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Higgs boson production at hadron colliders with soft gluon effects: Backgrounds
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The gold-plated discovery mode of a standard model like Higgs boson at the CERN Large Hadron Collider
(LHC) is theH—Z°Z° decay mode. To find and then measure the properties of the Higgs boson, it is crucial
to have the most precise theoretical prediction both for the signal and the QCD background in this mode. In
this work we calculate the effects of the initial-state multiple soft-gluon emission on the kinematic distributions
of 2% boson and photon pairs produced in hadron collisions. The Collins-Soper-Sterman formalism is extended
to resum the large logarithmic terms due to soft gluons. The resummed total rates, the invariant mass, trans-
verse momentum, and rapidity distributions of fand photon pairs, and the transverse momentum distri-
butions of the individual vector bosons are presented and compared to the fixed order predictions in the whole
kinematic range, for the LHC energies and for the upgraded Fermilab Tevatron. Our conclusion is that the
resummed predictions should be used when extracting the Higgs signal at thg¢ $6856-282(199)05709-4

PACS numbes): 12.38.Cy, 13.85.Qk

I. INTRODUCTION Some fixed order QCD corrections have been calculated to
the Higgs signal and to its most important backgrounds
The underlying dynamics of the electroweak symmetry[9—12]. The next-to-leading ordgiNLO) corrections to the
breaking sector of the standard mod&M) awaits under- total cross section opp(gg)—HX have been found to be
standing. The principal goal of the CERN Large Hadron Col-large (50—-100% [9], and the largest contribution in the
lider (LHC) is to shed light on this open question. The directfixed order corrections results from soft gluon emisgib8].
searches at the CERN Large Electron PosittdeP) collider  This signals the slow convergence of the perturbative series,
have constrained the mass of the SM Higgs boson to band the importance of still higher order corrections. Further-
higher than 90 Ge\{1]. Furthermore, global analyses of more, the fixed order corrections fail to predict the transverse
electroweak datd2] and the values of the top quark and the momentum distributions of the Higgs boson and its decay
W= boson massef3] suggest that the SM Higgs boson is products correctly. The knowledge of these distributions is
light, less than a few hundred GeV. Arguments based omecessary to precisely describe the signal and the background
supersymmetrySUSY) also indicate that the lightest Higgs in the presence of various kinematic cuts, in order to deduce
boson is lighter than the top qual4]. Hence, the existence the accurate event rates to compare with theory predictions
of a light Higgs boson is highly possible. [14]. To predict the correct distribution of the transverse mo-
It has been shown in the literature that a SM like Higgsmentum of the photon oz pair and the individual vector
boson with a mass less than or about 180 GeV can be dggpsons, or the kinematical correlation of the two vector
tected at the upgraded Fermilab Tevatron yig—W~ bosons produced at hadron colliders, it is necessary to in-
(—=1"v)H(—bb,7"77) [5], or pp(gg)—H(—W*W* clude the effects from the initial-state multiple soft-gluon
—lvjj andlvlv) [6], and a SUSY Higgs boson can be de- emission. In this work, we present the results of our calcula-
tected in thew*h and hbb modes[7]. To observe a light tiqn for the mqst important continuum bacl_<grounds to _thg
(m,<120 GeV) neutral Higgs boson at the LHC, the mostH'g,gS boson S|gnal detected gt hadron colliders. The distri-
promising detection mode is the di-photon chandel yy bUt'Of])S (?f the Higgs boson signal for tigh,—H—yyX
[8] via the production processp(gg) — HX. In the interme- andz Z°X processes, including the soft-gluon effects, will
diate mass (120 Ge¥my<2m,) region, thez®* z0 chan-  be discussed in our future wof#5]. _
nel is also useful in addition to thgy channel[8]. If the In scattering processes m_vo_lvmg hadrons, th_e dynamics
Higgs boson is heavier than twice the mass ofZfdoson,  ©f the multiple soft-gluon radiation can be described by the
the gold-plated decay mode into tvi#) bosons(which se- fésummation technique. We extend the Collins-Soper-
quentially decay into lepton$8] is the best way to detect it. Sterman(CSQ resummation for(r)nahgrﬁlG—:].S to despnbg
At the LHC, as at any hadron-hadron collider, initial-statet"® Production of photon and" pairs. This extension is

radiative corrections from the quantum chromodynamicn@logous to our recent resummed calculation of the had-

(QCD) interaction to electroweak processes can be largd©nic Production of photon paifs.9]. In comparison, an ear-

lier work [20] on the soft-gluon resummation for thegq
—Z797°X process did not include the complete NLO correc-
*Email address: balazs@pa.msu.edu tions. In the present work, the effect of initial-state multiple

"Email address: yuan@pa.msu.edu soft-gluon emission irqE—>Z°Z°X is resummed with the
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inclusion of tohe full NLO contribut?ons, so that the inclusive da(hyh,—Z°7°X)
rate of theZ” boson pair production agrees with the NLO 5
result presented in Ref10]. Furthermore, we also include 9Q dy dQtdcosdde

part of the higher order contributions in our results by using
; ) 1 B 1 s
the CSS resummation formalism. =— _{ f d2beQrb
The collected di-photon data at the Fermilab Tevatron, a 487S Q2| (2m)?
pp collider with center-of-mass energyS=1.8 TeV with 5 5
84 and 81 pb? integrated luminosityfor the Collider De- xiEj Wi (b, ,Q,X1,X2,8,6,C12 Wi 7(b,Q,X;,X)

tector at FermilagCDF) and DOCollaboration$, are in the
order of 18 events per experimeri21,22. After the up-
grade of the Tevatron, witfS=2 TeV and a2 fb! inte- +Y(QT,Q,xl,x2,9,¢,C4)] _ (1)
grated luminosity, about ¥ 10* photon pairs can be de-

tected, and more than >310° Z° boson pairs can be
produced. At the LHC, a/S=14 TeV pp collider with a

In this case, the variable®, y, and are the invariant
100 fb ! integrated luminosity, we expect aboutx@0° R y Qr

& 79 pai ) mass, rapidity, and transverse momentum of Z{eboson
photon and 1.5 10" Z pairs to be produced, after impos- aic i the laboratory frame, whilé and ¢ are the polar and

ing the kinematic cuts described later in the text. This larg zimuthal angle of one of th&° bosons in the Collins-Soper
data sample will play an important role in the search for theframe[25] The factor

Higgs bosofs) and new physics that modifies the production

of the vector boson pair&.g., by altering the vector boson

tri-linear couplingd 23)). ams
The rest of this paper is organized as follows. Section Il B=\/1- F

briefly summarizes the extension of the CSS resummation

formalism to thez°Z° pair production. In Sec. lll, the nu-

merical results of the resummed and fixed order calculationsriginates from the phase space of the masgifeboson

are compared for various distributions of the photon ZRd pair. The parton momentum fractions are definedxas

pairs produced at the LHC and the upgraded Tevatron. See=¢eYQ/+/S, andxzze—yQ/\/Q and+/S is the center-of-mass

tion IV contains our conclusions. (c.m) energy of the hadronis; andh,.

The renormalization group invariant functioﬁ/ij(b)
sums the large logarithmic ternagIin™(b’Q?) to all orders in
Il. ANALYTICAL RESULTS ag. For a scattering process initiated by the partoasd],
A. The CSS resummation formalism forZ° pair production
When QCD corrections to th&® boson pair production Wij(0,Q.X1,X2,60,6,C1 22

cross section are calculated order by order in the strong cou-

. L X =exp —§;;i(b,Q,C
pling constantag, the emission of potentially soft gluons A= (0,Q.C19}

spoils the convergence of the perturbative series for small X[Cipn, (X1,0,C1 23,1, U)Cjn,(X2,0,C1 2.3,t,u)
transverse momentaQg) of the Z° boson pair. In theQ
<Q region, the cross section can be written 48] +Cj,hl(x1,b,Cllzy3,u,t)Ci,h2(x2,b,Cllzyg,u,t)]
d © 2n—1 2 .
im 27 -3 S P 2o _>, X Fij((C2Q),as(C2Q). 6,4). @
QTﬂonT n=1 m=0 T QT QT

Here the Sudakov exponefy (b,Q,C, ,) is defined as

whereQ is the invariant mass of th° boson pair, and the y 2
coefficients, v, are perturbatively calculable. At each order S (0,Q,Cq )= szQZdL
of the strong coupling the emitted glu@nhcan be soft and/or AL cp? p?
collinear, which yields a smafD;. When the two scale®
and Qr are very different, the logarithmic terms”leZ/Q?r)
are large, and foR+<Q the perturbative series is dominated
by these terms. It was shown in Refd6-18 that these
logarithmic contributions can be summed up to all order in
ag, resulting in a well behaved cross section in the @i In Eq. (2), F; originates from the hard scattering process,
region. and will be given later for specific initial state partons.
The resummed differential cross section of #feboson  Cj;(X) denotes the convolution of the perturbative Wilson
pair production in hadron collisions is written, similarly to coefficient functionsC;, with parton distribution functions
the cross sections of the lepton pair producfi2d], or pho-  (PDF) f,(£) (describing the probability density of partan
ton pair productiorf19], in the form inside hadrorh with momentum fractior¥):

. CZQZ
Ai,-(asw,cl)ln( = )
y72

. (3

+Bjj(as(1),C1,Co)
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Cin(x,b,Cq23,t,u) —T VW AN
Cs (a) \ (b) § A
—2 f ( b= = C1.Cotou — W I
i Cs) —WW —wW
Xtam| §m= - (4) © Y (d r _§
_ 2% n’mJ
The invariantss, t and u are defined for theg(p1)q(p-)
—Z%p3)Z°(p4) subprocess as AN
s=(p1tP2)?% t=(p1—Pa)% u=(p2—Pa)> (5 © i
. 5 AVAVAVAS
with s+t+u=2mj5.
The functionsA;;, B;; and C;; are calculated perturba-
tively in powers ofas/: FIG. 1. A representative set of Feynman diagrams included in
(—) n the NLO calculation oz° pair production.
)73
A; C L) Ay, _ _
(el #).C2)= E i (C) B. The qq, qg and qg—Z°Z°X subprocesses
% (—) n The largest background to the Higgs boson signal in the
Bij(as(1),C1,Cp)= >, | = ’u B{’(C1.,Cy), 7°7° channel is the continuum production 8 boson pairs
n=1 w

via the qq— z°z°X partonic subproces®27]. The next-to-
leading order calculations of this process are given in Refs.
[10,11]. A representative set of Feynman diagrams, included
> in the NLO calculations, is shown in Fig. 1. The application
_ as(lu') (n) . . —
= Z Cij"(z,b,C1,Cy t,u). of the CSS resummation formalism for theg— Z°Z°X sub-

process is the same as that for the casgaf> yyX [19].

The dimensionless Consta[@& C2 andC3 /'Lb were intro- ThEA(l) A and B coefficients in the Sudakov exponent
duced in the solution of the renormalization group equationgre identical to those of the Drell-Yan case. This follows
for W, . Their canonical choice i€,=Cs=2e" "e=h,, from the observation that to produce a he@¥boson pair,
C2=CJ1/b0= 1, andC,=C,=1 [18], whereyg is the Euler the virtual-quark line connecting the tv? bosons in Fig. 1
constant. is far off the mass shell, and the leading logarithms due to

For largeb, which is relevant for smalQy, the perturba- SOft gluon emission beyond the leading order can only be
tive evaluation of Eq(2) is questionable. Thus in Eql), generated from the diagrams in which soft gluons are con-

~ —_—— nected to the incominganti-)quark. This situation was de-

Wi, is evaluated ab, =Db/ 1+ (b/bpa)”, SO that the pertur- - goineq iy more detail?gr di)-?)hoton productigh9].

bative calc_ulatlon is reliable. Het®,,, is af_ree parameter of The resummed cross section is given by EX, with |

the formalism[18] that ha_s to be constrained k_)y other qataandj representing quark and anti-quark flavors, respectively,

(e.g. Drell-Yan, along with the non-perturbative function and

W}/P(b) which is introduced in Eq(1) to parametrize the

m;:a(!culable |OI’E] dlstanf:e effects. Since thg— vy .or” Fii(9.0s.0 ¢):25ij(gf+g§2)

Z°Z", and theqgq—V—Il" processes have the same initial

state as well as the same QCD color structure, in this work

we assume that the non-perturbative func@}i”(b), fited ~ The left- and right-handed couplingg, r are defined

to existing low energy Drell-Yan daf&6], also descrlbes the through theqqz® vertex, which is written as YuloL(1

non-perturbative effects in thgg— yy andz°z° processes. — ¥s) +9r(1+ ys)], with

Needless to say, this assumption has to be tested by experi- ) 5

mental data. _ T3—5,Q¢ o SuQs
The functionY in Eg. (1) contains contributions from the 9.=9 2¢c,, and gg=-g 2c,,

NLO calculation that are less singular thanQ%/ or

IN(Q%Q)/QF as Qr—0. This function restores the regular Hereg is the weak coupling constaris is the third compo-
contribution in the fixed order perturbative calculation that isnent of the SU(2) generator 5= 1/2 for the up quarlQ,,

not included in the resummed pie&ﬁj . In the Y function, and —1/2 for the down quarlQ), s, (c,) is the sine(co-
both the factorization and the renormalization scales are chaing of the weak mixing angle, anQ; is the electric charge
sen to beC,Q. The detailed description of the matching of the incoming quark in the units of the positron charge
between the resummed and the fixed order cross sections f0Q,=2/3 andQ4= —1/3). The numerical values of the pa-
Q1~Q can be found in Ref.24]. rameters will be given in the next section.

Cij(Z,b,/-L,C]_yCZyt:u)

21+c0329
1—cod

(6)
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The explicit forms of theA and B functions, used in the
numerical calculations are

1
Aqq(C)=Ck,

A2co—cd [T N S -2 2
qq( 1)_ F 36 12 c— 18 f— ﬁln Cl '
3 C,b
(1 _ 2 2M0
qu(clacz)_CF|: 2 ZIn( C]_ ):|1 (7)

whereN; is the number of light quark flavortNc=3 is the
number of colors in QCD,Cy=4/3, and B8;=(11N¢
—2Ny)/12.

PHYSICAL REVIEW D59 114007

dependence ort and u. In the m;—0 limit, F(t,u)
+F(u,t) reduces td="""(t,u) of the di-photon case which is
given in Ref.[19].1

The non-perturbative function used in this study26]

_ Q
wglf(b,Q,Qo,xl,xg):exr{ glbz—gzbzln(on)

—01030bIn(100x;X,) |,

with g;=0.11 GeV, g,=0.58 Ge\f, g;=—1.5 GeV},
andQ,=1.6 GeV. These values were fit for the CTEQ2M
parton distribution function, with the canonical choice of the

To obtain the value of the total cross section to NLO, it isrenormalization constants, i.€,=C3=by andC,=1, and

necessary to include the Wilson coefficie@g” and C{",

bmax=0.5 GeV ! was used. In principle, these coefficients

which can be derived similarly to those for di-photon pro-should be refit for CTEQ4M distributions30] used in this

duction[19]. The results are

=5, 8(1-2),

(0)(Z b /'L'g tu
2
Ci
w’(z b, = ,t,u)=0,
2
C
(1)(2 b M,Cl,t,u)
2
1 1 ub
:5'kCF[§(1_Z)_C_FIn( b ) EBK(Z)
C V(t,u) 9
2l 2o A T
e+ 5 3y

C, 1 b
B B s [ IE
0

+8(1-2)

tS)
In the above expressions, the splitting kernels[2&3
1 1+ 72
J(H)k(z) CF ~z/,
and
1
P{lo(2)= 527+ (1-2)%]. ©

For Z° boson pair production the functiodi in Eq. (7) is
given by

™  tu
V(t’u)zvzozo(tlu): _4+ ?'{' m
X[F(t,u)+F(ut)—2].

The definition of the functior(t,u) is somewhat lengthy
and can be found in Appendix C of R¢fL0] [cf. Egs.(C1)

study. We have checked that using the updated fit in Ref.

[31] does not change largely our conclusion because at the
LHC and Tevatron energies the perturbative Sudakov contri-
bution is more important compared to that in the low energy

fixed target experiments.

Before concluding this section we note that for the di-
photon production, we use the formalism described in Ref.
[19] to include thegg— yyX contribution, in which part of
the higher order corrections has been included via resumma-
tion. Since a gauge invariant calculation of thg— z2°Z%
cross section in the SM involves diagrams with the Higgs
particle, we shall defer its discussion to a separate Wik

Ill. NUMERICAL RESULTS

We implemented our analytic results in the ResBos Monte
Carlo event generat§R4]. As an input we use the following
electroweak parametef82]:

Gg=1.1663%10"° GeV 2, m,=91.187 GeV,

my,=80.41 GeV, a(mz)=mg

In the on-shell renormalization scheme we define the effec-
tive weak mixing angle

miy

2!
pmz

sifeff=1—- —

with
-1

m@( ma(my)
p=— | 1-——

V2Gemj,

2
mz

This is connected to the fact thatms— 0 the virtual corrections
of the Z° pair and di-photon productions are the safap to the
couplings, which is apparent when comparing K1) of Ref.[29]

and (C2)]. The functionV(t,u) depends on the kinematic and Eq.(12) of Ref. [10], after including a missing factor of
correlation between the initial and final states through itsl/(16ws) in the latter equation.
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TABLE |. Total cross sections of di-photon aZd boson pair < ' T '
production at the LHC and the upgraded Tevatron, in units of pb. 8
The kinematic cuts are described in the text. The‘sign refers } ! ﬁ E
to the matching prescription discussed in the text. °
Di-boson Collision /S  Fixed OrderO(a?) Resummed 'jcg'
produced type (TeV) CTEQ4L CTEQ4M & O(ag) }
7°70 pp 14 9.14 10.3 14.8 ©
z°7° pp 2 0.91 1.01 1.64
Yy pp 14 22.1 245 60.8
vy pp 2 8.48 9.62 22.8
Yy pp 1.8 6.30 7.15 17.0
In Eq. (6), the coupling of the&z® boson to fermionsy, is i
defined using the improved Born approximation: i
— 4 .
gz=4\/§GF(c§V”)2m§p, 9% 50 00 150 200 250 300 350

QTZZ (GeV)
with c&''=\/1—sirPéf", the cosine of the effective weak
mixing angle[In Eq. (6) c,, is identified withcS'".] We use
the NLO expression for the running strong and electrowea
couplingsag(n) and e(u), as well as the NLO parton dis- )
tribution function CTEQ4M[defined in the modified mini- 0 T"® fesummetbolid) curve matches theX(as) curve at about

TV . Q1=320 GeV. The resummeglg contribution (excluding thegg
mal subtraction, (MBschemé, unless stated otherwise. Fur- contribution is shown as a dashed line.
thermore, in all cases we set the renormalization scale equal

to the factorization scalgig=ug=0Q. . - .
Table | summarizes the total rates for the leading Ordeplfference of those two predictions can be interpreted as an

(LO), i.e. O(a?), and resummed photon- arZ?-pair pro- estimate of the contribution beyond the NLO.

duction cross sections at the LHC and the Tevatron. For the

lowest order calculation we show results using LO A. Z° pair production at the LHC

(CTEQ4D and NLO (CTEQ4M) parton distributions, be- In the LHC experiments théi —Zz°Z° channel can be

cause there is a noticeable difference due to the PDF ChOiCﬁjentified through the decay products of {72 bosons. The
As it was discussed in Ref24], the resummed total rate is

expected to reproduce th®@(«,) rate, provided that in the
resummed calculation tha™™), B®) and CV) coefficients
and theO(«ag) Y piece are included, and tlgg; distribution

is described by the resummed result @f<Q and by the
O(ay) result forQ+>Q. In our present calculation we added
the A(® coefficient to include the most important higher or-
der corrections in the Sudakov exponent. Our matching pre-
scription(cf. Ref.[24]) is to switch from the resummed pre-
diction to the fixed-order perturbative calculation as they
cross aroun@+~ Q. This switch is performed for any given
Q andy of the photon 0iZ° boson pairs. In the end, the total
cross section predicted by our resummed calculation is abou
the same as that predicted by the NLO calculation. The smal

FIG. 2. Transverse momentum distribution Bf pairs from

E+ gg partonic initial states at the LHC. Th®(«,) (dotted and
the asymptotic(dash-dottefl pieces coincide and diverge &3

do/dQ™"

TABLE Il. Resummed cross sections of the subprocessez%or
boson pair production at the LHC and the upgraded Tevatron, in
units of pb. The kinematic cuts are described in the text.

" coben  aozzx | ae 27 T

(TeV) type Q™ (GeV)
14 PP 10.9 3.91 FIG. 3. The integrated cross section @t boson pair produc-
2 pp 1.62 0.02 tion at the LHC. The resummed and tii¥ «) distributions are

shown in solid and dashed lines, respectively.
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o

o

w

wn
T

|

do/dQ% (pb/GeV)

do/dy” (pb/GeV)
o

0.02
0.015
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0.005 |- /¢

1 | | 1
200 300 300 500 800 700
Q¥ (GeV) y

do/dpr’ (pb/GeV)

y L L by Ly b L L L
0 0 50 100 150 200 250 300 350 400
z
pr (GeV)

FIG. 4. Invariant mass and rapidity distributionsZf boson pairs, and transverse momentum distributions of the indivefubbsons
at the LHC. The resummed contribution of thg+ qg— Z°Z°X subprocess is shown by the solid curve, and ofgthe> Z2°Z°X subprocess
by the dashed curve. The leading order distributiomgf-Z°Z° is shown by the dash-dotted curve.

detailed experimental kinematic cuts for this process are The rates for the different subprocesses of Zieboson
given in Ref[8]. Since the aim of this work is not to analyze pair production are given in Table Il. At the LHC ttog

the decay kinematics of the background, rather to present the*Z°Z°X subprocess contributes about 25% of thg+qg
effects of the initial-state soft-gluon radiation, following Ref. —Z°Z°X rate. TheK-factor is defined as the ratio(qq

[10] for the LHC energies we restrict the rapidities of each+ qg— z°2°X)/o(qgq— Z°Z°), which is about 1.4 when us-
Z° bosons as|y?|<3.0. We do not apply any other kine- ing CTEQ4M PDF.

matic cuts. The total rates are given in Table I. @) Figures 2—4 show our results for proton-proton collisions
rates are in agreement with that of Rf0] when calculated  at the LHC energy,/S=14 GeV. Figure 2 shows the trans-
using the same PDF. We expect the resummed rate to herse momentum distribution @ pairs. The NLQ O(«)]
higher than theD(as) rate due to the inclusion of th&®  prediction for theqq+ qg— 2°Z°X subprocesses, shown by
term. Indeed, ouK factor, defined as the ratio of the re- the dotted curve, is Singu|ar @I'_)O This singu|ar behav-
summed to the LO rate using the same PDF in both calculaor originates from the contribution of terms which grow at
tions, is higher than the naive soft gludtifactor (Knave least as fast as @2 or In(QYQ%)/Q2. This, so-called
=1+8may(Q)/9~1.3) of Ref.[33], which estimates the asymptotic part, is shown by the dash-dotted curve, which
NLO corrections to the production rate @f— Z°Z°X inthe  coincides with theéD(a,) distribution asQ;— 0. After expo-
DIS (deep-inelastic scatteringscheme. OurK-factor ap- nentiating these terms, the distribution is well behaved in the
proaches the naive one with the increase of the center-ofew Q+ region, as shown by the solid curve. Following our
mass energy, as expected. matching prescription described in the previous section, we

114007-6



HIGGS BOSON PRODUCTION AT HADRON COLLIDERS ... PHYSICAL REVIEW B9 114007

find that the matching takes place arou@g=320 GeV, =
depending on the actual values Qf andy. Figure 2 also 3
shows that at the LHC there is a substantial contribution >
from qg scattering, which is evident from the difference be- £
tween the solid and dashed curves, where the dashed curve%
N
o
©

the resummed contribution from theg— z°Z°X subpro-
cesses.
In Fig. 3 we give the integrated distributions, defined as

d max d
C= | aone (10
Qr

dQr"

in

Qr’

whereQT®is the largesQ+ allowed by the phase space. In

the NLO calculation, this distribution grows without bound

nearQf""=0, as a result of the singular behavior of the scat-
tering amplitude whei®+—0. It is clearly shown by Fig. 3

that theQy distribution of the resummed calculation is dif- ot
ferent from that of the NLO calculation. The different shapes 0 50 100 150 200 250 300 350
of the two curves in Fig. 3 indicates that the predicEY Q7 (GeV)

pair production rates, with a minimal value of the transverse o
momentumQy, are different in the two calculations. This is _ F!G: 5. Resummed and NLO transverse momentum distribu-

. 0 .
important at the determination of the background for the delions 0fZ" boson pairs at the LHC. The two resummed curves are

. . . calculated forC;=b, and C,=1 (upper solid, and forC;=bg/2
I/i(;tslznn?(:rﬁelr:g?ns Ib:ffo%ﬂ‘ni"fg V(\;"g\]/ n:ged(arreastﬁzr:]aergec:(r)asr;sand C,=1/2 (lower solid, respectively. The NLO curves are the
s T_TeT ’ . same as in Fig. 2.
section is about 1.5 times of the NLO cross section. g
The invariant mass and the rapidity distributions of e Sec. 1B (solid curve, and one with the following non-

boson pairs, and the transverse momentum distribution of the . _ B
individual Z° bosons are shown in Fig 4. When calculating Perturbative parameterg,=0.15 GeV, g,=0.48 GeV,

— 1 —

the production rate as the function of t&8 pair invariant 23, 0.58 GeV'*, and Qo=1.6 GeV (dashed curve, sz'
mass, we integrate the; distribution for anyQ, and y. Ref.[31]). There is some difference only in the Iow@%
When plotting the transverse momentum distributions of the
individual Z° bosons, we include both of tH#’ bosons per <
event. In the shape of the invariant mass and rapidity distri-3
butions we do not expect large deviations from the NLO >
results. Indeed, the shape of our invariant mass distributior&
agrees with that in Ref10]. However, the resummed trans- ~_ 041
verse momentum distributiopé of the individualz® bosons %
is slightly broader than the NLO distributiadimot shown in }
Fig. 4, cf. Ref.[10]). This is expected because, in contrast ©
with the NLO distribution, the resummed transverse momen-
tum distribution of thez® boson pair is finite aQ;—0 so ;
that thep? distribution is less peaked. oo M

In Figs. 5 and 6 we show the dependence of the re-
summed result on the values of the renormalization constant
C; (i=1,2), and the values of the non-perturbative param-
etersg; (i=1,2,3), respectively. As Eq2) shows, both the
Sudakov exponens;; and the Wilson coefficients;, de-
pend on the renormalization constaftg andC,. The scale
C,/b determines the onset of the non-perturbative physics, 01 e -3'8'
and C,Q specifies the scale of the hard scattering process -
We vary bothC; andC, by a factor of 2. In Fig. 5, we show Q™ (Cev)

that the resummgd calculation us_ing the Canorﬂ?:ladindC_z FIG. 6. Resummed and NLO transverse momentum distribu-
values(upper solid curvehardly dlffer.s from the Qne _Wh'Ch tions of Z° boson pairs at the LHC. The two resummed curves are
usesC; =ho/2 andC,=1/2 (lower solid curve. This differ-  c5icyjated for g,=0.11 GeV, g,=0.58 GeV, and gs=

ence is certainly smaller than the difference between the re-; 5 Gev! (solid), and for g;=0.15 GeV?, g,=0.48 Ge\?,
summed and fixed ordefdashedl curves in theQ$“=50  andg,=—0.58 GeV'! (dashed respectively. In both case®,
—100 GeV region. In Fig. 6, we show two resummed curves=1.6 GeV was used. The NLQlotted curve is the same as in
one with the non-perturbative parameters given at the end dfig. 2.

0.6 T

051

0.3 | i
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FIG. 7. Same as Fig. 4 but for the upgraded Tevatron.

region (Q%“<30 GeV), and this difference is negligible ~ Figures 7—-9 show the resummed predictions for the up-
compared to the difference between the resummed and NL@aded Tevatron. The invariant mass and rapidity distribu-
(dotted calculations. Based on these results, we conclud&0ns of z° boson pairs, anct)d the transverse momentum dis-
that the CSS resummation gives a stable prediction for thifibution of the individualZ" bosons are shown in Fig. 7.
gauge boson pair production at the LHC energy, and thd he solid curve shows the resummed contributions from the
same conclusions also hold for the Tevatron. qq+ngZ_°Z°X subprocess. The resummed contribution
from the qq—Z°z°X subprocess is shown by the dashed

0 . . . — . .
B. Z” pair production at the upgraded Tevatron curve. The leading ordeqq—Z°Z° cross section is also

After the upgrade of the Fermilab Tevatron, there areShOWﬂ, by the_dash-dotted curve. The invariant mass distri-
more than % 10°> Z° boson pairs will be produced. Since bution of theqq+qg—Z°Z°X subprocess is in agreement
this data sample can be used to test the tri-linear gauge boswith the NLO result of Ref[10], when calculated for/S
couplings[23], we also give our results for the upgraded =1.8 TeV. From this figure we also find that the contribu-
Tevatron with proton—anti-proton collisions at a center-of-tion from the qg— Z°Z°X subprocess at the energy of the
mass energy of 2 TeV. Our kinematic cuts constrain the raTevatron is very small.
pidity of both of theZ® bosons such thay?|<3. Both the In Fig. 8 we compare the NLO and resummed distribu-
LO and resummed total rates are listed in Table I. The ratidions of the transverse momentum of th2 pair. The figure
a(qq+qg—Z°2°X)/a(qq—2°2° is about 1.6, which is is qualitatively similar to that at the LHC, as shown in Fig. 2.
larger than the naive soft gluoK-factor of 1.3. Table I The resummed and the NLO curves merge at about 100
shows thatjg— Z°Z°X partonic subprocess contributes only GeV. The resummed contribution from thg— z°Z°X sub-

a small amounfabout 3% at this energy, in contrast to 25% process is shown by the dashed curve, which clearly domi-
at the LHC. nates the total rate.
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do_/dQTmin
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FIG. 8. Same as Fig. 2 but for the upgraded Tevatron. FIG. 9. Same as Fig. 3 but for the upgraded Tevatron.

In Fig. 9 we show the integrated distributiaﬂv/dQ?i” is similar to that in Ref[19].) The total rates and cross
for Z° boson pair production at the upgraded Tevatron. Thesections from the different partonic subprocesses are pre-
figure is qualitatively the same as that for the LK. Fig.  sented in Tables | and lll. We have incorporated part of the
3). The NLO curve runs well under the resummed one in thénigher order contributions to this process by including’

< 80 GeV region, and th& distributions from the in the Sudakov factor and:ét) in the Wilson coefficient
NLO and the resummed calculations have different shapefunctions(cf. Ref.[19]). Within this ansatz, up t&(«2), the
even in the region wher@y is of the order 60 GeV. For gg— yyX rate is about 24 pb, which increases the total
7'"=30 GeV, the resummed rate is about 1.5 times of thek-factor by almost 1.0. The leading ordgg— yy rate, via
NLO rate. the box diagram, is about 22 pb and 14 pb for using the LO
PDF CTEQA4L and the NLO PDF CTEQ4M, respectively.
C. Di-photon production at the LHC The large difference mainly due to the differences in the
Phot s f the d a4 be di- strong coupling constants used in the two calculafions
oton pairs Trom the decay process-yy can be O crpag)  requires ag(my)=0.132, while for CTEQ4M
rectly detected at the LHC. When calculating its most impor- ‘ = —
tant background rates, we impose the kinematic cuts on th@s(Mz) =0.116. The ratioo(qq+qg— yyX)/a(qa—y7)
final state photons that reflect the optimal detection capabiliis 1.5, ando(gg— yyX)/o(qg— yy) is about 1. Hence, the
ties of the ATLAS detectof8]: ratio of the resummed and thié(ag) rates, is quite substan-
p¥>25 GeV, for the transverse momentum of each phodtial.
tons, Figures 10—12 show our predictions for distributions of
ly?|< 2.5, for the rapidity of each photons, and di—photons produced at .the LHC In Fig. 10 we plot the |n
p%/(p%+ p$)<0_7, to suppress the fragmentation contri- Variant mass and rapidity distribution of the photon pairs,

bution, wherep} is the transverse momentum of the photon
with the higherp value.

We also apply aAR=0.4 separation cut on the photons, 2?When using the CTEQ4L PDF, we consistently use the LO run-
but our results are not sensitive to this dlthis conclusion ning coupling constands.

TABLE Ill. Cross sections of the subprocesses for di-photon production at the LHC and the upgraded
Tevatron, in units of pb. The resummeph— yyX rate includes the fragmentation contribution. The
O(aé) gg— vy rates were calculated using both the CTEQ4L and CTEQ4M PDF's. The kinematic cuts are
described in the text.

VS Collision qgqoyyX dg9—y¥X  gg—yy O(al)  9g—yyg  dg—yadX—yyX’

(Tev) type 4 aM Fragmentation
14 pp 20.5 16.6 22.3 14.4 239 6.76
2 pH 9.68 4.81 6.02 4.34 8.26 2.15
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FIG. 10. Invariant mass and rapidity distributions of photon pairs, and transverse momentum distributions of the individual photons at the
LHC. The total resummed contributidimpper solid, and the resummeqa+qge yyX (dashedg, qa—> vyyX (dotted, gg— yyg (dash-
dotted, as well as the fragmentatidiower solid contributions are shown separately. poE—» 0% O(ag) distribution is shown in the
middle solid curve.

and the transverse momentum distribution of the individualgg curve at about 50 GeV indicates the need for the inclu-
photons. When plotting the transverse momentum distribusion of the complete@(ag) gg— yvyg contribution.(Recall
tions of the individual photons we include both ph_otons Pefthat our prediction for theyg contribution at(’)(ag) only
event. The totallupper solid and the resummedq+qg  holds for smallQt, where the effect of the initial-state soft-
—yyX (dashedl qg—yyX (dotted, gg— yyX (dash- 9dluon radiation is relatively more important for a fix€x)
dotted, and the fragmentatiofiower solid, as well as the In Fig. 12 we give the integrated cross section as the
leading orderqa—> vy (middle solig contributions are function of the transverse momentum of the photon pair pro-

shown separately. The ratio of the resummed and the Léluced_ at_t_he LHC. Simi!arly to thé® pair production, there
distributions is about 2.5 which is consistent with the result> & significant shape difference between the resummed and

H H : min
in Table I. The relative values of the contributions from eacht® NLO curves in the low to mid)y region. ForQy
subprocesses reflect the summary given in Table Il

=50 GeV, the resummed rate is about 1.5 times of the NLO
Figure 11 shows various contributions to the transverséate

momentum of the photon pair. At lo®+ values Q1<Q),
theqg— yyX contribution is larger than thgg— yyX con-
tribution, while at highQ+ values Q+>Q), theqg— yyX In Ref.[19], we have presented the predictions of the CSS
subprocess becomes more important. D contribution  resummation formalism for the di-photon production at the
dominates the total rate in lo@y region, and the kink in the Tevatron with\/S=1.8 TeV, and compared with the data

D. Di-photon production at the upgraded Tevatron
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do/do™
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FIG. 11. Transverse momentum distribution of photon pairs at FIG. 12. The integrated cross section for photon pair production
the LHC. The total resummed contributidgopper solid, the re-  at the LHC. The resummed and tti¥ «) distributions are shown
summedqq+qg— yyX (dashedl qq— yyX (dotted, gg— yyX in solid and dashed lines, respectively.

(dash-dottefd as well as the fragmentatidifower solid contribu-

tions are shown separately. tation contribution is found to be unimportant.

Figure 15 shows the integrat€¥; distribution. The quali-

[21,22. In thisy_ager, we show the results for the ,Upgrad,eqative features of these distributions are the same as those
Tevatron with{S=2.0 TeV. We use the same kinematic predicted for the LHC. FoQ™i"=

=10 GeV, the resummed
. . . T ’

CUtSYWh'Ch were used in Ref19]: cross section is about twice of the NLO cross section.
p¥>12 GeV, for the transverse momentum of each pho-

tons,
ly?|<0.9, for the rapidity of each photons. IV. CONCLUSIONS
An isolation cut of AR=0.7 is also applied. The total  |n this work we studied the effects of the initial-state mul-

cross sections and the rates of the different subprocesses gji§ie soft-gluon emission on the total rates and various dis-
given in Tables | and Ill. The ratio of thgg+qg—yyX  tributions of the most important background processes

and qaﬂ.yy rates is about 1.5, similar to that at Fhe LHC. (pp,pp— yyX,Z°Z°X) to the detection of the Higgs boson
The leading order rate for thgg— yy subprocess is about at the LHC. We applied the extended CSS formalism to re-
6.0 pb and 4.3 pb for using CTEQ4L and CTEQ4M PDF, sym the large logarithms induced by the soft-gluon radiation.

respectively. The NLO rate fayg— yyg is estimated to be We found that for thelg. .

4 L9 . . @q andqg initiated processes, the total
8'3. pb.' using the apprOX|mat!on described |n. Rhfg]_’ cross sections and the invariant mass distributions of the
which is about the same magnitude as the leading ayder ho10n andz® boson pairs are in agreement with the fixed
— yYy rate. From our egst|mate' of the NLgY rate, we expect o qer calculations. From our estimate of the NLO rate of the
that the complete)(ay) contribution will be important for gg initiated process, we expect that the compt@(ezg) con-

photon pair production at the Tevatron. gibution will be important for photon pair production at the

Figures 13-15 show our results for photon pgirs produce evatron. We showed that the resummed and the NLO trans-
at the upgraded Tevatron. The resummed predictions for th\?erse momentum distributions of t&#8 and photon pairs are
invariant mass and rapidity distributions of the photon pairs

i i < i -
and the transverse momentum distribution of the individuaFubStam”JlIIy d|ﬁgrent forQT~Q/2. !,':' te'rms' of the inte
grated cross section above a giveR", this difference can

photons are shown in Fig. 13. In Fig. 14 we also plot the | % in the | . in .
contributions to the transverse momentum of the photon paif® 2 large as 50% in the low to mid-rangeQ@f". Using

— — the resummation calculation, we are able to give a reliable
from the qg+qg— yyX (dashedl qg— yyX (dotted, gg

. . prediction of theQ¢ and any other distribution in the full
— 79 (dash-dotte and the fragmentatm@ower solid kinematical region at the LHC and the Tevatron, even in the

subprocesses, separately. The leading otfier>yy Cross  presence of kinematic cuts. Since the bulk of the signal is in
section(middle solid is also plotted. In the lov@Qr region,  the low transverse momentum region, we conclude that the
the gg and theqq rates are about the same, and tfierate  difference between the NLO and resummed predictions of
becomes more important in the larg®r region. Further- the background rates will be essential when extracting the
more, after imposing the above kinematic cuts, the fragmensignal of the Higgs boson at hadron colliders.
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FIG. 13. Same as Fig. 10 but for the upgraded Tevatron.
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