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* Introduction to multi-boson physics

» Results from the following analyses:
o WZ
o WW
e Semi-leptonic WW/WZ
o WylZy
o ZZ
* Zj
e Same sign WW

° Wyy
e Simultaneous ttbar, WW, Z

e QOverview of multi-boson cross section
measurements

» Overview of limits on anomalous triple
gauge couplings (aTGCs)
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Multi-boson cross section
measurements

* Important test of the electroweak sector
of the Standard Model

* Sensitive to new physics particles that
decay to EW bosons

 lrreducible background for Higgs

Common signatures

e Combinations of W, Z, vy

* Leptonic decays: High p+, isolated e or p
e W boson:

Transverse momentum imbalance,
E ™S, from neutrino

Transverse mass (m;) selection
e Z boson:
Mass window around Z pole mass

Karen Chen

Introduction: Multiboson physics ()

Cross section measurement in
fiducial region, defined by detector
acceptance and selection
requirements
fid Ndata — kag

C [ Ldt

Extrapolate to total phase space for
total production cross section

a

tot __ Ndata — kag
A-C. Br- [ Ldt

Nyaa = NUMber of data events

Npig = Number of background events
C = efficiency correction

A = fiducial acceptance

L = luminosity
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Introduction: Multiboson physics (1)

» Di-boson production is sensitive to » Triple boson production can be sensitive to
anomalous triple gauge couplings (aTGCs) anomalous quartic gauge couplings (aQGC)

QGC vertex
TGC vertex

» Vector boson fusion/scattering can be
sensitive to both

Anomalous couplings - deviations in cross section measurements and/or enhancements

in high p; or invariant mass regions
° Karen Chen 04/28/2015
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» Selection:
o 3leptons

» Backgrounds:

e
WZ Production

* Final state: W=2>)Iv(Z=2>) I, =e, mu

o E Mss> 25 GeV, MV > 20 GeV
e Z mass window: | M, — M, | < 10 GeV

o Z+jets (~17%*), ZZ (~5%*), Top (~2%*)
o Data driven estimates for Z+jets and top

backgrounds
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* As fraction of total events
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ATLAS-CONF-2014-033, Phys.Rev. D87 (2013) 112001 \
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WW/WZ Semileptonic Production (1)

* Final state: (W=2>) v (W/Z-) jj, | =e, mu « Backgrounds:

* Selection: * WH+jets (~85%),Z+jets (~4%), Multijet

~/0, ~B0
 Exactly one lepton (~4%), Top (=5%)

- . . e 1000 T T LI L LI T 17T
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WW/WZ Semileptonic Production (1)

* p+(jj) used to extract limits on parameters in

anomalous couplings framework and effective

field theory
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— ATLAS Wjj, {5 = TTeV

95% CL Limits
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q Y q
- -JJ?‘I'Z-‘C vertex
W . _
W * L
q i

[ q

Wy / Zy Production (1)

Selection Highlights

W=2)Ivy (Z=2)1l'y

preP > 25 GeV, E;¥ > 15 GeV

(Z=2>)vvy

E,¥ > 100 GeV

ETmiSS > 35 GeV =

E,Miss > 90 GeV

m;>40 GeV | M(ll) > 40 GeV

pret > 30 GeV

Differential cross section measurements in
photon E- (top) and jet multiplicity (bottom).

 Exclusive: Ni; = 0, Inclusive: Ni; 2 0
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do(pp— Ivy)

Data
Theory

Data
Theory
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Wy / Zy Production (Il

Grazzini
. . 2 _ a
» NNLO calculation (arXiv:1407.1618)  _ *° Ppalvy X s Tev
% MSTW2008
» Large radiative corrections for Wy g 10! E
= T ATLAS
e 19% correction for Wy " 100 - N0 .
e 6% increase for Zy Siot —onw
L T N e ]
1072
» Agreement with data is improved E 1n ]
J P § EEEE I
T 075F .
. . . . 1.6F
» Fiducial cross section with NLO and g waf S s -
. E 1.2FT T
NNLO calculations below = e R
20 50 100 200 500 1000
pr’ (GeV)
NLO (fb) NNLO (fb) Measurement (fb)
2065.2 + 0.9 2456 + 6 2770 + 30(stat) + 330(syst) + 140(lumi)
Zy 1226.2 + 0.4 1305 + 3 1310 + 20(stat) + 110(syst) + 50(lumi)
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Wy / Zy Production (l1)

» Limits on anomalous couplings from fiducial
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measurement with E;¥ > 100 GeV
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Vector Boson Fusion Production of Zj]
* Final state: (Z) I"I'jj * / Ejz s e gEee
2 {s=8Te Ewz
» Signature: VBE S o imm
e Two IeptonS with EW ZJJ S -
m(ll) consistent with m, )
utoet 10
e Two high p; jets 0
e Search region: . , 8o
pr(ll) > 20 GeV T EE Ll
m; > 250 GeV, p,Palance < 0,15 o0 500 1000 1500 2000 25;3% [GE%?]DD

JHEP 1404 (2014) 031 \

No jets in rapidity gap between the two high p; jets

» Fiducial cross sections measured in several regions, including a search region
with m; > 1 TeV to obtain high sensitivity to EW production of Zjj (35% of events)

* Reject background only hypothesis at > 56

orpw (mj; = 1TeV) = 10.7 £ 0.9 (stat) £ 1.9 (syst) & 0.3 (lumi) fb,

theoretical prediction 9.38 & 0.05 (stat) 1017 (scale) +0.24 (PDF) + 0.09 (model) fb.

alTGC A =6TeV (obs) A=6TeV (exp) A =00 (obs) A =00 (exp)
Ag1z [—0.65, 0.33] [—0.58, 0.27] [—0.50, 0.26] [—0.45, 0.22]
Az [—0.22, 0.19] [—0.19, 0.16] [—0.15, 0.13] [-0.14, 0.11]
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Vector boson scattering: W*W#j} Production

First evidence of VBS WWijj at LHC!

» Final state: I*v I*v jj e :
) Fiducial Cross section

» Selection
_ _ Strong and Observed 2.1 + 0.5(stat) £ 0.3 (syst) fb

e Two high p; leptons, 22 jets Electroweak Significance 4.5¢
e m(ll) > 20 GeV WEWj] SM Prediction 1.52+0.11 fb
e | m(ee) —m, | > 10 GeV

: 1.3 £ 0.4(stat) £ 0.2(syst) fb

Electroweak

o E,Mss > 40 GeV WA Observed Significance 3.6
* b-jet veto (VBS region)  sM Prediction 0.95 + 0.06 fb
e Inclusive: m(jj) > 500 GeV

Measured fiducial cross section in

° VBS!|Ay;l > 2.4 VBS region used to set limits on aQGC’s

W =T T I TTTT I TTTT T 13
— 30_ p— ,f‘ ll TT I TTTT I TTTT I TTTT I IIIIIIII | TTTT I TTTT I TTTT | TTT I_
§ C ATLAS . Data 2012 ] - r ATLAS ]
25:— m, > EDU GeV — WA Electmweal-(_: - op — WE W .
20: e mlﬂsmng n 0'4:_ K-matrix unitarization _:
- L Conversions E 0.2 —
C i B Other non-prompt - .
15 ; — of i
- VBS Region - .
10 - -0.21- confidence intervals -
C , : ] C IlG8% cL ]
5L : = 0.4 - [95% cL B
- ] 0.6 — expected 95% CL 3
o LI E o standard Maodel .
o 1 2 3 4 5 & a8 9 B [ SR I F P S h

—04 03 -0.2 D1 0 D1 I]2 [13 04

@ Karen Chen 04/28/2015 y

E

=




arXiv:1503.03243 \

4 .
va P rOd u Ctl O n First evidence of triboson Wyy

* Final state (W-2)lv yy 6111 (stat) + 1.2 (syst)
» Selection: Inclusive Measured + 0.2(lumi.) fb
(Nt 2 0) Significance >3¢

e Lepton/photon p; > 20 GeV MCFM 2.90+0.16 fb

e E,MSs > 25 GeV
! . 2.9 %08, /(stat) *10 o(syst)
 m;>40 GeV Exclusive Measured £0.1(lumi.) fo

- (Nig; = 0)
. Rlestrlctlon_s (_);1 eyy _sylstfem to reduce jet MCEM 1.88 + 0.20 fb
electron mis-id. (mainly from Zy) Exclusive cross section measurement with
» Backgrounds: m(yy) > 300 GeV used to extract aQGC limits
- Data driven estimates for photon with different exponents in form factor
fakes (Wyj+Wijj) and lepton fakes
(yy+jets) Observed [ TeV™]  Expected [ TeV~*]
s T s T fro/A* | [-0.9,09]x 10> [-1.2,1.2]x 10?
O 35 ATLAS vy 7 O 7% amas Co Wy E n=0 | fim/A* | [-0.8,0.8]x 10  [-1.1. 1.1]x 10?
2 a0f Ef»"w;u E + Eﬁ’wﬂ 3 fms/A* | [-1.5.141x 104 [-1.9.1.8] x 10*
= E Ty + e ] € £ ¥y +Jets ]
I% 25;_ [ Other backgrounds _; L% 505— -Otherbackgrounds—z f:l'l:l.’("!‘\4 [—?.6. ?3] X ]{]2 |—9-6- 95| X ”}2
20f F-eTev.zosm’ 4 40p 8TV, 203" n=1| fin/A*| [-44,46]x 10*  [-57.59]x 10%
E electron channel {Nlsz} 1 muon channel {Nlmzm ]

E E fuz/A* | [-8.9.8.0]x 10*  [-11.0,10.0] x 10*
fro/A* | [-27.2.6]x 107 [-3.5.34]x 10°
= n=2| fin/A*| [-13.1.3]x10°  [-1.6,1.7]x 10°

. ] 3 4 5 . 5
2 S N f/AY | [-2.9,2.5]1% 10 [-3.7.3.3] x 10
m,, [GeV] m,, [GeV]
Karen Chen 04/28/2015
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Simultaneous measurement: ttbar, W*W-, Z=> 1t

» Final state: oppositely charged electron and muon

» Separate processes by E{™ss and jet multiplicity

Data/Predicted

Niets 2 1 dominated by ttbar

* Nieis = 0 and low/high E;™ss dominated by Drell-Yan/WW
» Data driven estimate for fake or non-prompt backgrounds using matrix method

17 (N = 0).
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Simultaneous measurement: ttbar, W*W-, Z%rr
E B I": ABMH NNLCI I
» Simultaneous fit using templates of E;™ss and jet = ¢ g*?gﬁgﬂ%ﬂ%mm E=7TeV, det 46"
multiplicity distributions 1P R
 Normalizations for each process are free parameters in 7”1 I = EEEEE“EE:: = 7 ]
the flt — ATLAE B0% C.L. A | ]
 Results with correlated PDFs: O N —3
« NLO calculations underestimates the data for _ ' R B
ttbar and Z 1000[- Nasl -
» NNLO calculations generally describe the data well (right) (ATLAS
» Comparison to dedicated measurements and theory 120 o i
(below) o [Pl
Process Source ot Uncertainties JCadt
[pb] Stat. Syst. Lumi. Beam Total b1
Simultaneous 1581 3 10 3 3 11 4.6
t Dedicated 183 3 4 1 3 7 4.6
NNLO QCD 177 11
Simultaneous 53.3 2.7 7.7 1.0 0.5 3.5 4.6
WW Dedicated 51.9 2.0 3.0 2.0 4.9 46
NLO QCD 49.2 (With gg=2>H=>WW) 2.3
Simultaneous 1174 24 a0 21 0 57 4.6
Z/y* =77 Dedicated (eg) 1170 150 00 40 170 0.036
NNLO QCD 1070 54
04/28/2015
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Multiboson Cross Section Measurements

o™(yy)[AR,, > 0.4]
afd(Wy - tvy)
— [Njer = 0]
ofd(Zy — tty)
— [Mjer = 0]
ofd(Wyy - tvyy)
— [Mjer = 0]
o'd(pp>WV-tvqq)
o (WEWEj)) EWK
o (pp—>WW)
o (WW-ee) [nje:=0]
o (WW - ppt) [njer=0]
o (WWsepr) [e=0]
o (WW—sepr) [ee>0]
ool (pp—WZ)
— o (WZ - tver)
oot (pp—Z2)
oot (pp > ZZ—>4¢)
o(ZZ - 4¢f)
ad(Z2Z* - 4¢)
of(ZZ* - tevy)

Karen Chen
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I ! I ! I ! I "
o =44.0+ 3.2 - 4.2 pb (data)
2yNNLO (theory)

ATLAS Preliminary
Run1 +/s=7,8TeV

o =2.77 +0.03 + 0.36 pb (data)
NNLO (theory)

o =176+0.03 + 072pbldata;
NNLO (theory)

o =1.31+0.02+0.12 pb (data)
NNLO (theory)

o =1.05+0.02+0.11 pb (data)
NNLO (theory)

o=6.1+1.1-1.0+1.2fb (data)

MCFM NLO (theory)

c=29+0.8-0.7+1.0-0.9fb(data)
MCFM NLO (theory)

o =1.37 £ 0.14 + 0.37 pb (data)
MC@NLO (theory)

o =13x0.4+0.2fb (data)
PowhegBox (theory)
o =51.0+2,0+4.4pb (data)
CFM |lhcurz'|
o =71.4+1.2+55-479pb (data)
MCFM (theory)

56.4 = 6.8 + 10.0 fb (data)
MCFM (theory)

73.9+ 5.9+ 7.5 (data)
MCFM (theory)

LHC pp Vs =7 TeV
-

LHC pp Vs =8 TeV

262.3+12.3 + 23.11b (data)
MCFM (theory)

Theory
Observed

stat
stat+syst

563.0 + 28.0 + 79.0 - 85.0 fb (data)
MCFM (theory)

o =19.0+1.4-1.3+1.0pb (data)
MCFM (theory)

o =203+08-07+1.4-1.3pb (data)

MCFM (theory)

38-3.0+6.0-6.2fb (data)

MCFM (theory)

=992

o =06.7+0.7 + 0.5 - 0.4 pb (data)
ME‘FM (Ithry]

oc=71+05 ata)
M CFN

o =76.0+18.0 & (cata Theory

107.0% J“E"‘gs“@eﬁ'?’d ata
— 7.0+ + )

Powheg (theory) Observed

o =254+33-30+16-14fb (data) ——
Powheqﬂoz & %9222 (thcoryl stat

o=2017 stat+syst

MCFM (theor y]

o =208+38-35+21-1.9fb (data)

PowhegBox & gg2ZZ (theory)

o =127+3.1-29+ 1.81b (data)

PowhegBox & 9277 (the
1 1 1 1 1
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Summary of aTGC Limits at LHC

References
. L] T L1 ‘ T T T
Charged aTGC: WWZ T @“ﬁ e Neutral aTGC: ZZZ, ZyZ |™ &g,
At — WW -o.o‘gt 0.043 4.6:;" Y — 7z -0.015-0.015 4.6 fo!
Z — wyv -0.090 - 0.105 4.6 fb" f4 - zZZ -0.005 - 0.005 19.6 fb™!
— wv - -0.043-0.033 5.0 fb:: - ZZ (212v) -0.004 - 0.003 24.7 fb"!
e LEP Combination -0.074 - 0.051 0.7 fb i ZZ (comb) -0.003 - 0.003 24.7 b
A - ww -0.062 - 0.059 4.6 fb 7 — zz -0.013-0.013 4.6 b
z — ww -0.048 - 0.048 4.9 f! fy - 77 -0.004 - 0.004 19.6 fb"
— wz -0.046 - 0.047 4.6fb_1 — ZZ (212v) -0.003 - 0.003 24.7 fb"!
- wz '8'833'8'338 gg;& i ZZ (comb) -0.002 - 0.003 24.7 fb"!
— =-U. =U. . N _ -1
ol DO Combination  -0.036 - 0.044 8.6 fb™ fY ' z 0.016-0.015 4.6 fo R
Y .’ 5 - zZZ -0.005 - 0.005 19.6 fby
e LEP Combination -0.059 - 0.017 0.7 fb 1
. — ZZ(212v) -0.003 - 0.004 24.7 fb
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- ) -1 5 - zZ -0.004 - 0.004 19.6 fb™!
— WV 0.055 - 0.071 4.6 fb )
ot DO Combination  -0.034 - 0.084 8.6 fb™! - ZZ (212v) -0.003 - 0.003 24. 7fb1
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Conclusions

o Summarized multi-boson results with ATLAS
e Fiducial and total cross sections, differential cross sections
Generally good agreement with theory predictions

» Limits on anomalous triple/quartic gauge couplings
Each analysis will be more sensitive to some couplings than others

Measurements with different final states will give complementary results
» First evidence of VBS W*WH4jj and Wyy tri-boson production

» More multi-boson analyses at 8 TeV are on their way!

Multiboson Cross Section Measurements
T

T
fid,
o (r7)[BRy, > 0.4] L.} ATLAS  Preliminary
oWy — tvy) =
- (e = 0] “oe Runt +5=7.8TeV
(rlid(zy - ity) *
[y = 0] L]
oW (Wyy = fvyy) il R S—
~ [ee = 0] [ ——
o (pp— WV Frqq) i —
oTIWEWE) EWK I —
ool (pp— WW) = n
- T (WWsee) [ =0] - -
— o (WW ) [jer=0] - LHC pp 5 =7 TeV
- (WW-sep) [njo=0] o B e
- " WWosep) 0] o m o
O P WZ) - Eolsyet
—(WZ > fver) B e aTev
pp V5=
ot (ppZZ) -;_ Theory
—r— )
— " ppsZZ—4f) =t Observed
~a(ZZ S 4f) : - o
—o(ZZ" 5 af) : [
—a(ZZ" S ttw) - o S—
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Anomalous triple gauge couplings (aTGCs)

» General Lagrangian for WWZ or WWy vertex that conserves C and P

separately:
Llgwwy =1 _f;}‘" (WL WHVY — W, W VY + i’ WW, V¥ 44 Ve Wo Wy
M
e ForSM:g,Y=1,kV=1,A=0 coupling parameters channel

WW~ Ay, Ax, WW, W~
WWZ Az, Akz,Agf WW, WZ

ZZy hg, hi Zy
TGC vertex Z Y hg ’ hz Z’}‘
Z~Z f2. fZ 77
Fé 54 £ 6 77

» For non-SM values, this vertex will violate unitarity. We can introduce form
factors to restore unitarity:

* s =myy?and A is the scale for new physics (~TeV range)

AgV .- AgY . AV

, : — — A
(14 s5/A2)2 (14 5/A2)2 (1 +s5/A2)2
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Effective Field Theory (EFT)

» Expand Lagrangian to include higher order dim-6 operators, O
L= Lsy + Z %OE

 The C and P conserving operators relevant to triple gauge boson interactions
Owww = Tr[W,, W"PWI]
Ow = (D, ®)" W (D, )
Op = (D,®) B*" (D,®)
» Can relate the anomalous couplings to these couplings strengths

cw 2

= Ag?
A2 m% 91
— = —(Ar" — AR
A2 '.-“n.% { )
Cﬁ; WWw . 2 )t
O 2
A2 3g°mi;,
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