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Abstract

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

possible. The corresponding width for a pseudoscalar is 60 keV.
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In a previous paper [1] we studied the two photon decays of spin-0
Higgs mesons in a supersymmetric standard model with SU(2)xU(1) gauge
symmetry. Hereafter this model is referred to as SSSM. It 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 SSSM the gauge symmetry is broken by a SU(2) and U(1) singlet
Higgs field, N. Being supersymmetric the SSSM is not realistic. In this
paper we study the decay widths of neutral scalars and pseudoscalars,
collectively denoted by X°, into two photons in a SSSM with broken
supersymmetry. Our motivation is phenomenological. If the mass of X°

is such that it can be produced at SLC or LEP via reactions such as

ete™ » 2%%°
and/or ete™ » gtp—x°

the two-photon decay mode of X° will certainly be a spectacular one to
detect. This will even be more important if this width can be enhanced
in realistic broken supersymmetric gauge theory when noav»mmn to the
standard model Higgs boson, H°. An enhanced two-photon width 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
3M3 2
fyr = SHNHN_-M M2
ww

. 1)

The quantity _>_N is a dimensionless function with weak dependence on the

ratios zw\zm and aM\zm where M, and m, are the masses of the W-boson and
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A second vwmnm..WWx. describes the Yukawa interactions between the to be added. We work in the 't Hooft-Feynman gauge. Adding them
fermions and the scalar bosons. We include here also the scalar-fermion together the supersymmetric standard model Lagrangian is just
) N R o .
Higgs field interactions since they are the supersymmetric partner inter- :hmm = L gauge + QM< + th +or t Gmmm (2.5)

actions to the Yukawa ones. Explicitly, we have .
The above interaction Lagrangian is globally supersymmetric. To be

~kn

= i3 2 1yl)2 .Je 33,2 Q30,12 i
mmw €q4feHjLleg + hoce + £2|87| 2egeg + _mmmwur eg + hgey 4Q dp|? + _rcm»uo Ugl phenomenologically realistic supersymmetry must be broken. This can be

~ ~

ok ~ % . - achieved by soft breaking terms [5] which presumably arise from super-
+ 2Re[ hey JHIN) (£qe 3 NG + hgey FGR) 7] + 2Re[(hey JHIN) (hey TTR) "]

gravity. The effective low energy, i.e. below the Planck mass,

+ | £gey 11|12 + ey jhaiQldg + hece + |hge; 1A 2 4 |hye; 17002

j Lagrangian that breaks supersymmetry can be written as [8,9]
i~ iz i Ny ~ -7 ~ =T
+ MHHSG—.—NOHGW + he.c. + _Aw_a—:—ﬁmw - SGINGWV_N (2.3) _,\waw = - .W- E.Ay.v. + v..»-u - WE A3)\3 4+ >m>mv
where mm. hy and r: are the Yukawa couplings. As usual MW& gives rise to - MU nﬁ >»> - Euxnﬁrﬁmv + :.n.v (2.6)
: A
quark (squark) and lepton (slepton) masses. In the absence of the
9 .
supersymmetry breaking term the fermion and corresponding sfermions will where h(z) = (A-3)g(2) + MU MWI Z) (2.7a)
A A
have degenerate masses. The third piece, Mmm. is the superpotential. It
iyl
and = (heq sHyHJN + sN)
is given by [7], & ﬁ 155172
~ 5 i~
|\/Nw . . + fqeq HiLdey + _:_m:.:_omaw
s M\‘-,\
= —-Nﬁ_*—w._n + _Ew_mv _Z_N + _—.—mu—.umwmm + m_N + ?CMHUINONES + hece (2.7b)
1 i* i i i i*yi 5
+ 3 wnﬁb_mp =~_~ - N_=__~_=~_~ + EMMNN Ha_ms or_N - N_mw_m_Oﬁ_N As before sum over A represents a sum over all the scalar fields.

The gaugino masses m' and m as well as the gravitino mass m,,, are free

i*~i12 _ iy21712 di*~i2 _ 515l 21712
+ + 4
»_ms L N_=E_ L] H _o_ L n_or_ L] parameters. Eqe. (2.7a) contains terms that split the degeneracy in the
+ _=w_: + _=w_: + _mH_: + _mw_m* masses of the sfermions and fermions. Because of simplicity and the
+.W .nﬂ_mw_w _ _=w_m . W._m»_n _ m _H_N + W _m_w _ _m_m + N_Mw_m_n added attraction of having a structure close to the supersymmetric model,
| (2.4) we take the parameter A, governing the Goldstino-matter coupling in

eqes (2.7a) to be [8] A=3.
where _>H_: = A>»*>mvm for the scalar field A. Finally the usual gauge-

It is often argued that the gaugino and the scalar masses can be
fixing Lagrangian WMOM and the Faddeev-Popov ghost Lagrangrian Fyp have

taken to be all equal to the m,,, at the Planck scale. However, there
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v, + ReH{+ Zamw )
H = = » B2, (2.15a)
0. o]
1 V,+ReH%+iImH
H, = A:» 2 wM z ], (2.15b)
and N = MW A<w + ReN + iImN) . (2.15¢)

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

form the following combinations:

gt

< |-

1 2%
(viH, + v, H ), (2.16)

and Gt

1}

< |~

1 2%
A<~=~ - v, H} ) (2.17)

with H™ and G~ given by the conjugates of eq. (2.16) and (2.17). The
physical charged Higgs fields are :w. and G* are the would-be-
Goldstone-bosons which enter in the gauge-fixing conditions for the

W-bosons given by

+ g
u _ 1
W = Mw vGt, (2.18a)
- _ig -
and wtz,_ = 2 v G, (2.18b)

where £ is the gauge-fixing parameter. With the aid of zw = 1/4 g2v2
eqe (2.18) are seen to be the usual gauge conditions for the standard
model. For the 't Hooft-Feynman gauge £=l. The combinations in

eqs (2.16-17) can be shown to diagonalize the charge scalar mass matrix
when the constraint equations of eq. (2.14) are used. The unphysical
bosons G have mass My in the 't Hooft-Feynman gauge as expected.

The mass of the physical charged scalars is given by

2, = h2y2 4+ 2 2 2
z:» = h <w + E:- + E=N + z: (2.19)

for the general case of Vi#Vye Eq. (2.19) further limits the allowed
values for s:h and B:m. One example is the case where v,#v, and E:—nsm .

2
Using eq. (2.14b') we get

Wy = - w g'2v2 (2.19")

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

unphysical charged Higgs bosons then my #my in the region where vy #V,
1 2

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

Vi=V,e We further simplify the discussion by the choice of
a:»uEINnaw\N (2.20)
and the solution of eq. (2.13a). Then we obtain
Mis = »_..W\N +M2 . (2.21)
Thus the simplest solutions lead to the conclusion that the charged Higgs
boson is heavier than the W-boson quite independent of the coupling

parameters in the scalar potential. We emphasize that this need not be

true in general for v;#v, and s=~#a=~.

The six neutral spin-0 bosons divide into scalars and pseudoscalars.
One of the pseudoscalars is the would-be-Goldstone that is eaten up by

the 2°. This is given by

¢° = = (v,laHg - v,Tun) . (2.22a)
Orthongonal to G° is a pseudoscalar rwu explicitly written as

hy = w (v ImH] + v,ImH9) (2.22b)

and a third pseudoscalar ImN. In this basis G° decouples from the
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with m, being the t-quark mass and mg R(L) the bare mass appearing in

LNwmmw. In general EWWﬂsmr. From eqe (2.9a-c) we deduce that the mixing

~

angle 6 between mr and ﬂw is

~ H.QSw\NEn
tan 260 = > 3 53 T (2.30)
8(mgp-mg;) + (g8'%-g Y(vi-vs)

~

In the symmetrical case of v;=v, and wausmr then 6=n/4. 1In general

smw$5wr and v #v,. If we take mp=my,, then ¥ is of the onnma of
my

tan™! o Preliminary data from CERN [10] indicates that

M3/2
20 < mg <50 GeV/c2? and it is possible that my,, can be a few times
heavier than M, Thus, ¥ is generally small even for the scalar t-quarks.
For simplicity we shall ignore this mixing and treat mr and Mw as mass
eigenstates.

There is yet a third set of mixed states that are important in this
nmwnrwwnhos. These are states formed from the mixing of the winos and
charged Higgsinos. 1In the Lagrangian [see eq. (2.2)] the charged
gauginos and Higgsinos are represented by Majorana mvnnonm A* and em

1
and er , respectively with
L p

At = wm (Al31A2) . (2.31)

Again they are not the physical mass eigenstates. These physical states
are constructed explicitly as follows:

-iat cosdy + ew sing4
A" cost- + ¥4 sing- (2.32a)

-t sind4 - em cosdy
and X =

-iA~ sing_ + 92 cosé_ /. (2.32b)
!

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

One can read off from Lﬂmmw [see eq. (2.6)] and eq. (2.2) the mass
terms involving the winos and charged Higgsinos. Diagonalization wm
achieved by eq. (2.32a,b). This procedure gives the mixing angle ¢+
and the masses m~ and mn of the two physical chargino states X, and X2
respectively. In terms of the parameters appearing in the Lagrangian,

these angles are given by

~

1/2 - 1/2
sin 20, = B [(1+s1n20)1/2 + (1-sin2a)1/2]

(2.33)
VI My 1+ — )2 - sin22all/2

where tan @ = — (2.33")

This result is given in a different form in ref. [6]« For, Vo D> vy or

vy >> v, we have

sin 2¢4 = /2 § —~ (2.34a)
: m'
M, (1 + =
2M2
and _ ¢~ =0 . (2.34b)

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

to

sin? 2¢

(2.35)

The calculation also yields the masses m~ and mm. These are written

explicitly as

~ o2 o2
M, = —% M, [(1+sin2a + —2)1/2 + (1-sin2a + W.WV:N_ . (2.36)

/2 2M2 M2

N -
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Pvdy
P°q

N =

uv 8uv (3.11)

where p and q are the photon momenta, of the first and second photon
respectively, and
1o 1
I(A) = dx = &njl - = x(1-x)| . (3.12)
° X A

We aote that the function AI()A) has a very weak dependence on A for
values of X >> 1/4. This is shown in fig. 2.

Similarly we computed the matrix elements for the two-photon decays
of the pseudoscalars :w and :m. The diagrams which contribute are
displayed in fig. 3, and consist only of fermion and gaugino loops. We

find the matrix elements for the pseudoscalar :m (k=4,5) to be

a, = (a, +a, +a, )NHVe(1l)e(2) (3.13)
k m xx~ xxn wmv ps-u v
with
W2 mmmm_
2
a = V,83C+ + v, sic3)I(A,)n (3.14)
xx~ (4m)2y ﬁ 25% 1 +u m k
2
4e?efgmcs (v, \n
1 \)'f
a, . = - MU —_ I(Age)n (3.15
ke £ mm, \v, £ )
where Pp9q
HV _ _uvpw Fpiw
zvm € 7peq (3.16)

and ni is cosx(sinx) for k=4(5) .

The above gives the general amplitudes for scalar or pseudoscalar
Higgs boson to two-photon decays in broken supersymmetric theory, calcu-
lated with component field 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 reasonable

- 18 -

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° + yy

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

We begin with the pseudoscalar mw and :w decays. For case A, the
mixings of the charginos are given by eq. (2.33). Substituting into
eqe (3.15) and (3.16), we find the dominant contributions come from Xy

and the t-quark; thus for =m decays

a u\.nmnwml:s ) cosx si (4.1)

Xy o M, X1 sX sing4 .
elg am

ay = - — tana — I(A:) cosx . 4.2

t U._—N W Zm t 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 ag and mx~ are destructive since ¢4 is in the

first quadrant. The width for mw decays can be trivially obtained to be

a3M2cos2x M 4 m2 2
i vz L IOy dsings - — tana — TO)|  (4.3)

T(Hy»YY) =
(4m)%s1n20 20, | M, 3 u2

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

cosx and M, by Mg .
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These widths as a function of their mass, for the range of allowed
chargino masses, are plotted in fige 5. Neither X3» Xp nor the t-quark
loop contributions dominate, since there is no tana enhancement. Conse-
quently the width is much smaller than in case A, i.e. less than 25 keV.
The upper bound curve in fig. 5 corresponds to both charginos having mass
My, and hence is sharply peaked near the threshold at 2My,;.

It is now straightforward to carry out the same analysis for the
two-photon widths of the scalar Higgs bosons :w (3=1,2,3). For definite-
ness we discuss only :% decays. It is clear that the same analysis can
be pushed through almost verbatum for :m and H). Just as in the case of
the vmm:awmnmwmnm there is no apparent reason for the mixing cwu between
these scalars to be mamwﬁ. For simplicity we assume that they are all
approximately equal, i.e. cwun=NHHCwuucnu\\ﬂ for j=1,2,3.

As 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()A) does
not vary a great deal over a wide range of values for A. Thus, we do not
expect the two-photon widths to be too sensitive to the values we choose
for these masses.

Observe that the amplitude due to fermion loops of eq. (3.6) is
dominated by the t-quark for both cases A and B. This is due to the mass
of the t-quark being much larger than other fermions in the minimal 3
quark-lepton families universe. For case A further enhancement is due to
the presence of the Vf factor. Notice that the scalar-fermion loop
contribution of eqe. (3.7) is dominated by the scalar-top for both cases A
and B. To the extent that »MHA»WV is insensitive to the choice of scalar

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

- 22 =

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

the square of the corresponding fermion mass, and hence the scalar-top

dominates. Again in case A there is further enhancement by the <m

factor.

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

scalar decays have

Le?glty [6 + (-8r122)1(0)] 4
& = - u .10
w (4m)2 L W ( )
HGNWZi lew + NHA» VHC 411
an = .
G (4m)2 w w ( )
|~\MWmnmm~
%, ° T2+ (42 =1)I(A))U sing4 (4.12)
1 (4m) 2
2 2
N»mmzs 1 2h2y
3
ay = 1+ 2A,I() 1 - =271} + U 4.1
H Ab.:vn ﬁ H ( —,—VH_ 2 "w g, ( 3)
mwmm»Sw
77 Samymm, 2 ¥ (AeDIGO]U tan (4:14)
w@wmmmam ﬁ
a~ = 1 + 22~I(M ) ]U tana 4.15
t o 3(4m)2M, F1Op)] (4.15)
to give a width of
0 -1 12
T (H%+ vy) Tom w:+»o+mx_+mx~+m=+wn+mn_ . (4.16)

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

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

larger scalar masses, the scalar-top and charged Higgs loops will also
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that these additional contributions are not very large and in fact they
in general reduce the width by interfering destructively with the usual
contributions. One important additional feature arising from the super-
symmetry is the upper bound imposed on tana by the allowed range of the
gaugino masses. The upper limit of tana 5.6 in the minimal broken
supersymmetry model is less than half of the most restrictive bound for a
general two-Higgs doublet model. The width varies as tan2a for large
tana, so that the largest possible width for this model is at least 4
times smaller than one might have hoped for. A more optimistic situation
can arise if the mixings between the scalars, coming from the breaking of
the supersymmetry, have phases such that constructive interference occurs
between the W-gauge boson and t-quark loops. In this case the scalar
width is enhanced to partially compensate for the smaller tana factor.
Even this best case possibility allows an enhancement of the scalar width
of less than an order of magnitude over the standard model width. For
the pseudoscalar this best case possibility does not occur since the
relative phases are fixed, and hence the pseudoscalar width is definitely
smaller. Hence, we conclude that the supersymmetry imposes a much lower
upper bound on the possible tana enhancement of the two photon decay
widths than do two Higgs doublet models 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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Table 1

Field content of the minimal supersymmetric SU(2)xU(l) model with one

family. SU(2) gauge bosons carry the label a=1,2,3 and the matter fields

have the SU(2) index i=1,2. The last two columns give the SU(2)
representations and the U(l) hypercharges of the respective fields.

superscript c¢ indicates charge conjugation.

Gauge Bosons Gauginos SU(2) Y
va x2 1 0
A A 0 0
Leptons Sleptons
Li=(v,e7) tl=G,e7) 112 -1
’ L *FL

c %+
er eR 0 2
Quarks Squarks
Qf=(u,d) =@y d 122 1/3
L *’L L L°>"L
uf friy 0 -4/3
a¢ a 0 2/3
L R
Higgs Bosons Higgsinos
ut Wy w2 ) 172 1

1 :—. =_

Hy Wh ¥R 12 1

N éz‘ 0 0
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Figure Captions

One-loop contributions to the two photon decay of the scalar :w
(3=1,2,3). The diagrams are grouped into separately gauge invariant
sets. (I) gauge boson, would-be-Goldstone boson, and ghost loops
(I1) would-be-Goldstone boson loops (III) physical charged Higgs
boson loops (IV) charginos loops (V) fermion 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 pseudoscalar =m
(k=4,5). (I) chargino loops (II) fermion loops.

Case A (v, >> <~v“ two photon decay width as a function of mass for
the pseudoscalar :N (k=4,5) with mixing angle x=w/4, for the range of
allowed x, masses.

Case B A<~n<~v" two photon decay width as a function of mass for the
pseudoscalar :m (k=4,5) with mixing angle x=w/4, for the range of

allowed X, masses.

Case A A<~ > <NV" Two photon decay width as a function of mass for

the scalar :w (3=1,2,3) with mixing angles U ucmuucwuuw\\uw for the

1j
range of allowed X, masses. The broken curve shows the standard
model Higgs boson width for ‘comparison.

Case B A<~u<~v" two photon decay width as a function of mass for the
scalar :w (51,2,3) with mixing angles c_un muucwuuwxxuu for the
range of allowed X, masses. a:m,vnoxmn curve shows the standard
model Higgs boson width for comparison.

Case A A<_ > <~v" two photon decay width as a function of mass for

the scalar mw (3=1,2,3) with mixing angles U nlcnun:w.nw\\uw for the

1j il
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