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We extend our YFS Monte Carlo event generator analysis of ¢ + (¢ — ¢ + @ + n(v)
to include the production and decay via 2y of the Standard Model physical Higgs boson H
at intermediate Higgs masses 80 GeV Smy <2My at and beyond LHC energies. We find
that, for the SDC/GEM/ATLAS/CMS-type cuts, the Higgs signal is very well separated from

bremsstrahlung from the fundamental fermions themselves.
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V¢ the SSC s now essentially shut down. the LHC i< still being planned. and. further. discussion
has arisen [1] about a possible 60 Te\" cins encrey upgrade at FNAL. Thus. the era of the
large hadron-hadron colliders™ exploration of the S0, « ('} Standard Model Higgs sector is
still alive. It is important to countinue to refine the predictions for the various signal and
background processes relevant to this exploration to higher and higher precision, so that the
extraction of the relevant information from the data will be optimized when these colliders start
to produce physics events. At both the LHC and the proposed Super-SSC' FNAL upgrade.
the Higgs exploration can be mutnally divided into the light. intermediate, and heavy Higes
regimes, corresponding respectively to m”i 30 GeV, 30 GeV f_med'.ZA\[W, mHi'Z;‘UW. In the
intermediate energy regime. the decay mode H{ — +5 is expected to play a significant role in
the detection strategy for the Higgs: for, in this regime, the gold-plated H — four leptons
events are not available and one needs another relatively clean decay final state to allow the

Higgs to be discerned from the ever-present QCD (SU,, x {/;) background processes [2].

Thus, it 1s an important question as to what are the multiple-photon radiative correction
effects to the fundamental process ¢+'G" — ¢+¢"+ H, H — 47, in view of the expected rela-
tively small value of B(H — ~v). Indeed. any significant change in either the normalization or
the kinematic variables’ profile of this process due to the interplay of multiple-photon radiative
effects could endanger the ability of the ATLAS/CMS-type detectors’ ability to pick out the
Higgs in the intermediate mass regime. In what follows, we use our YFS [3] Monte Carlo (MC)
approach to higher order S{U/;, x {/; radiative corrections to calculate these multiple-photon

effects at LHC energies and at the recently proposed 60 TeV FNAL upgrade energies.

Specifically, we extend the multiple-photon MC SSCYFS2 in Ref. [4], which simulates
g+ ¢ = ¢" +@" + n(s) processes at or bevond LHC energies. to include the processes
q+'q" = q+'¢ + H+n(y). H—= ~~.for my in the intermediate mass regime. We use the
standard top-quark loop view(5, 6] of the Higgs production and decay, with gluons producing

the Higgs in the first such loop and with the Higgs decaving to 4+ via a second such loop. The
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, GeV. compared to the values of

large value of m,. recently evidenced [7] as 1n, = 174 £ 107}



the other known quarks masses justifies this use of + loops in our calculations . Most of our
calculations of numerical results use the central value 1, = 174 GeV but we have explored
the sensitivity of our results to Lo variations of e, for completeness and we comment at the

appropriate places on this sensitivity in what follows.

We have in mind that the resulting [iggs production and decay event generator, which we
call SSCYFSH, will be ultimately interfaced to an amplitude-based description of either incoms-
ing pp or pp states. wherein the p and/or p are described by Lepage-Brodsky[8] distribution
amplitudes. Thus, we treat the fundamental ¢ + ¢ — ¢ +'¢" + Il + (7). H — 55 process
at the level of Feynman diagrams according to our standard YFS[9] MC methods{3]. This does
not preclude the use of a parton-model view of the incoming pp or pp states and we will present
results on such a parton-model realization of the processes p+p — g+ G+ H+X. H — ~7 else-
where [10]. Here, we focus on the fundamental hard underlying g+ @ = g+ @' +H+n(y). H—
~~ processes with the goal of calculating the effects of n(y) radiation at the fundamental level
of intermediate Higgs production and decay. both because of its genuine theoretical interest as
a property of the QED corrections to such processes and as a basis for calculating the respective
corrections to such Higgs processes at the level of the incomping pp or pp initial states as well.

To repeat, this hadron-hadron-collisions-level discussion will be taken up elsewhere [10].

Our work is organized as follows. In the next section, we review the relevant aspects of
the YFS exponentiation formalism which we shall employ and present the extension of our
SSCYFS2 MC program to include the intermediate-mass Higgs production and decay to the
~+ final state. In Section 3, we present some sample MC data from our calculation. Section 4

contains some summary remarks.

2 YFS Exponentiated Higgs Boson Production and De-
cay

In this section we present the YFS exponentiation of the process g + G = q+'¢" + H+
n(=), H — vv. We begin by a brief review of the relevant aspects of the YFS exponentiation

methods that we use.
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developed by two of us for the processes ¢¥e~ ff+n(3). f # ¢. to the fundamental
quark-{anti-)quark scattering processes ¢ + ‘q‘/ — g+ G+ n(=) at SSC/LHC energies with

an eve toward precision background and signal QED radiative corrections to SSC/LHC physics
scenarios. From the standpoint of the work tn Ref. [4]. our current process may be seen as a

higher-order correction to the respective Born-level processes considered therein.

Indeed. in Fig. 1. we show the Born-level process. (a). g+'q" = g+q" aund. (h). g +¢" —
q ‘@'+H, H— ~75, with our presumed dominance of the top—quark loops. Thus. the multiple-
photon radiative effects on the latter process may be computed in complete analogy with those
on the former, which are currently realized in the YFS exponentiated MC', SSCYFS2. When
the n(v) radiative effects are considered. the relevant Feynman graphs, with kinematics, for
q+§ = q+7 +n(y) and ¢ + ' = qg+'¢" + H +n(y), H— v are shown in Fig. 2.
Referring to the YFS exponentiation of the former processes in Ref. [4]. we see that for both

Fig. 2a and Fig. 2b, we have the standard YFS formula

do = ¢aReB+2B Z /H Ak / ! ’;4 Q= =g2=3 D3 (k... .J‘:n)(lBPSdzf{'z (1)
P292

where the real infrared function B and the virtual infrared function B are given in Refs. [3, 9, 11],

and where we note the usual connections

k<K maz ddk N
20 B = / P
o SRy .
D= /d\‘k—@— (7% = 0Kz — £)) (2)
for the standard YFS infrared emission factor
2
< a P il
S(k) = — Q| ———— ¢
( ) 47\,2 Qq b)(qJ (plk q]'l\‘> + (})
if Q; is the electric charge of f in units of the positron charge. Here, the ... represent the

remaining terms in S(k) obtained from the one given by respective substitutions of Q4. pi.
Q(q):, q1 with corresponding values for the other pairs of the external fermion legs in Fig. 2
according to the YFS prescription in Ref. [9] (wherein due attention is taken to obtain the

correct relative sign of each of the terms in S(k) according to this latter prescription).
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processes. Indeed. for 2b. we need to extibit the presence of the H — ~~ praduction and decav

by writing in (1) the identification

- Phy k. .
k... SR A0 ST ',1)‘—”" VU') (1)
I S
where the two Higgs decay photons have four-momenta b and &, and satisfy (/:‘ + hy)? = "

when the Higgs is produced on its mass shell. In this intermediate-mass regime which we
discuss, we expect the Higgs decay width I'y to be small compared to iy, its rest mass: we
take Ty ~ 10 MeV for mpy ~ 150 GeV. Thus. we do not expect the YFS n(y) radiation from
the quark lines, which will be dominated by the gauge-invariant radiation from the top and
bottom lines, with radiation times ~ 1/ < A" >, which are therefore much shorter than the decay
time 1/Ty of the Higgs, to produce noticeable quantum interference effects hetween itself and
the Higgs decay photons, 3, and 3, in Ilig. 2b, in computing #.in (4). The notation in (4).
in which the &y, k; dependence of 3 is represented as a suppressed dependence, is in complete
analogy with that of py and ¢,, for example. Here, < ko > is the average energy of the YFS
photons in Fig. 2b, all of which satisfy k) > 3 GeV by our detector resolution cut parameters.
Thus, in order to construct the Higgs extension of our YI'S exponentiated MC SSCYFS2 in
Ref. [4], we need to compute 3. in (4) in accordance with this general calculational framework
in which the n() and 7, interference effects are dropped due to their small size compared to

the dominant non-interference terms in the corresponding expressions for ;.

We work to lowest order in the effective interactions which describe the process in Fig. 2b.

so that, following the YFS prescription, we get the basic YI'S residual as

By = doslr;, 2
dE} dE} dQ,, dQ,, [ o,amiq \' 1 |

216 ir dx 1202 (K2 — m?,)?
%12 4+ (1 — 467) F2(6r) 12 + (1 = 46 ) Fa(bx))?
1
R

where we have defined the kinematic variables IS

ﬂ‘;\[w sin ()W

RSUL" + t#(U +U')} + L [t + u?) [ + U] } L ()

, 1., .,
X {SZ + 5t + tm? + t'm} — =

S=s—ml—mi=2p q.t=(p—p) t'=(q— @)
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1
L A I L+ B —
[le) = —Eln E_—E + (T + 7 in (ﬁ)) Ulo) o< —1 J=vI-—lr

— o lsin=" (100 o] :

=2 [sin™ (1/2y7)] P> (6)
As in Ref. [4]. we then use the YI'S2 formulas in Ref. [3] to include the leading-log 2nd-order
corrections associated with the n(~) radiation from the quark-(anti-)quark legs in Fig. 2b and
thereby obtain the complete analog of these corrections as they are already realized in SSCYS2
(for example, in Ref. [4]). In this way, we arrive at the ,# needed to construct the extension of
SSCYFS2 to the process in Fig. 2b for /{ production and decay to y5. The corresponding MC
event generator is called SSCYFSH and sample data from it at and beyond SSC/LHC energies

are illustrated in the next section.

3 Results

In this section, we present sample M(' data generated by our SSCYFSH event generator for
the process ¢ + @' — X + H + n(y) — X + 77 + n(y) at LHC energies and beyond. For
definitiveness we alwavs show histograms for /s = 15.4 TeV for the SDC/GEM/ATLAS/CMS-
type acceptance and comment on what happens as well for higher energies. We begin by looking

into the number distribution for photons.

Specifically, in Fig. 3, we plot the number distribution for photons in the process u + 1 —
w4 u+ H+n(y) = u+u+n(+)+7. where we require that &Y > 3 GeV in the initial w4« cms
system for all photon energies kY. What we see is that the n(v) multiple-photon YFS radiation
adds a definite tail to the 2v Higgs decay number distribution which is concentrated at n = 2,

so that the average number of photons is

<n,>= 28£09. (

it |
~—

Entirely similar results hold for \/s = 40 TeV and 60 TeV. Thus, the immediate questions are

what are the effects of this YFS radiation on the respective energy available to produce the

-t
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radiated into initial-state photons.

We investigate the energy radiated into the initial state photons by analyzing the distribu-
tion of the variable ¢ = (s =)/~ 1 our process w+u — u+u+ H+n(y) — u+u+ni~r+=n.
Here s (s') = (p1 + q1)? ((p2 + q2)%) as usual. This is shown in Fig. | for /s = 15,1 TeV. (A

similar plot pertains to /s = 60 Te\V.) What we see is that the average value of v ix
<> = 030£0.23. (3)

Thus, a significant amount of radiation is taken away from the interaction by the n(y) system.
This means that the cross section for H production will be affected in general by 1(+) radiation

and we find the normalization of our cross section is indeed changed by
do/og = (6.9 £ 0.6)% (9)
relative to its Born-level value by the n(4) radiative effects.

Turning next to the fundamental 54 mass distribution itself n our proto-typical process
u+u—u+u+ H+nly)— uw+uw+n(y)+vy. weplot it in Fig. 5. What we see is that the
n(~) radiation produces a tail on the 77 peak which is most prominent at values of M,y < mpy,
where my is 150 GeV here for definiteness. From the inset plot of the region near iy in [g.
5, however, we see that the fundamental fermion radiation background is at the level of .1% so
that it is well below the expected ~ 3CeV resolution of the LHC-type detectors in its effects
on the observed mass and width of the Higgs. Hence. the Higgs signal is not obscured very
much at all by this fundamental fermion n(~) radiation. One gets an entirely similar conclusion
at /s = 60 TeV, for example. This is encouraging for the use of the H — 4~ decay as an

intermediate Higgs discovery channel.

Our main conclusions in this section are therefore that n(v) radiative effects must be taken
into account to understand the normalization of the processes g+ § = g+ @ +H+n(y). H—
v+ at and beyond LHC energies and that AV, the width of the M., distribution at M., = mny
due to n(v) radiative effects. is indeed small at such energies and does not represent a serious

impediment to intermediate-mass /{ discovery in the H — ~~ channel.

6



4 Conclusicns

in this paper. we have investizsated the interplav between the multiple photon YFS vadiation
. N — ! .

and the /1 — v~ decay photons in the processes ¢ + 7 — g+ g+ H + (=0 1T — 55 at

LHC energies. We did this by extending our YEFS MO event generator SSCYFS2 to include

the Higgs production and decay to 2 photons. Our results are encouraging for the use of the

H — ~~ channel for intermediate~-mass /1 discovery.

Specifically, we find that the mean number of YIS soft photons produced in the process
utu—utut+n(y)+H —=utut+niy)+37 s <1y >= 23409 The average value of
the parameter v = (s — &')/s for these photous is < v > = 0.30 £ 0.23, with a corresponding
normalization effect of No/og = (6.9 £ 0.6)%. Hence. these n(y) photons must be taken
into account for a precise description of the intermediate-mass Higgs production and decay
to two photons in the LHC and higher-energy environments. We also find that the 4+ mass
distribution is only mildly affected. at the level of .1%. in the region of my in the LHC-type
environment, for my = 150 GeV. so that the n(5) radiation does not render the H inaccessible
in the vy mass plot. Thus, our results support the use of this H{ — 4+ channel for intermediate

Higgs mass exploration at and beyond LHC energies.

We conclude that multiple YES soft-photon radiative effects do not mask the intermediate
Higgs discovery and exploration via its 2-photon decay mode in the LHC~type environments.
Such effects must be taken into account for precision studies of this channel, however, and
our SSCYFSH MC event generator affords a convenient method of realizing such effects in the

presence of arbitrary detector cuts. It 1s available from the authors upon request.
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Figure 1: (a). Born graphs for ¢ + ‘(]" — g+ '~(]". (h). Lowest order graphs for ¢ + ‘(]" —
9+ ¢ +H—qg+'7" +7.
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Figure 2: (a). The process ¢ + ¢ — ¢ + ‘@ + n{7). (b). The process ¢ + ¢ — ¢ +¢" +
H+n(y) = ¢+ '@ + 117 + n(y), where %; are the H decay photons. The four-momenta
are indicated in the standard manner: p; is the four-momentum of the incoming ¢, p, is the

four-momentum of the outgoing q. etc.
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Figure 3: Photon number distribution for u +w — w+u+ H+n(s) = w+u+ 532 + nly).
for E, >3 GeV in the incoming wu c.m.s. system at Vs =154 TeV.
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Figure 4: v-distribution for the process w +u — u+u+ H +n(~) = w4+ u+ 5172 + n(y) at
/s = 15.4 TeV.
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Figure 5: yy-mass distribution for the process u+u — w+wu+ H+n(y) = u+u+132+n(y)
at /s = 15.4 TeV.
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