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INntroduction

¢ The study of diboson production provides an
important test of the Standard Model at TeV
energy scale

e Sensitive to self-interaction among vector
bosons via triple gauge couplings (TGC)

q

W

e Neutral TGC is forbidden at tree level in SM

e New physics would induce changes in TGC

* |rreducible background to Higgs boson 4

e See J. Branson’s H->VV talk tomorrow

2

TGC vertex
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Data and Analysis

e Tevatron: proton-antiproton collisions at 1.96 TeV, up to 9.8 fb’
e | HC: proton-proton collisions at 7, 8 TeV up to 5, 20 fb™
e \W, Z decay modes
o W->lv, Z->II: leptons are isolated; experimentally clean
e Neutrino inferred by imbalance of transverse energy: Missing ET
o \W/Z->jj, Z->vv: higher branching fractions; larger backgrounds
e Theoretical predictions on diboson cross sections: NLO QCD (e.g. MCFM)

e Focusing on new results in the past year
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Cross section measurements

Cut and count in

MOSt cases
Data-driven
when possible

N — Ng
A5°€5°£

g =

Determined from MC, corrected

for data/MC efficiency differences

In following slides: Wy, 2y, WW, W/, 2/
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arXiv:1308.6832 (submitted to PRD)
Phys. Rev. D 87, 112003 (2013)

WY->lvy, 2y->lly

e | epton+Missing ET or dilepton

e Photon pT > 15 GeV
e Good S/B

e Main backgrounds: W+jets, Z+jets

(jet faking photon)
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WY->|vy

CMS Preliminary, L=5fb" \s=7TeV
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ZY->ly

CMS Preliminary, L=5fb" \s=7TeV
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LY->VVY

Missing ET + isolated photon

Pros: larger branching fraction and
acceptance

Cons: larger backgrounds; Blind to
low pT

Main Backgrounds
e W->ev, Z(vv)+jets, QCD

Photon timing is used to reduce
non-collision backgrounds

CMS-PAS-SMP-12-020
Phys. Rev. D 87, 112003 (2013)
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Phys. Rev. D 87, 112001 (2013)
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WW->|VI'V’

arxiv:1306.1126 (submitted to EPJC)
Phys. Lett. B 721 (2013) 190-211

Two opposite charged leptons, pT > 20 GeV
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WZ->IVI'I

e Exactly 3 leptons, a pair of which
from Z; significant missing ET

e \/ery low background

e Main background: Z+jets ( jet
faking lepton)
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CMS-PAS-SMP-12-006
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WW/WZ->Ivij

e Trigger on a W and look at the di-jet
spectrum; cannot distinguish WW from WZ

e Main background: W/Z+jets

e Challenge: background estimation, jet
energy scale/resolution
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-S>, vy

o |II'I; distinct signature,
completely reconstructable

e |lvv: large branching fraction

e Combined assuming standard BF
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ATLAS-CONF-2013-020
JHEPO3(2013)128
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LL->IT

l=e,U;'=¢, U, T

CMS-PAS-SMP-13-005
Phys. Lett. B 721 (2013) 190-211
J. High Energy Phys. 01 (2013) 063

Lepton pT > 20/10/7/5 GeV

Differential cross sections
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Anomalous Triple
Gauge Couplings

e SM describes exactly how vector
bosons interact with each other

e Even new physics at a higher
energy scale will have indirect
effects on TGC

e aTGC are modeled using effective
Lagrangian depending on some
parameters, which are all zero in SM

Coupling | Parameters | Channel

WWy Ak, A, WW, Wy

Wwz Ag.4, DAk, A, | WW, WZ

ZZy hs?%, hy? Zy

2V ', hg' 2y To tnteract by the rules or not?
277 f2, 12 ZZ

ZyZ A A ZZ
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Events /GeV

c  160f -
S 1a0f ATHAS + Data -
% - [ Ldt=461" \s=7TeV CIsMwz .
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O 5 g Bl zZ5Iv ]
~ TV []Background B 4
"g - 5] Total Uncertainty J Ldt=461 -
Z_¢Z
G 2F :f:fﬁfﬁ? By \s=7TeV
1 5:_ o ;4 0011 ATLAS ZZ 51w
F = LZ->llw ]
1= _ =
S Lo ]
0.5 .
I D Y AR miAma, ETE RN RTEIES SIRERIPEINeE T mic]
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pZ [GeV]

E; (GeV)
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10 77 Total uncertainty on Bkg
Ldt=5.0fb",\N's =7 TeV [: Zy— vvy (NLO)
B W—ev
1 3“ B MisID-y (QCD) CMS
. y+jets, Wy E s = = A
L e ZY>VWy _ CMS Preliminary \'s =8 TeV, L=19.6 fb
10'E — @ aTGC hj = 0.0025 S I ' ' '
_____________________ 8 s DATA
-2
107} = ¥ [ 12z E
i : WZ/Z + jets -
10* = | === f5=0.015 3
E I 0 ..... fZ - T
10 7 7 : g B ! 1
200 300 400 500 600 _ 700 ©107 | CMS E
p; [GeV] B /7 :
CMS Preliminary, L = 5 fb’ T Js=7TeV 1 | B '
ﬂ [ T T T T | T T Il © 2 LTI = -
5 1000__ _____ - sy 7 1072 | |
> =l et ol : 500 1000 1500
©) - Standard model 1
“6 800 —— Anomalous coupling; _| mm..l.. (GeV)
N [ 2'=0.0, Ax'=0.4 y
'gGOO_— = > R L L LN BN L NLEL R BN BLELELE BUNLALE
i i 600 —
S [ CMS ] § I [Ldt=a6t" \s=7Tev ;
=z L : VVY 7 g 500 "~ —+— —4— Data —
400 B _}_ w '—_ %) N NESARRETEA D SM WW n
b 5 aook ATLAS”
. g 400 S e N LT AK2=0 1 |
1 0 S =),=0.15 ]
| 07 . Z;z=62 WW 7l
. 500 ; [ Background —:
C Ostatesyst _
200/~ -

uuuuuuuuu

L1

T
120 140 160 180 200
Leading lepton P, [GeV]

20 40 60 80 100

alGC would increase cross section at
high end of M(VV), and its proxies, e.g. pT
The tail drives sensitivity!
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Phys. Rev. D 87, 112003 (2013)
arXiv:1308.6832 (submitted to PRD)
arXiv:1306.1126 (submitted to EPJC)

Charged aTGC

(WWY, WW2Z)

Feb 2013

Feb 2013

Fur.Phys.J. C73 (2013) 2283
Phys.Lett. B718 (2012) 451-459

arXiv:1302.3415

Phys. Rev. D 87, 112001 (2013)
Eur.Phys.d. C72 (2012) 2173

aTGC Limits @95% C.L.

LEP remains most competitive here
WV->lvjj doing well

19

Sidoeme SigEaeT T T

DO Limit o DO Limit o

LEP Limit o1 EEE Lt I

. . _1 — ww -0.043 - 0.043 4.6 fb™

Ak, | xv _g-gég_g-ggg :g :2_1 AKX, g WV -0.043 - 0.033 5.0 fb”

¥ ' ' i e LEP Combination -0.074 - 0.051 0.7 fb™

WW -0.210- 0.220 4.9 b A — WW -0.062 - 0.059 4.6 fb™

—_ WV -0.110-0.140 5.0 fb™ 7 — WW -0.048 - 0.048 4.9 fb"!

—_—— DO Combination -0.158 - 0.255 8.6 fb” — Wz -0.046 - 0.047 4.6 fb™

i LEP Combination -0.099 - 0.066 0.7 fb™ — WV -0.038 - 0.030 5.0 fb’

2 — Wy -0.065-0.061 4.6 fb" aey DO Combination  -0.036 - 0.044 8.6 fb':

¥ — Wy -0.050 - 0.037 5.0 fb"! k. l\;\IIEV'\Dl Combination '8-823'8-822 g-g ;3'1

— Ww 0.048-0.048 4.9 o Ag; g laiie: & i

i WV -0.038 - 0.030 5.0 fb — WZ -0.057 - 0.093 4.6 fb™

Fod DO Combination  -0.036 - 0.044 8.6 fb" o DO Combination  -0.034 - 0.084 8.6 fb™’

| HT ILEP Combinatilon -0-059-0-?17 0.7 fb™ | ”ﬁ ]LEP Combinati]on -0.054-0.?21 0.7 fb’
-0.5 0.5 1 1.5 -0.5 0 0.5 1 1.5

aTGC Limits @95% C.L.

LHC approaching LEP sensitivities
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Phys. Rev. D 87, 112003 (2013)

Neutral aTGC ariv:1308.6832 (submitted to PRD)
CMS-PAS-SMP-12-020

Phys. Rev. Lett. 107, 051802, 2011
(ZYY’ ZZY’ ZZZ) JHEP03(2013)128
CMS-PAS-SMP-13-005

Feb 2013 July 2013
1 I | I I 1 I I I I I I 1 I I I I 1 I ‘l . I I I I 1 1 1 I 1 I 1 I I 1 1 I 1 I 1 1 Ll 1 l I 1 I 1 | 1 1 I
ATLAS‘ lelts — ATLAS Limits —
gl\D/IE blrr:iltts E CMS Limits —
’ — Zy -0.015 - 0.016 4.6 fb’
h 3 y R v -0.015-0.015 4.6 fb"
3 — Zy -0.003 - 0.003 5.0 fb f4
-1
N 2y -0.022 - 0.020 5.1 fb"! H 7z -0.004 - 0.004 196 fb
HZ — Zy -0.013-0.014 4.6 fb™ ¢ — 7z -0.013-0.013 4.6 fb™
3 — Zy -0.003 - 0.003 5.0 fb™ 4 — 77 -0.004 - 0.004 19.6 fb™
-1
—_— Zy -0.020-0.021 5.1 fb fV _— 77 -0.016-0.015 4.6 fb™
— 7 -0.009 - 0.009 4.6 fb™
h'x100 : 9 4.6M 5 — 774 10.005 - 0.005 19.6 b
B 1 Zy -0.001 - 0.001 5.0 fb’ =
hZx100 o zy -0.009 - 0.009 4.6 fb! §Z ! ' e 00150015 461
1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I | 1 1 1 1 1 I ] 1 1 1 I 1 1 ] 1 | | 1 1 1 I ] | | | | | | | |
-0.5 0 0.5 1 1.5  x10° -0.5 0 0.5 1 1.5  x10
aTGC Limits @95% C.L. aTGC Limits @95% C.L.

Loops contribute 104; Some new
models predict 104 to 103
Limits are already at interesting region!

LHC dominates on neutral aTGC limits
Sensitivity mostly from vvy
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YY->WW->|vlv

CMS,Vs=7TeV,L=5.05fb"

> 8 B e | [ | l I [ | I | L] I | I i | I | L [ | | I
O B
(D 7E e Data - Drell-Yant*t N
8 u © Inclusive W'W - Diffractive W'W’ E
=8 6 - i — Wijets ]
n N i
g B Elastic yy — vt [ Inelastic yy — vt
Lﬁ 5 . — 7y = W'W (SM) ]
4 B
3 -
21 t -
1 B
0)

0 50 100 150 200 250 300

F, [GeV]

e Opposite charged e vertex 0 extra

track, pT(ep) > 30 GeV

e 7TeV 5 fb1: 2 events observed

( expected: 2.2 signal, 0.84 background)
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JHEP 1307 (2013) 116
Phys. Rev. D 88, 012005

< BN LA NELL LR S R T
o 10%F -1 -+ Data =/
w [ ee+E; Z+jets

€ 10°F [CIDiboson
g : OW+jets 3
L
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CMS-PAS-SMP-13-009

Quartic Gauge Couplings

Tri-boson: WVy 5 W

o W->lv; V: W/Z->jj

e g(WVYy) < 241 fb, 3.4 times SM
(photon pT > 10 GeV)

CMS preliminary IL dt=19.3 fb’ Is=8TeV

YY->WW and tri-boson are used to set limits on

> .
) Muon Data jets — v bkg . .
© 2338 MC Uncertainty Zyvdets anomalous Quartic Gauge Couplings
< SM +a)’ / A? =50 TeV? B top
it . July 2013 LEP L3 limits JE— CMS WWy limits e
D B Wy+jets DO limits CMS vy — WW limits ~ =+=++
qc) - WVy Anomalous WWyy Quartic Coupling limits @95% C.L. Channel Limits L \s
>
L WWy  [-15000, 15000] 0.43fb" 0.20 TeV
yy— WW  [-430,430] 9.70fb”" 1.96 TeV
R — ww -21,20] 19.30fb” 8.0 TeVv
al/A* Tev? v [ ] ¢
.......... vy — WW [- 4, 4] 5.05tb™ 7.0 TeV
WWy  [-48000,26000] 0.43fb" 0.20 Tev
Yy — WW [-1500,1500] 9.70fb™" 1.96 TeV
Q = = wWwy [-34,32] 19.30fb" 8.0 Tev
% SF 3 a¥/A? Tev?
g E | . AT & yy—>WW  [-15,15] 505t 7.0 TeV
s 1:—0%_ f -
m - -
o u ‘ + _ _ = f,o /A" Tev* WWy [-25,24] 19.30fb" 8.0 TeV
100 200 S%Oh 4?8\/ AR ST T O S S T
oton p_(GeV) -10°10*10*10%-10 -1 1 10 10% 10° 10* 10°
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http://cds.cern.ch/record/1563302?ln=en
http://cds.cern.ch/record/1563302?ln=en

Summary

e Measurements are presented of diboson production cross sections
e Proton-antiproton collisions at 1.96 TeV at Tevatron
e Proton-proton collisions at 7 TeV and 8 TeV at LHC
e The measured cross sections are consistent with SM predictions
e Differential cross sections are also measured in some channels
e |imits set on anomalous Triple Gauge Couplings. No evidence for new physics
e The study of Quartic Gauge Couplings has started

e Full statistics 8 TeV measurement in all channels at LHC will continue. Looking
forward to 2015 run
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Sackup
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CMS Vy

Table 2: Summary of selection criteria used to define the W+ and Z+ samples.

Selection Wqy — evy Wy = uvy Zy — eey Zy— upy
Trigger single electron single muon  dielectron  dimuon
Pt (GeV) >35 >35 >20 >20
17 EB or EE <21 EB or EE <24

pL (GeV) =15 >15 >15 >15
In7| EB or EE EB or EE EB or EE EB or EE
AR(¥,y) >0.7 >0.7 >0.7 >0.7
MY (GeV) >70 > 70

mep (GeV) >50 >50

Other criterion only one lepton  only one lepton

-
(=]
(=]
o

Number of events / 0.00075
(4,1
o
(e ]

C

MS Prelimina

ry,L=5fb7 \s=7TeV
T T T I

ECAL barrel

15 GeV < E; < 20 GeV
—e— Data

— Fitted

—— Background
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Radiation Amplitude Zeros

CMS,L =5 fb" \s=7 TeV - CMS,L=5fb" \s=7 TeV
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CMS 2Zy->vvy 7 TeV

Source Number of selected events

Misidentified jets 12 28

Beam-gas processes 11.1 :5.6

Misidentified electrons 3.0 1.5

Wy % ¥ o il 1,

o 0.6 =0.3

rHet 0.5x0.2

Total M2+ 6.5

Zy — vy (NLO) 453 £6.9
data FiS
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WW

CMS 8 TeV

Channel
WHW-—

tt and tW

W + jets

WZ and ZZ

Z/y* + jets
Wylﬁtl

Total background

Signal + background

Data

£ve”y
684 =50

132 +23
60 + 22
27 +3

43+ 12

14+5
A

959 =60

1111

ATLAS 7 TeV

Selection critena

Exactly two opposite-sign leptons

Mepr = 15, 15, 10 GeV

|mger — m,| > 15,15, 0 GeV

Emiss. > 45, 45, 25 GeV

I Rel
Jet veto

pr(€€') =30 GeV

ee L L eun Combined
Data 174 330 821 1325
WWwW 100+x2+9 186 +2 *+ 15 538 +3 +45 824 =4 + 69
Top 22 17+ 3 32+x14=*5 87+23x+13 141 = 30 £ 22
W + jets 2k = =11} 44 =3 70 £2 + 31 O +2 +43
Drell-Yan 123 +3 34+6+10 =21 | B e ol .
Other dibosons 130112 28210 4 +2*6 78 2+ 10
Total background 68 =12 = 13 04 +15+x13 206 =24 + 35 369 = 31 =53
Total expected 169 + 12+ 16 280 + 16 = 20 744 *+ 24 + 57 1192 =31 =+ 87
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WZ 8 TeV

CMS

ATLAS

sample eee eep Hue Hpu
Z+jets 9844 16960 | 14554 | 13.81x45
top 14104 2= 6.2 0 9110
7474 24--h1 % M Bt | 8| 3.9 +10.1 2.0 L]
Ly 2409 04104 SO 1.2 0
WV 0.1 £0.1 0.1 £0.1 .21 2.2y
VVV 6.1 0.3 3= 10404 | 13404
WZzZ 19394+14 | 2458 £1.6 | 3159119 | 428.01+2.2
total MC | 216.0+4.7 | 2770+ 6.3 | 35491+6.0 | 472.31+5.2
data-driven | 14814 | 27129 | 479134 | 59.0x4.6
data 235 288 400 557
Final State eee eejl e LU Combined
Observed 192 270 298 334 1094
zz 10.3+0.6 14.7+0.8 12.8+0.7 18.8+1.0 56.6x+1.6
Z + jets 37+3+11 33+4+10 57+4+11 47+5+14 188+8+24
Top 6.3+0.5+3.4 90.1£0.7+4.9
W/Z +y 13£3 1.3+0.6 1743 - 3245
Bkg (total) 60+4+11 55+4+10 87511 75£5+14 277+9+24
Expected signal  144+£12 199+16 200£16 276121 819+34
Expected S/B 2.4 3.7 S 3.0
AxC 0.144 0.188 0.199 0.276 -

29

Wednesday, September 4, 2013



WV->Wiji 7 TeV

CMS

Process Muon channel Electron channel
Diboson (WW+WZ) 1900 = 370 800+ 310

W plus jets 67380 =590 31640 =850

tt 1660 = 120 950+ 70

Single top 650 =30 31020
Drell-Yan+jets 3610 =160 1410 £ 60
Multijet (QCD) 300 =320 4190 +=870
Data 75419 39365

Fit %2/ Ngof (probability)

9.73/12 (0.64)

5.30/12 (0.95)

Acceptance x efficiency (Ae)

(5.15+0.24) x 1073

(2.63+0.12) x 1073

Expected WW+WZ yield from simulation 1700 = 60 870 £30
Process e u
WWwW 1250 £+ 60 1360 £ 70
WZ 276 £ 19 306 + 21

W + light jets
W/Z + heavy flavor jets

(67 £ 13)x 10°
(19 +4) x 103

(71 = 14) x 103
(20 £ 4) x 103

tt (24.8 £ 2.5)x10%  (24.6 + 2.5)x102
single top (13.5 + 1.3)x10%  (13.7 £ 1.4)x10?
multijet (50 £ 15)x10> (39 = 12)x10?
Z + jets (35 + 7)x10? (32 + 6)x10?
Wy +ZZ 383 + 19 464 + 23
Total SM prediction (100 + 14)x10° (103 = 15)x10°
Total Data 100055 103627
Signal efficiency for 60 < m;; < 120 GeV 0.7% 0.9%
Signal to background ratio for 60 < m;; < 120 GeV 2.6% 2.8%

30

Wednesday, September 4, 2013



CMS ZZ 8 TeV

Decay B Background Total Observed
channel expected
UUpPU 77.32+029+10.08 | 1.19+0.36+0.48 | 78.51 =0.49 +10.09 75
eeee 5528 +£0.25+7.64 | 216+0.26 +0.88 57.44 +0.37 £7.69 54
ppee 136.09 £0.59 =17.50 | 2.354+0.34+0.93 | 138.44 +0.70 £17.52 148
UUTH T 2.80 £0.03 £0.34 3.89+0.37 £1.17 6.69 £0.39 £ 1.30 10
eeT, Th 246 =0.03+£0.32 3.46 034 +1.04 5.92 +10.363+1.15 10
eeTeTh 2.79 +£0.03 £0.36 8/ =126+ L16 6.66 134 +£1.29 9
UUTeTh 2.87 £0.03 £0.37 1.49+0.67 £0.60 | 4.36£0.71£0.73 2
HUT, Ty 3.81 =0.03 £0.50 1.55+:043+£0.46 | 536=x0.46 =070 5
eeTy Ty 3.27 £0.03 £ 0.42 147 £0.41 £0.44 474043 £0.63 2
eeleTy 2.231-0.03 +0.29 3.04+1.32+1.50 527 +1.40 +1.61 4
HUT, Te 2.41 +£0.03 +£0.32 0.74 £0.51 £0.37 3.15+£0.54 +£0.51 O
Total vt | 22.65+0.05+294 | 1951+215+585| 42.16+2.28+6.87 47

Table 1: The observed and expected yield of ZZ events, and estimated yield of background
events obtained from data are shown for each decay channel and are summed in the total

expected yield (“Total expected.”).
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ATGC

e To stop unitarity violation, may use form factor: x(s)=x(0)/(1+s/A)"

Sy = igwwy [Q, (”’ Wt —WHW W'y WIW VH

v

L

CMS Preliminary \'s =8 TeV, L = 19. 6fb1 CMS Preliminary Vs =8 TeV, L = 19. 6fb1
;& v -l Ll I Ll 1 Ll Ll I Ll A r\ L{) _' L I UL I L L L I L L B ik il
“o001F e DATA - e 001 E ® DATA 4
- 68% CL i - - 68% CL i
— 95% CL ’ i — 95% CL .
E +1p9s%cL ] B + 1D9s%cL ]
0 - . 0 F .
0.01 | a 0.01 F -
-l 1 l 1 1 L L l 1 1 1 L I 1 l- I-l 11 I L1 11 I L1 1.1 I L1 1.1 I L1 1.1 I 11 l_l
-0.01 0 0.01 -0.01 0 0.01
Z Z
s fs
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CMS WVy

Process muon channel electron channel
number of events number of events
Wytjets 1369 E35:-E97 00 | e 2918000
WV+jet, jet— v | 33.1+13+4.6+0.0 215310 5+31:400
MC ¢ty 12508291 §5 9107121104
MC single top 28081102 = 0.1 17 <06 101201
MC Z7y+jets 1.y E01 L0101 15201 L0l T il
multijets <023 003 01-E00 T2 36 F36 00
SM WW+y 5L V=153 47t 01T+111L02
SM WZy 0.6 00101 =X00 05000100
Total predicted | 193.9 +39 +10.8 1.0 | 147.6 4.8 9.6 £ 0.7
Data 183 139

33

Wednesday, September 4, 2013



