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Higgs boson radiative decays of the fotin—ff y are calculated in the standard model using the complete
one-loop expressions for the decay amplitudes. Contributions to the radiative width from leptons and light
quarks are given. We also presemtinvariant mass distributions fdd — eey, which illustrate the importance
of the photon pole contribution and the effects of the box diagré8@556-282(97)00109-4

PACS numbsgps): 13.85.Qk, 14.70.Hp, 14.80.Bn

. INTRODUCTION o?my
M= — Wu(pl)n(vﬁ ¥s5)v(P2)

Discussions of searches for intermediate mass Higgs w
bosons usually concentrate on the dekky yy as the dis- 8,,K-(P1+P2) —Ku(P1t+P2),
covery mode[1]. Other modes considered inclutte—Zy x
andH—Dbb. The importance of radiative processes led us to
consider the class of decay$—ffy, wheref is a light ng(k)Az(mff_), )
fermion. The dominant contributions to these decays occur at
the one-loop level, and their calculation is related to that of m
the procesee—Hy, which we recently completel®,3]. z _ o Mz - 2

Typical results for Higgs bosoffy decay appear in the Mbox 45ir§‘9w00§‘9wu(p1)y“(ver vs)v(P2)

2 2 .
(mi—m3z)+imzl'z

2

calculation ofI'(H—eey), which, for my=100 GeV, re- 2 2
ceives a large contribution from tiepole. Additionally, our X{L 8K P1— kl‘(pl)"]BZ(mmeg}”mf_y)
calculations show that the photon pole makes a substantial 2 2 N
correction to the estimate obtained by simply multiplying the + L8k P2=Ku(P2)y ] Bz(Mimi mi)}eu(k),
width for H—Zy by the branching ratidd(Z—ee€). This 3)
feature is common to all light fermions, and we present re-
sults for all decays of the typld — ff . a2m

In the next section, we present expressions for the decayp Y = — ﬁu_(pl)'y’u(l—}- vs)?v(py)

w

amplitudes, the decay matrix element, and results for the
fermion-invariant mass distributions and for the widths. This
is followed by a discussion. Complete expressions for the
various amplitudes are given in the appendices.

X{[8,,k- P1=K,(p), 1B mf sz, %)

2 2 ~
+ [ 5,u,Vk p2— kp,( p2) V]BW( mf?mﬂ ,m?,y)}é,,( k)1
II. CALCULATION OF HIGGS BOSON DECAY WIDTHS 4

Contributions to the decay amplitudes arise from the dia- 2 2
; - : where mi—=—(p;+p,)?, m? =—(k+p;)% and m—
grams illustrated4] in Fig. 1. They are of two basic types: ff P17 P2)% fy= (KT P1)% _ fy
(@ pole diagrams in which théf emerge from a virtual = — (k+p,)® Here,u; denotes théfZ vector coupling con-
gauge boson, ang) box diagrams containing virtual gauge Sté}nt,vf=1—4|ef|5'n29w, ande is the fermion charge in
bosons and fermions in the loop. The diagrams are evaluatednits of the proton charge. To calculate the invariant ampli-

. . h . 2 2 2 2
using the nonlinear gauges discussed in R2f. In these tudes B,(m —mfy,mf—y) and BW(m”—,mfy,mf—y), we use

ff?
gauges, the collection of diagrams consists of four separatebhe approach of Ref.2]. Here, too, we find a logarithmic
gauge-invariant contributions, the photon pole, thgole,  dependence on the fermion mass at intermediate stages of the

Z boxes, andV boxes. The amplitudes for these contribu- calculation, but this dependence cancels, enabling us to take

tions are the limit of zero fermion mass. Explicit expressions for the
2m invariant amplitudesA,,, Az, Bz, andBy, are given in the
o \W—- H
Moo=~ Ginge. U(P1) 7,.0(P2) appendices. o,
SiNBw The invariant mass distributiodil’/dm{—is given by
0, K- (P1+P2) =K, (P11 P2), _
7 dI'(H—ffy) 1 1 f(mZ) 2
m max, 2
ff = — | L mdm M4,
R ) dmff— 256m° mﬁ (mi—)min fy%ﬂ M
X €,(K)A, (M), (1) ’ (5)
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(b)

FIG. 1. The diagrams f0H—>ny are shown.

with the amplitudeM given by the sum of Eqg1)—(4). For
an ffy final state, the limits on thdm— integration are

4mf
1- 1-—
m2—

1
2 2
(mf—y)max—— mf+—2(mﬁ—m”ﬁ< 1+

1
2 2
(m?y)min—— mf2+—2 (mﬁ - mfﬁ (

16sirP 6,,cof oy

{[(mfy)2+(m 2014, 2

+20(Re( A, A% ) + (1+05)| Az|?]+ (2 )2
X[2(1+v?)Re(A,BS) + 4R A, By
+2(v¥+ 3v)Re( A B5) + 4(1+ v ) Re A By
+(1+ 602+ 0H)| By 2+ 4(1+v)2Re( B, BY,)

+8|Byl 1+ (M) m? - mi- T} ®

Here,:Zl./, :le, E’Z, andEW are

A,=4cod oy,

’é __Bz(m

(mﬂ
A 4S|r120Wco§0Wy—, 9
mff
Az(myp)
2 2 . ’ (10)
ff__mz)+|mzrz
ff,mfy,m ) (11
Bu= 2C0§0WBW(m”,mfy,m ). (12)

The fermion mass is retained in the phase space integratiQdsing our results for the invariant amplitudes, W in-

tegration can be performed numerically to obtain the invari-
ant mass distribution.

since, as shown below, there is mf@ ! factor associated
with the photon pole. Epr|C|tIyZSp,n|M|

dr/dm.s (keV/GeV)

07! g T
() E my = 100 GeV
> 10-2 T2 018 keV
&
; L
© 1073 e
-~ E
=
B 104 |
g
o
E 10-5
I
10-6 TR I ;
0 50
mex (GeV)
10t ¢
—~
> 100 |-
&)
N
v 10l Y
o~ E
=
é% 1072 ¢
i t
o 103
g E

FIG. 2. The invariant mass
distribution of the decay mode
H—eey for several Higgs boson
masses is shown. The solid line is
the full calculation, the dashed
line is the pole contribution, and
the dotted line is the box contribu-
tion.
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The invariant mass distributiosl (H—eey)/dmggis il- Also shown in the lepton panel of Fig. 4 is the contribution

lustrated in Fig. 2. The striking feature of these distributionsfrom theZ pole. The figure clearly shows that the widths are

is the large peak at smaﬂﬁ?due to the photon pole. There €nhanced signiﬁqantly in the complete calculation, even in

is no singularity in the physical region sinoeﬁ;B4m§. In the case of_neqtnno decays. Fop =160 GeV, the up-type
> quark contributions are basically the same. This is also true

fact, as can be seen from IZEajé) and(7), thedmg; integral ¢, the down-type quarks.

in Eq. (5) vanishes whem’_=4m3. Nevertheless, the re-

sidual effect of the photon pole is sufficient to contribute . DISCUSSION

~10-20% of the events in the distribution. It is also evident As can be seen from Fig2), the invariant mass distribu-

that the box diagrams make only a small contribution. Curi-tions are basicall determined by the photon Engle con-

ously, the main effect of the box diagrams is to smooth thetr'b " Th by di y K P i to the hiah

distribution by canceling the kinks in the pole contributions loutions. The box diagrams make corrections to e hig

at theWW threshold. The invariant mass distribution for the "a>> side of the d|str|but|9n W_here they are pf the same

order as the pole terms. This being the case, it is possible to

remaining lepton channéd — vvy, which has no contribu- . o ) P -
tion from the photon pole, is illustrated in Fig. 3. obtain a simplified expression fal'/d mff—by retaining only

The various partial widths can be obtained by integratingthesz and Az terms in Eq.(5). After performing the
Eq. (5). This results in the contributions illustrated in Fig. 4. dmf—y integration, one finds

2
102,,,,|.,,,|,,,,

FIG. 4. The partial widths for Higgs boson
decay into a lepton paitleft) and quark pair
(right) are plotted as a function of the Higgs bo-
son mass. In the left panel, the solid line is the
partial width for a charged lepton and the dashed
line is the partial width for its neutrino. The dot-
ted line is theZ pole approximation for the
charged lepton partial width and the dot-dashed
line is the pole approximation to the neutrino par-
tial width. In the right panel, the solid line corre-
sponds to the up quark, the dashed line to the
down quark, the dot-dashed line to the strange
quark, and the dotted line to the charm quark.
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FIG. 5. The partial Widtﬂﬂ(H—>f?y), obtained by summing the
neutrino, electron, muon, up quark, down quark, and strange quark
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FIG. 6. The numbering schemes used for the computation of
Dy(1,2,3,4) in the case of thé box (a) and theW box (b) are
shown.

The total width forH—>ff_y is shown in Fig. 5, where the

contributions, is shown as the solid line. For comparison, thé'€utrino, electron, muon, up quark, down quark, and strange

dashed line is the partial widthi(H— y7y).

dr a*mé,
d mff—_ (87)3sir®6,ymy,

2

. A (m)|?

sin 0W—2T
ff

2 2

A (M) AS (mED)

+ 25irP Oy (RE —g— o1
(mi—m3z)—imzl'z

2 2 2
+ (L+ o) miAz(mip) 2

2 2\2 212
(mff_mz) +mZFZ

am?

X 1——2—<{(mﬁ+2mf—mffﬁ2

ms

1 » 4m?
+§(mﬁ—mfﬁ2(l——r .
M

This expression reproduces the dashed lines in Fig. 2.

mg—m

13

quark contributions are added. The dashed line in this figure
corresponds ttél — yy, and it can be seen that théy width
exceeds theyy width for my;=140 GeV.

The relatively large size of thd — f f y decay mode com-
pared toH— yy decay mode is somewhat unexpected and
this could be used to supplement Higgs boson searches
which rely on the detection of photons. Our results also show
that (occasionally rumored eey events, where the
eeinvariant mass does not lie in t# bin, are unlikely to
be Higgs boson decays unless e mass is low. Finally,
should the Higgs boson be detected in the intermediate mass
range, measurement of these rare decay modes may be of use
in determining whether its interactions are those of the stan-
dard model or one of its extensions.

ACKNOWLEDGMENTS

This research was supported in part by the U.S. National
Science Foundation under Grant No. PHY-93-07980 and by
the United States Department of Energy under Contract No.
DE-FG013-93ER40757.

APPENDIX A: POLE CONTRIBUTIONS

2

The amplitudesAy(mffﬁ and Az(mffﬁ can be expressed in terms of two scalar functi@g‘(mf;mﬁ,mz) and

2

Coz(m; mﬁ ,m?), which occur in the Passarino-Veltman decomposifishof the loop integrals, as

ff?

2
My

2
6+—p
My

ff?

Ay(mff—)z —ef[ 4

Coy(mi—m3 ,ma,) — 16Co(m

2

2 2

m;
My, mi) = 5~ [4Co(mimg  me) — Co(mymg mo)]
W

3 T T

(A1)



55 RADIATIVE HIGGS BOSON DECAYSHHfry 5651

2
mZ
Az(mfﬁ= 2I3’(5 tanzew+—2—(1 tarf fyy) C23(mff,mH,mW)+(tarF0W 3)Co(mff,mH,mW)
2
t

m; 1-(8/3)sirf by y o
m_\ZNW[ Czs(mffymH,mt) Co(mff My, mo)] s (A2)
with 15 denoting the third component of thexternalfermion weak isospin andh, being the top quark mass.

The evaluation oCO(m”,mH, m?) is straightforward, yielding

) 1 me mfzf
Co(mff,mH,m ):Tmz) C oy -C il (A3)
H
where
:8 2
L -2 arcsir( \[Z” , 0=p=<4, (A4)
ci)= | S pra-x-iel- 2 Fr, ) o N
arccos 7 > i rarccos 7 B=4. (Ab)
The scalar functlorC23(mff, ,m?) is expressible as
2 2 2
| g o el o ) |- el e el

Cm,m,m2 s——— 1+ ————|B|—=|—-B|—= — | —C| — , (A6
23( ff H ) 2 (m mH)[ (msz—ma) m2 m2 (mff m|2-|) m2 m2 ( )

where the functiorB(g) is

L 2[ 4,;'8arcsir( \/§> —1}, 0=pB<4, (A7)
B(,B)=f0 dxin[1-Bx(1—x)—ie]= -4 3 ir [B=4
2[ \/Tarccosrér \/;) —1—7 T} B=4. (A8)

APPENDIX B: * Z” BOX CONTRIBUTION

The “Z" box diagrams are illustrated in Fig.(), where the internal gauge boson can be eithZraa aW. In addition to
these box diagrams, there are two triangle diagrams which make the amplitude gauge invariant. The entire contribution is

given by the funcﬂorBo(m”,mfy,m—) which is related to the functioB8, appearing in Eq(3) as

BZ(mffvmfyam ) efBO(mff lmfyvm_) (Bl)

In terms of the decomposition of Rd6], this function is given by

B(mffvmfyim ) DO(mffamf'y!mi mHamfimZ)+Dll(mff1mfy1m7 mvafImZ)

+D12(mff ,mfy,m? ,mZ,m?, mZ)JrD24(mff ,mfy,mff ,mZ ,m?,m3). (B2)

When theD 4 in Eq. (B2) are expanded in terms of scalar integrals, the expressmBo(cnn mfy,m—) takes the form

ff’
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1 1 m2 2
B T2 me 1= +m2)—m? m2-Do(1,2,34— | 1— 1o
Bo(meemg, . m ) =5 mfm?_}/{( ﬁ?_y)[mz(mfy mi) —mi,mi-1Do(1,2,3,9 ( Hfz_)[meCO( 23
s 2) i
~ MM CoL.34)7 ( - Hz_) (M= m?«/)—Zm%(—L—z
fy

2
Co(1,2,4—m
X

Co(2,3,4+ —5—1

ff mfv)
m%) 2m>—
1-— (meTz)[Bo(lA)—Bo(ZA)] ,

fy fy

(B3)
where we have used the compact notation of R&fwith m;=m,=m; andm,=m;=m;, as illustrated in Fig. &.
Explicitly, we have

2 2 2 2 2 2 2 a2 2 2
Dy(1.234=—~|s m”_mz)_ Mz +S4M)_SP(M)_SP( mf,— Mz )
S T —m2 mzfy—mz2 T T mfy(l—,BB)—m%

s ) )
mZ,(1— Bz4)—m3 m? (1—Bz-)—m3 m? (1—Bz-)—m3 mzm; (3o — 3,)

mm?, (8o~ 8) m? (85— 82) m¢\ | mf,—m?
m¢,(So— 62) mg,—mz

fy

7 7
2 2 2
. Bz —ag m7-(mg,—m3)
+ia| O(mi—4m3)in ﬁJr—_a +o(mf,—mZ)| In|—— - +In| —5—5—| = In|mf(8p— &)
zZ— 0 fy A f,ymf_y
2 2
+mf7<_)mfy ! (84)
where

2.2 2. D 2
=M, M mz(mfy+mfy),

(B5)
2
a0=1——22+m?50, (BG)
mé,
1
Bzs=>(1=1-4mz/my), (B7)
with
mX—
So=—1 (B8)
T
R — (B9)
2 (mf,—m3)’
The function Spy) is defined as the real part of the dilogarithm. For ngall, we have
1dx .
Sp(y)=Re( —f 7In(1—yx+|8) . (B10)
0

Wheny is complex, thée may be ignored.

The requiredC, functions are
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curea- s T b | o (ML) of mind ) o k)
7 722 oyl -
mg., m?y mz fy (mz_mf«y)2 mz—mg,/ 6
2 2 2
m m (mz—mg,)
+In —;)m , —iwe(m?y—mi)lnlzz—zfy ] (B11)
mz) | mz—mg, fMiy
2 2 2 2_ 2
Co2aa=—{sd M| Lo f M W L D L P i
0(!1‘9_2 m2 + 2 2+ 2 2+6+n 2n m2
I’Tfﬁy z mfy— Z fﬂy—mZ Z Z
2
(mE-m}.)?
+im9(mi—y—m§)ln 5 iy , (B12)
0%y
-1 Yo Yo—1 Yo Yo—1 Yo Yo—1
Co(1,2,4= (S;{ )—Sp( -Sp———|+Sg ———|-Sp ———|+Sp ———
ol mi—y— mﬁ Yo~ V1 Yo~ Y1 Yo~ Bz+ Yo~ Bz+ Yo~ Bz- Yo~ Bz-
Yo—1 m? . 2 2 Bz+— — 70 ”
—S;{ +—+im (mi—4m3)In| ——|— 6 m*—m In , B13
v 6 (mg 7) By — 70 ( 2) 7 (B13)
with
mZ
Y= 5T 7 (B14)
H fy
2 2
m—-—m
f z
=g (B15)
me
The expression fo€y(1,3,4) is obtained fronCy(1,2,4) by the interchangmfzyem%y.
Finally, the required, functions are
—1+ie _—1-ie
BO(1,4)=A+2+,82+In<ﬁZ+—) +Bz_ln('gz—) , (B16)
Bz+ Bz-
m3 ™
Bo(24)=A+2—| 1- —~||In|1- = —|770(m— m3) |, (B17)
mfy mz
whereA is
(n12—2)
m n
A:ﬂ_(nlzz)(_g) F(Z——), (818)
M 2

and u is introduced to preserve the dimensions of the regularized integrals.
The cancellation of the Inf)) dependence in Eq$B4), (B11), and (B12) can be checked by substituting the explicit
expressions into EqB3).

APPENDIX C: W BOX CONTRIBUTION

The box diagrams withW's in the loop are shown in Figs.() and Xc). The non-gauge-invariant portions of these

diagrams are again canceled by triangle diagrams in which the Higgs boson decaysfihfmarthrough avW f triangle and
the photon is emitted from one of the fermions. The invariant amplim\gemf;mfzy,m%y) appearing in Eq(4) can be
expressed as

Ba(mim?, ,me-) = = 205 By(me o m?,  m )+ By(me s me- ,m? )]+ e By(my s mf,, o), (CD)

where, as in Appendix A, is the third component of the external fermion weak isospin. Hgris, the charge of thanternal
fermion in units of the proton charge and the prime denotes the replacemeniny, in Eq. (B2). Notice that the arguments

mfz7 and m%y are interchanged i,. In terms of theD .z of Ref.[5], we have
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Bl(m”,mfy,m )= Do(mff ,mfy,m— mZ ,m? ,mW)+D11(mff ,mfy,mi— ,m2,mZ,m3)

+D 3(mff ,mfy,m— ,mZ ,m? ,mW)+D25(mff ,mfy,m%/,mﬁ ,m? . m2), (C2)
Bz(mff lmf’y!m ) 12(mff !mfy!m_ mg,m¢ ’mW)+D13(mff .mfy,mi—y,mﬁ ,mZ,mg,)

+D26(mff ,mfy,m— mZ,m?Z ma). (C3

The decomposition into scalar functions takes the form

1 1 (m —+mf,—mg)
Bl(m”,mfy,m ) Zmﬂ‘n mfzy [mW(mnyrm ) m ] Zme Do(1,2,3,94
mff— (m +2m—m -m{)
+(m +mfy mW) 2 CO(11213+ 2 CO(11214)
mg, (mf7+mfy)mfy
2 2
(mf7+m ) m—
+—2—Co(134) —z—Co(2,3,4) +— [Bo(1,3—Bo(1,4)]
Mg, Mty fy mf_y
mef—
+ —5——5-[Bo(24—Bo(1,49], (C4
(mff_ mf'y)
2 2 2
11 (Mo, —mMw) -, 2 2 My
Bz(mff,mfy,m )= m2—m [ T [m”ﬂ’n?ﬁ—m\z,v(mfzy+ma)]D0(1,2,3,4+(mTy—m§v) —5Co(1,2,3
ff fvy fy
2 2
(me+ m?y) (m? +mf.y) meT

_—2C0(1,2,4)+—Co(134) Co(234 |+ —5—7[Bo(1.4H-Bo(1,3] .

ey My (mg, mf_y)

(CH

The numbering is defined in Fig(l§, with m;=mz=m,=my, andm,=m;=0.
In this case, the scalar functiding(1,2,3,4) is

-1 1 Bo-+ Bo+—1 V{ ) Bo+—1 )
Dy(1,2,3,4= S -S
ol K mf?mi—y (,30+_,30)l F{,BOJr—m\z,\,/mzf—y) p(ﬂw—m\z,\,/mi—) Bo+— ,3W+ Bo+— Bw+

-1
_g Bo+ +5 Bo+— )+S Bo+ ) S Bo+— )+S Bo+ )—S Bo+ )
Bo+— Bw- Bo+— Bw- Bo+— v+ Bo+— v+ Bo+—v- Bo+—v-
+imm| —6(m> —m3)In BO+; 5| + 6(m3—4mé)In Pw:~Bor | _ — O(mf—4md)In| ——=- v~ Por
Y 0+—mW/mf—y Bw-—Bo+ ¥-—Bo+
+,30+—>Bo} , (Co)
with
1 my  mg mi, my Mg m7, 2 m m?,,
Bos=5| 1= —— 5= - — = 7 | (C7)
m— mem.- m m- m;—m'-

1

Bu==>5 (1% V1-4mg/m?), (C8)
1 2 2

=5 (1 \1-ami/me). (€9
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The variousCy’s are

1 m3
Co(1,2,3= —2{ —Sp(—wz

2 2 _
My My = MY+

m2,— m2— 2 m2,— m%— m2,— m>

w g My w Mg w™ Mg

+S0 52— | —SH 52— | +Sp 52— | ~Sp ———
My~ Mgy My~ Mey- My~ Mgy~ M

” (C10

e e e o e e e
nm m%_ma A=Ay A=Ay Ao~ Bw+ Ao~ Bw+ Ao~ Bw- Ao~ Bw-

2 m2,— m>
a . W ff)+
+F+I7T

2

2
o(m;—4mg,)In .

f

2

N—1) 7 2 2| Bw+—No 2 2| M Ao
Sp{ xo +F+I7T o(mg—4mg,)In m 0(mfy my)In . , (C1)
-1 1 1 1 1) Bw-+ 2 Y+
Co(1,3,4= Sp( )+Sp(—)—3p<—)—5p(— +ia| (M3 —4md,)In — o(m;—4m3)In| —| | ¢,
of 9 mff—— mﬁ( Bw-+ Bw- Y+ Y- (i W Bw- (e W -
(C12
2 2
1 mf'y . 2 2 mf'y
Co(2,3=—1Sp —= +|m9(m?—mw)ln — | (C13
m?y mW Y mW
with
2
My
A==, (C14
2 2
m—-—m
f W
AN=—T5—. (C15
m—
fy
In this case, thd3,'s are
v.—1+ie v_—1-ie
Bo(1,3=A+2+y, In| —— |+ y_In———, (C19
Y+ Y-
—1+ie _—1-ie
BO(1,4)=A+2+,8w+In<BW+—) +3W_|n(ﬁw—) , (€17
Bw+ Bw-
2 2
My T)/ . 2 2
80(2,4):A+2— 1——2 In 1—W— —Iﬂa(mﬂ—mw) , (C18)
'ty w

and

2\ (n/2—2)

m n

A= 71_(n/22)( \2’) 1‘*( 2— _) . (Clg)
s 2
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