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1. Introduction

Gauge boson pair production is one of the simplest processes to test lngaiyge structure
predicted by the standard model. Based on gauge and Lorentz invarigmagal corrections to
the vertices can be cast in terms of 7 kinematic invariants for the chargeodiposduction [1]:

F\LVQIXV(PL P2;d) = f1Qxguv + f2(PrvOur — P2uGva) +ifa(PrvGun + P2pGua) + faPry P2 Qx

+1f5€402pQp + f6€uvapo + F7Qx Epvap P1a P2p (1.1)

while for the neutral case, gauge invariance and Bose symmetry fugbace the number of
parameters to

2oy (P, P2 d) = ik (PwGur + P2udua) + 1K €02 p Qo (1.2)

and

rfx\,/\ (P1,p2;0) = 'By (pZ)\ Ouv — p2ugv)\) + iB;/E;Jw\p P2o
Bi\sl /34\1/ apB
+lﬁp2u(p1' P2gvr — P1v pZA)‘HﬁQA EuvapPL Ps (1.3)

Most of the existing analyses on gauge diboson production rely on thenpsisn that triple-
gauge corrections are the dominant source of new physics effecigevidn from the global LEP
electroweak fit there is no evidence that other new physics contributimmsely gauge-boson
caorrections, be suppressed [2]. Actually, at least for the charipedah production, gauge-fermion
corrections are a priori expected to compete with triple-gauge onesdén tarimprove and extend
the scope of the analysis to cover all possible new physics sourcefeetive field theory (EFT)
seems the only consistent tool. An EFT selects the relevant physics &resgiale while retaining
field theory symmetries. This implies that, as opposed to traditional form-fatatyses, inan EFT
approach the triple-gauge parameters above will automatically comply with théastamodel
symmetries.

Here | will work under the assumption that the dynamics underlying elecakowgmmetry
breaking (EWSB) are of strongly-coupled nature at the TeV scalenidst general EWSB pattern
with the minimal particle content iISU(2). x SU(2)r — SU(2)y, which generates 3 Goldstone
bosons (the longitudinal modes of the W and Z) collected in the nonlinear nihatrixg U gJFrQ. In
this scenario, a light scalar field can be added as a singlet [3].

Over the years, there have been several EFT-inspired analysiagé gason pair production.
However, a full-fledged EFT analysis was lacking, mostly because thensgiics of the associated
power-couting were unclear. These issues were clarified in [4] anéutheharacterization of
NLO operators was given. Subsequent applications of the formalism gieen for charged [5]
and neutral [6] gauge boson pair production. In the following | will byieélview the content of
those three papers. | will show that the interplay of EFT techniques arfiighesnergy window
accessible at LHC and linear colliders provides a rather simple picturegaetiv physics searches
in WW, ZZ andyZ production.
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2. EWSB from strongly-coupled dynamics

When EWSB is originated from strongly-coupled interactions, the stamdadg| Lagrangian
can be seen as a nonlinearly-realized effective theory, valid up to andgally-generated new
physics scalé\ ~ 4nv ~ 3 TeV, whose leading-order term is

1 o 1 Wi i V2 it —
]

One can show that the degree of divergeftad# each diagram generated froffi o is given by [4]

A=) (g0 (“")F (X““)G (&) (2.2)

v v v

whered = 2L +2—-F /2 -G — vt — vq4 (see [4] for details). Sincd is bounded from above, this
leads to a consistent power-counting, the number of counterterms at any order is finite. With
U, Y, X as shorthand notations for Goldstone, fermion and gauge fields, orshoarthat at NLO
there are 6 classes of operators, denotdd@$ XU D?, X2U, ¢2UD, y2UD? andy*U, while at
NNLO one findsUD®, UXD?, X2UD?, 2U D3, X3U, ¢2UX and?UXD.

3. New physicsin gauge diboson production

As an application, one can consider the new physics effectsfir> WW, yZ,ZZ. In the
unitary gauge, the leading new physics/iflW production can be described diagrammatically as
corrections to thes,t-channel standard model (SM) tree level contributions. For the nexasa,
instead, corrections affect theu-channel SM diagrams, but also genersitghannel and contact
term contributions (see Fig 1). Thediect contributions to gauge-fermion and triple-gauge ver-
tices however do not exhaust new physics effects, which also shiffethge boson kinetic terms
and the fundamental standard model parametersiem, Ge. At NLO, the relevant subset of op-
erators for the direct and indirect contributions comes from the clag4gsy?UD and y*U. It
reads

6
Lo =) AjOxj+ Y NjOvj+BOg + Nat Oas (3.1)
] ]

wheredg = v?(1.Ly)? and

Ox1=0d9Buy (WH' ) Oxa = g'ge" P (TL\Wyy) By
Oxz2 = F(WH'T)? Oxs = 2"V AP (T Wy ) (TLWj )
ﬁx3:g$LIVAp<WuVLA><TLLp> ﬁXG:g<WuVL“><T|_LV> (3.2)

are oblique and triple-gauge corrections,

Oy1=—qy*q (LyT); Oy7 =~y (Lut)

Oz = QY 1Lq (LuL); Ovg =~y Tl (Lum)

Ova = —uytu (LyT); Oyg = —IyH 115l (LuT21)

Oys = —dyHd (L,1); Ovio=—eyte (LyTL) (3.3)
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Figure 1. Different topologies contributing to neutral gauge bosanduction. Dotted vertices start at
leading order, while crossed ones appear at NNLO.

are gauge-fermion new physics contributions and

1

Ons =
at =5

(OLis —401115) = (BLYpHL) (VY Ve) (3.4)
Above,L, =iUD, U t 1 =UTUT, ;o= Ty +iT, and1,; = Ty —iT» have been used as shorthand
notation.Ox1 2, O, Oyg anddy; are indirect contributions: the first two shift the kinetic terms, the
third renormalizesn; and the remaining two renormali@. 0y 15 g are the 5 direct contributions
to gauge-fermion vertices ipp collisions (correctingudW, uuZ andddz vertices), whiledyg 10
and the combinatioéﬁw — Oyg correct theeeZandveW vertices.

The best strategy is to eliminate the indirect contributions by field and paraneelefini-
tions [7]. By canonically normalizing gauge kinetic and SM parameters, thefieet is a shift in
the gauge-fermion vertices

.,iﬂf:ef_yuA“f—IreZ [Zj(0>+6zj]f_jyuZ“fj—\gf[lJré(p_]VLy“WJfLJrh.c. (3.5)
i“TR 2

whereZlfo) =ty andZF(f) = —tw are the standard model tree level values and

2€2A1 — CowlL -+ 3 21 — CanlR -+ 252, B
50 - 1—CownL B; Sln= 1— Cownr+ 23,8

Sow Cow Sow Cowy

N r collect the full left and right-handed contributionsZayauge-fermion corrections. A similar
expression holds fadqg_[5].

For WW production, Ox;_g appear as direct contributions to the triple-gauge vertices. In
contrast, forZZ and yZ production, there is no triple-vertex contribution at NLO and instead one
has to go to NNLO. There are 8 operatorglifiJ X D that contribute to neutral triple-gauge vertices

@GR = (fyuf)Lr) [6]:

(3.6)

Hrev= 3 {/’\VZVJL”<WWLV> + a0 B (rLy) + 25 B L)+ /ng,”BW<rLLV>}
i=TR

(3.7)
4. Signaturesat LHC and linear colliders

The existence of a large energy gap between the electroweak and gsiwspbcales is pre-
cisely the motivation to adopt an EFT viewpoint. In this work we are aiming atrieegg window
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Figure 2: Different contributions to ee~ — ¢+ ¢ . From left to right: (i) Standard Model piece; new
physics contribution in terms of (ii) gauge-fermion operatand (iii) triple-gauge operators.

v/S~ (0.6 —1) TeV, which can be easily achieved at the LHC and linear colliders. In thisee
V2 < s< A\? and consequently (i) an expansion of the cross sections in powetésis allowed;
and (ii) good convergence of the EFT expansiors(in?) is expected.

In this fiducial regime, the interference between the Standard Model @delv physics
contribution inWW production can be easily computed and results in [5]

dofy  ma?sifo 1 dofy  ma?sifo 1

dcosd 8,5, g, "N dcosd  1e@s, mg, -

which can be entirely cast in terms of gauge-fermion new physics opgraWborking out the
different final-state polarizations, one actually learns that the prevasidts come entirely from
theW_ WL production. The result can be best understood by looking at Goldstmua iproduction
in Landau gauge (see Fig. 2). New physics contributions come from thtactaerms (central
diagram), which are generated by the gauge-fermion operators.

A key observation to obtain Eq. (4.1) is that commonly used triple-gaugatupsr

(4.1)

Ox7 = ig'Buy (TL[LH,L]); Oxg = ig{Wuy[L¥,L"]); Oxo =ig(Wuy TL)(TL[LY,LY]) (4.2)

are actually redundant and can be expressed in terms of oblique paieareteyauge-fermion op-

erators. These redundancies have been known for a while [8]elat nsed in phenomenological

studies. In the largedimit, the oblique operators are 'projected out’ and the role of the rightmost

Ox7_g-induced diagram in Fig. 2 is equivalent to the central gauge-fermiorcauicontact terms.
For neutral gauge boson pair production, the first thing to notice is thal@tors we listed

at NNLO are not in the form of triple-gauge corrections. However, gl equations of motion

for the gauge fields one can rewrite them as

A A Mz Mz
Litov= "5 02 Zyy + Y ONFAZ Ry + T2y + R P2V 2
vy

LA . A - A 3
ﬁAzA“ZVZMA—VZVaAFAHZVF,,ﬁ%aAzA“zVFMAifaAFA“szW (4.3)

This means that thechannel diagram in Fig. 1 is redundant: fermionic contact terms alresguty ¢
ture the relevant new physics in neutral triple-gauge vertices. Honevemphasized before, these
operators are NNLO and their detection thus becomes rather challengirtgn&tely, final-state
polarizations can be used to disentangle these suppressed new plgsissfieom the dominant
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standard model prediction. One actually finds

] j
d07:7-  2m0% 1+ cosh 74 49y,z:  ma®(1Fcos8)¢f owEw —swiie
dcos§ s 1Fcosf’!’ dcosf N2 esw
j i N N
doszi _ 2ma?1l+ 00595_2. dUJ,izL _ ma®(17cosh){; swéw +owii 4.4
Z .

dcos9 s 1Fcosb dcosf N2 esw

which shows that, although suppressed, the LT channel turns out teebeagkably clean probe of
anomalous neutral triple-gauge vertices.

5. Conclusions

The systematics of the EFT description of a strongly-coupled EWSB hareregiewed and
applied to both charged and neutral boson pair production. | haverstiav a full-fledged EFT
analysis in the regime® < s < A? allows general new physics effects (including anomalous triple-
gauge vertices) to be entirely encoded in gauge-fermion correctios applies to both charged
and neutral pair production as a consequence of straightforwalttam of the equations of
motion. However, their phenomenological signatures are rather distinéf\\fproduction, new
physics effects arg-enhanced with respect to the standard model cross section through the L
final-state polarizations. In contrast, ¥ andyZ production, new physics operators are extremely
suppressed in the unpolarized cross section but neatly dominate the Stéiteapolarizations. In
both cases, the effects can easily reach the 20% corrections in the nzgubland LT-polarized
cross sections, respectively, for energies in the rajige (0.6 — 1) TeV.
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