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Abstract This review starts out with a brief history of
the photino—gluino phenomenology. Next, it describes
difficulties encountered in the construction of Feynman
amplitudes when dealing with Majorana fermions and
outlines a procedure that circumvents this difficulty
by means of a prescription based on a well-defined
fermion flow without explicit charge—conjugation ma-
trices at the vertex equations. Finally, as an illustration,
it calculates the cross section for the production of
photinos and gluinos.
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1 Introduction

Supersymmetry (SUSY) was introduced more than
30 years ago, in independent theoretical papers by
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Gol’fand and Likhtman [1, 2], Volkov and Akulov [3],
and Wess and Zumino [4-6]. In the first of these
articles [1, 2], the authors found the superextension
of the Poincaré algebra and constructed the first
four-dimensional field theory with supersymmetry, the
(massive) supersymmetric quantum electrodynamics
(SQED).

The particle content of SQED is given by the elec-
tron (fermion), positron (antifermion), which are Dirac
fermions [7, 8], the photon, and the spin-0 partners of
the electron and the positron, the so-called selectron
and spositron (sfermions). Also included in the model is
the photino, the spin-(1/2) superpartner of the photon.
The photon and the photino are introduced in the
same vector superfield, therefore the photino must be a
Majorana fermion [9]. In this theory, both the R-parity
and the chirality are conserved, and sparticles appear in
pairs at any vertex (see [10-16]).

The history of the minimal supersymmetric standard
model (MSSM), which was constructed in 1975 [17-20],
can be found in Refs. [21, 22]. In the early days of the
model, the photino, which is denoted by the symbol y,
was called the “photon—neutrino” and envisioned as a
fundamental particle, expected to be stable [23] and, at
least at the classical level, massless [24].

Within the context of supersymmetric field theo-
ries, two-component Weyl-van der Waerden fermi-
ons [25] enter naturally, due to the spinorial nature
of the symmetry generators themselves and the holo-
morphic structure of the superpotential. Using the
two-component spinors, we can introduce the helicity
formalism, in which the individual amplitudes are com-
puted analytically in terms of Lorentz scalar invariants,
i.e., of complex numbers that can readily be computed.
It is then a simple numerical task to sum all the
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contributing amplitudes and compute the square of the
complex magnitude of the resulting sum [26-28].!

As a simple example, consider Bhabha scattering
e~et — e”et [29] in QED. We denote the initial-state
momenta and helicities of the electron and positron
(p1, A1) and (p2, A2), respectively, and the final-state
momenta and helicities of the electron and positron
(p3, A3) and (p4, Ag), respectively. In the formalism of
four-component Dirac spinors, the amplitude for the s
channel is given by the equality

2
M = %a(pz, 33) Y™ V(P4 A0 (P2 22 Ymv(pro Ar). (1)

For the same process, in the two-spinor formalism,
the amplitude is given by the following expression
[26-28]:

IM= (zg;””> [(zexlamy;) (—ley3anx1> + (ny&,lxz)

X (—leygoan) + (zexlamy;) (—lexzc"fny4>
+ (leyf&,,m) (—zex§5ny4)] . ()

For a more extensive discussion of this formalism and
other useful examples, see Ref. [28].

Parity-conserving theories such as QED and QCD
are well suited to the four-component fermion meth-
ods. The latter being more broadly known than the two-
component methods, our discussion will be based on
Majorana—(Dirac) four-component spinors.

Early in its history, the gluino, which is denoted g,
was called the “photonic neutrino” and viewed as a
massless particle, since it was difficult to generate a
sizeable mass for it. The role and interactions of this
fermion partner of the gluon, which, like the photino, is
a Majorana fermion, are directly related to the prop-
erties of supersymmetric QCD (SQCD) [10, 11]. In
the early days, the existence of relatively light “R-
hadrons™? [30, 31] was therefore expected. Today, we
know that a direct gaugino mass, symbolized m ),
comes from supergravity [32], or from radiative correc-
tions using messenger quarks. Both mechanisms yield
sufficiently high masses for the gluino.

The phenomenological studies of the photinos
started in 1979, when Fayet [24] studied the interaction

IReference [28] discusses the history of the spinors and the
techniques in the two-component spinor formalism and provides
a complete set of Feynman rules for fermions in two-component
spinor notation.

ZParticle made of quarks, antiquarks, and gluinos.

@ Springer

between photinos® and matter for massless photinos
and obtained the following cross section:

2
B B 4G2m,E [ 4 M3, sin’ 0
oc(y+e > y+e)=—L= ( wem )

6 m?
e

®)

where mi;, is the mass of the slepton. See Ref. [22] for
the early notation.

Later, in 1982, Fayet [33] studied the photino pro-
duction from e~ e", still in the case of massless photinos,
with the following result:
do

d—Q(@_eJr —> VYY)

_a¥s (1—cos?0)? (14cos?6)?
16 (m?;l—%(l—cos2 9))2 (mlze+%(1—|-cos2 0))2 ’
“4)

where 6 is the angle between the photino and the
incoming electron, and s is the usual Mandelstam
variable.

A later computation considered a massive photino
[34, 35]. The mass m; acquired phenomenological im-
portance because it was related to the scale of super-
symmetry breaking [23], to which, more recently, the
mass of the gluino has also been related. With a massive
photino, the total cross section is [33]

2
n 2mwacs

olee” > yy)= . 5
( 77) S (5)
Fayet also analyzed the processes e”et — yvv and

e~ et — yyy to obtain the following total cross sections

(in pb) [33]:

o (eet — yvi) ~ 2.6 1072 ——

—4
-+ 55) = 18 M. ul . 6
o(e et = yyy) (40GSV> (40GeV)? ©

Only in 1984 were the photino and selectron masses
included in these processes [36-38]. At the time, it
was thought that these reactions might define a useful
signature of SUSY and the experiments, important
limits on the photino and selectron masses. Two years
later, the reactions e"e™ — yvvande et — yyy were
accurately analyzed, and the results showed that the

3In the MSSM context, the photino interacts more weakly than
the neutrino.
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latter process has larger cross section than the former
(see Fig. 2 in Ref. [38]), a finding applicable only to
the “lower” selectron masses. It was also found that
the processes with polarized and unpolarized beams
place strong limits on the mj; x m; plane (see Fig. 4 in
Ref. [38]) [39]. A photino production in this channel
was analyzed in detail in Ref. [40].

Low-mass weakly interacting particles (photinos,
neutrinos, axions, etc.) are produced in hot astro-
physical plasmas and can therefore transport energy
out of stars. The possible astrophysical consequences
of “light” photinos and gluinos, for which the main
photino production channel is the subprocess gg — g8
followed by a gluino decay g — ygq, were discussed in
Refs. [23, 41].

It has been generally assumed that, for small gaugino
masses, the photino is an approximate eigenstate, an
assumption that is not generally valid. The classic sig-
nature of such events is missing transverse momentum

(//T) from the escaping photinos. The analysis of the

UAT1 Collaboration gave special attention to this char-
acteristic [42].

Unfortunately, the data analyses of the large elec-
tron positron collider at the CERN (LEP) were un-
able to follow the same approach. For larger gaugino
masses, it is unproductive to think in terms of the
photino, zino, and neutrals higgsinos (i) and /9). In-
stead, one must consider the mixture of these states
giving four neutralinos )Z?, j=1,2,3,4. In a similar
way, the mixing of the charged gauginos with the
charged higgsinos gives two charginos 5, i = 1,2. The
dominant gluino decays then occur via g — g,q; )Z,f and
g — qqx [11,14,42,43].

The rate of the two-body decay g — yg of the
gluinos was first analyzed in Ref. [44], where this decay
rate was found to vanish for m;, = mg,. The partial
width for the gluino radiative decay was recomputed
(for my; = 0) in Refs. [45, 46]. The most general result
for the radiative decay width of the gluinos was ob-
tained in Ref. [44] for the photino as the lightest super-
symmetric particle (LSP) [43]. Only with very massive
gluinos (m; > (m, + my)) do the two-body decays into
quark plus squark become kinematically accessible and
rapidly dominate the branching fraction [11, 14].

Notwithstanding the appealing arguments favoring
SUSY, no supersymmetric particle has been found so
far, in the first large hadron collider (LHC) runs of
up to 8 TeV CM energies [47-49]. With the increasing
luminosity and energies up to 14 TeV in the next years,
however, the prospect for discoveries is still good. The
search is aided by the “snowmass points and slopes”
(SPS) [50], a set of benchmark points and parameter

Table 1 Masses of gluinos, squarks, photinos, and selectrons in
the SPS scenarios

Scenario  mg (GeV) Mz (GeV) my; (GeV) M; (GeV)
SPS1la 595.2 539.9 96 202
SPS1b 916.1 836.2 96 202
SPS2 784.4 1,533.6 79 1,456
SPS3 914.3 818.3 160 287
SPS4 721.0 732.2 118 448
SPS5 710.3 643.9 119 256
SPS6 708.5 641.3 189 264
SPS7 926.0 861.3 161 261
SPS8 820.5 1,081.6 137 356
SPS9 1,275.2 1,219.2 175 319

lines in the MSSM parameter space corresponding to
different scenarios in the quest for supersymmetry (see
Ref. [51] for an instructive review). The goal here is
to reconstruct the fundamental supersymmetric theory,
and its breaking mechanism, from the experimental
data [50-52]. Therefore, in various scenarios, given
the SPS convention, the neutralinos (photinos) are the
lighter particles, while the gluino is the most massive
particle of the MSSM. As indicated in Table 1, each set
of parameters leads to different masses for the gluinos,
squarks, photinos, and selectrons, which are the only
relevant parameters in the study.

Supersymmetric theories involve self-conjugate Ma-
jorana spinors. In Section 2, we review the prescription
for writing Feynman rules for Majorana particles, which
are based on a well-defined fermion flow, a procedure
that is similar to the one leading to Feynman ampli-
tudes for Dirac fermions. Sections 3 and 4, which detail
the calculation of the differential cross section for the
production of photinos and gluinos, respectively, are
followed by conclusions.

2 Feynman Rules for Majorana Particles

Neutral particles may or may not have distinct antipar-
ticles. While Dirac fermions [7, 8] have distinct antipar-
ticles, the neutron being an example, the contrary is
true for Majorana fermions [9], the field operators of
which therefore satisfy the equalities* [34]

Ym =V = Ciiy,

U = ¥y C. (7

4 Appendix D of Ref. [34] discusses this subject in detail.
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where ¥ = ¢¥7y°, while C is the charge conjugation

matrix. The latter has the following properties
c'=c' c'=-c

C'IiC =T/, for Ti = Lyxa, Y5, YiVs,

1
C7'riC = —Fl—T, for s = ym, o = E[ym, Vul. (8)

The I'; have been chosen such that
I =nyTiy’, ©)

with no summation over i, where 7; is defined as

m={ 1 for i = Iy4, iys, Y. (10)

—1lfori= ym, omn-

In general, the u# and v spinors for either Dirac or
Majorana fermions are related by the equalities

u = Cii” (0T = ¢y, T = GO T,

v = Col

=V, U

=u, 90T =C u®, u®T — E(S)CT, (11)
where s = +1/2 labels the spin.

The Feynman rules for Majorana fermions, in con-
trast with those for Dirac fermions, involve vertices and
propagators with clashing arrows. As a consequence,
charge-conjugation matrices appear in the Feynman
rules for vertices and propagators, as discussed in

Refs. [11, 14, 15, 34].

2.1 Problems in Defining Feynman Rules
for a Majorana Field

In the standard model (SM) [53, 54], all the interac-
tions conserve both the Baryon number (B) and the
Lepton number (L). By contrast, the MSSM [17-20, 34]
comprises interactions that violate the conservation of
fermion number, because the Majorana fermions lack
distinct antiparticles. Their self-conjugacy allows a va-
riety of different contractions, which acquire different
signs due to the anticommutation of fermionic opera-
tors [34, 55, 56].

The usual Dirac field spinor expansion is given by
the expression [14]

$Phe 1

Yo = | 53 2E;

s=F1/2

x [ U™ 1 df O], (12)

@ Springer

where c(c’) and d(d") are annihilation (creation) oper-
ators satisfying

[c,”,cﬁ ] Q1) 2E 8,8 (k i),

_ | AT Tl
= [ch, czr] =0,

(27)32E;8,,8° (k 7),

_ [d}(’s, d;r] —0.

—

QU

kall

\&.

= ~I
S0

Il

(13)

To quantize the Dirac spinor field ¥p, one requires
that

{(Wpa(X), Wiy, (D} = 84,83 (X — ),
{(Wpa(x), Wpp (1)} = {W],(x), W], () = 0.

For a Dirac spinor, therefore, we can write the fol-
lowing expressions:

O T {W pa ()W pp () }10) = S pap (x — y),
(01T {¥ pa (X)W pp (1)}0) = (O T { ¥ pu (X)W pj, () }10) =0.
(15)

We represent a fermion in a Feynman diagram by
a solid line. For a Dirac fermion, each line carries an
arrow indicating the fermion number flow.

The analogous expressions for the Majorana fermi-
ons [14] are

(14)

¢k 1
Wy (x) = WZ_E;;
x Yy [c,;qsu(”(k)e_"kx—i- c;’sv(”(k)eikx],
s==1/2
[ ] Q1) 2E;5,8° (k 7),
(et i) = [ 61, ] =0

OIT{Wpa(X)Was (1)} 10) = Spap (x — y)
(O T{W p1a () W15 (1)} 0) = (O T { Wt () W e (1) }[0)CF
= SFac(x - y)ngy,

(OIT {Wp1a (X)W s (1) }10) =
=CI Spep (x — ),

where ¢ and ¢’ are annihilation and creation operators,’
and we have to include these contractions to compute
matrix elements of operators involving products of

Ca(OIT {Wrse () Wy (1) }10)
(16)

5The condition Cis = =d; s implies the identity of the particle and
antiparticle quanta of this field.
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Fig.1 Feynman rules for an

iS(p)

internal Dirac fermion line. o
For each diagram, the upper
line represents the fermion
momentum, and the lower 7 S ( _ p)
line represents the fermion — __°
flow
. iS(p)
e

Majorana spinor fields [14, 34]. In contrast with Dirac
lines, Majorana lines carry no arrows.
For Dirac fields, the internal propagator reads

3 1
OIT{w@)PT ()} I0) — 7, = 5P, (17)

I3

where the propagating fields W carries a momentum P.
The contraction with the external operators is given
by the expressions [55, 56]

OIT {W(x)c"(pi.si)} 10) — u(pi. si).

OIT {c(pi, s)W ()} |0) — @(pi, s,
OIT {W(x)d'(pi.s)}10) = B(p;. s1).

OIT {d(pi, sy ()} 0) — v(pi, 5). (18)

In general, each Dirac field is associated with the
usual propagator S(P) (see (17)), and the “reversed”
one S(—P), as drawn in Fig. 1, as well as with the
usual spinors and their “reversed” counterparts, given
by (18), which are depicted in Fig. 2. For Majorana
fermions, since arrows cannot be drawn to indicate the
fermion number flow, we only have the usual propaga-
tor S(P) and spinors, not the reversed ones, as shown by
Fig. 3. Notice that the propagator has clashing arrows
[55, 56].

The most generic Lagrangian £ for Majorana fields
A and Dirac fields v [34], augmented by a pure Dirac

—ulp) —— .u(p)
p
—vip) —_L9(p)

Fig. 2 Feynman rules for an external Dirac fermion line. The
momentum p flows from the left to the right

i(f+m)

ﬁ' e (¥ <p2_m2+i€>aﬂ

p
af

p? —m?2 + e

— > o (1 :
A P2 —m?2 + e

L (—i(gﬂ—m)C)
af

Fig. 3 Feynman rules for Majorana fermion propagators with
orientation (thin arrows). The momentum p flows from left to
right

interaction term [55, 56], can be expressed by the fol-
lowing expression:

1- -
L= zka (lymam - Ma) Aa + wa (lymam - ma) Wa

1. - 1 .
+ ngzbc)‘ari)\b o, + ng;zc)»b i, ®F

ik e Tity @F 4 k55 Y Tida @ + hly Walith P,
(19)

where T'; is defined in (8), and g', ., «!, and h’, are
coupling constants.

The field ® summarizes scalar and vector fields.
Using (8) and the fact that fermion fields anticommute
in the first term on the second line, we find that the
following constraint must be satisfied:
glabc = Uig;mc ’ (20)
with no summation over i and 5 given by (10).

The second problem, as shown in Ref. [34], is the
following. The two terms on the second line of (19) can
be rewritten as

gihciari)\b CDC = _gilbcxt? (C_lri) )\b qDC’
Ay (MO A @F,

(21)
gi;;)c;’b Fl}”ﬁq): = gi;)

c

and hence the Feynman rules for this term may then be
given by any of the following conventions:

igflbcr = _igizbc (C_Iri) s
igoy T = ighy. (T C)

which seem to give evidence of sign ambiguity.
Another problem derives from the location of the C
operator [34]. The self-conjugacy allows for a variety

(22)
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“.1
KA

“,1
S

o
=
S

o
/\“@y/\\\@@/flw\y SN
o
ﬁmﬁ\ymﬁ%\y SN\
=

A A A A

~~~
(S

(b) ()

Fig. 4 Feynman rules for the interaction (from (19)) of a scalar
field with one Majorana (1) fermion. From Refs. [55, 56]

of different contractions, which acquire different signs
originating from the anticommutation of fermionic op-
erators [34, 55, 56]. In this approach, the relative sign
of interfering Feynman graphs cannot be read off the
graphs but has to be determined independently from
the Wick contractions. This method is unwieldy in such
practical calculations as the production of photinos and
gluinos.

There is, however, an alternative way to define
Feynman rules for Majorana fermions. Since the
fermion-flow rule is violated, we may introduce a con-
tinuous fermion-flow orientation for each fermion line,
as in Refs. [55-57].° This forces us to introduce two
analytical expressions for each vertex, one for fermion
flow parallel and the other for fermion flow antiparallel
to the flow of the fermion number. Therefore, for
Majorana fermions, only the usual spinors are present,
as in Fig. 4.

The Feynman amplitudes can be obtained from the
following procedure [55, 56]:

1. Draw all possible Feynman diagrams for a given
process;

2. Fix an arbitrary orientation (fermion flow) for each
fermion chain;

3. Start at an external leg (for closed loops at some
arbitrary propagator) and write down the Dirac
matrices proceeding opposite to the chosen orien-
tation (fermion flow) through the chain in agree-
ment with Fig. 2;

4. Apply the corresponding analytical expressions;

5. Multiply by a factor (—1) for every closed loop;

%We only need the familiar Dirac propagator and only vertices
without explicit charge—conjugation matrices.

@ Springer

6. Multiply by the permutation parity of the spinors in
the obtained analytical expression with the respect
to some reference order;

7. As far as determining the combinatorial factor is
concerned, Majorana fermions behave exactly like
real scalar or vector fields.

We can understand the last item in the following
way: for Majorana fermions, there are two equivalent
nonvanishing Wick contractions, i.e.,

xTx =x0'%. (23)

For Majorana fermions x = x, an equality that, to-
gether with (20), allows us to show that

I =T. (24)

These two contractions yield the same result and
cancel the factor 1/2 in the corresponding interaction
term. This is exactly what happens for real scalar and
vectors fields. The analytical expressions are indepen-
dent of the chosen orientation, i.e., of the fermion flow,
as shown by Refs. [55, 56].

This set of rules, which will be shown in the next
sections to simplify practical calculations, can be com-
bined with the FeynArts program [58] to calculate the
differential cross sections for photino and gluino pro-
duction.

In general, to calculate the square amplitudes in-
volving Dirac fermions, we use the following projection
operators in diagrams involving Majorana fermions,
which are obtained from (11):

> u(P(P) = (Z u(”(P)ﬁ(”(P)) cT
= (P+ M)CT,

> (P (P) = <Z v“)(P)ﬁ@(P)) cT
S = (PS— mc’,

> aT (P (P) = C! (Z v“)(P)a(S)(P))

=C ' (P-M),

Z l_)(S)T(P)L_l(S)(P) —C! <Z u(S)(P)L_t(S)(P))
=C NP+ M), (25)

where C is the charge conjugation matrix satisfying (8).
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3 Photino Production

This section shows how to calculate the differential
cross section of the e”et — 77 process, where 7 is the
photino field in the SQED context. This process, which
conserves the lepton number, takes place via t-channel
e, - and é-exchange (see Fig. 5) as shown by Fayet [33].
We will assume that €, - and &, are mass eigenstates,
because we are in the domain of SQED. Both e and ¢
carry one unit of lepton number. The ¢- and u-channel
exchanges correspond to the cases where the fermion
lines are uncrossed and crossed, respectively.

Today, we know that in the context of the MSSM, the
photino is a gaugino and mixes with the neutral higgsi-
nos to yield the neutralinos as the mass eigenstates [11,
14, 59]. Neutralino pair production in e~ e* collisions
was first studied in [60], where it was shown that this
production takes place via the s-channel Z-exchange
and t-channel é; - and é,-exchange. On the other hand,
the LSP in some minimal Supergravity (nSUGRA)
scenarios can be a light photino, i.e., ¥ ~ 7 [50-52],
with an acceptable cosmological abundance [61].

In e~e™ collisions, photinos are produced in the fol-
lowing reaction:

e (P)+e"(Py) = 7(Ky) + 7(K>) (26)

as shown in Fig. 5, where y is the photino, and the
particle four-momenta are specified in parentheses. As
already explained, the photino is its own antiparticle.

H
e P) BT w )
€L,R
() - KG)

e (P L_€2(1 F5)
B) v - F(K1)
et (Py) F(K2)

%(13‘:%)

Fig. 5 Feynman diagram of the process e et — 77. The elec-
tron fixes the orientation (fermion flow) for each lepton. The
positron line has, therefore, the opposite direction, and a con-
tinuous line results in the diagram

The amplitudes for e~ (P))et(Py) — 7(K))y(K>)
are

2 1
M, = —%Q(Kl)(l - VS)M(PI)W{)(}E)
x (1 + ys)v(K2),

2
My = %ﬁ(Kl)(l + ysu(Py)

P
R

X (1 = ys)v(Kp),
M, =~ a1 Py— P
c——zu( 21— ys)u( 1)@1)( 2)
X (1 + ys)v(Ky),
2

My = %b—l(Kz)(l + ysu(Py) 5(P)

1
u— M?R
x (I = ys)v(Ky), (27)

where s, t, u are the Mandelstam variables, defined as

s = (P + Py)* = (K + K»)?,
t= (P — K)? = (P, — K»)?,
u= (P — Ky’ = (P, — K))%,
S+ 1+ u=2m; +2m:. (28)

Here, m, and m; are the electron and the photino
masses, respectively.

The next step is to calculate | M, + Mp + M, +
M,|%, where the relative negative signs, explicitly
shown in Eq. (27), are due to the Pauli statistics. Sum-
ming over initial and final spins and using the usual pro-
jection operator over the positive and negative energy
states, we obtain (see Ref. [66] for more details on the
algebraic manipulations) the following expressions:

M= 1 koK
Ml —m( 1- K)(P - Ky)
er
4¢* 5 5\2
T (- M) (1=me=m3)
o

MIMy = My M] =

- 8 ellty 21
A~ M2 (i — Mgk)( Meny)

16¢*
IMp)* =

= O_T)Z(Pl - K)(P> - K»)

4e* 5 5\2
= —(I_Mg )2 (t—mg—m};) s
€R
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5 16¢*
IMc|” = m(})l - Ky))(Ps - Ky)
4e 2 242
Ty T
MiMy = MiM, = ¢ 8mem;)
¢ T - M2 Y- M2 T
16e*
IMyl* = m(ﬂ - Ky)(P> - Ky)
€R
4¢*

Let us work out the interference terms in detail. On
this case, we need again to sum over initial and final
spins. From (25), we find that

64

T _ T —
MiMe = MM = 2 VT

AT [(1 = y5) (P + m) (1 + y5)
(K1 +m)CT (L4 ys) T (Py —me)T
S (L=y)"CT (Ko + mp)]},

64

.
MM = MM = 41— M2 y(u— M2)
ey €eR

AT [+ y5) (P +me) (1 +ys)
(K +mp)CT (1= y)T (P —me)T
(L4 ) C (K +mp)]},

P

4t — M; ) — M3)

MM, = MIM, =

AT [A = ys)(P1 +me) (1 + v5)
(K +mp)CT (1= ys)" (P —me)T
(L= 'C (K +mp)]},

&4

Au— M2)(t— M2)

AT [(1+ y5)(Pr + me) (1 — ys)
(K +mp)CT (1= ys) (P —me)T

A+ CH K+ mp)]} . (30)
We now need to calculate the quantity
ClA+ys) (P =mo) (1 =)' C". (31)

@ Springer

Notice taken that [C, y5] = 0 and y,' = ys, with the
first two equalities in (8), we can show that
Cla+ys)" =" —pHCT = -1 = p)C.

(1—y)TC'=CTUT +p) = C7(1 + ys), (32)

and using the last equality in (8), we can rewrite (31) in
the form
~(1 = y)(Py'Cy,y €71 = m CCTH(1 +y5)

= —(1 = ys)(=PY'ym — me)(1 + ys)

=0 =ys) (P2 +me)(1 + ys). (33)

We have, therefore, shown the following relation to
hold:

CTA+ )T (Pr—m) (1 —ys)TC!

= (1= y5)(P2+m)(1 + ys). (34)
Similarly, we can show that
CTA =)' (Pr—me) (1 +ys)"C!
=1+ y5)(P2+me)(1 — ys). (35)
Next, using the trace techniques, we find that
MM, = MIM etm P - P
a ¢ — c a_(u_MgL)(t_Mgl‘)( 1° 2)
4.2
_ 8e ms (f B mz)
(w—M;)(t— M) \2 A
MMy = MM, = ¢ (8mom;)?
a d = d a_4(t—M§L)(u—M§R) elty)
MM = MIM, = ¢ (8mem;)’
P T a - M = M2 T
MMy = MM ety P -P
b d = d b_(u_MgR)(t_MgR)( 1- P»)
8e*m?2 s
= v ~—m?). 36
(w— M2)(t— M2) (2 mf) (36)
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The differential cross section in the M;, = M;, =
M; limit is then given by the relation

2
do o2 [s—4m2 | [t —mZ —m?
99 ot o 5y = & 7 v e
ae' ¢ 22 4s\ s — 4m? t— M?

( lémgm)% — 2smf7 ):|
+ . (37)
(t— M>)(u— M2)

Since the photino is not actually a mass eigen-
state—for our calculation is carried out in the context
of SQED—, we have assigned the neutralino mass to
the photino. In any case, the electron mass could be
neglected compared with the sparticle masses, and (37)
simplifies to

2
do(_+ 55 o? L (2 2 ft-m
—(e e — = — —
o ST NG i~ M

2 2
+ u_mj; _ 2smj;
M) W MHC— M) |

(38)

which is the result in [34, 35]. In addition, with m; = 0,
we obtain (4), the result derived by Fayet [33].

The total cross section for the process e” et — 7y is
given by [35]

o(e et — 77)

_ e {S+2AA + SA°
52 m;‘g + M3+ Mi(s — 2m)27)
m2sA)
27 } (39)
s+ 2A
where
_ / 2
S= s(s — 4ms),
A:M?—m)z;,
s+2A =S8
A=ln|———|. 40
n[s+2A+S:| (40)

The so-called international linear collider (ILC) will
provide opportunities for both discovery and precision

measurements [62]. With the construction of the next
generation of ete™ linear colliders, with a center-of-
mass energy up to 1.5 TeV, capable of operating also
inthe yy, ye™, and e”e™ modes, new perspectives arise
for detecting new physics beyond the standard model
in processes having nonzero initial electric charge (and
nonzero lepton number).

If the photino is stable, then all supersymmetric
cascade processes ultimately decay into photinos. The
photino is unseen as it leaves the detector, and its ex-
istence can only be inferred by looking for unbalanced
momentum in a detector. In this way, it is phenomeno-
logically similar to neutrinos. The events produced by
the photinos display large discrepancy in energy and
momentum between the visible initial- and final-state
particles. Nowadays, this is the signature of the LSP,
which, depending on the scenario, can be the light-
est neutralino (), the gravitino (the supersymmetric
partner of the graviton), or the lightest sneutrino vy, i.e.,
the supersymmetric partners of neutrinos. On the other
hand, in certain minimal supergravity (nSUGRA) sce-
narios, the LSP can be a light photino (this means
that x? ~ y) [50-52] with an acceptable cosmological
abundance [61].

In the following, we shall present our numerical re-
sults assuming the photino to be the lightest neutralino
of the MSSM. In the SPS scenarios, its mass ranges
between 70 and 200 GeV, whereas the selectron mass
ranges from 200 GeV to 1.5 TeV (see Table 1).

In Fig. 6, we show results for the total cross section
of photino production as a function of the photino and
selectron masses, for three different CM energies. To
study the dependence on the photino mass, we fix M; =
202 GeV for the selectron mass (SPS1a scenario). The
cross sections for /s = 0.5 TeV are largest, the results
for /s =1 and /s = 1.5 TeV being insensitive to the
photino mass. For the dependency on the selectron
mass, we use M; = 96 GeV for the photino mass. For
M; > 800 GeV, the cross sections for 4/s = 1 and \/s =
1.5 TeV are very close to each other, but the results
differ for lighter selectron masses. For /s = 0.5 TeV,
the cross section grows up faster than in the previous
cases for decreasing selectron masses. In conclusion,
if the selectron mass is not much heavier than M; ~
500 GeV, the ILC with /s = 0.5 TeV is likely to dis-
cover the lightest neutralinos and to place constraints
on the selectron mass.

Let us now estimate the number of photinos that
will be produced in the future ILC. Given the expected
luminosity of £ = 1.5 x 10** cm~2s~! [63] for the 0.5-
TeV mode, in 1 year (107 s) 65,218 photinos will be
produced in the more optimistic SPS1 scenario and 525
photinos in the less optimistic SPS2 scenario.
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Fig. 6 Total cross section of photino production in e~e* colli-
sions for different CM energies: /s = 0.5 TeV (solid line), for
/s =1.0 TeV (dashed line), and for /s = 1.5 TeV (dot-dashed

4 Gluino Production in the MSSM

Gluino and squark production in hadron colliders
dominantly occurs via strong interactions. Thus, their
production rate may be expected to be considerably
larger than for sparticles with electroweak interac-
tions only, whose production has been studied in the
literature.

The cross sections for the production of gluinos and
squarks in hadron collisions were calculated at the
Born level quite some time ago [35] and in the next-
to-leading order (NLO) accuracy more recently [64] .
In the present study, as another example of detailed
calculation, we consider the inclusive production of
gluinos in pp collisions. For more detailed descriptions
of the procedures, see [65, 66].

line). Left panel: Cross section as a function of the photino mass,
for Mz = 400 GeV. Right panel: Cross section as a function of the
selectron mass, for My =79 GeV

4.1 Subprocess gq — gg

The Feynman diagrams for gluino pair production com-
ing from quark-antiquark initial states are drawn in
Fig. 7. We denote the initial-state quark and anti-
quark momenta, spin and color by (k;,s;,a) and
(k2, 52, b), and the final-state gluino momenta and spin
by (Py, 53, €) and (P, s4, d), respectively.

The Mandelstam variables are

s= (ki +k2)* = (Py + Py)* = 2k, -k2=2m§
+2P, - P, =4E?,
[:(kl—P1)2:(P2—k2)2:m§—2k1 . Plzmg—Zkz-Pz

=m§ —2F? +2E\/fm§cose,

We do not c.:on51der in detqll the tqp sq}lark Pro-  — (k,— P> =(P, —k2)2=m§,—2k1 -P2=m§—2kz~P1
duction, for which our assumptions are invalid, so that
more involved treatment is required [67]. In the fol- =m§ —2FE?>-2E JE?— mz cosf,
lowing, we detail the steps necessary to calculate the )
various contributing subprocesses. S+ 1+ u=2mg, (41)
q g g o« g
k] pl kl EUUUUUUU\E)\IJUUU kl i
| I
| I
GUU00000T Y \
| I
| I
|
kz p2 k2 } I'\I'\I'\I'\I'\I'\('\(]'\:)(z'\(‘\l'\l'\ ~ kz i
q g a ) e g >

Fig. 7 Feynman diagrams for gluino pair production quark—antiquark initial states
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where E is the center-of-mass energy of the colliding
quarks, m; is the gluino mass, and 6 is the scattering
angle.

The expressions for the amplitudes in these sub-
processes are

M= (—1gy) (Wi (B)0(ka, 52) T ymw(@u(ky, s1))
gmnSCg
: ( P > (_lgs)

(QUARP2. 50 P QP 5) )

2
= _% ((ka. 52)ymtt(ky, 1)) (i Py, 54)y™u(Py, s3))

(w0 Tw@) (2 d2).

M= (=128 (L= R) ()i ez.52) T Qe(d)uu( Pa.su)

st
- (ti Mg) (~1v/2g,(L = R))

q
(@5 @aPy s T w@uky, s1))

g2 _ )
== Oke.s)(L = Ryu(Py, 54)) (@(Py, 54)
q

(L= Ryu(ky, s))(w' (D) T°Q(d)) (2 () T w(a))

2ig; 2=
=" TTR (L + R)” (v(ka, s2)u( P2, 54))
r= Mz

(@(Pysa)uky,s) (b)) T°(@) (2 (e) T w(a))

4lg%, _ _
=TIR (V(ka, s2)u(Pa, 54)) (U(Py, sa)u(ky, s1))
b= Mg

(WD) T QD) () T w (@),

M, =—(=1v/2g,(L — R))(—=1/2g,(L — R))
(wiB)o(ka, 52) T°Qe()u( Py, 53))

18! s
| — " ()it f
(u - Mg) (R @a(P2 50 T w@uky,s1)

digy _
JYE (v(ka, s2)u( Py, 53)) (P2, s4)u(ky, s1))

q

=+
t
(WD) T Q) (R (D) T w (@), (42)

where w(a) and 2 (a) are the color wavefunctions of the
quarks and gluinos, respectively [15].

The Q(a)’s are 8 x 8 matrices, in the octet represen-
tations of the SU(3)¢ group, satisfying the following
relations

(Q@)pe = —tfabes

[Q@), 2(b)] = tfupcR(0). (43)
The total amplitude is given by
M= M+ M+ M,. (44)
Defining the appropriate color factors
2
= @' e) Tw@) (F2i@e©).
g ; R
G, = z—st (w' (D) T°Qu(d)) (2] (e) T w (@),
q
g’
G, = ——1\42 (W'D TQc() (A DT w(@),  (45)
q
and the following flavor factors
Sy = (0(ka, $2)Ymut(ky, 51)) (( P2, 54)y™u(Py, 53)) ,
St = (v(k, s2)u( P2, s4)) W@( Py, s3)u(ky, s1)) .
Su = ((ka, s2)u(Py, 53)) (U( P2, s9)u(ky, s1)),
we can rewrite the amplitude (44) in the form
M = 85,Gs + 4S5,G; — 48,G,, . (46)

Squaring this amplitude and summing over initial
and final color and spins, we are led to the expression

> IMP = ISPIGs + 418:8,Gi G, —1615: S, G G,

$1,52,53,54

— 48,5 G,GF + 16|S/*|G,[?
—1657S,G*G,
+ 48,85 G G + 16|87 |Gul>. (47)
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Let us first examine the flavor factors. The usual
quantum field-theory techniques yield the equalities

D ISP =Tr [Mavim Kava]

X Tr[(P2+mg)y™ (P +mg)y"]
=KSKS Tt [YoVm¥pYu]
+Tr [sz'" Py +mgy™y"
+ mg (Pay"y" + 9" Ply")]
=[4 - (komkin — gmnk1 - ko + konkim)]
[o- (PrPr—gmpy- Pot Py Py g™
=32[(ki - Py) (ko P)+(k1- P2) (ko- Py)

+ m§ <k| -k2+2m§)]

2 2
_ 2 2 2
=8 |:(mg — t) + (mg — u) + 2smg,:| ,

Y SiSi=SiSc=Tr Moy Mi (Pr+mg)y"(Pr+my)]

=Tr [Ifzym ko Piy™ Patmgloym Ko Pry™

+ Mg KoY Mry™ PatmG Koy klym]
=16 (k1 - P1) (ky - P) + mj (ky - ko)
=4(m§,—t) + ms,

> S5 =SiSe=Tr[Kaym b1 (Pr+mp)y™ (Pi+mp)]

§1,582,53,54

=Tr [ Woym iy Poy™ Pi+mg Koym ki Pay™
g Kot K7™ Py+ 0 Koy K"

=16 (k1 - Py) (ky - Py) 4+ m3 (ki - ko)

=4 <m§ — u) + mES,

> ISP=Tr[ka(P2+mg)] Tr[(Pr+mg) K]

$1,82,53,84

=Tr [k Pi]+ Tr[k> P2]
+mg {Tr [k1] + Tr K]}
=4[P) ki + P> k|

=4<m§—z‘),
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> SIS, =S8;S, =Tr[l P Tr [k P1]

$1,52,83,54

—Tr [y P2] Tr[ka Po] +myTr [ k]

=4[ k1 Py Gz P1) = (K1 - P (2 - P)

+ mg (ky 'kz)]

D ISP =Tr[(Pr+mg) ] Tr[(Pr+mg) ko]

§1,52,53,54

=Tr [k P.]+ Tr[k> Pi]
+mg {Tr [k1] + Tr K]}
=4[P, ki + Py - k>

=4<m§,—u).

Consider next the color factors. Apart from the av-
eraging factor (1/9), we get the following results:

(48)

4
Z |Gs|2 — %TI‘ [)»L)\,g] fdec fdec’ fdeg fdeg’
)
a,b.d.e

4
=% 1672,
* * gs
G:G, = GG = 16 -72,
a,bZL;.e o a,bZd:e o s<[_M,§)
4
GG, = GG =—5 ___ 16.72,
u,bXd:,e o a%e o S(M—M%I)
> |G,|2=g—§2-16-72-§,
ab.de (t— Mé) 9

i . & 16.
bz;c; Gu_a%eG,Gu— () S(”‘ ) 16-72,

4
2 8s 3
E |G| =—‘2-16~72-§.

ab.de 4 (u - M;) e

We may now substitute (48), (49), and (46) into the
usual expression for the differential cross section,

do 11 1 ,
& " Tons? (6_4 2.7 2 M ) (50)

a,b.d,e  51,52,53,54
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We have checked that our analytical calculations 4 _ (—1g, f24) (ém (k) w” (©)u(Py) R d))
agree with the results of the FeynArts program [58],
with the MSSM code [68]. Finally, we find the following (4 + mg) 5de bef
expression: “\ T C m? g | (zigs 17
d - a
@1~ 80 (@) QT ©en (kD (©))
) . a2 .2 My = (—1gs 7) (em(k)w” (©u(k1)R(c))
_87-[% 4_1 mg—t +4_; ms; —u
S |3\M2-i 3\ M2 - o [ 1A+ me) segn ) (g, foif)
u—mg
3 2 _ 2 2 _ A2 25 -
t 3 [%-ﬂ + (mg — ) +2"’lg5] (i (k) Q" (d)en (k) w(c)) - (52)

5 (mg, —0)* +m3s
§(M§ _

. (m3 — 0)* +m33
SO =)
1 m?ﬁ
+ 5(M§—5(M§—a)}' 51)

These results agree with those in Refs. [14, 35].
4.2 Subprocess gg — g8

The Feynman diagrams for gluino production coming
from gluon fusion are depicted in Fig. 8. The initial-
state gluons have SU (3)¢ adjoint representation indices
a and b, with momenta k; and k, and polarization vec-
tors &/"(ky, A1) and &' (k, X,), respectively. The final-
state gluinos carry adjoint representation indices ¢ and
d, with momenta P; and Py.
The Feynman amplitudes are given by

mnsef
M, = (—1gs £ (em(k)w ()€ (ka)w” () (g - )

x (—1gs £ (T (©)u(P)QUd)u(P»))
' [gmn(Pl _P2)r + gnr(PZ + Q)m_grm(Q+P1)r] s

Before presenting our results for this case, we find
it interesting to present a brief review of the polariza-
tion vectors used to describe real photons as well as
real gluons. We choose to work with real transverse
polarization vectors e; and &;, both of which must
be orthogonal to the initial-state collision axis in the
center-of-momentum frame. We can, hence, write the
following relations:

g - €j = —0bj,
E&1-Pr=¢&-pP1=¢€"P2
=& - p» = 0 (Lorentz condition),
e1-ky = —e1-ky,

82‘k2 = —82~k1, (53)

for each choice of A; and A,.
Summing over gluon polarizations, one has that

2124, 2(81'82)222,

Ao Al,A2
(t—m2)(u—m3)
Y (ere) ek -en) =my—————5 (54)
Ao §
g
&—“67@63@@6767@63@1@)@@ & BETTTTTTUUTT
1
k)

g g g
%5 % o SCOT0TEUTE00)
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Fig. 8 Feynman diagrams for gluino pair production gluon-gluon initial states
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t—m2)(u—m2)\’
Z<k1~sl)2(k1-82)2=(m§—M>- (55)

S
AyAa

Following the procedure adopted in the Section 4.1
and taking advantage of the following expressions
(28],

7284 72g4
Gl=-—"—2, Gl=—">2—- (56
C%S ’ S2 C%S ' (t o mlzé)z ( )
72g* 36g*

2 s K
L=t L GG=gT s O
colors g colors g
" GG, = 368

sGu=——"">-,
colors N C mg’)

36g*
Z GGy = : 2 & 2\’ (58)
colors - mg’) (u— mg’)

we come to the following differential cross section for
the case under study, which we have also checked with
FeynCalc:

do

di

(88 — 88

208 2
mg,(s — 4mg,)

Ora? [20m3 —D(mZ — i)
452 52 (m; — )(mg — i)

2 2 2 I 2 2
(m3 — D(mg — &) + 2mZ(m; + )

2 _ A2
(m? — 1)

2 N2 7 20,02 1 7
(mg — t)(mg —u)+ 2mg(mg + u)

2 _ /)2
(m? — i)

2 N2 B 20p 7
(mg — t)(mg, —u)+ mg(u —1)

§(m§—ﬁ
2_DmE—-0)+mii—1
(m; 3(njg 2u)Amg(u 3}' (59)
s(mg—u)

Once again, the result agrees with the expressions in
Refs. [14, 35].

4.3 Subprocess gg — Gg

The Feynman diagrams for gluino production from
Compton scattering gg are shown in Fig. 9.
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Fig. 9 Feynman diagrams for squark—gluino production. The
arrows indicate the fermion flow

The Feynman amplitudes are given by the equalities

M, = (—1v/2g,(L — R) (w' () T w(c)u(Ps, 53))
x (—‘(4 i mg)aff) (—1g, )
S
(Q @i (P, s) Ty e" (Py)w (b)),

M, = (~1v/2g,(L — R)) (w'(d) T w(b)u(Py, 5))
x <—’(” + ”jg)aff) (—18s )

(€M (PHWE (@) y™ u(P3, 53))R2(0)) »

My = (—1v/2g,(L — R) (w' () T w(b)u(Ps, 53))

y (1(/? +W;§')8fe) (_lgsfeac‘)

u—mg,

(€™ (PHWE (@Y™ u(Ps, $4))22(0)) - (60)
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The differential cross section for the Compton-like
subprocesses is then given by

do

di

(98 — q8)

a2 B2+ (mZ —i*) + g‘ﬁ(Mg — 1)
2452 §(my — D(m; — @)

25mA M2 — m2)
x<<m§—a>2+<M§—m§>2= St

2 =D

(61)

in agreement with Refs. [14, 35].

The total cross section for gluino production can be
obtained by adding (51), (59), and (61) and integrating
the resulting equality over phase space, which yields the
results in Refs. [35, 64]. We have used these expressions
to find the results presented in Refs. [65, 66, 69].

The central purpose of the LHC [70], which is al-
ready running and soon will be fully operative with
14-TeV energy, is to find the Higgs particle. That dis-
covery may either confirm the SM or open new win-
dows towards new physics. This machine will also study
collisions involving nuclei-pA (proton—nucleus, /s =
8.8 TeV) and AA (nucleus-nucleus, /s = 5.5 TeV)
LHC modes. Results for gluino production in the pA
and AA modes were presented for the first time in
Refs. [66, 69].

Before presenting our numerical results on gluino
production at the LHC, we recall that gluon fluxes
and large color factors make gluon—gluon (gg) fusion
contributions dominant at LHC energies if mz, M; <
1 TeV, while reactions involving valence quarks domi-
nate gluino production at the Tevatron in the allowed
mass range. The rate of gluino pair production is maxi-
mized for m; >~ Mz [11].

Figure 10 shows the LO QCD total cross section
for gluino production at the LHC as a function of the
gluino masses. The continuous curves display the cross
sections calculated for the CTEQ6L parton densities
[71], with the indicated assumptions on the squark
masses and choices of the hard scale. For m; = myj, the
solid, dotted, and dash-dotted curves monitor the sen-
sitivity to the hard scale. Our curves are qualitatively
equivalent to the ones in chapter 12 of Ref. [14], based
on the CTEQSL parton distribution.

Since the pp CM energy /s = 14 TeV is several
times larger than the expected gluino and squark
masses, these particles may well be produced and de-
tected at the LHC. The expected luminosity for the
full LHC performance is £ ~ 10** cm=2 s~!, which is

119
6
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\ —— Mg=Mg}, U=Mmg
10° | - myE2my, p=(my+m,)/2| 3
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10* L —o Mgg=mg;, U=2mgy 4
N N O mgg=myg;, 1=0.5my E
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Fig. 10 Total LO cross section for gluino production at the LHC
as a function of the gluino masses. Parton densities: CTEQG6L,
with two assumptions on the squark masses and choices of the
hard scale (curves). For mg = mg, the sensitivity to the hard scale
is also presented . The open squares show the numerical results
for the SPS points (see Table 1)

equivalent to 100 fb~!, assuming a full LHC year of
107 s. Considering the SPS1a scenario (lightest gluino
of mass 595.2 GeV), roughly 2-10° gluinos will be
produced, while in the SPS9 scenarios (heavier gluino
of mass 1,275.2 GeV), 1.8 - 10* gluinos will be produced,
according to our Fig. 10. Fore more realistic estimates,
the NLO corrections would increase the cross sections
for the various processes by a factor smaller than two.
The above estimates, therefore, define a lower limit
for the cross section and for the number of produced
gluinos.

5 Conclusion

We started this article with a very brief review of
the early phenomenology of photinos and gluinos to
present our motivation for calculating the cross section
for the production of both particles. We then high-
lighted certain difficulties in dealing with Majorana
fermions like we treat Dirac fermions. One difficulty
comes from the ambiguity in the definition of the inter-
nal propagators of the fermions; the other comes from
the relative sign between the amplitudes. After that,
we reviewed one method yielding the Feynman am-
plitudes when dealing with Majorana fermions, which
makes the calculations as simple as the procedure for
Dirac fermions. This method is based on a well-defined
fermion flow and yields vertices equations without ex-
plicit charge—conjugation matrices. As illustrations, we
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have presented examples showing how to calculate the
photino and gluino production in pp collisions. We
expect this review to help researchers who are new to
the field of supersymmetric extensions of the standard
model.
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