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In this article we calculate the one-loop supersymmetric QCD (SQCD) corrections to the decay u; —
c;?? in the minimal supersymmetric standard model with generic flavor structure. This decay mode is
phenomenologically important if the mass difference between the lightest squark i; (which is assumed to
be mainly stoplike) and the neutralino lightest supersymmetric particle 79 is smaller than the top mass. In
such a scenario i; — £7? is kinematically not allowed and searches for it; — Wby" and &; — cy? are
performed. A large decay rate for u; — c;?(l) can weaken the LHC bounds from i; — Wb)((l) which are
usually obtained under the assumption Br(it; — Why"] = 100%. We find the SQCD corrections enhance
iy, - c;}?] by approximately 10% if the flavor violation originates from bilinear terms. If flavor violation
originates from trilinear terms, the effect can be +50% or more, depending on the sign of A’. We note that
connecting a theory of supersymmetry breaking to LHC observables, the shift from the DR to the on-shell
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mass is numerically very important for light stop decays.

DOI: 10.1103/PhysRevD.91.035010

I. INTRODUCTION

Natural supersymmetry requires light stops in order to
cancel the quadratic divergences of the Higgs self-energies
involving a top quark while the other supersymmetric
partner can be much heavier [1,2]. Theoretical motivation
for light stops also comes from the fact that when starting at
a high scale with universal squark masses, the renormal-
ization group evolution (RGE) (known at the two-loop level
[3-5]) generically drives the masses of the third generation
squarks to lower values as for example in gravity mediated
supersymmetry (SUSY)-breaking scenarios (see for exam-
ple [6]). In addition, light stops are also welcome in order to
accommodate for the observed relic density within the
minimal supersymmetric standard model (MSSM) [7-12]
and to realize baryogenesis [13-21].

On the experimental side, the bounds on the stop mass
are much weaker than the ones on the other strongly
interacting SUSY particles, i.e. squarks of the first two
generations [22,23] and the gluino (see for example [24] for
arecent overview of ATLAS and CMS results). Light stops
might even be welcome in the light of recent LHC data for
W-pair production where the observed cross section [25,26]
is slightly above the standard model (SM) predictions [27].
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This can be interpreted as a hint for light sleptons, light
charginos and/or light stops [28,29]. However, in order to
accommodate the measured Higgs mass of around
125 GeV [30,31] rather heavy stops are required. This
tension can be solved if the stop-mixing angle is large (or
even maximal [32]), by promoting the MSSM to the next-
to-minimal supersymmetric standard model (NMSSM) or
ASUSY [33,34] or by adding D-term contributions [35].

Concerning the exclusion limits on stop masses from the
LHC, there are still regions in parameter space in which
light stops are allowed. If the mass splitting between the
stop and the neutralino is bigger than the top mass, the main
search channel is it; — 7} and the constraints are stringent
[36,37]. However, if the mass difference is smaller than m,
the limits on the stop mass come from searches for i, —
Wb)?(l) and the limits are much weaker [38—41]. If the mass
difference between the stop and the neutralino is even
smaller than my + m; the limits are obtained from
searches for the flavor-changing decay it; — ¢y [42,43].

The decay it; — ¢ has important experimental impli-
cations, both for scenarios with minimal and nonminimal
flavor violation.

In the case of minimal flavor violation [44—48] the decay
rate is suppressed leading to a sizable stop decay length,
which can be used to determine the flavor structure [49,50]
and is in principle measurable at the LHC [51-54]." The
most plausible scenario with a suppressed stop decay rate
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mechanism at some high scale A, for example the grand
unified theory (GUT) scale. In this case, flavor off-diagonal
elements in the squark mass matrices are induced by the
renormalization group for which the decay width has been
calculated in Ref. [57] and the finite part of the one-loop
electroweak corrections has been computed in Ref. [56].2

In the case of nonminimal flavor violation the decay
width for it; — cj{ can be significantly enhanced since the
flavor-changing elements in the up sector are rather poorly
constrained from flavor changing neutral current processes.
It has been noticed in Ref. [62] (see also [63,64] for later
analysis) that an enhanced branching ratio for i, — c;?? can
weaken the bounds from i; — 7!, for which a branching
ratio of 100% is commonly assumed in the experimental
analysis, allowing for lighter stop masses. We point out that
a similar effect occurs concerning the limits extracted from
it;, > Wby" searches. Since it; - Why? is a three-body
decay, it is kinematically suppressed compared to the two-
body decay u; — t;}?. Therefore, already a much smaller
amount of flavor violation, as the one necessary to affect
the limits from &; — 77", would be sufficient to signifi-
cantly weaken the limits extracted from u; — Wb;(‘l). This
observation is especially interesting taking into account that
the bounds on the stop mass from it; — Why?{ are currently
anyway the weakest ones. Therefore, very light stop masses
for my < my —myu < m, are allowed, especially in the
case of nonminimal flavor violation.

In this article we investigate the one-loop supersymmet-
ric QCD (SQCD) corrections to it; — c;}‘l) in the MSSM®
with generic flavor structure. These a, corrections are the
leading ones in the case of nonminimal flavor violation.
Furthermore, assuming a flavor-blind SUSY-breaking
mechanism at a high scale A the counting of the loop
effects is as follows: The leading order effect is the one-
loop electroweak running from A to mgygy. To this leading
effect the next-to-leading order (NLO) corrections are the
two-loop RGE effects [3-5] originating from @, and the
one-loop QCD corrections to the decay width at the SUSY
scale which we calculate here.”

The article is structured as follows: In the next section we
establish our conventions and recall the tree-level

*The corresponding corrections for the flavor conserving case
were calculated in Refs. [58-61].

Even though we refer to the MSSM here, our analysis does
not depend on the Higgs sector of the MSSM and thus also
applies to nonminimal extensions like the NMSSM and ASUSY
[33,34].

“This work was presented at the SUSY conference [65].
During completion of our work the SUSY-QCD corrections to
the decay 7 — ¢} have been presented for the first time [66]. In
that paper furthermore a phenomenological analysis including the
flavor-changing two-body decay of the lightest stop into a charm
quark and the lightest neutralino and its four-body decay into the
lightest neutralino, a down-type quark and a fermion pair, has
been performed. However, Ref. [66] uses a different renormal-
ization scheme than we do.
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expression for the decay rate for it; — cjY. Section III
describes the calculation as well as the renormalization
followed by a numerical analysis in Sec. IV. Finally we
conclude in Sec. V.

II. CONVENTIONS AND TREE-LEVEL DECAY

In this section we define our conventions and discuss the
tree-level decay width. First, we denote the term in the
Lagrangian for the coupling of an up quark u; to an up
squark u#, and a neutralino ;?(2, as

~ 50 [7OL 7OR
i3 {rﬁfuiPL + ri;fuiPR} u; +He., (1)
where P; and Py are chiral projectors. For the coupling of

quarks to squarks and gluinos we introduce a similar
notation:

35|10, P+ T3, Pe|u; + He. (2)

In the following, we will order the mass eigenstates for the
neutralino p = 1-4 and of the up squarks s = 1-6 in
increasing order and u3, u, and u; correspond to the ¢, ¢ and
u quark, respectively. For the neutralino mass matrix we
use the convention

My 0 T vy
Va9 —Vu9
M — 0 M, 7 N/ 5)
7= “Vagr Y492 0 — ’
Vi K
w91 ZUug _
w0

with v = 2my /g, ~ 174 GeV and v,/v,; = tanf. M,
and M, denote the gaugino masses and y is the higgsino
mass. The up-squark mass term in the Lagrangian is
given by

—( g,

nag (1), )

Ug

where both u; and iy are three-vectors in flavor space. The
squark mass(-squared) matrix is given by

AMLR

i Y, Y]
Mg:<U Y ) ) (5)
m2R2 4 2y,

AMLRT
with

AULR _ AURLY _ —v,(A, + Y,ucotfp),
m%‘]Lz = VTszV (6)

Here, A,, mi/? and m&R? are 3 x 3 matrices in flavor
space and we neglected small terms involving electroweak
gauge couplings; V denotes the Cabibbo-Kobayashi-
Maskawa (CKM) matrix. Here, we allowed for complex
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Yukawa couplings and used LR conventions for them and
the A terms [67]. Note that in Eq. (5) the Yukawa couplings
and not the quark masses enter which is a relevant differ-
ence since we are computing one-loop SQCD corrections in
this article.’

Equation (5) is given in the super-CKM basis which we
define to be the basis in which the Yukawa couplings of the
MSSM superpotential are diagonal, both for quarks and
squarks, so that supersymmetry is manifest:

Y“ 0 0
Y,=| 0 vy o0 | (7)
0 0 vy

Note that in the literature the super-CKM basis is often
defined to be the basis with diagonal quark mass matrices.
However, this definition has the disadvantage that the basis
changes with every loop order.

We diagonalize the full Hermitian 6 x 6 squark mass-
squared matrix M2 and the symmetric 4 x 4 neutralino
mass matrix Mo as

WL}’*\ (M%>s’l’ W?[ = mgxén’ (8)
ZN" Mg ZY = mpBpg, 9)

where Zy and W¥ are unitary matrices. With these con-
ventions we get for the squark-quark-neutralino couplings
in Eq. (1)

POL —e - (1
I_’Xﬁ]:u,- = \/ES c W?v* <§ ]IVPSW"_Z]zvpCW)
wtw
- Yui*W?i’j,sZ;‘Vp’
7R 2\/56 i s e Aps
FX'-‘ﬁ‘“f B 3cw Wi+3.sZNp —YUWIZY (10)

and for the squark-quark-gluino vertex

rot = —v2g,T, Wi (11)

s’

Tt =V2g,T, Wi, . (12)
Here, e denotes the electric charge and sy = sin 8y,
cwy = cos Oy, where 0y, is the Weinberg angle. The tree-
level decay width of the lightest squark into the lightest
supersymmetric particle (LSP) and a (massless) charm
quark is given by

>The threshold corrections connecting the Yukawa couplings
and the quark masses are known to be very large in the down
sector [68-77] and have been computed at the two-loop level
[78-83].
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)

(13)

m

2.2
Tolity = w7 = u (1 mj?) ( 2
0L%1 1] — -
167 m%]

S0R
1
iy ity

it

iyt

If the LSP is mostly binolike, we can further simplify the
expression neglecting very small neutralino mixing and
small charm Yukawa couplings:

[\S}

2

- a2 m
Foliiy — 7] = 9L (1 - Z20) (Wi 2 4 16w, [2).
ot 20 = Ter18 ) 21 51

Uy

(14)

Note that the decay to a right-handed charm quark is
enhanced by a factor 16 which can be traced back to
hypercharges.

III. CALCULATION OF THE SQCD
CORRECTIONS

In this section we discuss in detail the calculation of the
one-loop SQCD corrections including our renormalization
scheme. Our calculation involves the following steps:

(1) Renormalization of the quark sector.

(2) Renormalization of the squark sector.

(3) Calculation of the gluon contributions to the decay
width including real emission corrections, i.e. the
decay it; — c¢i'g.

(4) Calculation of the gluino contributions [including
the cancellation of ultraviolet (UV) divergences].

We renormalize the fundamental parameters entering the
decay width of the stop decay at tree level, which receive
SQCD corrections at the one-loop level, in the dimensional
reduction (DR) scheme. These quantities are

(i) the Yukawa couplings Y* of the MSSM super-
potential,

(ii) the trilinear Af.; terms, and

(iii) the bilinear squark mass terms m4-? and mfR2.

We write the bare quantities of the Lagrangian [labeled with
a superscript (0)] as

Yu,(O) = YU + §Y", AZ(O) _ Ailj o+ SA"

ij?

200
mQ(J = méU + szQ’U. (15)

Since we renormalize all quantities in a minimal renorm-
alization scheme, i.e. the DR scheme, A%, mé.y and Y* are
understood to be the renormalized ones in the DR scheme.
However, in the decay width of the stop, the on-shell squark
mass also enters. Therefore, a conversion from the on-shell
squark mass to the DR is necessary. In addition, the
Yukawa couplings have to be related to the measured
quark masses of the SM by running and threshold
corrections.

035010-3



AEBISCHER, CRIVELLIN, AND GREUB

PHYSICAL REVIEW D 91, 035010 (2015)

FIG. 1.

A. Renormalization of the quark sector

SQCD corrections to quark masses and Yukawa cou-
plings can be calculated from the quark self-energies (see
Fig. 1). The UV renormalization of the Yukawa couplings
(in the DR-bar scheme) is given by

a1

oYt = 2zreCFY (16)
where Cp =4/3 is a color factor. In our approach we
compute only Lehmann-Symanzik-Zimmermann (LSZ)
factors corresponding to flavor-diagonal self-energies,
which are also the only UV divergent ones. All other
contributions from self-energies can be calculated as one-
particle irreducible diagrams [84—86]. Therefore, the LSZ
factor for left- and right-handed quarks is

8ZL =574 + 5ZL?, (17)
SZR = 674 + 578 (18)

Here, the superscript a denotes the flavor-independent
gluon piece, while the index b refers to the gluino piece
whose finite part is in general flavor dependent:

o 1 1
678 = 2 Cr(1— (1 -8))|——=|. 19
i—paa-u-o))i-] )
sZLy = 30 (20)
5ZBb = IR (21)

& denotes the gauge parameter which is involved in the
gluon propagator (e.g. £ =1 would correspond to the
Feynman gauge). Furthermore, ¢z denotes the dimension-
ally regularlzed infrared (IR) divergence and ¢ the UV one
while 27" and =/ are defined in Egs. (22) and (23).

1. Threshold corrections

In order to determine the actual values of the Yukawa
couplings we have to make the connectlon to the quark
masses determined within the SM.® The self- energies with
heavy virtual particles, in our case the one with squarks
and gluinos, lead to threshold corrections modifying the

®For a complete discussion of all one-loop corrections within
the MSSM including resummation see Ref. [67].

Quark self-energy diagrams.

tree-level relation v,Y" = m, . In order to write down
these corrections we decompose the quark self-energies
originating from squark-gluino loops as

i (7?) = S (02 Pe + T (PP
+ (PP + R (PP, (22)

Since in the decay it; — ¢y we are dealing with external
charm quarks on the mass shell it is sufficient to evaluate
Eq. (22) at vanishing external momenta, i.e. neglecting
finite terms of the order m2/m3qy:

GLR _ jLR
Z;in = Zfl‘i (0).

GLL _ jLL
x5 =257(0),

Z_[]RL = ZgRL (O)

(23)
ZqRR zqRR (O)
With these notations the relation between the Yukawa
couplings of the MSSM superpotential and the running quark
masses of the SM (evaluated at the scale mgygy) is given by
1 - ; .
|:mui (1 - 5 (ZZLL + ZiRR)> - ZZLR:| = UuYui' (24)

finite

B. Renormalization of the squark sector

As for the quarks, we compute in our approach only
LSZ factors corresponding to flavor-diagonal squark self-
energies (i.e. u; — u, transitions), while all the other
contributions from squark self-energies are calculated as
one-particle irreducible diagrams. The LSZ factors for the
squarks then read

~ a 1 1
678 == Cp(2+ (1 - -——], 25
—paera-a)l-a] e
. oxrt(p?
672 :M :——CF + finite.  (26)
* ap P=m? 2r

itg

Like in the quark case a refers to the gluon part and b to the
gluino and squark-tadpole part and fouq( p?) denotes the
sum of Egs. (A19) and (A24). From Eqgs. (A19)-(A24) in
the Appendix we find that the sum of those UV divergent
parts of the squark self-energies which are independent of
the external momentum (i.e. the masslike contribution) is
given by
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. ag 1[/E-1
Zgyvﬁfhv(o) = " Cr - { <T mi

+ Z (W?-:&S'AMRLWM + Wu*AuLRWL

i,j=1
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3
) 2D WE W Wi WE )

3
+3t Z Wu*m W Jj+3.t + Wu+3 smuj W]ut) . (27)

Here, m; denotes the gluino mass. To Eq. (27), the divergent squark mass terms induced by the LSZ factors in Egs. (25)

and (26)

a 1
2 Cp(1 = &) —m? 5, 28
4r F( §)Em“s st ( )

have to be added, canceling the divergence involving m

. In order to see the cancellation of the remaining UV divergences

in Eq. (27), we consider the bare mass matrix which i 1s given in the super-CKM basis

M%(O) _ (

mEE? 4 smEE? + 2 (YHSYHT 4 sy YT
—0, (AT + AT + u(Y*T + 5Y"T) cot f)  mBR? + SmBR2 4 2 (YH5YH T + sy yHT)

—0, (A" + A" + p(Y" + 6Y") cot ) ) (29)

Since the squark-mixing matrix W# diagonalizes the renormalized mass matrix, the bare mass matrix is not diagonal in this

basis but rather has the form

Wi (M), Wi, = m2 5, + Z (WE (Y sy + 8Y*Y*T), ;Wi

FWE ‘(Y“b‘Y”' + YY),
0, (Wi (BA™ + pSY" cot B),, W + Wix (5A + usY* cot B);;

Comparing Egs. (27) and (28) to Eq. (30), we observe that
the counterterms

ag 1
5yu; — ___C 31
Uy 2” Fin ( )
and
. a1 u "

0Af; = =5~ Cr(Alfj +2mzY5y), (32)
(5 LLZ) = RR2) — _ﬁlc 2s.. (33)

m ij = m ij — re Fmg ij

cancel the divergences. As required by supersymmetry,
Eq. (31) equals Eq. (16). Therefore, no renormalization
of the squark-mixing matrices W is necessary in this
formalism.’

Wu

2+ (1-¢)

Wi Smii; Wi, + Wi omiii Wis )
j+3[)] (30)

Jj+3, t)

|

In the numerical analysis, we will use the connection
between the on-shell and the DR mass. This relation is
given by

m208 = m2DR 4 liite())2 — 12 ). (34)

C. Gluon contributions

Here, we combine the virtual gluon contributions with
the real radiation (see Fig. 2) and show the cancellation of
the infrared and collinear divergences. In our calculations
all singularities are regularized dimensionally; more pre-
cisely, we use dimensional reduction and introduce the
renormalization scale in the form u2e’/(4zx), where y =
0.577... is the Euler constant.

For the vertex correction diagram due to gluon exchange
(left diagram in Fig. 3) we get

—2L, +2In(1 —x) 5 n°

:AOZ_;CF w_g%_k
IR

—2L2 = 2L, +4L,In(1 - x,)

—=2In*(1 —x;) +21In(1 — x})

ER a 12

— 2L (xy) |, (35)

"Furthermore, note that since the renormalization of the Yukawa couplings is fixed from the quark sector to be in a minimal
renormalization scheme, it would not be consistent to absorb the finite pieces of the loop corrections into a redefinition of the squark-

mixing matrices.
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FIG. 2. Feynman diagrams showing the real emission of a
gluon, i.e. the process ity — ¢+ g +;??.

using the abbreviations x| = m)?o/ m~ and
L, =In(u/my; ). & denotes the gauge parameter 'which is
involved in the gluon propagator. As before, poles of the
form 1/ correspond to ultraviolet singularities, while poles
of the form 1/e%, 1/eR are due to infrared and collinear
singularities. Finally 4, is the tree-level amplitude [origi-
nating from Eq. (1)], reading

Ay = ii(p,) (T Pe+ TP ) 0l(pg). (36)

To get the renormalized result .AY for the amplitude, we
need to add the contributions induced by the gluon part of
the LSZ factors of the (massless) charm quark and the stop
squark [see Eqs. (19) and (25), respectively], as well as the
|

AoCF

L5242y ) A

PHYSICAL REVIEW D 91, 035010 (2015)

FIG. 3. Genuine vertex corrections involving gluons (left
diagram) and gluinos (right diagram).

effects induced by the renormalization constants for the
coupling constants e and Y" appearing in the tree-level
squark-quark-neutralino vertex. These renormalization
constants are written as Z, = 1 + 6Z¢ + 6Z% for the gauge
coupling e and Zy., = 1 4 6Z%.,, + 6Z%,., for the Yukawa
coupling Y"i. The parts due to gluon corrections, which are
relevant in this subsection, read®

31
CF__ (37)

628 = 578, = 5.

As expected, these expressions are independent of the
gauge parameter £. Adding up the mentioned contributions,
we get the renormalized amplitude

glR EIR

—2L2 2L, +4L,In(1 - x)

—2In*(1 = x;) + 21In(1 —x))

12

—2Liy(x)) . (38)

This result is, as required by consistency, again independent of the gauge parameter £ After squaring the renormalized
amplitude and performing the phase-space integrals (working consistently in d = 4 — 2¢ dimensions), we get the decay

width

ert_ro C[:

2 -9-8L,+8In(1-x) 2

2

Az SIR EIR

—30L,+32L, In(1 — x;) — 16In%(1 — x;) + 30In(1 — x;)

T
—n+§—mq

—4Liy(xy) |, (39)

where Ty is the corresponding decay width at order @? given in Eq. (13).
We now turn to the bremsstrahlung corrections (see Fig. 2). Using the information given in Section A 1 of the Appendix
on the three-particle phase space and making use of the mathematica package HypExp 2.0 [87], it is straightforward to

derive the decay width for &t; — cylg. We obtain

The parts 6Z% and 5Z%.,, which are due to gluino corrections, will be taken into account in the following subsection.
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FIG. 4. Squark self-energy diagrams with SQCD loops: Gluon, gluino and tadpole contribution (from left to right).

2, 9+8L,—8In(l-x)

IR EIR

Fbrems =T —C
047[ F|:

~32L,In(1 = x;) + 16In%(1 — x;)

5

—4(9 + In(x,)) In(1 = x;)—

69—71x1
————— +16L2 4+ 36L
2T =) OO
x1(4—3x1)

(—n) In(x;) — 4Li2(x1)] . (40)

Adding the virtual corrections (39) and the gluon bremsstrahlung corrections (40), we get

4r2 25— 27x,

rv—r,%c = =1
4 F{ 3+2(1—x1)

+ 6L, —2(3+2In(x;)) In(1 — x;)—

x1(4— 3)(1)

S w0

As expected, the collinear and infrared singularities canceled and the result is finite.’”

D. Gluino and squark-tadpole contributions

We write the amplitude containing the tree level and the contribution of loop diagrams involving gluinos and the squark

tadpole (right diagram in Fig. 4) as

= o Lx ;( % aL* 0L =~
A= i) | (V0 2 Zx{; T2 Zriiluz Ko )Pat (ResL)|o(py). @)
=1
Here, F’(u‘uz encodes the tree-level contribution and m 0 e 20 22 T for f 4 i
PR L,
AZ ‘u , given in Eq. (A9) of the Appendix, denotes the Xﬁ,u, = R ey (44)
genuine vertex correction involving the gluino. Further- 202 for f=1i.

more, X{;f’lji and )?ﬂ.‘fu originate from quark and squark
self-energy diagrams, respectively. The explicit expres-
sions read

iy, (PP =m0
- # for s # ¢,
ms —mz=
X, = oo (43)
1 _
7072, for s =1,

°As the renormalization scheme in Ref. [66] is quite different
from ours, a full comparison is difficult. It was, however, possible
to compare the gluino vertex correction, the virtual gluon
corrections and the gluon bremsstrahlung corrections individu-
ally. Taking into account that in Ref. [66] the two-particle phase
space (and a corresponding part of the three-particle phase space)
is in d = 4 dimensions and that the renormalization scale is of
the form p*T(1 —¢)/(4x)¢, we found that the results are in
agreement. In our calculation we used a d-dimensional phase
space [and introduce the renormalization scale in the form
#26‘6}/6‘/(471.)6].

Letus briefly discuss the ultraviolet singularities in Eq. (42)
and how they get canceled: All divergences in the off-diagonal
elements of X a7, are canceled by the counterterms induced
through the renormalization of Y/, AY;, (m{*?), and (mg*?),;
in the squark mass matrix, while the off- dlagonal elements of
xL }I,f‘. are finite ab initio. Therefore, we are effectively left in
Eq. (42) with the singularities in the flavor conserving parts of

x% j;ﬁ and 5( i, which originate from LSZ factors, and with the

singularities present in the vertex correction AX " . Using the

unitarity of the squark-mixing matrices in Eq. (A9), the latter
singularities read

-0 —a. 1 .

albx s = wi 1y 741%

it uy;div o CF€W2+3.1Y ZN ’

=0 — 1 .

Z R* % _ Wi yuxx 741

uyidiv o CF £ WZ,lY ZN : (45)
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It is straightforward to see that the remaining singularities
get canceled against those which are induced by the gluino
parts 6Z% and 5Z1;ui of the renormalization constants of the
gauge coupling e and Y* present in the tree-level squark-
quar}%—neutralino vertex. These renormalization constants
read

87 = 578, (46)

!

. (47

aS
SZI;M,» - - g CF

where Z¢ is given in Eq. (37).

Therefore, the renormalized version of the amplitude is
obtained by just taking the finite part of Eq. (42). The
corresponding contribution to the decay width is then
obtained by inserting the renormalized amplitude into
Eq. (13) and working out the interference term, i.e. the
term proportional to «;.

(2 TeV)? 0 0
0 (2 TeV)? A%
0 ALL* (mLL)2
Mg _ 23 33
! 0 0 0
0 0 AR
0 ALR p A

Here, A;; = 6;;, /./\/ll%.ii./\/l%.jj
change (and is assumed to be small compared to the
diagonal elements) and we choose A’ = +1 TeV. In the
following, we will consider the case of mff = mil (ie.
maximal mixing). For the neutralino, which we assume to
be binolike, we choose a mass of 250 GeV and use
a;(mgysy) = 0.087 as an input.

At tree level, the scheme for the stop mass is not defined.
At the one-loop level the quantities of the MSSM super-
potential must be renormalized in a process-independent
way in order to respect supersymmetry; e.g. the Yukawa
couplings have to be renormalized in the DR scheme. For
consistency, also all other elements of the squark mass
matrix should be renormalized in this scheme as well and
should be given at the same renormalization scale. After
diagonalization of the squark mass matrix, the eigenvalues
correspond to DR masses which can be translated to on-

shell masses if necessary or desired. This is the case for

parametrizes the flavor

19575 = —§7b verifies that the electric charge is not renor-
malized by SQCD and the compatibility of 5Z§., + 6Z%, with
Eq. (16) shows that SUSY is respected.

PHYSICAL REVIEW D 91, 035010 (2015)
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FIG. 5 (color online). Ratio of the DR stop mass over its on-
shell mass for mQ® = 275 GeV as generated by Eq. (48) and
A" =1 TeV as a function of the gluino mass for different values
of the renormalization scale y (see text).

IV. NUMERICAL ANALYSIS

In our numerical analysis we investigate the size of the
calculated SQCD corrections. For this purpose we con-
sider the following squark mass matrix given in the DR
scheme:

0 0 0

0 0 AL

0 ARL= —p A 48)
(2 TeV)? 0 0

0 (2Tev)® AKR

0 A (i

|
i, — ¢y where the masses entering the decay width in
Eq. (13) are on-shell masses.

The shift between the DR and the on-shell mass [see
Eq. (34)] turns out to be numerically especially important
for our scenario with a light stop because it scales like''

2 /.2 : :y 777DR
mg/mé. In Fig. 5 we show the ratio m7,

of the gluino mass at the one-loop level for
mg® =275 GeV. For this we set all flavor off-diagonal
elements A;; in Eq. (48) to zero.

Note that for large gluino masses the on-shell stop mass is
smaller than the DR mass. This has interesting consequences
for model building with light stops: Assuming that there is
already a splitting between the DR squark masses of the first
two generations and the stop squark (for example due to the
running from the GUT scale to the SUSY scale) at the SUSY
scale, then this splitting is significantly increased for heavy
gluinos, making the stop even lighter. Therefore, light stop

/m3® as a function

"Even though the correction is very large, perturbation theory
still works, because the parametric enhancement mg / m% can only
appear once at any loop level. Therefore, higher loop corrections
will have the size of ordinary SQCD effects compared to the one-
loop result. The relation is known at the two-loop level [88].
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FIG. 6 (color online). Ratio of the decay width including the
one-loop SQCD corrections over the tree-level decay width for
different sources of flavor violation as a function of the gluino
mass for A’ = 1 TeV. The renormalization scale is chosen to be
u =275 GeV.

scenarios, which are interesting for the decay it; — cjY, can
be even generated via finite loop effects.

For the numerical analysis of the SQCD corrections to
i, = ¢z, we choose mit = m&F in Eq. (48) in such a
way, that a given on-shell mass for u; (275 GeV in our
example) results after diagonalizing Eq. (48) and shifting
the so-obtained DR squark masses to the corresponding on-
shell masses.'? This procedure we do for both the tree-level
decay width T"¢ and for the SQCD corrected version
[one-loop calculated in this paper.

In Fig. 6 (Fig. 7) we illustrate the effect of the one-loop
contributions for positive (negative) A’ for the four different
sources of flavor violation: 558, 55, 6K and 6LR. Here, we
defined the ratio R = I"°"¢-100P /Tree of the partial widths. In
each of the four curves in Figs. 6 and 7 the indicated &7 is
put to 0.01, while the other &’s are switched off. Note that
the actual numerical values of the mentioned 6’s drop out in
this ratio to a very good approximation. We find that if
bilinear terms are the only sources of flavor violation, the
SQCD effects are around 10%, while if flavor violations
originate from trilinear terms the corrections can reach
+50% or even more. The large corrections in the case of
S8 and 84F can be traced back to the suppressed decay
width for left-handed charm quarks.

As stated above, we renormalize all quantities in a
minimal renormalization scheme, i.e. in the DR scheme,
and relate the Yukawa couplings to the ones obtained
within the SM by running and threshold corrections.
Reference [66] used an on-shell renormalization scheme
in which the counterterms to the quark- and squark-mixing
matrices are fixed in such a way that they exactly cancel the
anti-Hermitian parts of the LSZ factors of the quarks and
the squarks. While to all orders in perturbation theory the

mbl = mRR determined in this way will depend on the

gluino mass m; and on the renormalization scale u.

PHYSICAL REVIEW D 91, 035010 (2015)
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FIG. 7 (color online). Ratio of the decay width including the
one-loop SQCD corrections over the tree-level decay width for
different sources of flavor violation as a function of the gluino
mass for A’ = —1 TeV. The renormalization scale is chosen to be
u =275 GeV.

final result must of course be independent of the renorm-
alization scheme, at a finite loop order, different schemes
have (dis)advantages compared to each other. A minimal
renormalization scheme is process independent and allows
combining different quantities (like for example those
appearing in the squark mass matrix) if they are given at
the same renormalization scale. Furthermore, if one aims at
studying the consequences of a model with high-scale
SUSY breaking, a minimal renormalization scheme is
preferred since running quantities are involved so that
the different scales can be connected. Furthermore, when
using a mixed on-shell DR scheme, one must be careful not
to renormalize dependent quantities (connected by SUSY
relations) entering at various places in a different way. For
example, renormalizing the squark-mixing matrices on
shell might be in conflict with the DR renormalization
of the Yukawa couplings within the squark mass matrices,
entering the determination of W¥.

V. CONCLUSIONS

In this article we computed the one-loop SQCD correc-
tions to the decay i; — ¢! in the MSSM with generic
sources of flavor violation. This decay is phenomenologi-
cally very important if the mass splitting between the
neutralino and the lightest stop is smaller than the top mass.
In particular, we pointed out that a sizable partial width for
i, — ¢, which is possible in the presence of nonminimal
sources of flavor violation, can significantly weaken the
LHC exclusion bounds obtained from it; — Why! where
usually a branching ratio of 100% is assumed.

Working in the super-CKM basis with diagonal Yukawa
couplings and renormalizing all parameters in the DR
scheme, we explicitly checked for the cancellation of
UV divergences and verified that SUSY relations are
satisfied. In particular, in the squark sector all divergences
are eliminated by flavor-conserving counterterms to
Yukawa couplings, A terms and the bilinear terms, meaning
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that no renormalization of the squark-mixing matrices is
necessary. Concerning the gluon corrections we regularized
all divergences dimensionally and verified their cancella-
tion in a general R; gauge.

Numerically, we observe a large shift between the on-
shell and the DR mass of the stop. Due to the inherited
quadratic divergence, the shift involves a term proportional
to m% /m?. Since for large gluino masses the on-shell stop
mass is driven to smaller values compared to the DR mass,
it is important to take into account this shift for model
building. Taking the on-shell stop mass as an input, we find
a SQCD enhancement of the decay width compared to the
tree level for it; — ¢y (assuming a binolike LSP) of
approximately 10% if the flavor violation is due to bilinear
terms and £50% and more if the single origin of flavor
violation is the trilinear terms.

For the future, a NLO SQCD calculation of it; — Wby"
would be desirable and a phenomenological study of the
impact of it; — ¢} on the exclusion bounds from it; —
Why" is planned.
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APPENDIX

1. Relevant phase-space formulas

The fully differential decay width dI” for a generic
process p — p; + p, + -+ + p, can be written as

| =
dF_Zm IM|*D®(1 — n), (A1)
where |M|? is the squared matrix element, summed and
averaged over spins and colors of the particles in the final
and initial state, respectively, and m is the mass of the
decaying particle.

In Refs. [89,90] useful parametrizations for the phase-
space factors D®(1 — n) have been given for n = 3, 4, for
the case where all final-state particles are massive. In our
problem we only use the case n =3 where only the
neutralino is massive; this means that the general formula

2 2

PHYSICAL REVIEW D 91, 035010 (2015)

simplifies. In the following subsection we see that the three-
particle phase space can be parametrized in terms of two
parameters A; and 4,, which run independently in the range
[0, 1]. Of course, all scalar products involved in |M|? can be
expressed in terms of these parameters.

a. Phase-space parametrization for the
three-particle final state
In our application we identify p; with the neutralino, p,
with the (massless) charm quark and p; with the gluon and
define x, = m}%{o/m%tl . Starting from Eq. (2.10) of Ref. [89],
one gets ]

gd—621—2dﬂ1—d
DP(1-3)= ”lr(d——Z)
X (1= x1)2475 25 (1 = x;) 4 x;]3dA dAs.

(A2)

[(1=2) 4] T (1 = Ap) 4]

The scalar products of the momenta p;, encoded in the
quantities s;; = (p; + p;)*/m; , can be written in terms of
the parameters 1; and 4, as

s13=Ao(1=x1) +x;
/11(/12 - 1)/12(1 —x1)2 — X
/12(3‘1 - 1) — X

S12 =

2. Loop functions

The one-loop functions which appear at various places in
this Appendix are defined as

167% p*¢er® di¢ 1
Ag(m?) = A3
olm) == nye / ol —ny A
16ﬂ2ﬂ25€y6
Bo(p2:m2. m2) —
0(p 7m1’m2) l (471_)3

o di¢ 1
/ Q) [£2 = mi)[(£ + p)* — m3]
:MZSe}/SF(E)

1
[ et ) i
0

1671.2”266}’8
By (p*smi.my)pt = — /<

(Ad)
|
di¢ 4
O RO e (e
o o) = Aolm) = (02 & 2 B ) a5

2p
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1672 p*er® di¢ 2
B 2; 2’ 2 = A 2 ZB 2; 2’ 2 A6
2(p my mZ) i (47[)5/(2”)(1 [f —ml][(bﬂ—F[J) _m%] 0(m2)+m1 0(p my mZ) ( )
1672 p*er® di¢ 1
C 2’ _ 2’ 2; 2’ 2’ 2 /
o= P2l PG ) =5 e | ) 122 = [+ o = R+ pa)? ]

1 —X
= —p¥erT(e+ 1) / dx / dy[—x(mg —mi + p?)
0 0

~y(mg = m3 + p3) + m + pix® +2xyp, - py + p3y*] 1) (A7)
1672% p*tere di¢ £?
Co(p (pr = o) phimmimd) = S
1 pom i (4m)* ) Q) (% = mi][(€ + p1)? = mi[(£ + p2)* — m]]
= Bo((p2 = p1)*smi,m3) + miCo(pi. (p1 = pa)?. p3smg. mi, m3). (A8)
|
2 2 2
3. Vertex correction involving the gluino Cl’al (m m O mg’ My > M5 )
The correction of the squark-quark-neutralino vertex 1 2 )
- 5 5 B s uj» B 5
involving the gluino (see the right frame of Fig. 3) reads m)%(o - mb-{l 7| O(m T m; ) o(mj P Mg My )
1
* * * 2 2 2 2 2
AL = 167122[ gLuz (C2 gRu IJ(l T COF"LM FX‘ mgmy, +(mg —mZ, )Co(m3, . m 0,0 me,my m; )] (Al4)
Cy+C, i it i
+(Co+Cp, ) g, MM 4. Self-energies of quarks and squarks
R+ (1_,;? 1")(‘ )) P In our approxi.mat.ion Where we put m,. = 0, the qugrk
G it s VM, k self-energy contribution with an internal squark and gluino
n (L<—>R)} (A9) is only needed at p> = 0:
. .. gLR A
with the abbreviations ZJ%i = ﬂwq Wz+3 vCme]BO(();ms, mc%h), (A15)
Cy= Co(m m 0 mg,m2 m3 ) (A10) ~
4t = —W" WECeBy (0:m2,m2)
C, = Cz(m m 0 mg,m2 m3 ) (A11) !
= —fCF—éf-i + finite. (A16)
Cp, =Cp, (m3 ,m L0ymz,my my ). (A12) ToE
) - For the contribution with an internal quark and gluon we
CP[;I is defined through the decomposition get (for arbitrary p?)
1627 y*eers [ di¢ .
LL.RR s .
i (4r)¢ / (2m)4 Z?i (r*) :ECF(d_z)Bl(p2’m%1p0)5fi’ (A17)
o
X 5 ay
(% = m2)[(Z + pa,)? — m2 )I(€ + pu,)* — m?] S (p?) = 1 Crdmy Bo(psmi 0)35. (AI8)
= P45, Cp,, + PGy, (A13)
For the squark self-energies there are three contributions:
and is given by First, the contribution with internal gluino and quark
g 2y _ %Cr iyt i ii 2.2 0 2 2.2 0
Zﬁxﬁt(p ) = {(W'SW'I+W/+'$SW/+3 t)(B2(p amg’muj) +p Bl(p 7mg’mu,-))
m mu (WM*W7+3 t + Wj+'i SW )BO(pz’ m§7 mij)}
aSCF 1 p2 ix N7t i it % N7t % it s
D [(mf] -7 )%+ (WHWE + Wity Wi Ymy —mgm, (WEWE o+ Wity W) |+ finite,  (A19)
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second, the contribution with internal squark and gluon

PHYSICAL REVIEW D 91, 035010 (2015)

aS
%5, (%) = 3 Cr(2(p® + mi, )Bo(p?smi ,0) = Ag(mF )3y, (A20)
and finally the contribution with a squark tadpole
sit — % o (5, A0(m2) (A21)
u.ﬁul 47[ St uS
-2 Z Z(Wf‘lss e Wis Wi+ Wi Wi Wi Wi ) Ao (m ,)> (A22)
i,j=1s'=1
o 1 5
== Cp—[8,m; (A23)
47 s
3.6 o ~
-2 Z D (Wi Wi WWE 4+ Wi WE Wi Wi m? ]+ finite. (A24)

For further useful information on self-energies and LSZ factors, see Ref. [91].
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