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Abstract. In this paper we describe the implementation of the complete next-to-leading order electroweak
calculations for the various cross channels of the process fi f1iHA — 0 in the framework of the SANC sys-
tem. Here A stands for a photon and f; for a fermion whose mass is neglected everywhere besides arguments
of logarithmic functions. The symbol — 0 means that all 4-momenta of the external particles flow inwards.
The derived one-loop scalar form factors can be used for any cross channel after an appropriate permutation
of their arguments s,t,u. We present the complete analytical results for the covariant and helicity ampli-
tudes for three cross channels: fi fi — Hvy, H — f1 fiy and fiv — f1 H. For checking of the correctness of the
results first of all we observe the independence of the scalar form factors on the gauge parameters and the va-
lidity of the Ward identity (external photon transversality), and, secondly, we make an extensive comparison
of our numerical results with other independent calculations.

PACS. 12.15.-y; 12.15.Lk

1 Introduction

Over the last twenty years, the standard model (SM)
has provided an exceptionally accurate description of
all high energy physics experiments. It is now tested at
the 0.1% level. The only part of the SM that remains
to be tested is the mechanism of electroweak symmetry
breaking. In the SM, spontaneous symmetry breaking is
achieved by the scalar Higgs field acquiring a vacuum
expectation value, thereby giving mass to the quarks,
leptons and gauge bosons. For an experimental investi-
gation of the SM Higgs sector, it is necessary to fully
understand and control higher order electroweak cor-
rections to the processes involving the Higgs boson. In
this paper we consider in detail a complete calculation
of the full one-loop electroweak radiative corrections to
the Higgs boson production processes fif1 — Hy and
ey — eH, which could be observable at proposed muon
colliders, given the expected integrated luminosities [1, 2],
and at ILC [3]. Also we study the Higgs boson decay
H — f1f17, which is interesting for physical applications
at LHC [4].

Electroweak corrections to the Higgs production pro-
cesses have been calculated before; see for example [5—10]
(we quote only the papers with which we compare our nu-
merical results). However, we were not able to find a paper

a e-mail: bondarenko@jinr.ru

in which the Higgs decay channel, H — f; f17, would be
considered at next-to-leading order.

All the processes under consideration could be treated
as the various cross channels of the process fi1f1Hy — 0,
and hence one-loop corrected form factors (FM), derived
for this process, can be used for its cross channels also, after
an appropriate permutation of their arguments (s, ¢, u).

We pursue three goals: to demonstrate the analytic ex-
pressions for FFs at one-loop level (as an exception given
their simplicity) and helicity amplitudes (HA) for three
channels of the process fifiHy — 0 (in the spirit of pre-
vious SANC presentations), and to compare the results
with existing independent calculations. All results in this
paper are obtained with the help of SANC (support of
analytic and numerical calculations for experiments at col-
liders) — a network client—server system for semi-automatic
calculations for various processes of elementary particle in-
teractions at the one-loop precision level. The ideology of
the calculation, precomputation modules, short user guide
of the version V.1.00 and its installation are described
in [11]. The SANC client may be downloaded from SANC
servers [12,13].

The paper is organized as follows. In Sect. 2 we demon-
strate an analytic expression for the covariant amplitude
(CA) at one-loop level in the annihilation channel and give
explicit expressions for all FFs. Then we give HAs for all
three channels available in SANC V.1.10. In Sect. 3 we
show numerical results (computed by the s2n software)
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and comparison with the other independent calculations:
for the decay channel H — f; f1y at tree level [14, 15], and
in the resonance approximation at one-loop level [16]. For
two channels eTe™ — H~v and ey — eH we compare with
the one-loop level calculations of [5-7]. Finally, technical
details related to the implementation of the considered
processes into the SANC framework are collected in the
appendix.

2 Amplitudes

We begin with a schematic representation of the dia-
gram of the process f1(p1)f1(p2)y(ps)H (ps) — 0 with all
4-momenta incoming, p; + p2 + ps +ps = 0. We will con-
sider three cross channels of the process: annihilation, de-
cay and H production. For all three channels we can write
down an almost unique CA. Below we give it in the form
corresponding to the annihilation channel, f(p;)f(p2) —
H(—p4)y(—ps3). It might easily be converted into any other
channel by a proper permutation of external 4-momenta.

This is not the case, however, for the HA. The latter
is different for all three channels and has to be calculated
separately.

2.1 Covariant amplitude of the process

We have found that the CA of the process under study
can be represented as a combination of eight structures
transversal in photonic 4-momentum, four vector and four
axial ones:

(p2)v _ (p1)v
T2—|—m]% U2—|—m]%
o4 (g g o]
2 T2—|—m]% U2—|—mj%
x Fy1 (Q2,T%,U?)
+ [(U2 +mJ%) (p2)v — (T2 +m?) (p1)v] 75
x Fo1 (Q*,T%,U?)
+P37 [Foo (@3, T%, U?) + 5 Faz (Q°, T%,U?)]
+i [ﬁg(pl)u - % (U? +mj) %}
X [Fos (Q%, T2, U?) +7s5Fa3 (Q*,T%,U?)]

+1i [ 3(P2)y — % (T%+mj) %}

Af proy =0 (p1) {

X [Fv4 (Q27 T27 U2) +75Fa4 (Q27 T27 U2)] }
xu(p2) el (ps), (1)

where ¥ (p1), u (p2) and my are the bispinors and the mass
of the external fermions, respectively; €Y (ps) denotes the
photon polarization vector. In (1) we intentionally keep the
fermion mass in order to maintain photon transversality

Fig. 1. The fi fivH — 0 process

without the mass approximation. Moreover in mass con-
taining denominators in the first row the mass even can-
not be neglected because they correspond to the fermionic
propagators which emit an external photon, and thus lead
to mass singularities.

All 4-momenta are incoming, and the usual Mandel-
stam invariants in Pauli metric (p? = —m?) are defined as
follows:!

(p1+p2)’=Q*=—s, (p2+p3)’=T"=—t,
(p2+pa)? =U? = —u. (2)

Note that the representation (1) differs slightly from (53)
of [11], as we found it appropriate to construct the Born-
like amplitude as given in (58).

For the process of interest the CA at one-loop order has
the form

ABorn + 1-loop _ ABorn[O(mf)] +A1—100p[0(a)]
+A1—loop[o(mfa)]_ (3)

Here the second term, A"1°°P[O(a)], stands for a part of
the one-loop amplitude not suppressed by Yukawa coup-
ling (my), contrary to the Born amplitude AB°™[O(my)]
and to the rest of the one-loop amplitude A1°°P[O(m;a)].
For this reason the Born amplitude typically contributes
less than the one-loop one. Since the f cannot be a top
quark, for all channels one may neglect the third term.
Then for the squared amplitude one has

|ABorn + 1—loop|2 SN |ABorn[O(mf)] +A1—loop[o(a)]|2 (4)

For the first generation fermions even AB°™ should be
neglected, but it can be significant for the second and
third generations. Note that the QED one-loop and the
bremsstrahlung corrections contribute to the third term
of (3), so they could safely be neglected.

2.2 Diagrams contributing to A"°°P[O(a)],
form factors

Here we discuss which one-loop Feynman diagrams con-
tribute to A1°°P[O(a)], not suppressed by a Yukawa coup-
ling. For definiteness, we discuss the annihilation channel.
There are only a few of them.

1. First, we have the “right” three-boson (ByH, B =+, Z)
vertex; see Fig. 6 of [17]. The diagram with B = v leads

L n this section we will use the notation Q2, T2, U 2, empha-
sizing thereby that we do not fix the channel yet.
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to a Coulomb singularity for the decay and production
channels.

2. Next, we have boxes of the T1 and T3 topologies with a
virtual W boson; see Fig. 15 of [11].

3. Then we have a box of the T5 topology with a virtual Z
boson; see Fig. 16a of [11].

4. Also, there are associated WW and ZZ vertices of the
topology BFB; see Fig. 10b of [11].

As was motivated above, in general, we keep the two Born

diagrams of the kind shown in Fig. 1 of [17].
Every FF is presented as the sum over the gauge index

(1=¢4,2=¢4,3=&w =€, 4 = without &):

Fv(a)i(Q27 Tzv U2) = Z Fv(a)ik (Q27 T27 U2) : (5)
k=1,4

Obviously, k£ = 1 does not contribute in the massless case.
The FF for k = 2, 3,4 are rather compact; they are shown
in the next section.

2.3 One-loop form factors

The complete analytic results for the FF were presented in
the literature earlier; see e.g. [7] and references therein. The
aim of the presentation of this section is to show a typical
SANC result for the FF in terms of only scalar Passarino—
Veltman (PV) functions of [18].?

In the limit m; — 0 the FF with the gauge index 2 take
a simple form:

vZ +a?
F’U32(Q27T27 U2) = Qf%F2<Q27T27 U2) )

2 2 2 v.]%—i_a]% 2 2 2
FU42(Q3T7U):Qf 2 F2(Q7U7T)a

F(l32(Q27T27 U2) = vafafFQ(Q27T23 U2) ;
Faua(Q*,T%,U?) = Qpupap F(Q*, U, T?), (6)

where an auxiliary function was introduced:

F2 (Q27T27 U2)
_Sw Mz 2 oy 1
x Cageo (T2, U2, =M} Mz) + (M2 +U?) (ME +U?)
1
U2
2 2 2 2 U2
- MZ[(1+2= 42—
+[Q U? + Z( toE T T2+M12{)}
2@
T2+ M3

X C(0 (_Mlzia_m?aU2;M27MZ7mf)

X CO (_MEI7 _m‘]%sz;MZ7M27mf) -

X [BE (= M3 My, My) — BE (T% My, my))] } G

2 We do it only once in this paper, by way of exception;
usually we refer the reader to the equations generated by FF
modules of the system itself.

Here Cyc, stands for a particular combination of PV func-
tions that is explicitly free of fermionic mass singularities,
contrary to individual terms which are not (this is why one
must keep the masses in the arguments of mass singular PV
functions). It has the form
Odoco (T27 U27 _MEI; MZ)
= [-T°U? — (T*+U?) M3]
X D0(07 —mJ%, _MI2—I7 _mJ%7 T27 Uz; mg,mg, MZ» MZ)
+T2C(0, —m?, T2 mys,mp, Mz)
+U200(0,—m]%,U2;mf,mf,MZ). (8)

The FF with gauge index 4 are
Fv34(Q2) == FU44(Q2)

2
ma
=2 SWCi——
25w
Qszs%V 'UfQiUi 1 2
4 G Fy; ,
X < Q2 + C\2N Q2+M% 4 (Q )

Fa34(Q2) == Fa44(Q2)
m? ([ arQv; 1
22w (8" grrag) P(@):
(9)

with the index ¢ running over fermion families, and the
auxiliary function reads

F(Q?)—<_1_7ml2 )C’(O—M2 sz My, M;)
41 0\Y, ) 5 TTbgy TThg, 170G
2 Q24 M2 H
1 Q° F 2
+ 1- By (— Mz;m;,m;
Q? M2 [ Q2 M2 ( 0 ( H )

—Bg(QQ;mi,mi))} . (10)

The FF with gauge index 3 are more cumbersome:

Fu33(Q%, T2, U%) = Qs Fy3(Q%) + vy Fa3(Q?)
+F3(Q*T°,U%),
Fou3(Q* T?,U?) = Qs Fya(Q®) + vy Foa3(Q?)
+ F3(Q* U T?),
Fa33(Q* T?,U?) = agFua3(Q%) + F3(Q%, T, U?),
Fau3(Q* T?,U?) = a5 Fa3(Q%) + F3(Q*, U, T?)

(11)
and one needs three auxiliary functions to define them:
3 M2 M2 M2
Fjs(Q?) = 2-W {—2 W (4— i1 +0 2W>
MW Q2 Q2 + MH
M% +6M3,

X 00(07 _MEI7 Q27 MW7MW7MW) + QQ +M2
H

1
[y (9 )
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Foas(Q%) = 2 {

M2
Q2 + M2

(L (A
22 QC%V
2
X<2MZ2< (
Q?+ M3,

1 1
8@ ) ) +1) [+ | (5 2)
x M3 Co(0, —MF;, Q% Mw, M, M)

M2 1, 1\ M
= 6 1-
Q2+ M% ( aez, oWt ez )z

x (Bg (— Mg; Mw, Mw) — By (Q% Mw, Mw))

)

F3(Q*T?,U%) = %Swa {ﬁ

x (Q2(U? + MZ) + M M%) doaux(Q%, U?)

+ ([(U? + M) My + Q°T) My +2Q°U° M3

+Q (T2~ M3y)") dowue(Q%, T?)

+Q*Co (—m}, —m7, Q% Mw, 0, Mw) + (Q° + M)

x [Q*+2(U? + M%)]Co (0, —M¥, Q% My, My, Mw)

+(Q*(T? + M) + (U? + My,) (U? - Q%)
M\%VQ2U2
T2+ M3
— (U + MF) (U? + M)
x Co (=M, —m3,U?; My, My, 0)
+T2(Q*+ U?+ M) Co (0, —m3, T% My, My, 0)
+U? (U2 + M) Co (0, —m3, U% Mw, My, 0)]
2 1
U2 T% 4 Mg
~ B (1% Mw,0)) }.

1 1 1
— —6—( - — 1263
Q2+M2ch 6 <c%v CW)

)MWOO(O — M3, Q% Mw, My, M)

M
6CW) Q? +Mé>

+

(% + M)

+2 ) Co (—Mfy, —m7, T? My, M, 0)

+ (By (= My My, M)

(12)
Here two more short hand notations are introduced:
dOaux(Q2a T2)
= DO(_m]%a _m?a 07 _M?h Q27 T2; MW7 Oa MWa MVV) 5
dOaux(Q27 U2)
= Do(—mj, —m}, —M3,0,Q% U? My, 0, Mw, My) .
(13)

2.4 Helicity amplitudes

In this section we collect the analytical expressions of the
HAs for all three channels.

2.4.1 Annihilation channel fif; — H~y
We begin by considering HA for the annihilation process

fi(p1, A1) + fi(p2, A2) = Y(p3, As) + H(pa) ,

Ai(i =1,2,3) being the helicities of the external particles.
The CA for this channel can be obtained from (1) with the
following permutation of the 4-momenta:

(14)

p1 —p1,
P2 — p2,
p3 — —Dps3,
Pa— —P4-

The set of corresponding HA, which we denote as
Hx x5, for this case reads®

_ 2
Hit+ = Fho [ Zz(lﬁ))ﬁzz/(i;sﬁ Fyi(s,t)

F sBFa1(s,t) — By (Fua(s,t) F Faz(s, 1))
+mf (Fv3(37t) :F/BFaB(S7t))
g (Fua(s,) £ BFaas, t))} ,

o Z4(MH) /2+S,82
Hoar = iko[ Zr(my) Z2(my)
:FSﬂFal( ,t) ,( 1)2(8 t):l:Fag(S t))
+my (Fus(s,t) F BFa3(s,t))

(

+mf( v4 Sat):t/BFa4(33t)):|a

Fvl (S, t)

me Z4(MH)
s Zi(my)Z2(my)

( U2(3 t):FFaQ(S t))
F (S,t):t,@FaB(87t))
4(5,t) = BFau(s, t))}

Zy(Mpr)
Z1(my) Za(my)

Higs =—ky { Fyi(s,)

(
B (Fy
/Hi¥¥ = — |: Fvl (S,t)

_f (Fya(s,t) + Faa(s, 1))
_[3 (Fou3(s,t) & BFa3(s, 1))

=B+ (Foa(s, ) £ BFua(s,1))] (15)
where the coefficients
s— M?
ko = sin9, —=Z |
o =sind, o
(s—M%)Vs
ky =cyp— 2 16
NG (16)

3 In the argument list of FF, e.g. Fy,1(s,t), we drop the “—”
signs, which appear due to the convention of (2) and the non-
independent invariant u. This is done only for the sake of read-
ability; both the “—” signs and wu are explicitly present in our
FORTRAN codes.
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fi H

[N e

I : ~ Fig. 2. Schematic representation of
7 RN one-loop Feynman diagrams for the
il 7 annihilation channel

with

cy =1%£cos?,, p[+r=1=£0,

ﬁzﬂA(s,mﬁ,mﬁ)/s,

and the fermionic propagators and ¢, v invariants are

(17)

Za(my) = 5Z4(Ma) (1+ Feos ;).

Zg(mf):%Z4(MH)(1—ﬂcosz97),
t:m?—Zz(mf)a u:m?—Zl(mf). (18)

Here Z4(Mp) = s— M%, and 9, is the angle of the pro-
duced photon (angle between momenta p2 and p3) in the
center of mass system.

2.4.2 Decay channel H — fi fivy

In this section we consider the HA for the Higgs boson de-
cay channel

H(p2) = v(p1, M) + f1(ps, As) + fi(pa, ), (19)
where X\;(¢ =1, 3,4) are the helicities of the external par-
ticles.

In order to obtain the CA for this channel the 4-
momenta permutations in (1) are chosen as follows:

p1— —ps,
P2 — —Pa,
p3 — —p1,
Ps—p2-

The HA, which we denote as Hx, x;»,, for this channel
are somewhat similar to the annihilation ones:

,B,Z2 MH 2+S,32
Haws =t |2
+BsFu1(s,t) — B (Fo2(s,t) F Faa(s, 1))
+my (Fys(s,t) £ BFu3(s,t))
+my (Fv4(57 t) ¥/6Fa4(57 t))] )
By Zo(Mp) /24 532
Harz =ho [ ZS((mf)Z)i(mf)
FOBsFu1(s,t) — By (Fua(s,t) F Faa(s, t))
+my (Fys3(s,t) F BFa3(s,t))
+my (Foa(s,t) £ BFau(s,t))],

Fvl(s, t)

Fvl(s,t)

Fig. 3. Schematic representation
of one-loop Feynman diagram for
f1 the decay channel

me ZQ(MH)

s Zs(mg)Zs(my)
+ —~ (Fya(s,t) F Fua(s,t))
¥/6+ (Fv3(87 t) :t/BFaB(S7 t))
FO_ (Fv4(svt) ingaﬁl(svt))] )

me ZQ(MH)
H =k_
o [q: s Zz(my)Za(my)
4

i% (Fya(5,8) F Fas(s, 1))
¥/67 (Fv3(sat) :FﬂFaS(sat))

Hirt+ =ky [:F Fy1(s,t)

4mf

Fvl (S, t)

:F/B+ (Fv4(svt) :FﬂFa4(S,t))] ) (20)
where the coefficients are
M2 —
ko= —H 5 sindy
2v2
(M5
=Cyp— y
+ + 2
¢+ =1+cosdy, (21)

and the fermionic propagators and s, ¢, u invariants are

Zg(mf) = %ZQ(MH) (1 +,3COSQ9f) ,

Zamg) = 5 72(Mur) (1= Beosvy),

s= M?

A zm?+Z4(mf)7 u= m?—FZg(mf) ,

(22)

with Zo(Mpg) = M% — s and 95 being the angle between
the vector p4 and the direction defined by the photon mo-
mentum p;, which is chosen to be the direction of the
z-axes of the (ps, pa) rest frame.

2.4.3 H production channel ey — eH

For this channel we present the HA for two cases: for the
limit m, — 0 and for the case exact in m,.
The CA for the H production channel,

Y¥(p1, A1) +e(p2, A2) = e(p3, Az) + H(pa), (23)

are obtained from (1) with the help of the permutations

p1— —ps,
P2 — p2,
p3 — p1,
Ps— —P4-
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The HA, denoted as Hx,x,n; (Ai (1 =1,2,3) being the
helicities of the external particles), in the small mass limit
are remarkably compact:

Hairt = tki [Foa(s,t) F Faa(s, 1),
Mttt = Fha [Foz(s,t) F Fas(s,t)],
FF+ = R3 Z3(

Me)

Fvl(s, t) + kFal(S, t)

+2s (Fv2(57 t) + Fa2(s’ t)):| ’

Sh
= ———1 Fv ’ + Fa ’ )
/H¥i¥ kg |:(Z3(me) ) 1(5 t) ki 1(5 t):|
(24)
with the coefficients:
88y _ sk 29_f
k—,2, ki=s 2S11’12,
(Sh)3/2 . ’L9f S ’L9f
ko = - k3=4/=— —-
2 + 2\/5 S1 2 3 2 COs 2
sp=5—Mjz. (25)
The fermionic propagators exact in m. are
Zy(me) = s —m?,
Za(me)
Zs(me) =
3(me) 2s
X [s—i—mg—M?_I—i-\/A(s,mg,Mé)cosﬁf] .
(26)

The Mandelstam variables transform as follows:

1 M2 2 4
s——= [(s— Hme—MEI—sz—F&)
2 S S

2
. me\/)\(s,mg,Mg) cosﬁf} ,
s

t— s,

1 M2m?2 4
u——— || s+ Hme—MEI—2mz—%
2 s s

2
+2 sme\/)\(s,mg,M?{)cosﬁf] (27)

For Zs(m.) here we use massless expressions, while for
Z3(m.) we use the exact one, since it develops a logarith-
mic mass singularity. For the massive case below, we use all

Fig. 4. Schematic representation of one-loop
Feynman diagrams for ey — eH channel

expressions exact in the masses. Also important quantities
for this channel are

mz(mg — M)
+7y S

s—m

1
N2 =2 <5+6m§—M12_I+

2
e A(s,mz,Mza) | (28)

S

In the massless case only N_ contributes, and its limit is

N_=,/=. (29)

The fully massive case has the following form:
Hits
9 [i;
2 Z2 (me)Zg (me)
(\/_ [M7 —m? (4414, cosVy)| N
+ 7 < (3sp+m2(9—rq,)
+ [sh+m2(3+74,)] cosdy) N_) Fyi(s,t)

=sin

— SmCyt [\é_( 24rq )Ny — meN_} Foi(s,t)

+2 (\/EN+ —meN_) (FUQ(S,t) :FFaQ(S,t))

Me
F > [\/E (4—rq, +7dg cosvy) Ni

—me (4—rg,c_) N,] Fy3(s,t)

+ % {\/5 (ra, —raq cosVy) Ny — merdlc,N,}
X Fyas(s,t)
F [2VsmeNy — (s +mZ)N-] Foa(s, 1)
—smN_F4(s,t)],

Hers

9 1

R {i Za(m2) Za(my)

(f [sn+m2(3+7ay)] Ny — smera, N )Ful(s,t)
+(§
1

(\/_merle+ sraa N_ )(Fv3(87t):FFa3(s,t)):|,

CIJ

sh +m?2(3— rdl)] N, — smmeN> Fai(s,t)

HJFJF:E

= cos s {—1
2 | Za(me)Zs(me)

(%(3sh+mg(9—rdl)
— [sn +m2(3+474,)] cos¥f) Ny
+/5 [MF —m2(4—rq, cosy)] N)Fvl(s,t)

Feo <SmmeN+ - ? [sh+m2(3—ra,)] N)
X Fal(s,t)
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—2 (meNy —/sN_) (Fy2(s, t) £ Faa(s, 1))

+ % [me (4—rgcy) Ny —+/s(4—rq, —Tay cosdy)

x N_}Fvg(s,t)i ’%

X [merdlc+N+ — /s (rq, + 145 cosVy) N_| Fy3(s,t)
+ [(s+m2)Ny —2¢/smeN_] Fou(s,t)
+8m Ny Foa(s,t)],

Hyxr

Uy

[ 1
=cos —c_

Z2 (me)Zg(me)

»

(—smewd2N+ + = [sh +mg(3+7"d1)] N)Fvl(s, t)

2
s
F (smmeN+ — % [sh +m2(3— le)] N) Fai(s,t)

BN | =

(s7d3 Ny — v/smera, N_) (Fu3(s, t) F Fas(s, t))] ,
(30)
where

2 2
2 My —mg

e Td1:3— s y
2 2 2 2
L ME—om? o ME—3m?
T4, =2— ——= T4 =1— ——=
2 s ’ 3 s

Sm=8—m
(31)

and vy is the cms angle of the final fermion (angle between
momenta py and p3).

3 Numerical results and comparison

In this section we present results of numerical calculations
and comparisons with other groups.

3.1 Annihilation channel f; f; — vH

There are many papers that are devoted to this channel;
see for example [5-7] and references therein. It is highly
non-trivial to realize a tuned comparison of the numerical
results, since the authors do not present the list of input
parameters and do not specify the calculational scheme, al-
though stating agreement among themselves. Eventually,
we found it best to compare with the most recent paper [7],
namely with Fig. 2, showing the My dependence of the
total cross section for the two values of /s =500 (solid
line) and 1500 GeV (dashed line). As can be judged from
a comparison of their figures with ours, there is qualita-
tive agreement of the cross sections. One should emphasize
that we did not find in [7] which value of the top quark
mass is used on which we observed quite a strong depen-
dence. For example, at /s = 500 GeV and My = 300 GeV,
the cross section equals 1.32 x 10~2 fb for m; = 174.2 GeV
and 1.89 x 1072 fb for m; = 140 GeV.

Note that all the numerical results of this section are
produced with the so-called Standard SANC INPUT (Sect.
6.2.3 of [17]).

3.2 Decay channel H — f; f1v

For the decay channel we did not find in the literature
complete one-loop calculations. We present here numeri-
cal results for the H — u =+ decay channel for My =
150 GeV.

— First we consider GRACE, CompHEP and SANC at
the Born level.
The results of the comparison for the total width in
the Born approximation between GRACE [15], Com-
pHEP [14] and SANC are shown in Table 1. Here the
input parameters are as in CompHEP.
Note that SANC produces stable results up to very
small photon energies, which is mandatory to have cor-
rect matching of soft and hard radiations.

— Next we consider SANC at the Born and one-loop
levels.
In Fig. 6 the fermion—antifermion invariant mass distri-
bution, dI"/d M+, is demonstrated.
Two peaks due to v and Z exchanges are distinctly
seen. The Coulomb peak region usually does not repre-
sent anything of interest and should be cut out.
In Table 2, the partial width is shown in dependence on
the cut values of the lower and upper limits of invariant
mass of the u™ ™ pair, Sgmin and Sgmax, (Sq = M+, - ),
in the Born and one-loop approximation in two the
schemes a and Gr.
All parameters and numbers are in GeV. The two first
Sgmax are calculated in terms of E, cut by the equation
Somax = Mp —2MyE,, for E, =1 and 10 GeV, respec-
tively. As can be seen, the major part of the one-loop
decay width is due to a Z resonance.

— Now we look at SANC in the resonance approximation
at one-loop level.
The latter observation justifies to a certain extent the
usual approach to the calculation of this decay, the one-

10

200

] I,
10 100 150

M, GeV

Fig. 5. One-loop corrected cross section of the Higgs boson
production via annihilation process, as a function of the Higgs
boson mass, Myg. The solid and dashed lines correspond to the
results evaluated respectivaly at /s = 500 and /s = 1500



90 D. Bardin et al.: Electroweak radiative corrections to the three channels of the process fi fi HA — 0

loop resonance approximation, which is realized for ex-
ample in PYTHIA [16]:

1-loop Fl—loop
Res 1-loop __ H—=Zy" Z—sputp—
H—ptp=y I, )

(32)

In Table 3, the total width is shown in dependence on
the cut value, Sgmin, in the resonance one-loop and in
the complete one-loop approximations, again in the «
and Gy schemes. Here, however, this is done without
the Born amplitude which is why only one cut from be-
low is applied.

Comparing columns computed in the same schemes, we
see that the resonance approximation works with 2% per-
cent accuracy for the strong cuts (50,70) GeV.

3.3 Channel ey - eH

There is also literature devoted to this process (see,
e.g., [8—10] and references therein).

We attempted a semi-tuned comparison of the total
cross sections between Table I of [8,9] and SANC for the
three cms energies /s = 500, 1000, 1500 GeV and a wide
range for the Higgs mass: 110 GeV < My <400 GeV.

Table 1. Comparison for the total width between [14,15] and
SANC in the Born approximation

Ey, GeV I, GeV, I, GeV, I, GeV,

[15] [14] SANC
70 2.0490(1)  2.0489(1)  2.0491(1)  x107?
50 1.4187(1)  1.4189(1)  1.4188(1) x10~%
10 1.0029(1)  1.0030(1)  1.0030(1) x1077
1 2.6265(2)  2.6266(1)  2.6264(1) x107 7
0.1 4.3329(2)  4.3325(1)  4.3326(1) x10~7
0.01 unstable unstable 6.0474(1) %107
1e-06 -
le-07 ;b é
1e-08 ; ;
Q E 1
(Dn 1e-09 E -
Sle-10L /
S E 3
S le-llf _ .
1e-12; P ﬁ
le-13 ; é
le-14 i I L | ]

0 50 100 150
M | GeV
It

Fig. 6. Invariant mass distribution of the u* p~ pair. Both the
Born (dashed) and one-loop level (solid line) results are shown

Table 2. Decay width for variuos cut values of sq at the Born
and one-loop levels

N Sqmina Sqmax I—wBorn’ 1—1Born—§—1—loop7

N GeV GeV 1078 GeV 1076 Gev
« scheme

1 2my, 148.997 23.499 1.7536

2 2my, 139.642 8.9737 1.6239

3 Mz — 40 Mz +40 5.5040 1.2443

4 Mz —20 Mz +20 2.0188 1.1822
G scheme

1 2my, 148.997 24.325 1.8152

2 2my, 139.642 9.2891 1.6810

3 Mz — 40 Mz +40 5.6975 1.2880

4 Mz —20 Mz +20 2.0898 1.2238

We tried to use all the masses we managed to find in the
paper and the convention of coupling for an “almost on-
shell photon”. In Table 4 we show the total cross sections
o and the relative difference § between the two calculations
(0=0]8,9]/0[SANC] -1, (%)). As is seen, the difference in
the vast majority of points is below 1% and shows an irreg-
ular behavior pointing to its numerical origin (our numbers
are calculated with REAL*16). Given these observations,
we consider the two results to be in very good agreement.

4 Conclusions

This paper is devoted to the description of the implementa-
tion of the complete one-loop electroweak calculations for
the process fi fi Hy — 0 into the SANC framework.

We presented analytical expressions for the covariant
amplitudes and its form factors, unique for any cross chan-
nel and for the helicity amplitudes for each of three cross
channel processes: f1f1 — Hvy, H— fi1fiyand fiy— fiH.
To be assured of the correctness of our analytical results,
we observe the independence of the form factors on the
gauge parameters (all calculations were done in R gauge),
the validity of the Ward identity for a covariant ampli-
tude, and finally, the SANC results for these processes were
compared with other independent calculations. For the an-

Table 3. SANC, resonance one-loop and complete one-loop
approximations

Sqmins FRes 1—loop7 Fl—loop
GeV 107 Gev 107 Gev
« GF (0% GF

2my, 1.17006 1.2112 1.54394 1.59822

1 1.17006 1.2112 1.45652 1.50773
10 1.17006 1.2112 1.29776 1.34339
30 1.16981 1.2109 1.22548 1.26857
50 1.16771 1.2088 1.19604 1.23809
70 1.15659 1.1973 1.17259 1.21381
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Table 4. H production channel, SANC and [8, 9]

My/y/s  SANC 500 5 SANC 1000 5 SANC 1500 5
8,9] 8,9] 8,9]

80 840 838  —02 931 929  —02 976 974  —02
100 885 885 0 9.95 994 —01 1048 105 —0.2
120 9.77  9.80 0.3 1116 112 04  11.80 118 0
140 1176 11.8 0.3 1368  13.7 01 1452 146 0.6
160 2091 211 09 248 250 0.7 2648 266 0.5
180 2067 209 11 2504 253 1.0 2681  27.0 0.7
200 16.99  17.2 12 2105 212 0.7 2264 228 0.7
300 590 597 1.2 844 853 1.0 933  9.43 1.1
400 164  1.64 0 274 2.78 1.5 315 3.8 1.0

nihilation channel, f;f; — H7, we found our results for
the cross section dependence on the Higgs boson mass to
be in a good agreement with [7]. Also, we observe that
the cross section depends quite strongly on the top quark
mass. Our tree level results for the decay H — f; f1y were
compared with [14,15], and we have found agreement bet-
ter than 10~3 (which is within the statistical errors of a
Monte Carlo integration). As was expected, the main con-
tribution to the decay width comes from the one-loop cor-
rections, and the major part of this contribution is due to
a Z resonance. We have shown that radiative corrections
heavily change also the shape of the invariant mass dis-
tribution of the u™ ™ pair. We recognize the importance
of the complete one-loop calculation over the one-loop res-
onance approximation, which even in the presence of the
strong cuts on s, works with percent accuracy. For the
channel f1v — f1H, the comparison of the SANC one-loop
predictions with the results of [8,9] has shown very good
agreement in a wide range of cms energies and Higgs boson
masses.

All processes are implemented at Level 1 of the sym-
bolic FORM [19] calculations and Level 2, where the s2n.f
package produces numerical results. One should emphasize
however, that the s2n.f codes are not yet accessible from
the system, because we had to use a REAL*16 compiler
and libraries (both SANC and LoopTools [20]) which are
not yet integrated into the system. These codes may be ob-
tained from the authors by request.
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Appendix

In a recent paper [17] we presented an extension of SANC
“Processes” tree in the f fbb sector, comprising the version
V.1.10. In this paper we realize its further extension by in-
clusion of the process fi fi HA — 0 in three cross channels
as was pointed out already in Sect. 2.7 of [11]. For this rea-

son, we do not change the SANC version number; it is still
V.1.10.

We have modified the content of the node 2f2b in the
EW part of the “Processes” tree; see Fig. 7. The node 22b
contains menus for fifi — HA, H — fifiA and fiA —
f1H, which in turn are branched into the nodes for scalar
form factors and helicity amplitudes. Contrary to the pre-

@Root
¢ I SANC
o= [@ QED
¢ & Bv
o- [@ Precomputation
¢ = Processes
o- [E 3 legs
¢ @ 4 legs
o- [ 4f
¢ & 2f2b
¢ & Neutral Current
-@Eff->AA
- AA->ff
¢ EfMMf1->HA
Foaf1 f1 => HA (FF)
Foaf1 £1 => H A (HA)
e @ H->f1f1A
FoaH -> 1 f1 A (FF)
i H -> 1 f1 A (HA)
¢ Ef1A->f1H
Fo1f1 A => f1 H (FF)
Foaf1t A =>f1 H (HA)
-@Eff->ZA
-@Ef1f1->22
-@Ef1fl->HZ
o-@H->f1f12Z
o- [@ Charged Current
o [ QCD

Fig. 7. New processes in the f fbb sector



92

D. Bardin et al.: Electroweak radiative corrections to the three channels of the process fi fi HA — 0

sentation in Sect. 2.7 of [11], we use now the Born level
structure given by (58) of [11]. As a result the FF F,,; gets
redefined and therefore the HA for the decay channel H —
f1f1A become different from those given in (55) of [11] in
the parts with F;. All processes are implemented at Level
1 of the symbolic calculations using FORM3, and Level 2,
where the s2n.f package produces numerical results.
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