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Abstract

In this paper, we review the production cross section for charged and neutral Higgs
bosons pairs in eTe~ collisions beyond the tree level, in the framework of the
Minimal Supersymmetric Standard Model (MSSM). A complete list of formulas for all
electroweak contributions at the one loop level is given. A numerical code has been
developed in order to compute them accurately and, in turn, to compare the MSSM
Higgs bosons pair production cross sections at tree level and at the one loop level.
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1 Introduction

One major task of a future eTe™ linear collider will be the exploration of the Higgs sector,
in the Standard Model and beyond it. Despite its success, the Standard Model suffers
from the appearance of quadratically divergent contributions to the Higgs boson mass.
However, this problem is solved by Supersymmetry. The theoretical framework of our study
is the minimal supersymmetric extension of the Standard Model (MSSM), where the Higgs
spectrum consists of three unphysical Goldstone modes (G*, G~ and G°) as well as five
physical states. Two of these are charged (H* and H ) and, among the three neutral Higgs
bosons, two are CP-even states, h° and H°, and one is CP-odd, A°. Several other aspects
of the MSSM Higgs boson phenomenology are reviewed in [1].

The processes ete™ — HTH—, H°A°, h°A° that will be observable at future e*e™ linear
colliders, such as ILC and/or CLIC, are among the best places where one can accurately
check the Higgs structure, see references [2] to [8] for details. At tree level, et and e~
annihilate through a photon and a Z boson in the case of HTH~ production, and through
only a Z boson in the case of HYA? and h°A° production. At this level, the amplitudes
depend on the masses of the Higgs bosons and on the mixing angle . At the one loop
level, most of the MSSM parameter space is involved through self-energies, triangle and
box diagrams. In a previous paper [9] it was shown that, at high energy, at the leading and
sub-leading (Sudakov) logarithmic orders, a great simplification occurs. The gauge and the
SUSY structures of these processes reflect directly in the coefficients of the quadratic and
linear logarithmic terms. In this high energy range, they depend only on a few parameters
(the Standard Model inputs, the angles o and [, as well as the SUSY scale Mgygsy).
The next step is to study more deeply the SUSY structure by looking at sub-sub-leading
effects. First, one should determine the energy range in which the above Sudakov limit
is an acceptable approximation and can be accurately tested. Then, one can study the
effects of the successive sub-sub-leading terms (constants, m?/s, etc) and classify the
various parameters which control each of them. We should then estimate the accuracy
at which these parameters can be measured. For these purposes, we have developed a
code allowing to compute numerically the complete electroweak one loop contributions
to the pair production cross section of MSSM charged and neutral Higgs bosons in ete™
collisions. The purpose of the present paper is to write in an explicit fashion all details of
the electroweak one loop contributions that are computed by this numerical code.

In Section 2, we review the tree level MSSM Higgs sector and we calculate the production
cross section for HYH~, H°A® and h°A° pairs in ete ™ collisions at tree level. In the rest of
the paper, we focus on the various one loop terms. The contributions of the initial vertices
and of e* self-energy are given in Section 3, the intermediate gauge boson self-energies
are discussed in Section 4, the contributions of final vertices and of Higgs self-energies are
calculated in Section 5, and the effect of box diagrams are presented in Section 6. Finally,
a summary and some outlooks (in particular a more detailed description of our numerical
code) are given in Section 7.



2 Tree level calculations

2.1 Tree level structure of the MSSM Higgs sector

In the MSSM, two complex scalar Higgs doublets are responsible for the breaking of the
electroweak symmetry:

0_ ;.0 \/5 ¢+
- (v1 + &Y EX1)/ CHy= 2 . 1
' ( —6y P\ (e 99 +ixd)/V2 .
They have opposite hypercharge (Y; = —1 and Y, = +1) and their vacuum expectation

values are respectively v; and vy. After diagonalization, one obtains the following states:

H°\ [ cosa sina 0
<h°)_<—sina cosoz)(é)’ 2)

G\ [ cosp sinp X0 3
AY )] 7\ —sinB cosf xS )’ (3)
G\ [ cosB sinp oF 4
H* ) 7\ —sinf cosf b5 |- (4)

Here, G*, G~ and G° describe three unphysical Goldstone modes. The five physical states
are two charged bosons (HT and H~), two neutral scalar bosons with CP = +1 (h° and
H?) and one pseudoscalar neutral boson with CP = —1 (A49°).

The quadratic part of the Higgs potential, which contains the soft breaking masses and the
gauge couplings, depends on two independent parameters, which are usually chosen as the
mass M4 of the A% boson and the ratio between the vacuum expectation values tan 8 = vy /v;.
The masses of the other physical states are expressed as follows:

M} = M3 + My, (5)

1
Moo = > (Mf1 + M2 £ /(M3 + M3)? — AM3 M3, cos? 25) . (6)
As for the mixing angle between H° and R, it is given by:

M3 + M2 T <o )
MI—MZ 2-%=T
Note that these results are only valid at tree level and they become slightly different when
one includes radiative corrections.

tan 2a0 = tan 23 x

2.2 Production cross section at tree level

In ete™ collisions, charged Higgs bosons are pair produced through virtual photon and
Z boson exchange (and in top decays if My is small enough). As for the neutral Higgs
bosons, they can be produced through several mechanisms: WW and ZZ fusion processes,
Higgsstrahlung or pair production. In this paper, we only focus on this latter process (note



that CP conservation forbids virtual photon exchange). The Feynman diagrams of interest
are shown in Figure 1. More details about the various production mechanisms and decay
modes of MSSM Higgs bosons can be found in [10]. Here, we only focus on the total pair
production cross sections and we ignore the different contributions of the decay channels.

Figure 1: Feynman diagrams for the pair production of MSSM charged and neutral Higgs
bosons in ete™ collisions.

The tree level production cross section can be easily derived using the Feynman rules. If

sw = sin Oy, cw = cosby and n = ¢°/(¢> — M3), then the Born amplitudes a%" are:

e for charged Higgs bosons:

(1—2s%)

Born H+H— -1= 8
ar.r ( ) 48%4/0%,‘, ngr,r ( )
e for neutral Higgs bosons:
orn i
ap g (HYA° /0 A°) = ~ 1.2 MLk [ Zab] 9)
wCw
where gr, = 253, — 1, gr = 2s¥, and [Zy) = [—sin(8 — «); cos(8 — )] for H?A® and h°A°

final states, respectively.



In this paper, we use the following renormalization for the amplitude:

2e? _ ) -
A= "5 o)D) Py +anPr)ule), Prn= 275. o)
The differential tree level cross sections are then given by:
d Born 2 53
UL,R _ WaemﬁH X (1 _ COSZ 0) % |aff}$n 2' (11)

dcosf  8¢2

Here, By is the velocity of the outgoing Higgs bosons. If M; and M, are the masses of the
two outgoing Higgs bosons, then By (M;, Ms) is defined by:

2|p 1
%:EX\/(s—i—Mf—MQZ)Q—Alst

() ) ) ),

After integration over cos ), one gets:

B =

e for charged Higgs bosons:

4 AM2 3/2 2! 1272 2
oBemn_ — © (1— H) x <1+ Gy o levten) (13)

487s s 1—Mi/s (1 — MZ2/s)?
—1+4S%V -1 —1 4 2s2
ith = - = = W
W v 48ch ) A 4SWCW » v QSWcW

e for neutral Higgs bosons:

Born e’ x 8S%V — 48%/V +1 % [Z ]2 B?{(MHO/hoa MA)
o = .
HOADIWOAY ™ 487 32s%, ¢y ’ (1— M2/s)?

(14)

In the decoupling limit (M4 > My and My ~ Myo), cos(8 — a) — 0 and ete™ — hPA% is
strongly suppressed, i.e. only the H°A° pairs can be produced in ete~ collisions, with a tree
level cross section given by:

4 2\ 3/2 4 2
Born e 4My 8syy — 4syy +1 1
— 1-— X X . 15
OHOAY 77 ygrs ( s ) ( 325t Chy (1—M2/s)? (15)

Figure 2 shows the pair production cross section for the MSSM charged and neutral Higgs
bosons in ete™ collisions, at tree level, as a function of M, and for various values of the
centre-of-mass energy.
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Figure 2: Tree level pair production cross section for charged (top) and neutral (bottom)
Higgs bosons in ete collisions, as a function of the MSSM parameter M4 and for various
centre-of-mass energies /s. For simplicity, we performed our calculations in the decoupling
limit, where H, H® and A° are almost degenerate in mass.



2.3 Complete amplitude for calculations at the one loop level

The analytical expressions of all electroweak one loop contributions to the MSSM Higgs
bosons pair production cross sections are given in the following: e* self-energy and initial
vertices in Section 3, v and Z self-energies with counter terms in Section 4, final vertices and
Higgs self-energy in Section 5, and box diagrams in Section 6. The complete renormalized
amplitude used to calculate the cross section is the sum of Born and one loop terms:

A(ete” — Higgs pair) = AP"(ete” — Higgs pair)

A™(ete™ — Higgs pair)

ARG (eTe™ — Higgs pair) + A%(e*e™ — Higgs pair)
Al""(ete™ — Higgs pair)

+ AP(eTe” — Higgs pair). (16)

+ + +

The notations used in our calculations, in particular when writing vertices in terms of real
coupling constants, are described in Appendix A. In the following, we use a formalism which
involves Passarino-Veltman functions, see Appendix B for details.

3 Contribution of initial vertices and e* self-energy
The amplitudes aiL’f r corresponding to initial triangles and e* self-energy are:

e for charged Higgs bosons:

i n (1—2s%)n o rim?

HYH 17
a’L R ) = c 25 oy o (17)
e for neutral Higgs bosons:
; Fin,Z
HOA /RO A% = 1 Z, 18
i n(HOA1A") = 52— (2] (15)

where we write IV = """V P, + T2V Py for V =~ or Z.

7 and I'™Z are the same in the charged and neutral sectors, since they only depend on
the initial state. They are obtained by summing various contributions:

rmV. = TV __(WvW) —TY - (pinch)
+ TV (wWv) +TY - (eZe) + TV - (eve)
+ FZ@—()@ LX) + Dot (X3ex3)
+ Do (TrXaln) + Tove- (8X5€)
+ TV - (es.e). (19)

The particles inside the initial triangle have internal masses my, mo and ms. They are
ordered clockwise, m; being the mass of the particle just after the junction involving the
momentum q.



1) The contribution of the WvW triangle is:

v __eaem VA \ ].fOI'V:"}’
Fe+e* (WVW) - 871'8%/Vf CWWPL’ f o { Cw/SW for V=27 (20)

where éWW = —12024(WZ/W) +2 - 2q2 [C()(WI/W) + Cll(Wl/W) + CQ3(W]/W)]

2) In eTe~ annihilations, WW contributions arise in the photon and Z self-energies, as well
as in the triangles connecting the photon and the Z boson to the initial ete™ pair or to
the final Higgs pair. Therefore, it is convenient to extract a certain part (so-called pinch)
from such a triangle with two W lines (in our case the WvW triangle) and then to put
it inside the photon and Z self-energies contributions, in order to have universal charge
renormalization [11]:

TV __ CCem .y 2 v | 1forV=y
'Y (pinch) = 4ws%Vf By(WW,q*)Pp, f" = { ew/sw for V=7 (21)
3) As for the vWw triangle, since neutrinos do not couple to photons, one has:
[ (W) =0 (22)
while, for the Z boson, one obtains:
eq
Tz, =— = CwP, 23
where Cyy = 40, (vWv) — 2 4 2¢* [C11 (W) + Cos(vW)].
4) The contribution of the eZe triangle is:
Yy _ €Ofem = 2 2
Fe+e, (EZC) = m(jz [gLPL + gRPR] (24)
or car
Z —_ ___em -~ 3 3
1—‘e‘Fe* (€Z€) - 3271'8%1;0%[/ Cz [gLPL + gRPR] (25)
where C; = 4Cyu(eZe) — 2 + 2¢° [C11(eZe) + Cos(eZe)].
5) The contribution of the evye triangle is:
[l (eve) = =220, [Py + Pl (26)
or car
Tz, =— —" C [gP P 27
ete (676) 8T Sy Cw C’y [gL L+ 9r R] ( )

where C, = 4Cy(eve) — 2+ 2¢2 [Ch1 (eve) + Cas(eve)]-



6) The contribution of the X;7.X; triangles is:

EQem

Fore-(Gi1Xa) = 21— |25 (2G5, — | My, [PC3) Pr (28)

~ 4msyy

or
eq

% _(v.0r%:) = O gE 7 %
ete (XJVLXZ) %: SWS%VCW 11415
{12828+ 6y — si)]| 2G5
~ij o~ 1 ¢ -~ o~ o~ ~ij ~
where C3) = Cos(X;7LX;) — 1 + 5 [Cu(le/LXi) + CQg(XjVLXZ-)] and Cy = Co(X,;7LX;)-

7) As for the )Zgéf(? triangles, since neutralinos do not couple to photons, one has:

I - (X)exs) =0 (30)
while, for the Z boson, one obtains:
z ~0~~0 EQem ij ij
Lose- (XjeXi) = Z 3 3 < [KL P+ Ky Pr (31)
77 ST Sy Ciy

by defining K7 and K} as follows:

(Z0sw + 23" ew)(Zl sw + Zgj ew)

K 5
2(28 73" — 235 73" Gl + Myo Mo (735" Z3% — 725" 7.4} )CY| (32)
K{ = 22ZNzZ]")sh, x
2(28° 28} — 73y Z30)C3h + Myo Mo (225235 — 235 Z30")CY | (33)
~ij ~0~ 1 CI2 ~0~.~ ~0~~ ~ij ~0~m
where C3, = 024(X§?e><$) ~ 1 + 0 [012()(26)(?) + 023(X§?e><2)] and Cy’ = Co(X3exy).

8) As for the 77X, triangles, since sneutrinos do not couple to photons, one has:

ete~
while, for the Z boson, one obtains:

~ o~ o~ (8%
M (1) = — 30 o

i

MIZEIQC“&PL (35)
W

where Ci, = Cos(71X;71)-



9) The contribution of the éxYé triangles is:

F’Y ~Q~ = 76056771 X
ete™ (eXz 6) Z 47_‘_8%4/0%4/
[\Zh sw + Zyyew [?Coy Pr + 453y | 7]} |*C3, Pr
or
-~ ex
FeZ+e* (eXz = - Z —

47rchW

[(SW _ 5)\2{5 sw + ZNew[2C3, Py + 45k, | ZN 2@§4PR]

where 024 = 024(é)~(gé)

10) The electron self-energy (e.s.e) contributions are obtained as follows:

I"Y

ete~

(e.s.e) = —e [0 P, + 0rPg]

or

rz

Cre-(e.5.€) = (691 P1 + 0rgRr PR

(&
25WcW

where the following loops are taken into account: (Wv), (Ze), (ve), (x7), (X°€).

For the (Wv) loop, one has:

Qe 1
or(Wv) = s (Bl(Wl/, 0) + 5) ,
w

5R(WI/) =0.
For the (Ze) loop, one has:

2
Oemd 1
6r(Ze) = “Sme CLQW (Bl(Ze, 0) + 5) ,

2
Oemd 1
6R(Z€) = —m (BI(ZC, 0) + 5) .

For the (ye) loop, one has:

51(1) = 9n(7) =~ 22 (B (e, 0) + 5 ).

For each (x,7) loop, one has:

~ Gem
5L(Xiy) = _47_‘_8%4/‘2 ‘ Bl(XzVLao)a

r(x;7) = 0.

For each (xY€) loop, one has:

~0 ~ Cem ~0~
5L(X$e) - 87|Z118W + Zé\i[CW|2B1(X?€L70)a
7TSW w
Q,
Sr(XVe) = I\ ZN*?B ,0
R(Xze) 27TCW| 14 | I(XzeR )

(36)



4 Contribution of v and Z self-energies

4.1 Definition of gauge self-energy functions

The on-shell renormalization procedure [12, 13| that allows full determination of the MSSM
Higgs sector at one loop, as well as of the corresponding counter terms, makes use of several
gauge self-energy functions, which are detailed in the following of this section [13, 14, 15].

Let us first define several useful expressions:

M3 + M3
PV1(XY,¢*) = % —2By»(XY,¢%) — — —

PV2(XY,q") = 10Bxn(XY,¢*) + (4¢*> + M} +M2 By(XY,
2

=)

+ A(M%)+ A(M3) -2 <M2 + MZ —

o |

AMZ) + AM2) (¢ — — M3)
2 2

~—~

PV3(XY,¢®) = 2Bxn(XY,q*) —

a) Photon self-energies:

The photon self-energy is defined as:
A (6°) = B49(¢%) + Ay (pinch).

The pinch term is given by:

. aem
A, (pinch) = — - *Bo(WW, ¢?).

The self-energy term without pinch ¥, (¢?) is the sum of various contributions:

vy (g+H) + ijff)
77(5(5() + Ew(ff)-

The contribution of the gauge and Higgs sectors is:

277(q2)

by
+ X

aem
Syy(gtH) = -7 {2Bn(HH,¢") = A(Mp) + 6B(WW,¢°)

2
—3A(M3) + 24 Bo(WW, %) + L.

The contribution of the fermion pairs is:
R aem Q2
Y (ff) = Z {
7 s

PVI(ff,q°) + M;Bo(f (12)}-

The contribution of the chargino pairs is:

~ ~ Qem ~ ~ ~ ~
Sy (00 = T PVIK, 6) + Mg Bo(%iX, ¢°) -

i

10

By(XY,q )

1(XY, @) + Bu (XY, ¢%)], (49)

(52)

(53)

(55)

(57)



The contribution of the sfermion pairs is:

> (Ff) = -z“em fZ{QBzz fifi ) — A(M3)}. (58)

1=1,2
Here, fi, f» account for fi, fR in the case of unmixed sfermions, or for the physical states
obtained after mixing (i.e. t, to, bl, b2 in the case of third generation squarks). The

coupling between a photon and a sfermion pair is the same with and without mixing.

b) Z self-energies:

The Z boson self-energy is defined as:

AZZ((]2) = Ezz(QQ) + Azz(pinch). (59)
The pinch term is given by:
. ClemChy 2 2 2
Azz(pinch) = — . (¢ — M7)Bo(WW, ¢°). (60)
w

The self-energy term without pinch ¥77(¢?) is the sum of various contributions:

Y22(¢%) = Yzz(g+H) +3zz(ff)
+ Bz2(X%) +Ez2(X°X°) + S22 (f ) (61)
The contribution of the gauge and Higgs sectors is:
1
4
+sin’(8 — ) [M3Bo(Z1°,¢*) = Bon(Zh°, ¢°) — Bos(A°H, ¢°)|
) [M2Bo(ZH, ¢*) — By(ZH®, %) — By (AR, ¢*)]

aem

e [A(M) + A(Mo) + A(M3) + A(M3)]

+cos?(B — « [

—— cos (26w) [ZB (HH, %) A(MIQJ)]

- [SCW + cos (20W)] By (WW, ¢?)

_ [40%4/@2 + 2M2, cos(29w)] By(WW, ¢%)

+% [120%1/ 4, + 1] A(M2,) — gcév(f}. (62)
The contribution of the fermion pairs is:

Qem N
Ams? ¢z,

Szz(ff) = Z {(gi + gAf)PV1(Mf: %)+ (Q%/f - gif)M?Bo(ff_, QQ)} (63)

where gy = T7(1 — 4|Qy|s}y) and gay = T}.
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The contribution of the chargino pairs is:

2

> {Pvituy, @) [057 05" + 05 0gr]
v

+M>~<iM>zj [OZ%L*OZZ]R + OZ%L(QZ%R*] BO()ZiS(j; qz)}'

The contribution of the neutralino pairs is:

¥72(X°%") > {PVI(RR]. o) [0 O + 05 O]

~ 1672 7
+Mzo Myy [0 O + O3 O] Bo(%ix5, 4°)
The contribution of sfermion pairs is:
e for unmixed sfermions:
2
st (Ff) = — 3 el (“’Z ) (2B, ) — A2},

2
fLr T €

e with sfermion mixing (third generation squarks):

02

o

sz 3
ST = e
77 2 s¥, Yy fzzg,g {

[B2z(f1f2a ?) + Bas(fof1, QQ)]

l\D ‘

SWQf) B22(f1f1, )

—[c~(Tf — s Q4)? +szfsW] (MJ%I)
(TfL 7 SWQf)2B22(f2f2, %)
)?

—[sf(TfL—sWQf —|—cfo8W] (Mf%2)}.

c¢) Mixed vZ self-energies:

The mixed vZ self-energy is defined as:
Ayz(q°) = q2(¢") + Az (pinch).
The pinch term is given by:

Qe C M2
Z(q* — —Z)Bo(WW, ¢%).
TSw 2

A,z (pinch) = —

The self-energy term without pinch ¥,7(¢?) is the sum of various contributions:

Yoz (q2) =
+

vz(g+H) + 2,2(f f)

by
2,2(X%) + Zy2(F )

12

(65)

(68)

(69)



The contribution of the gauge and Higgs sectors can be expressed in several ways. Here, we
choose the definition given in [15]:

Qem chy — st
Yhz(g+H) = Anr { B QW [BQQ(HH, q¢°) + B (WW, QZ)]

2, — s2 c
S E— [A(ME) + AMG)] + =% [6A(M,) — 40|
wew Sw
+2Z—WBQQ(WW, ?) — 2swew M2By(WW, ¢?)
w

—z—WPVQ(WW, A} (71)

The contribution of the fermion pairs is:

_ f
Sa(ff) = X2 RECI pyr 2y M2B(1f ). (72)

7 2T Sswew

The contribution of the chargino pairs is:
~~ 2 ~ ~ Lx Rx
S,2(00) 15 2 APV ¢) (057 0FF + 0 OFF]
ij
+Mg, My |03 OZF + OZFOI| Bo(%:5%;, 4 }- (73)
The contribution of the sfermion pairs is:

e for unmixed sfermions:
0
% e Aem 975 rr
SN =50 3 Nl (—%ff) x {2Bn(ff.q*) - A}, (74)
JL,r
e with sfermion mixing (third generation squarks):

ST =g X Qr {(T56 - Q) 2Balfifid?) - AGM3)]

27rs Cw s
=£b

+(T}, 5% — siyQy) [2Bna(fofar ) — A(ME)] }. (75)

d) W self-energies:

The self-energy term without pinch Yy (¢?) is the sum of various contributions:

Sww(g®) = Sww(g+H) + Eww(ff')
+ Zpw(X°) + Sww (ff). (76)

13



The contribution of the gauge and Higgs sectors can be expressed in several ways. Here, we
choose the definition given in [15]:

aem .
Sww(gtH) = irs?, { —sin*(8— ) [Bu(HH',¢*) + Bu(WH, ¢*))
—cos?(8 — a) [ng(HhO, q*) + By (WH", q2)]
—Bpn(WZ, (12) - B22(HA0a qz)
+2s3y Boo (YW, %) + 265y Boo (W Z, ¢°)

_,_% [A(M%Io) + A(ME) + A(MZ) + A(Mi)]

[A(M )+ A(MH)]
+M2 [sin?(5 - @) Bo(hOW ¢?) + cos*(8 — ) Bo(H'W, ¢*)]
+M, [sWBO (W, ¢?) + —BO(WZ q )]

+ [3A(ME) —2M3)| + &, [3A(MZ) ~ 2M3]
—c}y PV2(ZW, ¢%) — 53, PV2(yW, ¢*) }. (77)

The contribution of the fermion pairs is:

' aemch 12
Sww(ff) = Z A g2 PV3(ff',q7). (78)
(F) w

The contribution of the gaugino pairs is:

~ ~ aem * * ~ ~
Sww (xx°) = oms?, { (OZJVL(’);;VL + (’)ZVJVR(’);;VR )P‘/},(Xixg,QZ)
ij
+(OFroN T + oot My, Mo Bo (X5, )} (79)
The contribution of the sfermion pairs is:

e for unmixed sfermions:

A(M2) + A(M3)

Shght(F 1) = — 2 S™ NS | By (FF, ¢%) — (80)

2msly (7 4 ’

e with sfermion mixing (third generation squarks):

eav 30éem 77 77
Eh y(ff) = _27“,%‘/ {C%C%Bm(tlbl;qQ) +C§5%B22(t162,q2)

+S%C§B22(£251, q2) -+ S%S%BQQ(EZB% q2)
1
3 [GAOE) + SEAOE) + AN ) + A )]} (81)
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4.2 Charged Higgs sector

For ete™ — H*H~, the on-shell renormalization procedure leads to the following RG terms:

2(1 — 252 A 2 1—2s%, — A 2 A 2
af R(H+H ) [77 ( . ng)gL,R‘| ZZ2(C] ) . ln( SW gL,R)] ’)’qu ) . 77gq ) (82)
Asyy ciyy q 2swew q q
with the corresponding counter terms:
_ 2SWE Z(O) 282 -1
¢ (HYH = |(TL..(0 oWy a ) 1 -ow -
i) = |10+ 2O g 2
N ngre(2siy —1) | [Yz2(M3)
sty ey ¢* — M3
T Y2z(Mp) z]WW(]V'I'VQV)) x | 2L Py + gpP (83)
153,62, M2 M2, 53, LT IRVR|

D 2
Here, I1,,(¢°%) = qu ) (no pinch term) and II,,(0) is thus simply obtained as follows:

L, (0) = (‘%ﬁ)m. (84)

4.3 Neutral Higgs sector

For ete™ — HYA%/h%A°, the on-shell renormalization procedure leads to the following RG
terms:

: 2
HOAY /R0 A Zap) % | 2R 4, 0(2) — —1— A ) - 85
A 1A% = 5 7] ({0 A 0) = () (85)
As for the counter terms, we only consider those corresponding to electroweak couplings and
gauge boson masses here (the counter terms corresponding to H°A? or h° A° final states will
be calculated in Section 5.3.9):

. 28 +2$ 1 Eww(MZ) Ezz(M2)
0 40 /30 40 __ w w w) Z
aff (HYA°/hPA%) = in[Zy) [ b, P+ 20%‘/PR] [ M2, M2

Y7(M3) L 2swyz(0)
q? — M2 cw M2 ’

i) S [Hw(o>+ (36)

4sfycly
5 Contribution of final vertices and Higgs self-energies

5.1 Diagram structures for final triangles

Several useful expressions are needed when estimating the contributions of the final vertices.
The particles inside the final triangle have internal masses mi, ms and ms3. They are
ordered clockwise, m; being the mass of the particle just after the junction involving the
momentum q.

15



Let Py, and Py (respectively M; and Ms) be the momenta (respectively the masses) of the

two outgoing Higgs bosons (i.e. HTH~ or HA® or h®A%), then one has:

P} = M,
PJ%Q = M227

Pf1Pf2 ==

a) Tril-type triangles:

1

C, = 6 + 6(Coo1 — Cooz) + Pflcln - Pf20222
(2P Pyo — Pfl)cng + (Pf22 — 2Pf1 Py)Cloo
2 [Pflpf2021 - P]?QCQQ + (Pfg — Pf1Ppy)Co3 — 024}

+
+
— (2P;1 Py + P;l)(c11 — Cha).

b) Tri2-type triangles:

Co = (8Pp P+ 6Pf1 + 213?2)00 + (8P Pry + 7P]?1 + P]%Q)C11
+ (P}, — P},)Cha + (2Ps1 Pyy + 2P7,)Co1 + (2P1 Py + 2P7,) Cas
+ (4Pp1Ppy + 2P, + 2P7,)Cas + 12C5, — 2.

c¢) Tri3-type triangles:

1

Cs = = +6(Coor — Coo2) + Pflcln - PJ‘?QCQZQ + (2P Ppy — Pf21)0112

6

+ (PJ?2 — 2P, Py)Chop + Pfngl — (2P;1 Pyy + P]?Q)CQQ

1
— 2P Co3 — ¢°Cha — 205 + X
C; = Cn— O,

C; = Co+Cyy—Cha.

d) Trid-type triangles:

C4 == 012 - 011 - 200

e) Trib-type triangles:

C5 = Cll - C'12 - C’0-

f) Tri6-type triangles:

C = Ciu—Ch.

16
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5.2 Charged Higgs sector

The amplitudes aﬁ’}% corresponding to final vertices with H* H~ states are:

COVIHYH)  mge | TP 7(HHO)
2e 2swew 2e ’

Here, I/ (H*H~) and I'/™Z(HTH") are obtained by summing the contributions of
various triangles and of charged Higgs self-energy terms, as detailed in the following.

al W(HYH™) = (98)

For the photon, one has:
DAWY(HHT) = Thaye (16h) + T o (2) — T o (2, pineh)
+ Then-GBf) +Then- (XX"X) + I (6ch) + Ty g (Gf)
+ T, (4-leg) + T, (H.s.e). (99)

For the Z boson, one has:

Ffm’Z(HjLHi) = FH"‘H (1Ch)+PfI+H (1n)+FH+H (2) - H+H (2, pinch)
+ Tien-(8f) + Tiep-(XX°X) + e (~ XX") + Torep-(4)
+ Dfip-(6¢h) + Ty (60) + I5s g (6f)
+ Thig-(4-leg) + T4 p- (H.s.e). (100)
5.2.1 Tril-type triangles
The Tril-type triangles contribute to ['Vi"7(H*H~) with:
7., (lch) = < e (HyH) + [ = 25 )" (HZH) (101)
HYH- T gp2 |t 7 2swew !
The Tril-type triangles contribute to ['V7™Z(H* H~) with:
et (125 1- 2%\
I'Zvg-(lch) = ——; V) |ci(HyH V) C(HZH 102
m+m-(1ch) 87T2<28ch>[1( 0 )+<28ch 1( )| (102)
3
_ € . 2 0117 A0 0 0
FH+H (]_n) = m X {Sln (B — OZ) [Cl(H WA )+Cl(A WH )]

+cos?(B — a) [C1 (KW A%) + €, (A°WhO)| ). (103)

5.2.2 Tri2-type triangles

. lfor V=1v _ . . .
vV _ 3 )
With f¥ = { cw [sw for V =2 the contribution of the Tri2-type triangles is:
e . 2 0
IV, (2) = T {sin®(8 — ) Co(WH"W)

+ cos?(B — a) Co(Wh'W)
+Cy (W A°W) }. (104)

17



However, one must also take into account the pinch term:
63 fV
TRI2.2
82 sy

—T Y+ - (2, pinch) = x Bo(WW, ¢?). (105)

5.2.3 Tri3-type triangles

The Tri3-type triangles contribute to both T'/#™Y(H+H~) and I'V™Z(H* H~) with:
N/e?
H+H Bf) = 87r2 (%) 252, M2,
{ [QVRfoCOt B+ gvrgMj, tan® 5] Cs(ff'f)
- [gVRf’M)% tan® 3 + gVLf’M?COtQﬁ] Cs(f'ff")
+2M; MG (gvrs + gvis) Cy(ff'f)
—2M My (gvepy + gvip) Cs(f'f F')
+M} [gvirMfcot?B + gy ry M} tan® 8] C5 (f f'f)
—M3, [gvrp M} tan? B+ gy Mcot?8] C5 (' f ')} (106)

FIZT+H (5()20 - 7T2 Z { [ l‘c/]chjzcg;u + Olz:/chg]chkz] C3(kaz X])
ijk

VL L VR R _ 0~
+ My, Myo [Oka ChjiCiki + Ohj CngCHm] C3(XkXi X;)

+M)2?M>~Ck [OI‘C/Jchjchkz + Ol‘c/chz]chkz] CI (Xsz X])
+Mf<j Mf( [OVL zjz CHki + Ol‘c/chgjch‘?;cz] C”(X'k;(?xj)} (107)

where V = v or Z, and where (f, f') is either (g, g4) or (v, £) for each fermion generation.
In addition, Tri3-type triangles contribute to '/ % (H*+ H~) with the following term:

1—\H"‘H ( O)NC Z { [ jk CH'L] Hzlc + O;)Ifcfhjcfljk} C3(XJXZ)~<k)
ijk
+M>~<2MX¢ I:O.?Igcéljcfhk + Oggcgz]c%tk] C’ (X?izii)
+M>21 Mf{? [O%ngg CHik + Ook CHzchzkj| Cs (X??@f(g)

+M)22M)Z? [o;)lgcgzchzk + O;)l?cémcsz] CS (X?f&zig)} (108)

5.2.4 Tri4-type triangles
The Tri4-type triangles contribute to ['/i"Z(H+H~) with the following term:

1 [(eMw(1 —2s%)
Dien-(4) = _1672( 5 ) x

2s%,¢3,
{gmonn cos(8 — ) [CL(H°HZ) + C4(ZHH")]
+gnommsin(B — o) [Cs(h°HZ) + C4(ZHRY)| }. (109)
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5.2.5 Tri5-type triangles

There is no contribution from Tri5-type triangles in the production of H*H ™~ pairs.

5.2.6 Tri6-type triangles
The Tri6-type triangles contribute to both I'/™™7(H*H~) and I'/*™ % (H* H~) with:

1
FH+H (6Ch) = _@ {gVGGg?LXOGHCfS (GAOG)
+9vaadinanCe(GHG) + gvaagnauCe(Gh°G)
+ovingyounCe(HHH) + gvungionnCe(HR'H)}  (110)

and
Phen-(6f) = D™ (6f) + Ty (61)- (111)
The third generation squark contribution, with sfermion mixing, is:
= 3 S
V, he(w
ijk=1,2
_gV£i£kngigjngkEjCG(E’ibjfk)}- (112)

The coupling of L-sfermions to the charged Higgs boson does not vanish like the fermion
mass, so they also contribute to I'V(6f). With (f, f') = (u,d), (¢, s) or 3 x (vg,£), one has:

ryief) = 32 Z chfo, {gi, 7 (fifoi)—Q?/foL C6(JELJE£JEL)}- (113)
7]

In addition, Tri6-type triangles contribute to ['/#4(H*H~) with the following term:

1 €2MW
FH+H (611) = @ (27> X

4dsyrew
{gmocrsin(8 — @) [Cs(H'GA®) + Co(A°GHO)|
—gnocr cos(B — a) [Co(°GA®) + Co(A°GR")| }. (114)

5.2.7 4-leg diagrams
The 4-leg diagrams contribute to ['V7(H* H~) with the following term:

1
Phpeg-(Hleg) =2 {26 [Bo(Hr, M) — Bi(Hy, M}
e3(1 — 2s%,)?
t—sa [Bo(HZ, M}) — By(HZ, M},)]
wsw
3 i o
s = 0) (g (oW, M3) — By (HOW, M2)]
4sy
3..2(R3 _
+ S 0= 1 0w, M2 - By (W, M)
452,
3
+4% [Bo(A°W, M) — By (AW, M3)] }. (115)
w
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The 4-leg diagrams contribute to '/ %(H*+ H~) with the following term:

P2, (4leg) = ——— {M

[BO(ny, M}) — By (Hn, M}iz)]

87?2 28ch
e3(1 — 2s%,)3
U2 (o112, M3) — B (12, M)
1% 14
3in2(p
S B 0) g ow, a2 - B, (HOW, M2)]
4SWCW
3 2(np _
s 0= 0) 1 oW, 3) — By (WOW, M3,
4SWcW
3
e
- [ Bo(A°W, M) — By(A°W, M7)] }. (116)
SwWCw

5.2.8 Charged Higgs self-energies
The charged Higgs self-energies contribute to I/ (H*H~) and I'/"™Z(H+H~) with:

3 -
Iy (H.s.e) = 2e x <dH7if) (117)
dq q2:MI2-I
and 2e(1 — 2s% dx
T2, y-(Hse) = 6(2 — Zw) X ( ;{J;H_> (118)
Swlw q P=M?2

where Y5+ - (g?) is the sum of various bubble terms.

These terms contain some combinations of Passarino-Veltman functions, such as:

SEE(XY,q%) = 4Bn(XY,q%) +¢* [Bo(XY,¢*) + Bu(XY,¢?) — 2By (XY, ¢?)|, (119)
SEy(XY,¢?) = 4Bn(XY,¢")+¢° [Bl(XYa ¢*) + Ba (XY, ‘12)] : (120)

Here, we consider only the contributions which depend on ¢2, because I'/™™7(H*H~) and
I/imZ(H+H ™) depend on the derivate of $p+y-(¢?). Four types of bubbles are taken into
account when calculating this “reduced” self-energy, which we refer to as X+ x- (¢°):

z~3H+H— (612) = 2~3H+H— (VS, 612) + i3H+H— (SS', QZ) + i3H+H— (ffla qz) + i3H+H— ()NC)ZO, f]2)- (121)

The V'S bubbles contribute to X g+ ;- (¢?) with:

S 2 1 20+ 2 62(1 - 25%V)2 + 2
EH"‘H—(VvSaQ) :@ {6 SEI (nyaQ)—F 482 62 SEI (HZaQ)
wCw
e2sin?(8 — « e2cos?(B —
SW SW
2
+ 5 SEE (AW, ). (122)

2
dsyy,
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The SS' bubbles contribute to g+ - (q2) with:

- , 1 - o~
Sren-(58'0") = =155 { X Moy Bolfelid) + X 3635, Boliibs,d”)

light (ff") ij=1,2

+ Q%IOHHBO(HHOa q2) + QI%OHHBO(H}Z ) q2)

+ groau Bo(GH?, ¢°) + groar Bo(GR°, ¢%)

+ ghoan Bo(GA®, %) }. (123)

The fermion and gaugino bubbles contribute to g+ - (¢%) with respectively:

2
Surn-(ffq%) = 67]\42 > NI {(M3 tan? B+ MFcot?8) SEF (£, ¢)

167 W (ff)

+2MM3Bo(ff',¢%)} (124)

and

iH"‘H— ()2)20’(] = 871'2 Z { [CHZJCHZJ + CHZJCHZJ] SEi(XzXJa )

+M)21M>~(0 I:Cgt]C%” + CHZJCHZJ] BO(XZXJ,(] )} (125)

After having computed the full expression for X+ - (¢®), one simply needs to calculate its
derivative at ¢> = M% and then insert it into equations (117) and (118).

5.3 Neutral Higgs sector

The amplitudes aﬁ% corresponding to final vertices with H°A° or h°A° are:
Z'Ffin,fy(HOAO/hOAO) ngrL.r y iFfin’Z(HOAO/hOAO)
2e 2swew 2e )

/iy (HOA%/h0 A) and T/ Z(HYA® /R A%) depend on the final state. They are obtained
by summing the contributions of various triangles and of neutral Higgs self-energy terms.

a,{”}z(HOAO/hOAO) —

(126)

For the photon, one has:
Ffm”y(HOAO/hOAO) = F/ZIOAO/hOAO(l(:h) + F’IYJOAO/hOAO (2) - I_\’;IOAO/h,OAO (2: pZTLCh)
FLOAO/h0A0(3f) + F’IY{OAO/’LOAO ()2)2)2) + F’IY{OAO/hOAO (4Ch)

+ o+

For the Z boson, one has:
Ffin,Z(HOAO/hOAO)

I
!
3
[=]
=
(=}
~
>
(=}
PN
(=]
[u—y
e
B
SN—
+
=
B
(=}
PN
(=]
~
&>
(=}
=
(=}
[u—y
=
N—r

FéoAO/hOAO 2) - F1%10140/}10140 (2, pinch) + F20,40/110140(3f) +
XXX) 4 TFro 40 130 40 (X°X°X®) + T50 40 /o 40 (41)

+ PfIOAO/hOAO(5) + I115{%1()/};(),40 (6f)

+ FfIOAO/hOAO(Gn) + FHOAO/hOAO (4-leg) +
%0 40 /m0 40 (H.5.€) + [0 40 o o (H.C.1). (128)

+ + 4+ + +
'1
3
2
z
3

21



5.3.1 Tril-type triangles
The Tril-type triangles contribute to '/ 7(H®A?/h°A) with charged terms only:

1 e?

o0 /hO A0 (1ch)

The Tril-type triangles contribute to T/ Z(H%A%/h%A%) with the following charged terms:

1 (1 —2s?
FgoAO/hvo(lch) = @ X ﬁ [Zab] X Cl(HWH) (130)

and with the following neutral terms:

_ e3sin(B — )

['Z0 40(1n) Cin2st 3 {sin2(ﬁ — ) C(A°ZH) + cos* (B — ) C1(G°ZH")
wW*Ww
+cos’(B — ) C1(A"Zh°) — cos®(B — ) C1(G°Zh?)},  (131)
Z ecos(B—a) ; ., 0 0 .2 0 0
Tfon(In) = ————— {sin’(8 - a) Ci(A"ZH") — sin®(8 — o) C1(G°ZH")

2.3 .3
64m2sy coy

+cos?(B — o) C1(A°Z1°) + sin®(B — ) C1(G°Zh°)}.  (132)

5.3.2 Tri2-type triangles

With fV = { i f(;l:sv ;rVV _ 7 the contribution of the Tri2-type triangles is:
w/Sw =
. o3 FV
PHOAO/h,OAO (2) = W [Zab] X CQ(WHW) (133)
w

However, one must also take into account the pinch term:

3 fV
~TYo 40 m010(2, pinch) = _ 170 % Bo(WW.¢?). (134)

22
8m*syy,

5.3.3 Tri3-type triangles

Let V be either the photon or the Z boson. The Tri3-type triangles contribute to both
/i (HO°A% /R0 A%) and T/ #(HOA® /R0 A®) with two different terms.

The first term, with fermion triangles at the final vertex, is given by:

63

T 5o 40 jnoa0 (3f) = T 16252, M2, ; NIM?ys(gvir—gvry) [Cs(fff) - M; Cél(fff)] . (135)
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In the previous equation, the term y; depends both on the fermion in the triangle and on
the final state. More explicitely, for (¢u,qq) or (v, £) doublets, one writes y; as follows:

sin o cotS cosatanf 0 A0
for H'A 1
Yr ( sin3 = cosf > ot ’ (186)
cosacotl  sinatanp 0 40
— f A", 1
" ( e ) or h (137)

The second term corresponds to chargino triangles at the final vertex.

For H°A° final states:

R L ~
FHOAO( - 71'2 Z {[ ik CAijCHojz Ozk CAijCHOJz] C3(Xz X)
ijk

VL L VR R R
+M>~<]M>2 [Ozk cAok]CHOJz + ozk CpogiCpo; ]
+M>~<,MX I:O‘I/CLcﬁok]CHon + O‘I/cRcﬁokjcéog ] Cé(iz)‘z]ik)

VL L VR R L
+MX,M>Z;C [Ozk CAijCHojz Ozk CA0k;CHO 4

1 VR R L VL L -~ ~ ~

T 82 { [(’),m CaojrCroij + Oki Cho kcHOzg] C3(XiX;Xe)
ijk

+ My, My, (O chiojychoy + OFclhuctioy] Ch (% %e)

+M)‘Z,M)‘Z [Okz CAOJkCHoz] + oX’ALCﬁO]kcHOz]] Cé(*zigik)

+M;<iM>gk [OI‘C/ZRCﬁojkCHOZ] + O,ZLCIIZOJ;CC{?[OZ]] Cg(f(z‘f(jf(/c)}a (138)
For h°A° final states:

FXOAO ()2 = 71'2 Z { [OZVkLCQOkJChoﬁ OZVkRCﬁok]Choﬂ] C3()2 )~( )2 )
ijk

VL L VR _ R !
+M>2j M)Zk [Ozk CAijchoyz + Ozk CAijchon] C3(XZXJ k)
VL R VR L i
+M>~<1M)2] [O ik CAijchO]Z + O, ik CAOk]chogz] C3( ]Xk)
VL L VR _ R "
+M)~<1M)2k [Ozk CAijchojz Ozk CAOk]ChOJz} C3( ]Xk)}

—@ Z { [OIZRC§OJkC£OZ] + OIEZ/ZLcﬁojkcho’Lj] Cg(XZXJXk)
ijk

VR L R ~ ~ o~
+M>~<J'M5<'k [O’“ CAOJkChOZJ Oy CAngCh%J] C:I),(XinXk)
+M>ZiM>zj [OI‘CCRCII}OJkChOU + Okz CAOJkChOzg] Cili (>~<z)~<]>~<k)

VR L VL R ~ ~ o~
+M>21M>2k I:Ok’t CAojkchO’L] —+ Okl CAOJkChOU] C.fli,(X'LX]Xk)} (139)

In addition, neutralino triangles at the final vertex give no contribution to I'/77(H?A%/h° A?)
but they enter into the expression of 'V % (H?A%/h% A%).
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For H°A° final states:

FZOAO ()NCO)NCOXO) =

Z{ [0 nAOk;]nHOjZ + O nAOkgnHO]z] C3(X?X§)X2)

167r2 T

+Myo Mo |03 nlioynigos; + Offinlionio| CHETIT)
+M OM 0 [Ozk nAok]nHoJ, Ozk nAOk]nHO]z] CI( iX 0 2)

+M"0M~2 [Ozk ’nAOkJ/n/}IO‘]Z + OORnAijnHOji] C”(X?X_(;Xg)}

Z { [Okz nAOJanOz] + Okz nAOJanOZ]] C3(X'(L)X;)X2)

167r2 T

+M OM X9 [Okz nAO]anOz] + Okz nAojkngom] Cé(i?igf(%)

+M oM 0 [Okz TLAoJkTLHo” + Okz nAOJanOZ]] Cé(f(?i(gf(k)
MX?MXO [Okz ’fLAo]kTLHozJ Okz nAOJanfIOZJ] Cé,’()}?igig)} (140)

For the h°A° final states:

1
Troao(XX'X) = 16— > { |05 nfioxsnting + Ofnliormts] Cs (VX9 %)
ijk
—|—M OM -0 [O ik nAOkJnhOJZ + o ik nAOk]nhojz] CB( ? ] 2)
—I—M OM 0 [Om nAOk]nhon Ozk nAOk]nﬁojz] C; ()2?)22)22)
+M OM 0 [Ozk nAOk]nhojz + Ozk nAOkJnﬁoﬂ] CI,(X?ngg)}

Z { [Okl nAOJknhOZ] ngni(’jknhow] C3(X?X_(7)Xg)

167r2
+M; oM <0 [Om nAojknhOZ] Opi nAOJan?OU] Cé(f(?f(?fég)
+M~0M~Q [0 nAOJk:nhOz] + Opinko k”ﬁozg] Cé()??)??ig)
+Mgo Myo [ORF ko nfoy; + OpinSionkos;] CH(ROR9X0) ). (141)

5.3.4 Tri4-type triangles
Let V' denote either the photon or the Z boson. The Trid-type triangles contribute to both
[/in7(H°A%/h0 A) and T/ 2 (HO A /h0 AY) with charged terms, which are given by:

1
['}o 40(4ch) = gz Jvwa X {QWHAOQHOGH C4(GHW) + gaocrgw mmo C4(WHG)} (142)
and

Thoo(4ch) = gvwa X {QWHAoghOGH CL(GHW) + gaogugw mro C4(WHG)}. (143)

82
The coupling constants gy o, gwmre and gaoqy depend on the charge of the particles at
the vertex. Note that, in the triangles considered here, W and G carry the same charge.
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Trid-type triangles also contribute to ['/"%(H%A%/h°A%) with neutral terms:

1
T'Fo00(4n) = T {gZZHO [gHOHOHogZHOAO C4(HH®Z) + gromomogzho a0 C4(HOhOZ)]
+9zzho0 [ghOHOHogZHOAO C4(hOHOZ) + GHORORO G ZhO A C4(hOhOZ)]
+gZZHO [gHOAOAogZHOAO C4(H0AOZ) + GH0A0G0G 7z HO@GO C4(H0GOZ)]
+972n0 [ghOAOAogZHOAO Cs(R°A°Z) + gnoaogogzmogo C4(hOG0Z)] }, (144)
1
Thog(4n) = — 162 {gZZHO [ghOHOHOQZHOAO C4(H°H®Z) + gpononogzno a0 C4(HOhOZ)]

+9zzno [gHohohogZHOAO Cy (hOHOZ) + gnononogznoao Cy (hohoz)]
+9zzm0 [QHOAOAOQZhOAO C4(H°A°Z) + groaogogznogo C4(HOGOZ)]
+gZZh0 [ghOAOAogZhOAO C4(h0A0Z) + GroA0GOgZzK0GO C4(hOG0Z):| } (145)

5.3.5 Tri5-type triangles
The Tri5-type triangles contribute only to I'/i"Z(H% A% /R0 A%).

1

T'7040(5) = 1622 [g%ZHO.gZHOAO Cs(ZZH®) + g71092 2109 710 A0 C5(ZZhO)] , (146)
1

M) =~ [gaamzmogon o C(ZZH) + @ pagmon G22I (1a)

5.3.6 Tri6-type triangles
Two Tri6-type triangles contribute to both 'V 7(HYA%/h° A%) and TV Z(H° A% /RO A?).

Let V' denote either the photon or the Z boson, we focus on Pgvo/hvo(Gf) first. The
coupling of A° to sfermions is proportional to the corresponding fermion mass and it is thus
negligible, except in the case of third generation squarks, with sfermion mixing.

For H°A° final states, one has:

. 3 - .
Thoa(6f) = o7 { 9.8, 91085, 9.408,5, Co (Bibibi) + Gyaip, 9 aohit, Trron, b, Co (bibibr) }
ijk—1,2
3 o o
+=5 > {oviignons 9a0r,,Co(Fitite) + 9viii, Gaoni, 9oz, Co(Eitife) }- (148)

2
8T ikmi2

For h°A° final states, one has:
Thoa6F) === > {9vis, Inonis, 94085, Co(bibbe) + 9ytis, 9055, 9nor, 5, Co (bibibr) }

+=5 > {9vig Inon, 9a05,5,Co(Eititk) + 9vis, 9aorit, Gnos, 5, Co (Bittk) }. - (149)
ijh—1,2
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The 6¢ch triangles also contribute to both T'/#7(H°A% /R0 A%) and T/ Z(HO A /h° AD):

eM
[jo40(6ch) = SWQXV gmocu [9vru Ce(HGH) — gvae Cs(GHQG)), (150)
v eMw
Lho0(6ch) = Srzsy J0GH lgvun Ce(HGH) — gy Cs(GHG)]. (151)

Since neutral Higgs or Goldstone bosons do not couple to a photon, the 6n triangles
contribute to [/ Z(H®A%/h° A°) only.

For HYA° final states, one has:

1

F?IOAO (6n) = @

{gZhOGO [ghOHOHogHOAOGOCG(hOH OGO) + gHOhOhoghOAOGOCG(hOhOGO)]
+gZHOG0 [gHOHOHogHOAOGOCG (HOHOGO) + ghOHOHOQhOAOGOCfs (HOhOGO)]
+Gzh0 40 [ghOHOHogHOAOAOCG(hOHoAO) + gHOhOhoghOAOAOCG(hOhOAO)]

+gZHOA0 [gHOHOHogHOAOAOC6(HOHOAO) + ghOHOHoghOAOAOC(S(HOhOAO)] }
1

—@ {gZhOGO [gHOGOGoghOAogoC(;(GOGOhO) -+ gHvoGoghvoAoC6(GOAOhO)]

+gZH0G0 [gHOGOGOgHOAOGOCG (GOGOHO) + gHOAOGogHOAOAOCG (GOAOHO)]
+92zn040 [gHOAOAoghOAOAOCG(AOAOhO) + gHOAOGOQhOAOG()Cs(AOGOhO)]
+9 7040 [gfquvocs (AOAOHO) + gZvoGon; (AOGOHO)] } (152)

For h°A° final states, one has:

1

FgOAO (611) = @

{gZHOGO [ghOHOHogHOAOGOCG (HOHOGO) + gronon0 gro 406oCe (HOhOGO)}
+gZh0G'0 [gHOhOhogHOAOGOCG(hOHOGO) + ghohohoghoAOGOCG(hOhOGO)}
+gZH0A0 [ghOHOHOgHOAOAOCG (HOHOAO) + gHohohoghvoA0C6 (HOhOAO)]

+gzR040 [gHohohogH0A0A066(hOHoAO) + ghohohoghvoAoc6(hOhOAO)] }
1

v {ngoGo [QhoGo(;ogHvoGoCG(GOGOHO) 4 ghvoGogHvoAo(,’s(GOAOHO)]

+9znoGo [ghOGOGoghOAOGOC6(GOGOhO) + ghoAOGoghvoAOCG(GOAOhO)]
+975040 [ghOAOAogHOAOAOCG (AOAOHO) + gHOAogoghOAOGOCG (AOGOHO)]
+9210.10 (970 40 40C6 (A" A°h°) + g0 400 Cs(A°GORO)] }. (153)
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5.3.7 4-leg diagrams

For HYA° final states, the 4-leg diagrams give the following contributions:

sin(—a) [ €
P’;IOAO (4-1€g) = 1672 (28%[/) X { I:BO(HVVa MIQJO) - BI(HVVa MI2{0)]
& [By(HW, M) — Bu(HW, M|} (154)
z ) _SWoms sin(8 — ) el
50 40(4-leg) CWF (4-leg) + 1672 150 X
{[Bo(A°Z, M}) — B1(A°Z, M)
+[Bo(HZ, M3) — By(H°Z, M3)] }- (155)

For h%A° final states, the 4-leg diagrams give the following contributions:

cos(f8 — a)

FZOAO (4_leg) = 1672

(22%) x { [Bo(HW, M) — By(HW, M,)]

+ [Bo(HW, M3) — By(HW, M3)] }  (156)

z Sw cos(f — a) e
[Fo0(4-leg) = —$P7(4-leg) T (43%”,1,(:%[, X

{ [BO(AOZ, M%) — By(A°Z, M,fo)]
+[Bo(HZ, M3) — By(H"Z, M3)| }. (157)

5.3.8 Neutral Higgs self-energies

Before estimating the self-energy terms, let us first define several useful expressions:

2

v; = sin 2arsin 23 — STW cos 2a cos 2/3. (158)
Cw
2
vg = cos 2asin 23 + STW sin 2av cos 25. (159)
Cw

SEY(XY,¢?) = 2¢°Bi(XY,¢?) — A(MZ) — (¢ + M3)Bo(XY, %),  (160)

SEY(ff.q®) = 2M;By(ff,¢*) + AM}) + ¢Bi(f f, &), (161)
SEY(XY,¢% a,b,c,d) = 8{(ad+bc) [¢>Bi(XY,¢*) + A(M}) + M} Bo(XY, ¢*)]
+ (ac + bd) Mx My Bo(XY, ¢%) }, (162)
SE}(XY,¢®) = Bi(XY,¢*) — By(XY,¢%), (163)
SE3(XY,q*) = 2Bi(XY,¢%) + By(XY, ¢*), (164)
SEY(XY,¢* a,b,c,d) = —8{(ad + bc)MxBi(XY,q?)
+ (ac + bd) My [Bo(XY,¢%) + Bi(XY, ¢%)] }, (165)
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In the following, all neutral Higgs self-energies ¥(¢?) and the Higgs tadpoles Tpo /ho are
written as the sum of various contributions coming from the gauge and Higgs sectors, fermion
pairs, gaugino pairs and sfermion pairs (where we consider separately the unmixed case and
the third generation squarks with mixing):

(A = T(g+H) + Z(ff) + S(xX) + SEX°) + 2(f 1), (166)

THO/hO = THO/hO (g+H) + THO/hO (ff) + THO/hO (}2)2) + THO/hO ()20)20) + THO/hO (ff) (167)

a) HO self-energies:

The contribution of the gauge and Higgs sectors is:

Ypopo(g+H) = # {g%HoAOSE?(AOZa ¢*) + 9700 SEL(Z Z, 4°)
+203 oS EY (HW, ¢°) + 203 o SEL (WW, ¢%)
+203w go [QBO(WVVa ) — 1] + 97210 [QBO(ZZ; q°) — 1]
+9fonn Bo(HH, ¢°) + 906 Bo(WW, ¢*) + 295065 Bo(W H, ¢°)
+% 9300w Bo(h°h°, %) + groproso Bo(H H', ¢%)]
+% 9704040 Bo(A°A°, %) + oo Bo( 22, ¢°)]
+ghogro o Bo(Hh, ¢°) + g0 4060 Bo(A°Z, ¢%)
My cos’(B — ) l
253,

1
Bo(WW, ¢*) + 2—430(ZZ, qz)]
Cw
s [24(03)) — M) + L
s%, w W1 2e2,
2

a0 - 2

+ [(3 sin? 2 — 1) A(M7o) + 3 cos® QaA(MIQIO)]

852 c2y
2
e
g cos 23 cos 2a [A(Mi) — A(M%)]
2

g (1= o) A + (o) AOM)] } (168)

The contribution of the fermion pairs is:
Swono(ff) = =75 D NI x (cgop)? x SES(Ff, 0%). (169)

The contributions of the gaugino pairs are:

o 1 .
Ygogo(XX) = T 642 Z SE??(Xin; q27 C%{Ojia C%-Ioija C%Oija C%Oji)a (170)
ij
0 1 0~
EHOHO (XOXO) = —m ZSE:?(X?X;),q2,n[;{0]z,n[ﬁ0“,n[ﬁ0“, néo‘”) (171)
ij
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The contribution of sfermion pairs consists of two terms:

light [ F ¢ 1
Yo (ff) = 150 2N {[907.7, + Girofuzi) BolF T 4%)
i

- [gHOHOfoL + gHOHOfRfR] A(MJ%)}’ (172)
eav 3 ~ o~ ~ o~
}ILJOH%(ff) = 1672 Z {giloglg]BO(tzt] ) + gHOb b; B (b b'a q2)}
ij=1,2
3
1672 Z~ {C% [gHOHOfLJFLA(Mj%) + gHOHOfRfRA(Mjgz)] }
—i}
3
~t5 2 {57 [9momosp AIE) + Gpopos, 7, AME)] | (173)
=i

b) A self-energies:

The contribution of the gauge and Higgs sectors is:

Yhono(g+H) = # {92m040SENA°Z, ) + ghnon SEV (22, q)
+29% gnoSEY(HW, ¢°) + 203 roSEY(WW, ¢°)
+20%who [2Bo(WW, ¢%) = 1] + g% 70 2Bo(2Z, %) — 1]
+9horn Bo(HH, ¢°) + groaaBo(WW, ¢*) + 2606 Bo(W H, ¢°)

1
+§ [g}%OHOHOBO(HOHOa q”) + gronono Bo(h°h°, q2)]

1
+§ [giZLOAOAoBO(AOAO, q2) + gzogogoBo(ZZ, q2)]
+9hoponoBo(H R, @) + groqogoBo(A°Z, ¢)

e? M2, sin?(8 — « 1
M) i ) + e Bol22.4°)
w

2cy,
N 2A(M3,) = M3,| + 5
s2, w w 2c%,
62

a0 - )

tez [(3sin? 20 — 1) A(MFo) + 3 cos? 20.A(M)]
w~w
2
+8$%VC%V
2

[(1 + o) A(M) + (1= v) A(ME)] }. (174)

cos 23 cos 2c [A(Mfl) - A(M%)}

The contribution of the fermion pairs is:

Yhono (ff) = 47r2 ZN X Chﬂf) x SES(ff,q°)- (175)
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The contributions of the gaugino pairs are:

. 1 ..
Yhono(XX) = T 64n? Z SEg(Xin, q2a Cﬁﬂjia Cﬁoija Cﬁoz’j, Cﬁoji)’ (176)
ij
0~ 1 0~
2 hopo (XOXO) = - 12872 Z SEg(X?X?a QQ; nﬁojia nﬁﬂija nﬁ%‘ja nﬁoji)' (177)
ij

The contribution of sfermion pairs consists of two terms:

o 1 -
light _ 2 2 2
Ehgho(ff)light = 1672 Zch { [ghOfoL + ghOfRfR] Bo(ff,q%)
f
- [ghOhOfoL + ghOhOfRfR] A(M)%)}, (178)
Eheavy(f’?f) _ 3 Z { 2 B (_E{ 2)+ 2 . B (55 2)}
hORO - 1672 .- <, ghotitj ollils, q ghob,-bj 0905, 4
)=,
3 2 2 2
1672 Z~ {Cf [ghOhOfoLA(Mfl) + ghohofRfRA(Mﬁ)] }
f=tb
3 2 2 2
16 2 {5% |9nono i ACME) + ghopo, 7, AOME)] }- (179)
F=tb

¢) Mixed H°h® self-energies:

The contribution of the gauge and Higgs sectors is:
Ypopo(gtH) = # {gZHOAogZhOAOSE?(AOZa 7*) + gznocogzmoc SEY (2 Z, ¢%)
+29w o gw o SEY(HW, ¢%) + 29wanogwen SEL (WW, ¢%)
+29ww mogwwho [QBO(WVV: ) — 1]
+9zzH0922ZR0 [QBO(ZZ, 7) — 1]
+9monngnonnBo(HH, ¢%) + gnocagnoaa BoWW, ¢%)
+2gm06agncaBo(WH, ¢%)

1
+§ [gHOHOHoghOHOHOBO(HOHOa CI2) + gHOhOhoghOhOhOBO(hOhOa qz)]

1
+§ [gHOAOAoghOAOAOBO (A°A°, ¢%) + grogogognogoao Bo(Z Z, q2)]
+gnoro o gronono Bo(Hh®, ¢*) + grro 060 gho aogo Bo(A°Z, ¢%)

e? M2, sin(8 — ) cos(8 — 1
. w (ﬁ > ) (/8 ) B()(WW, q2) + . Bo(ZZ, q2)
2syy 2y

3e? sin 2a cos 2a

[A(MZ:) — A(Mo)]

8s¥,cly
2
+8S%VC%V cos 23 sin 2c [A(Mf,) - A(M%)]
Nl [A(ME) — A(MZ)] ). (180)
452,
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The contribution of the fermion pairs is:
1
Zuono (ff) = ) > NI x copeior x SE(ff,d%). (181)
/

The contributions of the gaugino pairs are:

o 1 .
Yhopo (XX) = T 642 ZSE:?(Xin; QQ; Cﬁojia Cﬁ%‘ja Céloija C%IOji)a (182)
ij
0~ 1 0~
Y Hopo (XOXO) = 19872 Z SE?? (X?Xga QQ; nﬁojia nﬁoz’j’ nﬁoija nﬁoj-i)- (183)
tj

The contribution of the sfermion pairs consists of two terms:

. . 1 -
light
EHgOhO(ff) = 1672 ZNGf { [gHofoLghofoL + gHOfRnghofRfR] Bo(ff, C]2)
f
- [gHOhofoL + gHOhOfRfR] A(MJ%)} (184)
eavy ( F F 3 nging T T
E’;{Oh(:;/(ff) = 1671—2 Z {gHofifjghofifj BO (tzt.h q2) + gHOI;ii)jgh,OBigj Bo(blb.h q2)}
ij=1,2
3 2 2 2
1672 Z {Cf [gHOhOfoLA(Mfl) + gHOhOfRfRA(Mf2)] }
F=ib
k 2 P A(M? i 5 A(M? 185
1672 . {Sf' [gHOhOfRfR (M7) + gropof, 7, Al fz)] } (185)
F=tp

d) A® self-energies:

The contribution of the gauge and Higgs sectors is:

Saoao(g+H) = # {92010S EY(h°Z,¢°) + 9510 xo SEL (H"Z, ¢°)
+295 140 SEY(HW, ¢°) + 2¢%06r Bo (W H, ¢°)
+g%{0A0AOBO(A0HOa q2) + ngLOAOAoBO(AOhOa (12)
+95104060Bo(ZH', %) + o goro Bo(Zh°, ¢%)

e’ 2 2 1 2 9
+% ([2A(MW) - M|+ 2 [24(M3) — M]
e? cos? 23 e2 . §2
WA(M?I) + E ll +5sin? 283 — % cos? 2,3] A(ME))
2
€ .
e (3526 = 1AME) +3cos” 28A(M)]
2
e
———5—€0s 2 20 |A(Mpo) — A(Mpo)| }- 186
+88%/VC%/V cos 23 cos a[ (M) ( HO)]} (186)
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The contribution of the fermion pairs is:

1
ZAOAO(ff) = 6472 ZNJSEg(ff7q27ciof7_Ciofacﬁofa_ciof)' (187)
f

The contributions of the gaugino pairs are:

. 1 ..
Z]AOAO (XX) = 6472 Z SELE)) (Xina q2’ Cﬁo_jia _Cﬁ%ja ci%‘ja _Cﬁoji)a (188)
]
-0~ 1 -0~
EAOAO (XOXO) = —1287-‘-2 z SEg (X?X?, q2, nﬁojz-, —nﬁoij, nioij, —nﬁoﬁ). (189)
ij

The contribution of the sfermion pairs consists of two terms:

; - 1
D) = —1em N [0asoz s, + gaosozus] AMP Y, (190)
i
eav r3 3 ~ ~ ~ o~
shey(Ff) = =3 {Frons, BolEits, &) + hag s, Bo(bids, ) }
ij=1,2
3
1672 Z {cf; [gAOAOfoLA(Mh) + gAOAOfRfRA(M2 )] }
F=tp
3 2 2 2
16w ~E{Sf (91040772 AME) + Gaonor, , AME)] } (191)
:t,

e) Mixed A°Z self-energies:

The contribution of the gauge and Higgs sectors is:
62

— M —a)sin(8 — a)SEY(H"Z, ¢*
Sarat, Mz cos(8 = a)sin(8 — ) SEY(HZ, )

—Mzcos(B — a)sin(B — a)SE(h°Z, ¢?)
+%MZ cos 23 cos(B + a)sin(B — a)SE(A°H®, ¢?)

ZAOZ (g+H) =

—%MZ cos 2B3sin(B + a) cos(B — a)SES (AR, ¢*)

—%MZ sin 283 cos(B + a) cos(B — a)SES(ZH, ¢%)

+%MZ sin 263 sin(B + a) sin(8 — ) SES(Zh°, q2)}. (192)
The contribution of the fermion pairs is:

Y NISEQ(ff.a% vs+ayp,vf —ag,chop, —choy). (193)
f

Yaz(ff) =

6472
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Here, vf and a are defined as follows:

1

1 1 4,
_ Z_Z _ if f— 194
Uf QSWcW [+2 3$W ’ af +4SwCW ! f u O Vb, ( )
! [1+22 ! if f or / (195)
Vf = —— —S ar = — 1 = T L.
! 28ch 2 3 Wi ! 4$WCW Ga

The contributions of the gaugino pairs are:

Saoz(XX) = #Z { M, (chos 05" + o, 05" ) [Bo(%:%;: 4°) + Bi (X%, ¢°))]
ij

+M)2 [CAOJZOZL + CAO O } By (Xnga )}a (196)
0~ 1 0~
Sa0z(X°X°) = 162 Z {M 0 (nAoJZ(’)ZR + nAoij ) [BO(XZ X;j» 4 q°) + Bl(xgxg,(f)]
ij
+M 0 I:/n’AO]ZOZL + nAOJZOZJ ] Bl (XZ X],q )}' (197)

Note that there is no contribution from sfermion pairs to 3 40 (q?).

f) H? tadpole:

The contribution of the gauge and Higgs sectors is:

1
Tio(g+H) = 1672 {QHOHHA(MI%I)"‘QHOGGA(MI%V)

1 1
+29H0H0H0A(MH0) + 2gH0h0h0A(M )

1 1
+5gmoa0 a0 A(M7o) + §9HOGO(;0A(M§)

2
—gwwHo [4A(MVQV) - 2M’VQV] - %QZZHO [4A(M§) - QMé]
PP a4 maon)| ) (198
w Cw

The contribution of the fermion pairs is:
Tuo(ff) =~ 3 N cho MyA Q) (199)
The contributions of the gaugino pairs are:
To() = ~ga X choaMg AOE), (200)

0. 1
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The contribution of the sfermion pairs is the sum of two terms:

light ;1 ¢ 7 1

Ti™(ff) = 16W2;ch{[gHofoL+9HofRfR] A},
T = g 3 {amons AOME) + gyon AME))
HO 1672 <, 9Ho%,i; i 9IHOb;b; bi/ )"

g) h® tadpole:

The contribution of the gauge and Higgs sectors is:

1
Tho(g+H) = 1622 {ghOHHA( i) + gnoceA(My)

1 1
+2gh0H0H0A(MH0) + 2gh0h0h0A(Mh0)

1 1
+§gh0A0A0A(Mio) + §9hOGOGoA(M§)

—Iwwho [4A(M5V) - QMI%V] - %QZZhO [4A(M%) - 2M§]

My si —
L Mw sin(p

- @) lA(Ma,) + %A(M%)] ).

w

The contribution of the fermion pairs is:
Two(ff) = —% Xf:N L cho s MpA(M}).
The contributions of the gaugino pairs are:
Tho(XX) = —% Z CﬁoiiMiiA(M)%i)a
T (X°X°) = Znhozz wA(MZo).

The contribution of the sfermion pairs is the sum of two terms:

lz ht 1 2
g (ff) = 1671'2 ; ch{ I:ghofoL + ghofRfR] A(Mf)}’
eavy ( f [ 3
T (D) = o X {monaAGE) + 905, A}

i=1,2

h) Expressions of the renormalized self-energies:

(202)

(203)

(204)

(205)

(206)

(207)

(208)

(209)

When calculating the effective contribution of the neutral Higgs self-energies to the pair
produc:cion cross section at the one loop level, we must consider the renormalized self-energy
terms X, obtained by adding various counter terms to the unnormalized self-energies ..
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Let us first define the Higgs field renormalization constants:

dZAOAO cotﬁ 9
0z = — — by M 210
o= (B - SPmen) (210)
dEAOAO tanﬁ 9
0z = — by M7%). 211
Hs < g >2 M2+ M, a0z (M) (211)

They are used in the calculation of the various mass counter terms, together with the Higgs
tadpoles and the parameter d M3, 4o defined as:

dx.
SM20 40 = S 040(M2) — M ( AZ“‘“) . (212)
dq (12:]\41?1

Indeed, one has the following expressions for the mass counter terms:

OMoyo = sin®(8 — @) 6M?o 40 + cos?(B + ) D2 (M3)
_ %{ [1 + sin?(8 — a)] Tro — cos(8 — ) sin(f8 — a)ThO}

+ MZcos(B+ a)cos(B — a)[6Zu, — 6 Zu,)
+ MZcos*(B+ a) [(5ZH1 sin? 8 + 6 Zy, cos? B} , (213)

6M’30h0 = COS2(,6 - Ck) 5M3X0A0 + SiHQ(IB + a)zzz(M%)

+ %{ sin(8 — a) cos(f — a)Tro — [1 + cos?(B — a)] Tho}

— MZsin(B+ a)sin(B — ) [0Zy, — 6Zx,)

+ MZsin®*(8+ «) [5ZH1 sin® B + 6 Zy, cos® 5] ) (214)
SMzo = —sin(B — a)cos(B — a)dM30 40 — cos(B + ) sin(B + o)X zz(M3)

— m{ Sil’lg(ﬁ — a)THO + COSg(B — O[)Tho}

— MZsinacosa[6Zy, — 625,)

— MZcos(B + a)sin(8 + «) [5ZH1 sin? 3 + 0 Zpy, cos® ﬁ] : (215)

There is no contribution from the neutral Higgs self-energies to ['/7(HYA%/ROA%). As
for their contributions to T/ Z(HOA%/h0A%), they can be derived using the renormalized
self-energies, which are expressed as follows:

iHoHo (C]2) = EHOHO (q2) + C]2 [5ZH1 COS2 o+ 5ZH2 SiIl2 a] — 5M§IOHO, (216)
Shono(q?) = Shono(¢?) + ¢ [(5ZH1 sin a + 6 Zp, cos® oz] — 6 Moo, (217)
XA:HOhO (q2) = EHOhO(QQ) + q2 sin a cos « [5ZH2 — 5ZH1] - 5M§I0h0- (218)
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For H°A° final states, one has:

esin(ﬁ — a) iHoho(MQO) 1 (diHOH(])
2o s0(H.5.6) = ————% |cot(B — o) ———L5 — — | —5— . (219

For hYA° final states, one has:

€COS(ﬁ — O{) EA:HO}LO (M20) 1 di]hoho
% 0(H.s.e) = +————2 [ —q)=S R D ; 220
hOAO( s 6) + Sy Cw [ a“n(/B OJ) M}%O _ M[2{0 2 dq2 S ( )

5.3.9 Neutral Higgs counter terms

For HYA° final states, the neutral Higgs counter terms give the following contribution:

ecos(f — a)

% 0(Het) = [cos Bsin B+ cosasin ol (62, — 6 Zw,)
28wCW
esin(f = a) [(0052 o+ sin® 8)6Zy, + (sin® a + cos® ﬂ)éZH2] . (221)
QSWcW

For h°A° final states, the neutral Higgs counter terms give the following contribution:

esin(f — «)
28ch
ecos(f — a)

I'Z0(Het) = [cos Bsin 8 — cosasinal (0Zy, — 0Zy,)

[(sin2 o+ sin® B)8Zy, + (cos® a + cos® ﬁ)5ZH2] . (222)
QSWcW

6 Contribution of box diagrams

6.1 Diagram structures for boxes

Several useful expressions are needed when estimating the contributions of the box diagrams.
The particles inside the box are ordered clockwise and have internal masses m, mo, ms,
my starting with m; between the e~ and e™ junctions. In the following, we will use the
Mandelstam variables s, ¢t and u, which can be expressed as a function of ¢? and of the
masses M; and M, of the two outgoing Higgs bosons (i.e. HYH~ or H’A° or h?A%):

R, (229
1
t = §(M22+M12—3)
N scosf 1+M2+M1 1_M2+M1 1+u 1_M , (224)
; 5 Vi G Vi
1
u = o 5+ MP—s)

- ) B 2 ) o
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Note that v and ¢ have an angular dependence and, as a result, so does the contribution of
the diagram boxes to the one loop cross sections.

Let ¢ and ¢' be the momenta of the incoming electron and positron, respectively. Let Py
and Py, be the momenta of the two outgoing Higgs bosons. When not otherwise specified,
¢', Ppy, Py and (¢ are oriented clockwise around the box. Then, one has:

a) Box7 structures:

Py = M (226)
— (M? + M2
PpPp = il 12+ 2), (228)
t — M}
0Py = 5 L (229)
— M?
0Py = - . (230)

D; = 6(Dooz2 — Doos) + P}?l (Daga — Daa3) + sz(D?,sz — Djs3)
—  2Pj1 Pa(Dsg3 — Dsgg) — 2¢'Pyy(Diz3 — Digg) — 20' Py (D123 — Digo)
+ 4 [P} Dy + P},Dos + 20 Py Doy + 20 Ppa Do + 2Py Ppa Do + 4Dy

— 4[P},Dy3 — P}, D1y — 20 Ppy Dy .

b) Box8 structures:

DB = 6(D002 - D003) + P?l(DQQQ - D223) + P)%2(D332 - D333)

+ (20'Pyy — 20'Pyy — 2P},) Dyg — 2Dy,

c¢) Box9 structures:

d) Box10 structures:

(231)
- 2Pf1Pf2(D323 - D322) - 2€'Pf2(D133 - D132) - 2€,Pfl(D123 - D122)
+ (20Pp + Pfl)ng — (20' Py + 2P Ppy + PI%Z)DQ:,, — (20'Pyy + 20'Pyy) Do
(232)
Dy = Do — D, (233)
Dy = Dy+ Dig— Di3 (234)
Dg - D12 - D13 (235)
D1y = D2+ Dy, (236)
D)y = Dy,. (237)

Finally, the crossed functions 75]- are obtained from the D; functions by making the following

changes: Py; — Pjo,ie. t — uwand M7 — M3
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6.2 Charged Higgs sector
For ete” — HTH , the box diagrams give the following one loop contribution:

_ 4

a%o%(H—i—H_) - 262

x (AT (HTH™) + A (H T H™)
+ A (HYH ) + AP3iO(H H )}, (238)

6.2.1 Box7 diagrams

The amplitude A% (H*H ") is obtained by summing various contributions with gauge and
Higgs bosons inside the box:

2

AP (HYH™) = as sin?(8 — a) PLD;(vW H'W)

2

+ cos?(B — o) PLD;(vWh°W)
Sty
2
+ 2 PD;(vWAW)
8ty
1—2sy 9.PL + grPr 2 A
— D HZ)-D HZ
(Al ) [ 2L 900] 2 (et ) - Di(erti )
1 —28%[, gLPL—l-gRPR] 9 _
— D:(eZH~v) — Dy(eZH
< 28ch ) QSWCW X aem{ 7(6 f)/) 7(6 7)}
1—2s3 91 PL + g% Pr 2 >
— —_ D:(eZHZ) —D7(eZHZ
i ( 2swew ) g [ sty Cly * aem{ rle )= Drle )}
+ [Pr+ Pr] x 2, {Di(eyH) — Dr(eyH7)}. (239)

6.2.2 Box8 diagrams
The amplitude AP (HTH™) is obtained by summing two types of box diagrams, which
have gauginos inside the box, 7xx°x and éx’xx%:

APS(HYH) = Prp AR5y (00°%) + ARS - (6X°%%°)] - (240)

For the 7xx°x boxes, since there is no right-handed sneutrino in the MSSM, only a left-
handed term is considered:

2

~Tonrs7, & Zu A { M, My, el D5 (L% X5 %)
ijk

Abers_(xXX°%) =
+M>2¢M>2°célzjcgkjpl (ﬁsz‘X?Xk)
+M~QM~ cgtchfIk],D (Z/LXzXJXk)

+CHZ]CHICJD8(I/LX1X]XIC)} (241)
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For the éx’yx° boxes, one has both left-handed and right-handed terms. The left-handed
term is given by:

2

~ ~()~ ~ € * *
Aftta-(CoX°XX") = oz 220 sw + Zyi"ew) (Ziksw + Zagew) X
TSwlw Gk
{M~0M~oc%icfﬁkﬁ"(ém@)@xg)
+M; oM CHJZCH],CD (eLXngXk)
+My, M; ocHﬂcH]kD (GLX,X]Xk)
+CH]ZCH]kD8(€LXZX]Xk)}
2
e * *
“mamg . 2A\Dsw + Ziew) (Ziksw + Zaiew) X
T Swlw ik

{ Mo Mo ek Di (B0 K1)
+Mgo My CHJZCH]kDB(eLXzX]Xk)
+ M, ,M~och,.c£,jkD (ELXi X;Xn)
+CHJZCH]]CD8(€LX1X]XIC)} (242)

while the right-handed term is:

Lx L Nz =0~ =0
{Mgg Mng CHjichkDS (ErX: Xij)

() - €
A% (erX°xX°) = G20 N

W ik
Mo My cHﬂcgjkD (€RX1XJX1¢)
+My, MyocitsichxDe(ErnXiX; X0)
+ciriich ik Ds(ErXS ijk)}
87r2c%V Zk: ZNZN % A M Mo el ek DY (Er%0%;X2)
ij
+ Mo My, cHﬂcH]kD (GRX,X]Xk)

+CH]zCH]kD8(eRXz XJXk)} (243)

6.2.3 Box9 diagrams

There is no right-handed contribution from box9 diagrams. As for the left-handed amplitude
A% (H+H™), it is obtained as follows:

A(iozg(H+H—) — Z ‘le S+ ZgCWFQ?{éLﬂLDQ()Z?éLl)LéL)

1

Z | Z51% 9%s, 5, Do (XsPLELPL). (244)

327T28WCW
167r25W
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6.2.4 Twisted box10 diagrams

Twisted box10 diagrams contribute only with a left-handed term:

A%omlO(H+H_) _ ZZ?;* SW -+ ZgCW) X gHerv;, X

16\/_7r chW B

[Mic- ciri Dro(PLXiXger) + Mo cﬁ’éjDio(ﬂinX?éL)]
2

ZE(ZN sy + ZN ew) X gme,s, X
16\/_71' SWCW % lz 15 °W 2j W) 9Hérvr

[ Mso clfiDro(EnX) i) + My, iy Dio(ErX%ivn)] - (245)

6.3 Neutral Higgs sector

For ete™ — HYAY/h%A°, there is no box9 diagram, so one has:
- 9
a%f%(HOAO/hOAO) _ ;%2 {Alioalcz?(HOAO/hOAO) n AbozS(HOAO/hOAO)
+ALTO(HOAO /RO A°) ). (246)

6.3.1 Box7 diagrams

In the neutral Higgs sector, there is no right-handed contribution from box7 diagrams. The
left-handed amplitude A%®"(H®A®/h°A°) is obtained as follows:

64

Abow? HOAO OAO
i /WA 128725t

X [Za) X {D:(wWHW) + D:(vWHW)}.  (247)

6.3.2 Box8 diagrams

Both #xxx and éx°x°X° box diagrams contribute to the amplitude A% (H°A°/h° A°):
AbowS(HoAO/hOAO) = PL R [AHOAO/hOAO (I/XXX) + AHOAO/hOAO (eX X X )] (248)

The Dxxx boxes contribute only with left-handed terms:

Ao 13R) = Jga S 2 Zix - { My My, jiciion, DY (%%,
S ijk
+My, My chojiciion; Dy (70X %, %)

+M;. M CAOJZCHOk]DS(VLXzXJXk)
+CA0jZ'CH0ij8(VLXinXk)}

122 ZZE*ZE M M CHoyzCAOk:]D”(ﬂLizXJXk)
167r S ik

+M M CHO_]ZCAOIC]D (VLXzXJXk)

+My, My, chojichor; Dy (715X, %)
+CH0jiCA0ij8(VLXinXk)}? (249)
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AP (PLXXX) = —— 167252, > 2 Zfox { My, My, ciojicriog; Dy (PLX:X; X
167r W ik

+My, My chojichon Dy(PLX:%,Xk)
+M M CAOJZChOk]D (VLXzX]Xk)

+CA0jiCh0ij8(VLXinXk)}
o2
1671'282 ZZ;;*ZE {M M ChOJzCAijD (VLXZX]X]C)
W ijk
+M” My Cflz%ojicﬁokjp, (’7L>~<i)~<j>~(k)
+M M ChojchOkJD (VLXZX]X]C)
+ch0jiCA0ij8(VLXinXk)}- (250)
The éx°x°x? boxes contribute with both left-handed and right-handed terms:

62

PLY (Z3 sw + Zai“cw)(Ziysw + Zygew) X
ijk

AbozS é ~0~0~0 - _ -
HOAO( XXX ) 39725 WCW

+nﬁoijn§ojkbs(émz$>zj>zk)}

62

Py Y (20 sw + Zoy"ew) (Ziksw + Zayew) X
ijk

B 262 2
32mesyycyy

+Myo Mygniio;n'io s Di(EL XIXIX7)

t1bgoi; 150 D (LKD) )
2
€ *
ijk
+nfosn 04 Ds(ERTITIRD) )
2
e . 00
P S ZN 2N { Mo Mgon'yo; nfo D2 (En%OR0K0)
8mchy T R ik
+M~0M~onfz}o,~jnﬁojklp (eRXSX;)X%)
—|—M OM onHozjnﬁojk,D (€RX?X2X2)

+nH0ijnA0jkD8(eRXi XJXIC)}: (251)
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2
Ao (eX°X°X°) = WPL Z(Zﬁ*sw + Zayew ) (Ziksw + Zajew) X
wew Gk
{MX? Mgo nﬁoijn,";o]-kDg(éLX?X?ﬁ)
+M2?M2?n§oijn,?0jk73' (ELXs X5 Xh)
+M>~<§)M)~<gni0ijn£0jkp8(eLXi Xij)

+ni0ijnl?0jkp8(éL>~<g>~<2>~(z)}
2

e
—_—— zN zN zy X
321252, Lmzk v sw o Zy;tew ) (Zigsw + Zopew)
{M o M, OnhomnAO]kD (eLXz X]Xk)

+M OM onhozjnAojkDI (€LXSX2X2)

+M>~<§)M>~(2nh0ijnA0jkD8(eLXiXij)
koo Ds(ELIXIXY) )
2
€ N r7Nx
&TTCQPRZZMZUC X {M)E?ngnﬁomn}i%]kp (eRxgxgxg)
w ijk
+nfosinko Ds (ERTORIRY) )
2
€ N r7Nx
+87TTQPRZZMZM X {M 0 My OnhOZJnAOJkD (eRxliXk)
w ijk
+M OM Onhoz]nAOykD’ (@X?X?X%)
+M>2;)M>Zgnh0”n§0]kp (eRX?X;)Xg)
—i—n,lfoijnﬁOjk@S(éR)ZiXj)zk)}- (252)
6.3.3 Twisted box10 diagrams

Two types of twisted box10 diagrams must be considered: 7xx7 and éx°x°é.

The Dxx?P boxes contribute with left-handed terms only:

AT (o X)) = ZZ+*Z+ X GHOp oy, X
167r st p
[ My, o Dro(#1%:%;7) + My, cho; Dio(n%iX;in)] . (253)
AbowlO ~ ST — Z+*Z+ X PEP
h0 A0 (V XX L) 1672 SW%: Inoi iy,
[Mfc,- chio;D1o(PL XX, 7L) + My, cﬁojiDIIO(Dinin)L)] : (254)
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The éx’x%¢ boxes contribute with both left-handed and right-handed terms. Writing all
these terms into one single expression leads to:

2
. e .
AberlS (ex'%%e) = =~ b Z (ZN*sy + Z3~ cW)(lesW + Zgjcw) X gHO%, 5, X
32722, 2, 7
[ Mgo nfo;D1o(EL X0 X98L) + Mo oDl (E1X9X5e1))
PR ZZN*ZN X gHOéRéR X
[M;(? 0 D10 (ErX; Xjer) + My nﬁoﬁpgo(éRx?xgéR)] , (255)
2
~ ~ € * *
AR EX°X’e) = s Pu D (21 sw + Zgyew) (Zijsw + Zgjew) X ghoze, X

2
32m4siy cy 7

[ Mgo nfo;D10(ELX0X)81) + Mo o Dl (E1X0K5e1))|
2
6 *
+78 5.2 PR ZZ{\’L[ Zf\][ X ghOéRéR X
w 4]

[ Mgo nio;D1o(Er%iX7eR) + Mo nfio;i Dl (ErXX3R)] - (256)

7 Conclusion and outlooks

In this paper, we discussed all electroweak one loop contributions to the pair production cross
section for charged and neutral Higgs bosons in eTe™ collisions, in the theoretical framework
of the MSSM. The one loop amplitudes of initial vertices and e* self-energy, of v and Z boson
self-energies, of the corresponding counter terms, of final vertices and Higgs self-energies and
of box diagrams are respectively given by equations (17), (82), (83), (98) and (238) for the
charged Higgs sector, and by equations (18), (85), (86), (126) and (246) for the neutral
Higgs sector. The left-handed and right-handed amplitudes of all these electroweak one loop
contributions are:

e in the charged Higgs sector:

aif?zop(HJer) = a’LR(H+ )
+ afQH H™) +af g(H H)
+ app(HTH)
+ dPR(HYH), (257)
e in the neutral Higgs sector:
1loop(H0A0/h0A0) — (J,ZZtR(HOAO/hOAO)
+ afG(HCA /WP A%) + aff (HOA® /R0 A°)
+ alH(HA" /R0 A°)
+ aPR(HCAY /R0 AY). (258)
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The differential production cross section for charged or neutral Higgs bosons at the one loop
level can then be calculated as follows:

do  wol, B
dcosf  8¢?

(1—cos” 0) x [[afor™? + 20afrma ™| 4 [a™ ? + 2]aformal™?]] . (259)

In the previous equation, a7%" is the Born amplitude of equation (8) or (9). As for Sy,
it stands for the velocity of the Higgs bosons, see equation (12). After integration over
cosf (which appears in the contributions of the box diagrams), one obtains the total pair
production cross section at the one loop level. Note that, in the case of the tree level cross
sections for HTH~ and H°A® + h%A°, there is a direct dependence on My, only and not
on the other MSSM parameters. However, after having taken into account all electroweak
one loop contributions, this is not true anymore. Indeed, alLf%’p depends on other MSSM
parameters than just M 4.

A C++ numerical code has been developed in order to calculate accurately all one loop
electroweak contributions and, in turn, to compare the pair production cross sections for
MSSM charged and neutral Higgs bosons at tree level and at the one loop level. The relevant
Feynman diagrams are computed by calling the suitable functions in the LoopTools 2.1
library [16]. The input of the code, in standard notation, is the following: tan 3, p, M4 (the
mass of the A° Higgs boson), the gaugino parameters M; and My, the scalar mass scale Mg,
the sfermion mixing matrix parameters A, and A,. A possible reference for these parameters
is [15]. This input requires a preliminary pre-processing using the FeynHiggs 2.1 [17] code.
A subset of these parameters is then fed into FeynHiggs in order to compute the masses of
the Higgs bosons h°, H°, H*, as well as the mixing angle in the neutral sector oe. These
additional parameters do indeed appear in the analytical expressions described in the text.
The output of the code is the cross section for the various processes under consideration.
We have successfully checked that the MSSM Higgs bosons pair production cross section
computed by our code at the one loop level remains stable against UV divergences, both
in the charged and neutral Higgs sectors. Also, we have checked that the variation of the
computed one loop cross section with ¢? agrees with our expectations.

Note that, in this code, we have included all virtual contributions involving particles having
electroweak interactions in the MSSM, but we did not treat pure QED effects, such as Initial
State Radiation (ISR) and Final State Radiation (FSR). The reason is that these effects may
depend on the characteristics of the detectors (for instance, they need specific kinematical
cuts) and some specific codes exist in order to treat them. Nevertheless, in order to be able to
test electroweak symmetry properties at high energy, in particular those of supersymmetric
nature, which is indeed the purpose of this work, we have included the virtual photon effects,
but with a photon mass set to M in order to keep these effects finite. In order to have the
complete (observable) contribution including QED effects, one should compute the following
combination: Qur contribution + ISR + FSR + virtual soft photon with zero mass — virtual
soft photon with Mz. 'This combination should be calculated at the level of the codes that
include the ISR and FSR effects.
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Appendix A: Vertices and couplings

Gauge - Fermion - Fermion

Let () and T}” be respectively the charge and the third isospin component of the fermion f,
then the couplings of gauge bosons to left-handed and right-handed fermions are:

Prgyp=Qr and Prg,pr=Qy,
T;’ — QfS%V

PLngf: S Cw

Sw
and PRngf = —Qf—,
Cw

1
PLngf’ = m and PRngfl =0.

Note that, in this paper, we have also used a simplified notation for the couplings of v or Z
to fermion pairs:

gvry = Prgvyy,
gvry = Prgvyy,

where V' stands for either v or Z.

Gauge - Gaugino - Gaugino

O%L = —651']' and OZJR = —€5ij,

o _ € 2 215 + 644(cy — %)) o C 25205 + 044y — s%)]
K QSWcW . 28ch ’
o I -2y e eZhzly - 2z

K QSWcW Y QSwCW ’
oy’ = - (Zgjzf; - %Zg@; ) and O} "= - (Zg Z5+ ﬁzgj ZQZ.> :

Here, the Z;; terms correspond to the various elements of the unitary mixing matrices of
the charginos and neutralinos. They are derived from the diagonalization of the MSSM
gaugino mass matrix, see for instance reference [18] for details.

Gauge - Sfermion - Sfermion

The couplings of gauge bosons to unmixed left-handed and right-handed sfermions are:

0 _ o _ _
Iyfrfr = le and Iy frfr = le’

3 2
ngLfL SWCW ngRfR fCW,
0 - __ % o _
s = 75 M Iwhg, =0

45



Let 67 be the mixing angle of the sfermion f (generally a third generation squark). Let
us also define c¢; = cosf; and sy = sinf;. The coupling between a gauge boson and two

sfermions with mixing is then given by:

. — .. — 00—
g’7f1f1 B g'7f2f2 B g’YfoL o

9z}, 1,
P o= 8%g0:: +c
92i, 0, = 519288,
9217, =
Iwhi =
Iwpi =
Iwhiy, =
Iwhf =
Gauge - Gauge - Higgs
eM
9zzH0 = VQV cos(f — ) and
SWCW
e
Jwwmo = — cos(f — ) and
Sw
gywa = eMy and
Gauge - Higgs - Higgs
€ .
7 H040 = — sin(8 — «) and
QSWcW
gzmoco = + cos(8 — ) and
28ch
€ .
gwratpo = +Qw X ——sin(f — a) and
28W
e
gwgtmo = — Qw X —— cos(8 — ) and
28W
e
gwrao = +5— and
28W
gwaGgao = 0 and
gyra = —e and
gyGg = —¢€ and

2 0 2 0

€925, 5, T 57925 fn

2 0

F92F.fr
(00

9zf,7, = Cfsf(ngRfR QZfoL)’

0
9w

SR |
stf,ngLf’L’

-0
_cfoIngLfi’

e 0
—CpSi9wiL it -
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eMy
9z zho 5 sm(ﬂ — Of),
SWCW
6MW
GWwwho = sin(8 — a),
Sw
gzwa = —eMy —.
cw
gznoao = + cos(f — ),
28WCW
=+ sin(f8 — «),
9zproGo 2w e (/3 )
e
gwtatp = — Qw X Dy cos(f — a),
Sw
(& .
gwratn = — Qw X Y- sin(8 — «),
Sw
gwaago =0,
e
gwago = +5—,
28W
1 — 252
gzHH = _eiw’
28ch
1 — 252
9zcc = —e— W
28WcW



Higgs - Fermion - Fermion

The coupling constant between a Higgs boson and a fermion pair is proportional to the
mass of the fermion(s). Thus, only the third generation quarks are usually considered.

In the charged Higgs sector:

e forb—t H: c(f—)tH— = ﬁMtCOtﬂ and Cl?—)tH— = ﬁMbtanﬂ,
w Mw wMw

o fort b H"': ¢, pys = ﬁMb tan 8 and cft,, ;4 = \/58# M, cotf5.
w Mw w My

In the neutral Higgs sector, the left-handed coupling constants are:

o by = — eM,; XsTna and cL, = — eM, Xcosa’
2swMy  sinf3 2sw My cosf
eM; coS & eM, sin o
I L
® o, = — X — and cro, = + X
ht 25y My~ sin 3 A7 2syw My~ cos B’
eM, e
L _ t L b
® Cho, = 7——— x cotf and cjo, = ——— X tanf.
QSWMW QSWMW

As for the right-handed couplings constants, one simply has:
[ Cgof = C%Of,
[ J Cllfgf = Cﬁof,

R L
L] CA(]f — _cAof

Higgs - Gaugino - Gaugino

In the charged Higgs sector, there are two types of vertex to consider: )22 — X; H™ and
)Zj — XY HT. Let us choose the case where 7 and j label respectively a chargino and a
neutralino, then the corresponding left-handed and right-handed coupling constants are:

L, _esnpg 1 4 - —
L] cH’ij = S Cw l%ZQZ(lesw + ZZjCW) - ZliZ?)jCW ;
GCOSﬁ 1 * * * * *

For the other vertex (where 7 and j label respectively a neutralino and a chargino), one
should instead use the left-handed and right-handed coupling constants cff%; and cf;,

respectively.
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In the neutral Higgs sector, one must consider the coupling between a neutral Higgs boson
and either two charginos or two neutralinos.

For the coupling between a neutral Higgs boson and two charginos:

e
L —~ - - R L
CHoiyj = — 75— [COS aZQiZf“j + sin aZliZ;j] and  cgo;; = Crpoji,
V2sw
€ . _ _
Choij = ~ oo [— sin aZy; 215 + cos aZliZ;j] and  cfoy; = Choji,
Sw

L (&
C 0451 = —
5 sy

Let us now consider the coupling between a neutral Higgs boson and two neutralinos. For
the left-handed components, one has:

. - . L
[sm BZyZ3; + cos BZM-ZZ“;-] and cﬁoij = —Ch05-

e

L N _ o N\( 7N N

oy = 5o X {(cos aZsy; —sinaZy;)(Ziisw — Zyicw)
wew

+(cos aZg —sinaZy )(Z{jsw — Zé}l-cw)},

(& .
nﬁoij = — Gy X {(sm aZég + cos aZﬁ)(Z{ZV-SW — ZNew)
+(sin aZg; + cosaZy )(Zjsw — ZQZ\](CW)},
c .
nﬁoij = Tomon X {(sm BZ?{\; — cos BZfJ[-)(ZfZYsW — 7 ew)

+(sin BZL — cos ﬁZg)(ng-sw - Zé}f-cw)}.

As for the right-handed components, one simply has:
R Lx

Npoij = Mg
R _ Lx
Npojj = TR0j4s
R _ Lx
Npo;; = —TNpoj;-

Higgs - Sfermion - Sfermion

Let us first consider the light unmixed sfermions. Their coupling constant to the charged
and neutral Higgs bosons is not proportional to the mass of the corresponding fermion(s)
and it can thus not be neglected.

In the charged Higgs sector, if f and f’ represent respectively up-squarks and down-squarks
of the first and second generations, or sneutrinos and charged sleptons, one has:

eMy
9uj, j, = —m sin283 and Iuj, = 0.

In the neutral Higgs sector, one has:

€MW €MW
9uof, i, = Wy (T} — Qysiy) cos(a+ B) and 9uof, j, = —mes%V cos(a+ f),
GMW . eMW )
ghofoL = SWC%/V (Tf3 - QfS%/V) Sln(a + B) and ghofRJFR = mes%V sm(a -+ ﬁ)
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Note that the couplings between A° and a pair of light unmixed sfermions are proportional
to the fermion mass and are thus negligible.

Let us now consider the heavy sfermions, i.e. the third generation squarks, and, in a first
step, let us assume that there is no mixing. The coupling constants between the MSSM

Higgs boson and a pair of unmixed heavy sfermions are given below.

For the charged Higgs bosons H, one has:

0 eMy . M2 tan 8 + M? cot3
9o = — sin2(3 — ,
ftLby swv/2 M,
Iinhn = gy M2 P F Ol
0o _ €Mb _
IHihy = T g M2 = Aytan .
0 ~ _ . eMt _
ngRbL SWMW\/_ [,Ll, AtCOtﬁ]

0 _ 0 _ o _ 0 _ _ _
gAOiLEL o gAOthR o 0 and gAObLbL o gAObRbR o 0,

eMt
ggofoR = ggoiRgL = s M [—u — Agcotf],
0 _ 0 _ eM,
908, = 9a0% 5, = T A [—p — Aptan 5]
For the neutral Higgs boson H?, one has:
2 .
0 eMw (1 2 4 ) eM; sina
;= ——— | = — =8y | cos(a+ ) — —
gHOtLtL SWC%/V 9 3 w ( B) SWMW smﬁ
o _ _eMy (2, _ eM} sina
Il = oy, <38W) cos(et+0) = L Ry s B
0 _ 0 _ eM,; —pcos o+ Agsin o
Iuoi i, = Inoiyh, T T g My sin B :
0 eMy, (1 1, ) eM? cosa
B = =~ — =S cosla+ p) — ,
Ir05,5, sl \2 7 3°W (o +B) P y—
2
0 eMw (1 2 ) eM? cosa
. = =S cos(a+ D) — ,
gHobRbR SWC%V 3°W ( B) s My cos B
0 0 . eM, —psina + Ay cos a
i,y TH0bph, 2sw Mw cos 3 '

49



For the neutral Higgs boson h°, one has:

2
0 eMyw (1 2 5 ) . eM{ cosa
P = — — =Sy |sin(a+ p) — -,
ghOtLtL SWC%V 9 3°W ( 5) sw My sin 8
0 eMyy (2 2> ) eM? cosa
i = —5 |zswsmla+p)— —
Ihot i, swey \3 w ( B) sy My sin
0 0 _eM, —psina — Ay cos a
Inoiyty = Inotet, T 9g My sin 3 '
2 .
0 eMyy (1 1, ) . eMy sina
by — T =~ — 58 sin(a+ p) + ,
2 .
0 eMw (1 2> : eM? sina
iy = ——— | =Sy |sin(a+ F) + ,
gh,ObRbR ch%v 3°W ( ﬁ) sw My cos B
0 0 _ eM, —pcosa — Apsin o
Inob b, = Inbeb, T T 05 My cos 3 '

Let us knqw take the sfermion mixing~ into account and let R? and R be the rotation matrices
for £ and b squarks, respectively. If f?, = fi g, then:

i = RLPOwith R, = F °F
fi R;; f; with R;; <—5f c; )

In the charged Higgs sector, one has:
Z R”/ /g?{fﬂ Ej' .

H-x
c-z

Similarly, in the neutral Higgs sector, for f stands for either £ or b, then one obtains the

following coupling constants:

0
Iaoff, = ZRM' Tr9%7,7,
— f pf
gHOfifj - ZR R 'gHOff
ghofifj ZRZ'L’ ]]’ghof f,

Note that, in the case of the neutral boson A°, the coupling to a pair of sfermions is the

same with or without mixing.

a0



Higgs - Higgs - Higgs

eMw |cos2fcos(f + «)
guonH = 5 —cos(f —a)l,
Sw 2ciy
eMyw [cos28sin(8 + o .
ghomm = ———2 [ 2( ) + sin(8 — a)] ,
SW QCW
eM
guoGG = — W [cos 28 cos(B + )],
28W
eMwy .
9noee = 5-—3 [cos 28sin(f + )],
eM . sin 23 cos(a + 8
9HOGH = — W lsm(ﬁ a) — ( )] ,
ZSW Ciy
eM sin 283 sin(a + 8
gnocH = 5 u [Cos(ﬁ —a) — 2( )] ,
Sw Civ
elM
gaogtp+ = Qg X 5 s
Sw
3eM:
JHOHOHO = — c I;V cos 2a cos(f + «)
2sweyy
3 M
9hOrORO = ‘ W ——— cos 2asin(f + a),
eM
grOHOHO = [2sin 2 cos(B + @) + cos 2asin(B + )],
2 WCW
eMw . .
gropope = —5—5 [2sin 2asin(f + a) — cos 2a.cos(B + o],
2sw ey
My,
IHOGOGO = W cos 25 cos(B + ),
25 Sy
M
gnhogoge = - u; cos 2fsin(f + «),
M
gHOoA0 A0 = 267@ cos 23 cos( + o),
s

W
eM,
VZ cos 2(3sin(f + «),
Ciy

GroA0A0 = _23
eM
GHOA0GO = 7‘4; sin 28 cos(f + ),
2sw ey
M
groa0go = — W in 2Bsin(B + «).
2 WCW

Higgs - Higgs - Sfermion - Sfermion

For light unmixed sfermions, the coupling constants are not proportional to the mass of
the fermion(s) and can not be neglected. The coupling constants for the heavy sfermions
are then obtained by adding a term proportional to the mass of the corresponding fermion(s).

51



If f is a slepton (£ or ) or a squark from the first or second generation (§), one has:

Jmomf, = % :_Cocz;a (77 - Qs S%V)]’
nis, = 5y | (- Q)]
Ihonofpfrn = % _Cocs%ja (QfS%’V)]’
Inowfif, = % _Si:%ia (17 - Qs S%V)]
IHOW fufr = % :Si:;a (QfS%V)]’
Jaomffy = % _Cocsgfﬂ (77 - Qs S%V)]’
9a010fnfn = % _COCS%VQ/B (@ S%V)]

For the third generation squarks (stop and sbottom), one has:

B e? [ M;sina 2
JHOHO}, pip r = YHOHOp gip g — QS%V (MW SiIlﬁ) ’
B e [ M,cosa ?
Inonoiy riLg = 9hOROUL Rl T 252, (MW sin ﬂ) ’

B e?sin 2« M, ’
9Honiy, pirr = Y9H°hOurpar,r 45%4, (MW sin 6) ’
o B e [ M,cospf 2

ngAotL,RtL,R - gAOAoﬁ,L,RﬁL,R - 28%[/ (MW sin ﬁ)
and
B e2 [ Mycosa
IHOHO% L b = IHOHOdL pdL R 28%1/ (MW cos ﬁ) ’
B e? [ Mysina
ghOhObL,RbL,R - ghOhOdL,RdL,R o 28%[/ (MW COS ,6) ’
B e? sin 2cv M, ?
gHohobL’RbL,R - gHOhOdL,RdL,R - 45%[, <MW CcOos 5) ’
B e? My sin 8 2
9049, phrr = 940494, pdp g T QS%V (MW COoS ﬁ) .
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Appendix B: Passarino-Veltman functions

The calculation of one loop Feynman diagrams can be performed by combining propagators
using the following formula:

—1 —
x?l PR x%n 1

(Alxl 44 Anxn)m-l-----l—an'

1 r(a1+---+an)/1
— dry - - - dz,s gz, —1
A% Aen — T(an) - D(ap) Jo “077% (@14 an—1)

However, it is often convenient to reduce each one loop diagram to the sum of standard
contributions, the so-called Passarino-Veltman (PV) functions.

B.1 Standard definitions

Let us define the 1, 2, 3 and 4 point functions according to:

Aofa) = [ d%k 1

i N,

dPk {1, k", k*k"}

12 NaNb ’

dPk {1, k", k"k"}

in2  N,N,N, ’

dPk {1, k", k*k" K"k kP}
im? NyNyN. Ny ’

{By, B, B™}(ab) = /

{Co, C*, CHY (abe) = /

{Dy, D, D", D"} (abed) = [

where the denominators are:

Ny = k*—m?+ie,

N, (k+p1)? — m3 + e,

N3 = (k+pi+p2)® —m3 +ie,

Ny = (k+pi+ps+p3)®—m]+ie

Here, all integrals are kept D-dimensional. However, the rest of the calculations will be
performed in four dimensions.

In one loop diagrams, the following conventions are used:
e the external momenta p; n are oriented clockwise,
e the internal masses mi._n are oriented clockwise as well, with m; between py and p;.
Let K be a multi-index such that:
Bx(12) = Bk(pi,mi,m),

Cx(123) = Cx(p?,p2 (p1 + p2)?, mi, m3, m3),
Di(1234) = Dk (p?, 03,03, (1 + 2+ p3)%, (1 + p2)?, (02 + p3)%, m3, m3, m3, m3).
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The reduction of tensorial functions into scalar functions can then be done according to the
following standard notations:

B*(12) = piBi(12),
B"(12) = pi'p{Bai(12) + g" By (12),

C*(123) = piC11(123) + phC1a(123),
C"(123) = pipyCai(123) + phpyCan(123) + pi¥ps) Coz (123) + g™ Cou(123),
CHr(123) = (¢"pl + g"p] + 9"°pY)Coo1 (123)

(g""ph + g"°p5 + ") Coo2(123)
p’fp'fp’fCHl (123) + pgpgp50222(123)
(Ppivh + PPt + phpipl)Chia(123)
(Phpsp? + phpips + pipsps)Ciaa(123),

+ + + +

DH*(1234) = ph'D11(1234) + phD15(1234) + ph D13(1234),
D#(1234) = pi'pyDy1(1234) 4 phpi Dy (1234) 4 pyps Do3(1234)

+ plpY Doy (1234) + plHps) Dos(1234) + pp%? Dag(1234) + g Dyr (1234),
DH*(1234) = (¢"'pf + ¢""P + ¢"’pY) Doo1(1234)

+ (g"p5 + 9" ph + g"°p5) Dooz (1234)

+ (9"P5 + 9"p5 + g"°p5) Doo3 (1234)

+ > vl Diyr(1234).

1<ijk<3
In the reduction of D*?  the sum is over all triplets (4, , k) with repetitions, i.e. 3% = 27

terms. By construction, the coefficients D;;;, are invariant under index permutations.

More details about this approach and about the reduction of the PV tensorial integrals into
scalar ones can be found in [19].

B.2 LoopTools definitions

Sometimes, as for instance in the LoopTools library [16], it is convenient to use another
notation and to introduce momenta k; given by:

kl = D1,

ky = pi1+Dpo,

ks = p1+p2+ps..
N

ky = sz'
i=1

In that case, the tensorial coefficients are:

B" = KBy,
B" = k{k{By, +¢" By

o4



cr = K'CL 4+ RECE,

cw o= 3 EECE+ 9" Ch,
ij=1,2

Cme = ST KMRIKCE + 3 (9MKD + "R + g7 k) Cly,
ij1=1,2 1=1,2

D' = KYDf +khDY + kY D2,
D" = N K'EYDY + g Dy,

1<ijk<3

where Cf, Cf; and D[; are completely symmetric.
ij ijl

By expanding these equations and by then comparing all their terms to those arising from
the reduction of standard tensorial functions, one can find the relations that exist between
the standard PV functions and those which are computed in the LoopTools library.

For the 2 point functions, one obtains:

B, = Bl
[}

By = Bp

By = By

For the 3 point functions, one obtains:

Cu = Cf+Cy
Cp = Oy

Cy = Cf+205+ 04

Coo 052
Coys = CL+CL
Cos ck

[ ]

Cii = 0111 + 30112 + 30122 + 0222
Copp = 0222

Ciiz = Cfiy+2C0, 4+ Chy

Ciz = Clyy+ Oy
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For the 4 point functions, one obtains:

Dll
D5
D13

DY 4+ DY 4+ DE
DY + DE¥
Dy

DY + DL, + D, + 2(Df, + DE + D)

DL + 2Dk + DL

Ds,

D{, + D{3 + D3, + 2D}, + D%,
DY + DL + DL,

Dy, + Dy

Dy,

D(I;01+D 2+D003
D(€02+D003

L
D003

D{yy + 3D}15 + 3D{15 + 3D1y, + 6D1y; + 3D{s5 + Dypy + 3Dsss + 3D%s + D334
Diiy + Diyy + 2Dfy, + 4Dy, + 2Dy + D3y + 3Dg5; + 3Dgys + Dy

Dfy3 + 2Dl + 2D{33 + Dy + 2Dg3 + Dipy

D1y + 2D1y3 + Digy + Dy + 3Dg3 + 3D355 + Dy

D133 + D33y + Dig

Drys + Dig + D + 2D + Dy

D3y, + 3D%h5 + 3D%ys + Diyg
D35 + 2DJs5 + Diss
Dy + Disg

L
D333
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