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RESONANCE PRODUCTION OF THREE NEUTRALSUPERSYMMETRIC HIGGS BOSONS AT LHCG. Cynolter, E. Lendvai and G. Pó
sikInstitute for Theoreti
al Physi
sEötvös Lorand UniversityPuskin ut
a 5�7, 1088 Budapest 8, Hungary(Re
eived Mar
h 6, 2000)Multiple produ
tion of Higgs parti
les is essential to study Higgs self-
ouplings at future high-energy 
olliders. In this paper we 
al
ulated theresonan
e 
ontributions to the produ
tion of three lightest neutral super-symmetri
 Higgs bosons in gluon fusion at LHC. The 
ross se
tions dueto trilinear Higgs 
ouplings is sizeable but the measurement of the quarti

oupling �hhhH(h) seems to be impossible.PACS numbers: 12.60.Jv, 14.80.Bn, 14.80.Cp, 12.38.Bx1. Introdu
tionOne of the basi
 open questions of parti
le physi
s is the nature of ele
-troweak symmetry breaking. Beyond the dis
overy of the Higgs boson(s),however, re
onstru
ting the Higgs potential will be ne
essary, and that re-quires the experimental study of the self-
ouplings of the Higgs bosons.Pair produ
tion of neutral Higgs parti
les in gluon fusion sensitive tothe trilinear 
ouplings of Higgs bosons was studied in the SM [1℄ and theMinimal Supersymmetri
 Standard Model (MSSM) [2�5℄. QCD 
orre
tionswere in
luded in the limiting 
ase of a heavy top mass [6℄.In the SM the trilinear and the quarti
 
ouplings of the physi
al Higgsparti
le are �xed by the Higgs mass. There is no resonan
e in the pairprodu
tion of SM Higgses, and the 
ross se
tion is only '20�50 fb in theintermediate mass range [3℄. No resonan
e e�e
t is present in the produ
tionof three Standard Model Higgs bosons via one Higgs in gluon fusion and itis estimated to be under the dis
overy limit at LHC.In the MSSM there are �ve Higgs bosons (h;H;A;H�) and many trilin-ear and quarti
 
ouplings among them. Two parameters des
ribe the Higgsse
tor of the MSSM: MA, the mass of the CP-odd Higgs boson A, and tan�,the ratio of the two va
uum expe
tation values. For a wide range of MA, in(1749)
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sikpp 
ollision only the 
ross se
tion of the hh produ
tion is large [2,3℄. Possibleother pro
esses, su
h as the gauge boson fusion and Higgs-strahlung o� Wbosons or heavy quarks (top) provide less event number.In order to provide further tests of trilinear and quarti
 Higgs self-
ouplings, in this paper we 
al
ulate the resonan
e enhan
ed produ
tionof three lightest supersymmetri
 Higgs bosons (h) in gluon fusionpp! gg ! hhh : (1)Generally four di�erent graphs 
ontribute to the produ
tion of three Hig-gses. Gluons 
ouple to triangle, box or pentagon quark loops emitting 1, 2or 3 Higgs bosons, as is seen in Fig. 1. Squark loops are negle
ted. Wehave omitted the pentagon graph produ
ing a �at 
ontinuum ba
kgroundfor the resonan
e produ
tion and we will give the 
omplete 
ross se
tionvalid in a wider range in a subsequent publi
ation [7℄. We learn that the

Fig. 1. Generi
 diagrams 
ontributing to the produ
tion of three CP-even MSSMHiggs bosons in gluon�gluon 
ollisions, gg ! hhh: (a) triangle with quarti
 
ou-pling, (b) triangle with trilinear 
ouplings (
) box, (d) pentagon 
ontributions.
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oupling is not a

essible by LHC experiment. The resonan
e 
on-tribution to (1), however, sizeable at LHC For instan
e at tan� = 3 it yieldsa 
ross se
tion of about 300 fb. This is about 1=10 times the 
orrespondinghh-
ase [3℄.The masses, widths and the 
ouplings were 
al
ulated using the 
om-plete one-loop and the leading two-loop radiative 
orre
tions from [8℄. Therelevant Higgs self-
ouplings are the following�hhh = 3 
os(2�) sin(� + �) + 3"M2Z 
os3 �sin� ;�Hhh = 2 sin(2�) sin(� + �) � 
os(2�) 
os(� + �) + 3"M2Z sin� 
os2 �sin� ;�HHh = �2 sin(2�) 
os(� + �)� 
os(2�) sin(� + �) + 3"M2Z sin2 � 
os�sin� ;�Hhhh = 3 sin(2�) 
os(2�) + "8M2Z 
os� sin2 �sin2 � ;�hhhh = 3 
os2(2�) + "4M2Z sin4 �sin2 � : (2)The trilinear and quarti
 
ouplings are normalized to �3 = [p2GF ℄1=2M2Zand �4 = p2GFM2Z , respe
tively. The 
ouplings depend on � and themixing angle � of the CP-even Higgs se
tortan 2� = M2A +M2ZM2A �M2Z + "= 
os 2� tan 2� : (3)The leading m4t one-loop 
orre
tions [9℄ are parametrized by" = 3GFp2�2 m4tsin2 � log �1 + M2Sm2t � : (4)The 
ommon squark mass is �xed to MS= 1 TeV. The quarti
 
ouplingsdepend on MA and are shown for two values of tan� = 3 and 30 in Fig. 2.The paper is organized as follows. In the next se
tion we give the 
rossse
tion of the resonan
e produ
tion of three h's in gluon fusion and in Se
-tion 3 we show the numeri
al results.
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(b)Fig. 2. Quarti
 Higgs 
ouplings in the MSSM as fun
tions of the pseudos
alar Higgsmass MA for two representative values of tan� = 3 and 30.2. The 
ross se
tionThree di�erent 
hannels 
ontribute to the resonan
e produ
tion of threelightest supersymmetri
 Higgs parti
les (h) in gluon fusion.(a) One virtual Higgs boson (h;H) is produ
ed by the heavy quark trian-gle and it de
ays into 3 h's via the quarti
 
oupling �Hhhh or �hhhh,Fig. 1(a).
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 : : : 1753(b) One virtual Higgs boson de
ays into 3 h's in two steps testing trilinear
ouplings, gg ! H;h! (H;h)h! hhh, Fig. 2(b).(
) Heavy quark box diagram 
ouples to two Higgses, one of them de
ayssubsequently into two h's, gg ! (H;h)h! hhh, Fig. 1(
).We have omitted the pentagon graphs 
ontributing only to the 
ontinuumprodu
tion. We believe it in
reases the produ
tion at large tan� due to thelarge hbb-
oupling, but does not 
hange our 
on
lusion about the measura-bility of the quarti
 Higgs-
ouplings.There are two di�erent heli
ity amplitudes 
ontributing to the total 
rossse
tion: the total spin of the two gluons along the 
ollision axis 
an beSz = 0 (
ontribution F ) or Sz = 2 (
ontribution G). The triangle graphsgive only 
ontributions F3 (Sz = 0) as they involve a single spin-0 Higgsintermediate state. Box graphs give both 
ontributions F4 (Sz = 0) and G4(Sz = 2). F4 and G4 are Lorentz and gauge invariant de
ompositions of thebox amplitude. The tensor basis is the followingSz = 0 ; A�� = g�� � p�1p�2(p1p2) ;Sz = 2 ; B�� = g�� + 1p2T (p1p2)�p23p�1p�2 � 2(p2p3)p�1p�3� 2(p1p3)p�2p�3 + 2p�3p�3(p1p2)� ; (5)where p1; p2 are the momenta of the in
oming gluons and p3 is one of themomenta of the outgoing Higgs bosons (p3; p4; p5). Herep2T = 2(p1p3)(p2p3)(p1p2) � p23is the transverse momentum of the third parti
le. Tensors A�� and B�� areorthogonal and normalized to 2 [2℄.The M -matrix of the pro
ess isM = (p2GF )3=2�sŝ4� "�a"�b Æab(FA�� +GB��) : (6)The spin and 
olor averaged parton level 
ross se
tion of the pro
ess gg !hhh isd�̂(gg ! hhh) = p2G3F�2s1024(2�)6 hjF j2 + jGj2i�1=2(ŝ45; p24; p25)ŝ45 dŝ45dŝ13d
CM45 :(7)
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sikHere we used the Chew-Low parametrization of the three parti
le phasespa
e [10℄, a trivial angle integration was 
arried out, ŝik = (pi+pk)2, and theusual lambda fun
tion is �(x; y; z) = �x� (py +pz)2)(x� (py �pz)2�.d
CM45 is the di�erential solid angle in the 
enter of mass system of parti
les4 and 5.F re
eives 
ontributions from the triangle and box graphs, while onlybox diagrams give 
ontributions Sz = 2 to GF = Xt;b �C3 F3 + Xi=3;4;5C(i)4 F (i)4 � ;G = Xt;b Xi=3;4;5C(i)4 G(i)4 : (8)Here we separated the fun
tions F3; F4; G4 responsible for the heavy quarktriangle and boxes, C3; C4 
ontain the 
oupling 
onstants and the propaga-tors. The amplitude has to be summed over all quark �avours. However,the four light quarks 
an be negle
ted having very small Higgs 
ouplings.Supersymmetri
 parti
les are assumed to be too heavy to parti
ipate in thetriangle or box loop. The se
ond sum in the box 
ontribution 
orrespondsto the outgoing Higgs parti
le that 
ouples dire
tly to the quark loop.We 
al
ulated F3; F4; G4 and found them in agreement with the resultsof [2,1℄. For instan
e,F3 = 2m2Q̂s �2 + (4m2Q � ŝ)C12� ; ŝ = ŝ12 ; (9)whereCij = Z d4qi�2 1(q2 �m2Q) h(q + pi)2 �m2Qi h(q + pi + pj)2 �m2Qi : (10)F4; G4 have long analyti
 expressions whi
h 
an be found in Ref. [2℄. Thebox fun
tions F (i)4 ; G(i)4 in (8) depend on three momenta (p1; p2; pi); i =3; 4; 5 and F (i)4 = F4(p1; p2; pi) et
.In 
ase of a large quark mass (m2Q � ŝ �M2h;H) we get as in [2℄F3 = 23 +O ŝm2Q! ; F (i)4 = �23 +O ŝm2Q! ; G(i)4 = O ŝm2Q! :(11)In the limit of light quark masses (m2Q � ŝ � M2h;H) all the form fa
torsvanish to O �m2Q=ŝ�.
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 : : : 1755The generalized triangle 
ouplings are the followingC3 = Ch3 + CH3 + Chh3 + ChH3 + CHh3 + CHH3 ;CHa3 = �hhhHa M2Zŝ�M2Ha + iMHa�Ha gHaQ ;CHaHb3 = �HaHbh M2Zŝ�M2Ha + iMHa�Ha �Hbhh M2Zŝ�M2Hb + iMHb�Hb gHaQ ;Ha;b = h=H : (12)The box 
ouplings areC4 = Ch4 + CH4 ;C(h;H)(i)4 = �hh(h=H) M2Zŝkl �M2h=H + iMh=H�h=H ghQgh=HQ ; (13)i; k; l are 
y
li
. gh=HQ denotes the Higgs-quark 
ouplings normalized to theSM Yukawa 
oupling [p2GF ℄1=2mQ,ght = 
os�sin� ; ghb = � sin�
os � ; gHt = sin�sin� ; gHb = 
os�
os � : (14)3. ResultsNow, we 
al
ulate the produ
tion 
ross se
tion of three lightest neutralsupersymmetri
 Higgs bosons pp ! hhh + X via gluon fusion at the LHCenergy of ps = 14 TeV in the above pi
ture by folding the parton levelfusion 
ross se
tion with the gluon luminosity. We used the GRV stru
turefun
tions [11℄ for the gluon luminosity at Q2 = ŝ. The numeri
al integrationwas made by the VEGAS pa
kage [12℄. The total 
ross se
tion vs MA isshown in Fig. 3 for two representative values of tan� = 3 and tan� = 30.In the plotted range of MA the heavy CP-even Higgs boson (H) is nearlydegenerate in mass with A while the mass of the lightest neutral Higgs h isqui
kly approa
hes approximately 104 GeV from below.For tan� = 3 in the range of MA = 200�350 GeV the 
ross se
tion isenhan
ed by resonan
e e�e
t and large. The 
ross se
tion goes up to nearly300 fb and slowly de
reases to about 150 fb giving a large number of eventsat the expe
ted luminosity RLdt ' 100 fb�1/year. The main 
ontribution
omes from the box diagram where the heavy CP-even Higgs boson H 
ou-ples to the quark loop and de
ays into two bosons h. Mh slowly in
reasesaround 100 GeV when MH 'MA rea
hes 200 GeV the H propagator enters
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sikthe resonan
e region. At MH � 2mt there is a threshold e�e
t due to thefall-o� of the bran
hing ratio BR(H ! hh) and partly be
ause on-shell topquark pairs 
an be produ
ed in the quark loop. For large values of MA the
ross se
tion rea
hes a 
ontinuum value of a few fb. The dip at small MA,similarly to the 
ase of tan� = 30, is the result of the zero in the trilinear
ouplings �(H=h)hh.For tan� = 30 the main 
ontribution 
omes from the box diagram wherean h 
ouples to the quark loop, propagates and de
ays into two h's via �hhh.The Hhh 
oupling is small 
ompared to the 
ase of tan� = 3 while thehhh 
oupling is larger giving a sizeable 
ontinuum. There is no observableresonan
e e�e
t and the 
ross se
tion is nearly 
onstant, 6 fb, versusMA afterthe 
oupling 
onstant 
hanged sign. The K fa
tor is expe
ted to in
reasethe 
ross se
tion as in other 
ases [6,3℄.The 
ontributions of the diagrams 
ontaining a heavy quark triangleare also shown in Fig. 3 at tan� = 3. The lowest 
urve 
orresponds tothe diagram with quarti
 
ouplings, the one in the middle sums up all the
ontributions of the graphs involving a quark triangle. There is a 
learresonan
e e�e
t in both 
urves when MH rea
hes 3Mh at � 310 GeV. Here
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Fig. 3. Total 
ross se
tions for produ
tion of three lightest CP-even MSSM Higgsbosons in gluon�gluon 
ollisions at the LHC for tan� = 3 and 30 (upper two 
urves).The upper axis presents the s
alar Higgs massesMh for tan� = 3 
orresponding tothe pseudos
alar massesMA. The lower two dashed 
urves represent the resonan
e
ontributions of the triangle graphs of Fig. 2(a) and 2(b) for tan� = 3.
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e Produ
tion of Three Neutral Supersymmetri
 : : : 1757the �rst propagator of gg ! H ! Hh ! hhh be
omes resonant too. The�rst rise in the middle 
urve is the result of the resonan
e in the se
ondpropagator of Fig. 2(b), similarly to the box. The triangle loops yield,however, only a small fra
tion of the 
ross se
tion even at their peak at300�350 GeV.The suppressed 
ontribution of the quarti
 
oupling implies that in pp!hhh+X the measurement of the quarti
 
oupling is not possible. Not onlythe box 
ontribution is larger by two orders of magnitude but also the othertriangle diagrams are 10 times larger. For tan� = 30 the 
ase is even worse.In 
on
lusion, in this paper we have 
al
ulated the resonan
e 
ontributionto the 
ross se
tion of 3h-produ
tion at LHC via gluon fusion. The main
ontribution 
omes from the trilinear Higgs 
oupling while the quarti
 onesturn out to be negligible. In the resonan
e region at small tan� the ratio of2h and 3h produ
tion is about 10.This work was partially supported by Hungarian S
ien
e FoundationGrants under Contra
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