

CT14
HERAPDF2.0
JR14
MMHT2014
NNPDF3.0

| l | I |

J L dt = 33-36 pb”

N T RN R T O

Data 2010 \s =7 TeV) total uncertainty
O MSTWo8 —@-sld @ sys
HERAPDF1.5 ungertainty
/N ABKMOS 68.3% CL ellipse area
JRO9

68% CL ellipse area

E stat @ syst uncertainty

stat @ syst ® lumi uncertainty

I (I

0.5 0.5
o' . BR(Z/y*— I'T) [nb]

FEWZ = DYNNLO ~ 1% DYNNLO 1.5
Bl Luminosity 3.4% ==> 1.8%

Some differentiation between PDF sets observed
Experimental uncertainties smaller than individual PDF uncertainties


http://prd.aps.org/abstract/PRD/v85/i7/e072004
https://arxiv.org/abs/1612.03016

Ratios of fiducial cross sections

W+/W-in good agreement

ATLAS
\s=7TeV, 4.6 b

—— Data
stat. uncertainty
total uncertainty
ABM12
CT14
HERAPDF2.0
JR14
MMHT2014
NNPDF3.0

————

arXiv:1612.03016

W/Z lower than predictions

I I I I | I I
ATLAS

\s=7TeV, 4.6 fb

—— Data
stat. uncertainty
total uncertainty
ABM12
CT14
HERAPDF2.0
JR14
MMHT2014

NNPDF3.0
|

——

] ] | ] | ] | ] ] ] | ] ] ] | ] | | | | ] ] ] ]
144 146 148 15 152 154 | 92 9.4 9.6
| |

OW+ . |+V / GW- v

Theoretical calculation uncertainties only from PDF

Explore the flavor structure of the proton via electroweak interactions



https://arxiv.org/abs/1612.03016

Differential cross section measurements

Measured with a precision of 0.4-0.6 (exp) = 1.8 (lumi)%
Higher precision than NNLO predictions
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PDF proﬁling results from W/z precision measurement arXiv:1612.03016
Impact of measurement when applied to existing PDF (MMHT14,CT14)

N

Q% = 1.9 GeV?
1.8F 44 MMHT14

Q%)

(s+S)/(U+d)(x

\
MM

| ////7 25
E:o:o:o:o:z:»zw.// 7 | \

00%6%%6% %% %% %% "¢ ¢ T4

-0 [ SR BORRRRESENBERERIKEL
0200020020 %0%6%070 70 v - 00% %% " o 0
0200020020020 %0262 %0 %6627 < ¥4 % %% %" o
0202006200202 %620 %% %0 % %% e 20 %% % e
QOO OISO RS

" RN IR
0000000020 00%0 00000200620 %0%0 %020 %6%670 ¢ + < %0% %% % % %

000 00 000 0000 0 2000 2070207 %0 %0 20 20 0 2070 s S a6 % 2000
?.?.““‘A‘A‘A‘A‘A. o> /N N X

OOC

Strange quarks not suppressed w.r.t. up- and down-sea quarks

18


https://arxiv.org/abs/1612.03016

Strangeness in the Proton

Q% = 1.9 GeV?, x=0.023 ATLAS

A ABM12 —A—

= NNPDF3.0 —=—

e MMHT14 —
v CT14 ¥

0 ATLAS-epWZ12

ATLAS-epWZ16
exp uncertainty
exp+mod+par uncertainty
exp+mod+par+thy uncertainty

O 02 04 006 038

S 113+ 0.05 (exp) + 0.02 (mod)

+0.01
—-0.06

(par)

arXiv:1612.03016
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https://arxiv.org/abs/1612.03016

W mass measurement arXiv:1701.07240

Extract mass from Jacobian edges of Overview of Mw measurements from ATLAS
final-state kinematic distributions e |

3 , 3 e m,, (Partial Comb.)
e | ATLAS 2 Stat. Uncertainty

ATLAS o Dats — Full Uncerta
_ -1 N _ _ -1 ull Uncertainty
(s=7TeV, 4.1 fb W P ‘ \s=7TeV, 4.1-4.6 fb ° — m,, (Full Comb.)

[_] Background _
x2/dof = 20/39 ’ Stat. Uncertainty

Full Uncertainty

X
—_
o

T T

III|III|III|III|III

Events/ 0.5 GeV

e,
()
| -
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S~
©
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©
o

—=e=—

50280 80300 80320 80340 80360 80380 80400 80420 80440 80460

ras T T o my, [MeV]

A
\s=7TeV, 4.11fb" W utv i ] ]
[ Background Stability across a variety of analysis channels

2/dof = 57/59 - . - - -
e and kinematic distributions

30370 + 7 (stat.) = 11 (exp. syst.) £ 14 (mod. syst.) MeV
80370 + 19 MeV,

T

Events / GeV

Measurement relies on Z— Il for calibration
Modeling of ptr(W)/pt(Z) one of the main sources of uncertainty

Data / Pred.




W mass measurement results arXiv:1701.07240

Mw = 80370 + 19 MeV

ATLAS — m,, = 80.370 = 0.019 GeV -
Bl m=17284+0.70 GeV _
m,=125.09 = 0.24 GeV -

68/95% CL of m,, and m, —

® m,
== Stat. Uncertainty
— Full Uncertainty

LEP Comb. 80376+33 MeV

Tevatron Comb. ® 80387+16 MeV

LEP+Tevatron P 80385+15 MeV

ATLAS @-22370:19 MeV

68/95% CL of Electroweak]

Fit w/o m,, and m, ]
(Eur. Phys. J. C 74 (2014) 3046)

III\I|IIII

Electroweak Fit ® 80356+8 MeV

| | | |
80320 80340 80360 80380 80400 80420 165 170 175 180 185
my, [MeV] m, [GeV]

ATLAS measurement precision close to current best measurement
Consistent with other results and SM electroweak fit




Measurements of Z + jets
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13 TeV, 3.16 fb™
anti-k, jets, R=0.4

: jet
p’:t >30GeV, |y |<25

Zly*(— I'T) + jets
‘& Data
“m BLACKHAT + SHERPA
~A SHERPA 2.2
ALPGEN +PY6
v MG5_aMC + Py8 CKKWL
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Explore extreme phase space
(using 13 TeV dataset)
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%
e
4
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Large jet
multiplicities

arXiv:1702.05725
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https://arxiv.org/abs/1702.05725

Measurements Of Z 4 jets arXiv:1611.03844v1

~ 19.6 b (8 TeV) —— |\D/|22+ PY6 (< 4j LO + PS)

> SIS Cxplore extreme phase space

(32_ —A— MG5_aMC + PY8 (= 2j NLO + PS) (using 13 TeV dataset)

§ U <

S ’7’ Large jet
T multiplicities

anti-k; (R = 0.9) jets a&'

pjet > 30 GeV, ijetl <24 3’ %

Z/y — |l channel

<+ SV CNLAGAUVIII I TP LG CC™N VOIS TP RE SSl 0t FodWsS FP\S B GIAIEI OSSR SISl PoTUE R\ SLBVG C ™ WO T PP SO T QU R Sl P

© MG5 + Py6 (< 4j LO + PS)

= 1

]

= < Z+ =2 jets
Large m;j;

q.

MG5 aMC/Data SHERPA/Data

Stat. | @ theo. []® PDF ® a, unc.
O 100 200 300 400 500 600 700 800 900 1000

11 i [GeV] s



W+jets production

MG_aMC/Data

MG/Data
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2.5f" (13 TeV)

CMS PAS SMP-16-005

——4$— MG_aMC + PY8 (= 2] NLO + PS)

—+—— MG +PY8 (= 4j LO + PS)

b
‘b
[ J
‘b

13 TeV

CMS Preliminary

anti-k; (R =0.4) Jets
P >30 GeV, Iy <2.4

W— uv channel
| I

' )

Syst. + Stat. unc. (gen)

=

Stat. unc. (gen)
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CMS 19.6 fb™ (8 TeV)

Data
MG5 + PY6 (< 4j LO + PS)

anti-k; (R =0.5) Jets
pJet > 30 GeV, ' <2.4
w (e ;,w) + = Zje’[S

MG5_aMC + PY8 (= 2j NLO + PS)
BLACKHAT + SHERPA (NLO)
SHERPA2 (= 2j NLO 3,4j LO + PS)
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Z+ b-quark production

~ do(Z+(>1b))/dx
~ do(Z+jets) /dx

R(x)

CMS 19.8 fb™' (8 TeV) CMS 19.8 fb (8 TeV)

—2A— Data

—i
o

—2A— Data

ZIy*(— Il) + at least 1 b jet MadGraph 5FS + Pythia6 ZIv*(—Il) + at least 1 b jet MadGraph 5FS + Pythia6

anti-k; (R =0.5) jets MadGraph 4FS + Pythia6 anti-k (R=0.5) jets MadGraph 4FS + Pythia6

jet jet
p. >30 GeV,Im"1<2.4 MadGraph-aMC@NLO + Pythia8

LTS

jet jet
p, >30GeV, m"1<24 MadGraph-aMC@NLO + Pythia8

Powheg MINLO + Pythia8 Powheg MINLO + Pythia8

4

pass

>
h
-
o
©
S~
+
N
@
O,
N~
-Ql_ll_

O
©
~—
a
+
N
@
O,

[do(Z+b) / dP1] / [do(Z+]) / di'l] (%)

;__MadGraph 5FS + Pythia6, normalized to o, o, stat. uncerEainty only _ MadGraph 5FS + Pythia6, normalized to o, ., Stat. uncertainty only

'xkA;szzx}_(xxxIK X
T e S S — £3

_ MadGraph 4FS + Pythia6, normalized to o, 5, stat. uncertainty only
[ L ] L L L L | L L L L | L L L L | L L L L |

A A A 7Y A A,
JAN JAY AN JAY JAY AN

3 MadGraph 4FS + Pythia6, normalized to o, ,, stat. uncertainty only
N 1 1 1 1 ] 1 1 1 1 ] 1 1 " 1 ] 1 1 1 1 ]

A A A A\ A VAV A VAV A A /1: A ;-‘ J(
AN L JAY AN LA LA AN LA AN AN L_I-A L T T

_ MadGraph-aMC@NLO + Pythia8, normalized to ONILO’ stat. + syst. uncertainties only
[~ ! | ! ! ! ! | ! ! ! ! | ! ! ! ! ! ! ! ! | ! ! ! ! | !

A A paY A A A
LX LX JAY X X 1X

3 MadGraph-aMC@NLO + Pythia8, normalized to o, ,, stat. + syst. uncertainties only
" L L L L | L L L L | L L L L | L L L L | L L L L

Theory / Data
Theory / Data

I | I # ;(

] i ] ]
; 1 i : 1 ! ! :
A A 7 A A A A A A A L

+ Powheg MINLO + Pythia8, normalizled 100y, Stat. +Syst. uncertainties only _ . Powheg MINLO + Pythia8, normalized to OnLor s’[a’[.I +syst. uncertainties only

50 100 150 200 250 300 0.5 1 1.5 2 2.5
Leading (b/)) jet p_ (GeV) Leading (b)) jet




Forward W+bb, W+cc and top-quark production

: : Phys. Lett. B767 (2017) 110
Simultaneous 4D fit to p*, p-, e*, e samples g (2017)

LLHCbH - [LHCbH Variables
Vs =8 TeV \s=38 TeV

J\Data(u*) mll : Dllet mass

W+bb
4 uGB: MVA to separate

- W+cc
-Background Wbb frOm tOp

BDT (blc) for both jets
to separate b from ¢

Fit:
- Wbb, Wcc and tt floating
. Background fixed to theory
: : : 1
j, BDT(blc) j, BDT(blc)

Fit projection in the y* sample 26



Forward W+bb, W+cc and top-quark production

Phys. Lett. B767 (2017) 110
Cross sections and theoretical predictions in the LHCDb fiducial region

Sample | Significance

[LLHCbD, V\s=8 TeV e MCFM CT10 [ ]Data
[ Data

o(W*+bb)
o(W +bb)
0.02

o(W™+c?)

o (W +cC)
_I_I_I_I_I_I_I_I_I_I_I_I_I_I_I_I_I_I_I_I_I_I_I_I_

0.1
o [pb]

Good agreement with NLO theoretical prediction: MCFM with CT10 + Phytia 8
See: LHCDb parallel talk by Marcin Kucharczyk



Top quark pair production

E‘ | | | | | | | | | | | 1 | | | | | | | | | | | | |
— Tevat bined 1.96 TeV (L < 8.8 fb’ o -
RS- z C‘KXS ;0” %Og; 'Tneev (L = 26epb() ) ATLAS+CMS Preliminary Aug 2016
m ATLAS epL7TeV (L=461fb ) B
S e CMSeu7TeV(L=5fb") LHCIopWG
= 3 m ATLASeu8TeV (L=2031b")
O 10°FE o CMSeusTev(L=1971") T
O — v LHC combined en 8 TeV (L = 5.3-20.3 fo™) =% _
N ~ = ATLASepL13TeV(L 3.2 fb”) —
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-2 10 : 800: ..+ ................ $.. . : :
3 = : = qu pair production
O - l 1 — Consistent across all channels
R _ /700 4 - (Experimental uncertainty: ~ 2.5-15%)
B NNLO+NNLL (pp) ; 1 _
NNLO+NNLL (pp) 13 Ve Tev NNLO + NNLL QCD prediction
10 Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 slTeVl _
— 'y NNPDF3.0,m_ =172.5GeV, o (M_) =0.118 = 0.001 — e
N 2 T Nl Start constraining gluon PDFs!
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOPSummaryPlots

Top quark mass measurements

Measured in different channels with
different techniques

ATLAS+CMS Preliminary

World Comb. Mar 2014, [7]
stat
total uncertainty
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Diboson production at the LHC

Proton

t-channel

u-channel

s-channel

q
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Inclusive diboson cross sections summary

ATLAS and CMS have performed extensive studies of diboson production:

Diboson Cross Section Measurements Status: March 2017 .[IL 1; March 2017 CMS Preliminary
. i . . . . . . . . . - . . fb— | ' ' ' ' | ' ' ' ' | ' ' '
Yy : ('l' ] I l I o [ l l 49 CMS measurements 7 TeV CMS measurement (stat,stat+sys) —+—o—+—
Wy vy " RNLO (thaoryy o ATLAS Preliminary 4.6 vs. NNLO (nLo) theory 8 TeV CMS measurement (stat,stat+sys) +——+—e——
— [njet = 0] Y 4.6 13 TeV CMS measurement (stat,stat+sys) ——e——
S ek Run1,2-+5=7,8,13TeV StalSyS) e
Zy—lty s s Vs St RL ——o— 1,06 = 0.01=0.12 5.0 b
o 1590000 10,073 0,067 i d 503 Wy, (NLO th.) i o i 1.16 + 0.03 +0.13 5.0 fb"
= [Mjer = 0] ARy e 46 Zy, (NLO th.) —or— 0.98 £0.01=0.05 5.01b"
— Zyovvy Wb lmoni 20.3 Zy, (NLO th.) o 0.98 + 0.01+0.05 19.51fb"
WUST jg WW-+W2Z - : — 1.01+0.13+0.14 4.9 fb"
vqq i WW SR S 1.07 +0.04 = 0.09 4.9 b
WW 20.3 WW ——te—— 1.00 £ 0.02 + 0.08 19.4 fb™
51022.4.4cb da 4.6 WW — . — 13TeV  0.96 + 0.05 + 0.08 2.3 fb”
NG (o) 3.2 Wz —H——o——+ 1.05 =+ 0.07 £ 0.06 4.9fb"
- WWoey, [njee = 0] 0.0 WZ — 1.02 + 0.04 £ 0.07 19.6 fb
MCFM (theary 4.6 1
—~ WWoep, [nie = 0] 5032784 70 -85 b (data NNLO QCD 46 Wz ——e—+— 13 TeV 0.80 = 0.06 = 0.07 2.3 fb
_WW_)e#, [njet — 1] 36 +6 +14.3 1 (da 203 /7 H O H 0.97 £ 0.13 = 0.07 4.9 fb-1
" WATRIX LG e X NLo acp 3.2 4 ——e—— 0.97 + 0.06 = 0.08 19.6 fb™
WZ MATRIX (NN ::‘I,' [ f‘f’f.{ 20.3 Jaw ——e—+ 13 TeV 1 1 += U. 4 += U. -1
MATRIX (NNLO) (o] LHC pp Vs =7 TeV 4.6 22 | . m . . , . . | | (,) 0 IO IO OSI 35'9 fo
SO o gfifl syst 230-23 http://cerrens.gh?g?)/pNﬁ Production Cross Section Ratio: OeXp/ Otheo
Vs = 20.3
22 il HHCPP V=BTV 7,8, 13 TeV: WW, WZ and 2Z
o 2% B 52 7,8 TeV: Zy
whegBox & G222 (theory] LHC pp ¥s =13 TeV 4.6 7 TeV.: WY
LL—Evy 1274312921410 (data _ ‘o srr;rq 4.6
77*—4¢f ‘PowhagBox riorm: to NNLO & 0q227 (theary stat & syst 20.3 G d . h
- —>&1 208 +3.8-3.5+2.1-1.94 (data -
. \llfl 'lz-).‘ | z 1..;.; | , | . | . A , | ) | . | , : , | . | . | 46 OO ag reemen‘.t Wlt arXIV.1 504.01 330
02 04 06 08 1.0 12 14 1.6 1.8 2.0 22 2.4 theory calculations arXiv: 1604.08576

(NNLO or NLO QCD, LO QED)

ratio to best theor



ZZ production cross section
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First diboson measurement with full 2016 dataset
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CMS Preliminary
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Study different production mechanisms

No deviations observed in the differential kinematic distributions for
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Electroweak production: Vector Boson(s) + 2 jets

z
V(V) + 2 jets production is dominated by O(as2) QCD processes 1 1
- evaluated from data in control region or from simultaneous fit ¥
4 T
EWK V(V) + 2 jets production is essential to probe the nature of the EWSB v
characteristic signature: two high-pr jets in the forward-backward region with:
- large rapidity separation
- low hadronic activity in-between
First observation of EWK V+2 jets with 8-TeV data
First evidence for EWK VV+2 jets with 8 TeV data
EWK measurements:
V(V)+2iets ATLAS (8 TeV) CMS (8 TeV)
W*(l )W*(l ) PRL 113, 141803, arxiv:1611.024283 PRL 114 (2015) 051801
. v v Evidence: EWK signal significance 3.60 (exp EWK signal significance 1.90 (exp 2.90)
Diboson CMS-PAS-SMP-14-011
tatistics W(lv)y : . o
d(gminate J EWK signal significance 2.70 (exp 1.50)
Z(") STDM-2015-21 . CMS-PAS-SMP-14-018
Y EWK signal significance 2.0c (exp 1.80) ~ Evidence: EWK signal significance 3.00 (exp 2.10)
Sinale b Z(") JHEP 04 (2014) 031 EPJC 75 (2015) 66
'r(‘g ? czlson Observation: EWK signal significance ~50 Observation: EWK signal significance ~50
systematic .
dorminated) W(lv) arXiv:1703.04362 JHEP 11 (2016) 147

Observation: EWK signal significance >50 " Evidence: EWK signal significance ~40 34



Zy electroweak production in association with a high-mass dijet system

Electroweak processes

QCD processes

2 ‘f,,&,
4 f 4
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4 i >
¥
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Data / Pred.
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Z — |+
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Cross section extracted from likelihood fit on
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500 e

B Z+jets
ty

400 $

300 ——

Events / bin width

Bl W7
Tot. unc.
Control Region j

150 < m;; < 500Ge

Data / Pred.

4.5 5 O 05 1 15 2 25 3 35 4 45 5

Zy Centrality

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-21/ 35



Zy electroweak production

EWK z
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4
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19.7 fb” (8TeV)
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Il Dibosons
[ ] Top quark

[ Fake y

] QCD Zy+jets

[1EW Z/y+2jets
Systematic uncertainty

1000
M. (GeV)

in association with a high-mass dijet system

VBFNLO
Z(I*1")yij EW gy D 2.00 (exp 1.80)
1.1+0.6 fb stat

Measurement is
statistics dominated
3.4 fb

Z(I" 1" )i
mjj> 500 GeV

Z(1"17 )i ATLAS Preliminary
_ 22 tb
150 < mjj < 500 GeV \[528 TeV. 20.3 qu

CR

| 05 1 15 2
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Similar analysis from CMS
Two bins: 400 < mj; < 400 GeV; m;; > 800 GeV

yzy — (yp +y2) /2| < 1.2, |Am| > 1.6, and Az, ; > 2.0 radians

Evidence for EWK Zy |j production
Significance: 3.0 o (exp 2.1 o)

1867022 (stat) 03¢ (syst) % 0.05 (lumi) fb

arXiv: 1702.03025v1 36



arXiv:1703.04362

Electroweak W j j production

EWK Wjj production

| | | |
—e— Data Vs =8TeV, 20.2 fb™ .
POWHEG+PYTHIA8 (QCD+EW) |
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Signal regions with M;; > 0.5 TeV and 1.0 TeV Predictions with EWK corrections agree with data
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LHC electroweak Xjj production measurements

Summary of LHC electroweak Xjj production measurements ATLAS

eIeCtroweak Stat. uncertainty . Total uncertainty Theory uncertainty
production ;
results
i Vo= fid
éh-!;%é;?erl%ggR\llv\-llj_—lP! 230—1Z_OT)§)V OEW W(oen)jj (1 TeV) 144 + 23 (stat) + 23 (exp) + 13 (th) b
Wy ATLAS BW Wi V=8 TeV T Ty (& 1B 159 + 10 (stat) + 17 (exp) = 20 (th) fb

Dominant uncertainty is systematic: jet energy scale and
JHEP 1611 (2016) 147 resolution, PDF

CMS EW Wijj \s=8 TeV

ATLAS EW Zjj Vs=8 TeV
JHEP 1404 (2014) 031

CMS EW Zjj \s=8 TeV
Eur.Phys.J. C75 (2015) 66

LHC EW Higgs \s=8 TeV
HJJ JHEP 1608 (2016) 045

1.4 1.6 1.8
o-B normalized to SM prediction
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Anomalous Couplings = search for physics beyond Standard Model

Events / (100 GeV)

o
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Breaking the SM leads to a theory
with effective range of validity
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¢® Data W—uv
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www

B o New Physics signal at

- / energy beyond direct
Single To "
Bacgkgrouid uncertainty eXperlmenta| reaCh

Probing strongly
coupled physics
beyond the SM

Search for deviation in
My (GeV) the tails

Parametrization: extend SM Lagrangian (effective Lagrangian or effective field theory) with additional operators and

anomalous parameters:
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Anomalous Gauge Couplings

Wy, WW and WZ anomalous q w "
W] charged couplings %wcw %MW

4 M gz
/Zy and ZZ anomalous >Y‘§ < >”3 a
1 "z 4 Y

Z+]|] neutral couplings

Channels

No deviations from SM have been observed

(example)

Increase of cross section at high energies

ATLAS Preliminary :;’g‘fgvﬂ i Ty_pical_probes: |

(s=8 TeV, 20.3 b -g(lfl i QCD - Invariant mass of the diboson system
+jets

Anomalous Search Region tty - boson PT

Quartic S Totunc.

Gauge s | Results are typically limited by:
Couplings : - observed statistics in the tail (primary),

(aQGC) _ - systematic and statistical uncertainty on the
signal/bkg model
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-21/ 40



https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC

CMS-PAS-SMP-16-017

Anomalous Gauge Couplings

Anomalous coupling sensitivity depends on the diboson

L]

- LHC limits slightly better than LEP limits - Sensitivity set by the reach of the diboson invariant mass

- Best sensitivity from channels with large BR (semileptonic
decays In boosted topology)

Charged couplings:

Neutral couplings:

- LHC limits far stricter than LEP limits
Large gain in sensitivity with increase of Vs
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Closing remarks

The LHC proton-proton runs have produced exceptional Standard Model
results at 7, 8 and 13 TeV

Ratification of the Standard Model of Particle Physics
=> Discovery of the Higgs Boson

=> Many precision measurements of ever increasing complexity and exploring
smaller and smaller cross sections

The LHC is getting ready to restart

=> Potential for significant discoveries and deeper precision measurements

Standard Model measurements and direct searches will play complementary roles in
the search for new physics "



https://atlas.web.cern.ch/Atlas/ GROUPS/PHYSICS/PAPERS/STDM-2015-01/

Inclusive Jet Cross Sections
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Di-photon production cross section
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Precision measurement of W and Z cross sections
7 TeV dataset - 4.6 fb-1
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Fiducial W+ and W- Cross Sections

Fiducial cross sections

No theoretical uncertainty from extrapolation outside experimental acceptance
OFiducial. W* versus W-

Phys. Rev. D85 (2012) 072004 arXiv:1612.03016
ATLAS \s=7TeV, 4.6fb"
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Some differentiation between PDF sets observed
Experimental uncertainties smaller than individual PDF uncertainties
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Systematic uncertainties
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Electron-Muon Universality
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PDF proﬁling results from w/z precision measurement

arXiv:1612.03016

Impact of measurement when applied to existing PDF (MMHT14,CT14)
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The strange-quark distribution is significantly increased and the uncertainties are reduced
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PDF proﬁling results from w/z precision measurement

arXiv:1612.03016

Impact of measurement when applied to existing PDF (MMHT14,CT14)
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Strangeness in the Proton arXiv:1612.03016
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Z+]ets: Dijet invariant mass
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Z+jets: azimuthal angle measurement
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W+jets production
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W+jets production: W + 2 2 jets oriv1610.01222v
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LHC electroweak production of a single W, Z, or Higgs boson

LHC electroweak Xjj production measurements
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J/WP production in jets
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Search for triboson W=W+xW+

Cross section [{b]
Theory Observed

tvtvly || 0.309 +0.007 (stat.) +0.015 (PDF) + 0.008 (scale) | 0.31 *533 (stat.) T0-32 (syst.)

Fiducial

tvlvjj || 0.286 +0.006 (stat.) +0.015 (PDF) + 0.010 (scale) | 0.24 F537 (stat.) T 1o (syst.)

sub-fb cross section
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quartic gauge couplings
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Diboson differential cross sections

CMS Preliminary 35.9 fb (13 TeV)
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Anomalous Gauge Couplings
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