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We analyze the effects of the s-channel Higgs bosons exchange on the charginos-pair and neutralinos-
pair production in proton-proton collision at the CERN Large Hadron Collider (LHC) in the following
channels: pp— ¥" ¥ /x°%° + X, within the minimal supersymmetric standard model (MSSM).
Assuming the usual GUT relation between M; and M, at the weak scale, we found that substantial
enhancement can be obtained through s-channel Higgs bosons exchange in the mixed regime where
M, ~ || with moderate to large tanf at the resonance of the heavy Higgs bosons. By combining the
phenomenological constraints on neutralinos and charginos, we may still find regions of parameter space
where charginos-pair and neutralinos-pair production at the LHC from bb initial state can be large and
observable at LHC. We also compute the full complete set of electroweak (EW) contributions to pp —
gg— ¥ ¥ /x¥°x° + X at the one-loop level in the general MSSM. The analytical computation of the
complete tree-level amplitude for bb — ¥+ ¥~ /3°%" + X, including s-channel Higgs exchange, is given.
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L. INTRODUCTION

The standard model (SM) [1,2,5], a theory of strong and
electroweak interactions, is amazingly consistent with
most precision measurements up to the present accessible
energies. Nevertheless, the notorious hierarchy problem
indicates that the SM should be an effective theory at
electroweak scale. One of the solutions to the hierarchy
problem is to introduce supersymmetry (SUSY), where the
quadratic divergences induced by one-loop corrections to
Higgs mass are smeared. Therefore, the important exten-
sion of the SM in the framework of SUSY is the minimal
supersymmetric standard model (MSSM). If we further
impose a discrete R-parity R, = (—1)>"3E*1D) [6-10] to
the system, where the super particles carry odd R-parity
and S, B, and L denotes the spin, baryon, and lepton
number of a particle, respectively, a stable lightest super-
symmetric particle (LSP) exists and the superpartners of
the SM particles are always produced in pairs.

Motivated by the existence of dark matter (DM) that has
the abundance of 24% in the universe, the neutral stable
LSP might be considered as a DM candidate [11].
Although sneutrino, the superpartner of neutrino, could
be a viable candidate of DM, enormous studies are con-
centrated on the neutralino, where the state consists of
neutral gauginos and higgsinos [12]. The interest to adopt
neutralino as LSP in the MSSM is that the corresponding
mass matrix in interaction eigenstates only depends on four
unknown parameters: M, ,, u, and tanf = v,/v;, where
M [y is soft SUSY-breaking gaugino mass of SU(1)[(2)]
gauge symmetry, u is the mixing coefficient of doublets

1550-7998,/2011/84(11)/115012(13)

115012-1

PACS numbers: 12.60.Jv, 14.80.Nb

¢, and ¢, in Higgs potential, and v, is the vacuum
expectation value (VEV) of ¢ ). Hence, if the neutralino
is observed, it not only confirms SUSY, but also provides
the clue of DM. Additionally, due to the similarity in
involved parameters, the possible next LSP could be the
chargino, which consists of charged gauginos and higgsi-
nos. For completeness, in this paper we study various
mechanisms for the production of charginos and neutrali-
nos at the Large Hadron Collider (LHC) in detail.

In the literature, the studies of chargino/neutralino pair
production in the MSSM are concentrated on the Drell-Yan
process of quark-antiquark annihilation and gluon-gluon
fusion. For instance, the direct production of charginos and
neutralinos at Tevatron/LHC by pp/pp— xix; + X
through quark-antiquark annihilation at the next-to-leading
order (NLO) was investigated by Beenakker et al. [13].
The charginos and neutralinos pair production by gluon-
gluon fusion were analyzed in Ref. [14,15] in the frame-
work of mSUGRA model. The neutralino pair production
via quark-antiquark annihilation at LHC was considered by
Han et al. [16]. Moreover, the correlation of beam polar-
ization and gaugino/higgsino mixing was studied in
Ref. [17]. It is worth mentioning that although chargino/
neutralino pair production by gluon fusion is loop effects,
due to the high luminosity of LHC, the production rate can
still be significant. One can also access chargino and
neutralino pairs from Heavy Higgs bosons which could
be copiously produced at LHC and followed by their
subsequent decays into chargino and neutralino pairs.
Detail studies of such scenario have been addressed in
[18-20].
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Beside the channels mentioned earlier, in this paper we
are going to explore the case when the value of tang is as
large as that of m,/m,, and the production mechanism is
through the annihilation of bottom-antibottom pair with
scalar Higgs (H°, A®) as the mediator.' The reason to study
such effect is because the involved coupling is associated

with my, tanf8/v and v = 4fv? + v3. Although the parton

distribution function (PDF) of the bottom quark inside a
proton is smaller than that of the light quark, interestingly,
the chargino/neutralino production rate will be enhanced
naturally in the scenario of large tanf. Furthermore, we
also find that another enhanced effect will be created when
the mediated Higgs is tuned to be a resonant Higgs, i.e., the

condition {[p? + p2 = /5 = myo g0 =~ 2m;, is satisfied.

Intriguingly, the same resonant effect plays a prominent
role in the neutralino DM, where the LSP neutralino yields
the desired amount of relic density in some region of the
SUSY parameter space [23].

The paper is organized as follows. In Sec. II, we intro-
duce the basic properties of charginos and neutralinos and
the radiative corrections to the bottom Yukawa coupling in
the MSSM. In Sec. III, we present the production mecha-
nisms for chargino/neutralino pair production via quark
annihilation and gluon fusion and discuss the constraints
on the SUSY parameters. We do the detailed numerical
analysis on the production cross sections in Sec. IV. We
give conclusions in Sec. V. Additionally, the relevant cou-
plings of the chargino/neutralino to gauge bosons
and Higgs bosons are given in Appendix A. The analytic
expressions for chargino/neutralino pair production
in the exchange of Higgs boson are summarized in
Appendix B.

II. MASSES AND YUKAWA COUPLINGS OF
CHARGINOS AND NEUTRALINOS

For studying the production of charginos and neutrali-
nos, we introduce the relevant properties of charginos
and neutralinos in this section, whereas the details of the
couplings of charginos/neutralinos to gauge bosons,
Higgs bosons, fermions and sfermions are given in
Appendix A. For comparing with the results in the
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literature, hereafter, we adopt the notation that was used
in Refs. [12,24].

A. Masses of charginos and neutralinos
In terms of two-component Weyl spinors, the chargino
mass term in the Lagrangian could be described by

=g, ) ) e

where M is given by [24]

MC=< M2 \/EMWsﬂ>

2
Py g )

with sz(cg) = sinB(cosB) and the representations of ¢
for winos and charged higgsinos are

Yr=(=ix" ), gy =(iAgg) j=12 ()

Since the matrix M is not symmetric, for diagonalizing
it, we need to introduce two 2 X 2 unitary matrices U and
V, i.e.
UMV~ = diag(mgs, myz) > U= O_  and
v {(9+ if detM>0, 4)
030, if detM,<O.
Here, the third Pauli matrix o5 is used to make the eigen-

values of M to be positive and O are the 2 X 2 rota-
tional matrices in which the mixing angles are

2\/§MW(M2C,B + ,LLSB)
M5 — p? — 2Mjycap

2\/§MW(MZSB + ,LLCB)
M% - /.L2 + 2M‘2/VC2B '

tan260_ =

s

(5)
tan260, =

Accordingly, the mass eigenstates of charginos could be
expressed by

Xi =V, Xi =Uib; (6)

and the corresponding mass eigenvalues are given by

If the lightest chargino mass mg- is known, || can be
regarded as a function of M, and the angle 8. In the limit
|| > M,, My, the masses of charginos could be simpli-

fied as

'Similar analysis has been done for squark pair production at
LHC [21] and stau production at hadron colliders [22].

m. = %[M% oM, T M2 — @27 MR,V Ry + M3 iR+ zMQ,LW].

M3
myg- =M, — M—ZV(MZ + wsap),
(7)

M3,
mygs = |p| + ,U«—;V sign(w)(M,s,5 + ).

Clearly, if |u|— oo, the light chargino corresponds
to a pure wino state with My = M, while the heavy
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chargino corresponds to a pure higgsino state with

]

Next, we turn to discuss the case of the neutralinos.
Since there are four neutral Weyl spinors, the mass term
of neutralinos in the Lagrangian is written as

1
mo= _§(¢?)T[MN]ij ¢9 + H.c, ®)

X
with
0=(—idy, —idz ¥, cosB— i sinB, i sinf3
+ ¢y, cosB),
i=1,...,4, 9)

where the Weyl spinor in above equation in turn is the
photino, the zino and the neutral higgsinos. The matrix
form of My is explicitly given by

Ml 0 _MZSWCB MzSWsB
M _ 0 M2 MZCWCB _MZCWSB
N _M2SWC/3 MzC’WCﬁ 0 — M
MZSWSB _M2CWS3 - M 0

(10)

with sy (cy) = sinfy(cosfy) and Oy being Weinberg
angle. Since neutralinos are Majorana type fermions, the
mass matrix M, can be diagonalized by using only one
unitary matrix Z. If we set the physical mass of neutralino
mzo, then the 4 X 4 unitary matrix Z should satisfy [24]
Consequently, the relation between weak and physical
eigenstates can be expressed as

Yo =Z.y0. (12)

Because the complete relation between mgy and the

parameters M;,, w and sy(cy) is complicated, the de-
tailed expressions can be found in Ref. [25]. Nevertheless,
if we take || > M, ,, M, the relations can be simplified
as [26]

M3 >
my =M, _F(Ml + 1S2p)SYy,

M; 2
m (ZJZMZ _?(MQ + ,LLSQB)CW,

LA (13)

m)?(; ~ |,U«| +—M—§€#(1 - SZ,B)(IU‘ +M2S‘2)V +M1C%V),

1 M2
m/?g =~ |Iu,| + zu—gfﬂ(l + SZ,B)(IU’ - Mzs%v - M] C%V)
We see clearly that the first two light neutralinos )?‘1) and ¥9
are dominated by gauginos of SU(1) and SU(2), respec-
tively, while the last two heavy neutralinos 5((3’, 4 are aligned
to the states of higgsinos.
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B. Yukawa couplings

It is now well established that the coupling of the
b — b — H? induces a modification of the tree-level rela-
tion between the bottom quark mass and its Yukawa cou-
pling [27-30]. Those corrections are amplified at large
tanB. The modifications can be absorbed by redefining
the bottom Yukawa coupling as

szx/zmb_) \/z my, z\/z my,

veosB  wveosBl+A, v 1+A,

tang, (14)

where the second expression is valid for large tan and the
SUSY-QCD corrections lead to

aS
b= 5, Mg tanBI(m; , mj, mg

(Y1)

+ 162 KA, tanBI(mz, mz,, ), (15)
where m; denotes the gluino mass, and the function 7 is
given by

—1
(@ = (b~ A — )

2 b2 2
X (a2b2 Ins + b2c? In—g + 2a? lnc—z). (16)
b a

I(a, b, c) =

2
In A, we only keep the dominant contributions from the
gluino-sbottom and charged-higgsino-stop loops because
they are proportional to the strong coupling and to the top
Yukawa coupling, respectively, while neglecting those that
are proportional to the weak gauge coupling. Note that A,
is evaluated at the scale of SUSY particles Mgygy where
the heavy particles in the loop decouple, whereas the
bottom Yukawa coupling Y?(Q) is determined by the run-
ning b-quark mass m;(Q) at the scale Q:

V2m,(Q) 1
UCOSB 1+ Ab(MSUSY)'

Y*(Q) = 7)

The contributions to the bottom Yukawa couplings which
are enhanced at large tan can be included to all orders by
making the following replacements [31,32]

1 — A, (Mgysy)/(tanf tana)

- (13)
Enbb Enbb 1+ A, (Musy)
1+ Ab(MSUSY) tana/ tan,B (19)
8Hbb 8Hbb 1+ A,(Msusy)
1 — Ay(Mgygy)/tan?
8Abb — 8Abb b SUSY P (20)

1+ A,(Mgysy)

where
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my sina my .
8hbh = 87 =80 (sin( — &) — tanBcos(B — a))
2my, cosfB 2my
(21)
m,, cosa m .
Guipy = S0 R B (cos(B — @) + tanBsin(B — a))
2myy, cosB 2myy
(22)
m
8Abb :(2g' ” tanp (23)
my

As we can see from the above equations, all Higgs cou-
plings to the bottom quarks have some tan8 enhancement
at large tan@B limit. Note also that an other tanf depen-
dence comes through A, corrections. We now have all the
ingredients to compute the chargino and neutralino pair
production at the LHC.

III. PRODUCTION PROCESSES
AND CONSTRAINTS

A.pp — XiX j via quark annihilation
and gluon fusion
As stated early, the colorless fermionic superparticle
pair production is through gg — ,\7,-§j and g — )”(l}j
channels at hadron colliders. For gluon-gluon fusion,
only loop effects are involved. In terms of type of loop,

(c1) (c2) (c3)
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we classify the one-loop diagrams into three groups and
sketch them in Fig. 1. They are (1) triangle diagrams
[Figure 1 (v/) and (v4)], (2) box diagrams [Fig. 1 (bl)-
Fig. 1 (bg)], and (3) the diagrams with quartic vertices
[Fig. 1 (cI)-Fig. 1 (c3)], where F in the loop denotes the
SM quarks, Q is the possible squarks, S stands for the
scalar bosons (h°, H°, A®) in the MSSM and V represents
the gauge bosons Z and y. We note that since the electro-
magnetic interactions are independent of the species of ¥;,
there exist only the interactions y; — y; — v (i =1, 2).
For quark-antiquark annihilation, the leading contributions
to j/l-j/_j production are only from the effects of tree level.
The associated Feynman diagrams are displayed in Fig. 2.
For chargino-pair production, the squark i,, in Fig. 2(c)
could be up (down) type squark while the squark ¢ could be
down (up) type squark. Although the gluon-gluon fusion
loop, s-channel gauge boson exchange and t-channel
squark exchange contributions have been studied in the
literature, we emphasize that the effects of Fig. 2(a) with
g = b and large tanf3 on the ¥, ¥ ; production have not been
explored yet. Moreover, since the masses of scalar bosons
are free parameters, when the condition (py, + p;(,)2 ~

My 40 is satisfied, the production cross section will be

o
enhanced by the resonant Higgs effects.

By combining the contributions of gluon-gluon fusion
and quark-antiquark annihilation, the cross section for
}ifj production in proton-proton collisions at center-of-

mass energy /s can be written as

FIG. 1. One-loop Feynman diagrams of chargino-pair production at the LHC via gluon-gluon fusion with § = W, Hor A%, V=2

and 7y (only if i = j) and O = i or d is squark.
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q h q y 4 7.
,,,,, ‘v v 7 ' N ' ~
7S Xi v X g o
————  TT——— e ———__
q
(a) (b) (c) (d)

FIG. 2. Tree-level Feynman diagrams of chargino-pair produc-
tion at the LHC via quark-anti-quark annihilation with S = A°,
H® or A, V=2 and v (only if i = j) and ii,, is a squark
corresponding to quark q.

1ALl o
U')ﬁ/g;(s)zz‘[ dr d O'LO(qq_’Xin)(TS)
g <70

T

vodLyg ot o
+ f dr— Gro(gg — X/ x;)(rs) (24)
To

. _ 2 2 2 . . .
with 79 = (m3 +m 5{/_) /s, and the parton luminosity is

%55 = Tl % 1 +15ab I:fa(X, MF)fb(gr MF)
o mef T | (25)

where f,(x, wp) is parton distribution function (PDF) for
parton a inside proton and x is the momentum fraction at
the scale wp = my + Mg .

B. Constraints on the free parameters of the MSSM

For studying the numerical analysis, we need the infor-
mation of constraints that are from experimental conditions
and data and theoretical requirements [33,34]. We summa-
rize them as follows:

(1) The most stringent constraint generally arises from
A pSYSY which receives contributions from both stop
and sbottom. The extra contributions to the A pSUSY

parameter from the stop and sbottom sector [35,36]
should not exceed the current limit from precision
measurements [37] i.e. ApSUSY = 1073, Note that
this constraint will not affect the parameter space
that is associated with the effects of charginos and
neutralinos [36].

(ii) The soft SUSY-breaking parameters A, at the weak
scale should not be too large in order to keep the
radiative corrections to the Higgs masses under
control. In particular the trilinear couplings of the
third generation squarks A, ;,, will play a particularly
important role in the MSSM squarks/Higgs sectors.
These parameters can be constrained in at least one
way, besides the trivial requirement that it should
not make the off-diagonal term of the squark mass
matrices too large to generate too low masses for the
squarks. A, should not be too large to avoid the

PHYSICAL REVIEW D 84, 115012 (2011)

occurrence of charge and color breaking (CCB)
minima in the Higgs potential [38].

(iii)) Another constraint is the perturbativity of the
bottom Yukawa coupling Y”. Since the radiative
corrections to the bottom Yukawa couplings have
been implemented in Eq. (17) that may blow up
when SUSY parameters vary. Thus, we adopt
Yt < (47)2.

(iv) We have imposed also all the experimental bounds
on squark, chargino, and neutralino masses as well
as Higgs boson masses [37].

(v) We assume that i} is the LSP and will escape from
the detection.

IV. NUMERICAL ANALYSIS AND DISCUSSIONS

After introducing the physical effects and constraints,
we now discuss the numerical analysis for the inclusive
production cross sections of chargino and neutralino
with /s =7 and 14 TeV at the LHC. Since there are
many free parameters in MSSM, for simplifying the study,
we adopt the scenario of universal soft SUSY breaking for
the trilinear couplings, i.e. A, = A,, and for the squark
masses tobe My = My = Mgysy. Accordingly, the Higgs
masses m0 yo y+ and mixing a are fixed in terms of the
CP-odd mass myo, tanB as well as Mgysy, A, M,
and u for higher order corrections [39]. All the MSSM
Higgs masses and relevant parameters are computed
with FeynHiggs code [39]. We use CTEQG6L parton dis-
tribution functions [40,41] to estimate the various cross
sections. Moreover, in order to improve the perturbative
calculations, one-loop running mass formula for m,(Q) is
taken by

_ - 4
my(Q) = mPR(Q) = ml;“S(Q)(l + 3“"), 26)

o

where m}S includes the SM QCD corrections and the
running QCD coupling «; is calculated at the two-loop
level [42]. The light-quark masses are neglected in the
numerical calculations. Other values of SM parameters are
chosen as m, = 173 GeV, my = 80.398 GeV, m; =
91.1878 GeV and my(m,) = 4.25 GeV [37]. The fine
structure constant is taken at the Z pole with a,,,(m%) =
1/128 [37]. For other MSSM parameters, we will perform
a systematic scan in the following range:

(1) 120 GeV = m4 = 600 GeV;

(i) 3 = tanB = 40;

(iii) 100 GeV = p =1 TeV; The sign of u is taken
positive, as preferred by the SUSY explanation of
the (¢ — 2),, anomaly.

@iv) 100 GeV = M, = 450 TeV; We impose the GUT
relation at weak scale to fix M;.

Before displaying our results, we emphasize that the

MSSM parameter space has been subject to the experi-
mental constraints of Tevatron and LHC by the negative
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search of some specific processes. By looking to the Higgs
boson production in tau-tau final states, both Tevatron and
CMS [43,44] have set a limit on (tanS, myo) for some
specific scenarios in the framework of the MSSM. From
CDF and D@ (respectively CMS) data, those limits on
(tanfB, myo) are only valid for my =< 200 GeV (respec-
tively m,40300 GeV). From CMS data tanB = 30 is already
excluded for 100 = myo = 200 GeV in the MSSM with
maximal mixing scenario, while for 200 < myo <
300 GeV the tanf is limited in the range [30, 55]. For
our presentation, we will not restrict ourselves with those
experimental constraints shown in Refs. [43,44] but rather
present a complete scan over the MSSM parameter space.
In the mean time, in our analysis we restrict ourselves to
the tanB =< 40 for which my = 150 GeV is allowed.
However, according to ATLAS and CMS analysis [43,44]
care must be taken for low value of m 0 = 150 GeV where
tanB should be less than = 25.

In order to obtain the correct numerical results, we first
check the calculations for chargino and neutralino pair
production by gluon-gluon fusion in mSUGRA model.
Our results are qualitatively consistent with Ref. [14,15].
For illustration, we show the production cross sections
as a function of tanB [my] at /s =14 TeV for
o(bb,gg, ¥ qq— ¥ x7) and  o(bb,gg, ¥ 94—
X1 X; + c.c) in Fig. 3(a), 3(b), 4(a), and 4(b), respec-
tively. All the cross sections presented here are only at
the leading order without K-factor. The NLO corrections
to chargino/neutralino pair production have been done in
Ref. [13], where the K-factor is taken by 1.25 (1.40)
for m, =~ 250(100) GeV. In order to understand the sen-
sitivities of m 4o and tang, in the figures we show sepa-
rately the process for producing chargino pair, e.g., the
curve of bbh (no-Higgs) denotes the bottom-induced
Drell-Yan contributions in which the processes include
the s-channel photon and Z boson exchange and
t-channel with squark exchange. As to the curve of bb,
it stands for all Higgs-mediated effects and has the

@ (®) 299
) = 10 bh
= 10 3 )
iz e 101k bb(no-Higgs)
Hoe hiad
= 1=

s 10 <
bb(no-Higgs)
) m o = 250 GeV 3 tan 8 = 40
107 10°

5 10 1520 25 30 35 40 200 300 400 500 600
tan 3 ma(GeV)

FIG. 3 (color online). Separate cross sections for chargino-pair
production o(¥; ¥7)(pb) in picobarn at the LHC with /s =
14 TeV as a function of tang (left) and m o (right). The SUSY
parameters are chosen to be Mgysy = 490 GeV M,, u = 120,
150 GeV, A, = A, = 1140 GeV.
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10! 10!
mao = 380 GeV tanf = 30
— b _
= = ¥ 47
= = 10°
Q Q
< S
+ + bb
;'FN E'chl
Hes .= H
t t

102 .-~ bb(no-Higgs)

(a)
5 10 15 20 25 30 35 40
tan 3

400 500 600
m 4o (GeV)

FIG. 4 (color online). Separate cross sections for chargino-pair
production o (¥ ¥5 + c.c)(pb) in picobarn at the LHC with
/5 = 14 TeV as a function of tan8 (left) and m o (right). The
SUSY parameters are chosen to be M,, u = 120, 150 GeV, A, =
A, = 1140 GeV.

enhancement of large tanf that we would like to empha-
size in this paper.

Hence, from Figs. 3(a) and 4(a), it is easy to find that
although at low tanf the production cross section is domi-
nated by the light-quark fusion, however, the contributions
from Higgs-mediated effects through bb annihilation will
be over the light-quark fusion when tang is around 10. The
results show not only the sensitivity of production cross
section to tanB but also the importance of tanf in the
mechanism of Higgs exchange, i.e., the Higgs-mediated
effects with large tanB could become dominant in
chargino-pair production. Beside the tan$ enhanced factor,
as mentioned earlier, Higgs-resonance can be another ef-
fect to enhance the chargino-pair production. We can see
the enhancement from Figs. 3(b) and 4(b). By the curve
arisen from bb fusion, it is clear that there is a bump at
m o = 250[350] GeV in Fig. 3(b) and 4(b), where the
bump is formed when mgo = myo = 2m)~(l+ is satisfied.
We note that the curve denoted by bb (no-Higgs) is not
sensitive to tan3 and has no Higgs-resonance, therefore, its
contribution is far below that by Higgs-mediated effects.
Although gluon-gluon fusion can contribute to chargino-
pair production by loop effects, its contributions are much
smaller than those from ¢g and bb fusion, except the case
for gg — X7 x> atlow tanf. Since we are considering the
scenario with large tanfB, gluon-gluon fusion is not a
dominant process. Therefore, we do not further discuss
the gluon-gluon fusion in detail.

Next, we discuss the situation for neutralino-pair pro-
duction. Since the lightest neutralino-pair is associated
with invisible signal, we skip the relevant discussions.
Accordingly, we will concentrate on the production of
XX and x99 pairs. Additionally, the production chan-
nels pp — V%5 and pp — Y5 X5 are of special interest
because of the presence of dileptons in their decay
products.

Similar to the chargino cases, we show various produc-

tion cross section o(bb, gg, ¥ 94— X\ %5 XOX)) as a
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10! 10!

- tan 3 = 25

10° b 10°} ) bb
S N— z
= 10! =
i% 02 o i%
5 bb(no-Higgs) _ - - 7| ©

103, -~ " -7 1073} bb (no-Higgs)

mg = 170 GeV
104 (a) 104 ()
5 10 15 20 25 30 35 40 200 300 400 500 600
tan 3 ma(GeV)

FIG. 5 (color online). Separate cross sections for neutralino-
pair production o({?£9)(pb) at the LHC with \/s = 14 TeV as a
function of tanB (left) and as a function of myo (right). The
SUSY parameters are chosen to be Mgygy = 490 GeV, M, =
120 GeV, p = 150 GeV and A, = A, = 1140 GeV.

function of tanf [my4o] in Fig. 5 and 6 for 14 TeV LHC
energy. In both cases, near the resonance region and for
large tan/3, one can see that bb fusion contribution is more
important than gg contribution and can go up to 1 order of
magnitude larger exceeding few picobarn in some cases.
This is mainly due to the smallness of Z¥{ ¥} coupling
which contributes to ¢g fusion through Z exchange.
Moreover, in the mixed (Ju| ~ M,) regime, the first and
second generation squarks would be significantly heavier
than wino like charginos and neutralinos, making the
t-channel contribution negligible with respect to the
s-channel contribution which enjoy the resonant effect
§ =~ myo g0 = 2my. It has to be noted also that the
gluon-gluon fusion gg — %7 ¥9, both for diagonal produc-
tion ¥9%5 as well as for nondiagonal one %° ¥9, is in some
cases larger that the gg fusion in the case of low tanp.
For comparison, we also present the results for the
production of chargino and neutralino at /s = 7 TeV in
Fig. (7). It is easy to see that large tan and the Higgs

10! 10°

0 bh @ NM} "
10
f > ad

> aq N
99

_1 ‘=
10 ,

7 (X5X5)(pb)

o (X9X9)(pb)

99
102 _
bb(no-Higgs) _ - 107
103 -7 237 T T
Pig bb(no-Higgs
_,”mAn:215G6V ( )
1042 107
5 10 15 20 25 30 35 40 200 300 400 500 600
tan 3 m a0 (GeV)

FIG. 6 (color online). Separate cross sections for neutralino-
pair production o(¥5 ¥3)(pb) at the LHC with \/s = 14 TeV as a
function of tanB (left) and as a function of myo (right). The
SUSY parameters are chosen to be Mgygy = 490 GeV, M, =
120 GeV, mz = 1 TeV, u = 150 GeV, A, = A, = 1140 GeV.
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CXI N +he TS

a(X*X7)(pb)
a(X"X")(pb)

~p~

X2 X2 %9
104 107
200 300 400 500 600 200 300 400 500 600
m40(GeV) m 40(GeV)

FIG. 7 (color online). Total cross sections for chargino (left)
and neutralino (right) pairs production at the LHC with /s =
7 TeV as a function of myo. The SUSY parameters are chosen to
be Msysy = 490 GeV, M, =120 GeV, Mgysy = 490 GeV,
m =150 GeV, A, = A, = 1140 GeV and is fixed at tanB = 20.

resonant effects could also enhance the cross sections of
X x; and %)%} by about 1 order of magnitude and the
cross sections for the production of ¥ ¥, and ¥)%) could
be up to 1 pb. In addition, we also investigate the processes
that chargino and neutralino are in the final state, e.g.
rp— X0 ,\7ji The production mechanism proceeds via
the conventional Drell-Yan processes with W gauge boson,
charged Higgs boson and charged Goldstone. The domi-
nant contribution is through W gauge boson exchange. The
charged Higgs contribution is through cb — H** — %, %9
and the enhancement of large tanfB is from the bottom
Yukawa coupling. Unfortunately, it turns out that this large
tan3 enhancement can not overcome the suppression from
V., Cabibbo-Kobayashi-Maskawa (CKM) matrix element.

To quantify those effects from s-channel Higgs ex-
change contribution and to show their importance, we
provide some scatter plots in (u, M,) and (tanfB, m o)
plans. From the results in Figs. 8(a) and 9(a), we see that

(a) (b)

40

35

307!

257

tan 3

20

. i | ( L -
200 400 600 800 1000 200 300 400 500 600
u (GeV) my (GeV)

FIG. 8 (color online). Scatter plots of o(pp — bb — ¥ 1)
in the (u, M) plan (left) and (m,40, tanB) plan (right). The SUSY
parameters are chosen to be Mgygy = 490 GeV, A, = A, =
1140 GeV, (my =350 GeV, tanf =20) and (M, = p =
150 GeV) for left and right panels, respectively.
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FIG. 9 (color online). ~ Scatter plots of o(pp — bbh — Xx +
c.c) in the (u, M,) plan (left) and (m4o, tanB) plan (right). The
other parameters are fixed as in Fig. (8).

with u = 250 GeV and M, = 250 GeV, since we are
very close to the resonant region, the cross section is
slightly larger than 1 pb. In the case of diagonal production
of ¥i Xxi, the region with large u and moderate M,
(gaugino-like), or large M, and moderate wu (higgsino-
like) is interesting (see Fig. 8(a)). This is because the
process is dominated by the s-channel Z° exchange and
the cross section can be in the range 0.1-1 pb. Because of
the phase space suppression, nondiagonal production
X1 %> will be small in this region. On the other hand we
show in Fig. 8(b) and 9(b) the production cross section in
the plan (tan/3, m 0. Here we can see the resonant effect for
X1 X7 when myo = mpyo = 280 GeV. This effect is ampli-
fied for large tanB. There is also a large area where the
diagonal production cross section ¥, ¥; is in the range
0.1-1 pb. In the case of nondiagonal production y{ ¥, and
due to phase space suppression the resonance effect is
rather mild. That is the reason why one can see only small
region for tanB € [20, 35] where the cross section is larger
than 1 pb.

(a)

450

— 350

\Y]
QY
A

My (GeV

150

200 400 600 800 1000
1 (GeV)

FIG. 10 (color online). ~Scatter plots of o(pp — bb — ¥V %9)
in the (u, M,) plan (left) and (m 40, tanB) plan (right). The SUSY
parameters are chosen to be (m4 = 220 GeV, tanf8 = 20) and
(M, = 120 GeV, pu = 150 GeV) for left and right panels, re-
spectively.
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TABLE 1. The effect of the s-channel Higgs (H°, A®) on the
production cross sections (in pb). The SUSY parameters are
chosen to be A, =A, = 1140 GeV, u = 150 GeV, M, =
120 GeV, Mgysy = 490 GeV, m; =1 TeV, tanf = 40 and
the Higgs masses are taken at the resonance.

Js =14 TeV Js =17 TeV

Higgs Higgs
o [pb] Only Full Only Full
bb— ¥ Xy 3.761 3.881 0.727 0.755
bb— %%, + He 0.498 0.504 0.072 0.074
bb— X35 %5 0.054 0.066 0.006 0.007
28— X x1 0.134 0.149 0.122 0.006
28— Xi X, + Hec 0.086 0.098 0.081 0.019
28— X' x> 0.043 0.015 0.001 0.002
bb— %5 2.822 2.750 0.645 0.630
bb — %5 1.384 1.333 0.285 0.276
22— A0 0.805 0.789 0.241 0.205
28— 0 0.301 0.272 0.071 0.064

In the case of the associate production %5 we show the
scatter plots in Fig. 10 in (w, M») and (m 40, tan3) plans.
When |u| > M, the two lightest neutralinos are both
nearly pure gauginos, their s-channel contribution is
then small, the squarks exchange diagrams play the
most important role in this case. Unlike ¥{ ¥, which
suffers phase space suppression, ¥°¥5 does not have such
suppression. This is mainly due to the fact that m 0 My
(see section B 1). Therefore, we can see in Fig. 10(b) the
same resonance effect we have seen in the case of ¥ ¥7 -

Finally, in Table I we give separate contributions to bb
and gluon-gluon fusion that originate from s-channel of
Higgs A° and H° exchange only and also from the full set
of Feynman diagrams. It is clear from this table that
s-channel Higgs exchange contribution is the dominant
one. This can be viewed as a production of the Heavy
Higgs bosons followed by the subsequent decays into a
chargino or neutalino pairs [18,19].

V. CONCLUSION

We have studied the pair production of charginos and
neutralinos in detail where the study includes the tree
level s-channel Higgs bosons exchange and the radiative
corrections to the bottom Yukawa couplings. It has been
shown that the s-channel Higgs bosons effect can en-
hance substantially the production cross section in the
mixed region when M, and |u| are comparable and
below 1 TeV. Such enhancement can go up to 1 order
of magnitude compared to the usual gg fusion contribu-
tion. We have demonstrated that the enhancement has
two origins: on one hand the large tan3 enhancement and
on the other hand resonance effect from s-channel Higgs
bosons. Such enhancements exceed the PDF uncertainties
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on the evaluation of the cross section and are in some
case larger than the NLO correction. Therefore, these
contributions have to be taken into account in any reli-
able future analysis. We have found that in the low tanf
regime, the gluon fusion contribution could be compa-
rable to ¢g and bb one. Those processes can be used to
extract some information on the chargino and neutralino
Higgs couplings right at the Higgs boson resonances and
the involved SUSY parameters.
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APPENDIX A: SUSY COUPLINGS

We describe in this appendix all the couplings of these
SUSY particles i.e. couplings of the neutralinos and char-
ginos to gauge and Higgs bosons and their couplings to
fermion-sfermion pairs as well as the couplings of MSSM
Higgs and gauge bosons to fermions, which will be needed
later when evaluating the cross sections of 2 — 2 pro-
cesses. We will use the notation of [12,24].

Chargino and Neutralino Interactions

We start this section by discussing the chargino and
neutralino interactions with gauge bosons (y, Z and
W=), Higgs bosons as well as fermion-sfermions pairs.
The resulting charged and neutral weak boson terms in
the Lagrangian density, expressed in the four component
notation and in the weak basis reads

L=—eA 3 v" i + —WZ w D K YPOLPXE
a,m,k

Z, Y Wy NP

a,ln

- [gw,; > O vrCiP i+ H.m]
a,lk

(A

where g =e/sy, k, m = 1,2 for the chargino and

[, n=1,...4 for the neutralino,b o« =L, R with
Ppr = (1 % 7s5)/2. The couplings O%,, IN'® and C¢, are
given by
L . 1 . 2
Ok =~V Via = 5Vim2Vio + Susiys (A2)

2
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1

(9§1k = Uml Ukl - D) UmZUkQ + amks%[/’ (A3)
N = _52132;13 + izl4zn4’ (A4)
NE = —(NLY, (AS)

L 1 * %
Ci = _\75214‘//(2 + ZpVi (A6)

R 1 % s

Cih = FZpUp + ZpUp. (A7)

2

Z, U, V are the neutralino and chargino mixing
matrices, respectively. The unitarity properties of
the U and V matrices have been used in deriving
Eqgs. (A2)—(A7).

The couplings of the Higgs bosons to the electroweak
neutralinos and charginos originate from the gauge
strength Yukawa couplings of gauginos to the scalar and
fermionic components of a given chiral supermultiplet. In
four-conponent the Lagrangian reads as:

= g ZHO Slm
1 1,2

— 8 Z HOXk (CkthR + kal ) Xm
i=1,2

+ig > HYY
i=3,4

_gZ[H+

i=1,2

8 ~0 -

) Z H?X?Smﬂs)(g
i=3,4

(ComiPr + CopiPr) Xm

(FR.Pr + FL.P )X +Hc]  (A8)

where the couplings are given by:

e.
Simi = 51[2132712 + Z,3Zp — tanbw(Z3Z,, + Z,5Z)]

d.
+ El[zmznz + ZyuZp —tanbw(ZuZ,, + Z,4Zp)],

(A9)

Cimi = \/——(6 ViaUpz = diViaUp) (A10)
Coki = Comi fori=1,2 and C, ;= —Cy,; fori=3,4

(A11)
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1
FRi=dio[VinZy + ﬁ(zzz + Zj tanfy) Vil (A12)

1
(Zp + Z)y tanby) Uy, |

2

L _ _ _
Foy = —eio[UnZp

(A13)

Again, here we have used k, m = 1, 2 for the chargino and
I, n=1,...4 for the neutralino. HY = (h° H°, A°, G°)
(i=1...4), and H = (H",G") (i=1, 2) d; and ¢;
take the values

d; = (— cosa, — sina, cos, sinf),

Al4
e; = (— sina, cosa, — sinf, cosB) (Ald)

The squark-quark-chargino Lagrangian is given by,

= glaAL Prd i + df +BL Pru + dER Prii ()
+ al (g))CFLPLd] + He (A15)

with the following couplings

Afk = _VudI:Ulegl \/— Uszﬁlz] (Al6)
My c B

Bl = ViaR Vg (A17)

\/_MWslg

Efk = _Vudl:Vlszgz \/— Vk1R?1:| (A18)
My s B

mgy

U,RY Vo
\/_MWC,B § !

FL = (A19)

Rff‘ with (s, s/ = 1, 2) are the elements of the rotation
matrices diagonalizing the up- and down- type squark mass
matrices, and V,,; are the elements of the CKM matrix. The
squark-quark-neutralino interaction can be written down in
a similar way,

=8X [(GmPL + G?AI;PR)MSM + (szl

+ GIRpp)dlid] + He (A20)
where the couplings are defined as
G'L = \2e, tanfy R, Z RYLZE,  (A21)

1
n \/_W'B
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e,(swZy + 3cwZ,n)

2\/—CW

my
\/EMWsB

i
s24n4 T

uR — __
Gsl -

GIL = \J2e,tanfy R, Z?, — RYZ:,  (A23)
cp

J'w

Z. —3cwZ,y) s

GR = — Rl 7 +ed(SW nl WZn2) pi

sl \/_MW cp §24n3 2\/§CW sl
(A24)

with e, = 2/3 and e; = —1/3.

APPENDIX B: PRODUCTION RATES

The production of chargino/neutralino pair, as initiated
by bb annihilation, involves photon, Z and Higgs bosons in
the s-channel as well as squark/slepton exchanges in the
t/u-channels. We present the differential cross section for
each subprocess separately in the mass eigen-basis. The
summation and average of spin/color for final and initial
states are taken into account. In the formulas presented
below, summation over repeated indices k and k' for the
Higgs bosons and s and / for the squark and sleptons in the
intermediate states are understood. Now let us define our
notation for the convenience of the following formulas.
The momenta of the incoming quark » and antiquark b,
outgoing ¥;, and outgoing y; are denoted by p, p, k; and
k,, respectively. We neglect the quark masses of the in-
coming partons. The Mandelstam variables are defined as
follows:

§=(p1 + p2)?* = (ky + ky)?
1= (p —k1) =(P2_k2)
mi +m:
Xi X S
— i _ " 1 — #
—— 2( B cosh”)
= (p — k2)2 = (p2 — kl)2
mi +m:
=8 = (1 + Bost) (B1)

where B = A'/2(1, m%(i/& m%(]/ﬁ) and #* is the scattering
angle in the center-of-mass frame of the partons.
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1. Chargino-pairs production

dé 4 2 8 A ~ 4 D A~
Z?O(X Xi)= ;Tf [( eq[A2+2(m~+—2m2 P+ 54— swe —gra P+ mi =200 F = w3 5)(Of + OF)
sy L\§ ' ‘

+OR(2+237) + (L - R)]+ 4\/§eqs%v%ci,-kgbb¢mbm g (3 +2i—2m%.) - @((Ef,-)2 +(F)?)
Xlmt o+ (5 +17 = m2 3+ 20U >5U+DZ[gRZ(2m~+m~+(9L(9R (0582 + (0L + (02
+2(0F)8i+m?, ‘[m~+(((9 )+ (0F)) = (0F)?i— (OF)* (3 +1)] - m~+(((9 )1+ (05)* (1 +39)))
+(L=R)]+ g}, D s[(Cll¢+C21¢)(s—m§.(+—m~+) 4m-+m~+C,,¢,CJ,¢]+gbbAD2s[(C”A+C§M)
X (5= =m0+ dmgem e CopnCal+ (EEY + (FEP)(ES Y + (FEP) X (=2 ) b= )T

2
+—gbb¢D¢Dzmh(s+2t—m~+—m~+)><[(m~+CM,+m C,]¢)@ +(m~+Cl,¢+m~+C,,¢)(OU]

" e TMZ gbbADADZ[(m~+ —m~+)(C,,A(mX7 OF + m = OF) = Cjiamy= OF + my- OF)

+s(CJ,A(m-+(9 —m-+(9R)+C,jA(m~+(9 —m~+(9R))] —DZT [m~+m~+(FSLI-FfngZ

><(m~+m~+(9R +30%) +E5Ef]gLZ(mX,m = 0F +30F) — (t—m~+ —m3)ENES 81,00 + FLFL g, OF)F
+ 281 8o Dy D[ 2m - My (CijnCiin + CijuCjin) + (m)?f + m;(j: —8)(CijnCijn + CiinCiin)

~ V284 Dy T7,(Cijg EX FL + Crig ER FE)(m ey + )i

+2(ERER + FLFL)(ER ER + FLFL )3 —m %)(f—@ﬂqnﬂ] (B2)

2. Neutralino-pairs production

da—LO

(bb — 3

1 \4m*a? | (g2, + &> A A
- (1 +5 ) ;Ts:l’ |:(ng€2 ng)( NR?2D2(2m? ~0m~o + §2 + 2571 +27 — (m?(o + m?.(?)(ﬁ +27) — Zmﬁm)-(?f)
nl w W n

+ g2,,D38%, (3% — 2m, wms os (m~0 + mNO)s + g2, 4D3S%,, (8% + 2m;, wm; 0S (m~0 + m~0)s)

(G + (GHPI(GH + (GERYmy — Dy — D2 + (G + (GHRRN(GEEP + (G — i)

sn
2N
X (mf(o — ﬁ)UZZ; ”l (GdLGngRZ GdLGngLZ)DZTb ((m i 0t + m?2 O(I - m> 0) + myom; os)
1 s

ZNR .
— (GflLGm grz — GIGIRgr ) X DzU; ((m~o - u)(m?(g — ) —mypms S) Y2
W

X DZDAgbbASnZANfI((m;(? —mp)? — 8)(2(grz — gra)MwMz — 8) — 28,8 pr Dy Dy (3> — (m?(g - mf-(?)f

my,(mgo + m}?)

— 2m~0m~u§) + 2oonDnSpmns X (G?IRG?ZR Gg,%Gm)(([ + m, wmy n)Tb + (4 + m, Fommy o)Ub )
— 8rpaSuaDaS(GIRGIR + G GIL)(F — myom, o)Tb + (0 — mypmy o)Ub ) + 2(GY4GY + GIRGIR
X (Glr Gyl + GG (m%y — t)(m;(? — D75 Tj, + (m3y = u)(m;(? — )U; Uz ]

2 2 o PN
— 2(m)_(2 m).(? P T Smgo g0 Qe — 11 Rnlss’)TEJ Ul;»‘/il (B3)
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with P = GEGUEGIRGHE + GILGILGIRGIR,  (B6)
1 1
Dy=rrs v Do~ s — (~dL~dL +dR (~dR dL (~dL (~dR (~dR
§—my + lmZFZ s m¢ + lm¢r¢ Q, nlss’ — Gxn Gs’l GS[ Gs/n + G;[ Gs’l Gsn Gs/ny (B57)
with ¢ =h% H° A° (B4)
R i = GUEGIEGIRGIR + GULGILGIRGIR. (BB)
1 1
L Us, =32 (B5) The factor 1/(1 + 8,,) is due to the two identical parti-
by by cles in the final states.
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