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Zvi Bern®, Lance Dixon®, and Carl Schmidt® (presenter)
@ Department of Physics and Astronomy, UCLA, Los Angeles, CA 90095-1547, USA
bStanford Linear Accelerator Center, Stanford University, Stanford, CA 94309, USA
¢Department of Physics and Astronomy, Michigan State University, FEast Lansing, MI 48824, USA

The standard model production of two photons is one of the most important backgrounds to
light Higgs boson production at the LHC. In this talk we discuss the di-photon background,
with emphasis on the effects of the recently calculated next-to-leading-order (NLO) corrections
to the gluon-gluon-initiated component. We find that the K-factor for this component is
smaller than that for the analogous gg — H process, and that the correction to the total
irreducible di-photon production is modest. We also investigate ways to enhance the statistical
significance of the Higgs signal in the vy channel.

1 Introduction

One of the primary goals of the LHC is to provide clues to the nature of electroweak symmetry
breaking. In the standard model this symmetry breaking is provided by the condensation of a
fundamental weak scalar doublet, which leaves behind a single neutral scalar, the Higgs boson, as
residue. This standard model Higgs boson is constrained by precision electroweak measurements
to have my < 196-230 GeV at 95% CL! A light neutral scalar boson with similar properties
is also often predicted in extensions of the standard model; for example, in the Minimal Super-
symmetric Standard Model (MSSM) the lightest Higgs boson is predicted to have a mass below
about 135 GeV.?

For my < 140 GeV, the most promising discovery mode for the Higgs boson at the LHC
involves production via gluon fusion, g¢g — H, followed by the rare decay into two photons,
H — ~v.3 Although this mode has a very large continuum v background? the excellent mass
resolution of the LHC detectors should allow the detection of the narrow Higgs resonance signal
above the background? For optimizing this analysis, it is necessary to have the best theoretical
understanding of both signal and background beforehand.

The perturbative contribution to pp — vyX proceeds at lowest order via the quark anni-
hilation subprocess ¢ — vv. The NLO corrections to this process have been calculated$” as
have processes involving parton fragmentation to photons at NLO7 The remaining important
perturbative contribution is the gluon annihilation subprocess gg — 7. Although this arises at
order o through a quark box loop, it is still of the same size as the quark annihilation subpro-
cess, due to the large gluon luminosity at the LHC 3867 All of these perturbative contributions
have been included in the Monte Carlo program DIPHOX with the direct and fragmentation
contributions evaluated at NLO and the gluon box diagram evaluated at lowest order a?. In
this talk we report on the impact of extending the gluon box contribution to NLO.? (Note that
we refer to this correction as NLO in comparison to the lowest-order gluon box contribution; in
fact, it is N3LO compared to the order a2 quark annihilation process.)

Before we discuss this correction and some phenomenological studies in the next sections, it
is important to emphasize that our analysis only includes the irreducible di-photon background.
There is also a very large reducible background, arising from photons which are faked by jets
or hadrons, especially 7%’s. Although these reducible backgrounds can be suppressed greatly
by photon isolation cuts? more detailed experimental studies of pion fragmentation at large
momentum fraction in jets are necessary to accurately quantify the impact of this reducible

background 1?
Work supported in part by the Department of Energy contract DE-AC03-76SF00515.
Presented at the 38th Rencontres De Moriond On QCD And High-Energy Hadronic Interactions,

3/22/2003 - 3/29/2003, Les Arcs, Savoie, France



pp —» gg —» yyX Cross Section at LHC pp » 77X Cross Section at LHC

200 [~ ‘ — B e e 700 T T
100 —~
> E >
Q.) E O
[&] 70 E- (&
s e :
B sogg e 4 B

EX o
N E N
., g LO gg, CTEQSL ] S
& 30— &
~ r K ~
3 3

L N A

200 N

[ 0 r

M,,/2 < ug = pp < RM,, ] M 2 < ke = < M,
S A U ISR AU BRI B oloe e b b e e e e e b
80 90 100 110 120 130 140 80 90 100 110 120 130 140
M, (GeV) M, (GeV)

Figure 1: Scale dependence of (a) the gluon fusion subprocess contribution to pp — yyX, and (b) the total
pp — yyX production cross section, for standard photon isolation with R = 0.4, E1 max = 15 GeV. In both plots,
the bands represent the result of varying pur and pr together over region 0.5Myy < pr = pr < 2My,. The
dashed (solid) hatched band corresponds to including the gluon fusion subprocess at LO (NLO). For the leading
order band in (a) only, the LO CTEQ5L parton distributions’* were used; otherwise the NLO MRST99 set 2
distributions'® were employed.

2 Effect of gluon fusion at NLO

Although the gluon box contribution begins at one-loop and is order a?, the QCD corrections
to it can be treated exactly as a NLO calculation,'! independent from the other perturbative
contributions at this order. We have implemented this NLO cross section in a Monte Carlo
routine, which allows the imposition of general kinematic cuts. Details of this calculation can
be found in our full journal article?

For the phenomenological analyses, we impose the following cuts on the two photons:
pr(m1) > 40 GeV, pr(y2) > 25 GeV, |y(71,2)| < 2.5. In addition, we impose one of two photon
isolation criteria: standard cone isolation — the amount of transverse hadronic energy Ft in a
cone of radius R = /(An)% + (A¢)?2 must be less than E1pax; or smooth cone isolation 12 —
the amount of transverse hadronic energy FEt in all cones of radius r with » < R must be less
than E7pax(r) = pr(y) € (1 — cosr)/(1 — cos R), for some €. The smooth cone isolation crite-
rion is designed to remove all fragmentation contributions in an infrared-safe manner. For all
calculations using this isolation criterion we implemented the NLO quark-fusion contributions,
as well as the NLO gluon box contributions, directly in our Monte Carlo. For calculations using
the standard cone isolation criterion we have used our own Monte Carlo to calculate the NLO
gluon box contributions, and we have used DIPHOX 7 to calculate all other contributions.

In fig. 1(a) we plot just the gluon box contribution at LO and NLO while varying the
renormalization and factorization scales together over the range 0.5M,, < pr = pur < 2M,,.
As is typical of gluon-initiated processes, the NLO cross section is larger than at LO, and the
scale-dependence is reduced. We note, however, that the reduction in scale-dependence is much
less impressive if ur and pr are allowed to vary independently?

It is useful to compare the NLO enhancement in the gg — X process with that of the
g9 — H X process by comparing K factors, defined as the ratio of the NLO and LO cross sections.
Using the NLO MRST99 set 2 distributions '3 for both the numerator and denominator with
pr = prp = 0.5M,, and the same sets of cuts as in fig. 1(a) for M,, = 118 GeV, we obtain
Kyg—vy = 1.61 and Kyiges = 2.54. Thus, some earlier studies of the di-photon background,
which adopted the K factor for Higgs production, overestimated this background. The larger
K factor for Higgs production can be traced to two effects. The effective Hgg coupling, which
results from the heavy top quark loop, receives a short-distance renormalization that has no
counterpart in direct v+ production. In addition, the real correction to Higgs production has a



harder transverse momentum spectrum than direct v production, since the dominant scale in
the loop is the top mass, rather than the parton momenta. Recently, the higher order coefficients
that affect the K factor in the resummation of the di-photon cross section at small transverse
momentum have been extracted from this NLO calculation!®

In fig. 1(b) we show the effects of computing the gluon fusion subprocess at NLO on the total
irreducible di-photon background. The upper band contains all processes, including gluon fusion,
quark annihilation, and fragmentation contributions at NLO, while the lower band contains
gluon fusion at LO and the other processes at NLO. The scale variation and kinematic cuts are
the same as for fig. 1(a). As before, the scale dependence is much greater for both bands if ug
and pp are varied independently? For M., greater than 100 GeV, the NLO gluon box correction
to the total cross section is about 10% or less; therefore this subprocess can be considered to be
under adequate theoretical control.

3 Di-photon background kinematics and Higgs Signal

Using our Monte Carlo, we have studied some kinematic properties of the di-photon production
with the aim of increasing the statistical significance of the Higgs signal above background.
For this study we have implemented the Higgs signal in the Monte Carlo at NLO in the heavy
top mass limit, with subsequent decay to vv. We assumed a Higgs mass of 118 GeV, and we
counted the number of events in a mass bin of 4 GeV for 30 fb~! of integrated luminosity. We
also included an experimental efficiency factor of 0.57 for both signal and background (0.81 per
~ for identification, 0.87 for fiducial cuts), and we included, as a rough estimate, a reducible
background of 20% of the vy continuum background.

One feature that distinguishes the Higgs signal from the irreducible background is the cor-
relation between the photons and any accompanying hadronic radiation. Since the Higgs boson
is a colorless object, its decay photons will be produced uncorrelated with hadronic radiation.
On the other hand, a significant component of the background consists of qg — qg7y, where
the v has a collinear enhancement when produced near the final-state quark. This suggests
that one can suppress the background relative to the signal by increasing the severity of the
isolation cut—either by increasing the cone size R, or decreasing € or Eppax. As an example
the statistical significance (S/v/B) was increased by 7% by increasing R from 0.4 to 2, while
keeping BT max = 15 GeV fixed. Similar results were found for the smooth cone algorithm.

Unfortunately, an isolation cone as large as R = 2 may not be phenomenologically viable
for both theoretical and experimental reasons. A more infrared-safe and experimentally better-
behaved procedure is to veto on jets within a larger cone Rje; around the photons, in addition
to an isolation cut with R < Rje;. The jet veto is more infrared-safe than a large isolation cone,
because it only restricts hadronic energy within the jet cone, not the full jet veto region Rjes.
It is also more viable experimentally, since one need not worry about loss of efficiency due to
detector noise or nonperturbative sources of hadronic energy in the large isolation cone. We
have investigated the use of a jet veto to enhance the statistical significance of the Higgs signal,
but found the significance to be relatively insensitive to it. More study is needed to find the
best way to utilize the hadronic energy distribution in the events to optimize the Higgs signal.

A second feature that distinguishes the signal and background is the angular distribution
of the photons. The signal photons, coming from the decay of a scalar particle, are isotropic
in the Higgs rest frame, whereas the background photons tend to be more peaked along the
beam axes. This results in a distinctly different distribution in the di-photon rapidity difference,
y* = (y(m1) — y(12))/2, for the signal and background events. This distribution is the most
robust discriminator that we found, offering a modest (~ 4%) improvement in the statistical
significance of the Higgs signal.

More details of this calculation and the analysis can be obtained in our full journal article?



Further studies, which include reducible di-photon background contributions? additional NNLO
contributions, and more detailed experimental simulations will greatly enhance our understand-
ing of the di-photon background, leading to increased sensitivity for the Higgs search at the
LHC, and potentially reducing the time required for the discovery of a light Higgs boson.
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