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Abstract

As one category of vector boson fusion, photo-production is one important production mechanism at e-p
colliders. A future e-p collider — Large Hadron-electron Collider (LHeC) has been discussed as a “Higgs
factory” candidate where the Higgs boson produced via weak boson fusion (WBF) at the LHeC plays
an important role in precision measurement of Yukawa couplings. On the other hand, a measurement of
photo-production of the Higgs boson, if possible, might be complementary to the measurement of Higgs
to di-photon partial decay width I'(h — 7). In this paper, we study the possibility of measuring this
production process at the LHeC with the help of the photon PDFs published in recent years. This process
has a clean final state without additional colored particles in the detectable region other than the decay
products of the Higgs. We compute the cross sections of all related processes and find that the production
rate is at the same order as the neutral current WBF production of Higgs boson with missing forward jets.
However, a detailed phenomenological study of various Higgs decay channels shows that even in the most
promising semi-leptonic W W channel, the feasibility of identifying such photo-production is negative due

to an irreducible photo-production of W+W .
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I. INTRODUCTION

The discovery of a 125 GeV Standard Model (SM) like Higgs boson by the ATLAS and CMS
collaborations at the CERN Large Hadron Collider (LHC) [}, 2] has significantly improved our
knowledge over the mechanism behind spontaneous electroweak gauge symmetry breaking. On
the other hand, neither the mass of the Higgs boson nor the driving force of electroweak symmetry
breaking is explained within the SM and these questions have motivated many attempts in extend-
ing the SM. Besides the direct search of such models of physics beyond SM (BSM), precision
measurement of Higgs boson couplings and properties at the same time plays an important role
in testing various BSM physics models. For this purpose, proposals of future electron-positron
colliders, such as, FCC-ee, ILC and CEPC, have been widely discussed in the community. Be-
sides them, there also exists a proposal for an e-p collider known as the Large Hadron-electron
Collider (LHeC), planned to be constructed by adding an electron beam of 60-140 GeV to the
current LHC [3]]. LHeC was initially proposed as a TeV deep-inelastic scattering (DIS) facility
with 60 GeV electron beam and 2 ab™! designed integrated luminosity to improve the measure-
ment of parton distribution functions at large Bjorken z. By upgrading the electron beam energy
and designed luminosity, it can potentially be converted into a “Higgs factory”. The leading pro-
duction mode of Higgs boson at the LHeC is via charged-current weak boson fusion (WBF) :
e+p — v.+ h+j. The tagged forward jet is found to be crucial for suppressing the background
in a study on the hbb coupling at the LHeC [4]. Analogous to the use of jet angular correlation
in measuring the anomalous coupling in WBF at the LHC [35], the azimuthal angle between the
neutrino and forward jet A¢g;.; provides a sensitive probe of the anomalous KWW coupling at
the LHeC [6].

The diphoton decay of Higgs boson played an important role in the Higgs discovery at the
LHC. At leading order, the SM Higgs decay into diphoton (h — ~7) arises from the W -loop
and heavy quark loop processes, where the W -loop dominates the decay width. Exotic particles
from BSM models such as sfermions in supersymmetric models or charged Higgs in the extended
Higgs sector may also contribute to the diphoton decay at one-loop level. Therefore, the loop-
induced diphoton decay provides a sensitive probe to physics at TeV scale. On the other hand, the
photon-fusion production rate of Higgs boson is proportional to the Higgs diphoton decay width.
Therefore, precision measurement of the photon-fusion process could potentially be complemen-

tary to the diphoton decay measurement.



Recent developments of photon PDF from CT14qed/LUXqed/NNPDF23qed [7-10] have im-
proved our framework for computing photon initiated processes. While the photon radiation off
a point-like particle e.g. electron can be calculated explicitly or sometimes with Weizsicker-
Williams approximation, photons from the proton can arise from both elastic and inelastic pro-
cesses. The elastic channel contribution is from photons directly radiated off a proton, while the
inelastic channel is from those radiated off partons. To verify the photon PDF results, the exclu-
sive muon pair production via vy — p*u~ has been measured for the first time by CMS [L1].
One complication in measuring Higgs photo-production at e-p colliders is that the gluon fusion
production of Higgs boson contributes in e-p collisions through g scattering. In addition, the con-
tribution from WBF process with untagged forward partons may not be neglected either. Hence,
in order to explore the proton-production at the LHeC, the complete calculation and analysis of all
these processes are important.

The paper is organized as follows. In the next section, we discuss the Higgs photo-production
process and its cross section at the LHeC. In section III, we will study the features of the signal,
classify the background processes and carry out a phenomenological analysis to separate the signal

and backgrounds. The results will be shown and briefly discussed in the last section.

II. HIGGS PHOTO-PRODUCTION PROCESS AT THE LHEC

The Feynman diagrams of the Higgs photo-production process through I/ and charged fermion
loops are shown in Fig[I] The photons are radiated from the proton and electron beams. As the
proton remnant has little recoil in the effective photon approximation [[12]], it moves in the very
forward direction and may even escape the detector. The process is therefore featured with its

clean final states without additional colored particles.
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FIG. 1: Representative Feynman diagrams of the Higgs photo-production. ¢ denotes any charged

fermions. Top and bottom quark are dominant in the fermion loop.

The photo-production cross sections are summarised in Table for two
electron beam energies. For comparison we list the result computed with
NNPDF23_nlo_as_0119_ged [7]], and two more recent PDF sets CT14ged_inc_proton [§]]
and LUXgedl7_plus_PDF4LHC15 nnlo_100 [9, 10], obtaied from the LHAPDF6 [13].
These cross sections differ by a sizable amount because the methods in determining these photon
PDFs are quite different. The LUXqed17 result is smaller than NNPDF23qed at large momentum
fraction z, while gets close when x becomes smaller (~ O(1072)). The CTl4qged.inc cross
section is smaller than LUXqed17 in a more broad x region. These observations are in qualitative

agreement with the behaviors of the photon PDFs shown in Fig.4 of the Ref. [9].

Fig|l NNPDF23qed|CT14qed_inc| LUXqed17

E. =60 GeV 0.52 0.39 0.46

E. =120 GeV 0.74 0.64 0.74

TABLE I: Cross sections in fb for processes represented by the diagrams in Fig. |1, computed with
three different PDF sets. The electron beam energy is 60/120 GeV.

The results above are obtained with the full electron-photon splitting process considered. One
could also carry out the calculation using Weizsicker-Williams approximation [[12]. This approach
gives for instance, a cross section of 0.48 fb, for £, = 60 GeV, with NNPDF23qged. The accuracy

of the approximation is satisfactory.



III. PHENOMENOLOGICAL ANALYSIS

In this section we study the possible background processes for the Higgs photo-production
signal, and how to suppress them. There are two classes of backgrounds, those with and without
a Higgs boson produced. The former ones will, of course, appear in all Higgs decay channels.
This allows a study of the Higgs production subprocess without considering its decay, which will
be done in section On the other hand, processes without an intermediate Higgs may also
produce final states that mimic the Higgs decay product in various decay channels. However, the
background contamination in this case will differ channel by channel. We shall discuss this class

of backgrounds in section |lII C|along with the simulation of the Higgs decays.

A. Forward electron tagging

In the Higgs photo-production process, one expects to observe only the decay product of the
Higgs in the central rapidity region. The forward final state electron is usually assumed to escape
from the detector because of its large pseudo-rapidity . However, with the forward detector at
the LHeC [3], abundant forward electrons from signal events would be visible. In this case, the
forward electron tagging can also be an important method to separate the photo-production from
other processes. An ongoing study [[14] shows that in photo-production processes nearly half of
the electrons fall into the region || < 5. We could do this tagging to remove all backgrounds
with no scattered forward electrons in the final state, e.g. charged current WBF. The result of the

forward electron tagging for various backgrounds will be shown in our analysis below.

B. Backgrounds with a Higgs produced

The Backgrounds with a Higgs produced have a common characteristic that their final state
partons (other than those from the Higgs decay) are too soft or collinear to the beams to be tagged.
Such processes, as shown in Fig[2] can be irreducible backgrounds. In particular, there are gluon
initiated processes with more radiations. With the increasing energy, the contribution from gluon
PDF may quickly result in sizable background cross sections. Therefore, these processes should
not be simply ignored without knowing their contributions. In the following, we classify processes

with their initial states and discuss the corresponding cross section calculations.
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FIG. 2: Representative Feynman diagrams for the backgrounds with a Higgs produced. The elec-
tron lines in (a) and (b) indicate that Weizsidcker-Williams approximation for photon radiations is
not applicable in these cases and the electron-photon vertices are included explicitly in the calcu-

lation.

1. ~vg/vq— hX

The process represented by Fig. [2] (a) also has a clean final state in which hadrons with small
rapidities come from the Higgs decay, despite the presence of additional radiation of the quark
pair. In fact, when the electron and quark masses m. and m, are much smaller than the center-of-
mass energy /s, the strongly ordered multiple splittings from Fig. [2| (a) give terms proportional

to
2

O./QEMOzS [ln?’(mig) — lng(%)]. (D)
These triple logarithms could substantially enhance the cross section in the region where the quark
pair is collinear to the electron. Because of this enhancement, the cross section from this channel
receives large contribution from the outgoing electron in the very forward region. In principle, one
could represent the structure of the electron by parton distribution functions that evolve to account
for the effects of the large logarithms to all orders. However, as we shall see, the cross section
of this channel turns out to be quite small. We therefore ignore processes with more radiations

and perform an order-of-magnitude estimation using only the diagrams in e.g. Fig. 2] (a), whose

collinear singularities are cut off by the electron mass. Also note that due to the multi-logarithmic
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structure of radiations, Weizsidcker-Williams approximation cannot be used in this case, since
additional collinear singularities exist in the hard scattering process even after the electron splitting
vertex is factorized. We therefore include the electron line in Fig. [2| (a) to indicate that the exact
electron-photon vertex is included in the calculation. The phase space integration of this channel
is subject to large numerical uncertainty due to the rapid increase of the scattering amplitude in
the collinear region.

Similar to the case in Fig. [2] (a), the quark radiation in Figs. [2] (b) is also enhanced, but with
more mild double logarithms of the form

m2

— IHQ(EZ
[+

)]

In contrast, the gluon radiations from Fig. [2|(c) are not enhanced at large rapidities of the final glu-

oy [I0°(—)

2)

ons, in which case single logarithms oz, In(s/m?) appear as prescribed by Weizsécker-Williams
approximation. Note that one cannot invoke Furry’s theorem to discard the pentagon graphs for
two obvious reasons: the number of v matrices from the vertices in the loop is even; and there is a

mixing of QED and QCD vertices.

E. = 60 GeV |Figs[2(a) 2(b) 2(c)
NNPDF23ged | ~0.017 |~ 7.5 x 1074|1.9 x 10~*
CTl4qged_inc | ~0.016 |~ 7.6 x 1074]2.0 x 104
LUXqedl7 | ~0.017 [~ 8.2 x 1074|2.0 x 10~*
E. = 120 GeV |Figs [2(a) 2(b) 2(c)
NNPDF23qed | ~0.038 | ~0.0016 |7.8 x 10~*
CTl4qed.inc | ~0.035 | ~0.0016 |8.1 x10~*
LUXqedl17 | ~0.034| ~0.0018 [8.1 x 10~*

TABLE II: Cross sections in fb for processes represented by the diagrams in Fig. a), (b), and (c¢),
computed with three different PDF sets. The electron beam energy is 60/120 GeV.

The cross sections for vg and yq processes are shown in Table [II, where the “~” indicates the
number is presented with large uncertainty and serves only as an order-of-magnitude estimate, for

the reason discussed above. The three PDF sets give very close results. These cross sections are



at most ~ 5% of that of the photo-production at the energies we are considering. Hence, we will

neglect the contributions from the diagrams (a), (b) and (c) in Fig[2]

2. Weak boson fusion

WBEF processes as in Fig. [2| (d) and (e) are the dominant for Higgs production at the LHeC
with a large cross section of (O(10?) fb. Therefore we expect some rate from the WBF processes
without spectator partons (those not from Higgs decay) in the detectable region. To calculate the
cross section we exclude the region |7 < 5,! where ¢ denotes the final state quark (not from Higgs
decay). There is again little PDF dependence for the cross sections shown in Table|lIIl. The neutral
current WBF cross sections are comparable to those of the photo-production, while the charged
current ones are about an order of magnitude larger. However, the charged current process can be
eliminated completely by forward electron tagging as discussed in Sec[lIT Al Therefore, we will

not consider it in our following simulation.

E. = 60 GeV |Fig[2(d), |n?| > 5|Fig|2(e), |n?| > 5

NNPDF23qed 0.68 4.8
CTl4qged_inc 0.69 5.0
LUXqed17 0.70 4.9

E. =120 GeV Fig-Z-kd), In?] > 5 Figéke), |n?] > 5

NNPDF23qed - 1.08 - 7.5
CTl4ged-inc 1.09 7.6
LUXqed17 1.10 7.6

TABLE III: Cross sections in fb for processes represented by the diagrams in Fig. d) and (e),
computed with three different PDF sets. The electron beam energy is 60/120 GeV.

Throughout this paper we choose the renormalization and factorization scales to be the center-
of-mass energy for the hard scattering processes. The reduction of the pentagon loop integral in

Fig. 2] (c) requires extra numerical accuracy and is done with the help of Madloop program [15]

' We do not do this for g and g processes because their cross sections are negligible already.



in MadGraph5_aMC@NLO [16]. Other loop diagrams are calculated with FormCalc and Loop-
Tools [17]. The Monte Carlo phase space integration is performed using VEGAS algorithm im-
plemented in CUBA library [18]].

C. Simulation and selection cuts

In this part we explore the possibility of separating the Higgs photo-production—to be taken
as our signal process—from other backgrounds with similar final states. The final state particles
from the background can be produced from the Higgs decay after the processes shown in Fig[2]
On the other hand, there are backgrounds from g and ~~y scatterings that can produce final states
similar to those from various Higgs decay channels. To separate all these backgrounds from the
signal we make use of the kinematic features of three main decay channels (h —bb, WV~
and ZZ). The background simulation is performed with MadGraph5_aMC@NLO [16] at the
parton level, and we use Pythia6.420 [19] and Delphes3.3.0 [20] for parton shower and detector
simulations respectively. The PDF set NNPDF23 nlo_as_ 0119 _ged is used in simulations of
both the signal and backgrounds, which includes both elastic and inelastic photon information [7]].
As is done in Sec[ll, we choose two benchmark electron beam energies at 60 GeV and 120 GeV
with 7 TeV proton beam to see whether increasing the electron beam energy helps to improve the

Higgs production measurement. The basic cuts on final states pr, n and AR are applied as

Pl >5GeV , ph > 20 GeV,
| <5, 9’| <5,

ARy > 04 , ARj; > 0.4, 3)
where [ and j denote a final state lepton and parton respectively.

1. bb

The standard h — bb search at the LHeC uses forward jet tagging to improve the signal-
to-background rate, which makes possible the bottom Yukawa measurement [4]. In our search
the main background processes are vg — bb and vg — c¢, with ¢ misidentified as b in the
detector. The large difference between gluon and photon PDFs in the proton makes the background

cross-section orders larger than that of the signal. In order to pick out the signal events, the b-jet



transverse momentum could be used because the b quarks from Higgs decay are more boosted. The
bb invariant mass is another discriminative kinematic variable and only events with 1,5 around m;,
should be kept. The bb search efficiency also depends heavily on the b-tagging () and ¢ faking
(ec_sp) efficiencies of the detector. Here we assumed ¢, = 70% and €._,, = 20% [21]]. The signal
production cross section is about 0.148 fb for £, = 60 GeV and 0.211 fb for £, = 120 GeV with
Br(h — bb) ~ 58%. However, the bb background cross sections for the two energies are 92.1 pb
and 151.2 pb, and the misidentified cc backgrounds are 31.7 pb and 52.1 pb. Even after we apply
kinematic cuts on the invariant mass of two b jets — my,, the larger transverse momentum of the
two b jets —'p%, and An = |'n® —21°| as shown in Fig[3} about 6% of the total background events
could survive. This is still several orders larger than the raw signal events. For this reason, it’s

extremely challenging to use bb channel for this measurement.
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FIG. 3: (a), (b) and (c¢) are distributions of 1pr, An and my, for the signal (green) and background

(blue), reconstructed from events after basic cuts. The electron beam energy is £, = 60 GeV.

2. WHw-

The W*W ™ channel is the secondary Higgs decay channel with Br(h — WTW ™) ~ 21.5%.
In this study, we consider the semi-leptonic W decay, in which one W boson decays to v, (¢ =
e, p) and the other to hadronic final states (two jets jj). Note that in the pure leptonic W
decay channel there is huge background from g and v scatterings, while the corresponding
background for the semi-leptonic 11" decay is much more moderate. There can be the background
from vy — 717~ with the semi-leptonic decay of the 7’s. However, the low invariant mass of the

two jets from a 7 decay can be easily distinguished from that in the decay of a /. Hence, we shall
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neglect the contamination from the 7 decay. The main background will be from vy — W*TW~
with the semi-leptonic W decay. There is also the background from vg — qq'¢v,, with two quarks
g and ¢/, a lepton ¢ and a neutrino v, produced. As discussed before, the neutral current WBF
process with forward spectator partons will be another background. We present the analysis of
this channel in two methods.

The signal and background processes all produce neutrinos that lead to /0. Though it’s very dif-
ficult to reconstruct invariant masses involving neutrinos, kinematic methods for the intermediate-
mass Higgs boson search could be applied in this case [22]]. The jj/F, system transverse mass

could be reconstructed with the transverse momenta of the jets, leptons and the missing objects as

mi = (B + Br)? — [p' +p, )

= (I + PF -+ D52+ 2 4 [B,)? — D)+ D+ D+ 4

The signal transverse mass distribution has an upper bound at m,, while the background distribu-
tion is rather flat and much larger. Fig@ (a) shows the distributions of jj/J; system transverse
mass. It’s reasonable to set upper bounds for the two reconstructed observables to cut the back-
ground. As the signal lepton and two central jets are from the Higgs cascade decay, the pseudo-
rapidity difference A7 between them should be smaller than backgrounds. One can see in FigH]
(b), (c) and (d) that the distributions of the pseudo-rapidity difference, the missing transverse mo-
mentum and the final lepton transverse momentum could be effectively used to distinguish the
signal and background. The kinematic distributions are not significantly dependent on the electron

beam energy, so we only plot the £/, = 60 GeV case.
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FIG. 4: (a) (b) and (c) are distributions of my, An, and m,; for the signal (green) and background
(magenta, blue and red), reconstructed from events after basic cuts. Distributions of ET and pKT

are shown in (d) and (e). The electron beam energy is £, = 60 GeV.

According to the discussion, we require ET < 30 GeV, pgp < 30 GeV, An < 2.5,45 GeV <
m;; < 85 GeV and my < 125 GeV. The efficiencies of signal and background events after all
these cuts are listed in Table[IV] Tagging the forward electron removes the charged current WBF
background completely, but it also significantly reduces the signal, which makes the measurement
more difficult. Whether we perform the electron tagging or not, the signal is overwhelmed by the

background, even though the kinematic cuts can reduce the background by about two orders.
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E. =60 GeV Cross Section (fb) |forward electron tagging P/T < 30GeV|Er < 30GeV |An| < 2.5|mp <125 GeV |45 GeV < mj; < 85 GeV

Signal 3.3 x 1072 0.48 0.46 0.44 0.44 0.42 0.41
Background WBF 4.3 x 1072 0.55 0.40 0.13 0.12 0.071 0.061
Background W+W~ 53.9 0.50 0.15 0.026 0.021 0.011 0.011
Background g 12.9 0.50 0.16 0.025 0.020 0.0078 0.0064

E.=120GeV  |Cross Section (fb) forward electron tagging|p% < 30 GeV|Ep < 30 GeV ||An| < 2.5/mz < 125 GeV |45 GeV < m;; < 85 GeV

Signal 4.7x 1072 0.48 0.46 0.44 0.44 0.42 0.42
Background WBF 6.9 x 1072 0.55 0.39 0.15 0.13 0.071 0.056
Background W+W~ 93.1 0.50 0.15 0.026 0.020 0.010 0.010
Background g 32.9 0.50 0.16 0.025 0.019 0.0078 0.0058

TABLE IV: The second column gives the cross sections of the signal and background after basic
cuts. Other columns are cut efficiencies after corresponding kinematic cuts. Background WBF
denotes the background from the neutral current WBF process in Fig[2] The electron beam energy
is 60/120 GeV.

The cut efficiencies above can be improved by performing a multivariate analysis with boosted
decision trees (BDT). We carry out this analysis in the TMVA [23]] framework. Our initial selection
of events imposes the same basic cuts as above, and requires at least one lepton ¢ and two jets jj
in the final states. Then the following kinematic variables are used to train the BDT for the semi-
leptonic final states. They are the pr, ¢, and E of the leading jet, sub-leading jet and leptons;
Anii and An?t; F, m;;, and m;;,. The BDT output and receiver operator characteristic (ROC)
curves in Fig. [5|signify an improved separation of the signal and background. The resulting signal

significances are 1.30 and 1.20, respectively for 60 GeV and 120 GeV electron beams.
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TMVA response for classifier: BDT Background rejection versus Signal efficiency
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FIG. 5: Upper panels: Normalized BDT output (left) and receiver operator characteristic (ROC)
curve of the BDT (right) for the electron beam energy £, = 60 GeV. Lower panels: same as the
upper panels but with £, = 120 GeV.

3. ZZ

The ZZ-to-four-lepton channel plays an important role in the discovery of Higgs boson and
the measurement of its properties. Here we focus on the muonic Z decay to extract the Higgs
photo-production process. This helps to exclude huge QCD backgrounds and avoid the smear
from the scattered electron. There are two same-flavor and opposite-sign(SFOS) lepton pairs from
Z 7 decay, which leads to the invariant mass of one SFOS pair m,; around m , and the total
invariant mass my, close to my. At the meantime, the rapidity difference between the paired
leptons should be small. After the lepton basic cut, the two SFOS leptons with invariant mass
Ym,; closest to the Z-boson mass are chosen as the first lepton pair. The requirement on m,;
is 60 <!'my,; < 95 GeV. The two remaining leptons form the second lepton pair, whose invari-
ant mass should satisfy ?m,; < 60 GeV. Since this process starts with an ergodic pairing, the
background lepton-pair mass could possibly mimic the signal with a slightly broader distribution

around my. Even so, the my, cut could still eliminate most of the background events because the
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background distribution is extremely flat, as shown in Figl6] Further kinematic requirements on
lepton transverse momenta »2p/. and pseudorapidity difference 12A in the first and second lepton
pairs are also used. Although with the kinematic cuts we could reduce the background to less than
1% while keep about 70% of the signal events, the huge difference between signal and background

cross sections makes it impossible to perform the measurement in this channel.
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FIG. 6: my, distributions of the signal (green), WBF background (magenta) and tenfold scaled
W+HW ™ background (blue).

IV. RESULTS AND CONCLUSION

In this paper, we study the photo-production of the Higgs boson and related contaminating
processes at the LHeC. The cross sections are computed for all relevant processes. We find that the
photo-production is overshadowed by other Higgs production processes whose spectator partons
are collinear to one of the incoming beams and cannot be tagged.

For three dominant Higgs decay channels, we also compute their background cross sections
with no Higgs produced. The signal-to-background ratios from the cut-based analysis in the
previous section are O(107°), O(1072), and O(1072), for the three channels bb, W*W~, and
7 7, respectively. There is no prominent dependence of these results on the electron beam energy
E.. Signal cross sections in bb and ZZ channels are essentially negligible compared with the huge
backgrounds. W11/~ channel has an acceptable signal-to-background ratio. With the help of the
BDT method to improve the cut efficiencies, the signal significances in this channel are brought

up to about 1.3¢0, which is still not large enough for identification of the signal in the detector.
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To conclude, it is not feasible to make this complementary precision measurement for I'(h —
+7) at the LHeC using the method presented in this paper, and we hope that more discriminative
methods can be developed to efficiently separate Higgs photo-production from the background

processes.
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