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Abstract

We investigate the production of CP-odd Higgs boson A° associated with a real y in
e*e™ collisions. Because of the properties of A° coupling to the other fields, the main
contribution comes from the top-quark triangle loop diagrams. We obtain the “time-
like”transition form factor which describes the production amplitude of A° in the e*e™
collisions. This timelike transition form factor is related to the spacelike transition form
factor relevant for the A’ production in e~y collisions. It turns out that the possible ex-
tra contributions from chargino-sneutrino and neutralino-selectron box diagrams do not
give sizable effects.
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1 Introduction

The Higgs boson with mass about 125 GeV was discovered by ATLAS and CMS at LHC [1, 2]
and its spin, parity and couplings were examined [3-5]. Now it would be intriguing to study
its nature in e*e~ collisions provided by linear colliders [6], which would offer much cleaner
experimental data. In our previous works, we have studied the production of the SM Higgs
boson (Hgy,) [7,8] and the CP-odd Higgs boson (A%) [9,10] in ey collisions at one-loop level
in the electroweak interaction, where A? appears in the type-II 2HDM or in the MSSM [11].
There we have particularly focused on the transition form factor (TFF) of the production of
Hgy and A° bosons which is the analog of the TFF of the n° production in e*e™ collisions.

In the present talk, we investigate the production of the CP-odd Higgs boson A° associated
with a real y in eTe™ collisions. It turns out that the main contribution, at one-loop level,
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comes from the top-quark triangle loop diagrams, because of the properties of A° coupling to
the other fields. We obtain the “timelike”TFF which describes the production amplitude of A°
in ete™ collisions. We show that this timelike TFF is related to the spacelike TFF appearing
in the A° production in the ey collisions. We find that the possible extra contributions from
chargino-sneutrino and neutralino-selectron box diagrams do not give sizable effects, within
the parameter space we consider.

2 Spacelike and timelike transition form factors

Let us consider two processes of A’ production mediated by virtual y*/Z* exchanges in ey and
eTe” collisions, which are related to each other by exchanging Mandelstam variables s and
t as shown in Fig.1. The contributions of the top-quark loop diagrams to the amplitudes for
these processes are written in terms of AL , which is expressed as follows:
N ,cotf3
BT (4m)2 C M 2my,

Ft(p’ T)guvpoqppo ’ (1)

where e and g are the electromagnetic and weak gauge couplings, respectively, and my is the
W boson mass, q, is the charge of top-quark, N, is the number of colors, and cotf§ = v;/v,
is the ratio of the vacuum expectation values of the two Higgs doublets in the type-Il 2HDM
or in the MSSM. The function F,(p, ) corresponds to the relevant TFF which arises from the
top-quark loop.

e (1}) + crossed diagram

~ -7+ crossed diagram
(@) (b)

Figure 1: CP-odd Higgs A° production in (a) ey and (b) e*e™ collisions.

In our previous work on ey — eA® process [9], we introduced the spacelike TFF which is
given by

T
1+p7

[ (p) +4f(7)], ()

500
F7% (o, 1) =

where the scaling variables p and v are defined as

—q> 4m?
pE4—:12, TEm—; (¢*<0), 3)
t A

with m, (m,) being the top-quark (A° boson) mass, and the function g¢"(p) is given by

1/p+1+ﬁ:|2
e dilgye = I
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and f (1) is the well-known function which appears in the Higgs decay process Hgy; — vy [11].
For ey — eA® process, g is negative, while q>(= 4/s) is positive for the process of
ete™ — A% . For the latter case we introduce a timelike TFF as follows:

R0, m) = 1 lme () + 4 (], ®

where g‘ﬁe* (p) turns out to be

2
etemr N _ JPtvp—1 .
g (p)=—|log———F——=—in| , (6)
ve—+vp—1
and the scaling variables p and 7 are now defined as
2 4m?
qu—z, 1=— (¢*>0). (7
4m; my
In the expressions of (4) and (6), we make an analytic continuation by putting +ie to g2.
—q? N
N ——ie|=—g*°¢ | — +ie |, 8
¢ (4m? ) ¢ (4m? ) ®
which leads to the following relation between the timelike and spacelike TTFs given as
ey—eA® _ T ey _ T ete—
F, (=p,7) = (87 (=p)+4f ()] = —=[-¢° © (p)+4f(7)]
1—p7 1—-p7
- 0
= £ (p,1). ©)

In Fig.2(a) we plot the real and imaginary parts of the TFF in the whole region from
spacelike g? < 0 to timelike q> > 0 as a function of p = q?2/ 4mf. As can be seen from the
figure, the imaginary part (orange line) exhibits a cusp structure at p = 1, which corresponds
to the tf threshold, i.e, > = (2m,)?, while the real part (blue line) changes sign at p = 1. The

T =4mz2/m,? 1 m, =400 GeV 2}
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Figure 2: Transition form factor for A° production in e*e™ collisions:(a) Real and
imaginary parts of Ffﬁef(p, 7) , and (b) Absolute value of ijﬂf (p, ) for various
fermion loops; top-quark, bottom-quark, chargino with mass 300 GeV and 1000 GeV.

production cross section depends on the absolute square of the TFF and thus it shows a cusp
structure at p = 1 (see Fig.4(a) and (b)). In Fig.2(b), we show contributions to the absolute
value of transition form factor |F (s, mi, mJ%)l from the triangle one-loop diagram of fermion
f; top-quark, bottom-quark and chargino with mass 300 GeV and 1000 GeV. As seen from
the figure, the chargino and bottom-quark do not give sizable effects. The main contribution
comes from the top-quark loop diagram. We also note that squarks do not contribute, since
the trilinear A° coupling to mass-eigenstate squark pairs vanishes [9].
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3 CP-odd Higgs A° production in e*e™ collisions

As a minimal extension of the Higgs sector of the SM, we consider the type-II 2HDM which
includes the MSSM as a special case [11]. After the spontaneous symmetry breaking, there
appear two charged H* and three neutral h®, H® (CP-even), A (CP-odd) Higgs bosons. The
characteristics of A° couplings to other fields are as follows : 1) In contrast to the CP-even
Higgs bosons h® and H°, A° does not couple to WW ™ and ZZ pairs at tree level. Hence W-
and Z-boson one-loop diagrams do not contribute to the A° production. 2) A° does not couple
to other two physical Higgs bosons in cubic interactions. 3) The couplings of A° to quarks and
leptons are proportional to their masses. Therefore, we only consider the top-quark for the
charged fermion loop diagrams. The A® coupling to the top-quark with mass m, is given by
Ays with A = —gm, cot B/(2my).

We investigate the A° production process: e (I_) + e*(l;) — y(p) + A°(p,), where we
detect the produced real photon in the final state. This process has been studied already in
the literature [12]. Here we reconsider the process in the light of transition form factors. The
one-loop diagrams which contribute to the reaction are classified into two groups: y*-exchange
and Z*-exchange diagrams (see Fig.1(b)). As we will see later, the contribution of the former
is far more dominant over that of the latter. The scattering amplitude for each process turns
out to be

0T (o= — v ; —t
(yA°|T|e €+);* = [v(l+)(—ley“)u(l_)]q2+ieALve”(p) , (10)
(yAITle™ ")}, = —S—— [T e + rs)u(l)]——5——AL (), (A1)

2" 4cos Oy ¢ q2—mZ +ie M
with

e’g ,cotf3

Lv = _(471)2 Cc t 2mW Ft(p) T)Euvpaqppo > (12)
2
ot eg” Nc¢qifz: cotfB o

=— F(p, Pp7, 13
wy (47)2 4 cos Oy, 2myy, (P T)eurpod”P (13)

where u(l_) and v(I,) are the spinors for the electron and positron with momentum [_ and
L, respectively, €”(p) is the produced photon polarization vector with p,e”(p) = 0, and
fze = —1+ 4sin®0,, and f;, = 1 —(8/3)sin?0,, are the strength of vector part of the Z-
boson coupling to electron and top-quark, respectively, with 0,, being the Weinberg angle.

Adding two amplitudes given in Egs.(10) and (11), we calculate the differential cross sec-
tion for the A° production in e™e™ collisions with unpolarized initial beams, which is expressed
by the sum of three terms:

do al g% rcotfpy21 [ % +u? 2
_ -2 _ Nt 2F 2’ 2, 2 , 14
(dt)y* 64n4n(2mw) s\ s2 cdr Fe(a” my, m) 14)
(£, - )
dt ), 64m\4rn’ \2my,/ \16cos2 6, (s—m%)2
2 (f£2 t? +u? t 2 2 a2
Xth(fZe+1) 52 NthFt(q )mAamt) 5 (15)
(). T
dt inr_— 64 \4n 2mW 16COSZ ews—mé
t2 + u? 2
XthfZth(s—z)‘thQtFt(qzami,m?) > (16)
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where each corresponds to the contribution of the y*-exchange diagrams, the Z*-exchange
diagrams and their interference, respectively, and a.,, = e2/4m.

4 Numerical analysis of the cross sections

We analyze numerically the three differential cross sections given in Egs.(14)-(16). We choose
the parameters as follows: m, = 173 GeV, m; = 91 GeV, my, = 80 GeV, cos 0y, = my, /my,
e? = 4na,,, = 41/128, g = e/sinBy,. The electromagnetic constant e? is chosen to be the
value at the scale of m,. For the above choice of parameters, we find f;,f;. < 0 and, there-
fore, Eq.(16) shows that the interference between the y*- and Z*-exchange diagrams work
constructively and do,)/dt is positive. For the remaining parameters, we assume m, be-
tween 200 GeV and 500 GeV and the moderate values for tan 3, which fall within the allowed
region for the (m,, tan 8) parameter space [13]. We plot these differential cross sections as a
function of t in Fig.3(a) for the case /s = 250GeV, m, = 200GeV and cot § = 1. Note that the
cross sections are proportional to cot? 3. We find that the contribution from the s-channel y*-
exchange diagrams is far more dominant over the ones from Z*-exchange diagrams as well as
from the interference term. We observe that at /s = 250 GeV, m, = 200 GeV (4/s = 500 GeV,

dordt(y’) s =500 GeV
. 0.03 mp=200 GeV
1077 1 —
& 2
2 5*10° [ /5=250 GeV —
Q =200 GeV @ 0%
g a g
B 1x10* do/dt(Z*) S oo mx=300 GeV
) T
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doldt(int) W —
0 _ 1800-20‘000 —15‘000 —10‘000 —5(‘]00 9 =‘00 —1‘.0 ~Ols 0.0 0f5 1?0
- t[GeV?] cosO
(a) (b)

Figure 3: Differential cross section for A° production in e*e™ collisions:(a) Three
components of cross section and (b) A’ mass dependence of differential cross section.

m, = 300 GeV), the ratio of doz./dt to do./dt at § = 90° is 5.94 x 1072 (4.98 x 1072) and
dojy/dt todo,./dt at § = 90° is 4.43 x 1072 (3.98 x 1072). As for the total cross section, for
m4 = 300 GeV, the ratio 0, ((Z*)/ 0o (1") (O or(int)/ oo (Y7))is 4.97 x 1072 (4.06 x 1072) as
shown in Fig.4(a). We also show the m, dependence of the differential and total cross sections
in Fig.3(b) and in Fig.4(b), respectively.

5 Box diagram contributions

Now let us consider under what conditions the TFF interpretation provides a good framework
to describe the process. If the contribution from the triangle-loop diagrams is dominant over
the one from the box-type diagrams, then the TFF leads to a good description of the process,
where the production cross section is proportional to the absolute square of the TFE The pos-
sible contributions coming from the box-type diagrams in the MSSM are the following: (a)
Chargino-sneutrino box diagram and (b) Neutralino-selectron process shown in Fig.5. The
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Figure 4: Total cross section for A° production in e™e™ collisions:(a) Three compo-
nents of cross section and (b) A mass dependence of total cross section.

former is the supersymmetric counterpart of the W-v, box diagram and the latter is the one of
Z-electron box diagram, both of which are relevant in the case of Hgy;y production in e™e™ col-
lisions. Of course it is difficult to cover all the parameter spaces for the masses and couplings
of charginos and sneutrinos and for those of neutralinos and selectrons.

The one-loop box-diagram amplitude involving chargino ;" (i = 1,2) is given by

o 3 2\ m.

Aﬁ?—»m‘) - (%) Txe*(p)ﬁ [V(l+)F(ﬂ)/5(1 - Ys)u(l—)] : 17)
Since we are only interested in the order of magnitude for the A° production, we assume that
the only mass eigenstate )Zli contributes dominantly and take k|V;;|? ~ O(1) for the coupling
of 77" to A°. We can calculate the form factor F(;5)s in terms of Passarino-Veltman’s scalar
integrals [14]. This is obtained by interchanging s and t variables for the case of ey — eA°
process [10]. Similar argument holds for the neutralino-selectron box contribution.

e
£_

et yan A0
+ diagrams keeping gauge invariance

+ diagrams keeping gauge invariance

(a) (b)

Figure 5: Possible box-diagrams in the MSSM: (a)Chargino(y ~)-sneutrino(%,)-box
contribution and (b)Neutralino( io)-selectron(é_)-box contribution.

We show in Fig.6 the total cross section for the A° production in e*e™ — A%y and compare
the contribution from the box diagrams with the one from the top-quark-loop diagrams. For
chargino with mass 300 GeV the chargino-sneutrino contribution is smaller than the one from
top-quark by two order of magnitude. With chargino mass 1000 GeV the chargino-sneutrino
contribution becomes much smaller by four order of magnitude. In addition the interference
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between top-quark-loop and box diagrams is found to be very small. The similar box-diagram
contributions for the case ey — eA® were studied in [10], and they were found to be small.

ma=200GeV

[Mehargine = 300GeV] y*+Z" top-quark-loop

[Mechargino = 1000GeV] ma=200GeV
y*+Z* top-quark-loop

Chargino-sneutrino

Oiot(s) [fb]

Interference
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Neutralino-selectron il 10 /
Chargino-sneutrino
Neutralino-selectron
10-8 1 1 L 8 ‘ 1 1 1 1

L L
200 250 300 350 400 450 500 200 250 300 350 400 450 500

Vs [Gev] Vs [GeV]
(a) (b)

1078

Figure 6: Top-quark vs. box-diagrams contributions:(a) mass of chargino 300 GeV
and (b)mass of chargino 1000 GeV.

6 Conclusion

In this talk we have studied the production of CP-odd Higgs boson A° associated with a real
photon in ete™ collisions in terms of the timelike TFE The dominant contribution is coming
from the top-quark one-loop diagrams. The y* process is far more dominant over Z* process.
The box-diagram contributions, from chargino-sneutrino and neutralino-selectron related pro-
cesses, do not give sizable effects in the parameter space of masses and couplings we have
studied. If tanf is not large and chargino is very heavy their contributions are negligible.
Then at the electroweak one-loop level, the TFF provides a good description of the process.
Finally, what about the QCD radiative corrections to the top-quark one-loop diagram? As is
well known, for m, > m,, though it does not apply to our case, the QCD corrections to the ef-
fective Ayy coupling are absent. In the case of e*e™ — Hgyy, the NLO QCD effects are known
to be rather small [15], which would suggest that a similar situation occurs in our present
case. Of course, more detailed analyses should be carried out.
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