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Supersymmetric QCD corrections to Higgs boson production at hadron colliders
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We analyze the next-to-leading order SUSY-QCD corrections to the production of Higgs particles at hadron
colliders in supersymmetric extensions of the standard model. In addition to the standard QCD corrections due
to gluon exchange and emission, genuine supersymmetric corrections due to the virtual exchange of squarks
and gluinos are present. At both the Fermilab Tevatron and the CERN LHC, these corrections are found to be
small in the Higgs-strahlung, Drell-Yan—like Higgs pair production and vector boson fusion processes.

PACS numbgs): 12.38.Bx, 12.60.Fr, 12.60.Jv, 14.80.Cp

I. INTRODUCTION final stateg hAHA,H*h,H"H ,H*A,H"H ] with reason-
able cross sectiongin particular for Ma~Myg~M =
A firm prediction of supersymmetric extensions of the <250 GeV and small values of t#h the ratio of the
standard mode(SM) [1] is the existence of a light scalar vacuum expectation values of the two Higgs douBletpe-
Higgs boson. In the minimal supersymmetric standard modetially at the LHC. Moreover, neutral and charged Higgs bo-
(MSSM) the Higgs sector contains a quintet of scalar par-gn pairs will be produced in gluon fusiogg— ®,®,
ticles [two CP-evenh and H, a pseudoscalaf and two  [1_13,
chargedH™ particled [2], the Higgs bosorh of which (c) The production ofC P-even Higgs bosons via vector
s_hou!d be light, with a mass! h5+13§ GgV[S]. If this Par-  poson fusiongq—qqV*V* —qqd [14]: In the case of a
thle is not found at the CERN"e co_lhder LEP2[4], it SM-like h boson, this process has a sizeable cross section at
}N'" belpro_ducgtd atﬁtiezgp?brfl?ed Fermllib T%vat(mhctert?]a the LHC. While decays of the Higgs boson into heavy quark
glrEgR?N quglrn(()asugéron Collid e«tLI-Ilsé)e)[(geg ?f)jt%e] I\C;IrSgM ig pairs are problematic to be detected in the jetty environment
9 T of the LHC, decays intor lepton pairs make this process

indeed realized in nature.
. . . . __useful at the LHJ15].
At hadron colliders, the dominant production mechanism o .
In addition to these types of processes, neutral Higgs bo-

for neutral Higgs particles is thgneavy quarkloop induced o —

gluon fusion procesgg—® with ®=h,H or A[8]. Since SOn _radiation off heavy bottom and top quarkgq,gg

the Higgs particles in the mass range of interdt, —bb®,ttd] might play an important role in SUSY theories

=135 GeV, dominantly decay into bottom quark pairs, this[16]. In particular, because the couplings of the Higgs boson

process is rather difficult to exploit at the Tevatron becaus&o b quarks can be strongly enhanced for large values of

of the huge QCD backgrouni®]. In contrast, at the LHC tang, Higgs boson production in association whib pairs

rare decays of the lightebtboson to two photons or decays can give rise to large production rates.

of the heavyH,A boson tor and u lepton pairs make this It is well known that for processes involving strongly in-

process very usefub]. teracting particles, as is the case for the ones discussed
Additional Higgs boson production mechanisms at hadrorabove, the lowest order cross sections are affected by large

colliders are provided by: uncertainties arising from higher order corrections. If the
(a) Higgs-strahlung offwW or Z bosons for theCP-even  next-to-leading QCD corrections to these processes are in-

Higgs particles[due to CP invariance, the pseudoscalar cluded, the total cross sections can be defined properly and in

particle does not couple to the massive gauge bosons at treereliable way in most of the cases.

level]: qg— V* —®V with ®=h,H andV=W,Z [9]. At the For the standard QCD corrections, the next-to-leading

- ; ; corrections are available for most of the Higgs boson pro-

Tevatgn, t.h @ procesyq’ —hW [with th-e h boson decaying duction processes. Théfactors[defined as the ratios of the

Into .bb pairs| (_jevelops a cross _sectlon of th_e order of anext—to-leading order cross sections to the lowest orderjones

fraction of a picobarn fpr a SM-likér boson with a mass  gor Higgs boson production via the gluon fusion processes

below ~135 GeV, making it the most relevant mechanlsmhave been calculated a few years 44d]; the [two-loop]

to study[5]. At the LHC, both thebb and yy decay modes QCD corrections have been found to be significant since they

of the h boson may be exploite]. increase the cross sections by up to a factor of two. Khe
(b) If the heavierH,A,H= bosons are not too massive, factors for Higgs production in association with a gauge bo-

the pair produ_ction of two Higgs particles in the Drell-Yan son (a) and for Drell-Yan-like Higgs pair productiorby,

type processgg— @ P, [10-17, might lead to a variety of can be inferred from the Drell-Yan production of weak vec-
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II. QCD CORRECTIONS TO THE PRODUCTION
PROCESSES

A. Higgs-strahlung and Drell-Yan—-like pair production
processes

Q:
<

At hadron colliders, the lowest order partonic cross sec-

tion for the Higgs-strahlung processaq;H—N(I) with V
=W,Z and®=h,H, is given by[7,9]

FIG. 1. Generic diagrams contributing to the SUSY-QCD cor- o l2:M<1/ .
rections to theqqV vertex[V=vy,Z,W] at NLO. oo(qq—VP)= 288ms CZIDVV(U(Z]_I_ aé))\llz(l\/' SM3:9)

tor bosons and increase the cross section by approximately

30% [18]. The QCD corrections tagg— d,P, are only _

known in the limit of light Higgs bosons compared with the (1- M\Z,/s)2

loop-quark mass; they enhance the cross sections by up to a

factor of two[13]. For Higgs boson production in the weak with the couplingsyg,v=Sin(8—«) or cosB—«) for h and

boson fusion processc), the QCD corrections can be de- H respectivelys is the partonic c.m. energy andthe usual

rived in the structure function approach from deep-inelastiawo-body phase space function(x,y;z)=(1—x/z—y/z)?

scattering; they turn out to be rather small, enhancing the- 4xy/z°. vq,8q are the vector and axial-vector couplings

cross section by about 10929]. Finally, the full QCD cor-  of the quarkq to vector bosons and are given b)g=2|§

rections to the associated Higgs production with heavy— 4eqs\2/v’aq=2|g for V=2 [e, is the electric chargeg the

quarks are not yet available; they are only known in the limitweak isospin of the quark arsf,=1—c3,=sir’4,] and Vg

of light Higgs particles compar@ with the heavy quark mass— ag= V2 for V=W.

[20] which is only applicable tath production; in this limit The partonic cross section for Drell-Yan—like Higgs pair

the QCD corrections increase the cross section by about 20production qa_@lcpz, where at least one of the Higgs

60 %. bosons is neutral, is given 40,11
Besides these standard QCD corrections, additional

SUSY-QCD corrections must be taken into account in SUSY_ _ GZM¥

theories; the SUSY partners of quarks and gluons, ther o(qq—®P,)= —Agélq,zv(vgnt ag)

squarks and gluinos, can be exchanged in the loops and con- 288ms

tribute to the next-to-leading order total cross sections. In the

case of the gluon fusion process, the QCD corrections to the NFAMG MG ;s)

squark loop contributions have been calculated in the limit of 52

light Higgs bosons and heavy gluinos; tKefactors were (1=My/s)

found to be of about the same size as the ones for the quark

loops[21]. The SUSY-QCD corrections to the other produc-Wheré the couplings are given byzna=gwn+=COS{
tion processes are not yet available. —a), Gzua=OQwni =SiN(8—a) andgwy+a=1. For charged

In this paper, we calculate the SUSY-QCD corrections to1199s boson pair production there is afchannel photon

the Higgs production cross sections for Higgs-strahlungg)e(gtr;gg?: u:Vaecrild;Jt;E)lnotiéhéchannel diagram, and the cross
Drell-Yan-like Higgs pair production and weak boson fu- g ’

A(MZ,M2;s)+12M2/s
X

()

@

sion processes. These corrections originate fopo one- ra?(d) 26

loop vertex corrections, where squarks of the first two ge“'&Lo(qaaH*H*)z _ {e§+ . quqv'“ —
erations and gluinos are exchanged, and the corresponding 9s 16sy,co(1—M3/s)
quark self-energy counterterms, Fig. 1. These corrections 9 o 2

turn out to be small for reasonably large values of the squark n (vgtagvy+ 3)
and gluino masses, altering the cross section by a few per- Bdst i (1—M2/5)2

cent only. For heavier masses, squarks and gluinos decouple

and the SUSY-QCD corrections become tiny. with v+ = _2+45\2/v-

Note _that genuine SUSY'.QCD correc_tions are also The hadronic cross sections can be obtained from convo-
present in the decays of the Higgs bosons into heavy quar|k

X  MECNuting Egs. (1)—(3) with th di t k den-
pairs[22]. They are much larger than for the production in Sl;tilgg qutié ;rcgtgn\gl e correspondingantjquark den
the case of large mixing in the sbottom sector, being of the
order of a few ten percent, and decouple only slowly for 4
large squark and gluino masses. They are being included in ! de™. - o

_ . oLo(PP— VP, @ 0,)= | dr>, ——0 o(5=19)
the progranHDECAY [23] which calculates the decay widths o g dr
and branching ratios of the MSSM Higgs particles. (4
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where 7o=(My+Mgy)?/s for the Higgs-strahlung and 1 M2 1
=(Mg,+ M®2)2/s for the pair production processes, wih wqg(2)=— > qu(z)log( —2) + §{1+ 6z—77%},
being the total hadronic c.m. energy squared. (1=2)%rs

The standard QCD corrections, with virtual gluon ex-
change, gluon emission and quark emission, are identical twhereM denotes the factorization scale,the renormaliza-
the corresponding corrections to the Drell-Yan procession scale and®q,Pqq the well-known Altarelli-Parisi split-
[18,24. They modify the lowest order cross section in theting functions, which are given bj25]
following way [7,18]

2
=00t A0yt Aoy :i 1+z g B
B Pqq(2) 3 —(1—z)++25(1 Z)
. as(ﬂ)fl dcaa
Aogq= TodT% ar )
qu(z)zz{zz_l'(l_z)z}- (7)

X fl dz o o(Q%= 729 wyq(2)

ol7
The index + denotes the usual distributiolf , (z) =F(2)

Ao :Mflde e - 8(1-2)[3dZ'F(2).
a9 T Ju Gq dr Including the vertex correction due to the squark-gluino
L exchange diagram and the corresponding self-energy coun-
% ~ 2_ terterm, the lowest order partonic cross section in €.
j o 32010(Q7 =729 wgy(2) ® Lill be shifted by
with the coefficient function§24]
PR PN G 8
M2 2 OLo— 00 +§ eC(s,mg,mg) |. (8
wqq(Z2)=— qu(z)logg + 313 -4
log(1—2) For degenerate unmixed squarfas is approximately the
X 8(1—2)+2(1+2%) T) ] (6)  case for the first two generation squdrkhe expression of
z J, the factorC is simply given by

2 2 2
mg + (G~ m)x

1 1
C(s,ma,ma)=2f xdxf dy log 9
0 0

—sx2y(1—y)+(m§—m§)x+ mg—ie'

In terms of the Passarino-Veltman scalar functidgs B, and C, [26] the expression of the functio@ reads

R N 2 - R
C(s,myg ,mé)=2mgco(s,0,ma Mg, M) — g(rr%—n%)c+(s,0,rna ;Mg ,Mg) + 1+ Bo(s,mg,mg) —2B,(0,mg,mg) (10

with
C.(s,0my,my,my)=By(s,my,my) —Bo(0.my,my) + (M3 —m7) Co(s,0my,my,my)
1 2 2 ’
B1(0,my,my) = E[Bo(oymlymz) +(mI—m3)Bo(0my,my)] (11
where
, Jd
BO(SimlimZ): &_SBO(Samlva)- (12)

It should be noted that these results agree with the corresponding SUSY-QCD corrections to slepton pair production at hadron
colliders[27].
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B. The vector boson fusion processes

The differential leading order partonic cross section for the vector boson fusion prgeessiqV*V* —qq® with V
=W,Z and® =h,H [with the couplingsysyy given beforé can be cast into the foriiv,14]

1 \2GiIMYaia3gsyy

2l Fi(x1,M?)F2(x2,M?) | (P20y)?
TL0=7 — L F1(X1,M2)F(x5,M?) 2+(Q1ZQ22) 1(Xq P) 2(X2,M“) | ( zqzz) M2
[a1—MyITa;—My] d:19> 202 Qs
2 2
1 P02 Fa(x1,M?)F1(x2,M?) | (P1g)® , 1 Py
t | Pti——5q Q2> —Mp+ —| P10~ —-a10
i( g P1d; o2 Pl 2
Fa(X1,M?)F5(x2,M?) (P19 (P2a1)  (P202)(P102) N (P101)(P202)(d102) ?
(P101)(P2032) v 2 a5 a795
F3(X1,M?)F3(x2,M?) dP S
P,P —(P P dx;dXo—— 13
2(P100)(P50,) [(P1P2)(d102) —(P102)(P201) ] 10Xz : (13

wheredP S; denotes the three-particle phase space of the final-state parillethie proton massP; , the proton momenta
andq; , the momenta of the virtual vector bosow$. The functionsF;(x,M?)(i=1,2,3) are the usual structure functions
from deep-inelastic scattering processes at the factorization Bcale

Fi(x,M?)=2 (vi+adla(x,M?)+q(x,M?)]
q
Fo(x,M?)=2x2>, (vi+a3)[a(x,M?)+q(x,M?)]
q

Fa(x,M?2)=42, va [ —q(x,M?)+q(x,M?)] (14)
q

wherev, anda, have been defined previously.
In the past the standard QCD corrections have been calculated within the structure function ag@p&ihce at lowest

order, the proton remnants are color singlets, at next-leading @Wdili€¥) no color will be exchanged between the first and the
second incomingoutgoing quark line and hence the QCD corrections only consist of the well-known corrections to the

structure functions;(x,M?) (i=1,2,3). The final result for the QCD-corrected cross section can be obtained from the
replacements

Fi(x,M?)—=F;(x,M?)+AF;(x,M2,Q%) (i=1,2,3 (15)

with [7,19]

S idy | 2 —
AF(x,M2,Q%)= # 2 <v3+a§>J y{g[qw,wwq(y,wn

3 M2z 5 3
_ quq(z)log?—l—(l-l-z )D(2) — EDO(Z)+3

x Y
9 1 ) M2z
— §+? 6(1-2) +Zg(y,M ) —2qu(z)logm+4z(l—z)—l (16

M2

(1) 1dy [ 2 _ 3 z 3
AF2<x,M2,Q2)=2x#§ <v§+a§)fx%[g[qw,wwq(yw)] = 4 Pal2log -+ (L4 2)Di(2) = 5Du(2)

2

RPN L PV
2=\t g2

1 M?z
+Zg(y,M2) —2qu(z)logm+82(l—z)—1H (17)
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s ) id 2 — 3 MZZ
AR M2,Q7) = 224 ) 4vqaqfxyy[3[—q<y,M2)+q<y,M2>] ~ 4P 2log -+ (14 2)Di(2)
3 9 =?
—EDO(Z)+2+Z_ E‘f‘? 5(1_2) , (18)

where z=x/y and the Altarelli-Parisi splitting functions scales are fixed by the corresponding vector-boson momen-
Pqq.Pqg are as given before. We introduced the notationtum transferu?=M?2=—q? for x=x; (i=1,2).
Di(z)=[lod'(1-2)/(1-2)], (i=0,1). The physical scal® is The inclusion of thetwo) vertex corrections due to the
given by Q%= —qi2 for x=x; (i=1,2). These expressions squark-gluino vertex diagrams and the corresponding self-
have to be inserted in E413) and the full result expanded energy counterterms, assuming that the quarks are massless
up to NLO. The typical renormalization and factorization and the squarks degenerate in mass, can be performed by
shifting the functions F;(x; ,M?) in Eqg. (13) by (i
=1,...,3and=1,2)

——

o(pp—h+X) [pb]

o L Vs = 14 TeV | 20 ot
[ CTEQ4M/L ] E Bgysy [%] M, = 112.6 GeV

E Ys=14TeV m, =200 GeV

hqq

80 90 100 110 120 130 140

_0‘5 PR IPSRU VIO U0 AU T W S N ST S SN (NS ST A [T T N S S RN SN
M, [GeV] 100 150 200 250 300 350 400
mq[GeV]
1 LA LA L B LA
o(pp—h+X) [pb] | 2.0 . . . . .
Vs=2TeV ] E Sgusy [%] M,=1126GeV ]
CTEQ4M/L ] E Vs=2TeV m, =200 GeV W

10~

PRI BRI EFREN EFEEE SRR
80 90 100 110 120 130 140 ' 100

150

200 250
M, [GeV] m, [GeV]

05t
300

FIG. 2. Total LO and NLO cross sections of Higgs boson pro- FIG. 3. Relative corrections due to virtual squark and gluino
duction via Higgs-strahlungg— h-+W/Z and vector boson fusion exchange diagrams to Higgs boson production via Higgs-strahlung
qgq—qqV*V* —qgh [V=W,Z] at the LHC (upper ploj and the = qgq—h+W/Z and vector boson fusioqg—qqV*V*—qqgh [V
Tevatron(lower ploY in the decoupling limit. =W,Z] at the LHC(upper ploj and the Tevatrorlower plo?).
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) ) 2 ag(p) 5 squark mass for a fixed gluino masg =200 GeV(for the
Fi(xj M%) —Fi(x;,M%)| 1+ 3, ReC(q; Mg, M) sake of simplicity we kept the stop mass fixed for the deter-
(19  mination of the Higgs boson mas4;, and varied the loop-

squark mass independenitly

where the functiorC(%,ma ,mg) has been given in Eq10). The SUSY-QCD corrections increase the Higgs-strahlung
cross sections by less than 1.5%, while they decrease the
Il. NUMERICAL RESULTS vector boson fusion cross section by less than 0.5%. The

maximal shifts are obtained for small values of the squark

We will perform our numerical analysis for the light sca- masses of about 100 GeV, which are already ruled out by
lar Higgs bosorh in the decoupling limit of large pseudo- present Tevatron analys€29]; for more reasonable values
scalar massesyi,~1 TeV. In this case the light boson  of these masses, the corrections are even smaller. Thus, the
couplings to standard particles approach the SM values. ladditional SUSY-QCD corrections, which are of similar size
our analysis we will investigate the Higgs strahlung processit the LHC and the Tevatron, turn out to be very tiny. For
ggq—hV and the vector boson fusion mechanisqy large squark-gluino masses they become even smaller due to
—qqV*V*—qqh [V=W,Z]. the decoupling of these particles, as can be inferred from the

In Fig. 2, we show the cross sections for these processaspper squark mass range in Fig. 3.
at LO and at NLO with only the standard QCD corrections
included, as a function of the boson mas$which can be
made varied by varying the parameter gnfor Tevatron
and LHC energies. The NLQ.O) cross sections are convo- In this paper we have determined the SUSY-QCD correc-
luted with CTEQ4M (CTEQA4L) parton densitieg28] and  tions to Higgs boson production via Higgs-strahlung, Drell-
NLO (LO) strong couplingsy. As can be inferred from the Yan-like Higgs pair production and vector boson fusion at
figure, the standard QCD corrections increase the Higgshadron colliders. The additional SUSY corrections originat-
strahlung cross sections by about 3@290% at the LHC  ing from the exchange of virtual squarks and gluinos range at
(upgraded Tevatrgnand the fusion process by about 10% the percent level and are thus rather small. This analysis
(5%) at the LHC (upgraded Tevatron completes the theoretical calculation of the NLO production

For the SUSY-QCD corrections, we evaluated the Higgscross sections of these processes in the framework of super-
mass for taB=30,M,=1 TeV and vanishing mixing in symmetric extensions of the standard model.
the stop sector; this yields a valdé,=112.6 GeV for the
light scalar Higgs boson mass. For the sake of simplicity we
decompose th& factorsK = o o/ o into the usual QCD
part Kocp and the additional SUSY correctiofsysy: K We thank P.M. Zerwas for useful discussions. The work
=Kocpt dsusy- The additional SUSY-QCD corrections at ITP was supported by the EU FF Program under contract
dsysy are presented in Fig. 3 as a function of a commonFMRX-CT98-0194(DG 12-MIHT).

IV. CONCLUSIONS
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