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Squark loop correction to W*H ™ associated hadroproduction
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We study the squark loop correctionW™H * associated hadroproduction via gluon-gluon fusion within the
minimal supersymmetric extension of the standard model. We list full analytic results and quantitatively
analyze the resulting shift in the cross section at the CERN Large Hadron Collider assuming a supergravity-
inspired scenario.
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[. INTRODUCTION one loop, which were investigated for vanishing bottom-
quark massn, and small values of tafl (0.3<tan8=<2.3)
The search for Higgs bosons will be among the primein Ref.[10] and recently, without these restrictions, in Refs.
tasks of the CERN Large Hadron CollidaHC) [1]. While  [2,11]. A careful signal-versus-background analysis, based
the standard moddSM) contains one complex Higgs dou- on the analytic results of Ref2], was recently reported in
blet, from which one neutral P-even Higgs boson emerges Ref. [12]. So far, only the quark loop contribution i@g
in the physical particle spectrum after electroweak symmetry~W=H~ was considere{2,10,11. The purpose of this pa-
breaking, the Higgs sector of the minimal supersymmetridd€er is to provide, in analytic form, the supersymmetric con-
extension of the SM(MSSM) consists of a two-Higgs- tribution to this partonic subprocess, which is induced by
doublet model(2HDM) and accommodates five physical V|.rtual squarks through thg Feynman .d|a_grams dep|pteq in
Higgs bosons: the neutr& P-evenh® and H® bosons, the Fig. 1. Furthermore, we wish to quantitatively study its in-

neutral CP-odd A° boson, and the charged*-boson pair. ~ flUeNce on the CLOSS sgction of thﬁ iﬂclus_ivehreacqjxm .
At the tree level, the MSSM Higgs sector has two free pa-_’W H™+X at the LHC. We recall that, in the case o

P . .
rameters, which are usually taken to be the magsof the pp—>H H™+X, the_ supersymmetric correct(l]on to the
A° boson and the ratio tg®=uv,/v, of the vacuum expec- gg-fusion cross section can be as large 850% [7]. A

tation values of the two Higgs doublets priori, one expects to encounter a similar situation fiqr

) . THT+X.
The discovery of théd~ bosons would rule out the SM —WhH X

q h : . he MSSM. Th In order to reduce the number of unknown supersymmet-
and, at the same time, give strong support fo the - e input parameters, we adopt a scenario where the MSSM
main strategies for thél~-boson search at the LHC were

: ; , I is embedded in a grand unified theq@UT) involving su-
summarized in Refs[1,2]. Depending on theH™-boson o qravity (SUGRA) [13]. The MSSM thus constrained is
massmy, the dominant mechanism of singte™-boson ha-  -aracterized by the following parameters at the GUT scale,
droproduction argyg,qq—tt followed by t—bH™ [1], gb  which come in addition to tad andm, : the universal scalar
—tH™" [3], gg—tbH" [4], andqb—q'bH™" [5] together massm,, the universal gaugino mass,,, the trilinear
with their charge-conjugate counterparts. The hadroproduddiggs-sfermion couplingd, the bilinear Higgs couplings,

tion of H*H ™~ pairs proceeds at the tree level g anni-
hilation, gg—H"H~, whereq=u,d,s,c [6], andb [7], and

at the one-loop level vigg fusion,gg—H*H~, which is
mediated by quark7-9] and squark loop$7,9]. The sup-
pression of theyg-fusion cross section by two powers of the

strong-coupling constanig relative to the one ofjq annihi-
lation is partly compensated at multi-TeV hadron colliders
by the overwhelming gluon luminosity.

An interesting alternative is to produét™ bosons in as- [%

sociation withW* bosons, so that the leptonic decays of the ¢ uh MWW LA 2208 MWW w
latter may serve as a trigger for tié-boson search. The A L P
dominant partonic subprocessesWFH™ associated pro- R 0y 4 By
duction arebb—W*H™ at the tree level andg—W*H™ at . N o ' -
*Permanent address: Il. Institutrftheoretische Physik, Univer- FIG. 1. One-loop Feynman diagrams fgg—W™H™ due to

sita Hamburg, Luruper Chaussee 149, 22761 Hamburg, Germanyirtual squarks in the MSSM.
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and the Higgs-Higgsino mass parameiemNotice thatm, is  helicity amplitudes of the partonic subprocegg—W H™*
then not an independent parameter anymore, but it is fixethvolving virtual squarks. In Sec. Ill, we present quantitative
through the renormalization group equation. The number opredictions for the inclusive cross section pp— W H™*

parameters can be further reduced by making additional ast X at the LHC adopting the SUGRA-inspired MSSM. Sec-
sumptions. Unification of the-lepton andb-quark Yukawa tion IV contains our conclusions.

couplings at the GUT scale leads to a correlation between

and tanB3. Furthermore, if the electroweak symmetry is bro-

ken radiatively, therB and . are determined up to the sign

of w. Finally, it turns out that the MSSM parameters are

nearly independent of the value 8f as long agA|=<500 In this section, we express tlgg— W H™ helicity am-

GeV at the GUT scale. plitudes involving one closed squark loop in terms of the
This paper is organized as follows. In Sec. I, we list thestandard scalar two-, three-, and four-point functions,

II. ANALYTIC RESULTS

dPq 1
Bo(p?,m2,m? =f— :
o PL. Mo, Mi) i7? (g~ mi+ie)[(q+py)’—mi+ie]

1
i72 (g~ ma+ie)[(q+p)?—mi+iell(q+py)—mi+ie]’

Co(pT.(p2—P1)?,p3,mg,m2, m5)= f

DO(piy(pz_ pl)za(p3_ pz)zipglpga(p3_ pl)zimg!miamgamg)

dPq 1
_f?(qz—m3+ie>[<q+p1>2—mi+iei[<q+pz>2—m§+iei[<q+p3>2—m§+iei’

(2.1
|
whereD is the space-time dimensionality. TBg function is coga—B)
ultraviolet (UV) divergent in the physical limib—4, while w H =" 5
the C, and Dy functions are UV finite in this limit. We
evaluate theB,, C,, andD functions numerically with the
aid of the program package FK14]. To simplify
to notation, we introduce the abbrewation@”k(c) _ sin(a— ,8)
=Co(a,b,c,m?,m’,mg) and Gw HHOT T T 2.2

abcd
Dijir(e,1)=Do(a,b,c.d e, fum?,m, mic,mp). wherea is the mixing angle that rotates the we@k-even

Higgs eigenstates into the mass eigenstafeand HC.

We work in the MSSM adopting the Feynman rules from  Calling the four-momenta of the two gluons and the
Ref. [15]. For each quark flavoq there is a corresponding bosonp,, p,, andpy, respectively, we define the partonic
squark flavorg, which comes in two mass eigenstates Mandelstam variables &= (p,+pp)?, t=(pa—Pw)® and
—1,2. In the following, up- and down-type squark flavors areU= (Po—Pw)*. Furthermore we mtroduce the following

generically denoted by andb, respectively. The masses, short-hand notationsy=mj,, h=mj, d=t—u, L=t=w,

of the squarks and their trilinear couplingg,-7% , 9nog =t=h, u=u-w, u;=u-h, N tu wh, A=8°+w
lb » YhYg; q ’ 2
+hc-2 +wh+h d We label the he-
9055, andgy 75, to theWw, h®, H, andH™* bosons are (SwHw S). andq= mi e fabelhe he

licity states of the two gluons and th& boson in the par-
defined in Eqs(A5) and(A9) of Ref.[16] and in Eq.(A2) of -
: tonic center-of-masgc.m) frame by \,=—1/2,1/2, \,=
Ref. [7], respectively:. Furthermore, we have —1/2, 1/2, andvy— —1,0.1.

The relevant Feynman diagrams are depicted in Fig. 1. In
analogy to the quark case, we refer to the diagrams involving
YIn Ref.[16], mg, and w1, are calledM, andV\},p,/g, re-  a neutral Higgs boson in thechannel as triangle diagrams.
spectively. In contrast to the quark case, the diagrams involving/Afe
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boson add up to zero. The residual diagrams are regarded be longitudinally polarized because it couples to two Higgs

be of the box type. The helicity amplitudes of the squarkbosons. As for the squark box contribution, all twelve helic-

triangle contribution read ity amplitudes contribute. Due to Bdsand weak-isospin
symmetry, they are related by

Mme 0= =41+ AN

( 9w-H+hoGn%g,q;

—_ 2 1 v
q [ S mh0+|mhorho MEa}\b}\W(t u,m: rn~ ) ( 1))\ M}\ pA )\W(u’t' i’ ij),
9w~ H+HOOHOg,g;
7 T [1+2m'Caaa(S)] -5 2 9 ~ 0 2 2
S mHo IMyol Ho M)‘a)‘b)‘W(t’u’mfi'mBj): _M—)\a—)\b—)\w(t’u’mﬁj’n"{i)'
(2.9

Mg\, 21=0, (2.3

wherel'o andI" o are the total decay widths of tH€ and  respectively. Keeping. = *1 generic, we thus only need
HO bosons, respectively. In this case, theboson can only to specify four expressions. These read

whereX i ;) denotes the sum over squark generations and

[ —25(t1+u1)[m~Cbbb() WFC;;;(S)H[Wd q(t 1+U1)][tzcb“(t)+t1Ctbb(t)] [wd+q(t;+uy)]

X107 5 (0+CEY: (0]~ [Wd—q(ty+ up) IIN+s(m +m? ) DI (L)

+25m5 [W(to+Uy) +q(ty+ ul)]Db 3 b (st~ 2sn=E [W(to+Uy) —q(ty+ ul)]D?Vg"f’t (s1),

F‘i_=s(t+u—2q)[w(t2+u2)+q(t1+u1)]cg?5_5_(s) to{tw(ty+ Up) — q[t(t+ 3u) — 2w(t+u) — 2N]}Cb;t(t)

— U {uw(ty+u,) —qlu(3t+u)—2w(t+u) 2N]}Cb~t { (u) =ty {tw(t,+uy) —qlt(d+4uq) — 2N]}C%”9f~t~ (t)

—uq{uw(t,+u,)+qglu(d—4t )+2N]}Cb~tt(u)—(d2+2N)[w(t2+ u,)+q(ty+ ul)]Cg;ﬁt’iBj(s)

+Iwd—q(ty+un) IIN(ME +m? )+ S@IDERTE (t.U)— [W(ta+ Ug) +a(ty-+u) I[st(t—2m; ) = 2tytom +s67]

h h
xDbVZOSb(st) [w(t,+Up)+qg(t;+uqy)][su(u— 2m~) 2u1u2m +sq2]Db"¥°£5(s,u),

2Notice that the interchange bfandu also affects the representation of #veboson polarization four-vector through its dependence on the
angle between the three-momenta of gluand theW boson. This explains the sign factor in the first line of E24), which is not
expected from pure Bose symmetry.
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(s)—me Cc2

.- h
Fl,=— 232d[m§jc~g?Eij  Crtr (91+IN(ty+uy) +sdq][t2c5%i;i(t) +t1CltAi'%ij(t)] ~[N(t;+u;)—sdq]

(t)]—[N+s(m§j+m%i)][N(tlJru1)+sdq]D£?t—viv£5j(t,u)

ho w0
X [tZC’EiBij (t)+ thBjTi’fi

2 hwo00 2 hwO00
+ ZsszJ_[ZN +d(t— q)]DBJ_V{iBjEJ_(s,t) —2s’m; [2N+d(t+ D) ID757 (S0,

F2 ., =(N=SQ[t:CE% (0~ tCE7 (D] (N+s)[t;Cg 5 ()~ t.CR 5 (1)]

—[N*+2sN(m; +m? )+ S0’ DE 3, (tu),

FL_=2sdNBy(s,mZ ,me)+s2d[t?+u+2N—2q(t+u)+20?]CL% 1 (S)—to{st(td+2N)
] ] 1717
+g[d(25t+3N) — 2N(2t; +t5) [} CEx = (1) — Up{su(ud—2N) +g[ d(25u+3N) + 2N(2u; + Up) [}CE% < (1)
jriti jriti

—ty{st(td+2N) +q[d(2st+N) — 2t,NJ}C2% < (1) —uy{su(ud—2N) +q[d(2su+ N) + 2u,NJ} CE3 = (u)
I jriti

515,(8)+[2uN=d(N=SQIIN(m +m?) +SIDEE T ()~ s[2N+d(t-q)]

—sd(d?+4N)(t+u—2q)C BiTE
jriti

X[st+2NmE —sq(2t—a)IDE g 5 (S0 +S[2N—d(u—q)[stP+2Nm; —sq(2u—a)IDE T 5 (S.u),
J I | ] I |

P =2sNBy(s,mg m )+ S[s(t’+u?) +4NME —2sq(t+u—0)]C3 5 (5) —tolsP+a(2st+N)ICE35 (1)

—u,[sWP+q(2su+ N)]CE%izi(U)—t1[3t2+ q(2st+ N)]C%Vj%

i~ti(t) —uy[st?+q(2su+ N)]C%Vj%;(u)

—S(d2+2N) (t+Uu—20)CP% ¢ (5)+q{N[N+2s(mi +m?)]+s%g2Dpass (t,u)
1717 | i JritiY
—s(t—q)[st2+4Nn%j—sq(Zt—q)]Dgﬁ?ngJ(s,t)—s(u—q)[su2+4Nn%j—sq(Zu—q)]D-E;’{?ngj(s,u). (2.6)
Notice that the UV divergences &f. _ andF3 _ cancel in the expression fd?/l'f_xw in Eq. (2.5.
The differential cross section of the partonic subproaggs:W H™ is then given byf11]

do az(,u )sz2 - -

Qg W Ht)= ST TRW A m YT s 2

dt (gg—W"H™) 2564752 ry Konw |M"a>‘b>‘w+ Moo~ Mo anxbxwl , 2.7

whereag(u,) is the strong-coupling constant at renormaliza-of the hadronic collision, may be evaluated from E2j1) of
tion scales,, Gg is Fermi's constant, and(, , and  Ref.[2]

MEa)‘b}‘W are the helicity amplitudes of the quark triangle
and box contributions, which may be found in E¢®. and IIl. PHENOMENOLOGICAL IMPLICATIONS

(3) of Ref.[11], respectively. The rellative minus signs be-  \yve are now in a position to explore the phenomenologi-
tween the quark and squark terms in ER.7) compensate 4| implications of our results. The SM input parameters for
for the fact that the Feynman rules underlying Réfl] dif-  oyr numerical analysis are taken to 6e=1.16639< 10 ®

fer from those adopted here. Due to Bose symmetry, thgsev-2, m,,=80.419 GeV,m,=91.1882 GeV,m,=174.3
cross sectiomlo/dt of gg—W™H™ is symmetric int andu.  GeV, andm,=4.6 GeV[17]. We adopt the lowest-order set
Due to charge-conjugation invariance, it coincides with theCTEQS5L[18] of parton density functions for the proton. We
one ofgg—W"H ", so that the cross sectiah/dt of gg  evaluateag(u,) from the lowest-order formulgl7] with
—W*H" emerges from the right-hand side of E8.7) by  n;=5 quark flavors and asymptotic scale paramet§i,
multiplication with two. The kinematics of the inclusive re- =146 MeV [18]. We identify the renormalization and fac-
action AB—W*H ™ +X, whereA and B are colliding had- torization scales with th&/“H™ invariant masss. For our
rons, is described in Sec. Il of R¢2]. Its double-differential  purposes, it is useful to replace, by m,, the mass of the
cross sectioml?s/dy dpy, wherey and py are the rapidity H™ bosons to be produced, in the set of MSSM input param-
and transverse momentum of théboson in the c.m. system eters. We vary ta and my in the ranges 2.5tang<38
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FIG. 2. Total cross sections (in fb) of pp—W*H* + X via bEannihiIation(dashed linesandgg fusion (solid lineg at the LHC(a)
as functions oy for tang=3, 10, and 30; an¢b) as functions of ta for my= 150, 300, and 600 GeV. For comparison, also the quark
loop contribution togg fusion (dotted line$ is shown.

~m,/my and 120 GeWm, <600 GeV, respectively. As for experimentaim,, lower bound[20] enforces ta=2.5. On

the GUT parameters, we choosg,= 150 GeV,A=0, and  the other hand, the experimental lower bounds on the
<0, and tunem, so as to be consistent with the desired chargino and neutralino masg@®] induce an upper limit on
value of my,. All other MSSM parameters are then deter- tang, which depends om,,. We observe from Figs.(2)
mined agcordlng to the SUGRA-inspired scenario as implezng (b) that the supersymmetric correction to thg-fusion
mented in the program package/SPECT[19]. We do not  ¢rqsg section can be of either sign and have a magnitude of
impose the unification of the-lepton andb-quark Yukawa o .4ar 1006, It exceeds 10% for small targ and largem,,
couplings at the GUT_ scale, Wh'(?h. would just constrain the‘\/\/hile it almost reaches-10% for medium tag and small
allowed tarB range without any visible effect on the results or mediumm,,. On the other hand, it is generally small for

for these values of tg. We exclude solutions which do not . i1
comply with the present experimental lower mass bounds Olfalrge tans. We recall that, in the case @ip—H"H" +X,

the sfermions, charginos, neutralinos, and Higgs bof26is the supersymmetric correction to thg-fusion cross section
We now st’udypp—>\/\/’rH:+X at ,the LHC. with c.m. can be as large as50% [7]. As explained in Ref[2], the
energy /S=14 TeV. The fully integrated cross section is dip in the my dependence _Of thgg—f_usmn Cross sect|_on
considered as a function afi, for tang=3, 10, and 30 in 'ocated aboum,=m; [see Fig. 23)] arises from resonating
Fig. 2@ and as a function of tga for my =150, 300, and top-quark prppagators in the qugrk t_Jox diagrams. Further-
600 GeV in Fig. 2b). The combinedyg-fusion contribution ~More, the minima of the curves in Fig(} close to tarB
due to quarks and squarksolid lineg is compared with the =~ Vm;/m,~6 may be understood by observing that the av-
one due to quarks onlidotted line$ [2]. For reference, also erage strength of thel “bt coupling, which is proportional

the bb-annihilation contributior{dashed linesis shown[2].  to m{ cof B+mitar? B, is then minimal[7]. As is the

We note that the SUGRA-inspired MSSM with our choice of quark casg2], the squark triangle and box contributions are
input parameters does not permit famandmy to be simul-  similar in size and destructively interfere with each other, so
taneously small, due to the experimental selectron masthat their superposition is much smaller than each of them
lower bound[20]. This explains why the curves for t#h separately. As in the case pp—H ™ H ™+ X [7], the bulk of

=3 in Fig. 2a) only start atmy~260 GeV and those for the squark contribution comes from the stop and sbottom
my =150 GeV in Fig. 2b) at tanB~9. For largemy, the  squarks, while the contributions from the first- and second-
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FIG. 3. (a) py distributionsda/dpy (in fb/GeV) and (b) y distributionsda/dy (in fb) of pp—W=H*+ X via bEannihiIation(dashed
lines) andgg fusion (solid lineg at the LHC for tarnd= 3, 10, 30, andn,=300 GeV. For comparison, also the quark loop contribution to
gg fusion (dotted lineg is shown.

generation squarks is greatly suppressed because their cdfiwe assume the integrated luminosity per year to be at its
plings to the Higgs bosons are significantly smaller thardesign value ol.=100 fb ! for each of the two LHC ex-
those of the third-generation squarks and their masses apgriments, ATLAS and CMS, then this translates into about
generally larger than those of lightest stop and sbottom 00 000(4 000 signal events per year.

squarksIl andEl. We conclude that the suppression of the

gg-fusion cross section relative to the onebdf annihilation
remains after the inclusion of the squark loop contributions. IV. CONCLUSIONS
It is interesting to find out how the kinematic behavior of o :
thegg-fusion cross section is affected by the supersymmetric Ve calculated the gqu.arlf loop contribution to the partonic
correction. To that end, we study in FiggaBand 3b) the ~ Subprocesgg—W=H™ within the MSSM, and analyzed its
distributions in theW-boson transverse momentupg and ~ Impact on the inclusive cross sectionm—W=H™ + X and
rapidity y, respectively, for tag=3, 10, 30, andn,= 300 its dlstr|but|_ons in transvers_e m_omentum a_nd rap|qllty at_ the
GeV. While they distribution does not exhibit any striking LHC adopting a SUGRA-inspired scenario. Its inclusion
features, we observe that the supersymmetric correctiofay increase or decrease the integrajgefusion cross sec-
leads to an increase of tipg distribution by more than 50% tion by up to 10%, depending on the values gaandmy .
at largep+ for medium to large tag. This can be traced to However,bb annihilation remains the dominant mechanism
the presence of absorptive parts in the squark loop contribusf W*H* associated hadroproduction at the LHC. Should
tion. In fact, if pT>w/)\(4mazv,m\2,\,,mﬁ)/(4mai), then s the MSSM be realized in nature, then ti¢"H™ channel
. ~ will provide a copious source of charged Higgs bosons at the
>2myg, so that pairs of rea; squarks can be produced. | ¢ with an annual yield of up to 100 000 signal events.
_For a comparison with future experimental data, the Note added in proofAfter submission of this paper, a
bb-annihilation andyg-fusion channels should be combined. paper appeared which also presents a MSSM prediction for
From Fig. Za), we read off that the total cross section of W*H™ hadroproduction by gluon fusiof21]. Agreement
pp—W"H"+X at the LHC is predicted to be approxi- between the differential partonic cross sections due to quark
mately 500 fb(20 fb) in the considered MSSM scenario if and squark loops obtained there and our results was estab-
tang=30 andmy=150 GeV (tan3=3 andmy=300 Ge\j.  lished numerically to very high precision.
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