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Multi-boson final states

* Rich physics program to test
the electro-weak self-
coupling.

e Constrain new physics in the
framework of effective
Lagrangian and anomalous
gauge couplings.

e Main background to many
Higgs channels and BSM
searches.

e Accessible couplings

3rd June 2015

Multi-boson production 4

Triple gauge couplings (TGC)
— Di-boson final states.
— Vector Boson Fusion
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Quartic gauge couplings
(QGC)
— Tri-boson final states.

— Vector Boson scattering /
gamma-gamma induced
exclusive production.
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Overview

Mar 2015 CMS Preliminary

¢ 7 TeV CMS measurement (L < 5.0 fo™)
¢ 8 TeV CMS measurement (L < 19.6 fo™)
— 7 TeV Theory prediction
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— 8 TeV Theory prediction
Z. CMS 95%CL limit

Production Cross Section, o [pb]
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All results at: http://cern.ch/go/pNj7 Th. Aoy, in exp. Ac
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Multiboson Cross Section Measurements  siws: vach 2015 JLdt

[fb—l] Reference

fid o =44.0+ 3.2 - 4.2 pb (data)
o (yy AR, > 0.4 2yNNLO (theory) .. 4.9 JHEP 01, 086 (2013)
“(7)IAR,, > 04] ATLAS Preliminary
afid(Wy - tvy) 72T e o 48 PADE 2008 (010)
arXiv: . ep-p!
_ [njet — 0] m—176+N0N0L3,C)+u%302r5)b(dana) Run 1 \/_ = 7, 8 TeV 4.6 PRD 87, 112003 (2013)
ofid(Zy - tty) MR ey et 46  PRDS87, 112003 (2013)
arXiv:1407.1618 [hep-ph]
— [jer = 0] 7 =105 R0 ety 2 4.6 PRD 87, 112003 (2013)
ofid(Wyy = tvyy) 7= 0Lt GEANCD eyt \ A 20.3  arXiv:1503.03243 [hep-ex]
— oc=29+0.8-0.7+1.0-0.9 fb (data) .
— [njee = 0] MCATNLO thaony o S 20.3  anXiv:1503.03243 [hep-ex]
O-ﬁd(ppﬁwvﬁ{qu) o =137 +A§‘)014ﬁ0 S&hpebo(dala) 46 JHEP 01 : 049 (2015)
= ofid(W*W=jj) EWK T hegson theory) 20.3  PRL113,141803 (2014)
o =51.9+2.0x 4.4 pb (data) PRD 87, 112001 (2013
total MGFM (theory) 4.6 ) ( )
— 0 (PP—WW) T=T14x MICQFMétheor% 9 pb (data) A 20.3  ATLAS-CONF-2014-033
O'ﬁd(WW—>ee) [njee=0] |” 564 e 00 (data) 4.6 PRD 87, 112001 (2013)
o (WWoppr) [njee=0]| " icini s L o ] 46  PRDS7, 112001 (2013)

. LHC pp Vs=7 TeV
ofid (WWoep) [njee=0] | " ichiimean

O'fld(WW—)eﬂ) [njetZO] 4r75630’&(2:§:'a(+790) 85.0 fb (data)

4.6 PRD 87, 112001 (2013)
Theory

Observed 4.6 arXiv:1407.0573 [hep-ex]

=19.0+14-13=1.0pb (data) stat 4.6 EPJC 72,2173 (2012)

o' (pp—>W2Z) 7 =203 CERIP e 150 0 stat+syst 13.0  ATLAS-CONF-2013-021
oI (WZ - ever) S R ey 0 o2 13.0  ATLAS-CONF-2013-021

otal 6T EO L0804 b (G LHC pp Vs =8TeV 46  JHEP 03,128 (2013)
(Pp—2Z) o =71408 04504 pb (data) Theor 20.3  ATLAS-CONF-2013-020
ototal(pp 77 5 4¢) ” 760+P10%v?|gg4(1?19f2 (@a‘a y 45 arXiv:1403.5657 hep-ex]
i

fid o e & 49277 (theory) —— ! stat . ,

o"(ZZ - 4¢) o=207 P F% 1 B Tk 20.3  ATLAS-CONF-2013-020

_of(ZZ* S 4f) T=28438 35121 1on o) 46  JHEP03,128(2013)

o(2Z* — tevy) 7T )

02 04 06 08 1.0 12 14 16 18 20 22 24 26
3 observed/theory

4.6 JHEP 03, 128 (2013)
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WW production
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Al

e Signature two leptons and MET.

v * Small contribution (3%) from gg:

g ‘W/,f’
12 g W

Z/y

t-channel

TGC vertex
g % w
q l 4

e |Important background to H->WW.
e Study of charge triple gauge boson vertex.

e Run-1 results:
ATLAS (20ifb 8TeV), CONF-2014-033
CMS (20ifb 8TeV), CMS-PAS-SMP-14-016

3rd June 2015 Multi-boson production at the LHC, Blois 2015
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WW production
I I

Fiducial and total cross section.

H>WW signal background
Signal Acceptance  ~5% ~4.2%
Selecton ____|ATLAS ______ows
2 leptons OS e,u: p;>20 GeV e,u: p;>20 GeV
p;(l;) >25 GeV
m(Il) > 15 GeV (ee, uu), > 10 GeV (ew) > 12 GeV
Z veto (| m,-m, | < 15GeV < 15GeV
E,™ss (rel) > (45,45,15) GeV, (uu,ee,eu) > 20 GeV
additional cuts p;™ss > (45,45,20) GeV, (uu,ee,en) MVA to reduce Drell Yan
Ad (p;Miss,E;Miss)<0.6
Jet veto N>0, pT>25GeV, |eta|<4.5,anti- N>1, pT>25GeV, |eta|
kt,DR=0.4 <4.5,anti-kt,DR=0.4
heavy flavour - top veto

3rd June 2015 Signal definition
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e Dominant backgrounds
— Top pair

* Use control regions to
estimate top contribution.

— V+jets
* Estimate probability of jets
being identified as leptons. ﬂ
— diboson 8!
* Use MC prediction (ATLAS). 1

* Wy* normalised to control
regions in data (CMS).

Background ATLAS cMS
top 52% 42%
WHj 15% 26%
Z+j 20% 10%
diboson 14% 12%
other (higgs) 10%
total bkg 28% 26%
total events exp 5787 6981
2000 ATLAS Prefiminary ~ —— oma
" \s=8TeV,|Ldt=203fo" [ wwwmc ]
0000:— e*v u'v channel E ;;F:SMJC _:
K —— I Wiets MC 7
8000__ B other diboson MC ]
- %444 stat. unc. i
4000 |
20001 —— N
e
0 1 2 3 4 5 6 7

3rd June 2015 Backgrounds

Jet multiplic7ity
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Systematic uncertainties WW

Source Uncertainty (%)
* Cross section Statis.tica} uncertainty 1.5
. Luminosity 2.6
uncertainty Lepton efficiency 3.8
Lepton momentum scale 0.5
— Theo ry 3 -4% ET"*® resolution 0.7
. - Jet energy scale 1.7
dominant tt+tW normalization 2.2
Jet veto (ATLAS) W + jets normalization 1.3
Jet counting (CMS) Z/v*— €14~ normalization 0.6
. o Z./v* — T71" normalization 0.2
- Experlmental 4-6% W+ normalization 0.3
e dominant \‘//V"/y* normilizition gg
normalization .

Jet, MET related (ATLAS) H — WW normalization 0.8
lepton efficiency (CMS) Jet counting theory model 4.3
background PDFs 1.2
MC statistics 0.9

Total uncertainty 79 | CMS

3rd June 2015 Systematics 8
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Results WW

e Total cross section

ATLAS Prellmlnary
J. Ldt = 20.3 fb”

\'s=8TeV

WW

SM Prediction

qa/aqg - WW: MCFM NLO CT10
gg— WW: MCFM LO CT10

gg — H—> WW: NNLO MSTW2008

LI UL |IIII|IIII|II

Measured
cross sections

ete’
[Tty
efut

Combined

CMS 60.1 0.9 (stat.) £ 3.2 (exp.) £ 3.1 (th.) = 1.6 (lum.) pb.

ATLAS | 71.4112 (stat) 29 (syst) 13% (lumi) pb

3rd June 2015

10 20 30 40

ATLAS and CMS in agreement.

Theoretical predictions cited:

59.8 + 1.2 pb (CMS)
NNLO "qgbar+qq” (no H)

58.7 + 2.9 pb (ATLAS)
NLO qgbar + LO gg + NNLO H

Results 9
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Results WW
e Limits on charge aTGC in the EFT framework (CMS).
Coupling constant This result This result 95% interval World average
(TeV ) (TeV—?) (TeV—?)
cwww /A2 0.1733 [—5.7,5.9] —5.5+4.8 (from A,)
cw/ A? —3.611 [—11.4,5.4] —3.913% (from g%)
cg /A2 —3.27 10 [—29.2,23.9] —1.773% (from ., and g%)
o CMSeeimny 194151676V
E o' +\Iljvavt\‘7l I-g:?_ _E O . CWWWT VOYAT ¥
- BWZZZVWV  © Wijets ] WWW = ) r[Wyv W W, I,
s I —Cy/A2=20TeV? | c I//V\
o 10° = — Cpww/A% =20 TeV23 _ W t
5 - —cB/Az/fssijszv ] Ow = A2 (qu)) WVV(DVCI))’
o Op = & (DF®)*B,, (D'®
1PF E B = 2§§'( )" By ( )
A
i ) ]
10 e % Dim 6 EFT operators
100 200 300 400 500 600 .
m, (GeV)

3rd June 2015 Results 10
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Multi-boson + 2 jets

e Study Vector Boson Scattering

3rd June 2015

4 N
o ’i\;{ <§J

Quartic vertex and Higgs tame the cross section at high s.

Motivation: Discover VBS, set limits on BSM.
Signature: Two jets and two same sign W.

Multi-boson production at the LHC, Blois 2015

11
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tagging jet (4)

Multi-boson + 2 jets

* VBS topology: Two tagging jets, I*I*, missing energy

3rd June 2015

Signal definition

\ tagging jet (3)
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Multi-boson + 2 jets

Experimental results:

ATLAS — 8 TeV, 20 fb1?
Phys. Rev. Lett. 113, 141803 (2014),
http://arxiv.org/abs/1405.6241

CMS -8 TeV, 20 fb1?
Phys. Rev. Lett. 114, 051801 (2015),
http://arxiv.org/abs/1410.6315

o(QCD+EWK)
o(EWK only)
anomalous couplings

o(EWK only)
anomalous couplings
limits H™*, H™

13
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Multi-boson + 2 jets

* VBS topology: Two tagging jets, I*I*, missing energy

Object ____| ATLAS cvis

3rd June 2015

2 leptons e,u e,u,(t>e,u)
lepton pT > 25 GeV > 20 GeV
nl(e, w) <25 <2.5(2.4)
m(ll) > 20 GeV > 50 GeV
AR(L,1/j) >0.3 >0.3

2 jets anti-kT R=0.4 R=0.5

PT() >30 GeV >30 GeV
n(j) <45 <4.7

m(jj) > 500 GeV > 500 GeV
E,miss > 40 GeV > 40 GeV

Signal definition
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Ay(jj) > 2.4, ATLAS 5
Aeta(jj) > 2.5, CMS

(2]
5 %F Amas *  Data 2012 -
= i, 25: 20.3 b7, Vs =8 TeV B Syst. Uncertainty
- i W*W?jj Electroweak ]
5 - ™;>500GeV W WAWHj Strong -
= 20 ; ESE Prompt -
& u — Conversions ]
g . 15: B Other non-prompt
=+ Signal ; :
o .
. 10~ -
EWK production: S .

|

EWK + QCD production (ATLAS)

3rd June 2015 Signal definition 15
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Multi-boson + 2 jets

Main background sources:
prompt, conversions, other non-prompt.
 MC-based estimation:
— WZ + jets
— Wyjj, tt+W/Z, ZZ
— Double parton scattering (negligible)
e Data-driven estimation:
— Z+ jets for ee and eu channels (e charge miss identification)
— Background with one or two jets mis-reconstructed as isolated
leptons
 Top rejection (CMS)
— Sﬁ/f)t u and b-jet detection to reduce top related backgrounds (tt,
t

3rd June 2015 Backgrounds 16
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Multi-boson + 2 jets

* Cross section extraction
— Profile likelihood ratio method, simultaneous

fit ovc.er all three channels. oT(l) > 10 GeV
— CMs: . . leta(l)| < 2.5
Fiducial volume definition extrapolating from T(i
. . pT(j) > 20 GeV
signal selection: leta(i)] < 5.0
— ATLAS: o m(jj) > 300 GeV
Inclusive and VBS fiducial volumes AV(]) > 2.5
corresponding to event selection. YUl = <.
ATLAS SM 0%'?,?:0.95 + 0.06 [fb]
203 fb-1 \/§=8 Tev NLO, POWHEG-BOX, CT10 ~s
e FYATE S +2.4 +1.1
oo —— 0rd(WHW™jj) = 4.077%, (stat) "1 (syst) fb
S 0620251 Expected : 5.8 +1.2 fb CMS
21._7”1_0.8 +0.15 [fb]
Combination [
1.3+ 0.4+ 0.2 [fb]

-1 -0.5 0 0.5 1 1.5 2 2.5
o oS- [fb]

3rd June 2015 Results 17
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Multi-boson + 2 jets

CMS 19.4 1™ (8 TeV)
'.% 101 @ Data
) ~ — To ‘= A eV'“
* Anomalous couplings N s
— Effective theory to assess agreement with SM. @ | T AA6C R, AT =50 TeV
— Constrain additional operators to guard unitarity X N E
— CMS: 5L T
Dim-8 operators, C,P conserving. .
m(ll) differential cross section. ‘
— ATLAS: i T
k ma'grlx gnltarlsatlon -and o parameterisation 0 o 00 400 500
VBS fiducial cross section. m, (GeV)
& r R RRRERRARRRERE - 1000EMS 19.4fb™ (8 TeV)
0.6; :0T§¢:1 ‘/’s =8TeV —f LLU) r — — Expected 95% CL
- pp — W"’W* ii ] i —— Observed 95% CL
0'4:_ K-matrix unitarization _: 5001 ° M
0.2 -
of ; o
'0-2:_ confidence intervals _:
- [l68% CL 3 i
'0'4? [ 95% CL B -500
-0.6 — expected 95% CL . i
- x Standard Mlodel | | | | . i
04 03 02 01 0 041 02 03 04 1000l
“ Fso

3rd June 2015 Results 18
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* Tri-boson final state

— yy(W»alv), I=e,u
— First cross section
measurement of tri-
boson production.
* Inclusive
* Exclusive (no jets)

— Access to
anomalous quartic
gauge boson
couplings.

Cuts pp — tvyy

Lepton p,? > 20GeV
pr > 25GeV
| < 2.5

W-Boson mt > 40 GeV

Photon E% > 20 GeV
| < 2.37
AR(,y) > 0.7
AR(y,y) > 0.4
iso. fraction € < 0.5

Jets p'Te,t > 30 GeV
P < 4.4
AR(¢,jet) > 0.3
AR(y,jet) > 0.3
Exclusive selection: Njex = 0

3rd June 2015 Multi-boson production at the LHC, Blois 2015 19
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* Backgrounds
from MC
— 2y, Zyy, WZ,
W(tv)yy
— tt, WW
from Data

— VVj/ W)’f/ )’VJ

25

Events / GeV

201
15F

10F

T | T TT | T 1T ‘ T 1T T 1T 1T 1T T
ATLAS .
\s=8TeV, 20.3 b 7

electron channel (N > 0) 1
jets 7

e Data o ]
—YY+Y )Y+
_'Y’Y H

iy -
- ]
] ]

Fake photon estimated with two-dimensional
template fit to transverse isolation distribution.
Fake estimate dominant systematic ~ 20%.

3rd June 2015

Multi-boson production at the LHC, Blois 2015

- | Illil \7
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E?‘; [GeV]
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Uhd [fb] | UMCFM [fh]
Inclusive (Njey > 0)
® Cross HYYY 7.1 13 (stat.) £1.5 (syst.) £0.2 (lumi.)
evyry 4.3 T8 (stat.) T132 (syst.) £0.2 (lumi.) | 2.90 £ 0.16
SECtion Ly 6.1 T15 (stat.) £1.2 (syst.) £0.2 (lumi.)
Exclusive (Njey = 0)
Uy 3.5+ 0.9 (stat.) *_'%(1) (syst.) £0.1 (lumi.)
evyy 1.9 11 (stat.) T11 (syst.) £0.1 (lumi.) | 1.8840.20
lvyy 2.9 08 (stat.) 159 (syst.) 0.1 (lumi.)
* Anomalous —
— IISI(E)F:W Swwo CMS vy - WW

couplings —ouiy AR it provided
AQGC Limits 95% CL for non-unitarised
fﬂ [Tev™] p—— and unitarised with
| dipol-formfactor.

aW ]
A‘; [TeV?

.................

aW )
A°2 [TeV?

-10°-10*-10%-10% -10 10 10% 10® 10* 10°

3rd June 2015 Multi-boson production at the LHC, Blois 2015 21
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Summary

* Run-1 allowed to explore di-boson production
processes.

— Most di-boson measurements systematically
limited.

— Rich legacy of 8TeV cross sections and unfolded
distributions.

— Tri-boson and VBS processes accessible.

* Awaiting combinations and Run-2 analysis.

3rd June 2015 Multi-boson production at the LHC, Blois 2015 22



