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M. Beccaria,? F. M. Renard,’ and C. Verzegnassi‘t’5

'Dipartimento di Fisica, Universita di LecceVia Arnesano, 73100 Lecce, Italy
2INFN, Sezione di Lecce, Lecce, Italy
3Physique Mathématique et Théorique, UMR 5825, Université Montpellier II, F-34095 Montpellier Cedex 5, France
4Dipartimento di Fisica Teorica, Universita di Trieste, Strada Costiera 14, Miramare (Trieste), Italy
SINFN, Sezione di Trieste, Trieste, Italy
(Received 7 October 2004; revised manuscript received 13 December 2004; published 23 February 2005)

We consider various processes of single top production at LHC in the theoretical framework of the
MSSM and examine the role of the supersymmetric electroweak one-loop corrections in a special
moderately light SUSY scenario, in an initial parton-pair c.m. high energy range where a logarithmic
asymptotic expansion of Sudakov type can be used. We show that the electroweak virtual effects are
systematically large, definitely beyond the relative 10% size, particularly for a final tH~ pair where a
special enhancement is present. We show then in a qualitative way the kind of precision tests of the model
that would be obtainable from accurate measurements of the energy distributions of the various cross

sections and of the top polarization asymmetries.
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I. INTRODUCTION

The process of single top production in proton-proton
collisions has recently been described in detail [1] and its
relevance in theoretical models of electroweak physics has
been stressed with special emphasis. In the particular
framework of the standard model, the relevant final pairs
can be (at partonic level): (1) a top and a light quark
(t-channel production), (2) a top and a b (s-channel pro-
duction), (3) a top and a W~ (associated production), and
the corresponding Feynman diagrams at Born level are
shown in Fig. 1 and 2. As stressed in Ref. [1], from precise
measurements of these processes the first direct determi-
nation of the CKM Wtb coupling at hadron colliders will
be obtained, which already motivates the existence of
dedicated experimental and theoretical studies.

The theoretical analysis of the first two processes has
been performed in a number of papers, both within the S-M
and beyond it, with special emphasis on the production at
TEVATRON [2]. The third process will only be measured
at LHC, and to our knowledge a detailed theoretical study
at the perturbative one-loop level, valid, in particular, for
the MSSM, does not exist yet.

In this paper, we shall assume a preliminary discovery of
supersymmetry at LHC (perhaps already at TEVATRON)
and a SUSY scenario of a “moderately” light kind, in
which all sparticle masses lie below, say, approximately
3—4 hundred GeV. Our aim will be that of showing that,
under these conditions, single top production at LHC might
provide crucial, accurate precision tests of the candidate
theoretical model. For this preliminary analysis we shall
stick to the MSSM, but our treatment could be modified in
a straightforward way to examine less simple supersym-
metric proposals.

In our analysis, we shall consider “large” values of the
initial parton-pair c.m. energy +/s, typically of the 1 TeV
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size. There exist two main reasons that motivate our
choice. The first one is that within this energy range we
shall feel entitled to make use, at the one-loop perturbative
level, of a simple asymptotic logarithmic expansion of so
called Sudakov kind, whose validity in the MSSM is
related to the assumption of a light SUSY scenario, so
that s/M? (the typical parameter of the logarithmic expan-
sion) is of order 10 (M is the heaviest SUSY mass of the
scenario). The second one is that, for ﬁ values much
larger than the final 7z, W masses, remarkable kinematical
simplifications arise whose theoretical origin will be
shown. These make, in particular, the treatment of the
associated production process much simpler, and allow to
understand the potentialities of its relevant supersymmetric
effect from inspection of short analytic formulas.

The plan of this paper will be the following. In Sec. IT A
we shall briefly derive the expressions of the electroweak
Sudakov expansions at one-loop to next-to-leading order,
i.e., retaining the squared and the linear logarithmic terms,
for the #- and s-channel processes. For the latter, a partial
MSSM calculation of the Yukawa effect is already avail-
able, in an arbitrary c.m. energy configuration where in
general all the parameters of the model will enter the
theoretical predictions [3]; our calculation will include
logarithmic terms of several origins, but owing to our
energy choice a strongly reduced number of parameters
will remain in the relevant expressions, as we shall show in
detail. Section IIB will be devoted to a more accurate
description of the determination of the Sudakov expansion
for the so called associated W production process. Here, as
we said, a theoretical calculation in the MSSM is not
known to us; independently of this, we shall comment
anyway on a few special features of our expansions, in
particular, the simplifications due to the choice of a high
energy regime. Within the MSSM, another process to be
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added to the previously considered ones seems to us to be
that of tH™ production. This has also been already studied
in an arbitrary energy configuration [4—6]; we shall derive
here in Sec. I C only its electroweak logarithmic Sudakov
expansion, to be compared with the three previous ones to
have a more complete description of the asymptotic single
top production at LHC.

A final topic that seems to us to deserve some consid-
eration is that of the single top polarization. This is auto-
matically fixed in the ¢, s channel processes in the chosen
high energy region where the final top must be of left-
handed type; this feature is not valid for tW~ and tH™
production. As a consequence, one may in principle con-
sider longitudinal polarization asymmetries for these pro-
cesses. In Sec. IID, we shall derive the asymptotic
expressions of these quantities, that will turn out to be
relatively simple.

Having at our disposal all the relevant asymptotic ex-
pressions for the four considered processes, we shall then
devote Sec. III to an investigation of which kind of preci-
sion test of the model could be provided by realistic
experimental measurements. This will be done in a neces-
sarily qualitative way, exploiting the available preliminary
conclusions of Ref. [1], assuming that the distributions in
/s can be determined with a certain accuracy in our chosen
range. Our presentation will remain for the moment at a
qualitative level. In fact, the purpose of our paper is mostly
that of showing the possible relevance of measurements
that appear to us, at least in principle, performable, and to
encourage an experimental performance like that indicated
in Ref. [1]. This point will be discussed in the final con-
clusions, given in the short section IV.

II. SINGLE TOP PRODUCTION

As we said, this section will be devoted to a derivation of
the asymptotic electroweak expressions for the four con-
sidered processes. To save space and time, since the major
part of the relevant technical definitions and properties has
been already exhaustively illustrated in previous papers
[7], we shall quickly write the final formulas for the
(t,d), (t,b) and (1, H") processes, that have already been
studied in the literature (but not in our chosen scenario) as
we anticipated. The treatment of the final (¢, W) pair will
be slightly more detailed since for this process, as we said,
we are not aware of a theoretical investigation in the
MSSM, and also since in this case the benefits of the
chosen high energy configuration deserve, in our opinion,
a short mention.

A. T, S channels single top production
1. bu — td with W exchange in the t channel

We begin with the t-channel process represented in
Fig. 1(a) at Born level. As one sees, there is only one
diagram with W exchange in the t-channel, ¢=
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FIG. 1. Born diagrams for (a) #-channel process bu — td and
(b) s-channel process ud — tb.

(p» — p,)*. The corresponding scattering amplitude is

2ma
——luld, 7)y* P , A
S%V(t_ m%v) [u( 7)7 Lu(u )]

X [I/_l(l, T)’yMPL”(b) )\)],

where A, A, 7, 7/ are the b, u, t, d helicities, Pgr; = (1 =
¥°)/2 are the projectors on R, L chiralities ans sy, is the
sine of the Weinberg angle.

It is convenient to work with helicity amplitudes
F) v ;. retaining only the top mass and setting all the
remaining masses equal to zero leaves one single ampli-

ABorn —

(2.1

4
prom _ — _4masVB 2.2)
sy (t — myy)
with B =B =1 -
The expression of the differential cross section is
do B
= F [ 2, 23
d cosf 11527rs Sp;{)ll AN 1T | ( )
which becomes after color average:
Born 2 2
do B macs 2.4)

dcosd 8siy(t — m3)*

At one-loop, the Sudakov electroweak corrections can
be of universal and of angular dependent kind, and we
follow the definitions of [7].

The effect of the universal terms on the helicity ampli-
tude can be summarized as follows:

. 1 —
FUniv _ = pBom _ E[cew(bb)L + ¢ (uit),,
+ ¢ (dd); + (1), ] (2.5)

where

c(qq), = c¢"(G q); = c(qq, gauge); + c(qq, yuk),,
2.6)
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c(dd, gauge); = c(uii, gauge),

1 + 26¢%
- —oz( R C;V) <2 logi2 — log? %))
144 sy cyy miy miy

2.7)
c(bb, yuk), = c(tf, yuk),
2
o S m
=~ llog—=- || 21 + cot?
Tk A
+ m—i(l + tan?) 2.8)
e

Note that we use my, as a scale for the log term. This is
mandatory for the squared log which arises from W loops.
For what concerns the single log, as we do not consider
“constant terms’’ this a matter of choice and we decide to
keep my as a scale for the above terms.

The angular dependent terms have the following expres-
sion:

Fag  — pBom [eang ] 2.9)
1+ 8¢ -
@g:_%_ggﬁ@%lﬂbg;}
18msycw s miy,
1 — 10c% —t
— o~ 106y) [1 }[log—} 2.10)
36msycy s miy
At high energy we have t = — (1 — cosf) and u = — 5 X

(1 + cosh).

There are also SUSY QCD corrections, only of universal
kind. We shall treat them as “known’ terms for what
concerns our search of electroweak effects; at one-loop,
their expression is not difficult to be derived, and reads

2a log s
Miysy

FUnivSUSYQCD — pBomn. _[ } (2.11)

3

In addition to the previous terms of Sudakov type, there
are at one-loop known linear logarithms of renormalization
group (RG) origin, whose expression we quote for

completeness:
1 dFBom s
FROG = [ 430 }[log }
4 M3,
zjibﬁr@%%} 2.12)
sy (t — myy) My,

using the lowest order renormalization group S function
for the gauge coupling g = e/sy: B° = — % in MSSM.

2. ud — th with W exchange in the s channel

Neglecting again all quark masses with the exception of
m, one finds from the Born diagram of Fig. 1(b):
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252,(s — m3,)
X [t T)yMPLv(l;, )]

There are now in principle two helicity amplitudes

ABom — [1_)((?, /\l)‘y’U“PLU(u, /\)]

(2.13)

FA,A’,T,T’:

2mas 1 + cos@

s (s — m3,)

2mam/s+/B sind

FBom = — : (2.15)
+++ S%V(S _ m%}v)

where B =1 — (m?/s).

Note that the second amplitude FB™ , is depressed
with respect to the first one by the factor m,/./s, so that
in our chosen configuration it will be treated with some
approximations, neglecting its one-loop corrections.

In the differential cross section the two contributions
will be

do B 5
/ , 2.16
dcosﬁ 12877'5'8;}' A TT| ( )
dO.Bom . ,827Ta2S

m2
———— T a0 T 2 M2
dcosd  32s%,(s — m)? [(1 cosb) " sin 0}

(2.17)

where the first term comes from F_,_, and the second
one comes from the ‘“‘depressed” amplitude F_, ., that
will be retained in Born approximation. For the relevant
amplitude F_, _ ., we obtain the following effects:

FUmv

Born
Univ = F

1 _
i E[Cew(bb)L + ¢ (uit),,
+ ¢(dd), + ¢ (t1), ] (2.18)

with the expressions of the various c,, given for the
t-channel case and

ang
F23 o=

a?(1 + cos6) |:1 s

g7 ||| 4000 + 2.0

4s%v
2 8% + —t
+gdLgbL2 ZguLgtL:|10g_i|
SwCw s
Z o7 Z ,Z
8ar8iL T 88
- 40s0 + 0,0,) + FEL" Fukin |

wECw
X log_—u}},
K

with g%, = 21 — 253,0,.
We list also the SUSY QCD logarithms:

2a s
FBom. [— Lo og—>— } (2.20)
L 37 My

(2.19)

FUmvSUSYQCD
—+—+
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and those of RG origin:

1 0 a’FB‘Lrn n s
P == o] a8 Jroggr
2J/B(1 + coso
- \{E( CZOS )log > 2.21)
2s3,(s — myy) My,
using B° = —i in MSSM and choosing My, as the RG

scale, which seems to us justified at our logarithmic level.

For the 7- and s-channel processes, the logarithmic
effects at one-loop are fully summarized by Egs. (2.5),
(2.6), (2.7), (2.8), (2.9), (2.10), (2.11), (2.12), (2.18),
(2.19), (2.20), and (2.21). They represent an original result
of this paper, and provide an effective simple representa-
tion in the scenario that we have chosen, valid, we repeat,
to next-to leading logarithmic order. As one sees, the
welcome feature of the formulas is that in the logarithmic
expansion there appears only one SUSY parameter, tang.
This would allow a remarkably simplified test of the

model, that will be discussed in the next Sec. III. |
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B. Associated ¢, W production: bg — tW~

We now move to the process to which we devote, for
various reasons, a more detailed description in our scheme,
i.e., the so called associated (¢, W) production. Figure 2
shows that now there are two Born diagrams, one (a) in the
s-channel with exchange of a bottom quark and one (b) in
the u = (p, — pw)? channel with exchange of a top quark.
Denoting by p = |p,| = |pw| the modulus of the final c.m.
momentum, we define

_2r 0 _ 2%
B 7 B 7
(2.22)
o [Emmrem,
" E, +m, (\/_—i-m,)z—mw

and the W coupling — gy (v, P €}) with gy, = e/sw/2.

Neglecting all the quark masses with the exception of
the top one, one gets the helicity amplitudes F, , y ,» with
the helicities A(b) = £1/2, u(g) = *£1, A'(r) = =1/2,
p' (W)= u' = =1 for transverse W; or u/(W) =0 for
longitudinal W, respectively.

1
B _
F)‘(;Lm)fl = EgWLgs b

1_

0
+2u(u + 2/\)sin2§i|6“/ -

o
— /(1 + 2/\M)cos2ﬂ5A,N},

AN (s + m,)? — md, 1+r
K 5“{ 2

0
cosi[l + up' cosf + 2A(u + u' cosh)

0
di sin§|:2/\(l + up' cosf) + u + u'cosd

(2.23)

A pA%0 M2
N 1—r

FBorn b

FBoma — o o <2><\/(\/_ 5+ m)? — m

0
(1 + 2A) cos_ (5 — B"’)%-y},

A A

Mu — m?) m; ) 2
(1~ cost)(up! + )~

~ (1~ cost)(u' + wB)eosn o, +

_ gwgs (N \/<f+mt>2—mW5A (e
- L

>5A,L{1 T (u +2A) sm— (,3 + B8, x

(2.24)

1— 891+ puu'(2cosd — 1) — 2A(u + u'))
wp' (B + cosf) — (1 + Bcosh) + 2A(u(1 + Bcosh) + u'(B + cosh)

0 0
r’{(l — ,8’0)[—2,u’0032§ + u + p cosf — 2)\<2,uu’cos2§ +1

0 0
+ uu' cosf) | — u(l + Bcosh) — u'(B + cosh) — 2c0s2—(,u[3 + u') —4x(up’ + B)cos® =
2

+ 2Auu’(B + cosf) + 2A(1 + Bcos@)} sinS 6, _y + —

1+r
T2 + ) + 6y ——

sm (,u —u 200+ pu’ +F2uu cosH))D

2m,

1- 0
7 [6“/ 5 ki cosf(— 1+ puu'(1 —2cosh)

(2.25)

033005-4



ELECTROWEAK SUPERSYMMETRIC EFFECTS ON HIGH ...

Born b
F)\ A0

ﬁ)(s\/(\/? +m? — ’"%V)a {1 v

= gWLgs<2 AMy( — ml)\/— 2

1_
+
2

— w(l +2cosf)) — BRA+ w) + )y —— 3

where A/ are the color matrices associated with the gluon
and g, is the QCD coupling constant.
With the color sum Z,Tr[(%l)(%[)] = 4 the cross section
is
do B
dcosf ~ 7687s Zl il

spins

(2.27)

In our special scenario we are allowed to neglect m,//s,
my /+/s, but not m,/My,. This leads to a remarkable sim-
plification of the previous expressions, that become now:

Al 0
F];‘;;n a,u g gWLgS(E) COSE(I + 2)\#)5,\@ (228)

1

A 0
FBom b 8WL85£<?> cos; (2Apcosd —1)8,,, (2.29)
u

A, A

/\l
FAB‘}i“A“o*gWLg( ) AL J_f Sln—(,u+2)l) (2.30)
W

Al NG
FBom f’ —gWLgS<—>5 { s1n— (,u, +2A0)8,
A, A0 2 \/z W
+ cos—(l +2Au)é
oM M,y )0\, -2
2m 0
- MWt Y cosE(,u +2A)
1+ 2Apcosd
_ 2.31
1 + cos6 } 2.31)
g w- 9 ¢

b

() (b)

FIG. 2. Born diagrams for (a) s-channel and (b) u-channel
contributions to the process gb — tW™.

sm— (1 + c0s6)2B[n(B —

2 1-
Cos— 2,8[(1 +2Apcosf)(1 + B — BO) +2Au + cosf]5, _y + mt[(SM/

1+r,
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BO+1) + 2418, v

T Q 10
7 3 st(,B (2A

SE(—ﬁ’O(l —2au(1 — 2c0s0) — B + 2)@)}}, (2.26)

|
Explicitly, the only remaining amplitudes are

AN 2
FE°1‘L“_+b—>gWLgS<2> 7 232)

COS*

A )
FBom a+b gWLgS(E)ZcosE, (233)
AN2m,  6/1 —cosb

FBorna+b_, - t e ) 2.34
B gWLgS(Z) My, O\ T+ coso (2.34)

They provide a rather simple expression of the differen-
tial cross section:

d O.Born

2.2
T, 5 , | mit
- —>——2[s +u +—} (2.35)

24s%,us 2M3,

The electroweak Sudakov terms at the one-loop level are
now relatively simple to compute and to show. More
precisely, we obtain for the universal component for trans-
verse W, production:

Univ
F= sy T M

— FBom_ ,{ (" (bb), + c™(17),)
cew(WT)} (2.36)

where c(bb), c(f) have been already defined by Egs. (2.6),
(2.7), and (2.8) (following the notations of [7,8]) and

ew — @ _ 2 s
C (WT) = 4775%,[ 10 M—%V:|’

and for longitudinal W, production:

(2.37)

. 1 _
A F§?53,+,0[5(Cew(bbh + c(thg) + CeW(Wo)}

(2.38)
where
a(l+2ce s s
W(Wp) = = (225 )| nglog—5 — log?—— | (2.39
0 =2 (o e e o g | 02
with ng = 4,0 in S-M and in MSSM, respectively.
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For the electroweak angular terms we find

n . o N —t
s [ ]

z Z

8prL8iL 1 —u
X + + — log—
|00, + S [ o

om o S —1
=] = o oeagr | oe |

1-10¢%,7 1 . —u
X[Tsz 2 }*?“’gﬂ’
wsw w

(2.40)

S
Fang — FBorn _ o loo——
—+,+,0 —+,+,0 2477_6%[/ gM%V

4 - 1-10¢},
X {[— log—} - log—u}. (2.41)
3 s Sty s

There are also SUSY QCD universal terms:

. @
FEH;ZS—U;SLYQCD — pBorn _ s logi (2.42)
PR 3m TMiey
FURIVSUSYQCD _ rBom [_ o log s ] (2.43)
—+,+,0 -++0 '
L 37 M%USY

For this process, there are no one-loop electroweak (ew)
RG terms.

A few comments are now appropriate. The first one is
that we have obtained a great lot of simplification neglect-
ing systematically terms of order m,//s in the components
of the helicity amplitudes. This is in agreement with the
general strategy of our asymptotic scenario, that assumes
\/s to be sufficiently larger than all the masses of the
process and will retain only the two leading logarithmic
terms of the Sudakov expansion. For a different scenario,
e.g., one where /s is smaller, the remaining components of
the cross section must be retained and the theoretical
formulas will be more complicated. Their computation
might be necessary if for instance the (optimistic?) as-
sumption of light SUSY were not verified. Then the region
of large /s would have no special reasons (of Sudakov
origin) to be privileged, and thus a complete one-loop
calculation would be imperative, to be used for instance
in a relative low /s range where a Sudakov expansion
would certainly not be acceptable. This can certainly be
done, but in our optimistic attitude we will now show
which interesting features might arise from a measurement
of the process at LHC, if our chosen scenario were (kindly)
chosen by Nature. The second point concerns Eqs. (2.34),
(2.38), (2.39), and (2.41). As one can verify, they are in full
agreement with the equivalence theorem which states that,
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neglecting M%,/s terms, the expressions for longitudinal
W, production are identical to those for the Goldstone
boson G~. This can be seen by taking the expressions
written in the next subsection IIC for tH™~ production
and replacing M% with M% = M%,, m, cotf with m,, and
my, tan B with —my,, and this constitutes a positive check of
our calculation.

In fact, having concluded the study of the production in
the MSSM of a top and a W boson, it seems almost natural
to enlarge the treatment so as to include a process which is
tightly connected with it, i.e., that of production of a top
and of the charged Higgs of the model. This process has
been already studied [4-6]. In particular, in [5] one can
find an exhaustive discussion of the SUSY QCD correc-
tions, particularly relevant in the large tan8 limit. In the
next subsection II C we shall show that the purely electro-
weak supersymmetric corrections considered in [4], but not
treated in [5], are also very important especially in the
electroweak Sudakov regime of the LHC in which we are
interested.

C. Associated ¢, H™ production: bg — tH™~

This process is similar to the longitudinal part of the
previous process bg — tW™.

There are two Born diagrams like in Fig. 2, but replacing
the final W~ by the H™, (a) s-channel with bottom quark
exchange and (b) u-channel with top quark exchange. We
use the same notations as before with u = (p, — py)? and
define:

B = @ Iglo = %
NC Vs
(2.44)
.= Dt _ (Vs — mt)2 - m%i
" E, +m, (Vs + m)? —m%’

and the H~tb coupling (e/~2swMy)[m,cotBP; +
my, tanBPg].

Neglecting the quark masses, except m,, one gets the
helicity amplitudes F, , » with the A(b), u(g), A'(¢) helic-
ities, respectively:

Born a
EYo =

eg, (%’) \/(JE + ms,)2 — mj

swMyw

1—rN\ . 6
X{2)\< 5 ')smESMI

1+r 0
+< 5 t)coszé)\,/\,}

X 8 ylm,cotB8, ; + mytanB6, g,

(2.45)
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AN (5 A+ m)? — 1+ 6 1- 6
\/(f ) mH{ ,5/\‘#[<—r’>sin§2/\5/\,,\/+< 2rt>cos—6)\,_/\/}

0
’) sing. 3, [~ 2A)p,(1 + cos)8, s + (2A)(prcost = E, + V53, ,]
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2 2

(2.46)

1+
+ ( > rf) cosg 8y -nlp(1 —cosh)d, _, + (p,cosd — E, + \/5)5)\,#]}[’"; cotB8, + mytanB8, ]

2

With the color sum Z,()‘%)(’\%) = 4 the cross section is

Zl /\,u/\’l2

spins

do B

2.47
d cosf 76877' ( )

neglecting m,/+/s, my/+/s, but not m,/my, nor m;,/ My we
have

1 1 —
FEorn)\aH; egf\/— A COSQ cosd
K swMywy 2 2\1 + cosf
X 8)_y6y_plm,cotBd), + my,tanB8, gl
(2.48)
explicitly
tB (A 0 /1 — cosf
FBorn at+b _, _ €8s, co -~ e ) 2.49
o swMwy 2 COSZ 1 + cosé ( )

FBom ath _, _w@’)C 0(1 — cosé

— , (2.50
swMwy 2 OS2 1+cos9> ( )

dg®m _  maa s(m?cot’B + m,%tanz,B)z‘2 251)
d cos¢9 4853, M2, us* '
Moving to one-loop, one finds in our scenario:
(a) One-loop electroweak universal terms
. 1 _
PO = PO S B, + e i)
+ c“’_vf+‘+(H_)} 2.52)
Univ _ gBom 1 ew(hh ew
FUN = F0 E(C (bb)g + ¢ (11)L)
+ caw,'_,_(H—)} (2.53)

with

| ™ ((HT)=c¥ _(H)

1+2
= - <7CW> 1og2i2} (2.54)
32s%,c3, My,
(b) One-loop electroweak angular terms
. 4  —t
F*"¢ = FBom [— _* }[logi}{[— log—}
o AR 247cy, M3, |13 s
1 —10c3 -
!
Sty s
o —u
lo log—
el e

- é[log?}}. (2.56)

Again, there are no one-loop ew RG terms.
(c) One-loop SUSY QCD universal terms

ang — rBorn _
Fﬁ*.* - F+,—,—|:

UnivSUSYQCD S
PO = o | = 2 log |
T SUSsY

(2.57)

Fl_:m_vS_USYQCD

" log—5— u }
377 Mgysy J

(2.58)

FBorn |: —

As shown in [9] for the decays t — bH', H* — tb and
in [4,5] for this bg — tH™ process, in addition to the
SUSY electroweak and QCD contributions coming from
loop diagrams, there are important renormalization terms
in the large tanB limit which affect the Born value
Eq. (2.50), namely, one should replace mjtanf3 by
my tanB/(1 + A,). The explicit expression of A, in terms
of the various mass and mixing parameters is given in [5].
This correction becomes important when masses are not
degenerate and tang is large, so that we will keep track of
this term in the applications that we shall make in Sec. III.

The (long) list of equations that we have derived in this
three subsections provide the relevant asymptotic expres-
sions of all the cross sections of the four considered pro-
cesses of single top production. They represent an original
result of our paper, that cannot be compared with other
one-loop formulas since these do not exist, to our knowl-
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edge. Note that the standard model result can be easily
reproduced by our equations with the simple formal rules
that have been already discussed in previous references and
that correspond essentially to the following replacements:
for the gauge part: 2log(s/M3,) — log*(s/M3%) —
3log(s/M3%,) — log?(s/M3,), and for the Yukawa part:
2m2(1 + cot? 8) — m? and 2m?(1 + tan?B) — m? in the
heavy quark case; m?(1 + cot?’8) — m? and m7(1 +
tan?3) — m3 in the Higgs and Goldstone cases.

In our study we have not considered until now the
possibility of defining different observables, e.g., exploit-
ing the fact that the polarization of the final top should be,
in principle, observable [1]. This might lead to the defini-
tion of longitudinal polarization asymmetries already con-
sidered in the case of top-antitop production [10]. As a
matter of fact, such observables should not provide excit-
ing information (apart from possible tests of the V-A
structure) for the first two ¢, s-channel processes, where
at high energy the final top is supposed to be essentially of
left-handed type. But for the two remaining processes this
property is a priori no longer valid, and the production of a
right handed top is not forbidden. This is made possible by
the nature of the other particles produced in association
(i.e., either a longitudinal W boson or a scalar charged
Higgs), that breaks chirality conservation. We have thus
decided to devote the next section II D to a collection of the
relevant formulas for the related polarization asymmetries.
Again, we remark that, to our knowledge, these formulas
do not exist in the literature. Also, a preliminary discussion
of the expected experimental and theoretical uncertainties
of their measurements, which exists for the four unpolar-
ized production cross sections [1,11] is not yet available.
Therefore our formulas should essentially be considered as
a theoretical proposal. The reason why we decided to show
them is that we believe that they exhibit some interesting
features, that would deserve, in our opinion, a further
investigation performed in a more realistic approach.

D. Top polarization asymmetries in ¢, W~
and ¢, H™ production

We define in general

a(6) = {da’l °P(pg — 1, Y7) do'*P(bg — tRY)}
! dcosf dcosf
/[a’a1 loop(pg — 1, Y7) N do'1°P(bg — tRY)}
d cosf d cosf '
(2.59)

where Y = W or H.
In the two considered processes we shall have

N Ve | UL O
t . az( )_ 2 2 2
|Foe P+ IF i P+ |F ol
(2.60)
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FIG. 3. Born values of the final top quark polarization asym-
metry for the two processes bg — tW™ or tH™ . Notice that in
the first case the asymmetry is independent on tanf, but is
scattering angle dependent. In the second process, these features
are reversed.

e ey
|Foe P+ IF_ s

tH™ : a,(0) = (2.61)
The asymptotic expansions at one-loop of the various
helicity amplitudes that enter Egs. (2.61) and (2.62) have
been already derived in Secs. II B and II Cand therefore we
shall not write the one-loop expressions of the asymme-
tries. It might be useful, though, to observe that a,(#) in
both cases is not vanishing at Born level. More precisely,
we obtain the following expressions

2
52+ u? — 512

2
W a®mg) = 2Mw (2.62)
s+ u? + —Z"A;’%V 2
Zt 2 _ 2 t2
tH- - qPom(g) = TR B T micot B o3

m2tan’ B + m?cot’

Note that both asymmetries are energy independent at the
Born level. Their behavior as functions of cosé@ (for final
tW™) or tanB (for final tH ) are shown in Fig. 3.

We have now concluded the list of the asymptotic
Sudakov expansions of the considered observables of
single top production. All the formulas have been given
at the partonic level. In the following Sec. III, we shall try
to derive more realistic predictions for the observable
physical processes.

ITI. APPLICATIONS TO OBSERVABLE
PROCESSES

A. Unpolarized cross sections

We shall begin our analysis with the investigation of the
electroweak one-loop effects in the four considered unpo-
larized cross sections. With this aim, we shall first provide

033005-8



ELECTROWEAK SUPERSYMMETRIC EFFECTS ON HIGH ...

a calculation of the inclusive differential cross section of

the actual processes, defined as usual as (Y = d, b, W™ or
H™):

dO'(PP_’ tY + ) . 1 €O80ynax
ds S f

dcost9|:ZL,~j(7, cosf)

€086in i

% M(s)} 3.1)

dcosf

where 7 = £, and (i) represent the initial partons of each
process. L;; are the corresponding luminosities

L;(7, cosf) = fy y‘" dy[i(x)jG) + j(x)i(%)} (3.2)

where S is the total pp c.m. energy, and i(x) the distribu-
tions of the parton i inside the proton with a momentum
fraction, x = \/s/_Sey , related to the rapidity y of the 7Y
system [12]. The parton distribution functions are the 2003
NNLO MRST set available on [13]. The limits of integra-
tions for ¥ can be written

1

1
Vmax = max{O, min[Y 5 logy, Y + 3 logy,

- 10g(\/;)“?min
3.3)

= 7 Ymax»

where the maximal rapidity is Y = 2, the quantity y is
related to the scattering angle in the ¢Y c.m.

1 + cos®
=— 3.4
X 1 — cosé 34
and
4p%
COSOpin max = 4|1 — L Lmin (3.5)

s

expressed in terms of the chosen value for pr i, which
gives the integration limits for cosé in Eq. (3.2).

The results of our analysis are shown in Fig. 4 (energy
dependence at various tan3) and Fig. 5 (tan$ dependence
at two special energies /s = 0.7 and 1 TeV). The value of
Pr.min 18 always chosen to be 50 GeV. As one sees clearly
from the figures, there are two main general features that
emerge, i.e.:

(a) The one-loop SUSY electroweak effects are system-
atically large (well beyond the 10% level) in the
considered energy range, particularly for the # chan-
nel process and for the tH~ process, where they can
reach the 40% level for tan = 50. In this last case,
they are as important as the SUSY QCD renormal-
ization effects considered in [5].

(b) The effects are strongly dependent on tanB. They
have a minimum value for tanf = 10, then they
increase regularly for either smaller or larger values.
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FIG. 4. Percent correction to the (unpolarized) cross section
do /ds due to the full set of Sudakov logarithmic corrections. We
show the curves for the standard model and for the MSSM at
three reference values of tang.

Encouraged by this preliminary information, we have
tried to perform a y? fit to tan3 assuming a reasonably
realistic experimental determination of the /s distribution,
which also takes into account expected theoretical uncer-
tainties. With this purpose, we have proceeded in the
following way. First, we have separated the first three
processes of single top production (i.e., td, tb and tW™)
from the fourth tH™ case. For the first three cases we have
followed the pragmatic attitude of assuming, from the
general conclusions given in [1], that the measurements
of all the cross sections can be performed in the energy
range 500-1500 GeV (with 20 GeV binning) with an over-
all (theoretical and experimental) accuracy of 10%. In fact,
an ambitious final goal of 5% was mentioned in these

20 Ao T
b e buotd ] ud—>t(h .
25 4 5B E
30F = T
- 35F 4 sk 3
[<B ] E ]
< F \ \ \ \ 3 E \ \ \ \ ]
[T AP I BN B RV TR I P P
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|53
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® C bg—>tW b E E
R e 4 I5g E
E S ] = E
200 ™ sk E
n 1 30F ]
251 ] E E
s 1 -BE E
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tan p tan B

FIG. 5. Percent correction to the (unpolarized) cross section
do/ds due to the full set of Sudakov logarithmic corrections. We
show the curves in the MSSM as functions of tan8 at two
reference energy values /s = 0.7, 1 TeV.
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conclusions, so that we might say to have followed a
reasonably conservative attitude. With this overall uncer-
tainty, we have obtained the results of combined conven-
tional y? fit that are shown in Fig. 6. In more details, we
define for Y = d, b, W~
do
@Y(S, tanB) :d_(PP_'tY—i_ "'), (36)
s
as in Eq. (3.1). Then, for each true value tanB* of the
unknown tanS, we compute

<(9Y(s, tanB) — Oy (s, tan,B*))2

oy(s, tanB*)

x*(tanB, tanB*) = Z

Y,s

3.7)

where the sum over s runs over the above range of /s and
the assumed experimental error oy is fixed by the request
of 10% accuracy. Of course, y*(tanB* tanB*) = 0. We
now vary tanB until we have y*(tang, tan8*) = 1. This
determines two values tanB = tanB* + AL with A, >0
and A_ < 0 shown in Fig. 6.

As one sees from Fig. 6, the determination of tanf
performed in this way might be remarkably successful, in
particular, for the large tan = 20 region, which is ex-
pected to be poorly determined at the LHC time [14]. Here
the error of the fit will be reduced, under our working
assumptions, to the small (2—-3)% value for tan8 = 50.
Although, we repeat, our preliminary analysis has been
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FIG. 6. Results from the x? analysis of the tan8 dependence of
the cross sections for the processes bu — td, ud — th, and
bg — tW~. A 10% precision is assumed on all the three pro-
cesses. For each hypothetical true value of tan 3, the figures show
the Ax? = 1 boundaries tan8 + A. (shown in the inset plot)
and the corresponding relative error defined as % X
(Ay — A—)/tanB. The figure is cut at the upper limit of 25%
since for larger values of the accuracy, the present derivation of
the confidence bounds deserves a more detailed treatment.
Actually the accuracy is minimum around tan8 = 6 and is again
better than 25% when tan8 < 3. To avoid confusion we have
shown the results of the analysis for tang8 > 20.
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undoubtedly qualitative, we believe that this result could be
considered as a first encouraging step.

Before presenting our results for the (¢, H™) production
process, a few preliminary remarks seem to us to be
appropriate. The first one is that, using the notations of
Ref. [5], we have limited our investigation to the ‘“‘inclu-
sive” process, i.e., gb — tH~ (the same we did in this
paper when we considered the inclusive tW™ production).
In Ref. [5] this process has been determined to NLO in
QCD, including the SUSY QCD corrections, for a general
c.m. energy configuration. The results of the analysis show
that the dominant higher order SUSY QCD correction is
not due to virtual loops, but rather to an effect of ““coupling
renormalization’ type, that can be described by a constant
(c.m. energy independent) parameter defined as A, [Eq. (7)
of that reference], that depends on several MSSM parame-
ters. For certain choices of the latter (like, e.g., large gluino
masses) the effect of A, on the cross section can be rather
large; more precisely, it can produce modifications in the
3040 percent range that cannot evidently be neglected and
must be accurately taken into account in any realistic fit to
the data.

The second remark that we want to make is that the
calculation of the virtual electroweak SUSY corrections to
the inclusive (tH ) process at high energy that we have
performed is not appearing in Refs [4,5]. We repeat again
that our analysis is truncated at the next-to leading loga-
rithmic order, where only the first two (quadratic and
linear) terms of a logarithmic expansion are retained, since
for a preliminary indicative investigation we believe that
this approximation should be sufficient.

After these remarks, we are now ready to show the
results of our investigation. Briefly, we assumed an expres-
sion for the inclusive cross section, written in analogy with
Eq. (3.1), in which the SUSY corrections contain both the
A, dependent component of Refs. [4,5] and our logarith-
mic corrections of Sudakov origin. The correction A,
actually depends on several MSSM parameters. An inspec-
tion of Table I in [5] shows that the largest effects are
obtained in a region of the parameter space that roughly
corresponds to large values of tanf8. In such an extreme
case, a simple parametrization of A, is

A, = 0.004 tanf. (3.8)
The coefficient 0.004 is fixed in order to generate a nega-
tive correction to the cross section of approximately (rela-
tive) forty percent for tan8 = 50 as shown in Table I of [5].
Of course, our choice is rather drastic, but we used it to
show the qualitative features of the competition between
this term and our electroweak components. Adding the
electroweak Sudakov correction, we have repeated the )(2
analysis performed in the previous case of the three (¢, d),
(t, b), (t, W) processes.

More precisely we have first simulated actual data for
do/ds in the process bg — tH™ by using our theoretical
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expression with the full set of logarithmic Sudakov cor-
rections as well as the term A,. These fake experimental
data are assumed to have an experimental error at the fixed
value of 20%, a reasonable choice as supported in [5].
Again, we considered values of /s between 0.5 and
1.5 TeV with 20 GeV spacing. As a second step, we
made a y? determination of tanB. With this aim, we have
made a fit to the simulated experimental data with different
theoretical representations labeled “A,”, “e.w.”, and
“e.w. + A,” according to the set of corrections that are
taken into account. The meaning of the three choices is the
following:

(1) do™/ds = do®¢/ds. We examine what would be
the bias and the confidence bounds in the determi-
nation of tanB when the electroweak Sudakov log-
arithms are not included in the theoretical
expression.

(2) do™/ds = do®™/ds. As before, but retaining in
the theoretical expression for the cross section
only the electroweak Sudakov logarithms. This sup-
port the statement that the correction A, is neces-
sary in any realistic investigation in points of the
parameter space where the extreme parametrization
(3.8) applies.

(3) do™/ds = do*¥"2v /ds. In this case, we use as a
theoretical representation, the expression with
which we generated the simulated experimental
data. Of course, there is no bias in this case and
the best estimate of tanB coincides with the true
value used to simulate the experimental data. Here,
we just compute the limits and compare them to
those obtained in the above two cases.

Hence, following the notation of Egs. (3.6) and (3.7), we

have considered, for this analysis,

O y(s, tanB) = fl—(s’(PP —tH +--°), (3.9
x> (tanB, tan 8*)kind
/O (s, tanB) — O T (s, tan B)\2
_ Z( e ) . (3.10)

where “kind” can be “A,”, “e.w.”, and “e.w. + A,” as
discussed above. Because of bias in the cases kind = “e.w.”
and “A,”, the minimum of y? as a function of tang at
fixed tanB* is not reached at tanB = tanB* and also it is
not zero, x2;, > 0. As before, we vary tanf until Ay? =
x> — x%;, = 1. This determines a confidence interval
tanB~ <tanB < tanB*. In the left part of Fig. 7, we
show the curves for tanB* for the various choices of the
theoretical representation of the cross section. In the right
part of the same figure, we plot instead the percent value of
the ratios (tan8* — tan3*)/ tanB* in order to emphasize
the bias. Of course, in the case kind = “e.w. + A,”, there
is no bias at all.
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FIG. 7. Results from the y? analysis of the tan8 dependence of
the cross sections for the process bg — tH . We show the
confidence limits tanB* (defined in Sec. IITA) on tanB and
the corresponding relative bounds (tan8* — tanB)/tan8 for
different choices of the theoretical representation of the cross
section as discussed in the text. In more details, the left figures
plots the two curves corresponding.

From the analysis of Fig. 7, several comments arise. The
various stripes obtained with different theoretical represen-
tations of the cross section have approximately the same
width, i.e., a £1-2% with respect to the central value. The
bias that is obtained when one of the two kinds of radiative
corrections is not included in the theoretical representation
of the cross section is about —10% for tan8 = 15 and
increases up to about —20% at tan = 50. These values
match the corresponding typical values of the corrections
themselves in the cross section.

It seems that we can conclude that the two kinds of
corrections, in this extreme case, have similar effects and
neglecting one of them would lead to a large error in the
estimated central value for tan3, even if the confidence
interval remains small. Of course, neglecting at all the two
corrections would be definitely unacceptable. If, on the
other hand, we accept that the sum of corrections
“e.w. + A,” gives a reliable representation of the data,
then we see that it is possible to estimate tan3 with a rather
small error in the range 2—4% for all the explored values of
tanS between 15 and 50. This remarkable feature is clearly
a consequence of the fact that the cross section depends on
tanB already at the Born level.

Of course, one must remember that the precise form of
the correction A, depends on several MSSM parameters
that are in principle not known. In practice, with no a priori
knowledge on the parameters entering A, (i.e., sbottom
squark masses, gluino mass, p parameter, ... ), the above
determination of tan 3 is expected to give a tight confidence
interval of a few percent with a systematic bias which is
roughly of the same order of the partially or totally un-
known correction due to A,,.
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B. Polarization asymmetries

To conclude our analysis we present now the results of a
determination of the 1-loop SUSY Sudakov effects on the
two polarization asymmetries defined at parton level by
Egs. (2.61) and (2.62). For this preliminary determination
following the treatment for the unpolarized case we defined
the inclusive asymmetries

dO'L d(TR dO'L dO'R
A = — +
(5) [ ds ds }/[ ds ds }

(3.11)

with

ds S Jcosbi i cosf
(3.12)

d 1 (050 doij.
TLR _ fwb dcosH|:ZLij(T, COS@)djiIL'RY(S) .

Figures 8 and 9 show the effect of the one-loop correc-
tions at variable energy and variable tanB. From these
figures one can derive the following indications:

(a) In the (r, W) case the effects varies, changing sign
with tan8, moving from a positive value of 2% for
tanB = 2 and reaching a negative value of approxi-
mately 5% for tan8 = 50.

(b) In the (¢, H™) case, the situation is rather peculiar.
The main feature that emerges is that the value of the
asymmetry at Born level is already tan dependent
and reaches the limiting values *1 in correspon-
dence to small ( < 6) or large tanf values. In this
ranges, one obviously finds that the one-loop effect
is practically vanishing. But the interesting fact that
one observes is that, looking at the sign *£1 of the
asymmetry, one would be able to fix the proper
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FIG. 8. Energy dependence of the final top polarization asym-
metry. In the top line, we show for the two processes bg — tW™,
bg — tH™ the Born values of the asymmetry. In the bottom line,
we show the percent correction due to the full set of Sudakov
logarithmic corrections. We show the curves for the standard
model and for the MSSM at three reference values of tang.
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FIG. 9. tanf dependence of the final top polarization asym-
metry. In the top line, we show for the two processes bg — tW™,
bg — tH™ the Born values of the asymmetry. In the bottom line,
we show the percent correction due to the full set of Sudakov
logarithmic corrections. We show curves for the MSSM at two
reference energy values /s = 0.7, 1 TeV.

range of tan B with extreme reliability. This property
of the inclusive (¢, H ™) polarization asymmetry has
not been, to our knowledge, stressed in the literature
and it seems to us that it would deserve a more
detailed investigation.

IV. CONCLUDING REMARKS

The basic assumption of this paper has been a direct
discovery of supersymmetry at LHC (perhaps already at
Tevatron), in a moderately light SUSY scenario, where all
sparticle masses m; satisfy the bound m; = M, with M of
the order of ~350—400 GeV. Under these conditions, we
have considered, in the theoretical framework of the
MSSM, four processes of single top production in the
kinematical configuration /s (initial partons center of
mass energy) ~1 TeV, that will be accessible at LHC.
The purpose of our study was that of investigating whether
measurements of distributions of cross sections or of other
observables, performed under realistic theoretical and ex-
perimental precisions, might lead to stringent consistency
tests of the electroweak sector of the model, at its pertur-
bative one-loop level limit. Our main tool has been the use
of a logarithmic Sudakov expansion for the considered
sector, which appears theoretically justified in the consid-
ered scenario at the chosen c.m. energy. The latter expan-
sion has been computed to next-to leading order, i.e.,
retaining the quadratic and linear logarithmic terms and
neglecting further contributions, essentially constant (en-
ergy independent) ones. In such an approach, the only
supersymmetric parameter that enters the electroweak ex-
pansion is tanB. Under these conditions, one might hope
that a suitable fit to realistic data can fix with a reasonable
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accuracy the correct tanf value. The outcome might be,
depending on the case, either a confirmation of a previous
alternative determination (e.g., for small tanB =< 20 val-
ues) or possibly a prediction for large tanS3 values (tan >
20), where an alternative determination might still be
lacking at the LHC running time. If the second more
appealing and ambitious program turned out to be the
correct one, the outcome of “‘predicting” the tanfB values
from precision measurements at LHC would assume a
theoretical relevance comparable, to a certain extent, to
that belonging to the memorable prediction of the top mass
from precision measurements at LEP1.

To perform a realistic investigation, i.e., one that might
lead to a measurable prediction for a physical process, a
first necessary condition seemed to us that of examining
whether appreciable effects would exist in the basic par-
tonic processes treated under reasonable qualitative overall
precision assumptions. The results of this qualitative in-
vestigation show that the overall logarithmic electroweak
effects would be systematically large in the considered /s
region with relative values between (30—40)% in all four
processes for large tanf. Starting from this encouraging
discovery we have shown that from a combined fit to the
distributions of the cross sections of the first three pro-
cesses a remarkable ‘“‘determination’ of tanf would be
possible. For the fourth (tH ™) case, we have shown that the
situation would be less simple since a previously deter-
mined SUSY QCD constant correction to the Born ampli-
tude has to be considered, that would depend on several
other parameters of the model. This would make the fit less
simple, although still potentially crucial for the large tan3
values, for which we believe that this type of searches
would be particularly relevant. In this respect, we have
also investigated, although in a more qualitative and es-
sentially preliminary way, the possible extra information
obtainable from measurements of top polarization asym-
metries, finding results that, a priori, would seem encour-
aging, particularly for the previously discussed (tH™)
inclusive production process.

To make the final move to realistic measurable predic-
tions requires now a few final steps that we list and that we
considered, though, beyond the purposes of this first pre-
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liminary investigation. The first step would be to transform
our theoretical one-loop predictions, given (as it is nor-
mally done) in terms of the initial partons c.m. energy /s
into predictions given in terms of the final ¢Y pair invariant
mass M,y. This requires investigations of the features of,
e.g., the possible gluon emission from the final state that
are, in principle, performable. In fact, at the moment an
analysis of this kind for the case final top-antitop produc-
tion is being carried on [10]. The second step would be that
of computing realistic theoretical and experimental uncer-
tainties for the considered inclusive distributions. In [1,5] a
preliminary analysis was performed for all four processes
but a rigorous updated systematic and complete determi-
nation of the theoretical and experimental uncertainties
does not exist to our knowledge.

A third step would be the extension of our Sudakov
expansion to (at least) the next-to next-to leading order.
This requires the determination of a possible constant (e.g.,
energy independent) term which might depend on several
parameters of the model. An example of this statement has
been provided by the consideration of the constant A, term
in the (¢tH ™) process which depends on the sbottom squarks
and gluino masses, on u and A,. Note though, that this A,
term is of strong SUSY origin. In our case, we thus expect a
priori that a possible constant electroweak SUSY term
should be depressed by, roughly, a ~a/a, factor with
respect to A, which explains why we feel that it should
not affect appreciably our preliminary results, that are due
to squared and linear logarithmic enhancements.

As a matter of fact, and as we anticipated at the begin-
ning of this paper, we consider our long list of equations
and our presentation of qualitative figures not really as final
precise predictions, but rather as a proposal for realistic
near future detailed studies. In this sense, we hope that this
paper might soon be considered as the starting point of
future successful and relevant supersymmetry studies at
LHC.
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