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Gauge boson production and
couplings
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Gauge boson pair production

@ \W-pairs are produced by fermion t-channel and Z/y s-
channel exchange

@ The latter involves gauge boson self-couplings predicted
by a non-Abelien gauge theory

@ /Z-boson pairs are only produced via the t-channel and the
SM contains no couplings among neutral gauge bosons

W

Z,Y %
w
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Gauge cancellations

@ For W-pair production

the t- and s-channel g
violate unitarity ° 100 | -
individually

@ The unitarity gets only
restored by the
interference term

@ This means that the 100 - )
gauge couplings must : total :
asymptotically be r T behannel
exactly as predicted, 201 — interference |
otherwise the theory e 7 oem—
doesn't work Vs [GeV]
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Vector boson scattering

Something similar happens in vector boson scattering

This processes is mediated by gauge boson and Higgs s-,
t-channel exchange

Without a Higgs unitarity is violated at 1.2 TeV

This either constraints VVH couplings or something else
must restore unitarity

This is only relevant for
longitudinal gauge bosons, since
the SM with massless gauge

bosons and without the Higgs is a
finite theory
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Vector boson scattering (ii)

@ [f Higgs is non-standard expect deviations in vector boson
scattering at hlgh energy, |nclud|ng resonances like In
QCD
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Triple gauge couplings

@ The triple couplings are usually parametrised as
Av.
miy

V=~2 V,=0,V,—-0V,

£ = g/ Vo (W W — W) 4k WiW, Ve 4 Dy sow,,

+ more terms violating C,P...
(em gauge invariance requires g, = 0 )
@ Magnetic dipole moment
&
pw = ——(1+ Ky + Ay)

. 2mw
@ Electric quadrupole moment
e
aw = 5Ky = Ay)
@ SM: w

gY:lﬁlvzl,)\V:O Ar=x—1
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Triple gauge couplings (ii)

Dimension 4 operators (g,k) grow like Vs
Dimension 6 operators (A) grow like s
In analyses often regulated by form factor

Lbare
(1+35/A%))"
In e*e” experiments with fixed Vs results can be converted
a posteriori

In hadron colliders put A around centre of mass energy

T =
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Measurement of TGCs

@ The cross section is already very sensitive
@ The W-production angle separates s- and t-channel
@ The W-decay angles separate to the W-polarisation states
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arxiv:1302.3415

TGCs at LEP

30

TGCs are measured
iIn W-pair production

The cross section
proved that TGCs 20 - i
must be present

Without beam 1 _
polarisation WWy E
and WWZ couplings 107 i -

cannot be separated .,.,.;f"" YFSWW/RacoonWWw

. . . E _...no ZWW vertex (Gentle) .
Quantitative A only v, exchange (Gentle)

analysesaddful |-~

. . | —
event information 160 180 200

Vs (GeV)
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TGCs at LEP (i)

@ |n semileptonic events the full information is available apart
from the separation of the quark and the anti-quark

@ The full polarisation state can be obtained from the decay
angles apart from the polarisation direction of the hadronic W

@ WWy and WWZ couplings are related, inspired by gauge
invariance kz = g% —(ky—1)tan¥

Az o=\
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TGCs at LEP

EPH L3 OPAL LEP

i 2 ° IR IR RN

(l | |) T A | L A das  \\ | [/

e Al e

@ Single parameter 15 s\ N/

fits give errors of e NN /Y

2-49%, 0.5 © 05 N \N\N/ L/ / e
0! |

0 C 1 I
-0.1 -0.05 0 0.05 0.1

@ Confirms gauge
structure of SM —

@ However not :
precise enoughto 2z
see deviations 15\
from new physics 1 -\
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ADLO TGC Combination

A-InL
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0.018
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TGCs at LEP
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modeSt 015

-0.2

o 12 LEP Preliminary
R . S

1.1 95% c.l.
B 68%c.l.

X 2d fit result

1.05

0.95
09 L

085 |

0.8 | | | | | ‘ | 1 | | |

BND-school 2013 Electroweak Measurements-ll| 14



TGCs at the LHC

At the LHC WW, Wy and WZ production is accessible
— WWy and WWZ couplings can be separated

Decay angles only partially accessible:

+ vy is stable — only production angle can be measured

+ Z not maximally parity violating — Z polarisation
sensitivity is weaker

+ In WW events two neutrinos are missing — events not
fully reconstructible

Up to now only cross sections as function of V8 or a
typical p_ measured

Only 2011 data (7 TeV) used for TGCs up to now

n-dimensional limits are possible because at the current
sensitivity TGCs always increase the cross section
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2-Boson cross sections

a All Cross sectlons agree Wlth SM predlctlon
| | | ATLAS F’rellmmary
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Events / 20 GeV

WW cross sections

o m(WW) not reconstructible, use leading p_ instead

a 1GC sensitivity at high pTI arxiv:1210.2979
N T T | T | T T T T | T T
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WYy cross section

o transverse mass m_(Wy) is accessible to experiment

@ especially K limit much worse than LEP
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o' [pb]
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WZ cross
section

Total cross section and as a

function of p_,

Good TGC limits for g and A,

K much worse
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TGC summary

@ At the moment LHC, Tevatron and LEP are at the same

level

@ However much more to come from the LHC (more energy,

more luminosity)

Feb 2013

|LEP Combinati;an -0.054 -
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G5 [pb]

constants h

Neutral TGCs

Neutral TGCs can be parametrlsed |n terms of 4 coupling
* (Zyy, ZZy)and fi;

They can be measured from Zy, ZZ production

Dimension is higher than for neutral TGCs (6,8) — energy
helps more
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10

[ \
ATLAS Prellmlnary

m DOZZ- II(IIIV\) (60 m <120 GeV) L=8.6 fb”

amn®
-e
am®®
-
am®
an®
e
-
e
e
.
-
-

.
.
.
.
.
W
.
.
.
.

— 77 (pp) (66<m”<116 GeV) i

LHC Data 2012 (Vs=8 TeV)
O ATLAS ZZ- Illl(66<m <116 GeV) L=20 b
Vv CMS ZZ— il (60< m< 120 GeV) L=5.3 b

LHC Data 2011 (Ys= 7TeV)
e ATLAS ZZ- ll(livv) (66<m <116 GeV) L= 46f0"
¥ CMS ZZ~ llil (60<m <120 GeV) L=5.0fb”

Tevatron (Ys=1.96 TeV)

A CDF ZZ— Ii{ll/vv) (on-

I I
NLO QCD (MCFM CT10 0)
ZZ (pp) (66<m <116 GeV) _|

o

el Vi IWVIIVUVI &u\J I \J

6

8

hellLGOfb
10 12 14
\s [TeV]

e IN/\JLI \J VYV /ULIN IV

(Zzy, LL7)

uy 013
! ! IA'II'LAISLir:nitsI I II;i
CMS Limits —
v _ 77 -0.015-0.015 4.6 fb™
f4 - 77 -0.004 - 0.004 19.6 fb™'
/ —_ 77 -0.013-0.013 4.6 b
f4 — 77 -0.004 - 0.004 19.6 fb™
v _— 77 -0.016 - 0.015 4.6 b
fs L 77 -0.005 - 0.005 19.6 b
5 —_— 77 -0.013-0.013 4.6
f5 - 77 -0.005 - 0.005 19.6 fb™
aTGC Limits @95% C.L.
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Quartic couplings

The quartic couplings are regulated by the Higgs
If the Higgs is non-standard one can still expect deviations

The interesting couplings are between longitudinal (i.e.
massive) gauge bosons

To measure them need high energy and very high
luminosity

— may show final results at BND school 2033
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YYWW quartic couplings

CMS idea to measure yyWW: look at pp—ppWW where
each proton radiated a photon

Mostly empty detector with 2 leptons Y
2.2 expected signal events in 2011 data \§
and see 2 |

Can be usedtosetllmltson QGCs o T

CMS,{5=7 TeV, L =505 >
> 8 C T | T T T | LU | T T | LI | LI 8
(1)} C o~ L
O ;b * Data B Drell-van o B & 0.001- N
o E — Inclusive WW - Diffractive W™ .S_ -
S omE =
E C —— Elastic yy — vt —— Inelastic yy — vt ]
Q sf — y — WW (SM) E O N
m = - -
4 .
3 f_ —f -0.001 : * Standard Model —
C B - —— CMS 95% confidence region
2 __ ] ("\cutoﬁ = 500 Ge\f)
C ] r CMS 1-D limit, 95% confidence ion
1 r I - _0 . 002 I L L {"\ucumrf : !:DD GIEV)I L | L 1 1 1 | 1 1 1
E E -0.0005 0 0.0005
D = — 3 1l o ] s ol ] L aWI,Az (39\1{-:2
0 50 100 150 200 280 300 arxiv:1305.5596 o/A° | ]
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Conclusions on gauge boson
production

Gauge boson pair production clearly observed at LEP,
Tevatron, LHC

The gauge structure of the Standard Model is established
from the measurements of the TGCs

However there is no sensitivity to loop corrections yet
Limits on quartic couplings exist only for yyWW

For massive gauge bosons there is a long way to get
sensible limits
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