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A complete list of operators contributing at the lowest order to quartic neutral gauge boson couplings
involving photons and Z-bosons, is presented. We show that, for the couplings we consider, the lowest
order contribution is from dimension-eight operators in the case when a light Higgs is present and from
dimension-six operators in the Higgsless case where electroweak symmetry is nonlinearly realized. We
also show that these operators are generated by exchange of the Kaluza-Klein partners of the graviton in
extra-dimensional models. We then explore the possibility of probing these couplings in the diffractive
photon fusion processes pp(yy — yy)pp and pp(yy — ZZ)pp at the 14 TeV LHC. We find that the
vy7y7y coupling can be probed most sensitively and values as small as 1/(1.8 TeV)* can be measured.
For the yyZZ coupling, values as small as 1/(850 GeV)* and 1/(1.9 TeV)? can be probed in the light
Higgs and Higgsless cases, respectively, which is an improvement by orders of magnitude over existing

limits.
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I. INTRODUCTION

The standard model (SM) has been tested very accu-
rately by experiments. There are, however, many theoreti-
cal reasons to believe that there is physics beyond the SM.
Some of these motivations, like the hierarchy problem and
the existence of dark matter, point to the existence of new
physics at the TeV scale. LEP-2 precision data and flavor
constraints seem to favor a scenario with a mass gap
between a light Higgs (my =< 200 GeV) and new physics
at the scale of a few TeV. A model independent way of
parametrizing the effects of new physics in such a scenario
is to use the effective field theory approach. All possible
operators allowed by the symmetries of the theory are
included, suppressed by appropriate powers of the cutoff
A. If A is the order of a few TeV, these operators can be
directly measured at the Large Hadron Collider (LHC).

These operators are expected to give rise to anomalous
triple [1,2] and quartic gauge couplings [3]. In this work we
discuss a special class of these couplings: the quartic
neutral gauge boson couplings (QNGC), that is, quartic
vertices involving only the neutral gauge bosons, y and Z.
QNGCs are special because as we will show they do not
exist in the SM and receive their lowest order contributions
from dimension-eight operators. Thus the measurement of
these couplings would indicate directly the presence of
dimension-eight operators' in a scenario where a light
Higgs is present. This is not true, for example, in the
case of yyW™W~ and ZZW* W~ couplings which get
contributions from the SM Lagrangian and its dimension-

'In the case of the yyZZ coupling there is a nonlocal con-
tribution from the yy — h* — ZZ process which is of an order
lower than dimension-eight contributions. However, as we dis-
cuss later, this contribution can be subtracted if the h — yvy
partial width is known.
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six extension [1]. Thus QNGCs can be very useful in
probing new physics scenarios with a light Higgs that
exclusively generate dimension-eight operators. One such
example that generates only dimension-eight operators at
tree level is the exchange of the spin 2 Kaluza-Klein
excitations of the graviton in models with large extra
dimensions. We will see how integrating out these massive
modes generates QNGCs and how probing these couplings
would allow us to probe the fundamental Planck scale in
these extra-dimensional theories.

We also consider the Higgsless case where electroweak
symmetry is nonlinearly realized. In this case, with the
exception of the ZZZZ coupling, QNGCs do not appear at
the dimension-four level and the lowest order contribution
comes from dimension-six operators. This is unlike quartic
gauge couplings having W*/~ bosons which always ap-
pear first at the dimension-four level. Thus in this case also,
unlike processes involving quartic gauge couplings with
W/~ bosons, processes involving QNGCs can directly
probe higher order operators (in this case dimension-six
operators).

In this work we will explore the possibility of measuring
the yyvyvy and yyZZ couplings in the diffractive photon
fusion processes, pp(yy — yy)pp and pp(yy — ZZ)pp
[see Fig. 1], respectively. There are plans to install very
forward detectors by the ATLAS and CMS collaborations
[4] which can detect protons that scatter diffractively at
small angles and thus can identify such processes. To the
best of our knowledge, this is the first study on the LHC
sensitivity of the measurement of the y7y7y7y coupling.
There have been previous studies for the yyZZ coupling,
but these studies focussed only on the Higgsless case. In
Refs. [5,6] probing the yyZZ coupling by inelastic pro-
cesses like pp — yyy, pp — yyZ and pp — jj(ZZ —
vvy) — jjyvy has been studied, whereas, in Refs. [7,8]
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measurement of this coupling in the diffractive process
pp(yy — ZZ)pp, that we will study in this work too,
has been explored. In this work, however, we consider
both the light Higgs and the Higgsless cases. As we will
see, in the Higgsless case considered in the previous stud-
ies only a subset of all the operators relevant to the light
Higgs case are important.

Let us now see what are the advantages of diffractive
photon fusion processes in measuring these couplings.
Even if a process can be traced back to a definite set of
operators as is the case here, it is rarely the case that a
particular collider signature can be traced back to a unique
process. For this reason many different, complementary
measurements are usually required to uncover the under-
lying new physics processes. For example consider the
inelastic counterpart of the signature we are considering
for the yyZZ coupling, the pp — jj(yy — ZZ) — jjZZ
process or the similar vector boson fusion (VBF) process
pp — jj(ZZ — yvy) — jjyy. Although these signatures
would have a much larger cross section than the diffrac-
tive signature we are considering, if an excess is observed
in the jjZZ or jjyy final states it would be hard to
reconstruct the exact process responsible for it because
of the many different new physics processes in addition to
QNGCs that can have this signature.2 The triple gauge
boson production processes pp — yyZ (studied previ-
ously in Refs. [5,6]) and pp — y7y7y are somewhat better
in this respect but, again, because the intermediate state in
pp — yvyZ(yyy) cannot be known, it would not be
possible to conclude with certainty that QNGCs are re-
sponsible, if an excess is seen. The diffractive signals we
study in this work are interesting because exclusive final
states where two protons have been detected in the for-
ward detectors can arise only from diffractive photon
fusion or exclusive Pomeron fusion. In the latter case
the underlying subprocess would be gg — yy/ZZ. Thus
the inverse problem of pinning down the new physics
responsible for an excess in the ppyy and ppZZ final
states is relatively less ambiguous as there are only two
new physics possibilities, namely, the enhancement of the
vy — yvy/ZZ processes and/or the enhancement of the
g8 — vv/ZZ processes. As we will discuss later, exclu-
sive Pomeron fusion processes are, however, expected to
have a much smaller cross section as compared to photon
fusion processes.

*The pp — jj(yy — ZZ) — jjZZ process is experimentally
challenging for a separate reason too which is that the two jets
would not have the special properties of VBF jets. VBF jets have
a large rapidity gap between them and have high pr (see, for
example, pp. 1271-1305 of [9]). For reasons mentioned in
Sec. V the p; of the jets in the process pp — jj(yy — ZZ) —
JjJZZ is approximately equal to the photon virtuality and thus
expected to be very small. So while the photon fusion jets would
have a large rapidity gap too, they will have very low pr
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FIG. 1. The diffractive photon fusion processes pp(yy —
vy)pp and pp(yy — ZZ)pp. The outgoing protons can be
detected by very forward detectors to be installed by ATLAS
and CMS. In the figure above O; represents operators contrib-
uting to quartic neutral gauge couplings.

II. OPERATORS THAT GIVE RISE TO QUARTIC
NEUTRAL GAUGE BOSON COUPLINGS

A. Light Higgs case

We want to write down the lowest order contribution
form higher-dimensional operators to QNGCs, that is,
quartic vertices involving only the neutral gauge bosons
v and Z. We will consider only CP conserving operators
here hence we will not use the dual field strength tensors
like B ur- In gauge invariant operators the electroweak
vector boson fields can appear either from the field
strengths B, and W;’“, or covariant derivatives acting on
the Higgs field, that is factors like,

7i g

5 5 B, P, ()
provided the Higgs field, ®, gets a vacuum expectation
value. In the above equation 7; are the Pauli matrices. Note
that the €;;xW;Wx part of W/, cannot contribute to
quartic neutral gauge boson couplings as we must have
I = J = 3 to get photons or Z fields unlike for instance in
the case of the yyW* W~ coupling, where two gauge
boson fields can come from the same field strength tensor
W,’W. This has the important implication that the lowest
order contribution to quartic neutral gauge boson couplings
comes from dimension-eight operators® because we need
either a field strength or D, ® factor, both dimension-two
operators, for each of the four gauge bosons. There must be
an even number of D,® factors along with the field
strength tensors in these operators because otherwise there
are an odd number of Lorentz indices in total and it is
impossible to contract all of them. Thus we see that the
operators we are interested in can have either four cova-
riant derivatives, two field strengths and two covariant
derivatives or four field strengths. We thus obtain the
following Lagrangian of dimension-eight operators,

D,®=0d,0—ig W ,d—i

3This fact is also true for ggyy and ggZZ couplings (g being
the gluon).
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Note that, in the above list, the operators
BMVE]J[(WIMVWZO-WKPU, B#VE[JK((I)TOJCI))Wzo-WK’DU

and B, € ;xW*PW/*7WK_ are absent because they are
all equal to zero. In the first two cases €;;¢ is antisym-
metric in J and K whereas the rest of the operator is
symmetric in J and K and in the third case B, is anti-
symmetric in p and v whereas the rest of the operator
is symmetric in u and v. Operators with two o’ s do not
appear above as these can be reduced to operators in our
list using the identity, o/o/ = 8" + i€/’ g . Also notice
that there are no operators like @t D*D, ®B upB”P. This is
because such operators can be expressed as linear combi-
nations of total derivatives, operators already in the list and
operators that do not contribute to QNGCs, as follows:

®tD~D, DB, ,B""
= o#(®*D,®B,,,B"?) — D*®'D, B, ,B"*

— ®TD,®o~(B,,B"), 3)
where we have used d,(®'D,®)=D,P'D, D +
ot(D D, ®). Finally, operators with two Levi-Civita ten-
sors, like ew,p(,eaﬁygB““B”BBWB"‘s, which corresponds

to taking two dual field strength tensors, are not in the list.
This is because using the identity,

a)’?’ vY
£777'}’ 1

a,
KGe = Aa FurF" FpoF?7 + S F o FHOF F7

D, @t DPOWL, W + 5D, 1! DPOB,,, WY + 25 D, &1 D" DB, B1 +- D, 0 D O, Wiks
€10 w1 wipowl winy 4 €11 owl Wwlikv
SOWL W WL WO+ SR B W, Wi

Cla 1 wi 7w 15 1 1w
PWPUW ‘”’W/“,W mp +FWPUW "”WM,,W mp

2)

— ky ky
€irigisis €1 jainis — 2A8jiki8irk: 8k 8isks O, -+ 01y ()
we can express such operators in terms of operators con-
tracted using metric tensors which are already in our list.

If we rewrite these operators in terms of the fields A and
Z defined by

B cw —Su\[A
= (&)
W; S, Cu z
and the field strengths,

Fu,=0d,A,—3d,A, Zyy=90,Z,

—0,Z (6)

727 v

we will get ZZZZ, yZ7ZZ, yyZZ, yyyZ and y7y7y7y cou-
plings. In this work we will explore the possibility of
measuring these vertices by diffractive processes involving
photon exchange, that is processes like pp(yy — X)pp.
Such processes can measure the yyZZ, yyyZ and yyyy
vertices but we will focus only on the yyZZ and yyyy
vertices here (we give the complete list of the yyyZ,
vZZ7 and ZZZZ couplings in Appendix A). Expressing
the operators above in terms of A and Z fields and the
respective field strengths using Eqs. (5) and (6) we get,

L dP M2 aZZ M2 o2z o2z
yv4Z 1 77 ny p 42 72 np vy 73 ny po 4 4 ny po
£QNGC 7y FW,F ZPZ + 7} FM,,F ZpZ + 7} FW,F Zp(,Z + 7} FM,,Z Fp(,Z
AT 2 AT 2 A A
a2z aZ”
5 wp ov wp ov
D P FH0 2,027 + o F 290 F )y 27, %
where
Yy _ 4 4 2.2 YY _ 4 4 22
al” = cycq + shcg + eysy(cio +cpy) a,” = cycpz Tt syc +ocpsylers + cie)
af? = cley + 52,04 — €1p8,,Cs a%? = cleg + s2cq a%? = 2cks2(cg + co + 1) + (55, + ch)en — 2¢2 5510
77 _ (2 242 22 2.2
ay~ = (Cw —Sw)C2 + 4cwsw(c8 + Co + CIO) - 4cwswcll

77 — 2 2 4 4 _ 2 2 _ 2 2
a5 - 4CWSW(C|3 + Cla + ClS) + (Sw + Cy 2cwsw)016 4'Cwswcl7

77 _— (.4 4 22 _ 2 2
ag™ = (Cw + sw)cl7 + ZCWSW(C13 + Cla + clS) 2cwswcl6'

®)

We have thus listed all operators that contribute to the yyyvy and yyZZ vertices. Note that ¢; and ¢, do not appear in the
right-hand side (RHS) in Eq. (8) because the corresponding operators contribute only to the ZZZZ coupling. As we want to
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measure these couplings by the yy — yvy and yy — ZZ
processes, respectively, let us also list operators that might
enhance nonlocal background contributions through the
processes like yy — X* — yy/ZZ at the same order,
where X is some SM field. We find that the only
dimension-six operators giving such nonlocal contribu-
tions at the same order are those that contribute via the
vy — h* — ZZ processes due to the anomalous 4y cou-
plings they introduce. These operators (already listed in
Ref. [1]) are

b b
Lo = —‘2 |®|°B,,, B* + —22 |DIPWL, Wikr
b
+ -2 (dto,d)B,,, Wk, ©)

which give the following dimension-five operator once the
Higgs field, ®, gets a vacuum expectation value,

ULy 10
F v ( )

where v = 246 GeV and,
ag = c2b, + s2b, — c,,s,,bs. (11)

Note that heavy particles that interact with the Higgs boson
and photons generally induce this operator when integrated
out. Fortunately, the coupling a, can be accurately mea-
sured at the LHC by measuring the 7 — vy partial width.
Thus the effect of the only dimension-six operator that
contributes to the cross section can be subtracted.

We have not identified couplings for yyX or XZZ, that
arise from dimension- > 6 operators and contribute to this
process by an X exchange, because these contributions
would have the dependance ~1/A" with n >4 which
would be of higher order than dimension eight which is
the lowest order at which the QNGCs get a contribution.

B. Higgsless case

Note that our treatment in the previous subsection differs
from that in Refs. [5—8] where only the yy — ZZ process
has been discussed. Among all the terms in Eq. (7) the
authors consider only the operators O¢% and O5% (i.e., the
operators that have the coefficients af? and a5? respec-
tively). This can be justified if there is no light Higgs and
EWSB is nonlinearly realized at low energies. Let us see
why this is so. We follow the construction of Burgess et al.
(Ref. [10]), use the matrix,

2 = eXp(ZiXﬂTl-/v) (12)
and the covariant derivative,
D,3 =3'D, 3 —iSt[gWeT, + ¢'B, YIS  (13)

to define the following fields,
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e A, = 2Ti{XeuD, 3]
% Z, =iTiX;:D,3]

(14)
g Wi =2 TW[T.D,3]

Here Y is the hypercharge generator, 7. = T = T,, where
T; are the SU(2), generators. X,,, and X3 are orthogonal
linear combinations of Y and 73, X, being the unbroken
generator of U(1).,,. We have kept the unconventional
normalization of Ref. [10], viz TiT,, T,] =16,
Ti(T,, Y] = 0 and Tr[Y?] = ].

As shown in Ref. [10], the fields A, Z and W™ in
Eq. (14) transform purely electromagnetically and exactly
like A, Z and W~ respectively. In the unitary gauge, > — 1
sothat A — A, Z— Zand W* — W™ Itis thus easy to
construct gauge invariant operators we are interested in if
EWSB is nonlinearly realized. In the unitary gauge these
are just all possible operators constructed from the A, Z and
W= fields that respect the U(1),,, symmetry. We get there-
fore for the yyZZ coupling,

2 hl
Higgsless __ (g/zcw) a v
L NGe T Az F F*'Z,2°

2 2 hl
+ WE\#FWFWZPZ”. (15)

Note that in this case we get as the lowest order contribu-
tions to QNGCs two dimension-six operators, which are
same as O7% and O%“ in Eq. (7), and none of the other
operators in Eq. (7) are present above. Thus, unlike in the
case with the light Higgs boson, these operators are indeed
more important here, and this is why they are the only ones
that appear in the analyses of Refs. [5-8]. The yyyy
coupling does not get any contribution at this order.

Another way to understand the above fact is by using the
Goldstone boson equivalence theorem which states that at
high energies longitudinal gauge boson production pro-
cesses should have the same amplitude as processes in
which the corresponding Goldstone bosons are produced.
The operators in Eq. (15) arise from operators like
¢Tr{(D,3)'D*3]F ,,F#*. This can be expanded to give
the terms involving the Goldstones like, ((c/A?) X
(0,7d° 7/v?)F,,F**, which tells us that the A(yy —
Z,;Z;) amplitude will be O(c§?/(v*A?)), ignoring
the dimensionless electroweak couplings. This is larger
than the amplitude due to an operator like
((¢/ANZ,,ZP7)F ,,F**, not included in Eq. (14), which
will give A (yy — ZZ) = O(c5*/A*). The crucial differ-
ence is that, unlike the light Higgs case, the Goldstones
here are strongly coupled and suppressed by factors of 1/v
and not 1/A.
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C. Graviton exchange in extra-dimensional theories
as a source of QNGCs

In extra-dimensional theories where the fundamental
gravity scale can be a few TeV, the graviton is accompanied
by Kaluza-Klein partners in the four-dimensional effective
theory. Exchange of the (4 + §)-dimensional graviton, &
being the number of extra dimensions, can be thought of as
the exchange of the four-dimensional graviton and its
massive Kaluza-Klein partners. The effective operator in-
duced by tree-level graviton exchange is given by [11],

47T<TWTW_ 1 T;:Tg)
M\ 2 s+2 2 )

O;= (16)
where TH” is the energy-momentum tensor. At tree level
only dimension-eight operators are induced (at loop level
only one dimension-six operator is induced by virtual
graviton exchange but this is a four fermion operator not
involving the gauge bosons or the Higgs [12]).

Almost all the operators in Eq. (2) can be obtained by
expanding T#” in Eq. (16). To show this let us write down
the energy-momentum tensor for the B, and W{L gauge
bosons and the Higgs boson,

T4" = —BMPBY + 1¢#"BP°B,,,
v __ v 1 v o
Ty = —Wirewly + Lopvyleow! |
T4 = D*®TD"® + D'PTDLD
— g (DFDTD, & — m* Dt D). (17)

Note that virtual graviton exchange will also generate

operators involving the gluon field strength, GiL,,, like
G!,G'"*B,,B*’, G, ,G'""DP®TD,® etc. Such opera-
tors would enhance the signal by contributing to the central
exclusive Pomeron fusion process (CEP), pp(CEP —

vy/ZZ)pp. The luminosity of photons produced by the

030
0.25
F no form factor
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B X lagl*
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FIG. 2 (color online). Here we plot ((Re(b,))? + ﬁ253,54|a1|2)
in Eq. (27) vs the photon-photon center of mass energy for [ = 0
with and without the form factor in Eq. (28) taking b;/A* =
1 TeV~2 and ¢;/A* =1 TeV~*. We take A}/-V/ZZ = AZ]}/;/ZZ in
the form factor for all the different cases other than the lower
solid line where we take A;{”/ 22 = 0.9AIY#.
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protons is however higher than the luminosity of the
Pomerons produced that undergo exclusive fusion (by ex-
clusive we mean that the Pomerons do not disintegrate into
fragments) by a few orders of magnitude at the high
energies where these operators become important (see
Fig. 2 in Ref. [13]). Thus the pp(CEP — yvy/ZZ)pp con-
tribution is expected to be negligible compared to the
pp(yy — vy/ZZ)pp contribution. In any case any con-
tribution form this channel would only enhance the signal
and thus improve the experimental potential of observing
effects of virtual graviton exchange.

III. CONSTRAINTS

QNGCs are very weakly constrained by existing data.
There are no constraints on y7y7y7y couplings and the only
constraints are on yyZZ couplings. We first consider the
light Higgs case discussed in Sec. IT A. A LEP analysis [ 14]
based on the ete™ — Zyy process puts the following
constraints on the operators ©@, and O, in Eq. (7):

— ; < ﬁ < ; (18)
(69 GeV)*  A* (93 GeV)*
and,
7z
_ ; < 9 < ; (19)

(65 GeV)* ~ A* (65 GeV)*

While the authors of Ref. [14] did not carry out their
analysis for the other operators in Eq. (7), as these are
also dimension-eight operators we expect their contribu-
tion to these processes to be of a similar magnitude. Thus
the constraints on these couplings are also expected to be
very weak. Somewhat stronger constraints can be derived
from electroweak precision data. In Ref. [6] precision
constraints on the operators are derived and they find the
bounds, |af%/ A* = 1/(270 GeV)™*, which, as we shall
see later, are still far too weak compared to the expected
LHC sensitivity.

As the operators in the Higgsless case discussed in
Sec. IIB are exactly the two operators discussed above,
the only difference being that we use a different parame-
trization for the couplings, the same constraints can be
translated to the couplings in Eq. (15) in the Higgsless
case,

_ # < ailll < ; (20)
(27 GeV)? A% (50 GeV)?
and,
1 aht 1

Y 21
(24 GeV)?2 A% (24 GeV)?’ @h

whereas the precision constraints in Ref. [6] imply
lath,/A?] < 1/(420 GeV) 2.

Now we discuss the constraints on the scale, Ay, for
virtual graviton exchange, which appears in Eq. (16). The
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strongest constraints on Ay come from LHC data at 7 TeV.
With 36 pb~! CMS data at 7 TeV the pp — jj process can
be used to derive the constraint Ay > 3.8 TeV [15] at 95%
confidence level. The same process puts the constraint
Ay >3.6 TeV [15] with 36 pb~! ATLAS data at 95%
confidence level. With 1.1 fb~! CMS data, the pp — yy
process puts the weaker constraint A;>3.1 TeV at
95% confidence level [16], but this process is eventually
expected to probe scales up to about Ay = 6 TeV [11].

Finally, consider the operators in Eq. (9). At tree level
the couplings b; and b, in Eq. (9) renormalize the coeffi-
cient of the kinetic terms for the gauge bosons B, and W{L
which is equivalent to a renormalization of the couplings g’
and g. Thus all tree-level effects due to the b; and b, can be
absorbed in a redefinition of the couplings and hence these
couplings are unconstrained. The coupling b5 is related to
the S parameter by [17],

by _  Qem
A A0 AS. (22)

Here a.,, is the fine structure constant v = 246 GeV and
S, C,, are the sine and cosine of the weak mixing angle.
The bound on the S parameter for m;, = 113 GeV and with
no restrictions on the 7 parameter is |AS| < 0.3 [17] at
90% confidence level. This translates to the following
bound on bj:

1

(6.6 TeV)?" 23)

bs

15 1<
This coupling is also constrained by measurements of
the triple gauge couplings but these constraints are far
weaker [18].

IV. HIGH ENERGY BEHAVIOR OF AMPLITUDES
AND VIOLATION OF UNITARITY AT TREE LEVEL

First let us look at the yy — y7y process. We can find
out the high energy behavior by dimensional analysis. The
high energy behavior of the contribution from the local
operators in Eq. (7) differs from the contribution from the
nonlocal process, where the hyy vertex is derived from the
operator @, as follows:

§2
O, 077 Alyy = vy) ~ a4

A4
. v§ 1 vs 2v2§
Op: Alyy = " = y¥) ~ a5 < X do 35~ 4547
(24)

where § is the photon-photon center of mass energy
squared. The local contribution is thus expected to domi-
nate over the nonlocal contribution at high energies.

For the yy — ZZ process the operators in the light
Higgs case in Eq. (7) can be divided into two categories
according to the final polarization of the Zs. At high
energies the operators O7%, O5* contribute mainly to the
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production of longitudinally polarized Z-bosons through
the process yy — Z;Z; while the operators 0%% — O%*
contribute mainly to transverse Z production through the
process yy — ZyZy. This can be understood by using the
Goldstone boson equivalence theorem. The operators like
0%% — O%* do not arise from dimension-eight operators
involving the Higgs field [see Eq. (8)] and so they do not
introduce new couplings to the Goldstone bosons (that are
eaten by the gauge bosons in the unitary gauge). New
contributions to the process yy — Z;Z; they introduce
are, therefore, suppressed.

Let us now see the energy dependance of the yy — ZZ
amplitude of the dominant Z-polarization modes for the
different operators using dimensional analysis in the high
energy limit,

a2

)
057 = OF: Alyy—ZrZr) ~ 4T
M%§ § 52
Z7Z (NZZ. _ Z ~
@1 ,@2 ﬂ('y')/_’ZLZL) ai A4 M% al’A4

vs 1 gM, e

Oy: Alyy—h*"—ZyZy) Naopgc—wwao A2

; vs 1 gM, § Ky

Op: Alyy—h* —Z,2,) ~ ag—s - 22 =~ gy
0 (77 L L) aOA2§ c, M% aOAZ
(25)

where the §/M2 factor for the longitudinal modes comes
from the longitudinal polarization vectors and gM,/c,, is
the SM hZZ coupling. Note that according to Eq. (25) the
vy — h* — ZZ process would mainly produce longitudi-
nal Zs. As discussed earlier the contribution of the operator
O, can be subtracted by measuring the h — yvy partial
decay width. For the operators in the Higgsless case in
Sec. II B, the dominant mode will be yy — Z;Z; and the
energy dependence would be
s w S
2
z

%
A (77 - ZLZL) -~ (g/zcw)zathl p
(26)
As all the amplitudes above grow with energy they
would all violate partial wave unitarity for some value
of §. We obtain the perturbative unitarity bound for the
processes in Appendix B. The condition that perturbative
unitarity is not violated is

1
Re(b)? + B laj* + 8, < E 27)

€3,€,4
where a;(b;) is the I[-th partial wave amplitude for the

yy — ZZ(yy) process, B =41 — %4—2%, § is the photon-
photon center of mass energy, 0, is the positive contribu-
tion from other processes and €; and €, are the
polarizations of the Z bosons produced. For the first term
the final polarizations are same as the initial. The initial
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polarizations of the photons must be chosen to maximize
the left-hand side (LHS) to get the most stringent pos-
sible bound. We find the most stringent bounds from the
[ = 0 mode.

To ameliorate the growth of the amplitude with energy
we can use form factors as follows:

1 n
A=A (@/A})m) | 29
By Taylor expanding the modified amplitude we see that by
introducing a form factor we effectively introduce higher
order contributions, such as those expected from loop
effects and higher-dimensional operators, to cancel the
tree-level growth of the amplitude. For example if A =
ks?/A* the for the choice m = 2 and n = 1 the modified
amplitude is

ks*/A*
— kAZ A4 1— (% A2v2
T e~ /AN = 6/4)
+ (§/Afc)4 - (§/A]2c)6 ). (29)
In order that the Eq. (27) is obeyed we would require that

(Re(h)))*> < 0.1 (30)

B la> <0.1. (31)

€3,€4

The RHS in the two equations above do not add up to the
RHS of Eq. (27) because we have made some allowance
for other contributions to ;. To ensure that these condi-
tions are obeyed we use form factors for both the yy — yy
and the yy — ZZ amplitudes.

Figure 2 shows the growth of (Re(b;))* + BX.., ,la/1*)
in Eq. (27) for [ = 0 with energy, for different choices of
the form factor parameters. We consider the light Higgs
case in Sec. I A, taking the couplings b;/A*> = 1 TeV 2
and ¢;/A* = 1 TeV~*. Let A}, and A%% be the values of
§ where the conditions in Egs. (30) and (31) are, respec-
tively, violated when no form factor is applied. We can see
that the amplitude keeps growing for m = n =1 and
A}V/ 22 — Al%/ “Z thus violating the perturbative unitarity

bound. However, the amplitude is suppressed below the
bound for m =1, n =2 and m = 2, n = 1 for the same

values of A;y/ “Z We see that in the latter case the ampli-

tude saturates the bounds in Egs. (30) and (31) at high
energies. We also show a curve with m =2, n =1 but
AY# = 0.9A}/* which coincides with the AY"/* =
APY/# curve at low energies but deviates from it for §
close to A},. Unless otherwise mentioned from now on we
will use form factors with m =2, n = 1 and A}”/ 2z —
A%/ “Z While our final results will depend on this specific
choice of form factor a different form factor would result in
a cross section with a different numerical value but the
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same order of magnitude. Thus there will be a relatively
small difference in our final sensitivity results on A as the
cross section goes as o~ A% (0~ A% for the
dimension-eight (dimension-six) operators in the light
Higgs (Higgsless) case.

V. THE EQUIVALENT PHOTON APPROXIMATION
AND THE PROTON LEVEL CROSS SECTION

FOR pp(yy — ZZ)pp
Consider a general process pp(yy — X)pp. To find the
amplitude for this process we need to know the ppy

vertex. From gauge invariance the most general form for
this vertex is [19]

p— 1

- ie[Fl (@) + 2 Fz(qz)iU“VqV]- (32)

p

Here e ,/2m,, is the proton magnetic moment with ,uf, =
7.78, q%, the invariant mass of one of the photons is, as
shown in Appendix C, always spacelike in such a process
and thus it is negative. The functions F,(g%) and F,(g?) in
the vertex can be expressed in terms of the empirically
determined elastic electric and magnetic form factors for
the proton, Gg(g?) and G,;(g?), respectively, as follows:

Gg+ 717G Gy—G
e A )
Gg=Gy/n,=00-q*/q) 2 (33)

Here Gg(g?) and G, (g*) have been written in the dipole
approximation with g§ = 0.71 GeV? and 7 = (—¢?)/4m3,.
By a change of variables the final phase space integration
for the process pp(yy — X)pp can be done over
d(—g})d(—g¢3)dw,dw,, instead of the usual variables
[20], w, being the energy of the photons. The cross section
thus obtained would receive most of the contribution from
the region in phase space where the |g?| are small (this also
corresponds to small scattering angles for the proton)
because of the 1/q? factors from the photon propagator.
Note that, there is a kinematic lower bound on |g?|,

m*w?

CE(E- ) ©4)

q; =
where E is the energy of the proton in the center of mass
frame and m,, its mass (see Appendix C for the derivation).

The fact that most of the contribution to the cross section
comes from the small |g?| region means that we can
evaluate the contribution to the amplitude from the
yy — X part of the diagram in the |g?| — 0 limit. This is
the so-called equivalent photon approximation. This
amounts to treating the photons as real with only transverse
polarizations while doing the yy — X part of the calcu-
lation so that the total cross section can be written in the
factorized form,
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W Winax dL
o = SoEp [2MZ dWO'WdW. (35)
Here W = /5 is the photon-photon center of mass energy
and o, is the photon level cross section. SéED, the sur-
vival probability for diffractive photon exchange pro-
cesses, is the probability that the proton remains intact
and is not broken due to subsequent inelastic QCD inter-
actions. We take SéED = 0.9 following the theoretical
calculation in Ref. [13]. The function dL/dW contains
all the details of the proton electromagnetic form factors
and also the integral over 1/q? factors of the photon
propagators. A detailed calculation of dL/dW using
equivalent photon approximation leads to the following
expressions (see Appendix D in Ref. [20]):
dL ! W2\ dx
o= [ owrr(%)

=0 [0

XS

2 2
X (1 — [ Amin )D +“’—2€:|
q 2F
C=G3 D = (4m%G% — qu%,I)/(4m%, - ).
(36)
Here x =% and s = 4E*. While the lower limit of the

integration is set by kinematics [see Eq. (34)] we take the
upper limit to be g2,, = 2 GeV. Beyond g2, = 2 GeV,
the form factors in Eq. (33) become very small so that the
contribution to the integral is negligible.

To understand the physical meaning of dL/dW we can
multiply both sides of Eq. (35) by £, the proton luminos-
ity. Then we find that the luminosity function is the ratio of
the differential photon luminosity d L., /dW and the proton
luminosity,

dL.,/dW

dL/dW = T

(37)
P

Note that here L is unitless and L, , has the usual units

m~2s~1. We plot the photon luminosity function in Fig. 3.
We find that

2E dL
SQED /m de ~ 13X 1073, (38)
z

For a particular process yy — X this number gives an
upper bound on the ratio,

ay,(pp(yy — X)pp)
olyy—X)

if o, is a constant or decreasing function of W as is the
case usually for SM processes. Thus from a knowledge of
a,,(yy — X) one can estimate o(pp(yy — X)pp) using
Eq. (38)
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FIG. 3 (color online). The luminosity function dL/dW in Eq.
(36) taking g2, = 2 GeV?.

VI. THEORETICAL CROSS SECTIONS

In this section we present the cross section for pp(yy —
vy)pp and pp(yy — ZZ)pp [see Fig. 1] with the proton-
proton center of mass energy equal to 14 TeV. We will
consider only the light Higgs case in Sec. Il A taking all
b;/A*> =1TeV~2 and all ¢;/A* =1 TeV~* in Egs. (9)
and (2). With these values for the couplings and using
Egs. (30) and (31) for / = 0, we get the unitarity bound
Al% = 1220 GeV and Af% = 1260 GeV, respectively.

We have evaluated the cross section with and without the
form factor in Eq. (28). For the form factor we have taken
A}”'/ZZ = AYY/# m =2 and n = 1. We have taken the

Higgs mass m;, = 120 GeV. We have evaluated the cross
section with the cut W < W, and varied W,,,,. This cut is
important as the ambiguities due to the choice of form
factor become more important for large values of W, ..
For the pp(yy — v7y)pp process we show the results with
and without the form factor in Fig. 4. We have checked that

T
! —
18 1 no form ',’ =
16 - factor /'
59_, 14 with form
c
-2 12 1 factor
3 10
@
g 8
O 61
(&)
4
2 -
0 T T T T ]
0 500 1000 1500 2000

Winax(GeV)

FIG. 4 (color online). The pp(yy — yy)pp cross section we
obtain as a function of W, with and without a form factor. For
the form factor we use in Eq. (28) with m =2,n=1 and
A}‘y/ZZ = AY/#. We have taken b;/A?=1TeV? and
c;/A* =1TeV™* in Eq. (8), the Higgs mass m, = 120 GeV
and the proton-proton center of mass energy equal to 14 TeV.
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10 T
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8 no form
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173}
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FIG. 5 (color online). The pp(yy — ZZ)pp cross section we
obtain as a function of W, with and without a form factor. For
the form factor we use in Eq. (28) with m =2, n =1 and
A}/-Y/ZZ = A%/ZZ. We have taken b;/A>=1TeV 2 and
c;/A* =1TeV™* in Eq. (8), the Higgs mass m, = 120 GeV
and the proton-proton center of mass energy equal to 14 TeV.

the contribution from the yy — h* — yvy process due to
the presence of the operator O is small compared to the
total cross section as is expected from the arguments in
Sec. IV.

We show the results for the pp(yy — ZZ)pp process
with and without the form factor in Fig. 5. In Fig. 6 [left]
we show the yy — ZZ cross section we obtain as a func-
tion of W, without any form factor. We show separately
in the same figure the contribution due to the operator O,
through the process yy — h* — ZZ. We see that the non-
local contribution due to @, dominates at low energies.
The contribution to the cross section due to the other
operators, however, grows more rapidly with § (as
Toyy ~ §%) compared to the @, contribution. At higher
energies O%% contributes most to the cross section. As
mentioned earlier the coupling a, can be accurately
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measured by measuring the 7 — <y partial width so any
deviation would indicate the presence of higher-
dimensional operators. We also show in Fig. 6 [left], the
vy — Z;Z; and yy — ZyZy contributions to the cross
section. As explained before, for longitudinal Z produc-
tion, the main contribution comes from the operators
0,, 075 with O, contributing dominantly at low energies
and O%% contributing dominantly at higher energies. For
transverse Z production only the operators Oy, @éis,s
contribute significantly with the dominant contribution
coming from O%%.

In Fig. 6 [right] we have the signal cross section curves
as in Fig. 6 [right] but with form factors. The contribution
due to O, is shown without any form factor suppression.
This is because we want to show the pure contribution of
the operator () so that any deviation can be interpreted as
the presence of higher order effects in §/A? (as explained
in Sec. IV, using a form factor would amount to assuming
such higher order corrections).

Finally let us state how the contributions of the different
vyyZZ operators in Eq. (7) can, in principle, be resolved.
We have already seen how looking at the final polarization
of the Zs can be used to distinguish the contribution of O%*
and 0% from the other yyZZ operators. Another fact that
can be used is that only for the operators Of% and 0% are
the amplitudes spherically symmetric. Thus the yyZZ
operators in Eq. (7) can be divided into four categories:
those that contribute mainly to the Z; Z; mode and give
spherically symmetric amplitudes (only 0%%), those that
contribute mainly to the Z;Z; mode but do not give
spherically symmetric amplitudes (only 05%), those that
contribute mainly to the Z;Z; mode and give spherically
symmetric amplitudes (only ©%%), and those that contrib-
ute mainly to the Z;yZ; mode but do not give spherically
symmetric amplitudes ( O7% — O%%). Note that resolving
the contributions of the different operators would require
higher luminosity than just detecting the presence of

= ZZ
10 1

=TT 0, -contribution

0.1

Cross-section(fb)

0.01 T T T T T T

"W—=Z7

g
7
6
5
4-
3
5
14
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0 200 400 600 800 1000 1200 1400
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FIG. 6 (color online).

1500
Wmax(GeV)

The pp(yy — ZZ)pp as a function of W,,,, without any form factor. We have taken b;/A? = 1 TeV~2? and

c;/A* =1 TeV~*in Eq. (8), the Higgs mass m;, = 120 GeV and the proton-proton center of mass energy equal to 14 TeV. We show
the total cross section (solid), the Z;Z; production cross section (big dashes), the Z; Z; production cross section (small dashes) and the
total cross section only due to the operator O, (dotted) through the yy — h* — ZZ process.
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QNGCs, but we will not go into the experimental feasibil-
ity of such studies.

VII. LHC SIGNAL SEARCH STRATEGY

As explained in Sec. V the final state protons in diffrac-
tive processes are scattered at small angles. To detect such
protons very forward detectors have been proposed both
for the ATLAS and CMS detectors (see Ref [4]). It has
been proposed that such detectors should be placed at
distances of 220 m and 420 m from the interaction point
where the distance is along the circular beam line. To give
an idea about these distances, at 220 m the beam line
curves away from the tangential direction at the interaction
point by about 6 meters. The protons lose a small fraction
of their energy in the diffractive process and experience a
small deflection from the beam axis. As the deflection is
very small, the LHC magnets continue to curve the protons
along the beam pipe but they do move away form the beam
axis and out of the beam envelope because of the deflec-
tion. Thus detectors close to the beam axis (a few milli-
meters away) would be able to detect the protons. It is also
important to note that particles other than protons would
never be detected in these detectors as they have a different
cyclotron radius. Thus these detectors effectively use the
LHC magnets as a spectrometer.

As the detectors need to be close to the beam axis
radiation hardness is a requirement that the detector must
fulfill. This along with resolution requirements makes
three-dimensional silicon detectors ideal as proton detec-
tors. From the measurement of the position and track
direction at the detectors the momentum four vector of
the proton can be reconstructed by inverting the transport
of the proton due to the LHC magnet optics. Thus it is
possible to measure the fraction of energy lost by each
proton, &; and thus measure the invariant mass of the
central system (also called the proton missing mass),

W =& iéas, 39

where s = (14 TeV)? for the 14 TeV LHC. The 220 m
detectors detect protons with smaller deflection, and thus
smaller £, than the 220 m detectors. As higher invariant
masses would correspond to higher £s, the 420 m detector
is sensitive in the low mass region whereas the 220 m
detector is sensitive in the high mass region. The 220 m
detector is thus crucial for the kind of study we are doing in
this paper where most of the signal contribution comes
from events with high W. Mass resolution between
2 GeV and 3 GeV for low energies and about 5-6 GeV
for the highest photon energies can be achieved by these
detectors [21].

As only events with two intact protons are accepted, the
only background processes can be those in which the
proton emits a light particle with no electromagnetic or
color charge and remains intact. Thus the proton can emit a
photon or a Pomeron. In Pomeron fusion processes, also
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called ““double Pomeron exchange” (DPE) processes, the
Pomeron, in general, breaks into fragments. Thus whenever
we would write down a process pp(DPE — X)pp, X being
a particular final state, it would be implicit that this is an
inclusive process where other particles (Pomeron frag-
ments) are also present. These detectors can be used to
test if an event is exclusive or inclusive, where by an
exclusive event we mean an event where no other particle
in addition to the final state particles is produced. This can
be done by matching the invariant mass measured by the
proton detectors [using Eq. (39)] with the invariant mass
measured by the central detectors. Also, in exclusive events
the ps of all the final state particles excluding the protons
(which carry very little py) must add up to nearly zero.
Thus if only such exclusive events are accepted the under-
lying process can only be a an exclusive Pomeron fusion
process, usually called CEP and the inclusive DPE back-
ground can be reduced. Including both the 220 m and
420 m the acceptance range for &; is [21],

0.0015 < ¢, <0.15 (40)

Using Eq. (40) we see that only events with 21 GeV <
W <2100 GeV are accepted by the detector.

A potentially important background contribution is from
overlap events. If the signal event is pp — pXp, an over-
lap event would be defined as the coincidence of an event
where the central system X is produced with one or more
diffractive events in the same bunch crossing. Processes
like [p][X p], where one of the protons is produced in an
interaction different from the central process (the square
brackets grouping the final particles produced in the same
scattering process) or processes like [ pp [ X]and [ p][X][ p]
where both the protons are produced in an interaction
different from the central system, can fake signal events.
To reject such background events the forward detectors
would be equipped with timing detectors which would
have a resolution of the order of 10 ps [4] (note that the
LHC bunch length is about 250 ps at 1-sigma). These
detectors would be able to reconstruct the vertex position
of the two protons assuming they are produced at the same
interaction point. This vertex would not match the vertex
for the central system, X, for the fake events and thus such
background events can be rejected. Another way to reduce
the overlap background is by matching the net invariant
mass of the central system measured by the central detec-
tors with the values obtained by the forward detectors. We
have already discussed how this can be done in the context
of testing whether an event is exclusive or not. Overlap
backgrounds are of great importance when the inelastic
production cross section for the central system X is large as
is the case for the dijet background to diffractive H — bb
production [22] (where the jets are misidentified as b-jets)
but is of much lesser importance in our case. Let us now
discuss the search strategy for the pp(yy — ZZ)pp and

the pp(yy — vy7y)pp processes.

014006-10



PROBING QUARTIC NEUTRAL GAUGE BOSON COUPLINGS ...

A. pp(yy — ZZ)pp process

As we do not perform a detailed detector simulation and
wish to make only an estimate of the detector level cross
section, we will look at the p + (ZZ — 41) + p final state
(I = e, n) that is most free from experimental complica-
tions. Other final states involving hadronic Z decay modes
may well turn out to be more sensitive to our observable
but ascertaining this would require a more rigorous experi-
mental analysis.

The most important background process is p p(DPE —
ZZ)pp in the SM. As mentioned before this is an inclusive
process where the final state has Pomeron remnants in
addition to the Z pair. The DPE background has been
computed using the forward physics Monte Carlo
(FPMC) [23] which uses the Ingelman-Schlein (IS) model
[24] for inclusive diffraction. In this model the cross sec-
tion of a process like pp(DPE — X)pp is computed by
convoluting the cross section of the partonic hard process
ij— X (i, j being the partons) with diffractive parton
density functions (DPDF) measured at HERA. The
DPDF describes the probability of extracting a certain
parton with a given longitudinal momentum fraction
from the proton. The DPDF itself can be expressed as a
product of the Pomeron flux, measured in other diffractive
processes, and the probability of extraction of the parton
from the Pomeron which breaks into fragments. Whereas
the IS model describes diffractive data at the Hadron-
Electron Ring Accelerator (HERA) very well its theory
prediction for diffractive dijet production at the Tevatron is
larger by a factor of 10 [25]. This is usually attributed to the
fact that there is some probability for the protons in a DPE
process to have a subsequent inelastic interaction which
breaks the proton. Thus the cross section computed in this
model must finally be multiplied by the survival probabil-
ity, S3pg, which is the probability that there is no further
inelastic interaction between the protons. The maximum
value of the survival probability reported in the literature is
about SZ = 0.06 [26].

For the pp(DPE — ZZ)pp process that we are inter-
ested in, there are two possible partonic subprocesses, the
qq — ZZ subprocess via t-channel quark exchange of a
quark ¢ and the gg — ZZ subprocess that is induced by
fermion loops.* The quark component of the DPDF gives
the dominant contribution in processes involving diffrac-
tive vector boson production like the one we are interested
in [28]. We apply the following cuts to the signal and
background [8,21]:

0.0015 < ¢;<0.15 (41)

*For the computation of the partonic cross section of the gg —
ZZ subprocess, the gg — h* — ZZ process has not been in-
cluded. This contribution is known to interfere negatively and
decrease the total cross section [27] so the background cross
section would have been lower had this contribution been
incorporated.
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W > 300 GeV. 42)

The first cut above is just the &-acceptance cut for the
forward detectors, and the second cut has been applied
mainly to suppress the SM loop background discussed
later. As explained in Sec. VI, most of the contribution to
the signal cross section comes from high energies so that
the second cut hardly affects the signal. With these cuts the
cross section we thus obtain for pp(DPE — ZZ)pp from
FPMC including all Z decay modes is 1.4 fb. Applying the
above cut the signal cross section (with form factor) is
reduced from 8 fb to 3 fb in the light Higgs case for
b;/A*>=1TeV™? and c¢;/A>=1TeV™* where the
&-acceptance cut is responsible for most of the reduction.

As the DPE background discussed above is inclusive
unlike the signal it can be further reduced by testing if the
events are exclusive. This can be done by matching the
four-lepton invariant mass measured by the central detector
with the invariant mass measured using Eq. (39). Also the
net py of the four leptons must add up to nearly zero (as the
protons carry hardly any transverse momentum) for exclu-
sive events.

Now let us consider the background contribution from
the SM loop process pp(yy — ZZ)pp. The cross section
o,,(yy — ZZ) has been evaluated in Ref. [29] to be
roughly constant, around 300 fb in the range 300 GeV <
7 <2100 GeV, where the upper limit is equal to the
upper limit obtained by applying the &-acceptance cut in
Eq. (46). Thus we find for the proton level cross section,

v 2100 41,
o= SQED o, andT

2100 1,
—dT
o, dt

~ 0.1 fb, (43)

=~ 0.9 X 300

where we have imposed the cut 0.0015 < &; < 0.15. We
find therefore that this background is negligible compared
to the signal.

So far in all the instances where we have considered
signal or background cross sections we have not taken into
account the branching ratio of the Z to leptons and detector
efficiencies. Taking the lepton identification rate to be 90%
[9] and the proton detection efficiency in the forward
detectors to be 85% [4] we obtain for the effective cross
section we expect the detectors to measure,

oot = 0.56B(Z — 1])*oy, (44)

where oy, is the theoretical cross section including all Z
decay modes.

Finally, let us mention a possible complication that may
arise because of the fact that the high energy Z s we are
considering would be boosted in the lab frame. This would
cause the leptons to be collimated along the direction of
motion of the parent Z. This may give rise to complications
in detection of some electron pairs for which the two
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electrons are not well separated from each other (there is
no such issue with muonic decays as muon separation is
always efficient for the energies we are considering). We
will not try to estimate this effect (see, for example, [30]
for a more detailed discussion) but in our estimates of
sensitivity in the next section, to give a conservative esti-
mate, we will provide results considering only muonic
decay of the Z’s in addition to results considering decay
of the Z’s into both electrons and muons.

B. pp(yy — vv)pp process

For the pp(yy — yvy)pp process we require the pres-
ence of two photons and two protons in the final state.
Again the main background is from the pp(DPE —
vy)pp process. The pp(DPE— yvy)pp cross section can
be estimated from the pp(DPE — ZZ)pp cross section by
using the fact that the 7-channel quark exchange subprocess
qq — ZZ /vy is the dominant partonic subprocess [28]. As
the diagrams for this partonic subprocesses in both of the
cases are the same except for the two outgoing vertices and
external legs in the limit of massless quarks, we get

o(pp(DPE — yy)pp)
o(pp(DPE — ZZ)pp)

4
i,
(8/2¢, L 3 (a3}

= (1 —4M%/5)"'/2 (45)

where v, and a, are the vectorlike and axial vectorlike
couplings of the quarks to the Z boson and Q is their
electric charge. The sum is over the three light quarks for
which the probability of diffractive extraction from the
proton is significant and we assume that the diffractive
PDFs for three light quarks are equal. The kinematic factor
on the RHS, which is almost unity at high energies, arises
because the Z-boson unlike the photon is massive. Taking
vy, = —035v,=020,a,=1/2,a,=—1/2and § =
(500 GeV)?, we find this ratio to be 0.3. We apply the same
cuts as in the case of the pp(yy — ZZ)pp process, that is,

0.0015 < ¢, <0.15 (46)

W > 300 GeV 47)

and using the above ratio we obtain this background cross
section to be 0.4 fb. Again this inclusive DPE background
can be further reduced by requiring the two photon invari-
ant mass to match the missing mass evaluated using
Eq. (39) and by demanding that pr,; = —pr,, within
experimental resolution.

The SM loop induced pp(yy — 7yvy) process in this case
has a cross section that is @(0.01) fb and can be ignored
[31,32]. An experimental background contribution can
come from misidentification of jets as photons in the
pp(yy — jj)pp process. The total inclusive diffractive
dijet cross section at the LHC has been computed by the
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diffractive Monte Carlo generator DPEMC [33] to be
4 X107 fb [34] in the IS model with the cut E; >
25 GeV for the jets. Taking the rejection factor of jets for
photon identification to be 5000 [9] we get a background
cross section of about 2 fb which is already smaller than the
signal cross section (with form factor) of 17 fb in the light
Higgs case for b;/A> =1 TeV~2 and c¢;/A* =1 TeV 4.
Further cuts like the W cut in Eq. (47) and requiring
Pry1 = — P12 Within experimental accuracy should com-
pletely remove this background.

The effective detector level cross section is again
smaller than the values mentioned so far. Taking the photon
identification rate to be 90% [9] and proton detection
efficiency in the forward detector to be 85% [4] we get

Oeff = 0.690'[}]. (48)

Note that for both the pp(yy — yy)pp and pp(yy —
vYy)ZZ processes we have ignored above the effects of the
basic detector acceptance cuts py > 10 GeV and n < 2.5
for the leptons and photons. As the dominant contribution
to the signal cross section is central and from high energies,
these cuts are expected to have a very small effect.

VIII. LHC SENSITIVITY TO QNGCS

Using the LHC search strategy for pp(yy — yvy)pp
and pp(yy — yy)ZZ signals outlined in the previous
section we can now report the expected sensitivity of
diffractive photon fusion at LHC to QNGCs. Table I shows
the expected number of observed events N, and the signal
significance for both the processes with different integrated
luminosities. The expected number of signal, background
and observed events are evaluated using

___signal ___bgr
Ns = 0o Lin Np = 0 Lin

Nobs = NS + NB’

(49)

where L, is the integrated luminosity and oy is the
effective cross section defined by Egs. (44) and (48), after
taking into account detector efficiencies. The signal
contribution has been evaluated with a form factor as in
Eq. (28) taking m =2, n = 1 and A" = AZH**. We
can simply add the signal and background events to get the
total number of events expected to be observed in Eq. (49)
because the interference with the background is very small.
The interference with the DPE background is small be-
cause the interference between DPE and photon exchange
diffractive processes is in general small and the interfer-
ence with the SM loop background is small because unlike
the signal this background gets most of the contribution
from the low-W region. In order to quantify the signal
significance we evaluate the probability, «, that the back-
ground has not fluctuated to give a number of events
greater than or equal to N, assuming that it follows a
Poisson distribution with N, as its mean. The confidence
level expressed as a particular number of sigma deviations
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TABLE L.
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The expected number of observed events N, and the signal significance for both

the processes for different integrated luminosities. The expected number of observed events is

. ___signal
evaluated using Nops = O

L where L is the integrated luminosity, and to evaluate the signal
significance the background is assumed to follow a Poisson distribution with mean N,, =

bgr

oL

The signal contribution has been evaluated with a form factor as in Eq. (28) takingm =2, n = 1

/22 _ \yv/7Z
and A7 = ALY

if only muonic decays of Z are considered.

. For the yy — ZZ process the values in the parentheses show the results

Couplings Process Integrated Nops N, Confidence
Luminosity(fb™!) Level(sigma)
Case 1: (850 GeV) ™ vy — yy 1 12.1 0.3 >10
Case 1: (1.8 TeV) ™ vy — yy 300 133.1 82.8 5.2
Case 1: (850 GeV)™* yy—ZZ 300 74(1.9)  1.1(0.3) 43(2.1)
Case 1: (750 GeV) ™ yy— ZZ 300 11.42.8) 1.1(0.3) 6.0(2.9)
Case 1:(500 GeV)™* yy — 27 300 46.8(11.7) 1.1(0.3) >10(8.1)
Case 2: (700 GeV)™* yy —ZZ 300 14.8(3.7) 2.1(0.5) 5.8(3.1)
Case 2: (500 GeV)™* yy—ZZ 300 51.3(12.8) 2.1(0.5) 8.2(7.7)
Case 3: A =1.0TeV yy—yy 1 13.5 0.3 >10
Case 3: Ay =24 TeV  yy—vyy 300 118.2 82.8 39
Case 3: A7 =900 GeV yy—ZZ 300 12.6(3.2) 1.1(0.3) 6.4(3.6)
Case 3: Ay =700 GeV yy—ZZ 300 39.6(9.9) 1.1(0.3) >10(7.1)
Case 4: (1.9 TeV)? yy—ZZ 300 53(1.3) 1.1(0.3) 3.32.1)
Case 4: (2.2 TeV) 2 Yy — Z2Z 300 3.9(1.0) 1.1(0.3) 2.2(1.1)

is given by +/2erf ~!(a) where erf () is the error function.
We find the sensitivity for four different physically inter-
esting ways of choosing the relative value of the QNGCs.

Case 1: b;/A*> = 1/A?, c;/A* = 1/A* We find that the
vy production process is by far the more promising of the
two processes for probing QNGCs. As we can see from
Table I even with integrated luminosities as low as L;,, =
1 fb~!, couplings as small as 1/(850 GeV)* can be probed
with large significance. With high integrated luminosity
(300 fb~!) couplings as small as 1/(1.8 TeV)* can be
detected with more than 5 sigma significance. There are
possible cuts that can remove inclusive events as discussed
in the previous section, which may substantially reduce the
DPE background. If this is possible the yy — vy process
can be sensitive to even smaller couplings. Note that a
coupling with value 1/(1.8 TeV)* does not necessarily
mean that the energy scale of new physics is 1.8 TeV. If
dimensionless couplings less than unity or loop factors are
present, for instance, the scale of new physics would be
lower. The ZZ production process requires very high inte-
grated luminosity. For this process we give in addition to
the results assuming Z decays to both electrons and muons,
the results considering only the muonic decays in paren-
theses. For £;,, = 300 fb~! as one can see from Table I the
smallest couplings that can be detected with more than
95% confidence level are about 1/(850 GeV)*. If we re-
quire the detection of at least 10 signal events these values
are 1/(750 GeV)* and 1/(500 GeV)* considering, respec-
tively, decays to both electrons and muons and only
muonic decays.

Case 2: Resolving QNGC contributions to ZZ produc-
tion from the contribution due to O, As mentioned before

the dimension-six operator O, contributes to the signal
through the yy — h* — ZZ process. The value of this
coupling can be obtained from the & — 77y partial width
measurement. For this case we consider this contribution to
be part of the background and take all the b;/A? =
1/(850 GeV)* and all the ¢; equal. We then try to find
the smallest QNGC couplings c¢; that can be detected. As
we want to separate the O, contribution from higher-
dimensional contributions, we do not use any form factor
for the evaluation of the yy — h™ — ZZ cross section due
to this operator as using the form factor is equivalent to
including higher-dimensional corrections (see Sec. IV).
We find that the smallest couplings that can be detected
for this case with 300 fb~! data to be 1/(700 GeV)*
(1/(500 GeV)*) considering Z-decays to both electrons
and muons (to only muons).

Case 3: Graviton exchange in extra-dimensional model.
For this case we assume that the QNGCs arise from the
effective dimension-eight operator due to virtual graviton
exchange in extra-dimensional theories described in
Sec. II C. The relative couplings of the QNGCs are thus
fixed by expanding the operator in Eq. (16) and the only
adjustable parameter is A7. As one can see from Table I we
find that the yy — 7y process can detect this operator
with only 1 fb~! data for A; = 1.0 TeV. For high lumi-
nosities (300 fb~!) the maximum value of A; that can be
probed by this process in the DPE background is about
Ay = 2.4 TeV. Note that our results differ from and are
less optimistic than the results of Sahin et al. [32] who do
not consider the DPE background and more importantly
use a far less restrictive £-acceptance cut. As explained
after Eq. (40) because of the £ < 0.15 acceptance cut only
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events with W < 2.1 TeV are accepted. In Ref. [32], on the
other hand, events with £ as high as 0.5 are accepted which
corresponds to W as high as 7 TeV and most of the con-
tribution to their signal comes from the high ¢ events;
protons with & > 0.15 can, however, not be detected by
the forward detectors [8,21]. For the yy — ZZ process Ay
as high as 900 GeV (700 GeV) can be probed with
300 fb~! data considering Z-decays to both electrons and
muons (to only muons). As already mentioned in Sec. II1C
the ggyy/ggZZ operators (g being a gluon) that arise
from expanding the operator in Eq. (16) are expected to
give a contribution to the exclusive ppyy/ppZZ final
states via central exclusive Pomeron fusion but this con-
tribution is expected to be negligible relative to the dif-
fractive photon fusion contribution. Establishing the
presence of QNGCs would give very important comple-
mentary evidence for virtual graviton exchange because it
is possible in this case to uniquely trace back to the under-
lying dimension-eight operator involved. Our final sensi-
tivity results show, however, that for the particular
diffractive processes we have studied for probing QNGCs
the largest A, that can possibly be probed (2.4 TeV) has
already been ruled out by dijet constraints from the
36 pb~! CMS data in Ref. [15] where the constraint
Ay > 3.8 TeV has been derived. Thus diffractive photon
fusion will not be able to probe A values still allowed by
experimental data.

Case 4: Higgsless case. As we discussed in Sec. II B in
the Higgsless case we expect only the following two op-
erators to be important:

2 hl
Higgsless __ (g/ZCW aj v
'EQNGC - TF#VFM 2,2

2¢.. 2 hl
+ WFWFWZPZV. (50)

We take a! = a%! in Eq. (15) and find that the pp(yy —
ZZ)pp process is sensitive up to couplings as small as
1/(1.9 TeV)? if we require more than 95% confidence
level, a huge improvement over existing limits. Our sensi-
tivity estimates agree well with those obtained by Royon
et al. in Ref. [8], once we translate to their convention for
parametrization of these couplings. Higgsless models are
usually associated with strong electroweak symmetry
breaking (EWSB) scenarios. The operator coefficients in
such theories can be estimated by naive dimensional analy-
sis (NDA) (see Refs [35,36]). In our case, using NDA, we
find al /A% = €2/(167*A2), A, being the scale of the
strongly coupled sector.” The above mentioned estimates
tell us that our process is sensitive to A; < 100 GeV. As a
strong sector at such low energies is already ruled out by

Note that the ZZZZ coupling which appears at the dimension-
four level in the chiral Lagrangian, from operators like
c(Te[(D,3)TD*S])?, is less suppressed (c ~ v?/A? =
1/(167r%)) than other QNGCs.
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experiments, our process, unfortunately, cannot probe real-
istic scales for strong EWSB.

IX. CONCLUSIONS

We have listed all possible operators contributing, at the
lowest order, to quartic neutral gauge couplings, quartic
gauge couplings involving only the photon and the Z boson
and have studied the sensitivity of measurement of these
couplings in diffractive photon fusion processes at the
LHC. These couplings are interesting because the lowest
order contribution they receive is from dimension-eight
operators in scenarios with a light Higgs and, in
Higgsless scenarios, from dimension-six operators (with
the exception of the ZZZZ coupling which receives
dimension-four contributions in this scenario but we have
not focussed on this coupling in this work in any case).
Thus new physics processes which do not contribute
through operators of the lowest possible dimension can
be probed by measuring these couplings. One specific
example that we have considered is virtual graviton ex-
change in extra-dimensional theories where the lowest
dimension operators generated are of dimension-eight,
and these include operators contributing to QNGCs.

Thus measurement of QNGCs in any experimental pro-
cess would be interesting, but in this work we have studied
their measurement in diffractive photon fusion processes
like pp(yy — yy)pp and pp(yy — ZZ)pp. The protons
in these processes remain intact and scatter diffractively
with very small scattering angles. These can be detected by
very forward proton detectors that have been proposed for
both the ATLAS and CMS experiments. As we argue the
detection of the two y/Zs in the central detectors along
with the detection of the protons in these forward detectors
would indicate the existence of QNGCs like the yyy+y and
vyZZ couplings, as this is the only feasible new physics
possibility that can lead to such a final state. The only other
possibility is pp(CEP — ZZ)pp, where CEP stands for
central exclusive production, is a process that takes place
when Pomerons fuse exclusively (that is without breaking
into fragments) to give the ZZ/yv final state. Such pro-
cesses are, however, expected to have a much smaller cross
section when compared to photon fusion processes. To
calculate the cross section for the pp(yy — yy)pp and
pp(yy — ZZ)pp processes we convolute the cross section
of the yy — yvy/ZZ subprocess with the y7y luminosity
function obtained using the equivalent photon approxima-
tion. The amplitude of the yy — y7y/ZZ subprocess grows
with energy because of the nonrenormalizable couplings
involved and we unitarize this using appropriate form
factors. We have argued that our final sensitivity results
for A will not change much for a different choice of form
factor than ours.

Before we summarize our results on the sensitivities,
note that QNGCs are very weakly constrained by existing
data. Whereas no constraints exist on yyvy7y couplings, the
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vyyZZ couplings are constrained by direct search results
from LEP to be smaller than about 1/(100 GeV)* X
(1/(50 GeV)?) and by precision measurements to be
smaller than about 1/(270 GeV)*(1/(420 GeV)?) in the
light Higgs (Higgsless) case. We have found in this study
that diffractive photon fusion at LHC can improve these
sensitivities by many orders of magnitude for the yyZZ
coupling, and can probe couplings as small as
1/(850 GeV)*(1/(1.9 TeV)?) with 300 fb~! integrated lu-
minosity for the light Higgs case (Higgsless case). We find,
however, using an NDA estimate, that the values in the
Higgsless case correspond to a scale lower than 100 GeV
for the strong sector which is already excluded by experi-
ments. The yyyy coupling can be probed even more
sensitively and values as small as 1/(1.8 TeV)* can be
measured with the same integrated luminosity for the light
Higgs case. For the specific case of virtual graviton ex-
change in theories with large extra dimensions we find that
the highest scale that can be possibly probed (about A =
2.4 TeV by the pp(yy — yy)pp process with 300 fb~!
data) has, unfortunately, already been ruled out by the
latest constraint from CMS dijet data which puts the bound
Ay > 3.8 TeV.
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APPENDIX A: yyyZ, yZZZ AND ZZZZ
COUPLINGS

We first consider the operators in the light Higgs case in
Eq. (2) when written in terms of the fields A and Z give rise
to yyyy, yyZZ, yyyZ, yZZZ and ZZZZ couplings. We
already wrote the Lagrangian for the yyyy and yyZZ
couplings in Eq. (7). In this appendix we will present the
vyyvZ,yZZZ and ZZZZ couplings. Using Eq. (6) we get
from Eq. (2),

. alvwz ;WVZ
YYYZ _
LQNGC = —A4 FM,,F"”FP(TZP’T + A F#VFMPFP(TZ’”
2772 g2 27772 g2 2772 2772
vZZZ __ ] Z 2 Z 3 4
£QNGC = T TFW,Z"”’ZPZP + A TFMVZM)ZPZV + TFM,,Z"“’ZPO.ZPU + TFMVZMpra'ZUV
77277 g4 7777 242 77277 142
a M M M
zzzz _ N z 2 z 3 z
LQNGC = A TZMZ“ZPZ” + A TZ#,,Z"“’ZPZP + A TZ#VZ'”"OZPZV
7722 2?77
+ TZW,Z/“’ZPUZP” + A ZMVZW’ZPUZ”V, (A1)
where for the yyyZ couplings we get
z
al’"" = —4s,cicg +4sie,(co + cpo) + (25,05 — 2s5¢,)(cyy + cp) (A2)
z
al’"" = —As, ey +asie (e +oegs) + (25,05 = 2s3,¢,)(ci6 + c17),
for the yZZZ couplings we get
= =2s,c,05 + 25,0004 — (3 — 52)cs al?? = =2s,.¢,c6 + 28,,¢,7
7727
al““* = —4sc,cg + 4s,c3(co + 1) + 2s3.¢, — 25,63)(cyy + cpp) (A3)
7727
a]”" = —4sjc 5 + 4,0y + oeps) + (283, — 25,6316 + c17).
and for the ZZZZ couplings we get
af??%2 = ¢ + ¢, a3?7% = s2c3 + ey + €,5,,05 a%??% = 52 ce + 2y A
af# % = shcg + oy (co + c9) T chsaler +cp) af?%% = sl + oy (c1g + c5) + ehsalcle T cpr).

As explained in Sec. IIB, any U(l),, invariant operator, constructed using Z, and F,, fields, is an allowed
operator in the Higgsless case. Thus, for the Higgsless case we will get the same operators as above but now 0272
would arise from dimension-four operators while (917222, @;/ZZZ, 0%77Z and 05%#% would arise from dimension-six

operators.
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APPENDIX B: DERIVATION OF
UNITARITY RELATION

In this appendix we derive the expression for the unitar-
ity bound for the processes yy — yy and yy — ZZ.
Applying the optical theorem to the yy — 7y process tells
us,

Im(M(y v, — v172)
S

= o(y,y, — everything)
= o(y172 = v(€)y(€))
+ > o(y17, = Z(e3)Z(ey)) + A,

€3,€4

(B1)

where y; denotes y(k; €;) and A is a positive number
that accounts for all the other contributions to the RHS
of Eq. (B1) and the cross section for the yy — VV
process is given by

o= /dQCM|M(7172 — VV)|% (B2)

642

The amplitude can be expanded into partial waves as
follows:

M(y1v2 = v172) = 16772(2J + 1)b;P;(cosh)
! (B3)
M(yyy, — 22) = 16772(2J + 1)a;P,(cosh),
T

where By = \/1 _ Ay . For the forward scattering in the
LHS of Eq. (B1), We must put § = 0. Using Eqs. (B1),
(B3), and (B2) and the following property of Legendre
polynomials:

1 2
j P, (x)P,(x) = =——— 8., (B4)
-1

2n + 1
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gives

(Im(b)))* = Im(b)) + Y (Re(b))?

€3,€4

+ Bw > la > + 6, =0.

€3,€4

(B5)

The first two terms in Eq. (B5) should be evaluated
taking the initial polarizations to be exactly same as
the final polarizations, and J; is the positive contribution
from every other source. Equation (B5) is a quadratic
equation for Im(b;). The equation must have real roots
and thus must have a positive discriminant. This gives
the condition,

1
Re(b)? + B lajl* + 8, < h (B6)

€3,€4

APPENDIX C: KINEMATIC BOUND
ON PHOTON VIRTUALITY

First let us derive the kinematical limits on g?. From
conservation laws we must have ¢ = (E — El, p — p!).

Substituting |p| = 4/E? — m?, m being the mass of the
particle emitting the photon, we obtain for m < E!,

2 2
g} = —4EE§sin2& I

> EE, cosb,.

(ChH

Here 6, is the angle between p and p/. In the expression
above the first term dominates. As most of the contribution
to the amplitude comes from the small |¢?| region, ignoring
the second term above we see that we must have small 6.
We thus obtain the following kinematical bound on g?:
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