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We explore for the first time the possibilities to measure an intermediate-mass (mH ¼
115–140 GeV=c2) standard model Higgs boson in electromagnetic proton-lead (pPb) interactions at

the CERN Large Hadron Collider (LHC) via its b �b decay. Using equivalent Weizsäcker-Williams photon

fluxes and Higgs effective field theory for the coupling �� ! H, we obtain a leading-order cross section

of the order of 0.3 pb for exclusive Higgs production in elastic (pPb!��XHPb) and semielastic

(pPb!��XHPb) processes at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 8:8 TeV. After applying various kinematics cuts to remove the

main backgrounds (�� ! b �b and misidentified �� ! q �q events), we find that a Higgs boson with mH ¼
120 GeV=c2 could be observed in the b �b channel with a 3� significance integrating 300 pb�1 with an

upgraded pA luminosity of 1031 cm�2 s�1. We also provide for the first time semielastic Higgs cross

sections, along with elastic t�t cross sections, for electromagnetic pp, pA and AA collisions at the LHC.
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I. INTRODUCTION

The standard model (SM) of particle physics predicts the
existence of a scalar Higgs particle (H) to explain the
breaking of the electroweak gauge symmetry observed in
nature [1]. Direct searches for the Higgs boson at the LEP
collider have constrained its mass above 114:4 GeV=c2 at
95% confidence level (CL) [2], and global fits to precision
electroweak data exclude mH > 154 GeV=c2 at 95% CL
[3]. Yet, it turns out that the favored intermediate-mass
range above the LEP limit is the most difficult region for
Higgs searches in pp collisions at the LHC. Indeed, for
mH < 135 GeV=c2, the dominant decay mode is H ! b �b
with a typical cross section �ðH ! b �bÞ � 30 pb at

ffiffiffi
s

p ¼
14 TeV [4], which is overwhelmed by the combinatorial
background from QCD b-jets production with �ðb �bÞ �
500 �b. As a matter of fact, the H ! b �b decay channel
is now considered unaccessible1 at the LHC [7,8], and
testing the expected mass-dependent Yukawa coupling of
the Higgs boson to the b quark seems to be left open to
study only at a next eþe� linear collider. In the
intermediate-mass range, standard Higgs searches need
thus to resort either to rare decay modes such as H !
�� or to very stringent cuts on the final-state particles,
which lead to 3–4 orders of magnitude reduction of the
observed cross section.

In this context, the clean topologies of exclusive Higgs
production in ‘‘peripheral’’ pp processes mediated by
colorless exchanges—such as two gluons in a color-singlet
state (Pomerons) [9,10] or two photons [9,11]—are attract-

ing increasing interest [12,13] despite their much smaller
cross sections, Oð10�4–10�5Þ, compared to the dominant
gluon-fusion or vector-boson-fusion (VBF) Higgs produc-
tion channels. Exclusive events are characterized by wide
rapidity gaps on both sides of the singly produced central
system and the survival of both protons scattered at very
low angles with respect to the beam. The final state is thus
much cleaner with just the decaying products in the central
detector, the signal/background is much more favorable
than in parton-parton interactions, and the event kinematics
can be constrained measuring the final protons with near-
beam detectors in the LHC tunnel [14].
In this work we consider Higgs production from �-�

collisions, also known as ultraperipheral collisions (UPCs)
[15], with proton and ion beams at the LHC. All charges
accelerated at high energies generate electromagnetic
fields which, in the equivalent photon approximation
(EPA) [16], can be considered as (quasireal) photon
beams2 [17]. A significant fraction of the pp [13,14] and
PbPb [18] collisions at the LHC will involve for the first
time �-induced interactions at TeV energies with effective
photon luminosities never reached before. The highest
available photon energies are of the order of the inverse
Lorentz contracted radius R of the source charge, !max �
�=R. The photon spectrum is thus harder for smaller
charges, which favors proton over nuclear beams in the
production of heavy particles. However, since the photon
flux scales as the squared charge of the beam, Z2, two-
photon cross sections are extremely enhanced for ion

*Present address at École Polytechnique (Palaiseau).
1There are however recent developments [5,6] that give some

hope in the WHðb �bÞ and ZHðb �bÞ associated production modes.

2The emitted photons are almost on mass shell, with virtuality
�Q2 < 1=R2, where R is the radius of the charge, i.e. Q �
0:28 GeV for protons (R � 0:7 fm) and Q< 0:06 GeV for
nuclei (RA � 1:2A1=3 fm) with mass number A > 16.
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beams (Z4
Pb ¼ 5 � 107 for lead-lead). Particle production in

two-photon interactions at hadronic colliders has been
studied at RHIC by PHENIX [19] and STAR [20,21],
and at the Tevatron by CDF [22–24]. They are also part
of the ALICE [25,26], ATLAS [27,28], CMS [29,30], and
LHCb [31,32] physics programmes with proton and/or
nuclear beams. Two-photon fusion favors the production
of spinless resonances (�� ! vector is forbidden by the
Landau-Yang theorem). In this work, we propose to exploit
the photon fluxes generated by both the proton and Pb ions
at the LHC to study the possible production of the SM
Higgs boson. Higgs photon-fusion production in proton or
nucleus collisions at TeV energies is not a new idea (see
e.g. [33] for references). Pioneering calculations for pp
[34] and PbPb [35–37] collisions, updated more recently
[9,38–40], predict cross sections of a SM Higgs boson with
mH ¼ 120 GeV=c2 in the �pp!��!H ¼ 0:1 fb and

�PbPb!��!H ¼ 10 pb ranges, respectively. Unfortunately,

the small value of the pp cross section and the large event
pileup3 in pp collisions on the one hand, and the very low
design luminosities expected for PbPb, on the other, pre-
clude any real measurement of the Higgs boson in those
channels.

Our proposal to study �� ! H in pA collisions presents
advantages with respect to both ultraperipheral AA and pp
collisions. First, compared to AA, one benefits from
(i) beam luminosities more than 4 orders of magnitude
larger: LpPb � 1031 cm�2 s�1 versus LPbPb �
1027 cm�2 s�1; (ii) higher beam-beam c.m. energies:ffiffiffiffiffiffiffiffi
sNN

p ¼ 8:8 TeV compared to 5.5 TeV; (iii) higher ��

c.m. energies (harder proton photon spectrum and smaller
distance of approach between the centers of the radiating
charges); and (iv) easy removal of other photoproduction
backgrounds characterized in the AA case by additional
photon exchanges which lead to forward neutron(s) emis-
sion. The net result is that one can reach higher masses and
yields for any centrally produced systemH. The advantage
with respect to pp UPCs is threefold: (i) a Z2 increase in
one of the photon fluxes, and the possibilities (ii) to trigger
on and carry out the measurement with almost no pileup,
and (iii) to remove most of the exclusive diffractive back-
grounds—since the nucleus is a fragile object, Pomeron-
mediated interactions in pA will, at variance with pp,
almost always lead to the emission of a few nucleons
detectable in the zero-degree calorimeters.

In the following, we present a detailed generator-level

study for the exclusive pPb!��pHPb (elastic) and

pPb!��XHPb (semielastic) processes (Fig. 1), obtained
with the MADGRAPH code supplemented with nuclear
equivalent photon spectra. We compute the tree-level SM

cross sections for the signal—in the Higgs effective field
theory (HEFT) approximation—and for the expected back-
grounds. We determine the expected yields in a 1-year run
taking into account the maximum attainable pPb luminos-
ities. We then discuss the reconstruction of the H ! b �b
decay for a Higgs boson with mH ¼ 120 GeV=c2, includ-
ing the trigger and analysis cuts needed to minimize the
backgrounds. After accounting for basic detector recon-
struction effects (b-jet misidentification, b �b-jets invariant
mass resolution), we determine the expected statistical
significance of the measurement. Our results are promising
in various fronts. First, they indicate that the study of the
difficult H � b-quark coupling could be accessible in this
production mode at the LHC. Second, the observation of
the �� ! H process provides an independent measure-
ment of the Higgs-� coupling (likely measured previously
in the traditional H ! �� discovery channel). The
��-Higgs cross section is generated at the one-loop level
by all heavy charged particles (W and top quark in the SM)
and is thus sensitive to possible contributions of new
charged particles with masses beyond the energy covered
directly by the collider: e.g. via chargino and top-squark
loops in supersymmetric (SUSY) extensions of the SM.

II. CROSS SECTION EVALUATION

The cross section for a two quasireal photon process in
hadronic collisions to produce a final state H at center-of-
mass (c.m.) energy W�� (e.g. a particle H with mass mH,

see Fig. 1), factorizes into the product of the elementary
cross section for �� ! H convoluted with the equivalent
photon spectra from the two colliding beams:

�ðAB!��AHBÞ ¼
Z

d!1d!2

f�=Að!1Þ
!1

f�=Bð!2Þ
!2

� �ð�� ! HðW��ÞÞ; (1)

where !1 and !2 are the two photon energies, and fA;Bð!Þ
are the photon fluxes at energy! emitted by the hadrons A
and B. The photon energies determine the c.m. energy

(a)  Elastic case (b)  Semielastic case

FIG. 1. Feynman diagrams for two-photon collisions with
proton and nucleus beams producing a Higgs boson decaying
into H ! b �b. (a) Elastic production (both photons are emitted
coherently and the proton and nucleus survive). (b) Semielastic
production (the photon from the proton is emitted by a quark, the
proton subsequently breaks up).

3Pileup refers to the overlapping events occurring in the same
bunch crossing at high luminosity L. For the nominal pp
running at L ¼ 1034 cm�2 s�1 one expects about 25 simulta-
neous collisions at the LHC.
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W�� ¼ ffiffiffiffiffiffiffi
s��

p ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4!1!2

p
and the rapidity y of the pro-

duced system:

!1;2 ¼
W��

2
e�y; and y ¼ 0:5 lnð!1=!2Þ: (2)

For symmetric systems, the maximum effective two-
photon energy Wmax

�� occurs at y ¼ 0, when !max
1 ¼

!max
2 � �=bmin, where � ¼ ffiffiffiffiffiffiffiffi

sNN
p

=ð2mNÞ is the Lorentz

relativistic factor4 and bmin � 2RA the minimum separa-
tion between the two charges of radius RA. Note that these
‘‘maximum’’ photon energies do not have to be interpreted
as a hard cutoff but as an indication of the energy (!>
��=b) from which the photon flux is exponentially
suppressed.

Table I summarizes the most relevant parameters for
ultraperipheral pp, pA, and AA collisions at the LHC
[18,43]. It has to be noted that whereas proton-proton
and nucleus-nucleus collisions are obviously part of the
approved baseline physics programme of the LHC, proton-
nucleus collisions are still considered as an upgrade of the
heavy-ion programme [43,44]. Detailed studies [44] have
nonetheless shown that is a perfectly feasible mode of
operation of the collider, and its physics possibilities
have been discussed vastly in the literature as a crucial
baseline for the interpretation of the AA data [43,45,46].
At the LHC, protons and ions have to travel in the
same magnetic lattice5 i.e. the two beams have to have
the same charge-to-mass ratio Z=A. This limits the
beam momentum of a given species to p ¼ 7 TeV Z=A
for the nominal 8.3 T dipole bending field. Thus, the energy

in the nucleon-nucleon center-of-mass is
ffiffiffiffiffiffiffiffi
sNN

p ¼
14 TeV

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðZAZBÞ=ðABÞ
p

. In the case of AB collisions with

asymmetric beam energies the rapidity of the c.m. system
shifts relative to the laboratory by �yc:m: ¼
0:5 ln½ðZABÞ=ðZBAÞ�. Thus, for pA collisions the rapidity
shifts span a range of �yc:m: ¼ 0:35–0:47 for ions from
oxygen to lead. For �� processes in ultraperipheral pA
collisions, the average rapidity shift is even larger due to
the harder EPA spectrum from the proton (e.g. h�yi � 1:7
for the case of 120 GeV=c2 Higgs boson, see Sec. IV). The
quoted pA luminosities have to be considered as unofficial
but plausible values (see Sec. III C). The Table indicates
that the maximum �� c.m. energies attainable range fromffiffiffiffiffiffiffiffiffi
smax
��

p � 160 GeV for PbPb to 4.5 TeV for pp (obtained

taking Rp ¼ 0:7 fm). Two-photon fusion collisions in pPb

have
ffiffiffiffiffiffiffiffiffi
smax
��

p � 260 GeV, i.e. more than twice the most

probable mass of the SM Higgs boson.

A. Equivalent photon fluxes

In the Weizsäcker-Williams approximation [16], the flux
of equivalent photons from a relativistic particle of charge
Z is determined from the Fourier transform of its electro-
magnetic field. For an extended charge with form factor
FðQ2Þ, such as a proton or a nucleus, the energy spectrum
f�=AðxÞ ¼ dn�=dx, where x ¼ !=E is the fraction of the

beam energy carried by the photon, can be calculated from
[47]:

f�=AðxÞ ¼ �Z2

�

1� xþ 1=2x2

x

�
Z 1

Q2
min

Q2 �Q2
min

Q4
jFðQ2Þj2dQ2; (3)

where � ¼ 1=137, and Q2 is the 4-momentum transfer
squared from the charge. The minimum momentum trans-
fer squared, Q2

min � ðxmAÞ2=ð1� xÞ, is a function of x and
the mass mA of the projectile.
For UPCs involving ions it is more appropriate to cal-

culate the spectrum of equivalent photons as a function of
impact parameter [48,49]. The photon energy spectrum

TABLE I. Relevant parameters for photon-induced processes in AB collisions at the LHC: (i) beam luminosity, LAB, (ii) nucleon-
nucleon c.m. energy,

ffiffiffiffiffiffiffiffi
sNN

p
, (iii) beam energies, Ebeam, (iv) Lorentz factor, � ¼ ffiffiffiffiffiffiffiffi

sNN
p

=ð2mNÞ, (v) effective radius (of the largest

species), RA, (vi) photon ‘‘cutoff energy’’ in the c.m. frame, !max, (vii) maximum photon-nucleon c.m. energy,
ffiffiffiffiffiffiffiffiffi
smax
�N

p ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2!maxmN

p
,

(viii) maximum photon-photon c.m. energy,
ffiffiffiffiffiffiffiffiffi
smax
��

p
, and (ix) hadronic cross section, �inel (the pp value is from [41], the pA and AA

geometric cross sections are obtained with a Glauber model with �inel;NN � 80 mb [42]).

System

ffiffiffiffiffiffiffiffi
sNN

p
(TeV)

LAB

(cm�2 s�1)

Ebeam1 þ Ebeam2

(TeV) �
RA

(fm)

!max

(GeV)

ffiffiffiffiffiffiffiffiffi
smax
�N

p
(GeV)

ffiffiffiffiffiffiffiffiffi
smax
��

p
(GeV)

�inel

(mb)

pp 14 1034 7þ 7 7455 0.7 2450 8400 4500 110

pO 9.9 2:7 � 1030 7þ 3:5 5270 3.0 340 2600 690 480

pAr 9.4 1:5 � 1030 7þ 3:15 5000 4.1 240 2130 480 830

pPb 8.8 1:5 � 1029 7þ 2:76 4690 7.1 130 1500 260 2160

OO 7.0 2 � 1029 3:5þ 3:5 3730 3.0 240 1850 490 1500

ArAr 6.3 0:6 � 1029 3:15þ 3:15 3360 4.1 160 1430 320 2800

PbPb 5.5 5 � 1026 2:76þ 2:76 2930 7.1 80 950 160 7700

4mN ¼ 0:9315 GeV=c2 for nuclei, and mp ¼ 0:9383 GeV=c2

for protons.
5The magnetic rigidity is defined as p=Z ¼ Br for an ion with

momentum p and charge Z that would have a bending radius r in
a magnetic field B.
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produced by a charge Z sweeping past a target, integrated
on the impact parameter b from bmin to infinity, is a text-
book analytical result [50]:

f�=AðxÞ ¼ �Z2

�

1

x
½2xiK0ðxiÞK1ðxiÞ � x2i ðK2

1ðxiÞ � K2
0ðxiÞÞ�;

(4)

where xi ¼ xmNbmin, and K0, K1 are the modified Bessel
functions of the second kind of zero and first order, related,
respectively, to the emission of longitudinally and trans-
versely polarized photons. The transverse polarization
dominates for ultrarelativistic particles (� � 1).
Although this approach treats the nucleus as an idealistic
hard sphere, the use of more realisticWoods-Saxon profiles
gives effective �� luminosities only about 5% lower [51]
than the hard-sphere approximation in the range of c.m.
energies W�� � 0:5Wmax

�� dominant in the exclusive pro-

duction of an intermediate-mass Higgs boson.
The figure of merit for �� processes in UPCs is Leff

�� 	
LABdL��=dW��, where LAB is the collider

luminosity for a given AB system and dL��=dW�� is

the photon-photon luminosity as a function of the
�� c.m. energy obtained integrating the two photon
fluxes over all rapidities y, d2L��=dW��dy ¼
ð2=W��Þf�=AðW��=2e

yÞf�=BðW��=2e
�yÞ. For illustration,

in Fig. 2 we show Leff
�� obtained from the parametrization

of Ref. [48] of dL��=dW�� for ion-ion collisions and using

the LAB luminosities quoted6 in Table I. The curves are
computed for the elastic �� fluxes. Inclusion of the semie-
lastic fluxes would yield luminosities twice higher, as we
discuss later. For comparison, we also plot the effective ��
luminosities in eþe� collisions at the ILC (Leþe� ¼ 2 �
1034 cm�2 s�1) for

ffiffiffi
s

p ¼ 250 GeV and 500 GeV [52].
The elastic pPb two-photon luminosities at the LHC are

similar to those for PbPb for low �� center-of-mass en-
ergy, W��, and become higher for W�� > 50 GeV due to

the larger pPb beam energies. For energies of interest for
an intermediate-mass Higgs (dotted vertical line in Fig. 2),
both �� luminosities are still almost 2 order of magnitude
lower than that in proton-proton collisions. However, as we
discuss in Sec. III C, there are seemingly no technical
reasons that would prevent one to increase the instanta-
neous proton-nucleus luminosity by up to a factor Oð60Þ
(third curve in Fig. 2). We remark that our study, based on
MADGRAPH, does not make direct use of the effective two-

photon luminosities plotted in Fig. 2, although it gives
similar results for the fluxes as we explain below.

1. Elastic production (pA!��pHA)

In the case of high-energy protons, the equivalent photon
spectrum can be obtained from its elastic form factors in

the dipole approximation, FM ¼ G2
M and FE ¼ ð4m2

pG
2
E þ

Q2G2
MÞ=ð4m2

p þQ2Þ with G2
E ¼ G2

M=�
2
p ¼ ð1þ

Q2=Q2
0Þ�4, where Q2

0 � 0:71 GeV2 and �2
p � 7:78, and

reads [47]

f�=pðxÞ ¼
dn�
dx

¼ �

�

1� x

x

� ½’ðx;Q2
max=Q

2
0Þ � ’ðx; Q2

min=Q
2
0Þ�; where

(5)

’ðx;QÞ ¼ ð1þ ayÞ
�
� ln

1þQ

Q
þ X3

k¼1

1

kð1þQÞk
�

þ ð1� bÞy
4Qð1þQÞ3 þ c

�
1þ y

4

�

�
�
ln
ð1þQÞ � b

1þQ
þ X3

k¼1

bk

kð1þQÞk
�

(6)

with y ¼ x2=ð1� xÞ. The parameters a, b, and c are given
by a ¼ ð1þ�2

pÞ=4þ 4m2
p=Q

2
0 � 7:16, b ¼ 1�

4m2
p=Q

2
0 � �3:96, and c ¼ ð�2

p � 1Þ=b4 � 0:028. This

flux,7 with Q2
max � �2

F, is implemented in the standard
version of MADGRAPH V.4 [53]. The use of more rigorous
expressions e.g. including the magnetic dipole moment of
the proton [54] results only on small differences in the final
EPA fluxes [55].
In UPCs involving nuclei one could imagine, starting

from Eq. (4), to compute the two photon flux by simple
multiplication and identifying bmin with the radii of the two

1022

1024

1026

1028

1030

1032

1034

 50  100  150  200  250  300  350  400

dL
ef

f/
dW

γγ
  [

m
b-1

 c
m

-2
 G

eV
-1

]

Wγγ  [GeV]

PbPb: 2.76+2.76 TeV
pPb: 7.0+2.76 TeV
pPb: upgraded
pp: 7.0+7.0 TeV

ee:   250 GeV

ee:   500 GeV

FIG. 2 (color online). Effective elastic two-photon luminosi-
ties LABðdL��=dW��Þ for pp, pPb and PbPb collisions at the

LHC based on the beam luminosities quoted in Table I. For pPb
we show also the curve corresponding to a �60 luminosity
upgrade (Sec. III C). The effective �� luminosities in eþe�
collisions at the ILC are also shown for

ffiffiffi
s

p ¼ 250 GeV and
500 GeV (thin dashed lines) [52].

6We note, as pointed out in [52], that the Leff
�� plot (Fig. 3) of

[18], does not use correct (updated) values for Lpp at the LHC.

7The precise value of Q2
max does not actually matter since the

flux is already negligible for Q2 larger than 2 GeV2.
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nuclei A and B for each for photon flux. However, we
would then miss geometrical constraints in order to have
the two photons produced at the same point, outside the
nuclei while the nuclear ‘‘halos’’ do not overlap. In an AB
collision this implies requiring not only b1 > RA, b2 > RB,

but also j ~b1 � ~b2j>RA þ RB. The latter condition, which
excludes any overlapping configurations, prevents to de-
rive a factorized formula for the �� flux in terms of the
momentum fraction x1 and x2 carried by each photon from
their parents nuclei in Eq. (4). Photon fluxes are encoded in
MADGRAPH in the same way as any parton distribution and

one has to use factorized expressions. One option to over-
come those complications, as proposed by Cahn [56],
would be to impose b1 > RA þ RB, b2 >RA þ RB which
together always exclude overlaps. However, this leads to
quite pessimistic estimates of the joint flux [48] since it
prevents configurations where the two nucleus are very
close and produce very energetic �� collisions. An alter-
native is simply not to exclude overlaps and to impose
b1 > RA and b2 >RB alone, i.e. to use Eq. (4) for both
fluxes. As discussed in [48], in such a case, the deviation
from an exact evaluation of the flux basically depends on
the ratio of the invariant mass of the �� system over the
c.m. energy. For the production of a Higgs with mH ¼
120 GeV=c2 in PbPb collisions at the LHC, one expects a
deviation of a factor of 2. This is by far the most extreme
case since the Pb nuclei are large and the available energy
is reduced forcing the �� creation point to be very near the
nuclei, including overlapping configurations. For ArAr and
OO collisions, the corrections are already much smaller
[48]. A comparison of the cross sections which we obtain
with factorized fluxes without full nonoverlap condition
(see later Table II, third column) with the results for those
systems using the exact nonoverlap condition [40] con-
firms the small impact of the approximations used here.

In the pA case, using Eq. (4) with b2 > RA and Eq. (5) is
in fact not problematic since (i) the available energy is
higher than in AA UPCs, (ii) the overlap between the
proton and the nucleus A is reduced by the small size of

the proton (Rp � 0:7 fm),8 and (iii) on average, the photon

radiated by the proton (for which bmin ’ 0:7 fm) is much
more energetic.9 As a consequence, the �� production
point is typically far from the nucleus surface and the
proton cannot overlap with the latter. Quantitatively, we
have found that the photon momentum fraction from a Pb
nucleus in a pPb collisions is typically below 0.015, cor-
responding to b2 * 2RPb. Therefore, in our calculations,
we have used the equivalent photon spectrum given by
Eq. (5) for protons and by Eq. (4) for ions with the require-
ment bmin ¼ RA, where the effective nuclear radii are
obtained in the standard way from their mass number A

via RA ¼ r0A
1=3 with r0 ¼ 1:2 fm. As discussed above, in

practice this condition, along with the proton flux, ensures
that the final state is produced exclusively and outside of
the colliding system pA, i.e. it avoids the hadronic overlap
and breakup of the colliding beams. The fact that our ��
cross sections agree well with other recent calculations
[9,40] (see later) lends support to our approximations.

2. Semielastic production (pA!��XHA)

In semielastic production, Fig. 1(b), the proton does not
radiate coherently. The photon flux is generated by its
quarks and is followed by the proton breakup. As found
previously [59–61] for two-photon fusion processes in pp
collisions, we expect in the pA case a comparable magni-
tude of the incoherent photon flux ( / A ¼ 1) emitted by
the quarks compared to the flux from coherent elastic
emission ( / Z2 ¼ 1). The same is not true for UPCs
involving two nuclei where the elastic contribution clearly

TABLE II. Production cross sections for a SM Higgs boson with mH ¼ 120 GeV=c2 (total and for the H ! b �b decay) in elastic

(AB!��AHB) ultraperipheral collisions for the LHC colliding systems listed in Table I. For pp and pA UPCs, we also quote the

semielastic (AB!��XHB) cross sections (with the kinematical cuts jyq0 j> 2:5 and pq0
T < 5 GeV=c for the radiating quark).

System
ffiffiffiffiffiffiffiffi
sNN

p
(TeV) �ð�� ! HÞ elastic (pb) [mH ¼ 120 GeV=c2] �ð�� ! HÞ semielastic (pb) [mH ¼ 120 GeV=c2]

H total H ! b �b H total H ! b �b

pp 14 0:18 � 10�3 0:13 � 10�3 0:59 � 10�3 0:45 � 10�3

pO 9.9 3:5 � 10�3 2:5 � 10�3 4:9 � 10�3 3:5 � 10�3

pAr 9.4 1:3 � 10�2 9:7 � 10�3 1:7 � 10�2 1:4 � 10�2

pPb 8.8 0.17 0.12 0.16 0.12

OO 7.0 3:7 � 10�2 2:6 � 10�2

ArAr 6.3 0.37 0.26

PbPb 5.5 18 13

8Of course, the proton is not a sphere and its radius is not a
well-defined quantity. Effectively, electron-proton scattering fits
yield a charge rms-radius Rp ¼ 0:89� 0:2 fm [57], and diffrac-
tive results at HERA indicate an effective proton transverse size
Rp ¼ 0:65� 0:2 fm [58].

9Hence the larger shift in the rapidity distribution of a particle
X in pA!��X compared to hadronic pA ! X collisions (see
later).
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dominates over the semielastic one (either from the con-
stituent protons or quarks of the nuclei) due to the large Z2

factor in both coherent fluxes. For semielastic pA!��XHA
collisions, one can consider the proton flux as a partonic
distribution �pðx;Q2Þ, the photon being the parton, where
x denotes the momentum fraction of the ‘‘inelastic’’ photon
in the proton and Q2 the resolution scale at which the
proton is probed. It can be approximated by [59,60,62]

�pðx;Q2Þ ¼ �

2�
log

Q2

Q2
0

X
q

Z 1

x

dy

y
P�qðx=yÞ

� ½qðy;Q2Þ þ �qðy;Q2Þ� (7)

with P�qðzÞ ¼ e2qð1þ ð1� zÞ2Þ=z, Q2
0 an energy cutoff,

and qðx;Q2Þ the quark PDFs in the proton. An improved
expression was further discussed in [63]. In our work, we
shall take advantage of MADGRAPH features and generate
the semielastic contribution by considering the partonic
processes q� ! qH ! qb �b (where q ¼ u, �u, d, �d, s, �s
are all possible radiating light quarks) convoluted with the
quark PDFs in the proton10 and the photon flux from the
nucleus A. The contributions from all the light quarks but
the u are found to amount to 1=3 of the u quark alone, since
they are comparatively suppressed by their smaller PDFs in
the proton and/or by their lower quark charge.

Obviously, one has to introduce an effective mass for the
quark otherwise the cross section would be logarithmically
divergent as Eq. (7) is if Q2

0 is set to 0. We take this

effective mass to be m̂q ¼ 300 MeV. In order to limit the

off shellness of the quasireal photon, we have also found
reasonable to bound the maximum transverse momentum

of the outgoing quark to pq0
T;max ¼ 5 GeV=c. This provides

us at the same time with a natural value for the factoriza-

tion scale entering the PDF for the incoming quark, Q2 ¼
ðpq0

T;maxÞ2.
In the semielastic class of events, hadrons from the

fragmentation of the radiating quark and from the proton
remnants spray in the proton-direction hemisphere, while a
pure � beam, unaccompanied by hadronic activity, is gen-
erated by the nucleus in the opposite hemisphere. To
guarantee a wide enough rapidity gap as expected in ex-
clusive production, we exclude events where the jet ini-
tiated by the radiating quark q0 ends up in the central
region. All our semielastic cross sections are thus com-
puted with the condition jyq0 j> 2:5.

B. �� ! H coupling (Higgs effective field theory)

The coupling of the scalar Higgs to photons is mostly
mediated by W- and top-quark loops. The HEFT model
[65], where the Higgs boson couples directly to photons,
can be used as an approximation of the standard model. For
a not too heavy (mH < 2mt) and not very energetic (pT <

2mt) Higgs, it is a good approximation to take the mass of
the heavy quark in the loop to infinity. In the limit of small
Higgs masses—below about mH ¼ 150 GeV=c2 which
satisfies m2

H=ð4m2
WÞ & 1—the loop induced interaction

can be approximately described by the Lagrangian

L eff
��H ¼ � 1

4
gF��F��H; (8)

where F�� ¼ @�A� � @�A� is the photon field strength

tensor. Because of the Abelian nature of QED there is only
one effective vertex g between photons and Higgs bosons.
The value for the coupling constant in the HEFT model as
implemented in MADGRAPH [53] is given by

g ¼ � �

�v

47

18

�
1þ 66

235
�w þ 228

1645
�2w þ 696

8225
�3w

þ 5248

90475
�4w þ 1280

29939
�5w þ 54528

1646645
�6w � 56

705
�t

� 32

987
�2t

�
;

where �t ¼ m2
H=ð4m2

t Þ and �w ¼ m2
H=ð4m2

WÞ. Higher order
�t and �w terms have been neglected.

III. RESULTS I: CROSS SECTIONS AND RATES

We employ the MADGRAPH V.4 Monte Carlo [53] with
the elastic and semielastic proton photon fluxes discussed
in the previous section together with the nucleus photon
flux Eq. (4) and the HEFT model for the Higgs-photon
coupling, Eq. (8), to compute the Higgs boson cross sec-
tions in two-photon fusion processes for the systems of
Table I. The Higgs decay branching ratio to b �b is obtained
in MADGRAPH with HDECAY [66], e.g. BRðH ! b �bÞ �
72% for mH ¼ 120 GeV=c2. We compute also the SM
cross sections for the exclusive production of b �b and
(possibly misidentified) c �c and light-quark ðu; d; sÞ pairs,
which constitute the most important physical background
for the measurement of the H ! b �b channel.

A. Signal cross sections: �� ! H

Table II lists the cross sections for Higgs (mH ¼
120 GeV=c2) production in photon-photon collisions for
the systems tabulated in Table I. In Fig. 3 we show our
predictions for the SMHiggs production cross sections as a
function of mH for the same systems. For mH ¼
120 GeV=c2, the cross sections span a range from
0.18 fb for pp up to 18 pb for PbPb. Compared to pPb
collisions, the ratios of the Higgs cross section between the
different systems are roughly pp:pO:pAr:pPb:PbPb ¼
1=900:1=50:1=13:1:100. It is thus apparent that the large
photon flux of the lead ion (Z2) largely compensates for the
higher projectile energies of the proton or light-ion beams,
as well as the largest photon energies attainable with the
smaller species. However, when one takes into account the
much smaller maximum luminosities at reach in the PbPb10We have used CTEQ6L.1 [64].
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running mode, such an advantage completely disappears
(see Sec. III C).

The values we have obtained for the elastic exclusive
Higgs cross sections for pp and AA (those for pA are
published in this work for the first time) agree well with
those found in the recent literature [9,40] except for the
PbPb case where we overpredict the cross section by a
factor two compared to [40] due to the absence of the exact
nonoverlap condition in the convolution of fluxes as dis-
cussed previously. For pp, the calculation of Khoze et al.
[9] makes use of the standard formula for a narrow ��
resonance of spin J: �ð�� ! HÞ ¼ 8�2ð2J þ 1Þ�ðH !
��Þ=m3

H	ð1�m2=m2
HÞ, which yields �ð�� ! HÞ ’

0:12 fb, for mH ¼ 120 GeV=c2 with width �ðH ! ��Þ ’
7:9 keV=c2 [66]. This result takes into account a ��

luminosity of 1:1 � 10�3 and a gap-survival factor of Ŝ2 ¼

0:9, encoding the probability to produce fully exclusively
the Higgs without any other hadronic activity from soft
rescatterings between the protons.
The signal cross sections are enhanced by a factor of 2

by allowing for semielastic configurations where only the
nucleus remains intact but the proton breaks apart after the
photon emission from one of its quarks (see right columns
of Table II). This is the first time, as far as we can tell, that
semielastic UPC Higgs cross sections appear in the litera-
ture. As a cross-check, we have compared the semielastic
cross sections for high-mass dileptons in pp UPCs ob-
tained with our MADGRAPH prescription (see Sec. II A 2)
with the results of [61] finding a good agreement. Note that
in the pp case the cross sections are multiplied by a factor
of 2 since there are two possibilities (one for each proton)
to emit the photon and fragment. For pPb, we find a Higgs
cross sections for semielastic �� production, where the
photon is radiated directly from the quarks of the proton, of
�ðpPb ! �� ! XHPbÞ � 0:16 fb, i.e. very similar to
that of coherent exclusive production. We do not quote
the semielastic cross sections for nucleus-nucleus UPCs
since in these cases the photon flux, emitted either from
their constituent protons or quarks, is much smaller than
the coherent one.

B. Background cross sections: �� ! b �b, c �c, q �q

The main background to the H ! b �b process is the
continuum production of b �b and misidentified c �c and q �q
(q ¼ u, d, s) dijets. Table III quotes the exclusive Q �Q and
q �q cross sections in the range of invariant masses minv ¼
100–140 GeV=c2 relevant for a Higgs peak at 120 GeV=c2

expected to be smeared by the b-jet reconstruction resolu-
tion (see Sec. IVD). Without any kinematical cut the
combined b �b continuum cross sections over �m ¼
40 GeV=c2 is about 25 times larger (e.g. �b �b ¼ 8 pb for
pPb) than the Higgs cross section at 120 GeV=c2 (see
Table II) for all systems.
As we will see below, such irreducible background can

be safely reduced with a few kinematics cuts. The c �c (q �q)
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b
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=5.5 TeVs Pb, H Pb → γγ →PbPb 

=6.3 TeVs Ar, H Ar → γγ →ArAr 

=8.8 TeVs Pb, pH → γγ →Pb p

=7.0 TeVs O, H O → γγ →OO 

= 9.4 TeVs Pb, pH → γγ →Ar p

= 9.9 TeVs Pb, pH → γγ →O p

=14 TeVs, pHp → γγ → pp

FIG. 3 (color online). Cross sections for the exclusive produc-
tion of the SM Higgs versus its mass mH in elastic ultraper-
ipheral nucleus-nucleus, proton-nucleus, and proton-proton
collisions at the LHC (systems listed in Table I).

TABLE III. Production cross sections for exclusive production of b �b, c �c, and q �q (q ¼ u, d, s) withminv ¼ 100–140 GeV=c2 and for

t�t (all masses) in elastic (AB!��Aq �qB) ultraperipheral collisions for the LHC colliding systems listed in Table I. For pp and pA UPCs,

we also quote the semielastic (AB!��Xb �bB, with jyq0 j> 2:5 and pq0
T < 5 GeV=c for the photon-emitting quark) cross sections.

System
ffiffiffiffiffiffiffiffi
sNN

p
(TeV) �ð�� ! b �bÞ (pb)

[mb �b ¼ 100–140 GeV=c2]
�ð�� ! c �cÞ (pb)

[mc �c ¼ 100–140 GeV=c2]
�ð�� ! q �qÞ (pb)

[mq �q ¼ 100–140 GeV=c2]
�ð�� ! t�tÞ (pb)

[all mt�t]

Elastic Semielastic Elastic Elastic Elastic

pp 14 3:4 � 10�3 1:1 � 10�2 7:9 � 10�2 0.2 0:36 � 10�3

pO 9.9 6:8 � 10�2 9:5 � 10�2 1.6 3.9 2:7 � 10�3

pAr 9.4 0.27 0.36 6.1 15.8 8:1 � 10�3

pPb 8.8 3.4 4.5 78 200 6:2 � 10�2

OO 7.0 0.75 17 39 3:9 � 10�2

ArAr 6.3 7.6 170 400 1:0 � 10�2

PbPb 5.5 420 9:4 � 103 2:5 � 104 1:8 � 10�2
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cross sections over the same mass window are a factor of
600 (respectively, 1600) larger than the Higgs signal but
the probability of misidentifying both c jets [respectively,
qð �qÞ jets] as b jets is only of 0.25% (respectively, 2 � 10�4),
and both backgrounds can be further reduced with the same
selection criteria applied to remove the b �b continuum.
Note that, in agreement with our leading-order (LO) cal-
culations for the signal, we do not consider the next-to-
leading-order (NLO) production of a heavy-quark dijet
accompanied by an additional gluon radiated. This process
is effectively eliminated by our experimental requirement
of two single jets in the event.

Table III lists also the elastic top-antitop continuum
inclusive cross section (for all mt�t) which would be an
interesting measurement in its own right, although as a
potential H ! b �b background it can be easily removed
given the presence of two extra W decays (t�t !
b �bWþW�) in those events. These cross sections should
be taken with a grain of salt since the very large �� c.m.
energies required (mt�t � 340 GeV=c2) are at the limit of
applicability of our photon flux approximation.

We obtain a semielastic cross section of continuum
b-quark dijets slightly larger (by a factor of �30%) than
the elastic ones. We do not quote the corresponding c �c and
q �q semielastic cross sections which, for our signal over
background studies (Sec. IVD), we take also as a factor of
1.3 larger than the corresponding elastic values.

C. Event rates and pA luminosity considerations

1. pA luminosities

Taken at face value, the results of Fig. 3 indicate that the
�� ! H cross section is maximum for lead-lead collisions
and thus that this system should be the best suited to carry
out such a measurement. Nevertheless, the PbPb luminos-
ity at the LHC is severely limited mostly due to two
electromagnetic processes with huge cross sections that
affect both Pb beams [67]: (i) electron-positron production
followed by e� capture by one of the nucleus [bound-free
pair production (BFPP)], Pb82þPb82þ!��Pb82þPb81þeþ,
with a cross section of �bfpp ¼ 280 b [68], and

(ii) Coulomb dissociation of one or both nuclei due to
mutual soft photon exchange(s), 208Pb208Pb!� 208Pb207Pbn
with a cross section of �emd ¼ 215 b [69]. Both these
processes create ions with a magnetic rigidity different
than the nominal one for 208Pb82þ ions, leading to beam
losses and a reduction of the beam lifetime. In addition, the
first process poses a danger of LHC magnet quenching due
to the large amount of Pb81þ ions straying from the nomi-
nal beam orbit, impinging on and heating the supercon-
ducting dipoles. Although other technical reasons limit the
maximum luminosities attainable with ions (see below),
BFPP effects effectively reduce the maximum luminosity
in PbPb collisions to the Oð1027 cm�2 s�1Þ range, i.e. 7
order of magnitude below the top pp LHC luminosity,
Oð1034 cm�2 s�1Þ.

In pA collisions, the upper theoretical luminosity could
be naively taken as the geometric mean of the maximum
individual proton and ion beam luminosities, e.g. for pPb,

Lmax
pPb ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Lmax

Pb �Lmax
p

q
¼ 3 � 1030 cm�2 s�1. However, in

principle the Pb-beam luminosities in pPb could be sig-
nificantly improved compared to PbPb since the �� !
eþe� cross section is Z2 ¼ 6700 times smaller and thus
the quench limit due to BFPP could be naively raised by a

Oð7000Þ factor of up to Lmax
pPb ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6700 �Lmax

Pb �Lmax
p

q
¼

2 � 1032 cm�2 s�1. This is, however, only an idealistic es-
timate for several reasons. The beam-beam luminosity in a
generic AB collision,LAB, is given by the standard formula

L AB ¼ Nb;ANb;Bkbf0�

4�
n�

 Fð�c; �
; �zÞ; (9)

whereNb is number of particles (protons or ions) per bunch
in each beam, kb is the number of bunches per beam, f0 ¼
11:246 kHz is the revolution frequency (given by the LHC
radius), � is the Lorentz factor (the geometric mean of the

�-factors of each beam for asymmetric systems), 
n ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 � 1

p
�2

x;y=�

 is the transverse normalized emittance

related to the beam size �
, and �
 the optical function
at the interaction point (IP). Fð�c; �
; �zÞ is a small reduc-
tion factor from the half-crossing angle, �c, and bunch
length �z, which we neglect in this discussion. In
Table IV we list the beam parameters relevant for the pA
running mode [43,44]. We note that, as mentioned in the
discussion of Table I, the values quoted are for now only
unofficial (but plausible) estimates.
Using these nominal beam parameters11 and Eq. (9), we

obtain the pA luminosities listed in the before-last column
of Table IV. The obtained default pPb luminosity is smaller
compared to the simple Oð1030–1032 cm�2 s�1Þ estimates
given above mainly because, conservatively, the proton
intensity is reduced to 10% of its standard value in pp
collisions [44]. Note that the number of ions/bunch Nb are
significantly lower than the proton ones, mainly because of
space charge effects in the SPS, and intrabeam scattering
limits at injection in both SPS and LHC.
There are three potential paths to improve the pA lumi-

nosity: (i) increase the proton bunch intensity Nb to its
standard (10-times higher) value, (ii) increment the number
of Pb bunches kb (which would be possible with the
proposed new cryogenic collimators [70]) by a factor of
2–3, and (iii) carry out IP upgrades which should eventu-
ally allow factors of two smaller �
 at ATLAS and CMS.
All such improvements are not unrealistic given that the
time-scale expected for a first proton-nucleus run at the
LHC is at least 4–5 years after the first pp operation. By
then, the knowledge of the collider and the upgrades

11For kb and 
n one uses the smallest of the proton or nucleus
values.
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related to future LHC projects will be well advanced. The
combined effect of such upgrades would optimistically
allow one to increase the pA luminosities by a factor of
60 (last column of Table IV).

2. Higgs event rates

The expected number of Higgs bosons expected per year
in ultraperipheral pA collisions at the LHC can be ob-
tained, from its production cross section (sum of elastic
and inelastic channels) and the time-integrated luminosity,
with the standard formula N ¼ �H �LAB ��t. The nomi-
nal LHC running time with protons (respectively, ions) is 8
months (respectively, 1 month) which, with 50% effi-
ciency, corresponds to a run time of �t �
107 ðresp: 106Þ s. Using the nominal luminosities quoted
in Table IV, we obtain the corresponding expected Higgs
events for each one of the systems listed in Table V.

With the default settings and running times, the statistics
are marginal for all systems involving nuclei. For the
nominal runs, the possibility to carry out a measurement
of the Higgs boson in photon-photon collisions at the LHC
is virtually null, except maybe for pp if one could work out
a trigger—e.g. using forward proton spectrometers [14]—
that can deal with the 20 inelastic proton-proton pileup
collisions overlapping with the UPC event. A straightfor-
ward way to increase the expected yields by a factor of 10
would be to dedicate a full LHC year (107 s) to a pA run.
This plus the upgraded luminosity settings mentioned

above would readily buy one a factor of 600 increase in
the expected integrated luminosity (100 pb�1) and, thus, of
the number of Higgs counts per year (last column of V).
Unavoidably, the proposed improvements of the Pb-beam
intensity and �? optics imply an enhanced probability of
having various collisions within the same bunch crossing.
The occurrence of event pileup is particularly harmful in
the case of UPCs since it eliminates the advantages given
by the clean topologies of this type of collisions. The
number of overlap collisions can be obtained from the
product of the (inelastic12) reaction cross section (last
column of Table I), the beam luminosity (last column of
Table IV) and the mean bunch distance, hNpileupi ¼ �AB �
LAB � h�tbunchi; the latter parameter depends on the revo-
lution frequency of the beam and the number of bunches,
h�tbunchi ¼ 1=ðf0kbÞ. In the case of proton-nucleus, run-
ning with ions with the nominal bunch filling scheme, the
crossing frequency is not well defined as not all encounters
will occur at integer multiples of the 100-ns RF frequency
[70]. For pPb with L ¼ 1:5 � 1029 cm�2 s�1, one has
hNpileupi � 0:05, increasing to �1 if we consider the lumi-

nosity upgrades discussed above. Clearly, the pPb system
provides the best combination of signal counting rates over
pileup probability.

TABLE IV. Basic beam parameters for protons and ions for pA runs at the LHC: particles/bunch Nb, number of bunches kb,
normalized beam emittance 
n, optics �


, and associated luminosityLAB. Possible upgraded settings (see text) may lead to a factor of
60 improvement of the luminosities (last column).

System Nominal settings Upgraded settings

Nb kb 
n (�m) �
 (m) LAB (cm�2 s�1) LAB (cm�2 s�1)

Proton Ion Proton Ion Proton Ion Proton Ion

pO (9.9 TeV) 1:15 � 1010 1 � 109 2808 592 3.75 1.5 0.5 0.5 2:7 � 1030 1:6 � 1032
pAr (9.4 TeV) 1:15 � 1010 5:5 � 108 2808 592 3.75 1.5 0.5 0.5 1:5 � 1030 1 � 1032
pPb (8.8 TeV) 1:15 � 1010 7 � 107 2808 592 3.75 1.5 0.5 0.5 1:5 � 1029 1 � 1031

TABLE V. Expected Higgs boson (mH ¼ 120 GeV=c2) production rates per year NHiggs (in parenthesis those in the b �b channel) in
elasticþ semielastic ultraperipheral proton-proton, proton-nucleus, and elastic nucleus-nucleus collisions at the LHC, for two run
scenarios (see text). For each system, we quote the corresponding luminosity LAB, the running time �t, and the average number of
overlapping pileup collisions, hNpileupi.
System Nominal runs Upgraded pA scenario

LAB

(cm�2 s�1)

�t
(s)

hNpileupi NHiggs

total (H ! b �b)
LAB

(cm�2 s�1)

�t
(s)

hNpileupi NHiggs

total (H ! b �b)

pp (14 TeV) 1034 107 25 77 (55) 1034 107 25 77 (55)

pO(9.9 TeV) 2:7 � 1030 106 0.20 0.022 (0.016) 1:6 � 1032 107 3.9 13 (10)

pAr (9.4 TeV) 1:5 � 1030 106 0.18 0.045 (0.032) 1 � 1032 107 3.6 30 (22)

pPb (8.8 TeV) 1:5 � 1029 106 0.05 0.050 (0.035) 1 � 1031 107 1 34 (25)

PbPb (5.5 TeV) 5 � 1026 106 5 � 10�4 0.009 (0.007) 5 � 1026 107 5 � 10�4 0.15 (0.1)

12We do not care here about the ‘‘harmless’’ elastic interactions
without particle production.
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IV. RESULTS II: H ! b �b MEASUREMENT

In the last section of the paper we consider in detail
the possibility to measure a 120 GeV=c2 Higgs boson
produced in ultraperipheral pPb collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 8:8 TeV detected in the dominant b �b decay chan-

nel (BR ¼ 72%) for this mass. Our analysis is entirely
based on the ATLAS/CMS detectors (trackers, calorime-
ters), needed to reconstruct the b jets and confirm the
presence of a rapidity gap, at central rapidities (j�j<
2:5). No additional instrumentation is needed in principle
except zero-degree calorimeters to help reduce possible
diffractive proton-nucleus interactions (see below). The
generator-level rapidity (y) differential distributions for
the H ! b �b signal (histogram) and decay b jets (dashed
histogram) are shown in Fig. 4 (the semielastic distribu-
tion, not shown, is very similar). In our calculations we
take the direction of the proton-beam coming from nega-
tive rapidities. We note that the �� ! Hð120 GeV=c2Þ
production is peaked forward, at y ¼ 1:7 with an rms of
�1 units of rapidity. On top of the �yc:m: ¼ 0:47 shift due
to the asymmetric p and Pb-beam energies, the proton EPA
� spectrum is harder than the Pb one and boosts the
production to even larger rapidities. The distribution of
the two decay b jets is centered at the parent Higgs rapidity
but it is wider (rms of �1:4).

The discussion presented hereafter will focus on the
ATLAS and CMS experiments which feature b-jet recon-
struction capabilities in the range needed to carry out the
measurement [shaded (yellow) area in Fig. 4]. The ALICE
[25] acceptance for b-jet reconstruction is unfortunately
limited to a narrow region j�j< 0:7 and there are lumi-

nosity limitations, Oð1031 cm�2 s�1Þ, linked to the latency
of the time-projection-chamber. We do not consider here
either the LHCb detector [31], although it features good
b-jet identification capabilities at forward rapidities (� �
2–5) and covers a fraction of the Higgs decay acceptance in
pPb collisions (provided that the proton-beam direction
points in the same direction of the apparatus).
In order to obtain realistic estimates of the detectable

number of Higgs in the b �b channel, we have to consider the
potential signal losses due to (i) the trigger efficiency
(Sec. IVA), (ii) the geometric acceptance of the detectors
(Sec. IVB1), (iii) the inefficiencies introduced by the finite
resolution and limitations of the experimental reconstruc-
tion (Sec. IVB2), and (iv) the event selection cuts aiming
at removing as much as possible backgrounds (Secs. IVC).
We consider in detail these issues in the next subsections.

A. Triggering

There exist detailed trigger studies for ultraperipheral
AA collisions at the LHC [18,30]. The main characteristics
of (elastic) exclusive two-photon pA events is the produc-
tion of a single central particle accompanied by large
rapidity gaps on both sides of it, and the survival of the
interacting proton and nucleus. At variance with ultraper-
ipheral AA collisions, one cannot make use of the zero
degree calorimeters (ZDC) [71] to tag the presence of a
nucleus radiating a photon in ultraperipheral pA collisions.
In AA UPCs, mutual Coulomb excitation of the incoming
nuclei due to additional soft photon exchange(s) in the
interaction, produce forward neutrons from the decay of
the excited nuclear giant-dipole-resonance (GDR) [72].
The GDR excitation probability is proportional to the
charge squared of the incoming projectile, which is a factor
of Z2 � 6700 smaller for a proton than for a lead beam,
and very few pPb collisions will be accompanied by for-
ward neutron emission.
For most of the expected pPb beam luminosities where

no significant event pileup is expected—i.e. hNpileupi & 1

proton-nucleus collision per bunch crossing—one can
easily record ultraperipheral Higgs events with virtually
zero signal loss with a level-1 (L1) trigger based e.g. on
(i) two back-to-back jets, with at least one of them with
pT > 40 GeV=c in the central detector (j�j< 2:5), accom-
panied with an exclusivity condition given by (ii) a large
rapidity gap �� * 2:5 without hadronic activity along the
direction of the ion emitting the exchanged photon (whose
energy is softer than the proton one). The rates of all signal
and possible backgrounds with such signatures are well
below a few Hz, easily allocatable without any prescale
within the available L1 bandwidth.
In the semielastic case, only the nucleus survives and the

rapidity gap is narrower along the proton direction due to
the presence of forward hadrons from the fragmentation of
the radiating quark and proton spectator partons. Yet, as
discussed previously, our semielastic cross sections have

ηpseudorapidity 
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FIG. 4 (color online). Rapidity-differential cross section for a
Higgs boson (mH ¼ 120 GeV=c2, dashed histogram) and its

decay b �b jets (histogram) produced in pPb!��pHPb with H !
b �b. The shaded (yellow) area indicates the acceptance of
ATLAS/CMS detectors for b jets. The dashed lines indicate
the full acceptance for all other type jets.
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been computed with the requirement of no activity within
j�j< 2:5 other than the centrally produced system. In
addition, since only the proton dissociates the rapidity
gap in the Pb direction is unpolluted by any hadronic
activity. The event topology of our H ! b �b semielastic
events is basically identical to the pure elastic production
and will identically pass the L1 trigger defined above.

For the maximum luminosities, Oð1031 cm�2 s�1Þ, con-
sidered in the ‘‘upgraded pA scenario’’ one has to account
for the possibility of one concurrent pPb collision in the
same bunch crossing as the �� interaction (see Table V). In
that case the rapidity-gap condition is not necessarily
fulfilled since the exclusive event is overlapped by a nor-
mal (hadronic) proton-nucleus interaction. One can still
use very-forward-proton detectors—like TOTEM [73] and
ALFA [74] Roman Pots or the proposed FP420 spectrome-
ter [14]—to tag at the level-2 (L2) trigger, at least, the
surviving proton in elastic �� collisions. The nucleus
cannot be tagged similarly since its momentum transfer
and energy loss are too small to leave the nominal LHC
beam envelope. One-side tagging is a standard procedure
for triggering on semielastic two-photon events in pp
collisions [13]. One can still count on recording UPC
events overlapping with a hadronic collision with dedi-
cated level-1 high-pT b-jet triggers, plus a level-2 single-
tagging of a leading proton, and separate offline the two
interaction vertices (which is perfectly feasible since
ATLAS and CMS can isolate the vertices of 25 overlapping
collisions at the highest pp luminosities). In the semielas-
tic case, instead of the leading-proton one can tag the jet
issuing from the fragmentation of the radiating quark in the
forward calorimeters (FCAL in ATLAS, and HF/CASTOR
in CMS). All in all, such a scenario is less straightforward
than the one considered for lower luminosities and would
deserve a dedicated study beyond the scope of this explor-
atory paper. For the purpose of this study we will consider
that L1 and L2 triggers can be defined in pPb collisions
which are fully efficient with respect to the signal with
counting rates in the Hz range that do not require any
prescale factor.

B. Experimental cuts

Ideally, a complete MC simulation including parton
showering and hadronization, full jet reconstruction and
GEANT-based detector response, would give fully realistic

results for our study. This is, however, beyond the scope of
this paper. We can, however, already obtain valid estimates
of the feasibility of the measurement taking into account
the known basic detector performances, and the kinemati-
cal properties of the signal and backgrounds at the genera-
tor level.

1. b-jet acceptance

Full jet reconstruction in ATLAS and CMS is possible
within j�j< 5 (or within j�j< 6:6 in CMS if one includes

the CASTOR calorimeter [75]). Jet b-tagging requires
however tens of micrometers vertex resolutions to identify
the secondary vertex of the decay of the leading B meson
of the jet. Such capabilities are present only within the
j�j< 2:5 central tracking coverage of the detectors13 (see
Fig. 4). A realistic ATLAS/CMS cut of the type
(i) both b-jets within j�j< 2:5,
has an acceptance of 55% (i.e. it leads to a loss of 45% of

the signal) for both the elastic and semielastic components.
The acceptance for the dominant photon-photon q �q con-
tinuum background (which has a wider distribution, see
later) is fortunately smaller (23%). One could in addition
displace the vertex of the pPb interaction point along the
beam z axis by up to about 0.5 m by adjusting the optics in
all experiments without much loss in the luminosity [70].
Such an offset in the proton direction would represent a
gain of �� ¼ 0:2 units of pseudorapidity for b jets, and a
corresponding increased geometric acceptance of 60% for
H ! b �b.

2. b-jet tagging efficiency

Standard b-jet reconstruction in ATLAS and CMS [7,8]
can be tuned to enhance either the b-tagging efficiency or
the purity. On the one hand, due to the large charm ��
background—with cross sections e4c=e

4
b ¼ 16 times larger

than b �b—excellent b-tagging (i.e. increased purity) is
required. On the other hand, one needs high tagging effi-
ciency since the b �b reconstruction squares any single b-jet
efficiency loss. Studying the ratio ðS=BÞ / "2b-tag �
�H!b �b=½"2c-mistag � �c �c þ "2q-mistag � �q �q� for various (cor-

related) (mis)tagging efficiencies from [7,8], leads us to
choose a working point of 70% b-jet tagging efficiency and
a mistag rate of 5% for c quarks and 1.5% for light-quark
and gluon jets. The c-quark mistagging factor is a bit
optimistic but it is likely at reach with multivariate-type
analyses [76] after a few years of experience with previous
pp data. Jet tagging efficiencies are slightly worst in the
rapidities beyond j�j � 1:5 (for both signal and back-
ground jets), however the low particle multiplicities in
two-photon events, likely compensate for such perform-
ance losses. In our analysis, we have therefore considered
the following �-independent b-jet reconstruction perfor-
mances:
(i) b-jet tagging efficiency: 70% for a single b jet,
(ii) b-jet mistagging probabilities: 5% for a c quark, and

1.5% for a light quark,

which, for our double b-jet events of interest, lead to a
�50% efficiency for the signal and a total reduction of the
c �c and q �q continuum backgrounds by factors of�400 and
�4 � 105, respectively.

13The combination of the CMS forward HF calorimeters and
the TOTEM T1 trackers [73] could potentially help to further
extend the coverage for b jets in ‘‘particle-flow’’-type analyses.
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C. Background rejection

Our ultimate goal is to have a number of Higgs events
collected and a signal over background (S/B) which is
significant enough to observe the H ! b �b channel at least

at the S=
ffiffiffiffi
B

p ¼ 3� level. We discuss in this section the
procedure to remove in an offline analysis any remaining
heavy-quark background that could have passed the trig-
gers and experimental cuts discussed above.

1. Hadronic background

There may be peripheral (but still hadronic) grazing pPb
collisions with heavy-quark dijet production and wide �
ranges without hadronic production (above experimental
thresholds) which potentially pass our trigger selection
criteria. The very low particle multiplicity and the very
small transverse momentum of the centrally produced
system (pT � 0 at leading order but smeared by the ex-
perimental resolution) expected for the very low virtuality
of the exchanged photons in UPCs can be successfully used
to distinguish them from standard peripheral hadronic
interactions:

(i) Jet multiplicity, Njet ¼ 2: Requiring just two b jets

within j�j< 2:5 selects with 100% efficiency
‘‘clean’’ exclusive events and removes almost com-
pletely any hadronic interaction. This eliminates also
possible genuine �� ! H events where an addi-
tional jet from hard gluon emission is emitted, but
this is consistent with the tree-level cross sections
presented in the paper.

(ii) Exclusivity: Absence of hadronic activity (above
detector backgrounds) outside the reconstructed
jets, within j�j< 2:5 for tracks and neutral parti-
cles. For neutrals, one can extend the rapidity-
gap condition in the Pb direction up to j�j< 5
(or j�j< 6:6 if one includes the CASTOR calo-
rimeter in CMS), while still saving the semielastic
signal.

(iii) Very low transverse momentum of the dijet system:

p
pair
T & 5 GeV=c. Any photon-photon central sys-

tem is expected to be produced almost at rest.
Selecting events whose net pT is below a few
GeV=c, to account for the experimental reconstruc-
tion of a pair of two b jets, eliminates any hadronic
collision and still saves the semielastic Higgs com-
ponent (with pH

T < 5 GeV=c, see Sec. II A 2).

The application, at the offline analysis level, of such cuts
removes virtually any remaining peripheral hadronic pPb
which could have been recorded at the trigger level, with
zero loss of the elastic and semielastic Higgs signals. In
addition, if needed, one can also take into account the fact
that the hadronic pPb production of b �b jets is peaked at
y � 0:47 (see Sec. II) whereas the two-photon fusion
events are mostly centered at y � 1:7 (Fig. 4).

2. Diffractive and photoproduction backgrounds

The experimental signatures of central diffractive
(Pomeron-Pomeron or Pomeron-photon) interactions—ex-
clusive central object and two rapidity gaps—are very
similar to two-photon fusion processes [77]. Central ex-
clusive production of b �b jets above pT � 40 GeV=c
(PP ! b �b) is a typical background for exclusive Higgs
production (PP ! H ! b �b) with cross sections of the
same order as the Higgs signal itself [14]. Likewise, photo-
production of high-pT heavy-quarks—in photon-gluon fu-
sion via a t- or u-channel q �q pair (�g ! b �b) [78,79] or
photon-Pomeron [79,80] processes (�P ! b �b)—have
event topologies (survival of the nucleus, one rapidity
gap) similar to semielastic �� production, and cross sec-
tions in pPb collisions of order of a few nb for b jets above
pT � 40 GeV=c, the purely diffractive contribution being
�10% of it [79,81].
Though both type of events have cross sections 2 to 3

orders of magnitude larger than our signal and they can
potentially pass the trigger cuts and contaminate our signal
sample, there are various features that separate �� events
from P-induced and �-gluon, �-P events:
(i) Photon-induced interactions are less central (i.e. take

place at larger impact parameters) than Pomeron-
induced ones and, thus, the corresponding gap-
survival probabilities for masses Oð100 GeV=c2Þ
are much larger. The gap-survival factor for Higgs

production in pp collisions at the LHC is Ŝ2�� ¼ 0:9

in photon-fusion compared to Ŝ2PP ¼ 0:03 in
Pomeron-fusion [9]. In the case of proton-nucleus
collisions, the situation is comparably much more
favorable for electromagnetic Higgs production:

Ŝ2�� ¼ 0:85 versus Ŝ2PP ¼ 8 � 10�4 [82].

(ii) Since the nucleus is a fragile object—the binding
energy of a nucleon is just 8 MeV—even the softest
Pomeron-mediated interactions will result in the
emission of a few nucleons from the ion, detectable
in the zero-degree calorimeters. On the contrary, in
purely electromagnetic pA interactions both had-
rons remain intact after the interaction and no other
forward particles are emitted.

(iii) The net pT of elastic �� final states is zero at LO.
In the semielastic case, the typical pT of the pro-
duced Higgs is peaked below 1 GeV=c. In both
cases, the total net pT is thus smaller than for
comparable �-nucleus or �-proton interactions
and thus is also an effective tool for separating
the two classes of interactions [51].

(iv) Because of the larger nucleus flux, heavy-quark
photoproduction in pPb is dominated by collisions
of photons emitted by the lead nucleus with a gluon
(�Pbgp) or Pomeron (�PbPp) that carry a larger

fraction of the 7-TeV proton-beam energy. The
produced particles will be thus more forward
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boosted than our signal which comes from �Pb�p

collisions.

In short, inclusive high-pT heavy-quark photon- and
Pomeron-induced production will partially fill one or
both rapidity gaps and/or be accompanied by zero-degree
neutrons, and the purely exclusive production for both
processes has a gap-survival probability below 10�3.
Thus, already before any kinematics cuts, both back-
grounds are (much) smaller than our signal.

High-pT heavy-quark production can also take place via
single (or double) resolved processes with very energetic
photons which interact via their partonic content [83] in
collisions where the proton and the nucleus come very
close together. We disregard this contribution in this analy-
sis for various reasons. First, although the effective two-
photon luminosity has indeed a large tail (Fig. 2), the
photon fluxes are exponentially decreasing and the contri-
butions to the cross sections in the high-W�� region rele-

vant for such resolved processes are very small. Second,
the much more energetic photon flux of the proton could be
potentially resolved but at the price of an interaction so
close (with an impact parameter b likely smaller than Rp þ
RPb) that the nucleus would break apart after the interac-
tion. Our requirement for an intact nucleus implicitly sets a
limit on the probability to resolve the photon. Last but not
least, any potential resolved photon contribution, would
not only contribute to the heavy-quark background but also
to the Higgs signal itself [84].

3. Photon-photon continuum backgrounds

The only physical backgrounds to H ! b �b in electro-
magnetic pPb collisions are the (elastic and semielastic)
exclusive �� ! Q �Q, q �q processes with the cross sec-
tions14 quoted in Table III. Other two-photon fusion pro-
cesses, such as �� ! �þ�� or �� ! t�t (see Table III),
have final states (e.g. particle multiplicities) different than
Higgs decay into two b jets. Although important (see
Fig. 5), the irreducible heavy-quark dijet backgrounds
can be suppressed with various kinematics cuts.

First, the continuum can be reduced if we require the
b-jet transverse momentum to be bigger than a significant
fraction of the b �b invariant mass. In Fig. 6 (left panel), we
compare the pT distribution of the signal and background
before cuts. The background is dominated by one jet with
low pT (but large pL), whereas the signal peaks at pT �
mH=2 ¼ 60 GeV=c. Selecting events where there is at
least one jet with pT ¼ 52–60 GeV=c removes 96%
(97%) of the b �b (c �c) background while killing only 49%
of the signal. Second, whereas the two Higgs decay b jets
are emitted isotropically, the continuum—whose relevant
Feynman diagrams have quarks propagating in the t- or

u-channel—is peaked in the forward and backward direc-
tions (Fig. 7). Cutting on the angle � between the b jet
(boosted to the rest frame of the pair15) and the direction of
the pair (helicity frame16) removes an important fraction of
the background. The b jets from the continuum are clearly
peaked at j cos�j � 1, i.e. emitted either roughly in the
same direction as the pair or opposite to it. With a rather
strict j cos�j< 0:45 cut, 82% of the continuum is sup-
pressed for a 55% signal loss.
Other cuts were tested, based e.g. on the rapidity sepa-

ration jyb � y �bj between jets, without further background
suppression power. The final set of cuts applied in our
analysis is thus

(i) Transverse momentum: at least one jet with p
jet
T

between mH=2:3 ¼ 52 GeV=c and the kinematical
limit at mH=2 ¼ 60 GeV=c.

(ii) Acollinearity: j cos�j< 0:45, where � is the
helicity-frame angle (between the b jet, boosted to
the rest frame of the pair, and the direction of the
pair).

(iii) Mass window: Invariant mass of the b-jet pairs
around the Higgs mass: mpair ¼ 100–140 GeV=c2

(the range given by 2 or 3 times the width of
experimental mass resolution).

We note that for a given event, these selection criteria (as
well as the previous acceptance and b-tagging efficiency
cuts) do not necessarily factorize.
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FIG. 5 (color online). Invariant mass distribution of pairs of b
jets from: (i) H ! b �b events and (ii) �� ! b �b and c �c (mis-
identified with 0.25% probability) continuum, in ultraperipheral
pPb collisions at 8.8 TeV. The Higgs peak is plotted with an
(arbitrary) �mH ¼ 1 GeV=c2 width.

14The semielastic c �c and q �q continuum are taken to be 1.3 times
the corresponding elastic cross sections as found in the b �b case.

15The �b jet is at � rads from it.
16One can use alternatively the Gottfried-Jackson frame, which
uses the direction of the beam. The results are unchanged.
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D. Signal significance

The combined application of all experimental and back-
ground suppression cuts discussed in the previous section
leads to a loss of about 80% of the Higgs events and an
important reduction of the b �b, c �c, and q �q continuum back-
grounds by factors of 60, 5000, and 4 � 105, respectively. In
one year (107 s) with the upgraded 1031 cm�2 s�1 pA
luminosity scenario (i.e. integrating 100 pb�1 of luminos-
ity) this corresponds to a collection of N ¼ 5 Higgs and
N ¼ 10 b �b continuum events within 100–140 GeV=c2

with small c �c (N ¼ 0:16) and negligible q �q contributions.

These values include both elastic and semielastic processes
for the signal and backgrounds. The continuum decreases
exponentially in this mass range whereas the Higgs signal
peaks at mH ¼ 120 GeV=c2.
In order to determine the significance of our H ! b �b

signal, we generate event samples consisting of the appro-
priate number of events after cuts in 3 years (3 � 107 s) of
data taking, i.e. 300 pb�1 of integrated luminosity, with a
fast Monte Carlo. We assume a b �b dijet invariant mass
resolution of 7 GeV=c2. Such a value is beyond the current
performances for b jets in the range pT ¼ 50–60 GeV=c,
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FIG. 6 (color online). Transverse momentum distribution of single b jets from H ! b �b and �� ! b �b continuum events in
ultraperipheral pPb collisions at 8.8 TeV, before (pure MC-level, left panel) and after (right panel) applying all the experimental
cuts discussed in the text.
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panel) applying all the experimental cuts discussed in the text.
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but may be achieved, in our underlying-event-free environ-
ment, with particle-flow reconstruction techniques and a
good data-based knowledge of the b-jet pT resolution and
energy scale after a few years of LHC running. We then
perform a log-likelihood fit to the pseudodata with two
curves: (i) one assuming that there is a signalþ continuum
in the region 100 � mH � 140 GeV=c2, and (ii) one as-
suming that there is just continuum. The significance, S, is
then given by

S ¼
ffiffiffiffiffiffiffiffiffiffi
�
2

q
; (10)

where �
2 is the difference of the 
2 of the fits for the
signal and null hypotheses. We fit the peak region using a
Gaussian fixed at mH ¼ 120 GeV=c2 (the Higgs mass, if
any, will be already known by the time this measurement
can be carried out) with width�mH ¼ 7 GeV=c2 to match
the assumed experimental mass resolution. We consider
that the shape of the background will be known, since it can
be measured with high statistics by simply removing the
kinematics cuts applied to enhance the Higgs signal.
According to our simulations, the exclusive continuum
after cuts can be well reproduced by an exponential distri-
bution with inverse slope ½28 GeV=c2��1, which we also
fix in our fit. The normalization of the signal and back-
ground are left as the only two free fit parameters. We
repeat this method for 500 pseudodata sets to obtain the
average significance of the fits. An example of a typical
pseudodata set and fits is shown in Fig. 8. The error bars

correspond to
ffiffiffiffi
N

p
statistical errors. For a total integrated

luminosity of 300 pb�1, we reach a signal-to-background

ratio of SH!b �b=B��!b �b � 1:5 and a statistical significance

of S � 3.
The main motivation for such a measurement is the

unique observation of the SM H ! b �b decay which seems
otherwise unaccessible at the LHC. In addition, the obser-
vation of the �� ! H process will provide an independent
measurement of the Higgs-� coupling, likely measured
before in the H ! �� discovery channel. The ��-Higgs
cross section is generated at the one-loop level by all heavy
charged particles (W and top-quark in the SM) and it is thus
sensitive to possible contributions of charged particles
predicted in various extensions of the SM: e.g. chargino
and top-squark loops in SUSY models, and/or charged
Higgs bosons in general 2-Higgs doublet models
(2HDMs). Last but not least, in the minimal SUSY exten-
sion of the SM—which predicts three neutral Higgs bo-
sons: the light CP-even h, the heavy CP-even H, and the
CP-odd A—the properties of the of h boson for large A
masses, are similar to the SM Higgs boson and it could be
detected in the b �b decay mode as described in this work
too. A dedicated study will be carried out to check the
feasibility of such a measurement.

V. SUMMARY

We have presented a detailed study of the exclusive
production of the SM Higgs boson in electromagnetic
(ultraperipheral) proton-nucleus collisions at the LHC.
We have evaluated the production cross sections and the
corresponding yields via two-photon fusion processes in

elastic (pPb!��pHPb) and semielastic (pPb!��XHPb) reac-
tions, the latter being characterized by the breaking of the
proton in the very forward region. Such a measurement can
be used to study, on the one hand, the H � b coupling
which is otherwise not accessible to measurement at the
LHC and, on the other, the photon-photon coupling to the
Higgs, i.e. provides an independent check of the previously
measured H ! �� decay.
First, we have computed the Higgs boson cross sections

in ultraperipheral pp, pA and PbPb collisions at LHC
energies with the MADGRAPH Monte Carlo supplemented
with equivalent photon spectra, and demonstrated that pPb
collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8:8 TeV give the best potential for

such studies when realistic reachable luminosities and
event pileup issues are considered. In such a case, the total
cross section of a Higgs boson of mH ¼ 120 GeV=c2 is
about 0.15 pb for both elastic and semielastic cases. The
irreducible background due to the exclusive heavy-quark
(and possibly misidentified light-quark) pair continuum,
�� ! Q �Q, q �q has been also computed, along with the
elastic t�t production cross section, for electromagnetic
pAr, pO and pPb collisions.
In order to determine the feasibility of the H ! b �b

measurement, we have proceeded to a detailed evaluation
of the trigger setup needed, as well as the acceptances and
efficiencies for the signal and continuum, and determined
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FIG. 8 (color online). Expected invariant mass distribution
after 3 years of pPb running at
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sNN

p ¼ 8:8 TeV (300 pb�1)

for a H ! b �b signal and residual �� ! b �b continuum (histo-
gram) after analysis cuts, fitted to a Gaussianþ
Exponential distribution (solid line). The data points are the
sum of signalþ background. The error bars are just statistical.
The dashed line shows an exponential fit of the continuum alone.
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the best set of kinematical cuts needed to maximize the
signal over background ratio. With reachable b-jet
experimental reconstruction performances, we have found
that a Higgs boson with mH ¼ 120 GeV=c2 could be
observed in the b �b channel with a 3�-significance inte-
grating 300 pb�1 with an upgraded pA luminosity of
1031 cm�2 s�1.

To conclude, while such a study will be rather demand-
ing in terms of luminosity, we have shown that it offers a
unique complementary potential to the standard Higgs
production mechanisms with regards to the study of its
couplings to b-quarks and photons at the LHC. Both mea-
surements are key to constrain the standard model and any
of its possible extensions.
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