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We analyze the potential of the CERN Large Hadron Collider to study anomalous quartic vector-boson
interactions ZZyy, ZZZy, WW~yy, and W"W~Zy through the weak boson fusion processps
—qQyy andqq—qqyZ(—<€€~) with £=e or u. After a careful study of the backgrounds and how to
extract them from the data, we show that the progegs-jjy¢*¢  is potentially the most sensitive to
deviations from the standard model, improving the sensitivity to anomalous couplings by up to a factor of
10* (10?) with respect to the present dire@ndirect limits.
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I. INTRODUCTION ity of 2 fb~ 1, the Tevatron experiments can probe only the
gauge quartic couplings at the level of precision obtained at
Within the framework of the standard modé@M), the  LEP. In the near future, both photonic and nonphotonic quar-
structure of the trilinear and quartic vector-boson couplingsic gauge couplings will be tested in the pair production of
is completely determined b§U(2)_ X U(1)y gauge symme- gauge bosons at the CERN Large Hadron Colliti¢tC) via
try. The study of these interactions can either lead to addiweak boson fusionfWBF) [8,10]. In the long term, high
tional confirmation of the model or give some hint for the sensitivity to anomalous photonic four-gauge couplings is
existence of new phenomena at a higher sghleThe triple  expected at the next e~ linear collider[6,11], as well as at
gauge-boson couplings have been probed at the Fermilakigh energyyy [12,13 andey [14] colliders.
Tevatron[2] and CERNe* e~ collider LEP[3,4] through the In this work, we study the potential of the LHC to probe
production of vector-boson pairs; however, we have only justhe photonic quartic verticedZyy, W*W~ yy, WTW~Zy,
started to study directly the quartic gauge-boson couplingand zzZy. The motivation for this study is twofold. First,
[4-7]. If any deviation from the SM predictions is observed, even at LHC energies, the best experimental sensitivity is
independent tests of the triple and quartic gauge-boson coxpected for couplings involving photons due to phase space
plings can give important information on the type of new |imitations. Second, if a signal is observed, the comparison
physics(NP) responsible for the deviations. For example, theof the processes here studied, which are sensitive only to
exchange of heavy bosons can generate a tree level contgihotonic quartic operators, with the observations for pro-
bution to four gauge-boson couplings while its effect in thecesses also dependent on nonphotonic couplings, such as
triple-gauge vertex would appear only at one loop, and conweak gauge boson pair production, could reveal some sym-
sequently would be suppressed with respect to the quartigetries of the underlying dynamics.
one. Further information on the NP dynamics can also be We perform a detailed analysis of the most sensitive chan-
provided by determining whether NP reveals itself in thenels, which are the production via WBF of photon pairs ac-
form of anomalous four-gauge couplings involving only companied by jets, i.e.,
weak gauge bosons or in those involving photons or in both.
At present the scarce experimental information on quartic p+p—g+q—j+j+y+y, (1)
anomalous couplings arises from the processe®™

—W"W~y, Zyy, ZZy, andvvyy at LEP[3,4]. Because of and the WBF production of a pair of jets plus a photon ac-
phase space limitations, the best sensitivity is attainable forompanied by a lepton pair, where the fermions originate
couplings involving photons that should appear in the finafrom the decay of &° or a virtual photon, i.e.,
state. Photonic quartic anomalous couplings can also affect
vyZ andyyW productions at the Tevatrd®,9]; however, it p+p—qg—j+j+y+(Z* or y* =) +£7, (2
was shown in Ref8] that even with an integrated luminos-
with € =e or u. The advantage of WBF, where the scattered
final-state quarks receive significant transverse momentum

*Email address: eboli@fma.if.usp.br and are observed in the detector as far-forward/backward
"Email address: concha@insti.physics.sunysb.edu jets, is the strong reduction of QCD backgrounds due to the
*Email address: lietti@fma.if.usp.br kinematical configuration of the colored part of the event.
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The process depicted in Eq2) receives contributions SU(2), XU(1)y gauge invariance and that no new heavy
from all four-gauge-boson vertices that we are interested imesonance has been observed. In this scenario the gauge sym-
while only theZZyy andW* W™ yy vertices are relevant for metry is realized nonlinearly by using the chiral Lagrangian
the process in Eq1). We previously studied the reactiof)  approach as in Ref6]. Following the notation of Ref.15],
in Ref. [8]. Here, we reconsider the limits there obtainedthe building block of the chiral Lagrangian is the dimension-
after taking careful account of the QCD uncertainties in theess unimodular matrix fiel& (x),
background evaluation and analyzing strategies to minimize a .
it, and compare them with the expected sensitivity from Eg. Z(X):exp{i PiX)T
(2). Furthermore, despite the largey luminosity of the pro-
cesspp—qdyy—qqWWz2), we did not consider these
final states since this reaction also receives contribution@herev =(y2Gg) 1. The ¢? fields are the would-be Gold-
from anomalous interaction&/WWW WWZZ or ZzZZthat  stone fields and® (a=1,2,3) are the Pauli matrices. The
cannot be separated from the processes involving photons &J(2). X U(1)y covariant derivative ok is defined as
intermediate states. a 3

This paper is organized as follows. We present in Sec. Il — L WwAS in S
the effective operators we analyzed in this work. Section IlI D.2=0,2+ig 2 W.x—ig'= 2 B @
contains our analysis of the signal and backgrounds, as well

as the attainable limits at the LHC. We draw our conclusions V& focused our attention on genuine photonic quartic in-
in Sec. IV. teractions, i.e., the new interactions do not exhibit a triple-

gauge-boson vertex associated with them. In our framework,
genuine quartic operators appear at next-to-leading order
[O(p*)]; however, there is no genuine photonic quartic in-

We parametrize in a model independent form the possibléeraction at this order. Therefore, we considered the next or-
deviations of the SM predictions for the photonic quarticder[O(p®)]. There are 14 effective photonic operators that
gauge couplings with the assumptions that NP respectespectSU(2). custodial symmetry as well @aandP,

, ©)

II. EFFECTIVE QUARTIC INTERACTIONS

2
L= %[k‘éVTr(WWWMV)Tr(V“Va) +KETr(W,, , WE) Tr(V?V ) + K Tr(W,, V) Tr(WAV ) + KETr(W,, V) Tr(WHeV, )
12
- - g A A . .
+KYTr(W,,, V) Tr(WHeV?) ]+ P[kgTr(BMB”V)Tr(V“Va) +kSTr(B,,B)Tr(V*'V,) +KiTr(B,, V) Tr(B»"V,)

A N g9’ A~ A A~ A - A
+K5Tr( B, V") Tr(B#*V,) ]+ F[kg‘Tr(WWB“”)Tr(V“VQ) +kg Tr(W,,, B*)Tr(V*V,) + kI Tr(W,, V) Tr(B**V,,)
+KITr(W,, V) Tr(B#aV ) + KITH(W,,, V) Tr(B#*V")], (5)

|
whereV,=(D,3)3", B,,=7B,,/2, andW,,= W3 /2, e2g2
with B,, and W%, being, respectively, theJ(1)y and Zi=- a2 FuF*29Z,, 8
SU(2), field strength tensors. Herejs the electromagnetic w
coupling, g=e/singy=¢'s,, and g'=glc, with c, » 2
= \/1—Sw2- A is a mass scale characterizing the NP. Zr=— 92 F,F12'Z,, 9)

It is interesting to express the effective interactiongan
in terms of independent Lorentz structures. The lowest order
effectiveW W~ yy andZZyvy interactions are described in while the lowest order effectivEZZy interactions are given

w

terms of four Lorentz invariant structures: by
242
2.2 €°g
eg z_ _ voa
y_ WA+ aVn g~ Z6=——F, 2"Z2%Z,, (10
W 5 F FrrWTewW (6) 0 2c2 ©
242
2.2 eg
e Z_ azv
wi=— S0 Eewtw rwowh), (@) Zi= = ST FuZ" 22, (12)
4 w

095005-2



BOSONIC QUARTIC COUPLINGS AT CERN LHC

The remainingV* W~ Zy interactions are parametrized as

The Feynman rules for the quartic couplings induced by th

above

Equation(5) can be conveniently rewritten in terms of the
above independent Lorentz structures, neglecting possib
4W, 4Z, WWZZ as well as Goldstone boson vertices, as

Wi=—e’g’F ,, ZH"W* W, , (12)
. €9 T -
W= = —=F L, 28 (WHW, W IW),
(13
Wi=— 'l FAr (W W, Z8+ W, Wi Z)
1 2CWSW uv'la uv'Va ’
(14)
Wi=— 'l FAY (W W™ 9Z,+ W, WHeZ,)
2 2CWSW o v Mmoo v/
(15)
Wi=— ' FAY (W W, Z9+ W, W, Z%)
3 2CWSW patly pa'ly .
(16)

operators can be found in R].

k?’ k7 k'y kV
L= (ZI+WD+ S (Z+WD+ —21+ 227
AZ 0 0 A2 c c AZ 0 A2 c
k§ kZ kY
z C 57 ! z
+PZO+PZC+Z PW‘ 17)
with
k’=kY+KkP+k™ for i=0c,1, (18)
kJo= K5+ K5+ K+ kY + KT, (19)
C
= 2K+ K — (64K + 0ol kD),
W
(20
C
= 2RI )~ LK)
+Cou(kT+ K5+ k3, (21
c Sw
ky'= gwkg— a|<g+ C,ukd, (22
C
KW= St My ok, (23
SW CW
W w 1 m H
ki"=ki"+ Eki for i=1,2,3, (29

and c,,=(cf,— o)/ (2¢uSu).
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Before we study the phenomenological consequences of
anomalous quartic vertices, we should stress that the effec-
tive Lagrangian17) can also be obtained using a linear rep-
resentation of th&U(2), X U(1)y gauge symmetry with the
presence of a Higgs boson in the spectiif However, in
this case, the lowest order terms that can be written are of
dimension 8 and they lead to different relations between the
couplings associated with the independent Lorentz struc-
tures. Moreover, they generate both photonic and nonphoto-
nic genuine quartic vertices whose strength is in general re-
lated, unlike in the nonlinear case.

Ill. SIGNALS AND BACKGROUNDS

In this work we study the reactiond) and (2) at the
LHC. We evaluated numerically the helicity amplitudes of all
the SM subprocesses leading to fhey andjj y¢* ¢~ final
states wherg can be either a gluon, a quark, or an antiquark
in our partonic Monte Carlo-simulation. The SM amplitudes
were generated USiNGADGRAPH [16] in the framework of
HELAS [17] routines. The anomalous interactions arising

Srom the Lagrangian5) were implemented as subroutines

and were included accordingly. We consistently took into
raeccount the effect of all interferences between the anomalous
and the SM amplitudes and did not use the narrow-width
approximation for the vector boson propagators. We consid-
ered a center-of-mass energy of 14 TeV and an integrated
luminosity of 100 fo ! for the LHC.

It is important to note that the operators in E§) lead to
tree-level unitarity violation in 2-2 processes at high ener-
gies [8]. The standard procedure to avoid this unphysical
behavior of the cross section and to obtain meaningful limits
is to multiply the anomalous coupling&!j by a form factor

2 -n
m

Yy

1+F

u

kl— Xk, (25)

wherem, ., is the invariant mass of the final-state photon pair
in subprocesses lik@Z— yy and WW— y+vy. For subpro-
cesses of the typeZZ—Zy—{¢ ¢ y and WW—Zy
—{"¢ v, the anomalous couplings are multiplied by a
form factor

ki (26)
I Aﬁ

2 -n
I I(+ - .
1+ 27 7) Xkl

wherem;+ -, is the invariant mass of the final-state lepton
pair plus a photon. Of course, using this procedure the limits
become dependent on the exponeand the scald , which
is no longer factorizable. In fact, the unitarization procedure
is an important part of the definition of the anomalous cou-
plings since it models higher order contributions which are
responsible for the restoration of unitarity in the perturbative
calculation. In our calculations, unless otherwise stated, we
choosen=5 andA ,=2.5 TeV for the LHC.

At e*e” colliders the center-of-mass energy is fixed and
the introduction of the form factor@5) and(26) is basically
equivalent to a rescaling of the anomalous couplikys
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therefore we should perform this rescaling when comparing

’S‘ :"" "'I""I.'"'.I'"'I""I_""I":I"':
results obtained at hadron aede™ colliders. For example, 3 10’ full h_“e SM, g, (€=10.), pr=V8 -
the LEP limits should be weakened by a factet.6 for our = dashed line : SM, fig, (§=0.1), p=V8 3
choice ofnandA,,. E; 2 dotted line : Signal k)

Altogether the cross sections for procesdgsand(2) can ) 0 F
be written as g -
’6\ -3
j j2 = °F
o=0 +ki0' +ki o (27) - ¥
=OUsm™ 75 Vinter™ 4 Yano» [
A? A* 0 f
where oy, Tiner, and o, are, respectively, the SM cross st
section, interference between the SM and the anomalous 0 £
contribution, and the pure anomalous cross section. :
10° - ;
A. p+p—j+j+y+y T T PRV T TR PR P PO
This process receives contributions frodZyy and 250 500 750 1000 1250 1500 1750 2000 2250
WWyy vertices which get modified by all operators in Eq. mw(GeV)

(5). However, as seen in the first line in Ed.7), there are

Only four independent Lorentz invariant structures contribut- FIG. 1. Normalized invariant mass distribution of th@/ pair

ing to this process which, consequently, is able to give inforfor the reaction pp—yyjj. We consideredn=5 and A,

mation only on the four linear combinations of anomalous=2.5 TeV; see Eq(25).

couplings corresponding to the four coefficients

(i=0,,1,23) defined in Eqg18) and(19). in order to enhance the WBF signal for the anomalous cou-
The procesg1) receives contributions frorv* and zZ* plings we imposed the following additional cut in the dipho-

production in association with photons as well as frafiv  ton invariant mass spectrum:

andZZ fusion processes, 400 Gev=m,, <2500 GeV. (31)
* *
PFP=Qtat(WiHW" or Z2+Z%)—qta+y+ )(/28) We present in Table | the values for,,,, for each of the
independent linear combinations of anomalous couplings in

In order to reduce the enormous QCD background we mugtds. (18) and (19) and several values afi and A, after
exploit the characteristics of the WBF reactions. The mairapplying the cuts in Eqg29)—(31). These results were ob-
feature of WBF processes is a pair of very far-forward/tained using\/§ as the factorization scale in the parton dis-
backward tagging jets with significant transverse momentuntribution functions. We have further assumed an 85% detec-
and large invariant mass between them. Therefore, we re-

quired that the jets should comply with TABLE |. Results foro,,, (in pbx GeV*) for the process Eq.
(1) [see Eq(27)] for several values af and A, [see Eq(25)]. All
pjT1(2)>40(20) GeV, |7]]. [<5.0, results include the effect of the cuts in E¢29), (30), and(31) as
(12) well as photon detection and jet-tagging efficiencies.
75,7 i | > 44 7,9, <0, AN AR >0.7. 29y “Geyy g o o o
ano ano ano ano
Furthermore, the photons are central, typically being be- 0 3.3x10 2.3x10° 9.9x10° 7.0x1C°
tween the tagging jets. So we require that the photons satisfy
2500 5 2.Kx10° 15x10°F 6.0x10° 4.3x10°
EJ02>25 GeV, |7, |<2.5, 2500 4 3.x100 22x10° 8.8x10° 6.3x10°
*2 2500 3 4810 3.4x10° 1.4x100 9.9x10°
min{7; , 7;,}+0.7< My max »; ,7;,}—0.7, (30) 2000 5 1.10° 7.2x10° 29x10° 2.0x1C°
’ 2000 4 1x10° 1.1x10° 4.4x10° 3.2xX10°
AR;,>0.7, andAR,,>0.4. 2000 3 2.&100 1.9x10° 7.6x10° 5.4x10¢°
. . 1500 5 3.410° 24x10° 9.6x10° 6.9x10%
by a cut nthe invariant mas cistibution of thg pare.As 1900 4 SHIP 4P 1610 1210
) i . ) AN 1500 3 1.K100 7.6X10° 3.0x10° 2.2x10°
illustrated in Fig. 1, the invariant mass distribution for the
SM background contribution is a decreasing function of the 1000 5 54&10° 39x100 15x10° 1.1x10%
yv invariant mass, while the anomalous contribution first 1000 4 1.1 75x10° 2.9x10° 2.1x10
increases with the/y invariant mass, reaching its maximum 1000 3 2x%10° 1.7x10° 65x10° 4.7x10%

value atm,,,~ 1000 GeV, and then decreases. Consequently:
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TABLE II. Results for theo g, for the process Eq1l); see Eq(27) and text for details. All results include
the effect of the cuts in Eq$29), (30), and(31) as well as photon detection and jet-tagging efficiencies.

Osm (fh)
H#Rr= MRr1(§) HR= Lr2(€)

3 MF:\/E ME= Prin ,u,F=\/§/1O ,LLF:\/; HE=Phin MF=\/§/10
0.10 3.2 5.3 4.1 1.3 2.2 1.7
0.25 2.2 3.6 2.8 1.1 1.9 1.4
1.00 1.4 2.4 1.9 0.91 15 1.2
4.00 1.1 1.8 1.4 0.78 1.3 1.0

10.0 0.94 1.6 1.2 0.71 1.2 0.96

tion efficiency of isolated photons, leptons, and jet taggingground can change by a factor ef8 depending on the
With this the efficiency for reconstructing the final state choice of the QCD scales. These results indicate that to ob-
+j+y+yis (0.85F~52%, which is included in the results tain meaningful information about the presence of anoma-
presented in Tables | and II. The interference termg,{) lous couplings one cannot rely on the theoretical evaluation
between the anomalous and SM amplitudes turn out to bef the background. Instead, one should attempt to extract the
negligible. As expected, th& W fusion process due to Value of the SM background from data in a region of phase
WY (W) leads to a larger anomalous contributifiy a  Space where no signal is expected and then extrapolate to the
factor =2.5) than thezZ fusion ones due t&} (2?). signal region. _ _

Before proceeding with our analysis, it is interesting to " 100king for the optimum region of phase space to per-
study the dependence of the anomalous cross sectiam onform this extrapolation, one must search for kinematic distri-
andA,. As expected, the cross section is much larger in thdutions for wh|ch(|_) the shape of th_e distribution is as inde-
absence of the unitarity form factor, i.en=0, since the Pendent as possible of the choice of QCD parameters.
growth of the subprocess cross section with the subprocedd!lthermore, since the electroweak and QCD contributions
center-of-mass energy violates unitarf§]. As n increases (© the SM backgrounds are of the same orideg], this re-

(A, decreasesthe form factor becomes effective at smaller Auires thatii) the shapes of both electroweak and QCD con-
yy invariant masses, leading to a larger suppression of th&nbut.u?ns are similar. Several kl_nematlc distributions \_/enfy
subprocess cross section. This fact can be seen in Table I. Vf@ndition(i), for example, the azimuthal angle separation of
can also learn from this table that the anomalous cross sef€ WO tagging jets which was proposed in REf9] to

tion has a strong dependence on the choice ahd A reduce the perturbative QCD uncertainties of the SM back-
varying by almost two orders of magnitude between tuh,e exground estimation for invisible Higgs boson searches at the
treme cases. Nevertheless, this is not a problem since tli)é"c' Howev_er, the totally different shape Of thg el_ectrpweak
choice of a form factor is an essential part of the definition of2@ckground in the present case renders this distribution use-
the anomalous couplings. This variation of the anomaloud€Ss: o . .

cross section with the choice of the form factor leads to an Ve found that the best sensitivity is obtained by using the
uncertainty of an order of magnitude in the attainable boundg ¥ Invariant mass. As can be seen in Fig. 1, the shape of the
on the anomalous couplings at the LHC; see &4). SM distribution is quite independent of the choice of the

The evaluation of the SM backgroundry,) deserves QCD parameters. As a consequence, most of the QCD un-
some special care since it has a large contribution from Qcgertainties cancel out in the ratio
subprocesses whose size depends on the choice of the renor-
malization scale used in the evaluation of the QCD coupling R(&)= (400 GeVem,,<2500 Ge\J.
constantag(ug), as well as on the factorization scalg o(100 Gewm,,<400 GeV
used for the parton distribution functions. To estimate the o .
uncertainty associated with these choices, we have computddis fact is illustrated in Fig. 2 where we plot the value of
o for two sets of renormalization scales, which we label aghe ratior(¢) for different values of the renormalization and
uriA£), and for several values Qir. uri(¢) is defined factorization scales. The ratiB is almost invariant under
such that a2(upy(£))= a (gpjl_l)a (gpthz) where pjTl and C¢hanges of the renormalization scale, showing a maximum

N S S S

p,Tz are the transverse momenta of the tagging jetséisda variation of the order of-6% for a fixed value of the fac

free parameter varied between 0.1 and 10. The second choi%%”zat'on scale. On the other hand, the uncertainty on the

o ) \/: _ \/: actorization scale leads to a maximum variation of 12% in
of renormalization scale set jsgo(€) =£Vs/2, with Vs be-  he packground estimation. We have also verified that differ-
ing the subprocess center-of-mass energy.

> o ent choices for the structure functions do not affect these
In Table 1l we listosp, for the two sets of renormalization | ggits.

scales and for three values of the factorization sqaje Thus the strategy here proposed is simple: the experi-
— 5, \/§/10, and pf,, where pl =min(pi*,pi?). As  ments should measure the number of events inthénvari-
shown in this table, we find that the predicted SM back-ant mass window 10@m,,, <400 GeV and extrapolate the

(32
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@ 0,1 _HH T T T T T T T T T T ] |k\éV'b’m/A2|<2.32.7)[3.3]><10_5 Gev—z,
S—" = 4
O 08 [ ] K™ A2|<2.32.7)[3.3]X10°5 GeV 2.
i ] We considerech=5 and A,=2.5 TeV; see Eq(25). We
0.06 - B notice that the constraints de§">™ andk}"™ are exactly the
- 1 same as they are both modified in the same way and amount
0.04 b be®) 10,1 V8 . to the procesgl) as seen in Eq17). N
[ e Hra©) ul‘=1\n/r"*m ] Finally, let us comment that the limits dgf">™/ A* and
- Hra® "F:fl “ 1 kYP™/A2 can be directly translated into constraints on the
0.02 o ﬁg:ﬁ%ﬁ e A B coefficientsa,,. of the operators introduced in R¢L2] with
o H® el i the substitutiora, .= 4g°k§, [see Eq(18)].
0 Ll ; | |
10 1 10 £ B. p+p—j+j+y+et+e

This process receives contributions from the four-gauge
FIG. 2. (Color onling Ratio R(¢) defined in Eq.(32) for the  coupling verticesZZZy andWWZy as well as fromZZyy
processpp— yyjj at the LHC. andWWyy. We have imposed a minimal set of cuts to guar-

antee that the photons, charged leptons, and jets are detected
results for higher invariant masses by using perturbativeind isolated from each other:

QCD. According to the results described above we can con-

servatively assign a maximum “QCD” uncertainty (QGR pjT1(2>>40(20) GeV, p =25 GeV, EY=25 GeV,
of +15% to this extrapolation.
In order to estimate the attainable sensitivity to the |7,,€|<2.5, |7, |<5.0
’y! - 1 (1’2) - )

anomalous couplings, we assume that the observed number
of events is compatible with the expectations fog.(¢

=1) andur= /3, so the observed number of events in the (91,7 35l > 44 73, 9;,<0, (39
signal region coincides with the estimated number of back- .

ground events obtained from the extrapolation of the ob- min{7;, 7;,} +0.7< 7, (<max{ 7; , 7j,} = 0.7,
served number of events in the region where no signal is

expected; for this choice the number of expected background ARji(17,j0)>0.7, AR¢+¢-(0)>0.4.

events isNy,q= osml Where L stands for the integrated lu- ) ) .
minosity. For an integrated luminosity of 1007 fh for the Furthermore, in order to single out the events contaiifig
LHC, this corresponds tdN,,u=143. Moreover, we have bosons and to enhance the WBF signal for the anomalous
added in quadrature the statistical error and the QCD uncefOUPIINGSZZZy andWWZy we have imposed the following
tainty associated with the backgrounds. Therefore, the 950@dditional cuts on the lepton-leptom(,) and lepton-lepton-
limits on the quartic couplings can be obtained from thePhoton (n,££) invariant masses:

condition
|Im;,—Mz|<20 GeV and 400 Ge¥m, <2500 GeV.

(36)

k2

— ) 5\/ 2
Nano= A4 X LK 0 ane=<1.95VNpacit (NpaceX QCDynd -

In Table Il we display the values of,,, after cuts for

each anomalous couplirg in Eq. (5), with ug= \/g These
(33 results include the effect of detection and tagging efficien-
cies; 85% efficiency for detecting isolated photons and lep-
For the sake of completeness we show the results for th#®ns and for tagging jets. With this, the efficiency for recon-
expected sensitivity using purely statistical errors and fostructing the final statg+j+y+¢" ¢~ is (0.85P~44%.
two values of QCI,: our most conservative estimate We have added the contributions from final states containing
[15%], and a possible reduced uncertair{®5%), which  electrons and muons. Once again, we verified that the inter-
could be attainable provide next-to-leading order QCD calference termsriy., are negligible.
culations are available. Assuming that only one operator is A detailed study of the results in terms of the different
different from zero, so no cancellations are possib|e’ we find.orentz structures involved shows that the invariant mass cut
on the lepton-lepton invariant mass suppresses the contribu-

[KYP™ A2 <3.33.9[4.8]x10°¢ GeV 2, (34)  tions from theW "W~ yy Lorentz structure3v§ andW? in
relation to those containing th€VZy and ZZyy quartic
|k‘é”'b'm/A2|<1.3(1.5)[1.8]><10*5 Gev 2, vertices =W or Z). However, we find that none of the

Lorentz structures involving these vertices is clearly domi-
wb.m « 2 s ) nant and that there are important interference effects between
[KY™MIA%[<6.27.2)[8.9]X 10 ° GeV “, the different Lorentz structures contributing to the same
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TABLE IlI. Results for o, for the procesg2); see Eq.(27).  given the limited statistics, the sensitivity is dominated by
Oano iS Obtained for the anomalous coupling/A® in units of  the statistical error. The 95% C.L. constraints on the anoma-

GeV 2. We considerech=5 andA,=2.5 TeV; see Eq(26). lous couplings are
Coupling constant Tano (Pb X GEV?) KY/A2<1.2}10°® GeV 2,
kg 4.6x 10
KY 9.2x10° |k¥/A?]<2.8x10 ¢ GeV 2,
kY 2.9x10
Ky 1.3x107 [k}/A%|<1.5x10°8 GeV 2,
ks 1.0x 10
WA 2 <2.3% — 6 2
K 6.9 1P |KS/A%<2.3x10°° GeV %,
ke 1.9x10° - . ,
K 4.7 10P |k§/A?]<2.6x10°° GeV 2,
kS 1.8x10P
2 [kB/A2|<3.2x10°6 GeV 2
kg 1.1x 10 (39
ke 3.2x10° IK2/A%<6.0x10°° GeV 2,
K 9.0x 1¢°
k3 4310 KP/A?<3.8x10°° GeV 2,
K3 3.6x10°

|K3/A2|<6.3x107° GeVv 2,
anomalous operator, which are on the order of 10-30 % and

can be destructive or constructive. ko/A?|<2.6x10°° GeV ?,
The evaluation of the SM background in this case is also
subject to QCD uncertainties, as in the previous reaction. We |kT/A?|<4.7X107° GeV ?,

found that for our reference valyeg,(£é=1) andug= \/g
|KT/A?|<2.8x1076 GeV ?,
osm=0.10 fb. (37
|KSVA?|<4.0x10°% GeV ?,
Changes in the factorization and renormalization scales
can modify this prediction by a facter 5. Thus, again, the |K/A2%|<4.4x1078 GeV 2,
best strategy for accurately determining the sensitivity to the
anomalous coupling is to extract the value of the SM backwhich have been obtained including a 15% QCD uncertainty,
ground from data in a region of phase space where no sign&#owever, to the precision quoted, the impact of this uncer-
is expected and then extrapolate to the signal region. Followtainty is minimal.
ing the discussion in the previous section, we find that the Comparing the limits in Eqg39) with the corresponding
€7 €~y invariant mass distribution is suitable to estimate theones from the proceg4) in Eq. (34) we see that, despite the
SM background and reduce the QCD uncertainties. We haviéimited statistics, the presence of théVZy vertex (V

defined the ratio =W or Z) makes the procegsp— jj y£*|€~ most sensitive
to the presence of NP leading to anomalous four-vector cou-
o(400 Ge\km,,, <2500 GeV plings which respect th&U(2), X U(1)y gauge invariance
R(&)= (38  as well as theSU(2), custodial symmetry. One of the rea-

<
(100 Gevemy,<400 GeV sons for the procegsp— jj y|€ *|€~ to be more sensitive to

anomalous interactions is that almost all Lorentz structures

and evaluated the behavior &¢) under changes of the |ead to similar contributions and that more Lorentz structures
renormalization and factorization scales. We determined thaiontribute to this reaction than ipp—jjyy for a given

R(&) can be known within an accuracy af15% when we  gffective operator.

use leading order calculations. o One must keep in mind, however, that the results in Egs.

In prder to extract the atta!nab_le limits on the anomalou334) and (39) were obtained under the assumption that only
couplings we assumed a luminosity 6100 fo~* and that  gne operator is different from zero, so no cancellations were
the observed number of events is compatible with the expegyossible. If cancellations are allowed, the procé§smay
tations forug(é=1) andur= \/§ i.e., the expected num- become the most sensitive one to the presence of the relevant
ber of background events in the signal regioNig=10.  photonic quartic operators. Moreover, these results should be
We have added to the statistical error associated with thitaken as typical values since they can vary by an order of
background the theoretical error associated with the uncemagnitude as we change the definition of the form factors,
tainty in the extrapolation of the background. However,i.e.,nandA,.
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IV. DISCUSSION bosonic quartic couplings involving one or two photons. In

. o - this study we have taken careful account of the theoretical

quz\a/:/t?c?\;gcjtléffb%i%lr?r}lr?t?arg)ctti?)itsj[hgusew:op:ﬁgI(I:itrlr?irt]s dfc:irvg:ﬁuncertainties associated with the evaluation of the S'M back-

able center-of-mass energy, the first couplings to be studie round. We have proposed the best str_ategy o estimate the

should contain photons. In ,particular the direct searches %xpecte_d SM background by extrapolz_;ltlon .Of the data tak_er_1
) . ’ A2 in a region of phase space where no signal is expected, mini-

LEPIl have lead to constraints of the ordgki/A” mizing the theoretical uncertainty associated with this ex-

72 2 . . .
=0(10°% GeV'™) for the couplings in EQ(5), and no Sig- an[ation. The final sensitivity to the different couplings is
nificantly better sensitivity is expected from searches at th%iven in Egs.(34) and (39). In particular, we found that in

Tevatron. Anomalous quartic couplings contribute at the ON€fha framework ofSU(2), X U(1)y gauge invariant NP in
loop Ieve! to theZ physics[14] via obhq_ue corrections as hich the deviations from the SM prediction for th&/yy
they modify thew, Z, and.phpton two-pomt.funcuons. an.' vertices are related to the strength of the anoma\Wugy
sequently, they can be indirectly constrained by premsmqlertex, the procegsp—jj y¢* ¢~ is the most sensitive to all

j 2 —4 2
electroweak data tfk|/A*[=O(10"* GeV™). possible operators, despite the limited statistics, barring pos-

Higher energy colliders will be able to test quartic gaUg€ipie cancellations. It can lead to constrairjte//A 2|

couplings involving photons as well as to probe nonphoton|c<(1 2-6.3)< 1076 GeV 2
verticesVVV'V’ (V,V'=W or Z) [10]. Even at LHC ener- In conclusion, we have shown that the study of the pro-

gies,_(_jge t'o phase space Iimita}tions_, the .best experimentgjssses(l) and (2) at the LHC can test quartic anomalous
sensitivity is expectgd for couplings mvolymg photons thatcouplings that are four orders of magnitude weaker than the
gan bte pa:ct of t?he f'gi‘/ll statg l:_/loreo_ver,bln the dev_e?t that xisting limits from direct searches and two orders of mag-
gpa: tuhre r(()jml 1€ d predic |onsb|s (E)ts_ervg ' :n srenceﬁitude weaker than any indirect constraints. It is interesting
about the underlying dynamics can be obtain€d only by COMg, \,ica that if no signal is found the LHC will lead to limits

paring the obsgrvatiqns ir_1 different channels, for inSt"’.mcethat are similar to the ones that could be attainable at an
between those involving triple- and quartic-gauge couplings,

g . . - . S
In this respect it will also be important to know whether N collider operating a/s=500 GeV with a luminosity

—1
reveals itself in the form of anomalous four-gauge couplingsOf 300 fo* [6,11].

involving only weak gauge bosons or in those involving pho-

tons or in both. For instance, in the framework of chiral ACKNOWLEDGMENTS
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