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1. Introduction

The structure of the Standard Model is deceptively simple. Local symmettgrihe gauge
groupSU(3)c x SU(2). x U(1)y of the three families of fermions straightforwardly leads to

1 1 1 . —
Lem = —E(G“VG“V) _ §<WHVW“V> _ ZBWB“V +i z fDf; 4+ 2u (1.1)
J

The explicit terms above are completely determined by gauge invariancd islégact for mass-
less fields. However, fermions and gauge bosons are (with the exceptilba photon) massive.
Mass terms are generated through the so-called Higgs mechanism, whithregmusly breaks the
electroweak gauge invariance. However, it is not clear how the Higgfianem is realized in
nature. A possibility is Higgs’ proposal, namely a linear sigma model with a s8ble), doublet
satisfying

L(D,...) = Dy® DHO —V(OTD) + Kuyand @), = < ZZ ) (1.2)
With the most general renormalizable potential:difan acquire a nontrivial VEV; (i) the theory
is renormalizable; and (iii) as a bonus one gets an accidental gBil&), x SU(2)r custodial
symmetry. Given the present status of experiments at the LHC [1], little davimbm this frame-
work seems to be allowed (at least in the gauge boson sector). Howeseer.tiny departures
from it would have dramatic effects,g. in the unitarization of scattering amplitudes. In order to
confirm or disprove the Higgs scenario, it is convenient to adopt a framewhere a more flex-
ible implementation of a light scalar (fundamental or not) is possible. This caclieved if the
EWSB is nonlinearly realized. In its minimal version, one assumes the symmealkibg pattern
SU(2). x SU(2)r — SU(2)y. The resulting 3 Goldstone modes can be collectedSUé2) ma-
trix U, transforming a&) — g U gJFQ, oLRr € SU(2)_ r, whose dynamics is given by the Lagrangian
(Ly =1UDUT 1 =U U

2 —dj
U, ..) = VZ (L) + BV (1 L)% + LrukawdU) + zci"j\z O, U=expip?t?/v)

In this general framework the theory is still renormalizable, but only obgeorder in thev/A
expansion, which is a consequence of the nondecoupling nature ah&tong sectorX ~ 47nv).
Furthermore, custodial symmetry is not built-in, and it is actually broken@jraaleading order
by the second operator above. Due to phenomenological constraiatspically fine-tuneg; to
vanish at tree level. Contributions £ are then generated by quantum corrections at the one-loop
level, which makegt; L, )? a NLO operator.

Both the linear and nonlinear realization of EWSB implement the Higgs mechanigithas
provide the gauge bosons with masses. The structure of quantumtizorsds however different
in both scenarios. In order to study their quantum features, one nesassitent enumeration
of operators based on some expansion criteria or power-countinghé&tnear case, the power-
counting is trivial: operators are simply organized as inverse powerscotaf scale. In the
nonlinear case, the nondecoupling nature of the interactions makes thiitgeare involved and
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due care has to be exercised. My discussion in this paper will conceaketesively on scalar-
independent operators in strongly-coupled scenarios, following[BefA light scalar can always
be reinstated in the theory by dressing the effective operators with $gatdions and derivatives
thereof,e.qg,

Oi(U, P, W) — Gj(U, g, W) fi(9), f,-<<p>=1+a§”rp+a§2><p2+~-:Zaﬁk%pk (1.3)

This general recipe has been used for instance in [3], though the/$étdireatics of it has not been
fully worked out.

2. Power-counting and Effective Lagrangian to NLO

Any EFT requires an organizational principle to classify the operatorsrinst®f the pa-
rameter(s) of the series expansion. For strongly-coupled dynamiasdoeldVSB, the expansion
parameter is?/A? = 1/167. In order to find a consistent power-counting we will only require
that the leading-order Lagrangian

V2
DZ”SM:-ZKin—i-Z (LulH) + KukawdV) (2.1)

be homogeneous. Higher order operators will act as countertermscanddingly will be loop-
generated by the previous Lagrangian. The degree of diverdeidéeach diagram that one can
construct is then given by the master formula [2]

Vigy)é pd 1 g2 _p1 p2 X,y v B
o~ et v (W e (%) (0) @2
where
d52L+2—v—FLJ2rFR—V—f (2.3)

The precise definition of andé is given in [2]. For my purposes here it will suffice to note tthad
bounded from above, which makes the power-counting consisnthe number of counterterms
finite. By repeatedly acting with Eq. (2.2) on all the independent operat@<an construct with
the building blocks (gauge bosons, leptons, U field and their derivativessconcludes [2] that at
NLO there are only 6 classes of operators, to be denotédDds XU D?, X2U, ¢2UD, (2UD?
andy*U. Concerning thep*U class, there are (5+11) LL operators, (7+ORRRR (9+9)LLRR
(4+8) LRLR with global nul hypercharge and (0+11RLR with global hypercharge 1, where the
terms in parenthesis count the operators without andWwitields, respectively. The classg¢dUD
and 2UD? comprise fermionic single-current operators (vectorial, scalar andriaf)s Their
total number i 0y ; Os, 01} = {10;9; 6}, a sample of which is

oY =il uUP UM (TiLy), 62 =ilyPUPLUT (LuPoy), 6P =igyfe(tL,) (2.4)
0§ =1UPsn (LulH), 08 =1UPN (1Ly)2, 08 =1UPLN (LuP) (1L¥) (2.5)

o8 =10MUPLN (LuPa)(TiLy),  6F) = 10H"U PN (LuPro)(LyPor) (2.6)
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wherePR 11,09 = %(1i T3) and P20y = %(rli iT2). Finally, the operators without fermions
(classed) D*, XUD? andX?U) are given by [4]

o0 = (LMY, 6@ = (LLy) (LALY), 65 = (nLM( L)?

o8 = (M) (L) (LLY), 68 = (nLh) (L) (Ll 2.7)
and [5]

ﬁ)% = g'gBuy (WH L) @((ﬂ = g’geuw\p<r|_W“")B)‘p

o) = FWHVT )2 O = P (TLWH) (TLW?)

O = 9P Wiy Ly ) (1L L) O3 = g L) (1 LY)

@3((781 = ig'Bpv (T [L¥,LY]) @3((18) = ig'g,u2pBHY (TL[LY, LP])

Ox0 = 1gWay [LX, L)) 0K = g p (WHY (LA, LP))

050 = 1g(Way TL) (L [LH, L)) 05D = ig8unp WHT) (LML) (2.8)

Form a phenomenological viewpoint, the operators in Eq. (2.7) comelsfmpanomalous quartic
gauge couplings. In the unitary gauge they take the form

Op ~ {zuz“zsz; W WHRWG WY W W W WY Z, R WY z“szjw,,} (2.9)

which indeed exhausts all the possible quartic contractions of gaugeso&m. (2.8) instead
collects the CP-even (left column) and CP-odd (right column) operagsponsible for oblique and
triple gauge corrections. As a matter of fact, only half the operators inZ8) &re independent.
By using the equations of motion for the gauge fields

2 2

— V — \Y
and the identities

one can show that

7 1 i 8 1 i 9 2 ;
ox) = (00,6 . 0); O = 1630, 6); O3 = 1e(03, 6, 0p)
10 4) . 11 4) . 1 5
o = —0%; o%y = -0y o2 = 108 (212

These relations were noticed before [6] but their role in phenomenolagynever exploited. Yet
they are of importance, as | will show below f&"W~ production.

The 6 classes of operators outlined above constitute the most generapties of leading
new physics effects at low energies. Bits of it were worked out for thie3da years [7]. However,
a full systematic treatmenitge., providing (i) a well-defined power-counting; (ii) a complete basis
of operators; and (iii) free from redundancies, was absent in thetliteraThese ingredients are
essential to perform consistent analyses of electroweak data.
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3. WTW~ production at linear and hadron colliders

As an illustrative example of the potential applications of the EFT developectiprévious
Section I will consideW W~ production, which has been one of the benchmark processes in the
study of anomalous triple gauge vertices (TGVs). For simplicity | will disé\$8/~ production
at linear colliders, which already captures the main qualitative featurestltdlustrate. In what
follows | will stick rather closely to the analysis of Ref. [8]. CommentsWAW~ at hadron
colliders will be given at the end of the Section. For a discussiofdzdand yZ production, the
reader is referred to Ref. [9].

e'e” — WHTW~ in the Standard Model can proceed throwgjle~ annihilation orete~ ex-
change, whose contributions can be extracted from Eq. (2.1). Negigshgorrections to these
results are parametrized in full generality by the following subset of NL& atprs*

6 3 . ~
Alo= Z)\jﬁxuj-f-zl’]jﬁ\(/J)-}-BlﬁB—l-awﬁw-f-éwﬁw (3.1
J:]_ J:]_

which correct the SM gauge-fermion vertices ¢ Z and vee™WT) and the triple gauge vertices
(WHW~Z andW™W~y), but also shift the photon aripropagators (through the obliqu&y1 2)
and the electroweak parameter tri@d mz, Gg). It is convenient to reabsorb the shifts in propaga-
tors and EW parameters by the 2-step procedure described in [10]:

(1) Canonical normalization of the kinetic terms through the following field fietiens:

Zy— (1+€07) Z,, Ay — (1+E0p) A, +EDpz Z), (3.2)
where
A A 241 A
Dz =AMt o Da= A+ Daz= 4 2 (3.3)
2% 2 tw  tw

(2) Renormalization of the Standard Model parametetsi, Gg) through

e— (1-€M)€; mp—(1—Dz+B)my; sw— (1—&)sy; ow— (1+t2&) dy
(3.4)
where

E—q&/(ezAA—ezAerﬁl—an) (3.5)

Once this is done, the new physics corrections affect only the gaugwefe and triple gauge
vertices, which can be parametrized in full generality by

— — g _
L =efyHA f+e Zifiy'Zufi — —=@ v y*W/ fL +h.c.
’ j;R Ty Zufi = S AW L

1 . . A
E-i”TGv = iky W W, VHY - igay (W, WHT — W, WHF VY +'/T\;WJVW\7AVA“
+ Oav (WL WH W WHEWY — gay (W WHT W, WHT VY

" A -
IR W VY 4175, VA (3.6)

1w = g3sabCW[j‘"W§pW,‘§“ and Gy = g3sabcv”vﬁvwvbpw,§“ can be actually shown to be NNLO in both the linear
and nonlinear realization of EWSB. However, it will prove instructive tegkéhem all through our analysis.
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The triple-gauge and gauge-fermion coefficients above can be galheexpressed ggy = p&f)) +

€?dpwv, Where the first piece collects the SM contribution, which is nonvanishing fo

39 =t kY =dl=-t%  a=1
&=t kY =ga=-1 3.7)

while dpy contains the new physics corrections. In the EFT language we want fii hdee,
opv = fiv(Aj,nj, Br,aw, 8w). For the time being, however, we will keep their dependence implicit.

The Feynman rule for the gauge-fermion vertex is trivial, while for the trgalage vertex one
finds [11]:

1 N — _ . )\ S _
Mo (@ p".p7) = —i(ky +Av +07)[0h Qv — AuGpa] — <91+ > Az) [(P" =P )uGual
M
+If[(p — P )uUv ] — 94 [0 G + A ua] — L (P — P )PELupa
Av 1 - ~
iRy + M) Euupr & +'/\2 [Z(rﬁ—p Ju€urpad’(PT—p )“] (3.8)

In previous analyses /W~ production it has been common to neglect the gauge-fermion vertex
corrections and work with the triple vertex corrections alone, assuminghbgtsatisfy a dipole
structure. Such a strategy has some fundamental defficiencies. Fic#t, gange-fermion and
triple-gauge operators are related by the equations of motion, neglectigg-filzrmion operators
altogether violates fundamental field theoretical relations. Second, tleeedifftriple-gauge coef-
ficients are not independent but correlated by the under$l@), x U (1)y symmetry, to which

the dipole parametrization is blind. Since the dipole approximation does nettaguge symme-

try it can generate fake violations of unitarity that have nothing to do with rexgips. In order to
illustrate these drawbacks, let us consider the leading effects in thesgrcissns for unpolarized
WW pairs,i.e., linear corrections in the new physics parameters in the laligei:

do(egg” —W-W*)  shet

= [— oy Olr+ €”Sw (OwOKa — 5\N5KZ)]

dcosf  B4TMBSy
do(e eg ~ W W*) saet
dcosf  256mmes,cy, 20w(3@ —swowd{L) + € Sw (Saw SKa — Caw OKz)

(3.9)

First of all, notice that thdy coefficients are absent, even though they seem to agpadranced
in Eqg. (3.8). This is precisely because ®f)(2) x U(1)-induced cancellations, which are com-
pletely obliterated by a naive dipole ansatz. Second, the presence gg-ggEmion operators is
fundamental. Actually, without them the expressions above would vanisis. cn be explicitly
checked by substitutingka, 0Kz, 0. ,0{r,0¢@._ in terms of the EFT coefficients. However, it is
more enlightening to rederive the results in the Landau gauge with the helg @fqthivalence
theorem. This states that the most divergent contributioWy\fé production should come from
longitudinally-polarized\'’s, i.e., fromefe — ¢ "¢ .

The calculation in that case turns out to be very simple [8]. The SM only iboitéss to the
s-channel, with they,Z)¢* ¢~ vertices coming from the Goldstone kinetic term. New physics
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Figure 1: 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.

contributions can instead be shown to be purely local, coming entirely frorgahge-fermion
operators. The interference between the Standard Model and thehyswgcontribution can be
easily computed and results in

do(ezgf —W~-W*)  ma?sirff 1

dcosf T8 ﬁne’
do(e et —W W) S|n26 1

Direct substitution in Egs. (3.9) would have delivered the same result, toutgh intricate cancel-
lations that would have obscured the physics. Gauge-fermion opeaagdise leading contribution
because they are the only NLO operators that contribugg¢o — ¢ "¢ .

It is instructive at this point to unfold the relations between gauge-ferroloigue and triple-
gauge operators of Egs. (2.12) and express the previous resultmmaétriple-gauge operators.
The results then take the form

do(exg” —W~-WH) a3sirt 6 1,

dcosf T m%/
do(efeg —W W)  m2adsif 1
oTcosG T a8, mg <S‘2’"A7+CW <)‘8+ ’\9>> (3.11)

Comparing Egs. (3.10) and (3.11) above, the change of basis is effacte

2 1 1
A7 = —ins, Ag = i (’71— 2'73) ; A= —i (’71+ nz— 2’73> (3.12)

8na 4ma a

At first sight, it might seem that these relations are at odds with Egs. (2N@g however that
Egs. (2.12) hold for any value of the energy. What we have foungeabtstead is their largs-
limit, which simplifies them notably: in the high-energy limit Egs. (2.12) 'projedt tou

%) )

o0 2 16 6%, 68 5= 156, 6Py, 6 "= t4(6?)  (3.13)

So far | have been discussiig™ W~ production at linear colliders. At hadron colliders the calcu-
lations are more involved due to hadronization, but the qualitative picturamen¥st the partonic
level, the number of gauge-fermion operators gets doubled and, follawngrguments above,
one can conclude that 5 of them will provide the leading new physicstefiepp — W W~. In
order to be quantitative, their coefficients would have to be weighted bysPRerk in this direc-
tion is currently underway and should provide a consistent framewonkef@w physics searches in
W*W~ production at the LHC.
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4. Conclusions

The main conclusions one can extract from our analysW @fir production can be summa-
rized in the following points:

e A form factor analysis with a dipole ansatz for the triple gauge vertices @@&\n general
inconsistent with gauge symmetry and can thus fake violations of unitarity.ofityaway
to guarantee field-theoretical consistency is to work with a full-fledged, Bifich is the
most general field theory at a given scale. In particular, an EFT daalysws that the TGV

parameterdz ,, which naively would be-enhanced, are actually strongly suppressed due to

SU(2). x U (1)y-induced cancellations.

e WTW~ production is, strictly speaking, not a probe of anomalous TGVs, as colymon
stated. Gauge-fermion vertices are equally important and cannot becteegleActually,

for efe” — WHTW~ one can describe the leading new physics effects entirely in terms of

gauge-vertex operators or gauge-fermion ones. Both descriptippeh&o be dual. There-
fore, in a phenomenological fit one does not need to neglect gaugefeoperators: they
can be eliminated from the picture altogether.

e efe- — WTW™ has the peculiarity that one can trade the 3 gauge-fermion operators for

triple-gauge operators and viceversa bupim— W*W~, for instance, this is no longer the
case. Therefore, given that the number of gauge-fermion opetdiisO is much bigger
than that of triple-gauge operators, it seems more natural to eliminate thedagecially in
view of fits involving multiple processes.
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