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Abstract

We investigate a potentially large CP violating asymmetry in the decay of a
neutral scalar or pseudoscalar Higgs boson into the tt pair. The source of the
CP nonconservation is the complex mixing in the stop 1 g sector. One of the
interesting consequence is the different rates of the Higgs boson decays into CP
conjugate polarized states.
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1 Introduction

The standard model (SM) of particle interactions contains one CP violating parameter,
which is a complex phase in the quark sector of the SM. This phase appearing in the
quark mixing matrix of the charged current is expected to account for the observed CP
violations in the K-K mixing, in the K decays, as well as in the potential CP violation
in the B-B system.

However, it is generally believed that new physics beyond the SM must exists. One
of the major motivations for this is to understand the seemingly unnaturalness of the
Higgs mass at the electroweak scale in the SM, the so-called gauge hierarchy problem. In
addition, due to the difficulties of the SM to account for the baryon asymmetry of the
universe as well as to resolve the strong CP problem, it is widely accepted that new sources
of CP violation are needed. The most popular extension of the SM that addresses the
hierarchy problem is the supersymmetric standard model[fl], PJ]. The extension has many
more new (super-)particles and parameters compared to the SM. With all these new
parameters, there are many possible new sources for CP violation. The phenomenology
of CP violation caused by these new sources is rich and diverse. The effect of these new
sources of CP violation may surface in the data before any super-particle is discovered.

Even in the minimal supersymmetric standard model (MSSM), which only augments
superpartners of known particles in SM, the Higgs sector contains new sources of CP
violation in its couplings to super-particles. When the p term in the Higgs superpotential
and the soft-SUSY-breaking A terms are complex, the tri-boson-couplings between the
Higgs bosons and the squarks can contain CP violation. In MSSM with the simplest
universal soft supersymmetry breaking[B], there are two new CP violating couplings which
can be defined to be the phases of yu and A terms in a convention that makes the others
new couplings real. Therefore, these new sources of CP violation are generic of any
supersymmetric theories. In addition, they also have been used as one of the leading
sources of CP violation in a scheme to use MSSM to generate baryon number asymmetry
of the Universe in electroweak phase transition [[f]. Therefore, it should be important
to look for collider phenomenology that can check these mechanism. For example, these
complex couplings lead to a complex phase in the mixing[[] of stop states. It is the purpose
of this paper to investigate one consequence of this CP violating source in colliders.

It is expected that the future colliders are able to produce CP violation signals|f], [f,
0, A in the sectors of heavy particles. In this article we study the CP asymmetry in the
Higgs decay into top pairs because the large top or stop coupling to the Higgs particles
can produce largest effect.

In MSSM, even with soft breaking terms and R symmetry breaking terms, there is
no tree level mixing between the scalar and the pseudoscalar bosons. Therefore their
couplings can be discussed separately. However, the scalar and the pseudoscalar bosons
mix at one loop, and their effect has to be taken into account as we will show later.

2 Stop Mixing

The source of CP violation that we investigate here is due to the mixing in the stop mass
matrix. We use the convention adopted in Ref.[fJ. The mass matrix for the stop quarks



in the left-right basis is given as

M2 = mé +mj + Aj,m% cos 23 —my(pcot § + A7) )
t —my(p* cot B+ Ay) mg +mi + A; mycos26 )’
where A;, = 3 —2sin® 6y, and A;, = —2sin® 6. The complex phase § of the off-diagonal

elements is the source of CP violation.
weot S+ Ay = |u* cot 5+ At|ei5. (2)

The stop mass eigenstates, t1, ts, are related to the left and right stop states by an unitary
mixing matrix

tr (1 0 cosf sinf t B t
<t~}g>_<0 ei5><—sin9 cos@><t~2>_U<t~2> (3)
The masses of these eigenstates are given by

miz = %(mé + sz + 2m? + (% - %sin2 Oy )m% cos 2 F \/FZ) , (4)

1 2
R = (mé—sz+§m2Zcos2ﬁ> + 4m?|pcot B+ Af|* . (5)
Here we denote #; as the lighter state. The mixing angle is given as

[m —m@ + im? cos 26 + VR
2my|pcot 5+ Ajf|

tanf = —

Strong gluino couplings to stops and tops in the left-right basis is given by
Ly = —V2g.trGtr — V20,tLdtL . (7)
In terms of mass eigenstates,

L; = —V/2g.t(Pr cos — Ppsinfe®)t1§ — v/2g.t(Prsin 6 + Py cos 0e”)tag, (8)

where Py, is the left projection (1 — %), and Pg is the right projection (1 4 +°). We

also need the stop-stop coupling to 7,

g . AT . AT
Ly = “cos O [(% — Zsin’ Ow )i, 0" T, — 2 sin” Owith i0" tr| Z, . 9)
After mixing, the Lagrangian for the Z coupling in the ¢;, {5 basis is
g . AT . . AT
Lz = ~ cos b [(% cos® 0 — %sm2 QW) tiort + (% sin? 6 — %sm2 QW) ot t,  (10)

—l—i sin(26) (F{ 2'5“ ty + Fé 2'5“ £1>] Zy .

Note that the last term is real in this phase convention.



3 The Higgs couplings to stops

In MSSM, there is only one pseudoscalar boson., A°. The pseudoscalar Higgs coupling to
the stop squarks is given by the Lagrangian

La=(H )T ( ? ) LA? (11)

2

The matrix T4 is given as

T4 = (12)

~

~my [ 2sinfcos@Im(A)  —i(cos® A" + sin? 9 A)
i(cos? A +sin? A*)  —2sinfcosf Im(A) )’

V2

and A is defined as A = (A4, cos 3 — p*sin )e~®. Note that the nonvanishing of T4 or T3}
is a sure sign of CP violation already (similar to K — 2m). However, if for some reason
p and A; happen to have the same phase, T}; and T4 will vanish because in this very
special case the phase in the stop mass matrix and that in the pseudoscalar couplings can
be removed simultaneously.

The pseudoscalar Higgs coupling to the top quark is given by the following Lagrangian,

LY = 297:; cot 3 tir°t A°. (13)

The neutral scalar Higgs sector is made up two scalar eigenstates, H° and h°. There
masses are given as

mi, =3 |mi+my+ \/(m% +m%)? — 4m%im?% cos 26| . (14)

Since in MSSM the constraint on the lightest scalar, h, is such that it is too light to decay
into the top pair, we shall concentrate on the decay of the heavy Higgs boson, H, which
can decay into the top pair. Our general framework can also be used for the decay of the
lighter boson, h, of course, if for any reason that it should be heavy enough. The heavy
Higgs coupling to the stops in the left-right basis is given as

gm? sin a .
T _ ——Lcog%iv A;, cos(a + ) — o —Lzsﬁtﬁ(Af sin « + pu cos oz)2 (15)
0o . mz sin o )
2%:?5 (A;sina + p* cos @) — Cg:";iv A, cos(a+ ) — fnvé 03

where the mixing angle « is given in Ref. [}]. This matrix must then be transformed into
the stop mass eigenstates. This is accomplished by using the stop mixing matrix,

T/ = U'T{U. (16)
Its Yukawa coupling is '
gmgsina _
LY =2 """ #HO. 17
B omy sin (17)



4 Helicity calculation of the matrix element

To get non-zero CP asymmetry in Higgs decays, in addition to CP violating couplings, it
is necessary to get the absorptive parts from the decay amplitudes in order to overcome
the constraint from the C'PT theorem. We labeled ST and P! as the absorptive form
factors of the Higgs or pseudo-Higgs couplings to the top quark. They begin to appear at
the 1-loop level, unlike their dispersive parts S and P, which can exist at the tree level,

M =7(p) [(S +iSTL+i(P +iP )] v(p)) . (18)

In the Weyl representation, the v matrices are given by

~1 0 0 1
5 0 __
7‘(0 1)7_<1 0)'

The free spinors of momenta p, p’ and helicities A\, X are given by

ap = (S0 ) = (),

/
WA X+A Nw_xx-x

where the x’s are two component spinor eigenfunctions & - p xa(p) = A xa. The w are

functions of the energy and momentum of the particles, wy = /F £ |p|. Notice that the
helicities of ¢ must match X = X because of conservation of angular momentum. Our
normalization of the spinor is ui\u,\ = vf\v,\ = 2F. The asymmetry between the left and

right matrix elements is given by

IMrr? — [Mgr|?
A= . 19
IMrrl? + [Mgr|? (19)
The matrix elements are given by
M = s[=B(S +iST) —i(P+iPh)], (20)
Mpr = V/s[=B(S +iS") +i(P+iPh)], (21)

with 8; = (1 — 4m,/s)? and s = m?,. The asymmetry can finally be obtained using the
definition from Eq. ([9),

26,(PS! — PLS)

A= )
PI2+P2+/6352+/63512

(22)

Since we assume the Higgs boson has definite CP parity at the tree level, the final state
interactions due to exchanging gluons or gauge bosons in Ref. [ff] are not able to produce
this CP asymmetry at the one-loop level. However, the rich CP phases in the sector
of SUSY partners, especially the gluino and the stop, can give rise to large A. For
scalar boson decay, the second term P!S in A gives the leading contribution; while for
pseudoscalar boson decay, the first term, PS’ is the leading contribution.

The polarization asymmetry is Eq.(BJ) can be translated into the lepton energy
asymmetry[f, [1, [J] in the final semileptonic channel ¢ — blTv. The energy FEy(¢")
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Figure 1: Triangle diagram via gluino exchange

distribution of a static ¢t quark decay t — ¢*vb is very simple in the narrow width T'y,
approximation when my is negligible.

| wo(1—0)/D it md,/m? <z <1,
flxo) = { 0 otherwise. (23)

Here we denote the scaling variable o = 2E(¢*)/m, and the normalization factor D =

¢ — 3(mw/m)* + 3(mw/my)S. When the ¢ quark is not static, but moves at a speed S

with helicity L or R, the distribution expression becomes a convolution,
050 B & (z — o)
frsle,5) = | 7y
2/ (1460) 22357

Here z = 2E(¢")/E;. The kernel above is related to the (1+cos ) polar angular distribu-
tion. Similar distributions for the ¢ decay is related by CP conjugation at the tree-level.
Using the polarization asymmetry formula in Eq.(R2), we can derive expressions for the
energy distributions of £~ and ¢*:

N~'N/de (1) = 5(1+ A) fu(x, B) + 5(1 F A) frlz, 5i) - (25)

Here distributions are compared at the same energy for the lepton and the anti-lepton at
the rest frame of the Higgs boson, z(¢7) = z({*) = v = 4E((*)/My. To prepare a large
sample for analysis, we only require that each event has at least one prompt anti—lepton
¢* from the ¢ decay or one prompt lepton ¢~ from the ¢ decay.

5 Absorptive parts of 3-point vertices

We first study the triangle diagram via gluino exchange in Fig. 1..

5.1 The M;j; stop loop

When the intermediate state is t}g, the Feynman rule gives

iMp = (—iv2gs) 1173 “mik? —m? (277)42 1utLr, (26)
where N7 is defined as
N11 = 1(p)(Prcos — Ppsin 96”)M(PL cos @ — Prsinfe®)u(p)). (27)

2 _m?2
qg= —mz



The color factor Cp is %. The absorptive part of the amplitude which is needed for CP

violation is obtained by cutting across the momentums k£ and &’. The discontinuity 3]
of the matrix element is

2
T
Disc(iMy;) = Js 2B
s
B 1 — 75 cos 26) + m; sin(20)(— cos 6 + iy° sin d dQ)
> /U(p) g/( 5 ) 92 ( 2)( Y )'U(p/) k ‘ (28)
q- —m;g 47
The phase space integration involves the following forms,
1 dQ 1 24 BE — 28,8 +4m2/s
Jij = s/ 5 5 L In ﬁtz J beby g/ , (29)
q°> —mz; 4w BiBi Bi + B+ 2B:6i5 + 4mz /s
g A
S/ ¢ —ml Ar —Hyj(p — p')" + Kij(p + p')". (30)

Multiplying both sides by (p —p’), the H;; function can be isolated out because (p+p') -
(p —p') is zero. The H,; function for any intermediate mass m; and m; is

The f3;; function is given by

Bij = /1 —2(m? +m3) /s + (m? — m?)2/s2. (32)

Notice that when i = j, §;; reduces to 3; = /1 —4m?/s. The function K;; is obtained
by contracting Eq. (BU) with p+ p'.

Ky = —LJi;(m2 —m2)/s . (33)
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Notice that for matrix elements with both the stop and the anti-stop of the same type,
the term proportional to (p + p’) in Eq. (B0) does not contribute.

After this, the imaginary part of the matrix element is needed. The imaginary parts
are obtained by using the relation

Disc(M) = 2iu(p) [511 + les} v(p) . (34)
2
T
St 9816;151 Cr (+mgJi1sin(26) cos 0 + 2myHyq)
2
9sTup : :
P, = 16;15 LCp (—mgdJi1sin(260) sin ) . (35)

5.2 The My, stop loop

Similarly, we obtain results for the intermediate state t}g. The matrix element is given
by

i i d*q
—m3 k% —m3 (27)

iMyy = (—iv2g.)% [ Nao 1150, (36)
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where Ns, is given by

Ppsinf + Prcosfe )u(p). (37

Nagy = 1u(p)(Pgsin @ + Py cos 96”)%7%)(

g
After integrating the phase space of the intermediate state in the cut diagram, the form
factors are

g? Tzzﬁz

Sy = 16 Cr (—mgJazsin(26) cos 0 + 2myHas) (38)
TS
2
T . .
Py = 98163:52 Cr (+mgJaesin(20) sin ) .

5.3 The M, stop loop

The amplitude involving the intermediate state fito is given by
1 1 dq

]{?2 _ m2 k/2 2 (277)4

(4 +mg)

q—m

My = Qiﬁgngch/Nm

Ny = T(p)(Prcosf — Ppsinfe”)~2——(Pysinf + Prcosfe )u(p'). (39)
For fofy, it is

1 1 dq
R mik? i 2n)i

(g/‘l’mg)

¢* —m;3

iMy = 2i%¢*TyCr /N21
Na1 = T(p)(Pgsiné + Py cos fe®) (Pr cosf — Prsinfe ™ )u(p') .

After integrating over the intermediate phase space, we add up the absorptive parts to
give

2
Stgior = _985522 CrRe [mngl(COS2 fe”® — sin 96_15)} Jiz (41)
Py = 983512 Crlm [ myTyy (sin? e 4 cos® fe™)

+my sin(26) Ty (m3 — m%)/s} Jia . (42)

6 Absorptive parts of 2-point vertices

We study the bubble loops which involve only the t pair.

6.1 Z diagrams

7 diagrams that contain t:1t~1 or t:2t~2 are identical zero because of the phase space inte-
gration. This point will become obvious from the result of the mixed intermediate states
tity or tot;. The Mo matrix element is given below,

1 1 d*k
—m% k2 —m?k?* —m2 (2m)Y

2TysNe
'i/\/llz = g 12 Sln 29 /NZ

4cos? Oy,
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Figure 2: Z exchange diagram
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Figure 3: Higgs mixing diagram

where N is given as

Nz =a(p)y" (i - %sin2 Ow — iv‘r’) v(p') (g“,, - l“ll,/mzz) (k— k), . (43)

The My, matrix element is very similar to the above matrix element, with the substitution

of T12 by 12,

g*Nc¢ mtﬁlg sin(260) m? — m21
m

Ply o1y = (Tha) , (44)

641 m?2 cos? Oy s
where the color factor No = 3. This graph will contribute only to CP violation of the
scalar Higgs decay. Omne may think that without gluino couplings in the graph, one
should be able to rotate away the CP violating phase in scalar coupling T{. However,
such rotation will produce a complex phase in #1722 coupling in Eq.(10).

6.2 A’-H" Mixing

The stop bubble loop induces A°~H° Mixing. We study its absorptive part which con-
tributes to the CP violation. In the heavy Higgs mass limit of MSSM, m 40 and mpgo are
quite close to each other based on the tree-level mass relation in Eq.([4). However, it is
known that there is large higher order correction to the tree-level mass relation. Thus
in our following study we allow the masses m 40 and mpyo to vary independently, not re-
stricted by the tree-level formula. The matrix element for the pseudoscalar Higgs turning
into a stop pair, then becoming the heavy Higgs, and finally decaying into a top pair, is
given as

M= ———

1gmy s1na Z/ THO TAO id*q/(2m)* (45)
mA()

QmWsmﬁ —I—q) 2(é—q)2—m§ :

Making the same cut as that in the Z loop digram, we obtain the imaginary part of the
form factor,

SHAY — HY — #t) = —

gmy sinaz ' TJ»I;IOTZ-?O (46)

. i .
32mmw sin 3 4 Tm%e —mZ,



A similar expression is derived for the heavy scalar Higgs decay,

gm HOTAO
PIH® — A = #) = — L cot N Rk R 47
(= A= #) 32mmy & %: ﬁjméo —m?%o (47)

7 Physical and Numerical Analyses

Before we plunge into the numerical analysis, it is interesting to check the limit in which
the two stop states are accidentally degenerate. In that case, (M%)lg = (/\/l%)gl =0,
(M?)11 = (M3)g2. Therefore pi* cot 3 + Ay = 0, and p* and A; should have the same
phase which can still serve as the source of CP violation. In that case,  and ¢ in U in
Eqs.(3),(12),(16) and in the definition of A, should be set to zero.

Thus in this limit, the stop loops do not contribute to M1; and M, in the pseudoscalar
case, because Tﬁ = T{; = 0. However they still give rise to CP violation in M3, Moy
because T{5 = (—imy/vs)(Af cos 3 — psin 3). One may attempt to absorb this phase by
rotating the phase of, say, the right stop, however such rotation will lead to complex gluino-
top-stop couplings which cannot be rotated away because of the nonvanishing gluino mass.
From this, it is easy to understand why a factor of gluino mass has to appear in Eq.(41)
for SL, 4o1- Similarly, for the scalar Higgs decay in the degenerate stop limit, the stop
loops still produce no CP violating effect in M1, and Mg, because sinf = 0 and only
the term proportional to the gluino mass in P/, 5, contributes as reflected in Eq.(42).

It is also straightforward to note that in the degenerate limit, the contributions of both
H%-Z° and A°-H° bubble graphs vanish. In the H°-Z° case, the phase of the scalar Higgs,
H, coupling as well as that of the stop mixing can be rotated away simultaneously (into
the gluino couplings) without affecting the Z coupling and this is reflected in m? —m32 = 0
factor in Eq.(44). For A°~H°, the phase of pseudoscalar coupling as well as that of the
scalar coupling can be rotated away simultaneously also and this is reflected in

0 0 0 0 0 0
SN BT T = Bu(Ty Tiy + T35 Tfy ) =0,
i

in this particular limit.

To illustrate our result numerically, in the following, we set the parameters so that
only the lighter stops states t;¢; are light enough to be on-shell for simplicity. In such
a scenario, only some of the above contributions are available. In Fig. 4, we show the
mass my of the lightest stop versus tan 3. The best current limit of the lowest bound on
lightest stop mass from LEP is about 95 GeV [[4], and this means that tan $ < 3 is not
allowed for the case mg = my = 300GeV, p = 500 GeV, A, = 500e T GeV. If one wishes
to study the possibility of a much heavier Higgs which can decay to all channels of stops,
the remaining diagrams can be easily incorporated into the numerical analysis.

7.1 Pseudoscalar-Higgs Decay

In the model of our study, the A° remains its status as a pseudoscalar boson at the tree
level. CP violation in the pseudoscalar Higgs decay into top pairs occurs starting at the
one-loop level. The leading contribution requires induced scalar form factor S’ which,
as we have shown, can be obtained from the absorptive part due to the intermediate ¢t
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state. Notice that there is no Z loop contribution to S! in the Higgs decay. Fig. 5 show
the asymmetry for the pseudoscalar Higgs decay as defined by (P2). Fig. 6 shows the
branching ratios of the pseudoscalar-Higgs decay to top pairs, bottom pairs, and stop
pairs. For small tan § the decay channel is mostly top pairs.

7.2 Higgs Decay

In the Higgs decay, the CP violation is caused by terms proportional to the P! form
factors. The Z diagrams can contribute in principle if not disallowed by the kinematics.
As stated before it does not contribute in our illustration because we assume a heavy £,.
Fig. 7 shows the CP asymmetry of the Higgs decay. The branching ratios for the Higgs
to decay into tops, bottoms, stops, W’s, and Z’s are given in Fig. 8.

8 Conclusion

The complex mixing among the stop sector can produce CP asymmetry at the level of a
few percent in the final products of polarized ¢t states from the Higgs boson decay. Such
asymmetry can be measured in the energy spectra of the final leptons. Unlike the usual
two-Higgs-doublet model, the CP violation does not require the mixing among A° and
HO states at the tree level.

This work was supported in parts by National Science Council of R.O.C., and by U.S.
Department of Energy (Grant No. DE-FG02-84ER40173).

References

[1] H.P. Nilles, Phys. Rept. 110, 1 (1984);
H. Haber and G. Kane, Phys. Rept. 117, 75 (1985);
S. Dawson, hep-ph/9612229;
M. Drees, hep-ph/9611409;
M. Peskin, hep-ph/9705479; etc.

[2] J. Gunion, H. Haber, G. Kane, and S. Dawson, The Higgs Hunter’s Guide, published
by Addision-Wesley, New York (1990),

[3] For arecent review, see A. Masiero and L. Silvestrini, hep-ph/9711401] and references
there-in.

[4] For a recent review, see J. M. Cline, M. Joyce and K. Kainulainen, hep-ph/0006119
and references there-in.

[5] P. Apostolos, Phys. Rev. Lett. 77 4996, (1996).

[6] D. Chang and W.-Y. Keung, Phys. Lett. B305, 261 (1993); D. Chang, W.-Y. Keung,
and I. Phillips, Phys. Rev. D48, 3225 (1993); and references therein.

[7] B. Grzadkowski Phys. Lett. B 338, 71 (1994).

11


http://arXiv.org/abs/hep-ph/9612229
http://arXiv.org/abs/hep-ph/9611409
http://arXiv.org/abs/hep-ph/9705479
http://arXiv.org/abs/hep-ph/9711401
http://arXiv.org/abs/hep-ph/0006119

[8] D. Chang, W.-F. Chang, W.-Y. Keung, hep-ph/9910465, Phys. Lett. B478, 239
(2000).

[9] S.Y. Choi and J. S. Lee, hep-ph /9907496 (1999); E. Asakawa, S. Y. Choi, J. S. Lee,
Fep-ph/0005TTY (2000).

[10] D. Atwood, A. Soni, Phys. Rev. D52, 6271 (1995). Additional CP—odd observables
in collider physics have been studied by J.F. Donoghue and G. Valencia, Phys. Rev.
Lett. 58, 451 (1987); W. Bernreuther and O. Nachtmann, Phys. Rev. Lett. 63, 2787
(1989); G. Valencia and A. Soni, Phys. Lett. B263, 517 (1991); A. Bilal, E. Massé,
and A. De Rujula, Nucl. Phys. 355, 549 (1991).

[11] C.R. Schmidt and M. E. Peskin, Phys. Rev. Lett. 69, 410 (1992).
[12] G. Kane, G.A. Ladinsky, and C.—P. Yuan, Phys. Rev. D45, 124 (1991).
[13] R.E. Cutkosky, J. Math. Phys. 1, 429 (1960).

[14] LEP joint SUSY working group (LEPSUSYWG) for ALEPH, DELPHI, L3 and
OPAL experiments,
note LEPSUSYWG/00-02.1 (http://Tepsusy.web.cern.ch/Tepsusy/]).

Light Stop M ass
250 ‘g ‘ P ‘

2.5 5 7.5 10 12.5 15 175 20
tan B
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Fig. 5 Asymmetry of pseudoscalar Higgs decay, mq = 300Gev, my = 300GeV, p =
500 GeV, A; = 500t GeV, m4 = 400 GeV, mpy = 420 GeV.

Branching Ratios of Pseudohiggs Decay
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Fig. 6 Branching ratios for pseudoscalar Higgs decay, m¢g = 300Gev, my = 300GeV,

1L = 500GeV, A; = 500eT GeV, ma = 400 GeV, my = 420 GeV.
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Asymmerty of Heavy Higgs Decay
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Fig. 7 Asymmetry of heavy Higgs decay, mq = 300Gev, my = 300GeV, p = 500 GeV,
Ay = 500eT GeV, ma = 400 GeV,my = 420 GeV.
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Fig. 8 Branching ratios for heavy Higgs decay, mqg = 300Gev, my = 300GeV, p =
500 GeV, A; = 500et GeV, m4 = 400 GeV, mpy = 420 GeV.
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