PHYSICAL REVIEW D VOLUME 57, NUMBER 11 1 JUNE 1998

Radiative Higgs boson decay$i —ff ¥ beyond the standard model
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Neutral Higgs boson radiative decays of the foth,A—»ff_y, in the light fermion limitm;—0, are
calculated in the two Higgs doublet model at the one-loop level. Comparisons with the calculation within the
standard model are given, which indicates that these two models are distinguishable in the decay mode
fermion-antifermion photon. Our results show that the concerned process may stand as an implement to
identifying the Higgs character in the case where there is an intermediate-mass Higgs boson detected.
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PACS numbg(s): 13.85.Qk, 14.70.Hp, 14.80.Bn, 14.80.Cp

I. INTRODUCTION doublets have to be introducéfl]. In the 2HDM, there are
three neutral and two charged Higgs bosdnsH,A,H™= of
The discovery of the Higgs boson is one of the most im-which hg andH areCP even andA is CP odd.

portant goals for future high energy physics. Although the In this paper we study thid — f f y process in the context
Higgs mass cannot be precisely predicted in the standardf the MSSM Higgs sector, whetd denoteshy, H, andA.
model(SM), it can be constrained and deduced from detectWe present the decay widths versus Higgs boson mass
ing some processes it involves. The direct search in the exchanging in the intermediate-mass region, and compare with
periments at the CERN" e~ collider LEP via thee*e™ the results of the same process in the SM in the case of
—Z*H yields a lower bound of-77.1 GeV on the Higgs different parameter choices. In Sec. I, we present expres-
boson mas§l]. This search is being extended to the present

LEP2 experiments, which will probe Higgs boson masses ug vz < Hwet

to about 95 Ge\[2]. After LEP2 the search for the Higgs HoHA <I\’W\’ p hoH vz L
particles will be continued at the CERN Large Hadron Col- 7"~ 7777

lider (LHC) for Higgs boson masses up to the theoretical t » w*cu 1+ RAAdd f
upper limit. The detection of the Higgs boson at the LHC @ ® !

will be divided into two mass regions:My<My v .
<130 GeV, the so-called intermediate-mass range, anc W oWz

130 Ge\«M4=<800 GeV. For searching for the »o .S oM Tz ¢
intermediate-mass Higgs boson, the detdy yy is still ‘s !

one of the important discovery modgd, although the tech- !

nigues of secondary vertex detection in experiments have

been greatly improved in recent years, which allows the de- Y atatwt
tection of secondary vertices from the decaybofuarks in dwt .
the decay ofH—bb at hadron colliders[4]. For My QJ‘/J
>2My,,2Mz, Higgs boson decays to real weak bosons be- " SZ wE 7/ F
come dominant. W\’\’< RO

A recent investigatiofi5] indicates that the radiative pro-

cessH— f f y also has some unique characteristics and could
be used to supplement Higgs boson searches for the
intermediate-mass Higgs boson, whérés a light fermion.
However, if the Higgs boson should be detected, to deter-
mining whether it is a Higgs boson of the SM, or one of its
extensions, is also necessary. Many extensions of the SN
contain more than one Higgs doublet. The two Higgs doublet
model(2HDM) is one of the extension$], which has drawn
much attention these years, because in the minimal super- FIG. 1. The generic Feynman diagramshgf H,A— ff y pro-
symmetric extension of the SNMSSM) [6,7] two Higgs  cesses.
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sions for the decay amplitudes. In Sec. lll, we give our nu-where
merical results and discussions. .
M A= fA(ky-kz—ka-ks)u(ky)

II. FORMALISM OF HIGGS BOSONS DECAY WIDTHS _
Evsv(Ky)(Ka—Kq) - eu(ky) Eysv(Ky) 2

The Higgs bosonsh,,H,A couple to fermions propor-
tionally to their masses. Hence, the lowest-order diagrams aind

the processehO,H,A—>ff_y are those of loop diagrams in

the m—0 limit. We perform the calculations in the M2=2f2[as(ky- ks—kq-kg)ubv (ky)
Feynman-"t Hooft gauge and generally sgt=0 except for —
the phase-space intergrations. —vg(ka-Kg—Ky-ks)u(ky) Eysv(ky)

The relevant Feynman diagrams for t@se processes are
shown in Fig. 1. The amplitudes fok—ffy can be ex- .
pressed as —vsU(ky)Kaysv(Ko) (K1 —kp) - €] ©)

Ma=MX+M3, D with

+au(ky) Ksysv (ko) (ky—kp) - €

—ie®gQy
24(ky - kp+ m?) myym

fX= A tanBmiCo(2ky - ko, 0,mz ,mp, m,mp) + 4cotBmiCo(2ky - kp, O3 ,m? ,mZ ,m)],  (4)

—iedg
fa= —1/24 2/3 sirf6, )m2 tan BCy(2k; - k ,O,mZ,mZ,mz,mz)
A 1672 sin Ow COSBWmW(Zkl.k2_m§+irzmz)[( w/ My BCo(2Kky-kz A My, My, My

+2(— 1/2+ 413 sirf6,,)cot BMZCq(2ky - kp,0m2,m2,m? ,m?)]. (5)

Here and belowy ;= (va’f—z sirf6,Qy)/2 sin 6,, cos b, af=la,’f/2 sin6,, cosé,, ki, K, andks denote momentums of light
fermions and photons, respectively, v, /v, i.e., the ratio of the two vacuum expectation values, @peC;; andD,D;;
are the three-point and four-point Feynman integféls

The amplitude forh0—>ff_y is given by

Mp, =M +Mpo%, 6)
where
Mi =Ml 7+ M2 Mp*= MW MpexZ, )
with
MLr(i),y: MLr;,y,fermions+ MLr(i),y,Ht + MLr(i),'y,X ’ ®)
MH;'Z: MLr(i,Z,fermions+ MLr(i),Z,X_'_ Mthr(i],Z,Hi, 9)
ME"=u(ky) (£F2 W+ Kaf3™ ek + Ksf 3 Ve ko) (1= yo)u (ka), (10

— 21,
Mpo*2=u(ky) (£F2°%%+ Kaf3*%e- ky +Kaf§ ¥ Ze-ky) | 4af Ws’sz+2(tan0WQf)2—4af(af—tan0wa)ys v(ky).
cos 6,
1D

Here, X denotesw*,G*, »~, and

. ) engf —
tri,y,fermions_ | o . —
Mho 7 _24(k1~k2+m?)qu-rzd(k1)[ k3 (ky+kp) é+Kze- (ky+ka)Jo(ko)[(—Co+4Cyo)

X (2K - Ky ,O,mﬁo,mﬁ ,m2,m2)sin aseq@—4(—Cy+4Cy,) (2K, - k2,0,mﬁ0,mt2 ,m?,m?)cos acs@s], (12)
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T kﬁr?é?%v cos a2 (koL —a- (Kt ko) E+Kge- (ko +ka) Ju(ky)
X[ —2 c0S 6yMy, Sin(@— B) +m; cos 2B)sin( a+ B)]C1 2K, .y, 0mF -, M7, m?7 2), (13)
tri, y,X —e%gQ; — ) 1
My, 7" = 8(k, Ko+ m2)cos gwwzu(kl)[_k3'(kl+ ko) éfiy ,+Kge- (kitko)fy | Ju(ky), (14
M 2 formions. O land— ke (k) Kae (k)] 28 ke (kg
96 cosf,my(2k;-k,—mz+il’,mz) 7 sin 6,,

ko) €5t Kayse- (ki tkp) Ju(kp)[seq8 sin ami(—3+4 sirf6,,)(Co—4C 1) (2K, -k, 0m; ,mg,mg,mp)

—2cs@B cos am?(—3+8 sirt6,,)(Co— 4C12) (2K, - ky ,O,mﬁo,mtz .m?,mé)], (15)

MU ZHE —e?g? coq26,,) U(k) {20 —Kg- (Ky+Ky) b+ Kse- (Ky+Kp)]—2a[ —Kg.(ky+ ko) £
Mo 8 COS Oy 2K, -Kg— ME+ T, my) 7 Vil —Her (KT e fse- (R TG [ =Kz (ki +ko) éys

T Keyse- (Kt ko) ]} (ko)| —Sin(a— B) Mg+ 2 Coizi)ssén(wm Cix2ky kp,0mi e, m2,m2.),  (16)
W
. —e?g? o
Mhr(;'z’X=32 Cogaw(Zkl'kz_m§+irzmz)wzu(k1){20f[—k3~(k1+ ko) fh 26+ Kae- (ki +kp)1fR 2
—2a¢[ —kz- (kg + kz)fﬁo,zé7’5+ K3yse- (ky+ kz)fﬁo,z]}v(kz)- (17)
In the above equationf, ., f, ., ", andfP*** are form factors, and their explicit expressions are given by

fﬁwz —4 cosfymy sin(a— B)Co(2k; - ky,0ma,,ma,,ma)+[6 cosbymy sin(a— B)+m; cog28)sin(a

+B)1C1x 2k, - kp,0m3,,ma,,m3,), (18
, ., cosoumy Zmﬁo sin(a— B)—m3 cog2B)sin(a+ B) Y
fho,y_fho,y_T 6S|r(a_ﬁ)_ kl'k3+k2'k3 C0(2k1'k2101lemW1mW)v (19)
fﬁoyz=4 cog6,, sin(a— B){(3 cos f,my—m; sif6,,)Co(2k; - k,,0ma,,ma,,ma)
+[—20 cos 6, my sin(a— B)+cos 6,, sirfé,,my sin(a— B)+ 3 cog4,, sirfé,m;
— 05 26,)m; cos2B)sin(a+ B)]C 1z 2Ky - Kz, 0mi, miy,mi)}, (20
Cos 6,,my,
fﬁo,z:fﬁo,z_ TWCO(Zkl' kzvovm\ZNvm\ZNam\Z/v)

[(2 cog6,,+ 1)mﬁ0—3 cog6,,m3]sin(a— B) —m3 sirfé,, cog28)sin(a+ B)
ki-kzt+Kky ks '

X 16 sifa—B)cog b, — (21

fbox,W:eg3mw sin(la—pB)
1 12872

{3Co(0,2kz- kg, My My, 0mi,) + (3miy— 8Ky kg) Do(0,0my ,0,2K1 - Ky, 2Ky s, Miy,0my ,miy)
—8k,-k3D (0,0 ,0,2ky Ky, 2K+ kg, My, 0miy, M)

+2(3ky - ko +4ky - k3= 4Ky k3)Do(0,0/mp 0,2k - Kz, 2ky- kg, M, 0my ,m)

— Bk, k3D3(0,0m; ,0,2Ky - Kp, 2K, - kg, M, 0miy, M) +8Doo(0,0mp ,0,2K; - Ky, 2Ky kg, Mgy, 0miy, mi)}

+(Kq-kze—ky-K3), (22)
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eg’my sin(a—
fhoxW_ _ ¢ W16:(2 B)(Dl+023)(0,omﬁ0,0,2k1-kz,zkz.kg,mﬁv,o,msv,m\z,v)ﬂkl-k3<—>kz-ks). (23)
choxw_ eg®my, sin(a—pB)
3 167*

(Do+Dy+Dy—Dy3— Dzs)(O,Omﬁo,O,z‘(l' K, 2K, - kg, ma,0,ma,,ma) + (Kq-kg—Ky-Kg),
(24

fboxZ_ egm; sin(a—B)Q;
L 167 cos 6,

X[—Co(0kp-kg,mp ;mZ, M7 ,mZ) +2(Ka- kgD 1+ Doo) (0,0m ,0,2K; - Ky, 2kp- kg, m? ,mZ,mz,mf)],  (25)

foonz_OMe Sina— )0

8-7cosg_ (D22t D29)(0,0mg 0,2y kp, 2k, kg, mf,mg,mZ,mp), (26)
w

_ gmg sina—p)Q

box,Z _
3= 8 cos 6,

f{Dl+ D12+ Dl3)(010mﬁ01012kl' k2!2k2' k3 ,m% 1m§ 1m§1mf2)' (27)

The amplitude of the proceds—ffy can be simply ob- With
tained by substitutingg— 37/2+ « andmh0—> my in the am-

plitude of hg— ff y. , ,
For the simplicity of calculating the amplitude squares, (k2'kS)min:Z[th,H,A_Z(mf+k1’k2)]

we can parametrize the amplitudes of the process
. /1 2m?
mZ+ky-ky/’

(ho,H,A)—>ff_y in a general form %

M=u(ky)(g1£+ ot ys+gsKkse  ky+gaKksyse Ky

+ gskze- Ko+ geksyse - ko)u (k). (29) 1, ,
k,-k =—[m —2(mf+kq-k
Therefore, the amplitude square is given by (ko-ks)max=7 [Mhy 1A~ 2(Mi +Ka-ko)]
2mg
NN W k)
> [M?=8[(gi+05) (ki k) ke
spins
+2Re(g305+ 0ag8) (kg - Koka- Ky - Ka)]. Ill. NUMERICAL RESULTS AND DISCUSSIONS
(29 In our numerical calculation the relevant parameters are

Here g, are form factors, which can be expressed as th&10Sen as

combinations of the form factors given above. Their tedious

expressions are not shown here. m=176 GeV, my,=4.5 GeV, a(M,)=1/128,
The differential decay widths can be written as

dl(ho,H,A—ffy) M,=91.2 GeV, M,=80.3 GeV, I',=2.5 GeV,
d(kq-ky) (30
1 1 (k2'k3)ma>( .
= 256.3 3 fk o d(kz-ks)sEin |M|? The Higgs boson masses, , my, andmy- are deter-
h.H,A~ (K2 Ka)min P mined bym, and tarB as follows[10]:
1
m; = E[m,§+ M2+ e— J(Mi+ M2+ €)2— 4maM2cos2 8— 4e(misirt B+ M2cogB)], (31)

mi=mx+MZ—m; +e, (32)
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FIG. 2. The neutral Higgs boson decay widths versus Higgs

boson masses dhO,H,A—>ff7y processes in MSSM with tgh
=1.5.

and
mf. =m3+mg, (33
with
3G m¢ m3
= logl 1+ — . 34
V27?2 sirtB g( m? 39

Here themg is a common squark mass which is equal to 1
TeV in our numerical calculations. The mixing angleis
fixed by tangB and the Higgs boson masgs, :

2 2
my+Mj

tan2a=tan2B (35

m3—M2+ e/cos28’

where — 7/2<a<0.

CHONG-SHENG LI, SHOU-HUA ZHU, AND CONG-FENG QIAO

80 100 120 140 160 180 200

my(GeV)

FIG. 3. The neutral Higgs boson decay widths versus Higgs

boson masses dho,H,A—>ff7y processes in MSSM with tgh
=30.

smaller thanl“ho_,w andI'y_,,,, respectively. And, the

width I'y, 7, is less than that of the widthy,_, ,, for my
<140 GeV.

Second, in the case of tg#= 30 the widthl"y, 7, 1s still
larger than I'y_,,, for 140 Ge\wM_<200 GeV and
Fhoéfqis smaller thathOHw. Only in the vicinity of
My 1=~ 130 GeV are the decay WidtﬂgoﬂfﬁandFHﬂfﬁ
about the same d§h0_> yyandl'y_ ., respectively. Again,

the width for the radiative decay of the pseudoschlar
is smaller tharl" _, ., for M5, <200 GeV.

Comparing with the same process of the 8| we find
that in general the widths in the MSSM case are less than
that in the SM case, except the Higgs boson mass is around
130 GeV, where the predictions of the SM and MSSM on the

ff_y widths are almost the same and indistinguishable.
In conclusion, in addition to being a supplement in
searching the Higgs boson through the Higgs boson decay to

two photons, the radiative decay of Higgs boder-ffy
would be a more observable channel in searching the Higgs
boson in future experiments, since the radiative decay widths
can be larger than the two-photon decay mode for some fa-
vorable parameter space. Besides, our calculation also shows

Figures 2 and 3 show the total decay widths of the prothat the procesy,H,A—ffy may play an important role in

cesse§n0,H,A—>ff_y versus the Higgs mass varying in the
intermediate range for two values t@+1.5 and tan3

identifying the Higgs boson being of the SM or the MSSM
on the basis of the size of decay widths if the Higgs boson is

—30. As can be seen from these figures, the total deca§iSCOved via this process.

widths for hO,H,A—>ff_y, where the neutrino, electron,

muon, and light quarks contributions are included, have

some obvious characters compared with the two-photo
widths of the MSSM Higgs boson decakl,17. First, in
the case of taf=1.5 the widthT'y_ 7, can exceed the
width 'y, for 140 Ge\=m; <200 GeV. However, in the
same Higgs boson mass ran@goﬂfﬁ and I'p_7, are
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