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INnfroduction

&®The Standard Model has been a phenomenal success,
especially now that a SM-like Higgs boson has been

found.

®However, it is most likely that the SM is a low energy
approximation to a more fundamental theory.

& We may directly observe particles and interactions of
new physics at the LHC.

& Precision electroweak measurements can provide us
indirect access to new physics beyond the SM.
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The Precision Frontier with EWK Physics

& Precision electroweak measurements

are sensitive to top mass m, and Higgs

mass My, via quantum corrections.

& Global EWK fits provided estimates for

m; and M, before the discoveries.
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SM-like Higgs discovery at ~126 GeV is compatible
with global EWK data at 1.3 sigma (p =0.18)
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EWK Physics af the Energy Fronfier
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W, Z Production and Properties

& The W, Z boson production are benchmark
processes for physics at the LHC.

& They provide calibration of the energy scale and the
rates, and provide control samples for analyses.

& W, 7/ +X events also form backgrounds for many
physics processes of intferest, and hence need to be
understood very well.
<+ (tfop quark events become important background, e.qg., for

WW; they also help calibrate jet energy scale)

& Electroweak processes and properties have
sensitivity to new physics beyond the SM through
radiative corrections.
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Cross Section Measurements (CMS)
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Cross section Measurements (ATLAS

Standard Model Production Cross Section Measurements  siaius: July 2014
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W Boson Mass

¢The W mass, My, is a key
parameter in the SM.

&®The world’'s most precise
measurements of My, so
far, come from the
Tevatron experiments.

Mass of the W Boson

15 MeV

Measuremen t i M, [MeV]
CDF 1988-1995 (107 pb) ——— 8043279
DO 1992-1995 (95 pb™) -—0— 80478+ 83 CDF: 19 MeV
CDF 2002-2007 (2.2 o) o 80387 + 19 DO: 23 MeV
DO 2002-2009 (5.3 fb™) o~ 80376 +23 LEP2: 33 MeV
Tevatron 2012 »-Q* 80387 + 16
1 World Average (2012):
World average >.< 80385+ 15

Tevatron Combined

M - T 1
" AN2G, sing,/(1-Ar)

0, is the weak mixing angle
Ar: radiative correction

eg. H

W W

¢ Additional contributions to Ar can
arise from new physics beyond the
SM. (such asin SUSY)

/
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W Charge Asymmetry w11

J Ldt=33-36pb”

&In pp collisions, more W* produced = T

exp. uncertainty 1

than W- since u dominates over d ;e
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W Charge AsymmeTry arXiv: 1312.6283

&®New measurement from CMS with > 20 M W events

+Measured in 11 y bins and with two p; (25 GeV, 35 GeV) thresholds
+Exp. uncertainty per bin 0.2 -0.4%, smaller than pdf uncertainties
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®Power to distinguish and constrain PDFs, and improve future fits
+CT10nlo does better than others

& RESBOS and FEWZ also describe data well.
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W Charge Asymmetry af the LHC
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& New

measurements in
agreement with CMS in
the overlap region.

& Constrains PDFs at lower X
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¢ HCb has unique

access to high rapidity
leptons (2<| n | <4.5)
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Improving PDFs

arXiv: 1312.6283

®CMS W (1) asymmetry combined with HERA | DIS
results improve precision of valence quark PDFs
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/ and Drell-Yan Measurements
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Drell-Yan Process

Cross section as a function of Dilepton mass
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Drell- Yon (

ATLAS

R HOEW _ Pl
FEWZ NNLO+A™ " +A J H E P

06 (2014) 11

Low mass

';‘ = L L | I:
S 35F ATLAS -
o S T ]
& ¢ s e det=1,6fb" B
ol_g 3 b K
© - B 3
- \s=7 TeV 7]
2.5 —— ........ __l.
- MSTW2008 68% C.L
000 T <24, p, > 12 & 15 GeV -
1.5 __ ...... -
- —4— Data 3
15 —— FEWZ NLO+A™"4a™ —

o5E 8 5 POWHEG NLO+LLPS+A"™"4A

Theory / Data

m, [GeV]

NNLO corrections seem to be

important at low mass

(Similar observation from CMS data)
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High mass
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NLO EWK corrections and photon-induced
production relevant at high mass
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DY Cross Section at 8 TeV

&®Measured from 15 to 2000 GeV!
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Differential Cross section at 8 TeV
& do/dy for Drell-Yan in six different mass bins (CMS)
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Kinematic Properties of the Z (CMS)

CMS Preliminary Vs=8TeV _[ Ldt=19.71fb"

®7 boson pyand £
/ rapidity S

measured and  °
compared with
predictions

®Measured
doubly
differentially

¢ Data spectrum
softer at higher
p; than MC

& Discrepancy at
lower p; as
well.

CMS-PAS-SMP-13-013
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Kinematic Properties of the Z (ATLAS)
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Weak Mixing Angle
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Weak Mixing Angle (CMS)

& The “forward-backward” asymmetry in the
distribution of the polar angle of the lepton w.r.t. the
direction of the quark from the incoming proton is
used to extract sin%0,,.

&In pp collisions, the direction of the quark is not
known and can be deduced only on a statistical
basis.

& CMS performed a multivariate likelihood analysis
where the quark direction is statistically modeled
using the correlation between the dilepton rapidity,
invariant mass and decay angle observables.

eWith 1.1 fb'!, CMS measured
sin“0¢ = 0.2287+0.0020(stat) £0.0025(syst)

Phys. Rev. D 84, 112002 (20

)



Az and sin?0_ from ATLAS

_ x10° I @
s 100~ iy ' ' B < osr. ATLAS Preliminary
> | |Ldt=47fo @\s=7TeV ATLAS ] r p
4qc—,' | "—o— Data 2011 Pre“minary j 0.2}JL dt=48fb @ \s=7TeV
5 80 [ ]Zi*—ee — :
- W77 Other backgrounds . 0'15
C B Multijets i of
T backward forward 0
B i N Data
a0l § 7% PYTHIA
— — 0.3F
K - :IIIIIIIIIJIlIIlIlIllIJIIIlIII
- il =i
201 — 0
B N -1
- -2
zzzi_._..,___‘_‘__,___ . 80 85 90 95 100 105 10
; 15 m&E [GeV]
% 1_ % +T+ : : %% ATLAS, e CC :
S F Jf]l* +*H* ATLAS, e CF ATLASPreIiminary
0.9: ATLAS, i S 4
_; 05 0 05 1 ATLAS combined '
CcosO* . cMs
DO
CDF
in20 . = + +
sinZ0 i = 0.229710.0004(stat)*0.0009(syst) Sk
LEP+SLC
PDG Fit
ATLAS-CONF-2013-043 022 622 025 0285 024 0245
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Prospects for sin“0 at the LHC

& Need a 6x better
measurement 1o
achieve current
world-average
precision

®Requires

+20 fbo! at 13-14 TeV
for target statistical
error

+Lepton energy scale
by 5x

+PDF uncertainty to
improve by 5-10x

September 27, 2014

CC electrons | CF electrons | Muons | Combined
Uncertainty source (107%) (107%) (107%) (1074
—
PDF 9 5 9 7
MC statistics 9 5 9 4
Electron energy scale 4 6 - 4
Electron energy smearing = 5 — 3
Muon energy scale — - 5 2
Higher-order corrections 3 1 3 2
Other sources 1 1 2 2

Pushpa Bhat Fermilab

~ 10 T L L— T T I
= F ] iE
< g E- [ sMfit wo meas. sensitivblioisin’(s],) 136
8 = SM fit w/o meas. sensitive {o 'g.inz(e',,,)and M, meas. :" E
= — SMfit with minimal input || } ] E
7 = -®- LEP/SLD average [arXiv:05)B008] E
6 [~ 1 —
F :
4 i‘_— """" —z 2c
3E E
2 E
1 E— ——————————————————————————————————————————————— —E 1c
0 E 1 | 1 1 1 | 1 1 | el 1 1 |:
0.231 0.2312 0.2314 0.2316 0.2318
: : : 1§.in2(e:,.,)
http://project-gfitter.web.cern.ch/project-gfitter/
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Multi-boson Production and
Anomalous Gauge Boson Couplings
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Diboson Production

q V2 q v q 2

| | ) TGC vertex

- —l—- NN — i - y
q I'l q Vs 7 Il

& Measurement of diboson production (Wy, Zy, WW,
WL, 1) test the gauge structure of the SM.
+Vector boson self-couplings are fundamental predictions

<+ Deviations from SM i.e., anomalous triple gauge couplings
(aTGC) would indicate new physics

<+ Sensitive to new particles decaying into boson pairs

+Non-resonant diboson production is an irreducible
background to Higgs production processes

> Critical to understand to study properties of the Higgs boson
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WZ and Wy Production

&®Thousands of high purity trilepton WZ cs pretminary 58 Tev,L- 1961

candidates and tens of thousands of Wy o mzo
¢ Main background from photon and lepton [ Mo Wy _
fakes 200 |- -
#No evidence of new physics in high p; tails 8
TE 102 :E‘-’."-‘ﬂi & 100 4
,\é 10 i_ ATLAS
= = J.Ldt=4.6fb'1
T Tu'_ 1 ,;— \s=7TeV
Q| E ) ) 0
o = : Data 2011 (Inclusive) |:| Data 2011 (Exclusive)
2] B % 1.0 (Inclusive) —@— % 1.0 (Exclusive T ' ' '
© 10‘1 Egi i::’EgE:xlg E:nc:usive; — ;S\EEQEQX:S EExc:usive;'.Q"A‘ """ g ! o + + T++ + T T_
o2 - —e— MCIFM (Inclusive)l _.._ MCFM (Excllusive) I*t g 0 % '0““c.¢’¢¢¢¢+++ + + 0+0+ .. ;
2 é ’ 0 160 2CI)0 3(IJO 4_00
Pl [GeV]

Data
Theory

. 2 PRD 87, 112003 (2013)
B HIEREISWRIONE 1 CiS-PAS-SMP-12-006
01-5 20 30 40 60 100 1000

El [GeV]
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ZZ Ond Z’Y PrOdUC'hOr] Good statistics at 7 TeV

> 10? reowa=-
17 >4 . e
. [ — & 105 anas
o 90F = = 46"
O ATLAS Preliminary * Data ] ""300 ZZ 9 4( = b [ra-asn
o 80F 1 : 77 3 Tl _ \s=7TeV pp — Iy
S 705_.[Ldt 201 \:| Background _E ° \8:_ T 10 ! : Data 2011 (Inclusive) D Data 2011 (Exclusive)
*2 E 1s=8TeV Total Uncertainty E O -I- 8 Te v WI -I- h '8 102 —oe— SHERPA x 1.0 (Inclusive) —@— SHERPA x 1.0 (Exclusive) fEF== @ g5
9 60 775l é_ —&— MCFM (Inclusive) —=m— MCFM (Exclusive)
W E 3 -3 1 1 1 1
= 3 10
s - SMrates e
40;— _; g§ 1 ;—--O'-m _______ @ - o U ______ O___m_] _______ 4’.__[‘_] _______ 1)..11;_;
30:- 3 =L . . . 1 . E
205 3 oz ° ' ' ' v
105_ E S 1Fem o L L i Attt B i
: B l_ E 1 1 1 1 | -
E IThe ] 015 20 30 40 60 100 1000
00 200 300 400 500 600 700 800 900 E! [GeV]

Four-Lepton Mass [GeV]

11 > 222v Low background at high p;

CMS Preliminary 2012, [L=19.6fo", V5= 8Tev CMS,L=501fb" Vs =7TeV
% ; ‘I‘:lIZé—‘leZv T I:‘lZ—;ZI(t‘iata) T > 5 rr T rrr [ rrrr [ rrr T /
O o[ [ top, WW, Weiets (data) [l WZ — 3iv ‘ 200 ZZ 9 2 2’\, 8 10 —e— Data
S0 o000 — 272y 20005 § g 2 Zy—> vwy +bkg
é 10:— —— 22 - 212v 2=0.01 27 - 22v 2002 J 2108 e TGCh§=0.003+bkg
=TT at8Tev s
1k = [_E 12 Beam-halo
: E E [ ] y+jets, Wy
10"§ - 10°! [ W—ev
JHEP 10 (2013) 164 ]
" PRD 89 (2014) 092005 .
B 2 o [ 10°
% 0 50 : 160 200 300 400 : 1000 10°

Dilepton [ [GeVic]

200 300 400 500 600 700
El (GeV) 29
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// and Z PI’OdUCTIOﬂ Good statistics at 7 TeV

~ ; = @O-gE==
ZZ 94[ / 300 ZZ 9 4[ OT 8 :::t@Iﬁ::--“-eu ~
G I 8 TeV with SM rates e 10F anas e
90F N E = e
& F ATLAS Preliminary ¢ Data E - 1 ? o .["d‘ 461 O
o 80 4 Mz = cMs {s=8TeV,L=19.6fb i \s=7TeV pp — Iy
S 705_J-Ldt=20fb EIBackground _E S 1_' L R B I B é.:_ © 10-1 : Data 2011 (Inclusive) : Data 2011 (Exclusive)
g a 1s=8TeV Total Uncertainty - (ig" L t’fU"fO'ded daata | 8 102~ SHERPA x 1.0 (Inclusive) —@— SHERPA x 1.0 (Exclusive) FE===@oia=
0 60 = = osF _ | Total uncertainty - —5— MCFM (Inclusive) —m— MCFM (Exclusive)
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aTGC Results Summary

Feb 2013

&Best LHC 7 TeV e o T T T T ATLAS Limits ]

CMS Limits ﬁ

DO Limit O

measurements as . e
— -U. - V. . )

good as LEP2 Axg — WV 10.043 - 0.033 5.0 fb"!
+Tevatron e LEP Combination -0.074 - 0.051 0.7 fb™*
. ] 2\ — WW -0.062-0.059 4.6 fb™
combinations Z — WW -0.048 - 0.048 4.9 fo™
— WZ -0.046 -0.047 4.6 fb

— WV -0.038-0.030 50 b’

. . oA DO Combination -0.036 - 0.044 86 fb™
OSem|Iep’ron|c WW Ty LEP Combination -0.059-0.017 0.7 fb™
gives the best info Agz — WW -0.039-0.052 4.6 fb™!
1 — WW -0.095 - 0.095 4.9 fb™’

on k and A, — W2 -0.057 - 0.093 4.6 fb-!
|ep'|'onic WW Qnd o DO Combination -0.034-0.084 8.6 fb™
o LEP Combination -0.054-0.021 0.7 fb™
WZ beTTer for g. 1 1 I ] | 1 1 ] ] 1 I 1 1 | 1 I | ] | [l | 1 | ] [l

0.5 1 15
aTGC Limits @95% C.L.

O
(&)
ol

&®Probing A ~ 200-500
GeV for c=1.
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PLB 721 (2013) 190

WW Production (8 TeV)

cMS \s=8TeV,L=35fb"
> L L L .
3 700 ATLAS Preliminary | +om Clwwiiz 4 O pogf © DATA
= 6002_\ =8TeV, [ Ldt =203 fb" Ew = ZZZZZ 1L i .w’
®Kinematic shapes = %% e v name B g | —Ji
_I_h S 500 31505 B W jets
Ogre.e \{\/I “ 400; ij tsot:t(?t)syst
prediction but cross 300f oo} %fé%
section higher by o ) ¥
~20% in both CMS _ oL e ]
d ATLAS 50 100 150 200 250 300 00‘—‘ T '1(')0' R——
an m, [GeV] 7 (GeV]

¢~5000 eu
candidates in

CMS  69.9+2.8 (stat.)£5.6 (syst.)£3.1 (lum.) pb (1.80)
ATLAS 71.4%+1.2 (stat.)£5.0 (syst.)£2.2 (lum. ) pb (2.10)

T T LIS L L L L

ATLAS with 20 fb -1 | MCFM 58.7+3.0 (syst.) pb j
(s=8TeV ete
=Qq9.,9g 53.2 MCFM NLO ww v
& Yelt to come +9g 1.4 MCFM LO o
SCMS Iviv 20 fb -1 | THWW 4.7 NNLO~+NNLL I Combined
lvjj 20 flo -! z::ﬁi“xm&ﬂ;;m
Vi Higher order/other= 3-4plb? 2% "4 5 & "'70'"'80""90"??6;]
o [P
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ATLAS Diboson Summary

Diboson Cross Section Measurements Status: July 2014 JLdt

[fb'l] Reference

o (yy)[AR,, > 0.4] | Sist e

4.9 JHEP 01, 086 (2013)

o (Wy - tvy) 7RG oy 46  PRD 87, 112003 (2013)
= [Mjer = 0] 77 TR heofy 46  PRDS7, 112003 (2013)
ad(Zy - tty) 7R ey ATLAS Preliminary | 46  PRD87,112003 (2013)
- [“jet =0] 7O ARGR ool Run 1 \/_ =7,8TeV 4.6 PRD 87, 112003 (2013)

o-t°t‘"'(pp—>WW+WZ) 7= T2 S gk oata) 4.7 ATLAS-CONF-2012-157

O'ﬁd (W*W*jj) EWK oo %3wh(o)«\125§x(ﬂm;rw 20.3 arXiv:1405.6241 [hep-ex]

o 519:20+44pb\da(a

total MCFM (ineory)
otor (pp—)WW) —714412+554 9 pb (data)

MCFM (meorw

o(WW — ee) |7 iin

46 PRD 87, 112001 (2013)
20.3  ATLAS-CONF-2014-033

4.6 PRD 87, 112001 (2013)

- o (WW - pp) |7 7 icnes 46  PRD87, 112001 (2013)

o_ﬁd (WW N E[J) r=2023z123 ?tk%s‘o}yf\b (data) LHC pp Vs =7TeV 46 PRD 87, 112001 (2013)
total 1o \WZ 7=t fneory) > 9 - Theory 46  EPJC72,2173(2012)
o (pp ) 7203408107 141300 cat - Data 13.0  ATLAS-CONF-2013-021

§ . N s stat
_ ofid (WZ - vtt) | 9024 BB A IO+ 6,0 -6.21b (data stat+syst 13.0 ATLAS-CONF-2013-021
o =6.7+0.7 + 0.5 0.4 pb (data) 4.6 JHEP 03, 128 (2013)
total MCFM (theory) . s
ot (pp—>2Z2Z) =714 98- 04 0 G LHC pp Vs =8TeV 20.3  ATLAS-CONF-2013-020
o =76.0418.0 4.0 fb (data) 4.5 arXiv:1403.5657 [hep-ex]
total Powheg (theory) .
lon (pp—)ZZ—>4f) =107 o;;ilgcigr,“tgcvgrﬁam‘ ‘ Theory 20.3 arXiv:1403.5657 [hep-ex]
Cot(ZZ o agy | ey N B 46 JHEP 03, 126 (2013)
. 7=2074130 (lhemlng b (data) §§g€+syst 20.3 ATLAS-CONF-2013-020
_ O.fld(zz* - 4[) =298 Pgwheggox &’)ggézzglhbeodryj ) 4.6 JHEP 03, 128 (2013)

oMNZZ > thyy) |7 R
02 04 06 08 10 12 14 16 18 20
data/theory
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CMS Diboson Summary

Apr 2014 CMS Preliminary
CMS measurements | 7 TeV CMS measuremenlt (exp+th) — —
vs. NLO theory 8 TeV CMS measurement (exp+th)  —+—e—+—
YY, NNLOth)  ——f o — 1.04 £0.11+0.09 5.0fb"
Wy — o —  1.16 £0.13+0.06 5.0fb"
Zy ——o1—+— 0.98 +0.05+0.05 5.0fb"
WW+W2Z — o — 1.05+0.20 £0.03 4.9fb"
WW —+——o——— 1.11+£0.11+0.04 49fb"
wWw — = — 1.22+0.12+0.04 3.5fb"
Wz —+——o0——+ 1.17+£0.10+0.03 49fb"
Wz ——e—— 1.12+0.08 +0.05 19.6fb’
77 —t o — 0.99+0.15+0.06 4.9fb"
Y4 e — 1.00+0.10+0.08 19.6 fb
! ! ! ! | ! ! ! ! | ! ! ! !
0.5 1 1.5 2
mercemeneoony roduction Cross Section Ratio: o,/ 6y,
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Triboson Search iIn WWy and Wiy

&Studied in Iv+jj+y final arxiv:1404.4619
state for best aQGC
sensifivity q W
¢®No anomalous high p;
failin photonp; N C /S N ',:----Z

& Cross section Upper Limit
on SM friboson rate is
3.4xSM (<311 fb)

& First limits ever on several S DU
aQGCs

NI

JL dt=19.2 fb" i1s=8TeV

* E—4— Muon Data
E B MC Uncertainty
s [ —— sM+a¥/A2=50Tev?

Events/ 42 GeV
Events/ 42 GeV

—21 < ay/A* <20TeV~2,
—34 < al JA? < 32TeV~2,
—25 < fro/A* < 24TeV~,
—12 < kg /A* < 10TeV~?, and : : » :
~18 < kW/A? < 17 TeV~2. eI At 0 SR

Photon P, Photon P, (GeV)

Ratio Data/MC
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Electroweak 7 + 2 jef production oz

JHEP 10 (2013) 062

€ Unigue process for CMS 8 TeV to be submitted
studying rapidity gaps p ut \d\f/L//
and VBF jet dynamics d “< v,

€ Require dijet “VBF -, Dﬂt
topology™: - ut

> large dijet mass y " w4
(250-1000 GeV) —

> Large dijet Ay (or

rapidity gap) AMT-ryvases —
> other kinematic Z o[ \s=7TeV,L=5.1fo" 1

information to separate ' e E =

from QCD 7+ 2 jet — '

€® CMS observed a 2.6c —
signal in the 7 TeV data ,
after a BDT selection e

Data/MC

o——

+
- .

0.4 0.2 0 0.2 0.4 0.6
BDT output

36



Gdata

Electroweak 7 + 2 jet production e ospogon

JHEP 10 (2013) 062

® >5 o evidence has been reported by both experiments at 8 cms g 1ev to be submittec
TeV, first published by ATLAS. Cross sections are consistent

with SM predictions.

OEWK = 226 + 44 fb
overNLO = 239 fb

CMS 19.7 o' (8 TeV)
% T LA I B T ;QITL'A'S' _‘@ 105 T T T T T 7 T T L T T T l. T D|ata| T T T
- E Signal region
S otk [Ldt=20310" S E ¢ tg — EWZj
3 R \s=8TeV > [ uuevents B EW Zj
« L . search region L 10 = - DY Zjj
_:é) 10 % —o— E = -.-.- - Top
10° —o- g "'- 3
- e 12 .
10 —— 3 3
= ¢ Data (2012) _.__’_# # - -~ 3
1; —— Background - 10 E
= 1 Background + EW Zjj _'__|_ E - .
; 1 5_._. I R R S R .._:_ = |
Yle —+ ~|» _\_ e = 5
- -—._._._._._._._,—-o-——'-—-l—-—ri— ........ . P S - - | -
© = pa — + T T T T
9005%_ —+ “‘ E _. 10 Data .
ol T T O R 8|5 —EWZj -
o TR 5120 =
é g 0'5; — constrained e _.__|_—|— § S il
- uncon;trained . ‘ ‘ _|——|— E B e 1 R e B (7 ES— Y
500 1000 1500 2000 2500 3000 3500 - ' BDT output
m; [GeV]
- ' ' ' Y " 2 8 g
3 11%//%/% // ? « After reweighting QCD 7+2
S o9 A A jets in sidebands, jet

T . dynamics well-modeled in
aseline  high P, search control  high mass K
oewk = 10.7 + 2.1 fb and around search regions

OPOWHEG = 9.4 fb 37



First VV=>VV search at the LHC
WWyy QGC

& First search for JHEP 1307 (2013) 116
photon-photon .
scattering production Two photon production
of WW of WW (s, t, and u channel)
Y w+ Y W+ Y W+
& WWyy quartic gauge ha N N
coupling one of the / | s
amplitudes f /
Y w- Y w- Y W-
¢Two eu events VI B0 BT
Observed WIih no UE 'MS, e recordes «-ipi.r;m' s/ (%5) f e Data B prell-van e :
present 8 25;;|?c1usivew*w ! \Ij)vi-f"f:tcstivevv"W' =
"% 20___Elastic\:/v/*;:(SM) E= Inelastic yy — vt 7
¢ First quartic gauge R R . STV
coupling limits at LHC; e 10t Rt o
WWyy limit two orders 10;... ]
be’r’rer than LEP or ]
Tevatron! AL ST | T
VA AY - 150 200 250
Sepftember 27, 2014 Pushpa Bhat Ferr /' | || Py (o) [GeV]




Vector Boson Scattering and EWSB

& Vector Boson scattering is an important process to study in
order to probe the nature of electroweak symmetry breaking
(EWSB).

®EWSB in SM with Higgs essential to preserve VV scattering cross
section unitarity

2
AWLWL = WL W) g—ﬁf [_ BN T ]

W 1%
v/Z | HO°
V/Z + wi + --
w W . 17

a[nb o[nb]
| a(VV = VV), no Higgs I A I a(VV =+ VV) with my = 120 GeV |
14 I\
E SM without a Higgs boson | "“'“»t.,-,,, SM with a 120 GeV Higgs boson
t = \‘\;_"
...... f' wwe . —— -_.:_;-::‘::»—':i CH’XIVO8064] 45
2.001 4
1 ;;IL:lI 2;:Iljli1 Jooc 0 1 |_I|‘xj| '_’1‘:1‘1 3000
V5 [GeV VE IGeV
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VV | Production via VBS

& At hadron colliders VBS can be seen as an interaction
of gauge bosons radiated from initial state quarks,
yielding two vector bosons (VV) and two jets (jj) in the

final state.
q 7 q 7 q q
W \“—T_:'_v;, W W+
: H(}
W ,’,x/’/\::'\‘ W W
q q q q q q

¢ The VVj final state can have contributions from strong
production processes as well

&In case of same-sign WW +jj, the strong production
background is small enough to make this channel
attractive at the LHC
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W*W= | Production (ATLAS)

OB%’rh TCMS and ATLAS have searched 8 TeV data for same sign WW

+ 2 jefts

S ATLAS analysis defines dijet_mass>500 GeV, rapidity-gap> 2.4 as the
S|gnol rlch VBS reglon

(-D IIIII | LI | T T 17T I IIIIIIII | T T 17T | T T 17T I LI | IIIIIII
> T T ™ — [ ]
R ATLAS | +_ Dataz0i2 _ 5 S0 ArLas * Data 2012 .
= 10 20.3 b, 15 = 8 TeV RRXY Syst. Uncertainty 3 3 C 20.3 b, |s = 8 TeV B Syst Uncertalnty ]
@ WEWH ” Electroweak J o5 . WWHii Elect k_—
S W*Wj Strong 7 5 m. > 500 GeV jj ectrowea :
2 10 - (F;rompt . C I W*W*jj Strong ]

w onversions 3 C ) B Prompt T
1 3 20 ; Y
&’:f W other non-prompt 4 - : Conversions ]
| T B ) SR G B L
107 10 ]
° T - ‘ .
2 F | o Dtk ] B
3 [ : Bkg Uncgertamty ] . /5- N
- I | ¥ (Sig+Bko)/Bkg . S|gn0| N
© : 7
S L Mw ] 0 8 9
S 07360 400 660 800 7000 1200 7400 1600 7800 2000 Ay .|
m; [GeV] VBS Signal Region
. etet etu* uEpE Total
E
‘Good Qgreemerﬂ- with SM WV Electroweak | 2554025 734506 40404 | 139412
. ] . WEIWEjj Strong | 025 £ 0.06 071 £ 0.14 038 £ 0.08 | 1.34 & 0.26
IN sig Nnal and control region. WZ/yZZtE+W/Z | 22405 42+10 19405 | 824109
) W+~ 074+04 13407 - 20+1.0
OS prompt leptons 1.39 +£ 0.27 0.64 £ 0.24 - 20+ 05
‘ BOCkgr.C)U nd molnly from Other non-prompt 050+026 154+06 034+£019| 23+£0.7
reql mu|1'|_|ep1'on pProcesses TotaIDPr:dicted 7.6 ? 10 156 lj; 20 66 f; 0.8 29.8;3.5
ata
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Evidence for EWK W*W*| Scattering

SM-like cross section with 3.6 o significance
(2.8 expected)
First evidence for vector boson scattering!

Limits obtained on aQGCs in a unitarized model,

A= 650 GeV forc=1

putjj Candidate Event
m;i=2800 GeV

| Ayi|=6.3

September 27, 2014 Pushpa Bhat Fermilab

0.6
0.4
0.2

-0.2
-0.4
-0.6

arxiv:1405.6241
ATLAS SM oy5%=0.95 + 0.06 [fb]
203 fb—1 \S=8 Tev NLO, POWHEG-BOX, CT10
e'e*
0.4+ 1.0+4.0 [fb]
efut
1.3+ 0.6+0.25 [fb]
e
1.7+ 0.8+ 0.15 [fb]
Combination ——
1.3+ 0.4+ 0.2 [fb]
1 05 0 05 1 15 2 25
c},’VBV?' [fo]
I III I I II|IIII|IIIIIIIIIIIIII
ATLAS
20.3fb",\s=8TeV

lllllllllllllllllll—

[ confidence intervals
- [ 68% CL

- [95% CL

[ — expected 95% CL
- x Standard Model

pp — W* W jj
K-matrix unitarization

III|III|III|IIIIII|III|III|I[I

co b b b b b b b P
04 03 -02 -01 0 01 02 03 04

Deviations from the SM parametrized
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W*W=| Production (CMS)

€ CMS Analysis (19.4 fb!): CMS-PAS-SMP-13-015
= > 500 GeV dijet mass and 2.5 dijet rapidity gap, with top veto, Z veto,

and dilepton mass > 50 GeV defined as VBS signal region
= Most remaining background is fake/non-prompt leptons
= Observed events agree with SM predictions

Data W=W=<jj Totalbkg. Non-prompt WZ VVV  Wrongsign WW DPS
WEW= 12 88+02 57408 42 +0.8 1.0+£01 03+01 0.1+£0.08 0.1+0.1
WTWT 10 7002 31+06 21+0.6 06+01 02+01 0.1+£0.08 0.1+0.1
W-W~ 2 1.84+01 26+0.6 21+05 04+01 01+£0.1 — —

c CMS (preliminary) 19417 (8 TeV) CMS (preliminary) 19.4 10" (8 TeV)

'5 .E T T T T | T T T T I T T T T

2 _;Vf,’f\}j[ﬂ . yvﬁgn';“;";'g‘ S leopaa M Nonprompt 1 | 2.00 excess from VBS
= N o DWW Wrong sign 1

o 10 (mwz VW ] = ‘mwz  EVW 1 (3] expec’red)

L W WWDPS o 10[m wwbprs 7

4.0+2.4—2.0 (stat)
+1.1-1.0 (syst) fb
(P10 GeV, |n,1<2.5
P>20 GeV, |nj|<5.0
M;>300 GeV, | An |>2.5)
100200 300 400 500 800 1000 1500 2000 VBFNLO: 5.8 * 1.2 fb

m, (GeV) m; (GeV)
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Summary

®Precision electroweak measurements at the LHC can
provide indirect access to new physics beyond the SM

®Many impressive results on single- and multi- vector boson

production and properties obtained by ATLAS and CMS
from data at 7 TeV and 8 TeV LHC runs

& First evidence for EWK vector boson scattering (VBS) seen
by ATLAS in W*WHjj production

& |HC poised to directly test electroweak symmetry
breaking. Exploring VBS at higher energies is
complementary to studying Higgs properties in order to
understand EWSB.

CMS, ATLAS public results:
<+ https.//twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResults
+https.//twiki.cern.ch/twiki/bin/view/AtlasPublic
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BACK-UP SLIDES
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W, Z Cross Sections

CMS-SMP-12-011
arXiv:1402.0923 CMS

L=18.2 pb™, {s = 8 TeV

— I 1 I I 1 I I I I I I I I I I I I I I I I
9 LT, oms 18 pb" S wo 7.11+0.03, +0.14__ +0.18_ nb
= f. gm:: ;g 32-’: g 'IT'g / A w'sI'y —e—1+ T 10+ O.ZOSI:':b syst fum
M 10 = CcDFRunll - W o e ]
X E © DORunl . - o 5.09+0.02,, +0.11  +0.13 nb
© b i / - woh T seez03m
— Z — Wo 1221003, +0.24_ +0.32 nb
1 PP _ - i B 12.18+0.32 nb
- ~ = e - : :2 - g.glstatbi 0.02,, +0.03, nb
B PP ] 13+0.04 n
B . Wt Wy by 1392001, £002,
10" . = P A Lot S
E Theory: NNLO, FEWZ and MSTW08 PDFs E Wolv 1 ZoPT . 10.63 0'11stat + 0.255),5‘
C l 10.74 + 0.04
0.5 1 2 T e e
Center-of-mass energy [TeV] 0.9 1.0 1.1 1.2
ratio(exp./th.)

Systematic uncertainties:

lepton efficiency (1-3%), momentum (energy) scale (0.3-0.7%), MET modeling (0.5-0.8%),

background subtraction (0.2-0.3%)

theoretical uncertainty (acceptance): ~2-2.5%

luminosity: 2.6%
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Drell-Yan Cross Section at 7 TeV (CMS)

ee and uu channels

1/, do/dm [GeV™']

Data/theory Data/theory

September 27, 2014

CMS

det —45f at {s=7TeV

o

8 orders of
magnitude

2 orders of
magnitude

108

+ Data

FEWZ, NNLO CT10+LO EW

107

108

10°

Pushpa Bhat Fermilab

1/, do/dm [GeV™']

Data/theory Data/theory

CMS

det —48f at s=7TeV

108

+ Data

FEWZ, NNLO CT10+LO EW

FEWZ, NNLO CTIDILO £

FEWZ, NNLO CT

107

108

10°
1.5

0.5
1.5

+LO EW

15 30 60 120 240 600

0.5

PANIC 2014 Hamburg 47



Differential Cross-section at 7 TeV

& do/dy for Drell-Yan in different mass bins from CMS

In the low mass bin, data Very small errors
errors similar to spread in the Z peak bin
from PDFs

;0_045 TT T T T I [T T T [T T T[T T I [T T T T TTT ; TTT T T T[T T T T T T IT T TTI 1111 L B ;0_00164xHHHHHHHHNHHH o 3
o [ cMms,[Ldt=45fb"at\s=7Te ke F cms, [Ldt=45fo"at Vs =7 Tefl, 60 <m <120 Gev 1 T - CMS, [ Ldt=4.5b"at \'s =7 TeW 200 < m < 1500 GeV 1
B F = o07F ’ 3 4 B r ' ]
5 004 5 07F 1 B ooo14f s
© £ ke F B S L i
N r N E - N C ]
Q 0.035 \D 0.6 4= é Q 0.0012— b
L ol >~ C ] - : i
0.03 05|~ E 0001 .
0.025 0k E C ]
"'[ —e—Data ] 0.0008 —e— Data -
0.02 — Il FEWZ+CT10 NNLO [ Hl FEWZ+CT10 NNLO E Il FEWZ+CT10 NNLO N\ i
F I FEWZ+NNPDF2.1 NNLO 0.3 [ MM FEWZ+NNPDF2.1 NNLO B 0.0006 | I FEWZ+NNPDF2.1 NNLO A\ ]
0.015 — [l FEWZ+MSTW2008 NNLO - Il FEWZ+MSTW2008 NNLO ] Il FEWZ+MSTW2008 NNLO 4\% ]
[ Il FEWZ+CT10W NNLO 0.2|~ [l FEWZ+CT10W NNLO = 0.0004 | [l FEWZ+CT10W NNLO N -
0.01— Il FEWZ+JR09 NNLO [ Il FEWZ+JR09 NNLO 7 Il FEWZ+JR09 NNLO %\f 4
F FEWZ+ABKM09 NNLO 0.1 FEWZ+ABKMO09 NNLO A 0.0002 FEWZ+ABKM09 NNLO ]
0.005 [~ [l FEWZ+HERAPDF15 NNLO F I FEWZ+HERAPDF15 NNLO 1 I FEWZ+HERAPDF15 NNLO ]
I T N NS N N S NS RS AR N N 0 HluquhuMxquhuMuhuhuhuhf 0 T N A NS NN R R RS RN RS R e A
13 > 13F E 1.5
gtzﬁ S 12F = E}g ]
£ mEY[ [ @1} m]h Wi s £ 1f 0 E £ 12 pii T PR | (TS (M
8 1@1@1@@ LA JTr[rIbﬂl I M 8 1 [k g ot P o g P g g M1, LT 3 T T S T e
E rhEE dplpggpinlts 3 ot LA L B gl e L B
08F 3 08E | 1i 08E
0.7 5 E E E 6 E
0 02 04 06 08 1 12 14 16 1.8 2 22 2. 0702 04 06 08 1 1.2 14 16 1.8 2 22 24 *0 02 04 06 0.8 1 1.2 14 16 1.8 2 22 24
Absolute dimuon rapidity, lyl Absolute dimuon rapidity, lyl Absolute dimuon rapidity, lyl
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Electroweak 7 + 2 jet production fEsaa s
CMS 8 TeV to be submitted
 Now a laboratory for studying generator behavior in VBF/VBS
context!
« TGC limits obtained from ATLAS less stringent than diboson

2 1= | | | | | AITLAS—: c (_:M,S — T T T T ; 19.'7ﬂ? (8. Tel\{)

2 e [Lat=2031" J ) B i

;'"% 0 9:— e \s=8TeV 8 1= Il events, M_> 1250 GeV ]

g L ;g;_ baseline region : Q - » W -

© C @ : Y— n |

> 0.8 SR — Q — n

5 - S + ] 8 11— —

0.7 A — B l i

O 6:— _+_ Data 2012) M@W //» : :

""E N\ Sherpa Zjj (QCD + EW) 3 0.9 N ]

:_ - Sherpa Zjj (QCD) N N .y B ]

0'5: % Powheg Zjj (QCD + EW) . B i

L - - - Powheg Zjj (QCD) ] 8 —

0-4__. | X JJ|....| | | | . 08— ® Data —

© 1.2 = ~ ]

% % - J B o DY Zjj (data) 7

=B R 0.7 -

0.8 L DY Zjj (Madgraph+Pythia6é Z2*) |

0.6 - _

-1 | ] | | ] | ] | | | ] ] ] |_

(@) ] . | | I | I I 1 I 1 I I I I 1 I I_

2w 12F 3 g 11

S| e A ] L L Xz & & L I |
g A 1 . ——F - % 1_% I T T T T T

o IR - ® 09 | | -

1 1 1 1 1 | 1 | | | | |
o8- T A a 0 100 0 _ . 300
] Third jet P, [GeV]
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- - Status:
Standard Model Total Production Cross Section Measurements .l 21

pp

total

Jets R=0.4
lyl<3.0

Dijets R=0.4
lyl<3.0, y*<3.0

w

total

total
tt
total

tt—chan
total

WW+WZ

total

Ww

total

H ggF

total

Wt

total

WZ

total

Y44

total

H VBF
total
ttwW
total
ttZ

total

o =95.35+0.38 + 1.3 hackb (data)
COMPETE RRpl2u 2002 (theory)

o =563.9+ 1.5+ 55.4 — 51.4 nb (data)
NLOJet++, CT10 (theory)

o =86.87+£0.26 4 7.56 — 7.2 nb (data)
NLOJet++, CT10 (theory)

o =94.51+0.194 + 3.726 nb (data
FEWZ+HERA1.5 NNLO (theory)

n-72794+0178+1096nb(daa
FEWZ+HERA1.5 NNLO (theory)

o =182.9+3.1+6.4 pb (data)
top++ NNLO+NNLL (theory)

o =242.4+1.7+10.2 pb (data)
top++ NNLO+NNLL (theory)

o =68.0+2.0+8.0pb (data)
NLO+NLL (theory)

o =282.6+1.2+12.0 pb (data)
NLO+NLL (theory)

o =72.0+9.0+19.8 pb (data)
MCFM (theory)

o =51.9+2.0+4.4pb (data)
MCFM (theory)

o=714+12+55-490pb (data)
MCFM (theory)

0c=19.0+6.2-6.04 2.6 - 1.9 pb (data)
LHC-HXSWG (theory)

o =254+43.6-35+29-23pb (data)
LHC-HXSWG (theory)

o =16.8+2.9+3.9pb (data)
NLO+NLL (theory)

o =27.2+28+5.4pb (data)
NLO+NLL (theory)

o =19.041.4-1.3+1.0pb (data)
MCFM (theory)

0 =203+08-0.7+1.4-1.3pb (data)
MCFM (theory)

o =6.7+0.7+0.5-0.4 pb (data)
MCFM (theory)

n—:7.1+05 O4+O4pb(dala)
MCFM (theory)

o =26+0.640.5-0.4pb (data)
LHC-HX S G (theory)

MCFM (theory)

o =150.0 4 55.0 — 50.0 + 21.0 fb (data)
HELAC-NLO (theory)

10210741073 10

o =300.0 +120.0 -~ 100.0 4- 70.0 — 40.0 fb (data)

-2 10—1

10!

0.3 < my; <5TeV

Run 1

mmﬁmmmmmmmrmﬁmmr\/W\ﬂr

o.1<mmev%
v

;

;

ATLAS Preliminary

\Vs=7,8TeV

LHC pp Vs=7TeV

.
N

s;a§+syst

Theory

LHC pp Vs =8TeV
Theory

Data
stat

stat+syst

o [pb]

;

102 10® 10* 10° 10° 10! 05 1 15 2

data/theory

[Ldt
[

8x1078

4.5

4.5

0.035

0.035

4.6
20.3
4.6
20.3

4.7

4.6
20.3
4.8
20.3
2.0
20.3
4.6
13.0
4.6
20.3

20.3

20.3

20.3

Reference

ATLAS-CONF-2014-040

ATLAS-STDM-2013-11

JHEP 05, 059 (2014)

PRD 85, 072004 (2012)

PRD 85, 072004 (2012)

arXiv:1406.5375 [hep-ex]
arXiv:1406.5375 [hep-ex]
arXiv:1406.7844 [hep-ex]

ATLAS-CONF-2014-007
ATLAS-CONF-2012-157

PRD 87, 112001 (2013)
ATLAS-CONF-2014-033
ATL-PHYS-PUB-2014-009
ATL-PHYS-PUB-2014-009
PLB 716, 142-159 (2012)
ATLAS-CONF-2013-100
EPJC 72, 2173 (2012)
ATLAS-CONF-2013-021
JHEP 03, 128 (2013)

ATLAS-CONF-2013-020

ATL-PHYS-PUB-2014-009

ATLAS-CONF-2014-038

ATLAS-CONF-2014-038



Sensitivity to higher order corrections

0.03

0.02

0.01

LN L B L O O
" cMS, f Ldt = 4.5 fb” at \'s = 7 TeV, 20 < m < 30 GeV -
o —e— Data ]
B N N Lo % FEWZ+CT10 NLO ]
- N ]
B & FEWZ+CT10 NNLO ]
ol N __
-/ w_
- % ]
- NLO # ]
- o
- -]
_I [ | [ 11 | [ 11 | [ 11 | [ 11 | [ 11 | [ 11 | [ 11 | [ 11 | [ 11 | [ 11 | | 1 I_
| e

Absolute dimuon rapidity, lyl

0.07

0.06

0.05

0.04

0.03

0.02

0.01

Data/theory

08 [
0O 02 04 06 08 1

C cMs, f Ldt = 4.5 fb™ at \'s = 7 TeV, 30 <m < 45 GeV

—e— Data

7
% FEWZ+CT10 NLO
7,

N
% FEWZ+CT10 NNLO

\IIlIIIIlIIIIlII

T
N

S LE IR Y™
I ) o>
r 282
r =
- (S

b

1.i2 1.i4 1.i6 1.i8 2
Absolute dimuon rapidity, lyl

As Iin ATLAS, better agreement with NNLO in lower
mass range
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September 27, 2014

Double Differential Cross Section Ratio

RSTevnnv(pp - }/ /1Z—1l)=

-~ Data
0.0s BIFEWZ NNLO CT10

= I B o I NI B e e o e e
E 04— CMS Preliminary

~ E  19.7 6" uy, 19.7 fib” ee (8 TeV, p_ > 20, 10 GeV)

:; 0.35 } 4.5f7 uu (7 TeV, P> 14, 9 GeV)

g E

'EN 0.3F 0 <m < 30 GeV

S 0.25F

2 E

© £

= 0'2%4-_;_ Lk +4—+—.;.++.¢.++’+'—+— -1 4 :
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L E
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<vploobeotEEL e b b by 4
EN

cMS Prellmmary
19. 7fb uy, 19.7 fo” ee (8 TeV, p_ > 20, 10 GeV)
4567 uu (7TeVp > 14, 9 GeV)

0 <m < 120 GeV|

E

o
©

1/6,do/dIyl(8 TeV)/(1/c,do/diyi(7 TeV))

-~ Data
BIFEWZ, NNLO CT10
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o
©
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0.7
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Iyl

Yy
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116, do/dlyl(8 TeV)/(1/c,dordiyl(7 TeV))
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A I B B B I B B I B I
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;
06F ﬁi
05F o =
E ™ E
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03f E
E ~=Data E
0.2 BFEWZ, NNLO CT10 E
T T T S T
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L CMS Prellmmary
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116, do/dIyl(8 TeV)/(1/c do/diyl(7 TeV))

B i

1/, do/dIyl(8 TeV)/(1/c,do/dyi(7 TeV))

1/ o do /dMdY (TTeV, P> 14,9GeV)
Good agreement with predictions, in general
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VV sc:o’r’renng fuTure prospects

g2

3

Vi

7
s,

Snowmass study to understand VBS

potential of LHC Run2+

Select 3 lepton or same-sign dilepton
events with “VBF dijet” (dijet mass > 1

TeV )

Several modes expected to be
observed with < 300/fb

5 sigma anomalous dim 8 production

1L 10 _ 4 "W _\27J _ _ _ 0 __ ___°M_1_ °__ Amnl_ ____ 1

. . 300 fb~!
Parameter | dimension | channel | Ayy [TeV] 5 05% CL
cow | A\? 6 77 1.9 34 TeV=2 | 20 TeV—2
fso/A* 8 WEW= 2.0 10 TeV=* | 6.8 TeV™*
fri/A* 8 wZ 3.7 1.3TeV™ | 0.7 TeV™*
frs/A* 8 Zyy 12 0.9 TeV™ | 0.5 TeV™*
fro/A* 8 Zyy 13 2.0TeV™ | 0.9 TeV™

Entries

Entries

ATLAS Slmulatlon Prellmlnary . VBS WZ (SM) _%
J.L 3000 ft’ /, SM VBS WZ + 3
% fr,=1.0TeV* 3
. VBS WZ (SM) 3
250E- SMWZQCD
200F R
150 =
100F- -
50 Z
- L L 1 1 | 1

06 0.7 0.8 09 1
mg,, [TeV]
E ATLAS Simulation Preliminary . VBS ssWW (SM) 7
3500 § -
- L =3000 fb wove SM VBS ssWW + 5
3000 oz 15y =10 TeV* 3
2500E- | sMssww acp 3
C A .
2000 :_ SM WZ + mis-ID _:
1500F- =
1000f- iy =
500F -
********* A,

1 2 3 4 5

my, [TeV]

t HamAIBAS-PHYS-PUB-2013-0063




Effective Field Theory and Boson

INnteractions

For generic new physics effects
descended from some high
energy scale A, explore operator
product expansion with Wilson
coefficients c_i

Before EWSB, 5 gauge boson
interaction terms respect gauge
invariance (3 CP even + 2 CP
odd)

After EWSB, induces trilinear VVV’,
VV’H, and quartic interactions with
correlated coefficients.

At dim 6, expect WWy, WWZ
interactions with 3 CP-even
parameters (g; , )

Manifested as high mass/momentum
production tails

UNBROKENE

(n)

C; (n+4)
Lesr=Lsmu+ Y Y. O,
n=1 1
C)”'u'u' = Tr[”}a,”""’H’,‘)‘:
Ow = (D,®)'W"(D,d)
Op = (D,®)'B"(D,®)
Owww = Te[W, W"*PWH]
C‘)li' - (]-)uq’)”i.‘”/(.’_I)z'(f’)
BROKEN

L = igwwv (;,}'(n',;,n'-“—n'*“u',;,'n-"’+

. Ay
Ky WIW, VI 4 WS, PV

H"“"H;, p\;f‘)

W

M3,
+RyW W, Vi 4

q

Q]

Av
2




Quartic Gauge Boson Couplings

®SM has four quarfic interactions at free level

S WWWW, WWZZ, WWyy, WWZy
W W

X

W, Z,~ W, Z,~

¢®Neutral 4 boson vertices can be nonzero, though not
predicted in the SM at tree level.
SLLLL, LLLy, LIyy, Lyyy

& Manifested as triboson or vector-boson scattering
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WW Production (7 TeV)

WW @7 TeV
& Thousands of leading lepton PT

candidates in

CMS {s=7TeV, L =492 fb"

600

> % E E

é E ATLAS Jrat-ast" \s=7Tev E g g - E

e E 3 = 180 F |

. S so0p- —+— o E ; te0 - - ]

dilepton channel T B =T

i 300: 102 §:+§\§[+ B :

. F = | E

elLeading p; showsno ol |

F 40 3 £, E

anomalous | D pen o e
20 40 60 80 100 120 140- -1-60‘1‘@180 200 U 2 .

conftribution &” ******“**‘W\\?*\“ﬁg

20 40 60 80 100 120 140 160 180 200
Prras (G6V)

W dijet W dijet 7 TeV

. . . dijet mass, 7 TeV PT
& Signficant diboson P
signal in semileptonic @

channel

cMs [Ldt=5.0fb" (s=7TeV
E T T T B T

I top

5001 == cD
r Z+jets

* data

Events / GeV

-
o
o
o

50 100 150
m, (GeV)
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Weak Mixing Angle at the LHC

&®The parton-level cross section for ¢qg—=2—10¢

qq—y 7—'” a
3oy )(p ><(l+cos())+§ i —
2 2 (5 — m2)P? + mil%

X [((pqq—~l + ( qq—°l) )(( —.u) + (pz—ou 21 + cos20* ) + 8p""_°lp‘f’_°lpf,"”p§"“cos()*]

G 44(8, cosO™; Oy) =

3(5 — m2)pli~Y pyt
" (5 2Py py X [p87% pZt(1 + cos20*) + 2p97% pZ—tl cosh*). (
(8 — m2)” + meI% i

................ N

The odd Coso* terms

0.8 give rise to dilution in pp
:"N 0.6

E /

o’ 04

_h—lllllllllllllllllll
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Forward-Backward Asymmetry

¢ CMS did

measure Ag in
an independent

analysis.

&5 fb!, 7TeV
>1 M events
4 rapidity bins

&Subtract
backgrounds,

unfold F and B

separately,
correct for
dilution, ..

Phys. Lett. B718 (2013) 752
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