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Abatract

The two photon decay widths of non-standard mwwmw bosons are studied
in a minimal broken supersymmeiry model. For two Higgs doublet models 1n
general, a large mﬂ#wnomﬂmdﬁ of these widths relative to the standard
model is possible. However, we find for the case studied that a severe
upper bound on this possible enhancement is imposed by the supersymmetry
features of the model, With only the t-quark as the heaviest fermion we
find a two-photan width of 100 keV for a 160 CeV/c? scalar Higgs boson is

possible. The corresponding widch for a pseudoscalar is 60 keV.
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In a previous paper {l] we studied the two photon decays of spin-0
Higgs mesons in a supersymmetric standard model with SU{2}xU(l) gauge
symnetry. Hereafter this Ecaﬁp.wm referred to as 588M. 1t was found
that unlike the g-2 of the leptons, the two-photon widths of both scalar
and pseudoscalar Higgs bosons do not vanish in the supersymmetric limit.
In the S55M the gauge symmetry is broken mw a SU(2) and U{l) singlet
Higgs field, N. Being supersymmetvic the $SSM is not realistic. In this
paper we study the decay widths of neutral scalars and pseudoscalars,
nOHHmnnwémH% denoted by X°, into two vronodm in a 855M with broken
supersymmetry. Our motivation 1s v:mnoamoncmnan. 'If the mass of X¢

is such that it can be produced at SLC or LEP via reactions such as
ete™ » 29%%°
and/or ete™ » ptpx°

the two—photon decay mode of X° will certaianly be a spectacular one to
detect. Thig will even be more Lmportant Lf this width can be enhanced
in realistic broken supersymmetric gauge theory when noavmwmn to the
standard model Higgs boson, H®. An enhanced two-photen wideh can lead
to enhanced production of these bosons via the two-photon mechanism in
ete” annihilation [2]+ 1In the standard model with 3 families of quarks
and leptons, the two—photon width, Tyy» of a H® of mass My was
calculated [2,3] to be

a¥ud |4|2

T = - h.__.u
Y Zain2p M2
lon<sin tht

The quantlircy _>_m is a dimenslonless function with weak dependence on the

ratios zmxxm and mezm where M, and m, are the masses of the W~boson and
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- 5= -6 -
A second ﬁwmnm.hwwa. desceribes the Yukawa interactions between the to be added. We work ln the 't Hooft-Feynman gauge. Adding them
fermlons and the scalar bosons. We Ilnclude here alsc the scalar—-fermion together the supersymmetric standard medel Lagrangian is just
Higgs field interactions since they are the supersymmetric partner inter— = LMWmcwm + MM + uﬁm + Q,nw mem (2.5)

actions te the Yukawa ones. Explicitly, we have .
The above interaction Lagrangian 1s globally supersymmetric. To be

- witd 2|41 2% Tis 593,12 S RE _ :
uﬁm muumm ep + hace + f _= | mwmw _mmmhur ep + rnmwuo aw_ + _#cmﬂwo cw_ phenomenclogically realistlc supersymmetry must be brokean. This can be
- e - . R achleved by soft breaking terms {3] which vnmmcswaH% arise from super—
+ 2Re[ b I (£,5 1, D580 + hgey FD"] + 2ref (hey i) (e, 00" . .
gravity. The effective low energy, 1l.e. below the Planck mass,

+ | muumu u_m + €y yhgH) Dun + heca + #:nmﬁumpmu#m + _rﬁmﬁumwau_m Lagrangian that breaks supersymmetry can ba written as [8,9] -

T ba YTy TaT:

+ MH..H ._.-zmﬂuﬂ.w + h.c. + _hw—ﬂ 1 W - 7 I —ﬂu_M AN-wv Q_(mmw = W ﬁy.__w_ + V.w.__u — |Eﬁvmvﬁ ?WVQu
where mm. rn and rc are the Yukawa couplings. As usgual Mmm glves rise to _ MU nﬂ AA - HmunHrﬁNu + :.n.u (2.6)

A .
quark {squark) and lepton. {(slepton) masses. In the absence of the
supersymmetry breaking term the fermion and corresponding sfermioms will where n(z) = (A-3)g(z) + MU 7 Zy {2.78)
A A
have degenerate masses. The third plece, Umm. is the superpotential. It
iyd
and g = {hegHMAIN + sl)
is given by [7], 1Mz
. + faeq I, + nye, uiGHE
..Q/Nm g . efq gfiLeg + hyey jH3Qpdp
- w2 juli2 112 2 Ly 2 + hyey HIGHE, + boc. (2.7b)
= v¥{jag{? + |nz]2) |N|2 + |ne; i + s ijH2LvR
1 i%.1 i i 1% 112j5t
+ m.mmﬁb_mp mm_m - u_mm_n_mnrm + EMMUN H»_m _n - N_m _N_or_m As before sum over A represents a sum over all the scalar fields.
¥
The gauglno masses m' and R as well as the gravitino mass mWy,, are free
13342 2 ol*tilyz — sppij2(fty2
+ 4 -2 L + 4 2 L .
_ _ # “ _ ‘ _ wo _ _o v # ﬂ parameters. Eq. (2.7a) contains terms that split the degeneracy in the
+ ﬁzw_c + _mw_: + _m [4 + _m 12} masses of the sfermions and fermions. Because of simplicity and the
L i i o~ 4 i~ T e - ~ added attraction of having a structure close to the supersymmetric model,
+g e fllg]? - np}2 + Q02 - 5 uaj? + 5 ]d]2 - |12+ 2]eg]?)?

m .
(2.4) we take the parameter A, governing the Goldstinpo—matter coupling in

(2.7a) to be [8] A=3.
where ﬂbu_r H ﬁbm»buvm for the scalar field A. Finally the usual gauge-
It is often argued that the gaugine and the scalar masses ¢an be
fixing Lagranglan Mﬂhﬂ and the Faddeev-Fopov ghost Lagrangrian Fgp have

taken to be all equal to the my,, at the Planck scale. However, there
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v, xmzc+ whsmo

Z
e s HZ ), (2.15a)
v +wm:o+HHsmo
\M . (2.15b)
and N ==L (vy + ReN + 1TmN) . (2.15¢)

’Z

The superscripts on the H-fields are 5U{(2) indices. Two charged scalars

form the following combinations:

1

2
ot =~ (v, + w1, (2.16)

5 |-

2%

and Gt = n<mmw - v i) {2.17)

o[

with H™ and G~ given by the conjugates of eq. (2.16) and (2.17). The
physical charged Higgs fields are mu. and G* are the would-be—
Goldstone—bosons which enter 1n the gauge—fixing condictions for the

W-bosons given by

a £:+ Wm.d feas

it = B . (2.18a)
and mrzc- - wm v e, (2.18b)

where £ is the gauge-fixing parameter. With the ald of zw = 1/4 g?y2
(2.18) are seen to be the usual gauge conditlons for the standard

model. For the 't Hooft-Feynman gauge £=1. The combinations in

eq. nm.wolpuu.nmu be shown to diagonalize the charge scalar mass matrix

when the constraint equatlons of eq. (2.14) are used. The unphysical

besons G have mass M, in the 't Hooft-Feynman gauge as expected.

The mass of the physical charged scalars is given by

u N N M
:m+ :N<w + s=F + azm + M2 hm.ﬁmv

for the general case of v,#v,. Eq. (2.19) further limits the allowed

1
Using eqs (2.14b") we get

values for my  and a:m. One example is the case where V¥V, and a:_uam

Wae = = 3 g'2v2 (2.19')

Hence, 1f we want the effective Lagrangian of eq. (2.3-7) not to give

unphysical charged Higgs bosons then oy #m;  in the regton where Vy#Y,
1 2

It is instructive to consider the case of degenerate VEV's, L.e.

v;=V,e We further simplify the discussion by the choice of
™, 0,3 /2 (2.20)
and the solution of eq. Am.wumvf Then we obtain

u m m
My = du? 4 M2 . (2.21)

Thus the simplest solutlons lead to the conclusion that the charged Higps
boson 1s heavier than the W-boson quite independent of the coupling
parameters in the scalar potential. We emphasize that thiz need not be

true in general for vy#v, and smhﬂam

The $ix neutral spin~0 bosons divide Into scalars and pseudoscalars.
One of the pseudoscalars is the would-be-Goldstone that 1s eaten up by

the Z%. This is given by

1 : _
6% = = (vpImity - v Tudf) . (2.22a)

Orthongonal to G? is a pseudoscalar hY; explicitly written as

=

=]

1
- |-

(v Imn + v,TmH?) (2.22b)

and a third pseudoscalar IuN. In this basis G? decouples from the
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with m belrg the t—quark mass and Mg R(L) the bare mass appearing in

. In general mfp#mZ; . From eq. {2.9a-c¢) we deduce that the mixing
SSB & BR™BL

angle 8 betweea Mﬁ and mw is

16m, ,,m¢ .
Blugg-nd ) + (g'2-8?)(v3-v2)

tan 28 = (2.30)

In the symmetrical case of v,=v, and EmeEME then mn=\b. In general

smwuawr and v;#v,.  If we take mg>m,,, then ¥ s of the order of
a

tan™} — . Preliminary data from CERN {10 indicates that
By/2 Y

20 < m; < 50 GeV/c? and it is possible that m;,5 can he a few times

heavier than M,. Thus, ¥ is generally small even for the scalar t—quatks.
For simplicity we shall ignore this mixing and treat mr and mw 48 Mmass
elgenstates. . .

There 13 yet a n:mnn_mmn of mixed states that are important in this
nmpnrwmm»ou. These are states Formed from the uixing of the winos and
charged Higgsinos. 1In the Lagrangian [see aqs {2+2)] the charged

gauginos and mwmmmﬁuom are nmvnmmmamma by Majorana spinors A¥ and 2
mp

and e# , respectively with

I+

at - wm (ls1a2y , . (2.31)

Again they are not the physical mass elgenstates. These physical states

are constructed explicitly as follows:

-ixt cost, + ew singy
X = . -
id” cosp_ + em sing_ (2,32a)

-0t singy - #} cosdy
and Xy =
13 siog— + $? cosd_ /. (2.32b)

Notice that there are two separate mixing angles ¢4 and 4.

One can read off from hﬂmmw [s2e eqe (2.6)}] and eq. (2.2) the mass
terws iavolving the winos and charged liggsinos. Diagonalization ww
achieved by eq. (2.32a,b). This procedure gives the nixing angle ¢+
and the masses m~ and mm of the two physicdl chargine states ¥p and ¥,
regpectively. In terms of the parameters appearing in the Lagrangian,

these angles are given by

-

i [(+sin20)!/2 + (1~sin2a)1/2]
~ :

YT M, 1+ —== |2 - sin22a31/2
2

sin 244 = (2.33})

where tan @ 3 — ) (2.33%)

This result ts given in a different form in vef. {6}. For, vy 22 t» or

v; >> v, we have

(2.34a)

and : ¢ =0 . : (2.34b)

On cthe other hand with equal VEV's we get ¢;=4_=4 and eq. {2.33) reduces

to

sin? Me

(2.35)

~

The calculation also yields the masses M, and mm. These are written

explicirly as

~ 1 w2 (]
M, = — 1+sinZa + —}4/2 + {l-gin2a + —)1/2] , (2.36)
m Yz o H h ® mzw. ﬁ mzmu _
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Pvdp
prq

N =

uw Buv {3.11)

whete p and g are the photon momenta, of the first and second photon
regpectively, and
t 1

HA»V- nnl.»aH-wxﬁpumu. (3.12)
a b4 A

We aote n:wn the function AI{A) has a very weak dependence on X for
values of » >> L/4. This is shown in mhw..m-

Similarly we computed the matrix mwmamznm for the two~photon decays
of the pgeudoscalars :m and mm. The diagrams which contribute are
displayed in fig. 3, and consist only of fermionm and gaugino loops. We

Eind the matrix elements for the pseudoscalar mm (k=4,5) to be

= Hva(134(2)
a, ﬁmrx~+mwxm+mrmqummz ey {3.13)
with
&7 mmmﬂ~
2 .
a = Vo8zCy + v 840z I(A, )0 3.14
wxw ey {vpszex + v s4eg) 1Mk (3.14)
jelaignic. v
v
2
where Pode
NEY = gHvew R (3.16)
ps Zpeq

and A, is cosx(sinx) For k=4(53) .

The above gives the general amplitudes for scalar or vmmcnomnwwmn
Higgs boson te two-photon decays in broken supersymmetric theory, calcu~
lated with component fileld techniques. Obviously these amplitudes
contain many unknown parameters such as mixing angles and masses of

unseen particles. In the next section we shall make some reasgnable
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simplifying assumptions and estimate the widths. We shall examine care-
fully the allowed enhancement of these widths in broken supersymmetric

gauge theories.

4, Widths of X° » Y

The widths of X° + vy can now be trivially calculated from the
results presented in the last secticn. However, we have to fix or
establish a range for the many parameters appearing in the amplitudes.
We discuss two exireme cases for the ratio of the two VEV's vy and v,.
We shall call v, >> v, case A and v,=v, case B.

We begin with the pseudoscalar :w and :m decays. For case A, the
mixings of the charginos are given by eqs {2+33). Substicuting into
eq. (3.15) and (3.16), we find the dominant contributions come from Xy

and the t-quark; thus for mm decays

/2 e’ ¥, 16 . 1

ay, = p_=; MM ( xuv cosx sind4 (4.1)
alg n?

ap = — ——= M, tana — I(X CO8X . 4.2

t u._—N W E_Mm_ A ﬁu A v

From eq. (2.24) we do not discern any reason why the mixing between the
pseudoscalars should be small. Hence, we expect cosx = 1/¥2. Notice
that the relative phases of 4, and mx» are destructive since ¢4 is in the

first quadrant. The width for H? decays can be trivially obtained te be
9 1 ¥y

ﬁwZWnommx m~ 4 Em 2
P xMiHQx_uﬂuf -~ tane — I(ky) (4.3)
(47 )Y sin mzzr M, 3 M2

r(HOsvy) =

The width of mm decay is obtained from the above by substituting sinx for

cosx and M, by zm.
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These widcths as a function of their mass, for the range of allowed
chargino masses, are plotted in figs 3. Neither X3» Xz mor the t—quark
loop contributions dominate, since there 13 no tano enhancement. Conse-
quently nrm width 1s much smaller than in case A, i.e. less than 25 keV,
The upper bound curve in fig. 5 corresponds to both chargines having mass
My, and hence is sharply peaked near the threshold at M.

It 1s now stralghtforward to carry out the same analysis For the
two-photon widths of n:m scalar :wmmm.vomozw =m (1=1,2,3). For definite-
=mmm we discuss only :w decays. It wm clear that the same analysis can
be pushed through almost verbatum for mw and H). Just as in the case of
the pseudoscalars there is no apparent reason for the mixing :wu between
these scalars to be small. Yor simplicity we assume that they are all
approximately mn:mw..w.m. :Puu:nun:mulcuwxxw for j=1,2,3.

4As seen in fig. 1 there are many more internal loop contributions
compared to pseudoscalars; hence, more free parameters in the form of
Internal masses appear. We already noted that the combination AI(X) does
not vary a great deal over a wide range of values for A. Thus, we do oot
expect the twe-photon widths no.Vm too sensitive to the values we nroomm
for these masses.

Observe that the amplitude due to fermion loops of eq. (3.6) is-
noaunmnmn by the t-quark for both cases 4 and B. This is due to the mass
of the t-quark being much wmqun than other ferwions in the minimal 3
quark~lepton families universe. For case A further enhancement is due to
the presence of the VI factor. WNotice that the mnwﬁmulmonshos loop
contribution of eq. {3.7) is dominated by the scalar-top Eor both cases A
and B. To the extent that ymHAymu is insensitive to the chalce of scalar

fermion mass, the term involving zmhwv will give zero when summed over

- 22 -

all scalar fermion types. The remaining Yukawa cerm is proportional to

the square of the corresponding Fermion mags, and hence the scalar-tep

dominates. Again in case A there ig further enhancement by the vE

factor.

Incorporating the above considerations, we find that for case A the

scalar decays have

te?pM,
ay = Q._im [6 + (-snar 12 )0 (4.10)
Hmnwz
ag = ?iw fagt + 212 p v {4.11)
|mxmwmmmm_
2
= 2+ {4A,~1)L(A,)U si 4.12
o, Py [ ﬁm:%:f {4.12)
2
NHGN&E 1 szdw
a; = 1+ 2100 ]Il -~ =271} + 1] 4.13
i ?_Cnﬁ al O] 7 M vy ( )
wwwmmﬂm
a, = - Tar T [2 + (4A~DI(A )8 tana (4.14)
Hm»mnwsm —
a~ = L+ 2A~I(A~)|U tana 4,15
t uﬁ.avNZﬁ t ( nvu_ ( )
to give a width of
a . L ~12
%+ vy) = Teon _m£+mn+mxw+mxn+mm+mn+mn_ . (4.16)

This widcth as a function of the scalar mass is displayed in fig. 6. The
standard model scalar width is alsc shown for comparison. The major
contributions to the scalar width in this mass range are the t-quark

loop, W-gauge boson Hamﬁ. and to a smaller extent the osmnwwuw loops. For

larpger scalar masses, the scalar-top and charged Higgs loops will alsc
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that these additicnal contributions are act very large and in fact they
in general reduce the width by interfering destructively with the asual
contributions. One important additiconal feature arising from the super-
symmetry is the upper bound imposed on tanw by the allowed range of the
gaugino masses. The upper limit of tan ¢ 5.6 im the minimal broken
supergymmetry model 1s less than half of the most restrictive bound for a
general two-Higgs doublec model. The width varies as tanfa for large
tana, 8o that the largest possible width for this model is at least 4
times smaller than one iﬁm:ﬁ.sw<m heped for. A more optimistic situation
can arlse if the mixings between the scalars, coming frow the breaking of
the supersymmetry, have phases such that constructive interference occurs
between the W-gauge boson and t—gquark loops. In this case the scalar
width 15 enhanced to uwﬂHHNWH% compensate for the smaller tana factor.
Even this best case possibility allows an enhancement of n:w scalar width
of less than an order of magnitude aver the standard model width. For
the pseudoscalar this best case possibility does not cccutr since the
relative phases are fixed, and hence the pseudoscalar width is definltely
smaller. Hence, we conclude that the supersymmetry lmposes a much lower
upper bound on the possible tana enhancement of the two photon decay
widths than do two Higgs doublet medeis in general. Widths of the order
of 100 keV is the best one can hope for both scalars and pseudoscalars in

the minimal broken supersymmetric gauge theory.
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Fleld content of the minimal supersymmetric SU{2)*xU{1) model with one

famiily.

have the SU{2) index i=1,2.

representations and the U(l) hypercharges of the respective fields.
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Table 1

superscript ¢ Indicates charge conjugation.

Gauge Bosons
va

4_

Leptons

Ll=(v,e7),

[+
el

Quarks

Gauginos

xm

A
Sleptons
Ll=(3,80)
=
Squarks
mmuﬂmm.mrv

~k
U

e
dy

Higgsinos
1 g2
Aezp,em_v
AeWM.emnu

¥n

50(2)

1/2

1/2

1/2

1/2

$U(2) gauge bosons carry the label a=1,2,3 and the matter fields

The last two columns give the SU(2)

-1

1/3

-4/3

L'

6.
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Figure Captions

One-loop contributions to the two photon decay of the scalar mm
(j1,2,3}+ The diagrams are grouped into separately gauge invariant
sets. (I} gauge beson, would-be-Goldstone boson, and ghost loops
(i1} would-be~Goldstone boson loops (ILL} physical charged Higgs
boson locps (IV} charginos laops (V) Efermion loops (VI} scalar-
fermion loops.

Plot of the function AI(A) vs. A. The solid {broken) curve shows the
real {(imaginary) part.

One-loop contributions to the .two photon decay of the vwm:nomnmpmu mm
(k=4,5}. (I) chargino loops {II) fermion loops.

Case A (v, >> vy): two photon decay width as a function of mass for
the pseudoscalar mm {(k=4,5) with mixing angle x=n/4, for the range of
allowed A masses.

Case B (v;=v,}: two photon decay width as a function of mass for the
pseudoscalar mm {k=4,5) with mixing angle x=n/4, for the range of
allowed X, masses.

Case A (v; >> v,): Two photon decay width as a ncanﬂwon of mass for
the scalar mm (31,2,3) wich mixing angles :HUIcmuucmuIH\\H. for the
range of allowed X, masses. The broken curve shows the standard
model Higgs boson width for -comparison.

Case B (v =v,): two photon decay width as a function of mass For the

mnmumﬂ"mm (j=1,2,3) with mizing angles U MGNUuGQHIH\xuu for the

1]
range of allowed X; masses. The broken curve shows the standard
model Higgs bosen width for comparison.

Case A hd_ > cmV" two n:Ono: decay width as a functionr of mass for

the scalar mw (j=1,2,3) with mixlng angles Uy =D, Uy =1/¥3, for the
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