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Abstract

We study the two-photon production of the Higgs boson, vy — H, at the
Future Circular Collider (FCC) in ultraperipheral PbPb and pPb collisions at
V5w = 39 and 63 TeV. Signal and background events are generated with
MADGRAPH 5, including « fluxes from the proton and lead ions in the equiva-
lent photon approximation, yielding o (v~ — H) = 1.75 nb and 1.5 pb in PbPb
and pPb collisions respectively. We analyse the H— bb decay mode includ-
ing realistic reconstruction efficiencies for the final-state b-jets, showered and
hadronized with PYTHIA 8, as well as appropriate selection criteria to reduce
the vy — bb, c¢ continuum backgrounds. Observation of Pbeﬂ>(Pb)H(Pb)
is achievable in the first year with the expected FCC integrated luminosities.
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1 Introduction

The observation of the predicted Higgs boson [1] in proton-proton collisions at the Large Hadron Col-
lider [2, 3] has represented a breakthrough in our scientific understanding of the particles and forces in
nature. A complete study of the properties of the scalar boson, including its couplings to all known
particles, and searches of possible deviations indicative of physics beyond the Standard Model (SM),
require a new collider facility with much higher center-of-mass (c.m.) energies [4]. The Future Cir-
cular Collider (FCC) is a post-LHC project at CERN, aiming at pp collisions up to at a c.m. energy
of v/s = 100 TeV in a new 80-100 km tunnel with 16-20 T dipoles [5]. The FCC running plans
with hadron beams (FCC-hh) includes also heavy-ion operation at nucleon-nucleon c.m. energies of
V100 TeV.\/Z1Z5 /(A1 A3) = 39 TeV, 63 TeV for PbPb, pPb with (monthly) integrated luminosities
of 110 nb=! and 29 pb~! [6]. Such high collision energies and luminosities, factors of 7 and 30 times
higher respectively than those reachable at the LHC, open up the possibility to study the production of
the Higgs boson in nuclear collisions, both in central hadronic [7] as well as in ultraperipheral (elec-
tromagnetic) [8] interactions. The observation of the latter vy — H process provides an independent
measurement of the H-y coupling not based on Higgs decays but on its s-channel production mode.

The measurement of exclusive v~y — H in ultraperipheral collisions (UPCs) [9, 10] of pPb and
PbPb beams was studied in detail for LHC energies' in [8], although its observation there is unfeasible
with the nominal luminosities (Fig. 1, left). We extend such studies for FCC energies, where such an
observation is warranted. All charges accelerated at high energies generate electromagnetic fields which,
in the equivalent photon approximation (EPA) [12], can be considered as quasireal photon beams” [13].
The highest available photon energies are of the order of the inverse Lorentz-contracted radius R of the
source charge, wpax ~ 7/ R, which at the FCC yield photon-photon collisions above 1 TeV (Table 1). In

'A few older papers had already previously discussed the possibility to produce the Higgs boson in heavy-ion UPCs [11].
The emitted photons are almost on mass shell, with virtuality —Q* < 1/R?, 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 (R4 ~ 1.2 A3 fm) with mass number A > 16.
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addition, since the photon flux scales as the squared charge of the beam, Z?2, two-photon cross sections
are enhanced millions of times for ions (Zf‘,]O = 5-107 for PbPb) compared to proton or electron beams,
thereby featuring the largest + v luminosities among all colliding systems (Fig. 1, left).

Table 1: Relevant parameters for photon-photon processes in ultraperipheral pPb and PbPb collisions at the FCC:
(i) nucleon-nucleon c.m. energy, VEN (i) integrated luminosity per year, Liy¢, (iii) beam energies, Epeam, (iV)
Lorentz factor, v = NEW /(2mp), (v) effective (Pb) radius, R4, (vi) photon “cutoff energy” in the c.m. frame,
Wmax, and (vii) “maximum” photon-photon c.m. energy, ,/s53*. The last column lists the vy — H cross sections.
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Fig. 1: Left: Two-photon effective luminosities as a function of v c.m. energy over W, ~ 5-1000 GeV
in PbPb, pp, and eTe™ collisions at the FCC [5, 6, 14], and in PbPb and pp collisions at the LHC. Right: Two-
photon fusion Higgs boson cross section versus nucleon-nucleon c.m. energy in ultraperipheral PbPb (top) and pPb
(bottom curve) collisions. The vertical lines indicate the expected FCC running energies at /s =39 and 63 TeV.

2 Theoretical setup

The MADGRAPH 5 (v.2.5.4) [15] Monte Carlo (MC) event generator is used to compute the relevant
cross sections from the convolution of the Weizsdcker-Williams EPA photon fluxes [12] for the proton
and lead ion, and the H-y coupling parametrized in the Higgs effective field theory [16], following the
implementation discussed in [8] with a more accurate treatment of the non hadronic-overlap correction.
The proton ~y flux is given by the energy spectrum f, /p(a:) where = w/F is the fraction of the beam
energy carried by the photon [17]:
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with o = 1/137, F(Q?) the proton electromagnetic form factor, and the minimum momentum transfer

Qmin is a function of x and the proton mass m,, Q2. =~ (¥m,)?/(1 — x). The photon energy spectrum

of the lead ion (Z = 82), integrated over impact parameter b from by,;;, to infinity, is given by [18]:
Frypo(x) = —— — 1223 Ko(s) K (@) — 23 (K7 (i) — Ko (i) | (2)
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where x; = £ my bnin, and K, K7 are the modified Bessel functions of the second kind of zero and
first order, related respectively to the emission of longitudinally and transversely polarized photons. The
latter dominating for ultrarelativistic charges (y > 1). The dominant Higgs decay mode is H — bb,
with a branching fraction of 58% as computed with HDECAY [19]. The PYTHIAS.2 [20] MC generator
was employed to shower and hadronize the two final-state b-jets, which are then reconstructed with the
Durham k; algorithm [21] (exclusive 2-jets final-state) using FASTJET 3.0 [22]. The same setup is used to
generate the exclusive two-photon production of bb and (possibly misidentified) ¢ and light-quark (¢q)
jet pairs, which constitute the most important physical background for the measurement of the H— bb
channel.

3 Results

The total elastic Higgs boson cross sections in ultraperipheral PbPb and pPb collisions as a function of
/s are shown in Fig. 1 (right). We have assigned a conservative 20% uncertainty to the predicted cross
sections to cover different charge form factors. At LHC energies, we find a slightly reduced cross section,
o(PbPb — vy — H) = 15+ 3 pb, compared to the results of [8] due a more accurate treatment of
the non hadronic-overlap correction based on [23]. The predicted total Higgs boson cross sections are
o(yy — H) =175 nb and 1.5 pb in PbPb and pPb collisions at /5 = 39 and 63 TeV which, for the
nominal Lis = 110 nb~! and 29 pb~! luminosities per “year” (1-month run), imply ~200 and 45 Higgs
bosons produced (corresponding to 110 and 25 bosons in the bb decay mode, respectively). The main
backgrounds are pairs from the 4y — bb, c¢, ¢¢ continuum, where charm and light (¢ = uds) quarks
are misidentified as b-quarks. The irreducible vy — bb background over the mass range 100 < W,y <
150 GeV is ~20 times larger than the signal, but can be suppressed (as well as that from misidentified cc
and ¢q pairs) via various kinematical cuts. The data analysis follows closely the similar LHC study [8],
with the following reconstruction performances assumed: jet reconstruction over |n| < 5, 7% b-jet
energy resolution (resulting in a dijet mass resolution of ~6 GeV at the Higgs peak), 70% b-jet tagging
efficiency, and 5% (1.5%) b-jet mistagging probability for a c (light-flavour q) quark. For the double
b-jet final-state of interest, these lead to a ~50% efficiency for the MC-generated signal (S), and a total
reduction of the misidentified c¢ and ¢¢ continuum backgrounds (B) by factors of ~400 and ~400 000.

Table 2: Summary of the cross sections and expected number of events per run after event selection criteria
(see text) for signal and backgrounds in the v~ — H(bb) analysis, obtained from events generated with MAD-
GRAPH 5+PYTHIA 8 for PbPb and pPb collisions at FCC energies.

PbPb at /5, =39 TeV Cross section visible cross section Nevts
(b-jet (mis)tag efficiency) after p;, cosBjj,mjjcuts  (Ling =110 nb™1)
vy —H—bb 1.02 nb (0.50 nb) 0.19 nb 21.1
¥y = bb [my;=100—150 GeV] 24.3 nb (11.9 nb) 0.23 nb 25.7
Yy = €€ [mee=100—150 GeV] 525 nb (1.31 nb) 0.02 nb 2.3
Yy = qq [mqg=100—150 GeV] 590 nb (0.13 nb) 0.002 nb 0.25
pPbat /s =63 TeV Nevts
(Ling =29pb™ 1)
vy —H —bb 0.87 pb (0.42 pb) 0.16 pb 4.8
¥y = bb [my;=100—150 GeV] 21.8 pb (10.7 pb) 0.22 pb 6.3
Yy = €€ [mee=100—150 GeV] 410. pb (1.03 pb) 0.011 pb 0.3
Yy = qq [mqg=100—150 GeV] 510. pb (0.114 pb) 0.001 pb 0.04

As proposed in [8], various simple kinematical cuts can be applied to enhance the S/B ratio.
Since the transverse momenta of the Higgs decay b-jets peak at p?r ~ mi/2, selecting events with
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at least one jet within pp = 55-62.5 GeV suppresses ~ 96% of the continuum backgrounds, while
removing only half of the signal. Also, one can exploit the fact that the angular distribution of the Higgs
decay b-jets in the helicity frame is isotropically distributed in | cos 6;, ;,|, i.e., each jet is independently
emitted either in the same direction as the bb pair or opposite to it, while the continuum (with quarks
propagating in the ¢- or u- channels) is peaked in the forward—backward directions. Thus, requiring
|cos b, 4,| < 0.5 further suppresses the continuum contaminations by another ~ 20% while leaving
untouched the remaining signal. The significance of the signal can then be computed from the remaining
number of counts within 1.40 around the Gaussian Higgs peak (i.e., 117 < my; < 133 GeV) over the
underlying dijet continuum. Table 2 summarizes the visible cross sections and the number of events after
cuts for the nominal luminosities of each system.

In PbPb /s = 39 GeV for the nominal integrated luminosity of L;,; = 110 nb~! per run, we
expect about ~21 signal counts over ~28 for the sum of backgrounds in a window my; = 117-133 GeV
around the Higgs peak. Reaching a statistical significance close to 5o (Fig. 2, left) would require to
combine two different experiments (or doubling the luminosity in a single one). Similar estimates for
pPb at 63 TeV (29 pb—!) yield about 5 signal events after cuts, over a background of 6.7 continuum
events. Reaching a 5o significance for the observation of vy — H production (Fig. 2, right) would
require in this case to run for about 8 months (instead of the nominal 1-month run per year), or running
4 months and combining two experiments. All the derived number of events and significances are based
on the aforementioned set of kinematical cuts, and can be likely improved by using a more advanced
multivariate analysis.
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Fig. 2: Expected dijet invariant mass distributions for the combination of photon-fusion Higgs signal (hatched
Gaussian) and bb + ¢¢ + qq continuum (dashed line) in ultraperipheral PbPb (/s = 39 TeV, left) and pPb
(/3. = 63 TeV, right) collisions, after event selection criteria with the quoted integrated luminosities (see text).

4 Conclusion

We have presented prospect studies for the measurement of the two-photon production of the Higgs
boson in the bb decay channel in ultraperipheral PbPb and pPb collisions at the FCC. Cross sections
have been obtained with MADGRAPH 5, using the Pb (and proton) equivalent photon fluxes and requir-
ing no hadronic overlap of the colliding particles, at nucleon-nucleon c.m. energies of /s = 39, and
63 TeV. The b-quarks have been showered and hadronized with PYTHIA 8, and reconstructed in a ex-
clusive two-jet final-state with the k7 algorithm. By assuming realistic jet reconstruction performances
and (mis)tagging efficiencies, and applying appropriate kinematical cuts on the jet pr and dijet mass
and angles in the helicity frame, we can reconstruct the H(bb) signal on top of the dominant y~ — bb
continuum background. The measurement of v — H — bb would yield 21 (5) signal counts over 28
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(7) continuum dijet pairs around the Higgs peak, in PbPb (pPb) collisions for their nominal integrated
luminosities per run. Observation of the photon-fusion Higgs production at the 5o-level is achievable in
the first year by combining the measurements of two experiments (or doubling the luminosity in a single
one) in PbPb, and by running for about 8 months (or running 4 months and combining two experiments)
in the pPb case. The feasibility studies presented here confirm the interesting Higgs physics potential
open to study in -y~ ultraperipheral ion collisions at the FCC, providing an independent measurement of
the H-v coupling not based on Higgs decays but on a s-channel production mode.
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