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We study the pair production of neutral Higgs bosons through gluon fusion at hadron colliders in the
framework of the minimal supersymmetric standard model. We present analytical expressions for the relevant
amplitudes, including both quark and squark loop contributions, and allowing for mixing between the super-
partners of left- and right-handed quarks. Squark loop contributions can increase the cross section for the
production of twoC P-even Higgs bosons by more than two orders of magnitude, if the relevant trilinear soft
breaking parameter is large and the mass of the lighter squark eigenstate is not too far above its current lower
bound. In the region of large tg# neutral Higgs boson pair production might even be observable inlihe 4
final state during the next run of the Fermilab Tevatron collifi&0556-282(99)05819-]

PACS numbs(s): 14.80.Cp, 14.80.Ly

I. INTRODUCTION Higgs boson sector at hadron colliders.
The largest contribution to the inclusive neutral Higgs bo-
The electroweak symmetry breaking sector is the last inson production cross section at such colliders comes from
gredient of the standard modéM) that remains to be ex- gluon fusion, which can produce a single Higgs boson
plored experimentally. If the masses of theandZ bosons,  through quarK5,6] or squark[6] loops. The next-to-leading
as well as of the charged leptons and quarks, are due to tfgder (NLO) QCD corrections(involving gluons and light
vacuum expectation value of an elementary scalar Higg§uarks to these processes have already been computeH
field, naturalness arguments indic4§ that nature should ©On the other hand, NLO supersymmetf®JSY) QCD cor-
become supersymmetric at an energy scale not far above tff@ctions (involving gluinog have not yet been calculated,
weak scale; otherwise quantum corrections would destabilizZBOWeVer, they are expected to be smaller. One drawback of
the hierarchy between the electroweak scale and the much'S p_roductpn channel is that It can give a V'S.'ble signal
larger Planck, ground unified theofUT) or string scale. only if _the Higgs boson decays Into a mode_wnh a small
Supersymmetry not only demands the introduction of Superpranchmg ratio. For ex_a_mple, in case of _the I_|g11t>-even_
. . . scalarh, the only promising decay mode in this production
pa_rtners for all known SM_partches, but it als_o requires thechannel ish— v, which has a branching ratio of the order
eX|stence_ of afc I_east two I_-||ggs doubléand thel_r §uperpart- of 103 [9]. Moreover, if squark loop contributions are large,
nerg. In its minimal version, the so called minimal super-

. they tend to be destructiya0], at least fogg—h— yy. As
symmetric standard modgIMSSM) [2], there are three argsult,gga¢ productio\a ir?the MSSM%ih,H,A)\/)ycan-

physical neutral Higgs bosons after electroweak symmetry, s give a viable signal at the Tevatron, and is often difficult
breaking. In this work we assume that is conserved in {5 qetect even at the LHC.
the Higgs bosons and squark sectors of the theory, and con- one alternative is to search for the production of a single
sequently the neutral Higgs bosons can be classified as tWaiggs boson produced in association with some other par-
CP-even statefi,H (with my<my) and oneCP-odd state ticle(s) [11]. However, the mair(hadroni¢ decay channels
A _ _ . of MSSM Higgs bosons seem to be detectable in this way
The production and detection of neutral Higgs bosons anly in Wh(zh) production at the Tevatrdii2] if more than
ee colliders is quite straightforwarfB]. It can be shown 10 th~! of data can be accumulated, as well as in some
[4] that at Iei\st_one MSSM Higgs boson would have to besases foh bosons produced in the cascade decays of heavy
found at ane”e " collider operating at a center-of-mass en-sparticles at the LHJ13]. The detectability of hadronic
ergy Vs=250 GeV. However, there are no immediate pros-yigqs hoson decays itt ¢ production[14] still awaits con-
pects for the construction of such a collider, and the energy;,mation by an experimental study; no background estimates

i . X . St
of the CERNe™ e collider LEP may not suffice to find even for the recently suggesteid5] T channels exists as yet.

one MSSM Higgs boson. On the other hand, the Fermilak_. ; )
Tevatron will soon begin its next collider run, at a slightly k?:mally, for very large values of t3f associate Higgs boson

increased energyyG=2 TeV) and greatly increased lumi- bb production might also be observable at the Tevatron in
nosity (anticipated f £dt=2 fb~! per experiment future  the 4b [16] and/or thebb7" 7~ [17] mode.

runs with yet higher luminosity are being contemplated. In a In this paper we instead study the productiortweb neu-

few years experiments at the CERN Large Hadron Collidefral Higgs bosons. It is hoped that thé 4inal state, with
(LHC) will also start taking data afs=14 TeV and lumi- invariant mass peaks in bobb pairs, will give a detectable
nosity between 10 and 100 th/yr. It is therefore important  signal at the Tevatron and/or the LHC at least in some re-
to explore all channels that might yield information about thegions of parameter space. Moreover, the Higgs boson pair
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production can in principle be used to probe the Higgs boson

self-couplings in order to reconstruct its potenfia8]. This Y T 1T H(A)
process has first been discussed in Rdf8] for the SM, and (2) g q
in [20] the quark loop contribution in the MSSM has been ¢ | H(4)

studied. NLO QCD corrections to heavy quark loops have
also recently been calculatgil]; they are of similar relative g SO . g .

size as the corresponding NLO corrections to single Higgs v VN He - THGA) 74N Hy, - HAA)
. . . (3) G « 4) * -~
prodgctlo_n. Here we extend these ar)alyses by |nclud|.n.g the Iq,/g S Hj(A) AN S~ Hi(A)
contribution from squark loops, allowing for general mixing Qe b g S ®
of the superpartners of left- and right-handed quarks. We find
that, unlike for single Higgs productiofiL0], squark loop R /I;(A) WT\’Z //I;(A)
contributions can increase the total cross section by more () . « o © g -l
than two orders of magnitude. In some regions of parameter g W srtse ” d >
space beyond the reach of LEP, the filhal state might even
$|ve a detectable MSSM Higgs signal at the next run of the /g/k/ - TEGITW - - - - - " BLA)
evatron. (7) - Iql (8) [ [,
. . . ~ I I Y& [R*{1
The primary purpose of this paper is to present all ana- \q\k\‘.___%(_A) 0 @l HA)

lytical expressions required for a calculation of the squark

loop contribution to the production of two neutral Higgs  FiG. 1. Feynman diagrams fdth, HH, hH, and AA Higgs
bosons, and to illustrate their potential importance with a fewhoson pair productionH;;,=h,H for i(j)=1,2, respectively,

numerical examples. _ , Gi(y=01.0; for k(1)=1,2. The crossed diagrams are not shown.
The remainder of this paper is organized as follows. In
Sec. Il we give analytical expressions for all one-loop am- ") . - .
plitudes of the forngg— ¢; ¢; , whereg; ; are neutral Higgs HereMM-kz(éi ;) is the hel|f:|ty amplitude fo.r .the produc-
bosons with definiteCP quantum numbers. These expres-tion of the Higgs boson paird; ;) for the initial gluon
sions are completely general; a list of the relevant coupling$elicities Ny (;)=*. The sum runs over all Feynman dia-
as predicted by the MSSM is given in the Appendix. In Secgrams(n) that contribute to a specific process. The factors
Il some numerical results are shown. We focus on scenariogfer to the average over the initial gluon heliciti€s ( the
With either a small or a large value of the pa_rameter[ian color factor[Tr(T3T?)]?=16,,=2, and the average over
which governs the size of Yukawa couplings in the MSSM'the gluon colors &). The symmetry factorSy , equalst for

We find potentially very large squark loop contributions in the production of two identical Higgs bosons, and is 1 oth-

both cases, but the experimental discovery of Higgs boson ~ .
erwise.

pairs at the Tevatron seems to be somewhat more promising . I
; . . The Feynman diagrams contributing to thg—hh, HH,
at large tarB. Finally, Sec. IV is devoted to a brief summary hH, and AA processes are presented in Fig. 1, while the

and some conclusions. contributions to the processgg—hA andHA are shown in
Fig. 2. We now list the resulting helicity amplitudes for these
[l. CROSS SECTIONS AND MATRIX ELEMENTS two classes of processes, starting with the case where both

We write the subprocegparton-partopdifferential cross
section as

do  |[MJ?
— = = 1)
dt  16mxs~ 4ooroe——e - O™ .
g9 q A 9 \\lz ’/A
. 3 4 Ty
where the hatted Mandelstam variables refer to the parton- ! q ! H; g Iq/’q pE
parton system. The total cross section can be obtained from "°°®°** " """7~
Eq. (1) by integrating ovet and convoluting with the gluon 9 . y A
densities in the two colliding hadrons, as usual. In general, R AN e Lo A
. . . . (5) (6) - @
the invariant amplitude can be written as N ~ ~. g
g hIG g N G ®---2-
2 b1 (m) ’ TEGETw - - = - @ -5~
IMIP=2| 7]| 54l Se| | 2 M (i) A A
" M &
z 2 rotooe - -Eo e i
+1 2 MO (g +| 2 ME (i)
n n FIG. 2. Feynman diagrams for tteA andHA Higgs boson pair
2 production. H;=h,H for j=1,2, respectively,gy;)=0;,q, for
+> M(,”)Jr(daid)j) } (2)  k(1)=1,2. The crossed diagrams are not shown.
n
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produced Higgs boson have the sa@e properties. We have used the FeynCalc packaggfor the analytical calculation.

A. Invariant amplitudes for gg—hh, HH, hH, and AA
1. Quark loop contributions

By assumption these processes cons&@¥we which implies thatM ., =M__ andM, _=M_, . The two independent
helicity amplitudes for the production of tw@P-even Higgs bosonsi;H; (i,j=1,2 for h andH, respectively, where the
superscript on the amplitudes refers to the number of the Feynman diagram in Fig. 1, are as follows:

I asmqVHquVHiHij

M, (HH,) = [2+(4m3—5)C(0,08)]; (3a

al(s=my,2)+imy Iy, ]
M (HIH, ) =22y, Vi ol — 48— BMZC(0,08)5 (82— m?, — 2 )[T,C(mf, ,0F) + U,C(mf, 00) + T,C(m?, ,0F)
T g aaTH A q ' q H Hy/L T Hj» > i Hj ™o j Hp

+ ujC(mﬁj,o,a) - (mE,ij,j —E&)D(mﬁi,o,mﬁj,oi,a)] —2mg(8mg—mp, — maj - §)§[D(mai,o,mﬁ,j,o,f,a)

+D(mj,,m§ ,0,08,1)+D(mf; ,mi; ,0,05,U)]}: (39

—i “sVHiquH,-qq

M@ (HH))= {(8mg—f—ﬂ)(Zmﬁimﬁj—fz—GZ)C(mﬁi,mﬁj,é)Jr(mﬁimﬁj—8m§f+f2)[TiC(mﬁi ,01)

2w(mﬁ,imﬁj—fﬁ)
+ch:(mﬁj,o,f)—§0(o,oé) +§fD(mﬁi,mﬁj,0,0§,f)]+(mﬁ,imﬁj—8m§fj+ Glz)[uic:(mﬁi ,0,0)
+UjC(mﬁj,O,ﬂ)—§C(0,0,§)+éﬂD(mﬁi,mﬁj,0,0é,ﬂ)]+2m§(mﬁimﬁj—fﬂ)(8m§—f—l]) (3d)
X[D(mf;,0mg 08, 1) +D(mg,m; ,0,05,E)+D(mf ,mf ,0,05,U)]}. (3¢
Here,Vy qq andVHiHij are the Yukawa coupling constantstaef to quarks and the trilinear Higgs couplings, respectively.
Expressions for these couplings in the MSSM are given in Appendix A while we list in Appendix B our choice for the
polarization vectors. We have also defined the quantities

Ti=(mj -t and Uj=(mj —u). (4)

Furthermore, the loop integrals appearing in E§sare defined in terms of the Passarino-Veltman scalar func@gremdD
[23] (see Appendix B for our conventionas

C(a,b,c)=Cqy(a,b,c,my,mg,mg); (5a)
D(a,b,c,x,y,z)=Dy(a,b,c,x,y,z,my,mg,my,mg). (5b)
The scattering amplitudes for the production of a pair of pseudo-scalar Higgs boson are

MEL(AA) = MEL (HiH)D Vi~ Viaal: (63
M® (AA)=0; (6b)

M?L(AA)=%VAquAqq{2§+ 4m3C(0,08)s—2m[ TAC(M3,0.t) + UAC(m3 ,00)]
+ma(ma—ut)D(m3,0m3,0t,u)—m2s(i+u) (60)
X[D(m2,0m2,0%,0)+D(m2,m2,0,0s,1)+D(m2,m2,0,05,U)]}; (6d)
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—lag
M@ (AA) = ﬁvAquAqq{s(zmAH% %) C(0,08) — 2Ta(mA+12)C(m3,01)
T(Ma

—2UA(MA+U?)C(m3,0u) + (t+u)(2ma—t2— 03 C(m;,m3 ) + 2m3(t+u)(ma—tu) (60)

X[D(mz,0m3,04,0u)+D(m3,m3,0,0s,t)+D(m%,m4,0,08,u)]

—s[t(mi+t?)D(m3,m2,0,0s,t)+u(mi+u?)D(m3,m2,0,0s,u)]}. (6f)
Analogously to the production df P-even Higgs bosons, we have defined the quantities
Ta=(mi—t) and Ux=(mi—u). 7

As a check of our calculations we verified that our results for the qusgkiark loop contributions to the Higgs pair
production are invariant under QCD gauge transformations. Furthermore, our results agree with thos¢20f.Ref.

2. Squark loop contributions

We now turn to the new results of this paper, i.e., the squark loop contributions depicted in di&gra(8sin Fig. 1.
These can be grouped into three sets of diagramst(8), (5)+(6), and (7)(8), which are gauge invariant and finite.
Moreover, diagramg7) and (8) are finite by themselves and we therefore list their contributions separately, treating QCD
interactions in the 't Hooft—Feynman gauge:

ia VH VH H, H -~
NIS{TRE D Ep— i [1+2m Cuya0,09)]; (8a)
27 (s— mH|)+|mH|FH|] K

MEFH(HH;)=0; (8b)
MO H H)) = — Vi [ 1+ 2 Caal0,09)]; 80
MEO(H;H;)=0; &d
M(7)(H-H-)—3V ~~\/,~~C (m2 m2 é) (8¢
AT VH gy Y H oy kIR TR =)
M) (HiH;)=0; (8f)
M®) (HiH; )— VH G VH; e TiCw( mH 01)+U, Ckll(mH 00)+T, Ck”(mH 0D +U; C'kk(m"' 04)

~ ~ 2 2 ~ AAn A A
+2sck|k<mai,maj,s>+[<m;,l—mak>s—<maimﬁj—tu)]Dmk'(mai,o,maj,o,t,u)

+ 2§mgk[D|kk|(mai,0,maj,0,f,l]) + Dk|kk(mai,mﬁj ,0,0éyi\) + Dklkk(mai:majaonogya)]}; (89)

iag

M® (HH)) =

Vg VH, qkq|{s Zm 2m~ +t+u)Ckkk(O 0s)— [T, Clkk(mH 00 +T, Clkk(mH ,01)]
2 (mH mH tu)

—U[U;Cyeu mH ,Ou)+U Clkk(mH 01)]-T; (m~ m“)[ckn(mH 10t)+clkk(mH ,0,0)]1—Uy( m“k m~)

><[Cku(mﬁi,0,ﬁ) + Clkk(mﬁi,O,a)] + (Zmﬁimﬁj —t2- az)cklk(mai,mﬁjyg) (8h)
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+[=8(mg —mg )2 (Mg, +me ) (mEy miy =T 1D (i, 0y, 08,U) + Do MG M ,0,08,1)
+ Dk|kk(mai,mﬁj,0,0§,a)] +[—st?— (mﬁk— ”%I)(Zfé— (mﬁimﬁj —fﬂ))]Dk|kk(mﬁi,mﬁj,0,0§,f)

[ S0P (g, —m? ) 20s— (my mf; —10)) 1Dy i M7 ,0,08,0)}.

l\/ll_SSMVpreNdNictiong fohr the triIinea|_r|.Higg;-.squark-sql.ll(ark cm:(—aa* pair in a color-singlet state coupling taZaboson is in a
PINGS Vh g, an the 9“""“'_0 199S-HIggs-squark-squUark ¢ p_even state, while on€P-even and one P-odd Higgs
couplingsVy 1 g, are given in Appendix A; note that we hoson coupling to & boson are in aCP-odd state; this
need the former two couplings only for two identical explains why diagramé&) and(5) vanish. For completeness

squarks. The loop functions appearing in E@.depend on  we give expressions for the quark loop contribution in our

the squark masses and are defined as notation; our results agree with those of R&0]. Note that
we again only have two independent helicity amplitudes
Cijx(a,b,c)=Co(a,b,c,mg,,mg,, Mg, ); 93  sinceM,,=-M__ andM,_=-—M_, for Ah and AH
production.

Diju(a,b,c,x,y,2)=Do(a,b,c,x,y,z,mg,,mg,,mg,,mg ).

(9b) Larsmg

MO (AH)=—— N AquH.AAgc(OyO;é);

. . - m[(S—my) +imala] :

The corresponding expressions for a pair of pseudo-scalar (114
Higgs bosons are

W) (AH)=0-
METDAA) =M ETHH Vi, — Vi aal; M= (AH;)=0; (11D
(109 , .
e (AR i@z Td(m —mp)(S—M2)
(3+4) N ) — _
M= HAR=0; (100 Y 2amZ[(s-m2)+im ]
5+6 _ 5+6 -~ -~ - ~
MEIOAA)=ME] )(HiHj)[VHiququHVAAqqu]& ) XVZAHi[1+2m§C(OyOS)]; (119
10c
@) (AHY=0-
MEO(AA)=0; (100) M7 (AH;)=0; (110
7 (7 - - e -
M(Jrl(AA)_M(+l(HiHj)[VH(i,J)qqu_)VAqkql]’ (109 M(EZ—(AHi)ZZ ZVHiquAqq{(mi—mai)[TAC(mi,OI)
T
M) (AA)=0; 10 . .
AR (100 +TiC(mj, 01) + UAC(mZ,0.0)
MB (AA)=—MP, (HH)[Vy, 55— Vazal; . I
o (AA) + o+ (H J)[ H(iyj)qkq|_> AQKQ|] (109 +UiC(mai,O,U)_(mimﬁ|i_tU)
2 2 T 22
MEL(AA) == MEL(HH) Vi, 56— Vaga ] X DM, 0mi, 0, W +2mgs(Ta+ Un)
10h .. .
(10 X[D(mg,0mf ,0t,u)+D(mg,mf ,0,05,1)
B. Invariant amplitudes for gg—Ah, AH +D(mi,mﬁi,0,0§,ﬁ)]}; (110

We now turn to the production of two Higgs bosons with
differentC P quantum numbers which only receive contribu- \;(3) (AH;)
tions from quark loops. Since we assunm@® invariance in o '
the Higgs boson and squark sectors, the squark contributions —lag
to the production of & P-even and & P-odd Higgs boson, :m
i.e., the diagram$4), (5), (6), and(7) of Fig. 2 add to zero. ATH;
Let us have a closer look at this. Note ti#abnly couples to
two different squark mass eigenstates; this immediately
eliminates the equivalent of diagran® and (6) in Fig. 1.
Moreover,Vag 3,= ~ Vag,a, and consequently the two pos-
sible orientations of the loop momentum in diagra@sand
(7) in Fig. 2 exactly cancel each other. Finally a same-flavor

Vii.qaVaqal S(t2—U?)C(0,05)

+(@mam}, — (t+ W (- wC(mz,mg ,s)
+(mamg, —t2)[TAC(M2,01)+ TiC(mE'i,O,f)

+stD(m3,mf, ,0,08,1)]— (mimf, —1?)
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X[U AC(mf\,O,a) ") gg — h h (only m51loop contribution)
L L o S0
+U;C(m§, ,00) +suD(mz,mf; ,0,08,u) ]+ 2mj(t - 1) e 50
102 (M+(©®) AFA::O-‘(‘; 2/ GeV
202 3 2 2 A% 3 #=-640 Ge
X (mamy, —tu)[D(m3,0mg ,0.t,u) g
10 =
+D(mz,m;,0,08,H)+D(mZ,m7 ,0,0s,u)}, (11
4L
whereT] is the third component of the weak isospin of the
quark running in the loop. 0L [ U .
IIl. NUMERICAL RESULTS 10'2;—
We are now ready to illustrate the importance of squark 10°[
loop contributions with a few examples. For the numerical i @
analysis we have used the leading order CTEQAL Parametr g L
zation of the parton distribution function of the protf@4], E , v
choosing the QCD renormalization and factorization scale S T T P R R PR B B S

to be the averaged sum of the masses of the Higgs bosons 20 40 60 8 100 120 140 160 180 200

the final state. The effect of the running mass of the bottorr mg [ GeV]

quark can be very important, therefore, we have also in-

cluded it in our calculations. In fact, when the main contri- FIG. 3. Contributions of the (3)(4), (5)+(6), and (7)
bution to the processes comes from bottom-quark loops (8) diagram sets to the subprocess cross section for the produc-
and/or bottom-squark loops, the cross section is proportiondion of hh pairs as a function ofn . We included only théb,

to the d)bEYukawa coupling to the fourth power. Taking 3 effects and assumed,, =100 GeV andy/s=300 GeV.
and 5 GeV for typical running and polkequark mass respec-

tively we can see that this effect can reduce the Higgs paif€MS t0 be important only when redl—hh decays are
production by a factor (3/5)=1/8. possible and tag is not too large, since otherwisg(H

As discussed in Sec. IIA2, the squark loop diagrams_’hh) becomes very small: Th.e contribution'from diagrams
shown in Fig. 1 fall into three groups of diagrams, (3) (5_)+(6_) (d_ashe_d curve which involves quartic sca_lar cou-
+(4), (5)+(6), and (7)+(8), the sum ofliagrams in each pI_mg_s, is given in Eqgs(8c) and(8d). We flr_1d that this con-
group being finite and gauge invariant. In unpolaripgzor tribution can increase the total cross sepnon by. no more than

— . ._a factor of a few. The reason is that this quartic scalar cou-
pp scattering, vyhere only the sum of the square .Of a.II helic, ling cannot significantly exceed the square of the corre-
ity amplitudes is measurable, the squark contribution ca ponding Yukawa coupling appearing in the quark loop con-
therefore be characterized by three loop functions and thl.eribution and the squarks in the loop cannot be much lighter
associated products of coupling constants. In order to asse '

the importance of these three sets of diagrams, we show in an the_ cor_respondmg quarks. Of course,, >, but

Fig. 3 their individual contributions to the subprocess crosd™, <M is still allowed.

section 6) for the production ohh pairs. For the sake of The potentially largest contribution therefore comes from

simplicity, only a single squark mass eigenstalg)(was diagramg (7%(8) (solid line), Egs. (8e)—_(8h), which gy

included ,here whose mass is given on thaxis. We chose v_olve trlllnear Higgs-squark-squark couplings. Th_ese dimen-
' sionful couplings depend on unknown soft breaking param-

m,=100 GeV andy/s=3mj, =300 GeV as typical values. eters, and might bémuch larger than the mass of the lighter
Note that diagrame3), (4), (7) and(8) involve dimensionful  squark in the loop. On the other hand, while the loop func-

couplings, while in diagraméb) and(6) only dimensionless  tions for diagrams (3} (4) and (5)+(6) slightly increase

couplings appear. In order to show the corresponding Iooevith increasing squark mass as longres< \/§/2 the loop

functions, we have therefore considefeed"typical” cou- . .
ping constants (taB=50, Ms=325 GeV, Mj function for diagrams (79} (8) starts to decrease as soon as

—100 GeV,A=A,=—410 GeV,u=—640 GeV). How- Mg>Mp/2 [25]. Oncemg> \/§/2, all squark loop functions
ever, these couplings were not varied as the mass of theecome real,jmd drop rapidly with increasimg, approxi-
squark in the loop is changed, while physical couplings domnately Iikem;q . Because of the quick falling parton distri-
usually depend on the masses of the squark mass eigenstatiestion functions, the largest contribution to the total Higgs

e.g., through the change of t'ki@-aR mixing angle; see Ap- pair production cross section come from values afot far

pendix A. above threshold. Figure 3 then shows that squark loop con-
The loop function describing diagrams (8§4) is given tributions to the total cross section can only be large if the

in Egs.(8a) and(8h). It is the sameup to an overall factor  mass of the squarks in the loop does not much exceed that of

as that describing the squark loop contribution to singlethe produced Higgs bosons.

Higgs boson productiof6]. This contribution(dotted curve The results of Fig. 3 allowed us to search the MSSM
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1082 S— bution, squark loops can increase the tdtgdair cross sec-
é P9 cerhopom gohh e=2Tey tion at the Tevatron by more than two orders of magnitude if
§10%2 :;:;r;';n; the mass of the lighter squark eigenstate in the loop is close
sk to its experimental lower limit. In Fig. & we chosemp
1 3 =100 GeV and taB=50. The thick curves start at
i b (mg,Aq,u)=(325-410,-640) GeV, corresponding to
i hb;b; couplingVyyp 5, =455 GeV. This choice saturates the
10 T T e LEP Ah search limit(the ZZh coupling is very small heje
100 125 150 175 200 226 250 275 300 The heavy solid and dashed curves have been obtained by
me [ GeV] varyingmg and u, respectively, keeping all other parameters
gmsg o) o hh Yo-2Tev fixed. Note that increasing (i.e., decreasingu|) not only
::02;_ _ vereim increasesny , but also reduces thieb,b, coupling, leading
i I, to a rapid drop-off of the squark loop contribution. On the
10 = ctarting paint ' . ‘ other hand, increasingy; leads to a somewhat slower de-
L s — crease of this coupling. In both cases the squark loop contri-
bution to the total cross section becomes essentially negli-
0L gible for mp, =150 GeV. For slightly smaller squark
e 30 Masses, there is mild destructive interference between quark
m_[GeV] and squark loops.

In Fig. 4b) we have chosem,=500 GeV and taB
FIG. 4. Ratio of the total cross section to the cross section in—=2.0. The thick curves originate aing,Aq, )= (380,510,
cluding only the quark contributions fgg—hh at the Tevatron. —975) GeV, which saturates the LEZZh search limif33]
(@) corresponds to a large t#h (=50) scenario and we t00k and givesV; 7, =475 GeV. The thick heavy solid, dashed
20 S0 2 ana dotied Ins have been otaned by vaying, one at a
time, mg, A,, and u, respectively. We see that here the

., respectively. Inb) we display a low ta (=2) scenario using Kkl ; L
(M, Aq. 1) =(380,510-975) GeV, and conventions as iG). squark loop contribution remains significant out e,

Here, the heavy dotted line was obtained by varylyg In both(a) =200 GeV. This is partly due to the fact that the quark loop
and(b), the thin lines correspond to the enhancement needed for theontribution in Fig. 4b) is about fifty times smaller than in
total cross section to be at the level of 50 fb. Fig. 4(a), which in turn results from the large enhancement

of the b-loop contribution compared to the SM, by roughly a
parameter space for parameters that maximize some subsattor taf8=2,500 in the amplitude. The bottom Yukawa
of the diagrams listed in Fig. 1. In these searches we imposegbupling in Fig. 4a) is nearly as large as the top Yukawa
the following constraints on parameters. First, most SUSYcoupling in Fig. 4b). The former than gives a much larger
models predict quark loop contribution than the latter, since for the relevant

values ofs, the absolute value of thémostly imaginary
~55. (12) b-quark loop function is much larger than that of {{meostly
my,(m) rea) t-quark loop function.

This enhancement of the contribution fjuark loops at
Second, we have interpreted the unsuccessful search fgdrge tans also implies that prospects for detecting a signal
Higgs bosons at LEP26] to imply m,=90 GeV if theZZh  for the production of neutral Higgs boson pairs at the next
coupling has similar strength as the corresponding couplingrevatron collider run might be better if t#his large. We
in the SM. Otherwise th&Ah coupling is large, andria  estimate that a cross section of 50 fb or more might be de-
+my)=175 GeV is required. When computing the massegectable. This would lead to roughly 10 events per experi-

and couplings of th&P-even Higgs bpsons, we have in- ment, each with 4 higlp taggedb-jets and doublédb in-
cluded squark and quark loop correctidi2y] as given by 4 jant mass peaking, assuming an integrated luminosity of
the 1-loop ef.fectl'vg potential8—30. Turning to the §quark 2 fb~! and an overall efficiency of 10%. The enhancement
sector, for simplicity we took the same soft breaking MaSht the pure quark loop contribution required to achieve this
mg for my =mp, 1, andmg,, and also took the same ¢nsq section is given by the thin lines in Fig&and 4b).
value A, for the soft breaking parametefs andA,. The  \We see that for tag=50 the total cross section can exceed
squark sector is then completely determined bythis sensitivity limit by more than an order of magnitude.
My, Aq, tang and the supersymmetric Higgs mass pa-However, the maximal light squark mass compatible with
rameteru. In our scans we have imposed the LEP searclyuch a largénh production cross section is about the same at
limit [31] m; , mp =80 GeV[32]. low and at large tag (=110 GeV).

As anticipated, we found that the potentially largest It is interesting to notice that in Fig.(d, my is signifi-
squark loop contribution comes from diagrams €48). In  cantly belowm,, i.e., the difference is up to 25 GeV, for all
Figs. 4a) and 4b) we show thai{mostly) due to this contri- values ofmg,1 where squark loop contributions are signifi-

my(my)

1<tangB=
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0% prE $°°e 5 P section. Nevertheless, the background also increases when
g zf/stamngpoim Js=14Tev g; 23 Js=14Tev going from the Tevatron to the LHC. In the absence of a
5° §"° : dedicated analysis of signal and background, we do not want

to claim that a total cross section of 50 fb necessarily gives a
detectable signal at the LHC, in spite of its considerably
.......... i higher anticipated luminosity.

Although the starting point of the curves in Figgab-

--------

£
E

00 e 10 -\ starting point 5(c) had been chosen to maximi3gy, 5, we find a very
S i S P S I IR AT . . . .
100 150 200 250 300 100 150 200 250 300 large squark loop contribution also fefH production[Fig.

m, [GeV] m_ [GeV] 5(b)]. In this case the squark loop contribution at fingt
§103; 9 - Y £ E creaseswith increasingmgl. The reason is that theb;b;

A - 3.3 d . . . .

°_102 Yo=14TeV ?0 = L TR coupling increases quickly, fromr 150 GeV at the starting

H = s=14TeV

< ;2102?'\5 e oo point of the curves to-350 GeV near the maximum of the
E arting oint: . . . . .
10 £ E a4 dark solid curve. In fact, this coupling keeps increasing even
: 10 £ M oty further asmy is increased, eventually reachingd50 GeV.
1 . “m;f‘ﬁ?é‘év However, this increase is overpowered by the rapid drop of
JE /N T the loop function oncemg_ significantly exceedsny (see
10 'L 10 1 - 1
P el T T Fig. 3. . . o
100 150 200 250 300 100 150 200 250 300 The biggest relative contribution from squark loops ap-
m,[GeV] m. [GeV] pears inhH production, Fig. &c), giving rise to an enhance-

ment factor~500 in some cases. In this region of parameter

FIG. 5. Same as in Fig. 4 for theh (a), HH (b), Hh (c) andAA space thed bb Yukawa coupling becomes very small, due to

(d) production at the LHC. The conventions are the same as in Figt'he unusual mixing pattern & P-even Higas bosons caused
4. In (8)—(c) we chose the parameters used for Fi@)4in (d) we gp 99

assumed thatma=150 GeV, tar=4, A,=—110 GeV, u by radiative corrections at large tgnand _Iargqu.| and| /.
=345 GeV, andn between 115 and 350 GeV. At the peak of the curves thdbb coupling vanishes com-

pletely, and théntt coupling is quite small, leading to a very

cant. This mass pattern, which is quite unusual for largesmall total quark loop contributiofsee the behavior of the
tanp, is due to non-logarithmic corrections to the Higgs bo-thin lines. Notwithstanding, whermg or w are increased
son mass matrix involving trilinear scalar interactions; tech-beyond this point, the quark loop contribution reasserts itself
nically, due to large contributions t,,, in the notation of  while the squark loop contribution decreases in absolute size,
Refs.[28,29. This means that the total cross sections for thdeading to a steep drop of the relative importance of the
production of pairs of other Higgs bosons are quite small asquark contribution: it becomes essentially negligible for
the Tevatron. . . _ mp, =220 GeV. The suppression of tiébb coupling also

At high tang the Higgs pair production can be enh"’mwdexplains why squark loop contributions téH production
by factors tahB or 1/coég with respect to the SM produc- can remain significant up tor, =300 GeV[see Fig. §)].

tion mechanism. The only exception to this is thie(HH) . . N
channel in the largésmal) M , limit, in which the factor In this case the dominant quark contribution comes from top

sinalcosB (cosalcosB) appearing in Yukawa couplings duark loops, so squark loops remain significant unhaéls
goes to 1. For instance, in the case thatg(Aq,u) >m12-
=(1,1,1) TeV, tarB=50, and M,=100 GeV the total For the parameters chosen in Fig$a)55(c) the squark
cross section at the Tevatron for thé, HH, andAA pro-  loop contribution toAA production is totally negligible. In
duction is 3.3, 0.034, 3.9 fb, respectively. Whity, is in-  this case diagramé7) and (8) in Fig. 1 have to include at
creased to 130 GeV these cross sections change to 0.15, Oldast one heavy squark mass eigenstate, since the diagonal
and 0.7 fb. _ _ _ . Ab;b¥ and A1t} couplings vanish identically. The off-
The Higgs pair production cross sections do remain siz, B B* lina is actuall ite | 270 GeV
able at the LHC. In Figs.(®-5(d) we show the squark loop lagonaiab, by coupling IS actually quite fargey €
contribution tohh (a), HH (b), hH (c), andAA (d) produc- at the start.mg point of the curves in Fig@h However, at .
tions. The parameters taken in Fig$a)s-5(c) are the same the same timen;, =455 GeV, which suppresses the contri-
as in Fig. 4a), which had been chosen to maximize thebutions from diagrams (7#)(8) to an insignificant level.
hbyb, coupling. The comparison of Figs.(a& and Fa) In Fig. 5(d), we therefore show results for a scenario with

shows that the relative importance of squark loops is almosrtelat'vely small M, Ma=150 GeV, tang=4, Aq=
independent of the center-of-mass energy. Of course, the to- 110 GeV, ©=345 GeV, andmg between 115 and 350
tal cross section increases greatly when going frgm  GeV. The sam~e~set of parameters also yields a relatively
=2 TeV to 14 TeV due to the rapid increase in the gluon-large quarticAAt;t7 coupling, so that diagrams (5)(6) in
gluon luminosity. This is illustrated by the thin lines, which Fig. 1 are maximized. Since tghis fairly small, the quark
again correspond to a total cross section of 50 fb. The quarloop contribution is dominated by top quark loops; however,
(mostlyb) loop contribution by itself now exceeds this cross the loop function is also different fa€ P-odd Higgs bosons,
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— 014 F sufficient statistics, one might be able to infer the squark
E r loop contribution in this manner even if the total cross sec-
8012 gg—hh tion is dominated by quark loops.
% L Vs =2TeV
g C
g o IV. SUMMARY AND CONCLUSIONS
0.08 In this paper we have calculated squark loop contributions
r to the pair production of two neutral Higgs bosonsCIP is
Co conserved, squark loops contribute only if the two produced
0.06 — . . .
- Higgs bosons have identic@lP quantum numbers. In Sec. Il
L we gave complete analytical expressions that allow the
0.04 1= evaluation of these contributions. For completeness we also
r included expressions for the quark loop contributi§2g].
0.02 - These formulas are written in a completely general fashion
- with the explicit expressions for the relevant coupling con-
T AR R il AP

stants in the framework of the MSSM being listed in Appen-
dix A.

V8 [Gev] In Sec. Ill we showed some numerical results for the
MSSM. We found that squark loop contributions can in-
crease the total cross section for the production of two
CP-even Higgs bosons by more than two orders of magni-
tude. However, such large contributions are possible only if
the following three conditions are satisfied:

The relevant Yukawa coupling must be large. In case of
see Eqs(6), and its contribution is suppressed by a factorthe (s)top, this is always true for at least one of the two
cot'8=1/250 compared to the SM case. Therefore diagram€ P-even Higgs bosons of the MSSM. However, as pointed
(7)+(8) can make a large relative contribution, as long asout quite some time ag35], in the MSSM (as in other
mz=m,. Even though squark loop contributions can in-models with more than one Higgs doublehe bottom
crease thé\ A cross section by a factor of about 200 in this Yukawa coupling can also be large, if the vacuum expecta-
case, it still remains well below the cross section Fbir tion value that gives rise to the mass of thgquark is small.
production. In scenarios where the\ cross section is com- In the MSSM this happens for large values of ganHow-
parable to theHH cross section, we find that squark loop ever, the bottom Yukawa coupling is not expected to exceed
corrections toAA production are quite modest. that of the top quark.

Given that we are only working in leading order in QCD,  The lighter of the two superpartner whose Yukawa cou-
our predictions for the total cross sections have significanpling is large (generallyb; at large tar3 andt; at small
uncertainties due to the choice of scalevfy mjy, andthe tang) must not be much heavier than the Higgs bosons in
parton distribution functions. We took the same scale everythe final state. This condition is especially critical at large
where, viz. the sum of the masses of theT produced Higgganﬂ, since hereb, loops have to compete with quark
bosons. O_ne_could therefore infer the_eX|sten(_:e_ of squa%ops_ For equal Yukawa couplingse., tand=m,/m,), the
loop contributions to the total cross section only if it Change%quaredo-loop contribution exceeds the squaredop con-
the quark loop result by at least a factor of ty@4]. How- i tion by a factor of~50. If this condition is satisfied,

ever, smaller squark loop contributions might still be visibleOpen squark pair production should be detectable at the same
in some distributions. For example, for large [athe quark  ¢olider, unless the squark—LSP mass difference is very
loop contribution is dominated by-quark loops(except for — gmayl.

hh production at largem,, whereh is always SM-likg. The relevant trilinear soft breaking parameters anfjigr
Sincemg, >my, the squark and quark loop functions show myst pe significantly larger than the mass of the lighter
quite a different dependence snThis is illustrated in Fig. squark eigenstate. This implies that the diagonal entries of

6, where we showjo(hh)/d\/g for the point in Fig. %a) the corresponding squark mass mat_rix mu;t also. signifigantly
exceed the smaller eigenvalue of this matrix. This requires a

modest amount of fine tuning. However, in the absence of a

shows the contribution ob loops only, while the dashed : : o
histogram includes squark loops; the total cross sectiosa gﬁ:)nu%e;eo:h; eo:j);szgzzf:drsymmetry breaking this possibility

under the curveshas b(_een_normalizeq to be the same in both If these three conditions are satisfied, the regiog

cases. 'I:heb loop contr|b~ut|on peaks just beyond the thresh—z100 GeV can perhaps even be probed ,at the next run of
old at Vs=2m;, but theb, loop contribution clearly shows  the Tevatron collider, using searches for final states with 4
up as a second peak aE;:ngl. This distribution is in  highpr b-jets. Moreover, this process has a big advantage

principle directly measurable if both Higgs bosons decayover theq&bgassociated productidri6], which leads to the
hadronically(with combined branching ratie80%). Given  same final state: the reconstruction efficiency of Higgs pairs

0 ==
150 200 250 300 350 400 450

FIG. 6. da/dV's including only quark loopgsolid line) and
considering quark and squark looftlashed ling We have chosen
(mg,Aq, 1) =(335-410-640), M,=100 GeV, and tap=50
for which quark and squark loops contribute almost equally:
Utota|:10. fb, (quuark:5.6 fb.

whereb andb loops contribute equally. The solid histogram

075008-9



BELYAEV, DREES, ,EBOLI, MIZUKOSHI, AND NOVAES PHYSICAL REVIEW D 60 075008

is expected to be one order higher than that#bib produc- We define squark mass eigenstates via
tion. This originates from the fact thatl b-jets coming from
Higgs boson pair decays are energetic, while the two associ- ~ . ~
T — ) fq cosf; siné;)\ [ f
atedb-jets in the $bb channel are quite soft. At the same = ) _ |, f=ud, (A2
time the process under study has a cross section not much fs —sing; cosby/\fy

smaller than that fogpbb. The reach of the LHC should be
much higher, but a quantitative statement will only be pos
sible after a detailed analysis of signal and backgrduaed.
Furthermore, we should point out that our result for the
1-loop cross sections are probably very conservative, sincm% (m71< rrrfz):
we can expect large QCD corrections, which could increase
the cross section by as much as a factor¢f [7,8,21].

Squark loop contributions to the pair production of two cosd si mome e

( ¢ in 6f) f fLr (cosef sin af)
2 2

‘where the mixing angl®; is defined in such way that the
mass matrix becomes diagonal with eigenvalm%l and

N

CP-odd Higgs bosons are more modest in general. In this

case trilinear\g;q} couplings contribute only if at least one
squark in the loop is a heavy mass eigenstate, which leads to
a suppression of the squark contributions. Nevertheless, my
squark loops can give rise to large enhancements ofAthe —
pair production cross sectionr’rfrtls m, and tanB~5, which

leads to a very small quark loop contribution. However, the

total cross section foAA production remains quite small in

this case. with
In generalAA final states, as well as theA andHA final

states, which receive no contributions from squark lodys

do receive Drell-Yan like contributions from ligltg anni-
hilation[20]), can be significant. Note that in most regions of

parameter space tt@P-odd Higgs bosom is nearly degen- s~
=m; + m?+ M2 cos 28Q;S3; (A4b)

*

—sin#; cosb; m: m: sinf; cosb;

LR R

(A3)

m%L= ﬁrfL+ m?+M2cos28(TEt—Qfs3);  (Ada)

erate with one of the twaCP-even Higgs bosons. This M,
means that often three different chann@dsy., HH, HA

and AA) contribute to essentially the same final state, and

therefore have to be added. This obviously increases the ) —-my(pcotB—AY), f=u,
chance to detect a signal for Higgs pair production in the 4 mg = —my(utang—AY), f=d (Adc)
channel. At the same time it complicates the interpretation of e o '

such a signal, e.g., the extraction of the relevant coupling

constants. Nevertheless, we saw in Fig. 6 that the analysis of Squark current eigenstate bilinears can then be expressed
the 4b invariant mass distribution can help to disentangle thein terms of current mass as follows:

various contributions to the signal. We are therefore hopeful

that the search for the pair production of neutral Higgs - ~ - - -

bosons in the B channel will provide information that will frf = +cffifi—cisfifo—crsef5 T, +s{T5T,;

help us to pin down the Higgs sector, and perhaps also the (A5a)
squark sector of the theory.
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APPENDIX A: MSSM COUPLING CONSTANTS with szcosgf andsfzsin Hf for f:u1d_

After these preliminaries we are ready to list the relevant
couplings. We list couplings to squark current eigenstates
Sw=sinfy, Ccw=cosby, g=e/sy, Jgz=0g/Cy. only; these can be converted into couplings to mass eigen-

(A1)  states using EqgA5).

We denote the weak mixing angle and couplings as
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H(h, A)-fermion-fermion

— gm,cosae  — gm, sina
uuh% - 2My,Sing’ o - 2Ny sing’
UUAY: i %cotﬁy& ddh%  + %,
ddH®; —%, ddA”; +|%tan,8y5.
Gluon-squark-squark
GHEr (pFi(k): —igqﬂ(k— P,

wherek andp are the incoming momenta of the squacks
with i=1,2.

H-squark-squark

o gmZsina
utuHE L sing +gzMzcoga+B) (3 5s3)
e o gnisina )
UgUugH™:  — W+ggzMzcos{a+ﬁ)s\N
uXugH® uxu, HO: L(A sina+ u cosa)
LERED D ERELED 2M sinB
>
— gmj; cosa
did HO: —(WJFQZMZCOE(O!JFE)(—%JF%S\ZN))
2
— gmj cosa
dEdRHO: —<W—%QZMZCOSQ’+,8)S\2N)
- o~ gmy

= 0= 0. .

Dot/ + :
dfdgH",dgd H 2chosﬁ(AdCOSa M Sina)
h-squark-squark

hf*f=Hf*f{sina— cosa,cosa— —sina,sin(a+ B)

—coga+pB), cofa+pB)——sina+pB)}.

A-squark-squark

g
uf ugA° 2M ),
~ m
ugu, A° j My
q* 0 9my
LdrA _l_(AdtanB M),

PHYSICAL REVIEW@D 075008

did A% +i %(Ad tang—u).

Gluon-gluon-squark-squark
SN xﬁ

959"#qrq;: gs

H-H-squark-squark

202 i
— g°m? sirfa
ufu (H%)?: —(er%g%(Tsu—S\Z/\/Qu)COS?a),
W
- g’m? sirfa
UEUR(HO)ZZ —(WwL%g%s\z,\,Qu COS2a),

g’mé coa

dfd (H9% - ( er 795(T3q—s5Qq)cos 2a) ,
w

g?mi coga

agaR(HO)ZZ —(m'F%g%S\Z/VQd cos 2&)
W

h-h-squark-squark

hhog=HHqo{sina— — cosa,cosa— sina, cos 2
— —CO0S 2}.
H-h-squark-squark
Hhqg=HHqa{cos 22— — sin 2a,sirfa— sin 2a,coSa
— —sin 2a}.

A-A-squark-squark

AAqq=HHqq{sina— —cospB,cosa— sin3,cos 2

— —C0S 2a}.

Higgs’-boson-Higgs®-boson-Higgs’-boson

(H%)3: —%MZCOSZaCOS(a"',B).
(h?)3: —%Mzcos&zsin(cﬁﬁ),
(A92HO:  + %Mzcoszecos(cﬁrﬁ),
(A%)2h0: —%Mzcos%sin(cﬁﬁ),
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(h%)2H°: —%MZ[Z sin 2a sin(a+ B)
—cos 2z coga+ B)],
(H%)?h®: +%Mz[2 sin 2a cog a+ B)

+c0s 2« sin(a+ B)].

Z-Higgs-boson-Higgs-boson

ig,

ho(pA°(K)Z,: + — cosa—B)(k—p)*¥,

ho%(p)A°(k)z,: + I%Zsin(a— B)(k—p)~.

APPENDIX B: CONVENTIONS

We chose the following polarization vectors in our calcu-

lations

1
ef=e5=—2<o,—1,—i,o>,

5

PHYSICAL REVIEW D 60 075008

_ +_1
€1 =€ =

V2

(0,1,-i,0),

where the first gluon is moving along tlzeaxis.
We have used scal&, andD, Passarino-Veltman func-
tions in our analytical formulas which are expressed as:

Co[p10p12,p20m0,m1,m2]
=(iw2)‘1f d*a([g?~m3I[(a+py)?—mi]
X[(q+pp)?—my]) 7, (B1a)
Do[p10p12p23p30,p20,p13M0O,m1,m2,m3]
=<iw2>—1f d*q([a®=mg][(q+py)?—mi]
X[(q+p2)?~ma][(q+pz)®~m3]) "% (Bb)

Our convention for the scalar argumentsp"ﬂ)zpiz, pij
=(pi—p;)? andmi=m;.
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