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Abstract:

Higgs boson radiative decays of the form H — ffv are calculated in the
Standard Model using the complete one-loop expressions for the decay ampli-
tudes. Contributions to the radiative width from leptons and light quarks are
given. We also present e€ invariant mass distributions for # — eéy, which
illustrate the importance of the photon pole contribution and the effects of

the box diagrams.
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I. INTRODUCTION

Discussions of searches for intermediate mass Higgs bosons usually concentrate on the
decay H — v as the discovery mode [1]. Other modes considered include H — Z~ and
H — bb. The importance of radiative processes led us to consider the class of decays
H ——-> ffv, where f is a light fermion. The dominant contributions to these decays occur at
the one loop level, and their calculation is related to that of the process ee — H<~, which we
recently completed [2].

Typical results for Higgs boson ff’y decay appear in the calculation of I'(H — eér~),
which, for my 2 100 GeV, receives a large contribution from the Z pole. Additionally,
our calculations show that the photon pole makes a substantial correction tc.) the estimate
obtained by simply multiplying the width for # — Z v by the branching ratio B(Z — eé).
This feature is common to all light fermions, and we present results for all decays of the
type H — ffv.

In the next section, we present expressions for the decay 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.

II. CALCULATION OF HIGGS DECAY WIDTHS

Contributions to the decay amplitudes arise from the diagrams illustrated [3] in Fig(1).
They are of two basic types: (a) pole diagrams in which the f f emerge from a virtual gauge
boson; and (b) box diagrams containing virtual gauge bosons and fermions in the loop. The
diagrams are evaluated using the non-linear gauges discussed in Ref. {2]. In these gauges, the
collection of diagrams consists of four separately gauge invariant contributions, the photon

pole, the Z pole, Z boxes and W boxes. The amplitudes for these contributions are
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where mi; = —(p1 + p2)?, m}, = —(k + p1)* and m% = —(k + p)>. Here, vy denotes

the ffZ vector coupling constant, v; = 1 — 4|es|sin*fw, and e is the fermion charge in
units of the proton charge. To calculate the invariant amplitudes Bz(m?, 7 m?,y,m%) and
Bw(mf,f, m%., m%, ), we use the approach of Ref. [2]. Here, too, we find a logarithmic depen-
dence on the fermion mass at intermediate stages of the calculation, but this dependence
cancels enabling us to take the limit of zero fermion mass. Explicit expressions for the

invariant amplitudes A,, Az, Bz and By are given in the Appendices.

The invariant mass distribution dI'/ dmf, 7 is given by

dU(H = ffy) 1 1 /(mf«w)mx 2 2 |
_ dm% Y M2, 5
dmf,f 25673 m3; (m%_ Jmin i sp;ll | )

with the amplitude M given by the sum of Eqs. (1)~(4). For an ffv final state, the limits

on the dm% integration are

2
(Mm% )min = m2+ I(m¥ —mia) {1 1—ilﬂ (6)
FyJmin = My 4 g(mpy — My 2 |
\' miy
4m>
(M Jmax = m5 + j(myy —mip) | T+ 1=~ ) (1)
N\ mi

The fermion mass is retained in the phase space integration since, as shown below, there is

a (m?,};)"l factor associated with the photon pole. Explicitly, > o, |[M|? is

ot m m2.
ZlMl2: W sr
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+2(v} + 3Uf)Re(JiZB~*Z) + 4(1 + v )Re(AzBy) + (1 + 6v? + v‘})|l§z|2

(L + 0" Re(BBiy) +81Bu?] + (m3, ) md, o mi,|] ®)

Here, fL,, Az, Bz and By are
5 Aw(mfef)

A, = 4sin*fycos* Hw—m2—_ , ‘ (9)
if '
. Az(m;)
Az = 4cos?d 157 , 10
z W(mif—m%)-i-zmzfz (10)
Bz = —Bz(m’ym},,m%), (11)
Bw = 2cos*tw Bw(mf,f, mff,y,mf,—,y). ' (12)

Using our results for the invariant amplitudes, the dm% integration can be performed nu-
merically to obtain the invariant mass distribution. '

The invariant mass distribution dI'(H — e&y)/dme; is illustrated in Fig. (2). The striking
feature of these distributions is the large peak at small m2, due to the photon pole. There is
no singularity in the physical region since m2, > 4m?. In fact, as can be seen from Eqs. (6)
and (7), the dmZ integral in Eq.(5) vanishes when m2, = 4m?. Nevertheless, the residual
effect of the photon pole is sufficient to contribute ~ 10-20% of the events in the distribution.
It is also evident that the box diagrams make only a small contribution. Curiously, the main
effect of the box diagrams is to smooth the distribution by cancelling the kinks in the pole
contributions at the WW threshold. The invariant mass distribution for the remaining
lepton channel H — vy, which has no contribution from the photon pole, is illustrated in
Fig. (3).

The various partial widths can be obtained by integrating Eq.(5). This results in the
contributions illustrated in Fig. (4). Also shown in the lepton panel of Fig. (4) is the contri-
bution from the Z pole. The figure clearly shows that the widths are enhanced significantly
in the complete calculation, even in the case of neutrino decays. For my 2 160 GeV, the
up-type quark contributions are basically the same. This is also true for the down-type

quarks.
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III. DISCUSSION

As can be seen from Fig. (2), the invariant mass distributions are basically determined
by the photon and Z pole contributions. The box diagrams make corrections to.the high
mass side of the distribution where they are of the same order as the pole terms. This being

the éase, it is possible to obtain a simplified expression for dF/dez,f— by retaining only the

A, and Az terms in Eq. (5). After performing the dm‘f,—v integration, one finds

dF 4 2 ' -A/y mz— 2 m2_ A* m%_
dmir  (87)3sin®Gwmi miz ’ (m2; —m%) —imglz/

(1+) mf,f-iAz(mif)q o :
(m% —m27), |1 — =% <m2 + 2m? —mz—)
oy~ gty |~ 1 | (2
2 4m?
+ %(qu -~ m?J,) (1 - m}}f)} : (13)

This expression reproduces the dashed lines in Fig. (2).

The total width for H# — ff~ is shown in Fig. (5), where the neutrino, electron, muon,
up quark, down quark and strange quark contributions are added. The dashediline in this
figure corresponds to H — 77, and it can be seen that the ffy width exceeds the vy width
for my 2 140 GeV.
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APPENDIX A: POLE CONTRIBUTIONS

The amplitudes A,Y(mi 7) and Az(mf, 7) can be expressed in terms of two scalar functions

Co(m?;,mi, m?) and Cos(m?z, m¥, m?), which occur in the Passarino-Veltman decomposi-

tion [4] of the loop integrals, as




2
Ay(miz) = —ef{4 6 + W)CZB(mff’mvaW) 16Co(m 5 M miy )

16m 2

3 mw (4023(mff7mH7mt) C’O(mffam%f’m?))} (Al)

Az(m?;) = —25{(5

m,
(1 — tan? HW)) C’zg(mff,mH, miy)
miy

1 mi 1—(8/3)sin’ O
2 2 m2 . m? :
+ (tan Ow — 3) Co(m}z, myy, myy) — _Q-m%v cos?fw

(4023(mffamHamt) CO(mff’mH’m?))} ’ (A2)

with /3 denoting the third component of the external fermion weak isospin and m; being the

top quark mass.

The evaluation of Co(m?}, m¥, m?) is straightforward, yielding

2 .2 2 1 ; m7z
where
C(8) = /1 @m( — Bo(l — ) — ic) (A4)
_ —2 sm 1([ 0<p<4 . (A5)

(cosh (\/g)) - Z'; — 2 cosh'l(\/g) g >4

The scalar function Cas(mi5, m}, m?) is expressible as

m2‘ m2 m‘Z — _]; 1 m?f B m?—l — B mf‘f
Cos(mi 7, miy,m?) 2(mif__m.%)[w(%_m( (—3) - B(5)
Im2 m2 m2
- c(=y - ()], A6
(m;}f_m%)( (—3) - c(=5h)] (A6)
where the function B(g) is
B(ﬂ):/ol dz In(1 —ﬁxu—x)—z’e) (AT)

2[\/§sin 8y_1 0spse "
2[\/@@@ 1(\@)—1— S EY




APPENDIX B: ‘Z’ BOX CONTRIBUTION

The ‘Z’ box diagrams are illustrated in Fig. 1(b), where the internal gauge boson can
be either a Z or a W. In addition to these box diagrams, there are two triangle diagrams
which make the amplitude gauge invariant. The entire contribution is given by the function

Bo(m?3 s, m3,,m% ) which is related to the function Bz appearing in Eq. (3) as
Bz(m?’f_’ m?‘w’mf"w) = —¢f Bo(mi‘f’ m?’w’m%) : (B1)

In terms of the decomposition of Ref. [4], this function is given by

2 2 2 2 2 2 2 2
Bo(m},m,,my,) = Dolmigmy,, my,, my, my,mz) + Du(mypmy,, mg,, my, mj,mz)

+D12(m;f7 mi’ya mf?lya m?—[v m?ﬂ m2z)
-|-D24(mf,f, m?v, m}y, mi;, mz},mzz). ' (B2)

When the D,s in Eq.(B2) are expanded in terms of scalar infegrals, the expression for

Bo(m7z,m%,,m% ) takes the form

—

1 m2

Bl g 1) = e (1 = ) i ) = ) Do, 3.
Mg Mgy v

mz

—(1 = —Z)[m2,Co(1,2,3) — (m%; +m%,)Co(1,3,4)] (B3)

2

mﬁ)(mff m?,) —2mzﬁ]00(1 2,4)

mf'y
mz

_[(1._

(1= 2 )00(2,3,4) + —Z——ff—[Bou,ax) - 50(2,4)]},

f’y (m?‘f + m?"v)
where we have used the compact notation of Ref. [4] with my = myq = mz and my = m3 =

my, as illustrated in Fig. 6 (a).

Explicitly, we have
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where
T = mp,m%, —myz(m}, +m3) (B5)
my 2
aozl—m—2+mf5o (B6)
fv
Bze =1 (1 + /1 — 4m%/m% ) , (B7)
with
2
m -
b= (B8)
~1

(m%, —m%)

The function Sp(y) is defined as the real part of the dilogarithm. For real y > 1, we have
' 1dx , ‘
Sp(y} = Re —/ —;ln(l —yz+ie)] . (B10)
0
When y is complex, the :¢ may be ignored.
The required Cy functions are

_ 2 _ .2 2
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f My Mz~ Miy
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)
s } (B11)

vy f
2 2 2 _ 2
+Sp | L )+~—+ln(m>ln z S
mez, — 2 6 my mz
(m% —m%)?
! 2 2 1 bl
+irf(m%, —mz)In i ; (B12)

Co(1,2,4 T ) (7"'1)—8 (————7" )
0(, )= fq—my{ <’70—71 Yo—n P\ = Bzs
Yo — 1 Y — 1
(70—ﬁz+> (’70—5Z )—}—Sp (’Yo—ﬂz—)
_ Jo—1 ™ ' '
o ( Yo ) 6

: Bz+ =0 1 — Yo
+im |B(m? — 4 —0(m%, — 1 , B13
{ (my m7) In ,BZ— % (qu m7)In o (B13)
with
2
mz
- ™z B14
Yo mi{ _ m}’y ( )
m% —m%
M= ——f:nz_ . (B15)

The expression for Cy(1,3,4) is obta,ined from Co(1,2,4) by the interchange m?, < m?—w.

Finally, the required By functions are

Bo(1,4) = A+2+ fBz41n (’35*—;1—1“-35) +Az_In ([32__;1_—25) ., (B16)
Z+ Z— .

—irf(m%, — m%)} , (B17)

2 mz_
Bo(2,4) = A+2— (1--"%) [111'1 -
- )

where A is




and p is introduced to preserve the dimensions of the regularized integrals.
The cancellation of the In(m?) dependence in Eqgs. (B4), (B11) and (B12) can be checked

by substituting the explicit expressions into Eq. (B3).

APPENDIX C: W BOX CONTRIBUTION

The box diagrams with W’s in the loop are shown in Fig. 1(b) and Fig. 1(c). The non-
gauge-invariant portions of these diagrams are again canceled by triangle diagrams in which
the Higgs boson decays into an ff pair through a WW f triangle and the photon is emitted
from one of the fermions. The invariant amplitude Bw(mi. 7 mfw, mf,—w) appearing in Eq. (4)

can be expressed as

BW(mf‘f’ mf‘v’ m%’v) =—2I3 <Bl(mf‘f’ m?'v’ m%'y) + BZ(mf‘f’ m}'v’ m?"y))

+eBy(miz,mi,,mk ), (C1)

where, as in Appendix A, I3 is the third component of the external fermion weak isospin.
Here, e; is the charge of the internal fermion in units of the proton charge and the prime
denotes the replacement mz — mw in Eq. (B2). Notice that the arguments mfr,y and m?—w

are interchanged in B;. In terms of the D,g of Ref. [4], we have

22 2 2 2 2 2 2 2 2 2 2 2 2 2
Bi(m%f,m%,,m3z,) = Do(m}z, my,,m%,, my, my, miy) + Du(myz,miy, m%,, my, my, myy)

2 2 2 2 2 .2
+D13(mff7 Mgy M, T, T g, mw)

2 2 2 2 2 2
+D25(mff’ mf’Y’mf’y’mH?mfﬂnW)v (CQ)
« 2 K - 5 2
32(mf‘f7 m?'y?m}'y) = —D12(mff, mﬁe,y, m?—w,mfi,mi,mw)

2 2
+D13(m§f, m?‘fya m%fya m%{a My, mW)

+D26(m§f7m?'fy7m_2f'y’m%—]am?f’m2 ) (03)

The decomposition into scalar functions takes the form

1 1 (mf,f——l-mfew—mgv) s s 3 )
= my (Mm%, + m%,) —mirm7
Qm%m}w{[ -3 (mly (m, +m},) = miym},)

Bl(m?‘f’ m?wm(}v) =
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m
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(m%r+2mimi —m},) (m%., + m%)

f‘?m2 +f~:7?/2 ;mz - C0(1727 4) + f’ymz R 00(1,3, 4)

iF Sy fy , fv
_mZ?A/CO(Zg’éL)] 2 [BO(I 3) 30(1,4)]

f ] ( f"r’ mf’y)
—?Tf—[B 2,4) — Bo(1,4 C4
(mfff+mf ) 0( 0( s )] s v ( ; )

”

Balmipmy,my,) =

1 (m% —mi) , . ‘
: 2{ L (ot (i, + ) Dol1,2,3,4)
FF f'v
(m75+m3,)
—i—(mfw—mw){ ffcou 2,3) — #00(1,2,4)
mf'v Mgy

b =

(mf’Y + mf"/)

+ Co(1,3,4) — Co(2,3,4)]

bl (Bo(l,4) - Bou,sn} . (c3)
The numbering is defined in Fig. 6 (b), with m{ = m3 = m4y = mw and m, - m; = 0.
In this case, the scalar function Do(1,2,3,4) is

_1 1 ﬁ0+ ,804.-1
Do(1,2,3,4 g g
02302 e G p(ﬂw—m%v/m%) p(ﬂw—m%v/m%
+ Sp
+ Sp

( Bos ) ( Bot — 1 )-—Sp( Bot )
Bo+ — Bw+ Bot+ — Bw+ Bot+ — Bw-
' Bot — Bo+ )'_ (50+—1>
5P (ﬂo+ - BW—-) ( 0+ — T+ 5P Bo+ — 1+
Boy _ Boy — 1 )
5P (50+ - ’Y—) 5P (50+ - 7-
+em [—H(mz- —miy)ln Bor — 1
i v Boy — miy[m%

T+ — Bo+
Y- — Bot

Bw+ — Bos
Bw— — Post

} + Boy — ﬂo—}, (C6) -

+ 6(m% — 4m¥) In

—6(m%; —4miy)In




"5W1=%(1i\/m> (C8)

7i:%(1:!:\/1—4m%‘,/m§f>. (C9)

The various Cy’s are

. 1 m2 m2, —m2.
Cb“w273)::‘f7“{—5P )+ Sp | 2L
My Mw = M+ My — Mir 7+

7('2 . 2' 2 m%’V m?f 7+ 1
+-—6—— + 7 [H(mff—étmw)ln -y ;-m?,f'y_ & ) (C10)

-1 )\0 /\0—1
Co(1,2,4) = ———- o
0( Y ’ ) m%—m%{{sp (/\0_/\1) Sp (AQ_/\I)

B Ao Ao —1 _ | Ag
5P (/\0 = Bw+> 5P (/\0 = 5w+> 5P (Ao - ﬂw—)

[} e

-1 1 1 1 1

o7 [H(mil — 4m%,)In %/—V—t — 8(m?; — 4miy,)In T } } , (C12)
wW— _
R : m}W o 2 2 m%’)’ ‘
Co(2,3,4) = — Sp mi, + imf(mz, ~ myy)In | [ (C13)
]
with
Ny = T (C14)
m2 — m?,—w ’
m% —m?
h = (C15)
v
In this case, the By’s are
— 143 I QR '
Bo(1,3) = A+2+7,1n (117—*5—"‘5) +4_1In (7—7—4‘5) , (C16)
+ —




Bo(1,4) = A+2+ B, In (M) + Bw_1In (5&-_1—_“3> : (C17)
Bw Bw -

miy ' mj; : 2 2
Bo(2,4)= A4+2—-[1- 3 In|1— m%: —imf(mz, —my) |, (C18)
fr ; .
and
2 \ {n/2-2) ’
A = 7(/2-2) (%) r (2 — g) : (C19)

13




REFERENCES

(1] The Higgs Hunter’s Guide, J. F. Gunion, H. E. Haber, G. Kane and S. Dawson, Addison—
Wesley Publishing Company, 1990. |

[2] A. Abbasabadi, D. Bowser-Chao, D. A. Dicus and W. W. Repko, Phys. Rev. 52, 3919
(1995). -

[3] There are also diagrams with two gauge boson poles, but these actually vanish in the

gauges we use for the perturbative calculation.

(4] G. Passarino and M. Veltman, Nucl. Phys. B160, 151 (1979).

14



FIGURES

L
B
2
®
.
ot 4,
H .7 7 H . AN
...... < [ R % <~
®) ©

FIG. 1. The diagrams for # — ff7y are shown.

ot H -+ ety ; H -+ egy
; T T —r T T T =T T T 3 10 E T T T [~ T T T T T T —3
£ E E mg = 150 GV ]
| my = 100 GeV E L T = 247 ke¥ -
1072 H T = 0.18 keV - 10-1 _
= 3 3 ~ 3
(] o 3 % 3
<] C ] o ]
~ o d
B 0 = = w2 | 5
& 3 3 g E 3
~ - ] ~ r !
I 3 E o L ]
v _ ©
g wtp = -3 g w0 -3
g E 3 © E 3
o 3 ~ r ]
5 | ] 5 F ~
107° 3 1ot b e -
[ 1 L v
10-8 " s " a1 PR T i 1075 PR AL
) 50 100 0 50 100 150
mes (GeV) e (GeV)
. H -+ e&y
10 T T T ¥ r T §
my = 200 GeV 9
10° T = 12.9 keV —
g ;
[} ]
g ’
> 1071 —3
3 3
A 3
St -
% 9
g 107 =3
3
[ ]
o
103 -

1074

g

o

100
My (GGV)

FIG. 2. The invariant mass distribution of the decay mode H — ff+ for several Higgs masses

is shown. The solid line is the full calculation, the dashed line is the pole contribution and the

dotted line is the box contribution.
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FIG. 3. The invariant mass distribution of the decay mode H — vy is shown for several Higgs

masses.
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FIG. 4. The partial widths for Higgs decay into a lepton pair (left) and quark pair (right) are
plotted as a function of the Higgs mass. In the left panel, the solid line is the partial width for a
ch.arged lepton and the dashed line is the pa.r‘tial width for its neutrino. The dotted line is the Z
pole approximation for the charged lepton partial width and the dot—dashed line is the neutrino
partial width. In the right panel, the solid line corresponds 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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up quark, down quark and strange quark contributions is shown as the solid line. For comparison,

the dashed line is the partial width I'(H — 7).
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FIG. 6. The numbering schemes used for the computation of Dy(1,2,3,4) in the case of the Z

box (a) and the W box (b) are shown.
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