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Specific supersimple properties of e"e™ — yH at high energy
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We study the process e"e™ — yH, where H represents Hgy;, h°, or H. This process occurs at the one
loop level in the standard model or in the minimal supersymmetric standard model (MSSM). We establish
supersimple (sim) high energy expressions for all helicity amplitudes of this process, and we identify their
level of accuracy for describing the various polarized and unpolarized observables, and for distinguishing
SM from MSSM or another beyond the standard model. We pay special attention to transverse e™
polarization and azimuthal dependencies induced by the imaginary parts of the amplitudes, which are

relatively important in this process.

DOI: 10.1103/PhysRevD.91.093002

I. INTRODUCTION

After the discovery [1] of the Higgs boson [2], detailed
experimental and theoretical studies are necessary for
checking its properties and dynamics [3,4]. Within this
aim, we have recently studied the process e~ e™ — ZH [5],
where H represents (Hgy, h°, H?). This process occurs at
the one loop level in the standard model (SM) or the
minimal supersymmetric standard model (MSSM), and is
observable at future linear colliders [6,7], and also at future
circular colliders; see [8]. We have analyzed the contents of
its amplitudes in SM and MSSM, their consequences for
the various observables, and we have established simple
expressions which approximate them at high energy.

In the present paper we consider the process e"e™ — yH
which, contrarily to e”e™ — ZH, has no Born term and
should be relatively more affected by anomalous effects.
The basic amplitudes are arising at electroweak one loop
order [9,10]. These contributions contain specific SM or
MSSM parts that we discuss. Due to the absence of real
Born terms, the imaginary parts of the one loop amplitudes
play here an important role and we look for the conse-
quences of this feature.

We start from the complete computation of these one
loop amplitudes in SM and MSSM, in order to dispose of
the exact expressions in terms of Passarino-Veltman (PV)
functions [11]. From their expansions at high energy [12],
we then establish simple approximate expressions called
supersimple (sim), as in the other similar recent studies on
(99 = 17.vZ. ZZ.W-WH), ug — dW™, and (e~e® — 1,
W-W*,ZH), [5,13-15]. As before, we expect that these
simple expressions will be useful for making quick esti-
mates of the amplitudes and meaningful comparisons with
experimental results.

In addition, during the analysis of e~e™ — ZH [5], we
have found that some observables are especially sensitive to
the underlying dynamics, i.e. SM, MSSM or another BSM.
Our aim is therefore to check whether this is also the case
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for e"e™ — yH, particularly because e~e™ — yH is deter-
mined by the helicity violating (HV) amplitudes1 at high
energies, in contrast to the processes aforementioned in the
preceding paragraph, which are dominated by their helicity
conserving (HC) amplitudes [16,17]. As we show in the
Appendix, one consequence of this is that the augmented
Sudakov-type quadratic logarithms in e“e™ — yH do not
retain the universal structure observed in (gg — 7y,
vYZ,ZZ,W-WT), ug—dw*, (e et > tt, W W' ,ZH)
[5,13-15].

This way, we have calculated various polarized and
unpolarized cross sections and asymmetries, and studied
their sensitivity to the underlying dynamics. In addition, we
also consider the possibility of transversally polarized e~e™
beams, where the presence of imaginary parts in the
e"et — yH amplitudes leads to a particular azimuthal
sin 2¢p dependence, supplying further dynamical tests.

The contents of the paper are the following: In Sec. IT we
give the notation for the kinematics and the helicity
amplitudes. In Sec. III we present the electroweak (EW)
one loop contributions and establish their supersimple
expressions, explicitly written in the Appendix.
Section IV is devoted to the description of other BSM
effects in terms of effective couplings. The various observ-
ables are defined in Sec. V. The numerical analysis is
presented in Sec. VI with many illustrations, while the
conclusions are given in Sec. VIIL.

I1. KINEMATICS AND HELICITY AMPLITUDES

The kinematics of the process
ez (Dey () = v:(p)H(P'). (1)

'In our case, HV are the amplitudes that at high energies violate
(8); see below.
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is defined in terms of the helicities (1,4’) of the incoming
(e™, e") beams, and the helicity 7 of the outgoing y, whose
polarization vector is €. The momenta of the various
incoming and outgoing particles are (1,7, p, p'), and we
also use

—(HIP = (p+ PP 1= (=pP = (=P
— 2

SU=pR==pP =B ==

@

where p, = E, = p denotes the equal values of the three-
momentum and energy of the outgoing photon, and € is the
angle between the direction of the incoming e~ and the
outgoing .

The general invariant amplitude is written as

A= ZNI'=1.3,4(S’ 0l + Ni(s.1)J, (3)

l
using the forms

= (e )eule;),

= d(ef)e-l'pule;),

= d(ef)e- lpu(ey), (4)
Ji = —iﬁ(e}/)6"””‘%6”17;;75“(6;)’ (5)

already used in [5]. Note that the J; form only appears in
the case of CP-violating couplings; see Sec. IV.

The scalar functions N,_; 3 4(s, ), N (s, ) are obtained
by computation of specific diagrams. One then gets the
corresponding helicity amplitudes F.(s,0) by usual
expansion of the Dirac spinors appearing in the forms
(4), (5), using the standard Jacob-Wick conventions [18];
note that 7 = £1 and that

1
A=-V=F—, 6
F5 (6)
when one neglects the electron mass. The notation
(A= L, R) for these two cases of eT helicity is also used.
This way one then gets

I, - 5“\/;(10059 -1)- 5,”3\/;(1'00894— 1)),

PS5

I, =-1,—> (6, —0,;)——=1sin“0b,

3 4= (Oir A,L)Zﬁ

Iy = 222 (cos 0 + 241) (7)
- 2A— 7).

1 \/E

Due to (6), the helicity amplitudes F, .(s,0) violate the
high energy helicity conservation (HCns) rule [16,17]
which requires

A+ =1 (8)
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They are thus called helicity violating amplitudes, and they
are indeed vanishing at high energy in MSSM or SM.
When CP is conserved, the additional constraint
FA,T(S’ 9) = Fﬁ,—r(sﬂﬂ - 9) (9)

also holds,
only two.

reducing the independent amplitudes to

III. THE ONE-LOOP EW CORRECTIONS
AND THEIR SUPERSIMPLE (SIM) EXPRESSIONS
IN SM AND MSSM

The one-loop amplitudes of the process e”e™ — yH
consist of a reduced set of the diagrams appearing in the
ZH case (replacing of course the Z couplings by the y
ones). Having no Born terms, there is no self-energy
corrections nor renormalization counterterms. There are
also no s-channel initial triangles, because of the absence of
any Hyy, HZy couplings.

Thus, the one-loop diagrams in the SM case consist only
of final triangles in the s channel; up and down triangles in ¢
and u channels; direct, crossed, and twisted boxes; and
specific diagrams involving 4-leg bosonic couplings; see
[9,10,19]. In the MSSM case we also have corresponding
diagrams involving supersymmetric partners like sleptons,
squarks, charginos, neutralinos, and additional Higgs
bosons. As in [5], we always restrict ourselves to CP-
conserving SM or MSSM couplings, so that (9) is satisfied.

We have computed all these contributions in terms of PV
functions [11]. This gives the exact basic contributions. We
then compute their high energy expansions using the forms
in [12]. The results thus obtained, called sim results, are
given in the Appendix. As already mentioned in Sec. II, the
e"et — yH amplitudes are of helicity violating type
[16,17]. Because of this, for SM or MSSM, they are
suppressed at high energies like M/+/s, tempered by terms
involving single and double logarithms.

IV. OTHER BSM EFFECTS

Apart from MSSM, another possibility of BSM physics
is by inserting anomalous couplings to the SM gauge and
Higgs bosons. There are various types of such models. One
consequence of them for the process e”e™ — yH is the
appearance of Born terms with intermediate y, Z exchanges
and final yyH and yZH couplings. Our aim is just to see
how the generated amplitudes and observables can differ
from the one-loop SM or MSSM predictions, and at what
level of accuracy the sim expressions are adequate for that
purpose.

As an example of such a BSM model we consider the
description [20] of the anomalous couplings of the gauge
and SM Higgs field given by the 2 CP-conserving
operators Oy, Oyp and the 2 CP-violating ones Oy,

OUB’

093002-2



SPECIFIC SUPERSIMPLE PROPERTIES OF ...
1 . 2\ =
OUW:F<®I@_E>W WI”/’
4
OUB:_ @@—— BMDB
v? 2

_ 1 s
Oyw = — (BT O)WW,,,
v
_ 4 -
OUB = —2 (®T¢>B”HBMD, (10)

<

where ® is the SM Higgs doublet field, with the vacuum
expectation value of its neutral component satisfying
(p*)V2 = v = (Gp\/2)7! at tree level. Inserting the oper-
ators (10) in the SM Lagrangian induces a BSM term
given by

8Lsm = dywOuw + dyOus + dywOuyw + dysOuys.
(11)

which in turn creates the anomalous yyHgqy and yZHgqy
couplings

QU

d},z :SWCW(dUW_dUB)’ 144 - (dUBs%V+dUW)C%3’

d,z = swew(dyw — dyp). d,, = (dypsy, + dyw)ch
(12)
Denoting V = y, Z and using
—1 4252 s
= Y = = —1 = —W Z e —W
gZL geR qe ’ ggL 2SWCW ’ gER CW ’
(13)

the induced (Born type with V exchange) anomalous
contribution to the invariant amplitude becomes

o2
A= —zv:m gt

where the CP-conserving part appears with the /; form
defined in (4) and the couplings

=y,

dyy, g

I +9/1VJIHQZLPL "‘QZRPRL (14)

2E, /5
— —_ry- dyZ7 (15)
mzSwCw

g

MzSwCw

while the CP-violating part is given by J; of (5) and the
couplings

2 - 2 -

f=———d f=—"—d, (16

9 mzswew 4 mzSwcCw ” (16)

In the illustrations presented in Sec. VI, we choose the

CP-conserving and the CP-violating BSM couplings in

(11), so that the BSM amplitudes are comparable to the

one-loop SM results, in the high energy domain (<5 TeV)
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considered here. More explicitly, we then show separately
two cases with nonvanishing couplings, respectively called

(dyw = 0.00017,  dyy = 0.0001) = Weff,  (17)

(dyp = 0.00017, dyp = 0.0001) = Beff.  (18)

Note that the (HCns) rule [16,17] does not apply to such
anomalous nonrenormalizable contributions. Because of this,
such BSM amplitudes are not suppressed at high energy.

V. OBSERVABLES AND AMPLITUDE ANALYSIS

Contrary to the ZH case, where real amplitude contri-
butions coming from the Born terms dominate, in the yH
case the four independent helicity amplitudes are complex
and one would need 8 independent observables in order to
make a complete analysis. This would require longitudinal
and transverse initial eT, as well as final y polarizations; the
last ones being probably very difficult to measure.

When CP is conserved, only two independent complex
helicity amplitudes occur, and one would need only 4
observables (at a given energy and all angles) in order to
make the amplitude analysis.

In presenting these observables we use the same notation
as in [5]. A lower index like L or R refers to the initial e~
polarization and corresponds to 4 = —% orl= —|—% respec-
tively. The final photon polarization is denoted by an index
y. for 7 = £1. Quantities like o(4,7) can then be also
denoted as o] ; see also immediately after (6).

The differential unpolarized cross sections and the
corresponding integrated ones over all # angles are respec-
tively given by

_ , 1
dcose 12877,'SZ| (0 (19)

and

1 do
= dcos—, 20
/_1 €os dcos@ (20)

where f3, is defined in (2) and the summations apply over
Az:l:%andr::lzl.

Correspondingly, unpolarized (or polarized with the
adequate index) cross sections integrated over the forward
(with respect to the e~-beam) or the backward region, are
respectively denoted as o and o5p.

A. Polarization asymmetries

These contain initial ej-e; asymmetries, with the y
helicity being either not observed, or chosen to have
specific value 7 = £1

Ae ="tk (21)
ALR( ) oL (T) - O-R(T) (22)
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or asymmetries defined with respect to the final y polari-
zation, with the e™ beams selected to be either unpolarized,
or the electrons being either purely e; or purely ey

— ) — — V- — o7+

Aol — olt=-)—o(t=+4) _o o (23)
o(t==)+olt=+4) o +o*
— — y- _ T+

AP (7) = o(ht=-)—olht=4) o, —o0 (24)

oht==)+o(dt=+) o+,
B. Forward-backward asymmetries
In the unpolarized beam case, when the final photon
polarization is not looked at, these are defined as
Op —O0p .
OF + o0 B ’

(25)

App =
while for any definite e~ and photon helicity they are
defined as

orp(A,7) —op(4,7)
or(4,7) +op(2,7)

App (/19 T) = (26)

Combining (24), (26), one obtains a peculiar forward-

backward asymmetry of the above y transverse polarization
asymmetry,

poly (07/7 B Uh)F - (UL B Uh)B

A - b
N e e )

(27)

which may be defined for unpolarized e* beams, as well as
separately for L or R electron beams. It turns out to be
nonvanishing in all these three cases.

C. CP conservation

When CP is conserved, one gets from (9)
AFB(/L —T) = _AFB(/L T), (28)

which remains true also for unpolarized e™ beams, where
one sums over 4 = L, R obtaining

App(=7) = —App(t) = App(ry) = —App(r-).  (29)

If one sums over all final y polarization in (29), then one
obtains App = 0.

Another consequence of CP conservation concerns
the left-right asymmetries in the forward and backward
directions

Afp(t) = Afp(=7) = Afg(r-) = Afg(r4);  (30)

compare (22).
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We also note that CP conservation implies
1
AP (2) = —ARY (2). (31)

for both 1 = L, R cases, such that the totally integrated
AP?7(2) vanishes; compare (27).

In the next section we illustrate the above properties for
CP conserving one-loop corrections to SM or MSSM
models, as well as for the effective, possibly CP-violating
Higgs couplings in the BSM case (11). It turns out that
some of the above asymmetries are particularly sensitive to
the dynamical details, and may be very useful for disen-
tangling SM from MSSM or BSM corrections.

D. Transverse e* polarization

We next turn to the possibility of e~e™ collisions with
transversally polarized beams. It has been known for quite
some time that this can reveal in a clear way the presence of
various types of BSM effects; see e.g. [21-23]. In our case,
this is particularly motivated by the presence of a relatively
important imaginary part in the e”e* — yH amplitudes,
which may produce an important sin 2¢ azimuthal depend-
ence in the transition probability. Restricting ourselves to
(6), we then obtain

R = RO + 2PTPIT [COS 2¢Rcos 2¢ + sin 2¢Rsin2(/)}ﬂ (32)
with the unpolarized part being

Ry = |F——|2 + |F—+|2 + |F+—‘2 + |F++

2 (33)

(Pr, P}) being the eT degrees of transverse polarization,

and the two azimuthal-dependent terms being

Rynap = IMF__ReF,_ —ReF__ImF,_ + ImF_,ReF , ,
—ReF_ ImF (34)

Reos2p = ReF__ReF,_ +ImF__ImF,_+ ReF_ ReF |
+ImF_,ImF .. (35)

Note that only the sin2¢ term is proportional to the
imaginary parts of the amplitudes, while the cos2¢ term
is nonvanishing even when all amplitudes are purely real.
These Ry, Rinop> Reos2 terms can be extracted from the
observed R form in (32) by integrating the complete
azimuthal distribution over the angular domains

69 (1) (5
TERERE R

Note that in case of CP conservation, the validity
of (9) makes the three forms Ry, Rgp24, Reos2g, forward-
backward symmetric.
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In the illustrations of these transverse terms, we present VI. NUMERICAL ANALYSIS

the ratios of the polarized terms to the unpolarized one: For the MSSM illustrations, we use the S1 benchmark of

[24], where the EW scale values of the various parameters

T. . 2Rsin2¢ T _ 2Reos2g (37) (with masses in TeV) are
sin2¢p — R ’ cos2¢p — R .
0 0
O o o R R 0.5 T T T T T T
i I : e
[ ee’—> yH , SM PLANN 0.4 F ee’—> yH , SM ]
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3r Pie ] 0.3 | ]
« |-
b - B [ E
L /,/ i 0.2 B
2 - ] : E
r ; ] 0.1 = ]
L e ] [&/ *A4+x [mMF ]
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- Ak ImF U 00900 Im(sim’ q
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L™ = i R ]
0 M 0 j\ e
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ok ] C 60900 Im(sim) oo B
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L ] N eseee B eff S d
py L L L - —0.4 E. L L L =
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
cosy cos¥
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FIG. 1. The F__ (left panels) and F,, (right panels) amplitudes in SM. Upper row gives the energy dependence at 60°
while the middle (lower) row gives the angular dependence at 1 (5) TeV. The W eff and B eff couplings of the BSM model are
defined in (17), (18).
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p=04, mw=05 M,=025 M,=05, M5=2 A. Comparison of basic amplitudes

tanf=20, my;=2, m;=A,=05 A,=A,=23.

In Figs. 1-4, we give the energy dependencies of the 4
e~e™ — yH amplitudes at a fixed angle 6 = 60°, and the

(38) angular dependencies at fixed energies of 1 and 5 TeV,

successively for Hgy and 4°, in SM and the S1 MSSM

Such a benchmark is consistent with all present LHC benchmark mentioned above [24]. In order to not increase

constraints [24].

the number of figures we do not show the H° amplitudes.
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4 - ° e
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FIG. 2. The F_, (left panels) and F, _ (right panels) amplitudes in SM. Panels and BSM couplings as in Fig. 1.
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They are an order of magnitude smaller than the 4° ones
because of the benchmark choice [24], where the a,f
parameters lead to small H° couplings. Consequently the
HO cross section is probably not observable.

Because of the HCns theorem [16,17], all these HV
amplitudes are suppressed at high energy, albeit somewhat
slowly, because of logarithmic enhancements partially
canceling the naively expected M/+/s suppression.

3 LA AL LU L L B O
L ee’—> y h°, St B
i F__(9)x1000 , 9=60°" |
2 B
> ceess ReP 1
HkH Ak [IMF
r 7‘\ s#ass Re(sim) b
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roAa i
L W i
N
0r kS B
r e
-1 T T A AT
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5 T
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4 F__(9)x1000 , s“2=1TeV 1
- sesss Rel B
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r seasn Re(sim) 7
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2 = 4
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L o 4
0 = 4
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-1.0 -0.5 0.0 0.5 1.0
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-1 L I T T T L ]
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The left-handed F_, amplitudes are (at least 10
times) larger than the right-handed F,.; this is due to
the left-handed charged W contribution in triangles
and boxes.

The imaginary parts are often non-negligible, and in fact
comparable to that of the real parts. They arise from the
possibility of on-shell intermediate states in various
diagrams.
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FIG. 3. The F__ (left panels) and F, . (right panels) amplitudes for h% in S1 MSSM; see (38). Panels as in Fig. 1.
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The real parts of the 2° amplitudes are close to the Hgy
ones, but the imaginary parts differ because of contribu-
tions from virtual spartner exchanges leading to typical
threshold effects.

We observe that globally the sim approximation is
quickly good for Hgy and A°. In the H° case it would
require higher energies.

1.0 T T T T T T T T T T T T T T T T T
s ]
0.8 - 1 B
0.6 ee’-> y h°, S1 ]
[ F_.(9)x1000 , 9=60°
04 B
L see84a Ref ]
L *k4kk ImF ]
L sessaa Re(sim) ]
0.2 L 4040 Im(sim) i
|- /‘\Q -
0.0 ) E
L2 ]
L&/ \\ i
—-0.2 1 e — —%
o 2 TSt T
F N ® - 4
o Lo
05 1.0 15 20 25 3.0 35 4.0 45 5.0
5% (TeV)
4.5 B
40 F E
3.5 F E
£ ee’—> y h°, Si |
3.0 | (/e_ E
E F_.(9)x1000 , s'/?=1Tey 7
25 ]
E seasa Rel B
2.0 [ otk 4+ I F ]
E sasss Re(sim) 1
£ 00400 i 7
150 Im(sim) ]
10 F 7 i
Fow_ = 1
05 [ Cel Tt ]
r T b
= - B
0.0 e _ o 7
C T
—0.5 0 T T T TR
-1.0 -0.5 0.0 0.5 1.0
cosV
3.5 -
3.0 ]
25 F . . ]
C ee—>7vy h" , S1 ]
C 1/2_ ]
20 [ F_.(9)x1000 , s/?=5TeV ]
F sesso ReF ]
1.5 P ——. h;F ]
r saaen Re(sim) ]
r 00900 Im(sim) 4
1o - ]
05 - ]
0.0 | ]
F o — A— o= w— = — 4= — — =% —¢- —*x— — #
o5 L1 v L T TR R IR B B
-1.0 -0.5 0.0 0.5 1.0
cosv

PHYSICAL REVIEW D 91, 093002 (2015)

Note that the one-loop SM and MSSM amplitudes
satisfy (9), since the SM and the MSSM benchmark we
are considering respects CP conservation [24].

In the SM Figs. 1 and 2 we also include the possibility of
an effective BSM involving anomalous couplings between
Hgqy and the gauge bosons. Since in this example,
determined by (17), (18), CP is also violated, the BSM
contributions violate the restriction (9).
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FIG. 4. The F_, (left panels) and F, _ (right panels) amplitudes for h% in S1 MSSM; see (38). Panels as in Fig. 1.
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B. Unpolarized differential cross sections

In the left panels of Fig. 5 we give the unpolarized
differential cross sections for Hgy; in SM. Correspondingly
in the right panels of Fig. 5 we present the 1° production in
S1 MSSM [24]. In the various panels we show the energy
and angular dependencies, as in Figs. 1-4.
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Note that the angular peaks in the forward and backward
directions (coming from ¢, u channel triangles and boxes)
and the CP invariance of the one-loop contributions lead to
forward-backward symmetries, possibly violated by
anomalous couplings.
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FIG. 5. Cross sections for SM (left panels) and for 4% in S1 MSSM (right panels). BSM and MSSM parameters as in previous

figures.
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C. A;r Asymmetries

We first discuss A  defined in (21) for the case where the
polarization of the final photon is not measured. In Fig. 6 we
give A, for Hgy, (left panels) and the MSSM £ results
(right panels). The one-loop contributions A;r get large
values. The weak energy and angle dependencies come from
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the dominance of the L amplitudes as seen above. The Hgy
and h° cases are rather similar.

The BSM contributions from W eff and B eff (17), (18)
are also large and rather flat.

We next turn to A; () defined in (22) for the cases when
the polarization of the final photon is chosen to have
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parameters as in previous figures.
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specific values 7 = 41. Figure 7 shows A, for 7 = +1,
and Fig. 8 for z = —1.

The angular dependencies are particularly interesting.
For the one-loop amplitudes which respect CP invariance,
they reflect the helicity properties of (30). Consequently,
the two z-helicity one-loop A; ¢ (7) satisfy an F/B interchange
rule. But this is strongly violated by the chosen BSM
anomalous couplings, which do not respect CP invariance.
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D. AP Asymmetries

For unpolarized e beams, these are defined in (23)
and shown in Fig. 9 for Hgy (left panels) and A° (right
panels).

As seen there, the energy dependence is not negligible
and the angular dependencies reflect also the photon
helicity properties of the one-loop terms. CP invariance
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FIG.7. A, for a photon with helicity z = +1, for SM (left panels) and for 4° in S1 MSSM (right panels). BSM and MSSM parameters

as in previous figures.
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imposes the F/B antisymmetry, again possibly perturbed by
anomalous coupling contributions.

The corresponding results for e; and ey beams, defined in
(24), are shown in Fig. 10 for Hgy, (left panels) and A° (right
panels).

The 2 cases of electron polarization lead to very
different results; they can even differ by a sign. As the
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L amplitudes are larger than the R ones, this explains
why this case leads to results closer to the unpolarized
ones.

The CP forward-backward symmetry relations of (31) are
well illustrated and again easily violated by anomalous
couplings.
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FIG.8. A, for a photon with helicity z = —1, for SM (left panels) and for 4° in S1 MSSM (right panels). BSM and MSSM parameters

as in previous figures.
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E. Azimuthal dependence

As described in Sec. V, when transversely polarized
beams are available, the azimuthal dependence of the
differential cross section is controlled by the coefficients

Teos2ps Tsinog in (37), of the cos2¢, sin2¢ terms in (32).
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Figure 11 then shows the energy and angular dependencies

for Hgy (left panels) and A° (right panels).

These coefficients get non-negligible values which
means that there is a significant azimuthal dependence.
As already mentioned 7,5, is particularly interesting
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FIG. 9. AP°!7 defined in (23) for unpolarized T, for SM (left panels) and for 4% in SI MSSM (right panels). BSM and MSSM

parameters as in previous figures.
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because it is governed by the imaginary parts of the
amplitudes which are important in the process under
consideration. This should constitute an additional
source of tests of the underlying dynamics and of
the Higgs couplings. With CP invariance the angular
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dependence of these coefficients is forward-backward
symmetric.

In the left panels of Fig. 11, we also show the
contributions of the anomalous couplings of W and B
types (17), (18).
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FIG. 10. AP defined in (24) for e, and ey beams, in SM (left panels) and in S1 MSSM for A° (right panels). BSM and MSSM

parameters as in previous figures.
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FIG. 11.  The coefficients T¢os24, Tsin2g defined in (37) for SM (left panels) and for h% in S1 MSSM (right panels). BSM and MSSM
parameters as in previous figures.

VII. CONCLUSIONS through the contributions of the imaginary parts of the

o amplitudes.
We have analyzed the specificity of the process . . .. .
e-e* — yH as compared to e-e* — ZH. The new Our aim in doing this is to see the differences between

feature is that this process has no Born term and is  SM> MSSM, and another (possibly C'P-violating) BSM,

therefore immediately sensitive to one-loop effects and ~ and to check especially whether this is observable when
the underlying Higgs dynamics. This arises in particular  using the supersimple approximation.
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We have insisted on two important aspects of the
supersimple description: its ability to allow the
immediate reading of the dynamical contents of
the various standard and nonstandard contributions,
and, in addition, the fact that these supersimple expres-
sions quite accurately reproduce the exact one-loop
effects at high energies.

For achieving this, we have computed the exact
one-loop amplitudes and cross sections, as well as their
sim approximations, and compared them numerically.
The sim and exact one-loop amplitudes agree at high
energy but differ at low energies due to neglected terms
behaving like m?/s, possibly modified by logarithmic
corrections, and also due to threshold effects caused
by virtual contributions particularly visible in the
SUSY cases.

At 1 TeV, the agreement between sim and the exact one-
loop results is already good in the Hgy case, but there are
still some non-negligible differences in the h° case, which
disappear at higher energies. The H° case would need even
higher energies for achieving such an accuracy; but H°
production is probably unobservable with the considered
benchmark parameters [24].

In addition to the unpolarized differential cross
section (angular distribution and forward-backward
asymmetry) we have also considered several other
observables with initial and final polarization asymme-
tries: Ay g, A r(t = F1), APO!7, AIL’OW, Al,’;’l”, as well as the
coefficients of the cos2¢ and sin2¢ azimuthal depend-

encies (37), when the e® beams are transversally
polarized.
We have illustrated how sensitive all these

observables are to the underlying dynamics by
comparing the SM predictions to the MSSM ones, and
a simple type of BSM physics involving anomalous
Higgs couplings to gauge bosons, possibly containing
also CP violation.

We hope that this work will motivate further studies
studies of the e“e™ — yH process, using in particular
polarized beams and containing also measurements of
the final y polarization.

APPENDIX: SIM EXPRESSIONS
FOR THE e¢~¢* - yH AMPLITUDES
IN SM AND MSSM

From the decomposition of the invariant amplitude
over the CP-conserving invariant forms defined in (4)
and leading to (9), we write the four HV amplitudes in the
form

PHYSICAL REVIEW D 91, 093002 (2015)

almy [u/2

ut
F__= N+ (NL - NL)] .
ﬂy I \/E 1 \/55 3 4
P A my -QNR ut }
+- = 1
By Vs
F _ azmw -ii _ur NL :|
B s N
amy [u/2 ut
F, = NE 4+ NE — NR ] Al
++ ﬂy I \/E 1 \/X( 3 4) ( )

where H = Hgyy, h°, H and the kinematics are defined
in (2).

The Nf’R contributions in (Al) are obtained from
the exact one-loop computation in terms of PV functions
[11]. These are then expanded using the high energy
forms given in [12]. We thus obtain the so-called
supersimple (sim) results written below in SM and
MSSM.

We next turn to the forms entering the sim expressions.
These consist of the linear log augmented Sudakov form
and the forms involving ratios of Mandelstam variables, as
in [5,13,15]. These are

In Sij<a) =In —s e

+ bY (m2) =2, (A2)

m,-mj

where b ’( 2) is given in e.g. Egs. (A.6) of [15], with (i,j)
denoting internal exchanges and a an on-shell particle, such
that the aij tree- level coupling is nonvanishing, and the
forms

In?r,, = Inr,, + 72, Inr,, (A3)
where
—x — i€
= , A4
= (A4)

with x, y standing for the Mandelstam variables s, ¢, u.

For e~e™ — yH though, the additional augmented quad-
ratic Sudakov logarithms are different from those in
[5,13,15]. The forms we meet here are
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TABLE I. Parameters for the HV amplitudes in SM and MSSM.
HSM hO HO
Cy 1 sin(f — ) cos(ff —a)
Cc; 0 sin(f + @) —cos(ff + a)
foeu — m o s cos(2) sin(f + a) — e cos(2f) cos(ff + )]
funn 0 — o FOLREAPEE - sin( — a)] (LRI cos(p — a)]
fum 1 Sinp T,
Jon ! ~i =
m = ; ie 2L + 2L as well as the chargino and neutralino couplings
m
S @) ==—Ziy, AHGL) =2,
]n2xW = ]n2 m + 2L(’Wl/ + L}/WW + Lwa, SVVe Sw
v A?L(EL):\/—i(ZIIViSW'FZ%CW)v
- R
IHZ.XZ = ln ie —+ 2LL’Z€ + Lsz, SW W
mZ 0R (% e‘[ N
S —x = Aj"(eg) = c AT
In’x, = In? ‘4 2L, + 2Ly, w
t *
2— 5 —X — 0%1]:_25, C (Z+ Z+ +61/(C.W S%V))’
In Xp = In + 2L7,, + 2Lbe, (AS) w
m;, 1
0%, = . (Z7.Z7; + 8:i(cly = i),
and the forms involving charginos or neutralinos described ?/ v
by the indices (i, j, k) are given by Cho == (=sinaZy,Z}; +cosaZy,Zy;),
ij \/_SW J
— —x—i€ T - R cLx
In’x; = In? e +2Ly;+2L,5 with =0, e, Croij = Chojio
i 1
0L N 7N Nx 7N
- L ZNxZN _ gNsZN )y
In?s;; :ln2%+2Lﬂ,~+2LHﬁ, Zij 2chW( a2y~ 25 2y)
—— s OB = (ZNzNx_zN7N*)
lnzsji — IHZW + ZLVJJ + 2LHji7 (A6) Zij 2SWCW ( 3i%3j 4i%4;j )
J
Vb = [(—sinaZl, —cosaZl) (ZV.sy — ZY.cw))
where L,; in (A5), (A6) are given in Egs. (22) of [12]. Wi " 2spew ¥ A .
Again (i,j) denote internal exchanges and a are an on-shell +(i—j)], cg(’fij = c%;‘i, (A9)

external particle, such that the aij tree-level coupling is
nonvanishing.

To describe the sim expressions, we also need the
constants of Table I, the (7,b) and sfermion couplings
respectively given by

. —3-2s% . 3425y
Cr=—2> Co=—"a>
35y 6siyCiy
—-10 -1
“=3g O (A7)
14 14
P (1; ~ 57 05)
zf Swlw ’
3 520 2
Hf Sy B swmy I

given in terms of the usual mixing matrices [25].

The H case is subsequently obtained from the above h°
one through the replacement
(h® = H)>(sina = —cosa,cosa = sina).  (Al0)

Using the above forms and couplings, we give below the
sim results for the N** contributions to the HV amplitudes
in (Al). These include an SM part which is easily
identified, and the MSSM SUSY contributions to the h°
case, arising from sfermion and chargino-neutralino
exchanges.

In the expressions below, the SM and sfermion contri-
butions are always included explicitly in the N,-L‘R forms,
while the chargino-neutralino contributions are collected in
T and B forms entering them. We thus have
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SN% —C {ln Sww 1—|—4CW

1
23,53, - 45,3, [In sy (H) + In sy (y)] "‘?}

_ (feou + fuun)
2ck, shmy

1 In’s, 1
[ T ) + 1]+ 2 o [P 0 + ) + 1
Sy 2
mj

In’s,,

+ = Chfon [— —l(ln Spp(H) + sy, (7)) + 1}
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4 2

_sCy {szW(H) Iy (H) | (253, — 1) [Inlzz(H) Lo uzz(H)H
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+ SZC'I-;3 lnt;,;(H) T In M;,;(H) 4 (ZSW - 1) In teLeL(H) I In ML;Le”L(H)
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2SH { (ln tw —In?r,) + . (Inuy, — In’r,) + % b In’u, + ;lnztz + 2ln2r,u] }
w 1%
_a = 253)C} [s S 1— TL! 4 TL 4 BL! 4 BL] All
853, ch u s +oIntryg | + Ly o + + By (Al1)
with the chargino-neutralino contributions being
. .M — M, —_
T4 = YA GG 0l 5 (0= 2, () — el it ()

xixt

o ()|

M ; s
+m—fc,gijﬂ(1n2uj —2Inu;(H)) -

w My
. ~ M S M; s —
o 2t - -,
0 w mW
M M;
+—Wc%12 (In*u; — 2Inu;;(H)) —mWCOH’fJ (In u; (H))]

— o
Ty = _Z {2QeCIL{iiMi {ZIHQSu —1Ins;(H) + 1} + 97.(0%; + 0% i iM Lln sji —Ins;;(H) + 1] }

xixf

. M. -
BLI ZALO*(eL ALO(eL) |: cH]t + 2m] CH]1:| 1n Ttus
00 W
L1 M r s 2 ST 2 S92
By = me i A (DL)AF (D) [Insy, —|—;ln Tis +;ln Fus | (A12)

xixt

and

2 [(t—u) In’ty,  In’uy  slnr, (2u? =262 + ut)
NY = Nk = -Cpi 5 In? - "
S H{s%, { 2 W o wm 4tu?

(2u? — 2% — ut)
4ur?

2
In“r, + n“r,

1 [In’uy Inty  In’r,, In’r, 257 —1)* [ s 2s
—[ w_In'ty 0, ] 2sy — 1) [—tan%z—lnzuz)+;<lnuzz<H>—1nrzz<H>>

253, | wu t t u 2¢ty 53y
n’r, In’ (252, —1) . [sln?r, sln? nr, -1 1 I
n’r,, In’r, Sty L [sIn?r sln?rg nr,—Inr, LSy,
+ B Tt o a Cu|l— 7 —— a7 Tt 52 Cn T By + By
u t dsycw u t ut SwCiw t

(A13)
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with

ut ut t

- - [ M; sIn?u; Inr,, In®r M sn?t; Inr,, In?r
35;42214};0 (eL)AiLO(eL){m 0L {_ i _ g M tu:| 4 /C%l{ p i _ng uttLt+ um}}’

000

In%s;,  Insy, N 4slnr,, N (262 — u® + tu) (2u* — 12 + tu)

M, .
%>ZW%NMWW[ o o ey, - mm}mm
xixt
and
In?syw + 1 =1 (In H) +In 1
GNE — Cﬁ{ Sww 3 ( SW;V( ) SWW(}’)):| _ (fGGH2+ frnn) [1 2 sy () +lnsWW(y))]
SwCw CyMy
m? In’s, 1 2 In%s, 1
bt L D)+ ) 1] e [T ) + ) 41
+ C[__]{_Z:W |:Sln tzz(H) 4 sln uzz(H):| + STW |:Sln2tW 42 Hw Sln Uy 4 20n rtu:| }
Cw t u cwl t u
25w . [sintg ¢ (H) shnug g (H) 2 Sw 1
ey [raal), iaal] 2y o004 2% ] 1 -5 sgien + )
N S —— S——
- CTW cf; {; In?r + ;lnzrm] + T8 + T8, + BE, (A15)
w
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M PR — -
TR = ZAOR* )AR (g) [m‘;cgglz (In’t; — 2int;;(H)) — V'VcoHlj.g(lntﬁ(H))

M ; M. s -
+Ey%MmM—Mu<»7¢%@m%wﬂ,

4 S [
T)’;('I_—me{ZQecH” {4lns,, 1nsl~,~(H)—|—1}+gZe(OZ,J—|-OZU)cH]I [4lns lns,-j(H)—l—l]},

il
- - M; M; —
B)I(e)(l = ZA?R*(eR)A?R(eR) |:2m H]l + m ! Csz:| 11’1 Tty (A16)
270 W Mw
and
2 In’t, —In? 1 H)—-Int,,(H In? In?
N§_N§:¥CH[(H zZ~ nuz)+2s[nuzz( ) = Intz4( )]_i_nrm_nrm}
Cy t ut u t
2sw .. [sIn’r,  sln?r, Inr,—Inr, ”
_EC};{ i’ s — 2 L4 2s J s —|—fo , (A17)
with

M, sIn?u; Inr,, In?r M. sln?t; Inr,, In?r
34 _ ORx* (7 OR (% OR i tu tu J 0L j tu tu
B4 = AR (3p)AS (eR){mW [— -2 — } +m_wCH/i[ —2s + ]} (A18)

boe

A rough approximation for the chargino and neutralino contributions in (A12), (A14), (A16), (A18) is respectively given
by neglecting the various mass differences in the summations over virtual states, using common “average” masses. From the
unitarity of the mixing matrices one then obtains the results
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e (Mp)sina[in’s In’s  dsinr, 20—+ tu—— 26— 7+ tu—
ey B
szW
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w cy my 2t t 2u u |’
4 1—4c
TR ———{ W}{ lns—lns+1} M) cosa — (M},) sina),
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BXl = — <3 R+>ln2r,u,
CWmW
MY.) [sin2r  sln2 I In?r,, In?
BR34:_<3R+>|:SH _snu_4snrtu+nrm_nrtu:| (A19)
cymy | ut ut ut u t
with
<M+> o mw\/_z_ <M+>_mw\/_2_tanﬂ
P/ +an?p 2! 1+ an?g
(MY,) = sina(sy (M) + cw(M5;)) + cosa(sy (MY,) + ey (M5,))
(MO_) = —sina(sy(MY,) + e (M) + cos a(sy (MY,) + cw(MY,))
(MY_) = sina(MY;) — cos a(MY,)
(M%) = sina(MY,) 4 cos a(M?Y,)
(MP*) = sina(sy (M) = cw (M) + cos a(sy (MYy) — e (M),
—MySw N My
iy = — Ty - T
B eV + tan?B P01+ an’p
My Sy tan —my, tan
(MY) = — —= (M3}) = (A20)

ewy/1 + tan2p’

where M*T denotes the y* mass matrix, and M" the
neutralino one.

The quantities In>x and In x in (A19) are approximated
by their pure logarithmic contents In?(x/M?) and
In(x/M?), where M are adequate average sparticle masses.
Correspondingly, the average (M) quantities in (A20)
denote common (chargino or neutralino) mass matrix
elements. The values of these average masses could be
determined by fitting each B and T contribution in (A12),

V1 +tan?g’

|
(A14), (A16), (A18), to its corresponding (A19), (A20)
simplified expression.

However the numerical results are not very accurate at
low energies, because they do not reproduce the various
threshold structures. In addition the values of the average
masses should be adapted to each specific benchmark
choice. In fact the use of the simplified expressions
(A19), (A20) is only to show in a direct way the nature
of the B and T contributions. In the numerical calculations
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TABLE II. Constants fitting the amplitudes (A21), (A22), for SM and S1 MSSM, in the intermediate anergy domain 0.6-5 TeV [24].

ab = -314+i57
ak, =13.0—il.8

Hgy
b = 1503 — i21.6

b, = -54.5-1i29.9

ak = -10.9 + 3.1 bR =79.6+i3.5
ak, = 0.57 bR, = —126
L= 17.7-il2 bl = —88.8 +i19.2
af =27 bR = -153
0 S1 MSSM

al = —46.1 4552
ak, = 142-i16
ak = 129+ i7.82
ak, = 0.40 + i0.42
= 17.69 — i1.60
aR =222 4i0.16

ab =8.5+i322

ak, = =504 2.7
R—_21+4il8

ak, = 0.16 — i0.043

bl = 336.9 — i596.4
bk, = —65.9 — 322
bR = 114.6 — i43.6
bR, = 0.42 — i3.80
bl = —88.1 + i23.1
bR =—-112-i15
H° S1 MSSM
bl = —61.4— 4217
bk, = 47.4—i23.0
bR =289 - 277
bR, = —1.46 + i0.39

ck = -319.1 - i22.4
L

34 =474+ i82.6
R =_1434—i474

R = -0.90
cll = 149.6 — i57.9
R =242

cb = —832.0 +i1482.3
ck, =740 + i88.4
R =-2492+i61.8
R = —4.86+i8.52
cl = 146.6 — i67.8

R =153+i33

b =102.6 4 i1176.1
ck, = —109.7 + i49.1
R = 837 +i82.0
k=320 -i0.88

a’]L =0.18 +i0.10 bt =-3.36-i2.28 b =107+1i15
= 0.24 — i0.0064 bR = =226 4 i0.0070 ® =5.13 4+i0.073
it is best to use the expressions in (Al12), (Al4), with
(A16), (A18).
o .. . LR _ LR
1. Global approximation for the helicity amplitudes Cisy = a 34111 ) — + ct 1 34,
W W
Finally we give a global fit of the four helicity amplitudes,
. . . N . L.R L.R LR
which reproduces at intermediate energies (in the domain Cll 34 = dy, 341112 5 —+ 0/1 34 (A22)
w W

0.6-5 TeV), their angular and energy dependencies. The fit
is rather accurate, being valid at a few percent level. It
consists in fitting the one-loop contributions, to the forms

Fo_— “zﬁ": il ”s‘\‘;(CL +Clcot?0) + (s \/2_? C§4] :
F._ :“;’ZW _;\\;(CR + ClReot26) - (s\/z_) c34] ,
Fo. = “;":W ; \\i(cL + Cllcot?d) - i”\;z_? C’g} ,
F., = “;”:W Z‘? (CR 4+ C'Rcot20) +<\/2_)c§4} (A21)

Note the factors (u — ), in front of the C34 coefficients in
(A21), which reproduce the fact that these terms, arising
only from boxes, vanish at 0 = /2, due to crossing
relations.

Note also that the terms C'“*cot?@ reproduce the
angular dependencies coming from #, # channel triangles
and boxes.

The effective constants in (A21), (A22) are given in
Table II. Note the similarity of the real parts in the Hgy and
the h° cases, and the large differences in the imaginary
parts, due to the averaging of the threshold effects in the
virtual contributions of the spartners.
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