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We present a calculation of Higgsino and gaugino pair production at the LHC at next-to-next-to-leading
logarithmic (NNLL) accuracy, matched to approximate next-to-next-to-leading order (aNNLO) QCD
corrections. We briefly review the formalism for the resummation of large threshold logarithms and
highlight the analytical results required at aNNLO + NNLO accuracy. Our numerical results are found to
depend on the mass and nature of the produced charginos and neutralinos. The differential and total cross
sections for light Higgsinos, which like sleptons are produced mostly at small x and in the s-channel, are
found to be again moderately increased with respect to our previous results. The differential and total cross
sections for gauginos are, however, not increased any more due to the fact that gauginos, like squarks, are
now constrained by ATLAS and CMS to be heavier than about 1 TeV, so that also #- and u-channels play an
important role. The valence quarks probed at large x then also induce substantially different cross sections
for positively and negatively charged gauginos. The Higgsino and gaugino cross sections are both further
stabilized at aNNLO + NNLL with respect to the variation of renormalization and factorization scales. We
also now take mixing in the squark sector into account and study the dependence of the total cross sections
on the squark and gluino masses as well as the trilinear coupling controlling the mixing in particular in the

sbottom sector.
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I. INTRODUCTION

The minimal supersymmetric (SUSY) Standard Model
(MSSM) is a theoretically and phenomenologically well
motivated extension of the Standard Model (SM) of particle
physics, that can solve a significant number of short-
comings of this model [1,2]. Important examples in this
respect are the stabilization of the Higgs boson mass and
the unification of strong and electroweak forces at high
scales. The MSSM predicts fermionic partners of the
neutral and charged gauge and Higgs bosons called
gauginos and Higgsinos, which are typically among the
lightest SUSY particles [3]. The lightest neutral mass
eigenstate, the lightest neutralino, is one of the best studied
dark matter candidates [4—12]. Heavier neutralinos and
charginos decay typically into multilepton final states and
missing transverse momentum. Searches for Higgsino-
[13-18] or gaugino-like particles [19-24] are therefore
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important physics goals at the LHC. They are often carried
out in the framework of simplified models [25,26]. Care
must, however, be taken that the theoretical assumptions
are not overly simplified [27].

Experimental measurements of supersymmetric (SUSY)
production cross sections at past and future runs of the LHC
require precise theoretical calculations at the level of next-
to-leading order (NLO) QCD and beyond [28-37]. In the
perturbative expansion, logarithmically enhanced terms
appear beyond leading order in the strong coupling con-
stant a,, whose contributions can be sizeable close to
production threshold or at small transverse momentum of
the produced SUSY particle pair. Their effect on neutralino,
chargino [38—43], slepton [44-49], squark, gluino [50-53],
stop [54,55] and also new gauge boson production [56—59]
has been taken into account to all orders with resummation
techniques to next-to-leading logarithmic (NLL) accuracy
and beyond. The results for the electroweak production
channels have been made publicly available with the code
RESUMMINO [60] and are regularly employed in the
experimental analyses by ATLAS [23] and CMS [13].
Predictions have also recently been made for the high-
luminosity (HL) and high-energy (HE) phases of the LHC
[61]. The effect of higher order QCD corrections is
generally to enhance the theoretical estimations for the
cross sections, while on the other hand they reduce the
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dependence of the results on the choice of the unphysical
renormalization and factorization scales. Together with
resummation-improved parton density functions (PDFs)
[62], also the PDF uncertainty can in principle be reduced
[63—67], even though in practice these PDFs must currently
be fitted to smaller data sets than global NLO analyses and
thus still have larger errors.

In this paper, we take our precision calculations for
Higgsino and gaugino pair production to the next level by
resumming not only the leading and next-to-leading log-
arithms (NLL), but also the next-to-next-to-leading loga-
rithms (NNLL) and matching them not only to the full NLO
QCD and SUSY-QCD corrections, but also an approximate
next-to-next-to-leading order (aNNLO) calculation in
QCD. The corresponding analytical formulas are available
in the literature [68—71], so that we collect here only the
most important results required at NNLL accuracy. Similar
calculations, based on full NLO SUSY-QCD and aNNLO
QCD calculations [28,29], have also been performed
previously for sleptons [71] as well as for squarks, gluinos
[50] and stops [55] and are available through the public
codes RESUMMINO [60] and NNLL-fast [53]. Other groups
have employed soft-collinear effective theory for sleptons
[45], squarks [72], gluinos [52], and stops [54,73] with
similar conclusions.

The paper is organized as follows: In Sec. II, we present
our analytical approach and in particular how threshold
logarithms can be resummed at NNLL accuracy, matched to
a fixed-order calculation up to NNLO and how the PDFs and
hadronic cross sections are transformed to and from Mellin
space. Our numerical results for the production of relatively
light Higgsino pairs are contained in Sec. III. This section
starts with a discussion of the QCD and SUSY input para-
meters, followed by a demonstration of how the NNLL and
aNNLO contributions affect the differential cross section at
small and large invariant masses. We then show the effects of
the new contributions on the total cross section and its
dependence on the factorization and renormalization scales.
We also discuss the dependence on other SUSY parameters
like the squark and gluino masses and the trilinear coupling
governing squark mixing in the bottom sector. Numerical
results for the pair production of heavier gauginos are
described in a similar way in Sec. IV. The ensuing con-
clusions are presented in Sec. V.

II. ANALYTICAL APPROACH

The hadronic invariant mass distribution for the pair
production of neutralinos and charginos

d 1
m2 L2048 (7) = ZA dx,dx,dz
a,b

dM?

X [xafa/A (xavﬂ%«“)] [xbfb/B (xbvﬂ%)]
X [z (2, M?, g, u)16(7 = xox52) (1)

requires the convolution of parton density functions (PDFs)
fapsap With the partonic cross section 6,,. The former
depend on x,, ;, the longitudinal momentum fractions of the
partons a and b in the colliding hadrons A and B, and the
factorization scale ur. The latter is a function of the squared
invariant mass of the produced neutralinos or charginos
M?, its ratio z = M?/s to the partonic center-of-mass
energy s, and the renormalization and factorization scales
up and pp. In contrast to the leading order (LO) cross
section [74,75] and the virtual next-to-leading order (NLO)
corrections, which are proportional to §(1 — z) [30], the
kinematic mismatch in the cancellation of infrared diver-
gences among the virtual and real corrections of order n
introduces large logarithmic remainders proportional to

In"(1 —z)

ag‘(/ﬁe)[ =% ] , wherem<2n-1. (2)
+

Close to threshold (z — 1), they spoil the convergence of
the perturbative series in @, and therefore have to be
resummed to all orders [76,77].

After performing a Mellin transformation of the PDFs
and partonic cross section in Eq. (1), the hadronic cross
section o, p factorizes, the singular terms in Eq. (2) turn into
large logarithms of the Mellin variable N,

{lnm(l -2)

] - In"tIN + ., (3)
-z |,

and the partonic cross section o,, can be written in the
exponentiated form

o0 (N, M2, i3 %) = H oy (M 1, i)
X exp|Gap(N, M?, y%, u%)]

rof1). o

Here, the exponent G, is universal and contains all the
logarithmically enhanced contributions in the Mellin var-
iable N, while the hard function H,;, is independent of N,
though process-dependent.

Up to next-to-next-to-leading logarithmic (NNLL) accu-
racy, the exponent G, can be written as

Gup (N, M2, i, i) = LGG) (2) + GG (3, M2, i, )
3
+ a,GY) (2, M2, i, %), (5)

where A = a,bgL and L =In N = In(Ne’#). For Drell-
Yan-like processes such as slepton or Higgsino and
gaugino pair production initiated by quarks and antiquarks
only, the coefficients GE;,; = g,(;) + gg,l) with a = b = g can
be found up to next-to-leading logarithmic (NLL) accuracy

in Refs. [40,47]. In addition to the LL and NLL terms gg,l)
and ggf), one needs at NNLL also [68]
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Here, the new coefficients required at NNLL are given by [78]

1 245 67 11 11 55 10 7 209 n3
AB :ECF[C% <———Cz +FC3 +?Cg> +Can<ZC3 ) +CA"f< OH—780G- ) ——f] (7)

24 9 9 3 108 27
and [68]
101 11 7 14 2
D® =2Cp|Cy| =+ = = : 8
F|Ca 27+3Cz+zC + ny 77 352 (8)
|
The coefficients of the QCD p-function are denoted sy A\ ) o s
by b, =p,/(2x)""" [79,80], the QCD color fac- Cap(M?, pig, ) = Z(g) Cop (M?, i, pg),  (10)
tors are C, =Nc=3 and Cp= (N*>-1)/(2N¢) = n=0
4/3, and the number of active quark flavors is  where the hard matching coefficients
The hard N-independent part of the Mellin-transformed M2 22 = 27r Elb) 1
partonic cross section in Eq. (4) ab (M s Hp) = a, ((;) Neind (11)
H oy (M2, i3 2 = USL) Cop (M2 i3 %) (9) e obtained from the finite (N-independent) terms in the

ratio of the nth order cross section over the LO one. The

b bativel ded § ¢ th 1 QCD part of the coefficient required at next-to-next-to-
can be perturbatively expande (o)m terms of the Mellin- 102 ding order (NNLO) in pair-invariant mass kinematics is
transformed LO cross section o¢,, and given by [69,70]

c
Cai =720 {5 (=4605C, + 4599C: + 762n) + 20>(188C, — 297Cyx — 32n;)
2
~927%(C — 6Cr) + 180(11C, + 18Cy — 2n,)log’ <%>
2
—160(11C, = 2ns)(6 — x )1og< > +80(151C, — 135C, + 2n7)Cs

+201log <%> [—51cA +837Cy + 61y — 472(11C, + 27Cy — 2n;)

+ (- 198CA+36n,)1og< 2) +216(C, —2CF)§3]}. (12)
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It allows to improve the resummation of logarithmically
enhanced contributions, since also beyond NNLO in a; the
finite terms are multiplied by threshold logarithms.
While in the limit of large N the cross section is clearly
dominated by terms of O(In* N), O(In N) and O(1), some
of the terms suppressed by powers of 1/N are multiplied by
powers of In N and can thus also have a non-negligible
effect [81-87]. This collinear improvement is taken into
account in RESUMMINO for Higgsino, gaugino and slepton
pair production [40,47]. Since we have given a detailed

not repeat it here. The same holds for the matching of

(res)
b

u» - valid near threshold, and the

normal perturbative calculation a(afl;o'), valid outside this

region, by adding both results and subtracting the overlap

€X . .
agb p), i.e., the resummed cross section reexpanded to

NNLO. We therefore give here only the contributions to
the new coefficient

resummed cross section o

@) — @1 (22)72 23)73 (24)7 4
discussion of the collinear improvement as well as the K KEOL 4+ KEILE 4 KEIL7 4+ KEILT - (13)
theoretical status of exponentiating contributions in the
C-function [88-90] in a previous publication [71], we do required at NNLO in the expanded cross section
|
X 0
ol " (N M. i i) = 043 Cop (M i p2) exPIGp (N M2, i 7]
_ (0 s ) A1) a\? (2) ) (1) a,\? @)
= 1 — — 1 — —
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2r 2r
which read explicitly [69,70]
k) = ~SF Lsen, —a04c, + 31 i 20n; +2C4 (=67 + 37
=757 ny A og s ny A )
i Hi
+3(11C4 — 2ny) (1og<—§> —log<—R>>} +378CAC3}, (15)
HR §
2 HE Hi
K22 = 5 Cr [—IOnf + 67C, —3Cyn* + 36Clog? <—> +(33C4 — 6ny) log <—>] , (16)
‘ s : s
(2,3) 4 /112F
K24 = 8C2. (18)

The SUSY-QCD (squark-gluino loop) corrections are only
matched at NLO, since they are not known beyond this
order [30]. In this sense, our results are accurate to
approximate NNLO (aNNLO) plus NNLL precision. This
approximation is justified by the fact that the SUSY-QCD
corrections are subdominant due to the large squark and
gluino masses. A detailed description of the inverse Mellin
transform

szAB 1

_ dUAB(N)
T — dNgr Npy2 =420 2
dM? () /cN

dMm?

= , (19
2ri (19)

that has to be performed for the resummed and the
perturbatively expanded results in Mellin space can be
found in Ref. [71].

III. NUMERICAL RESULTS FOR HIGGSINO
PAIR PRODUCTION

Naturalness arguments on the spectrum of SUSY the-
ories require the masses of Higgsinos to be small, i.e.,
below the TeV scale, and the lightest SUSY particle (LSP)
;?‘1) the lightest chargino (77) and the next-to-lightest
neutralino (79) to be close in mass. Experimental analyses
with the largest sensitivity to this kind of compressed
scenario consider three main processes, which all lead to
signatures with soft leptons and moderate missing trans-
verse momentum in the final state [13]. The first two
processes are the associated production of a positively or
negatively charged 7{ and a )?(2), while in the third process
a pair of charginos (7{77) is produced. The heavier
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neutralino ) and the charginos 7{ will decay to the lighter
7Y through an off-shell Z or W= boson, respectively. Since
the decay products are expected to be soft because of the
compressed spectrum, a jet with large transverse momen-
tum produced through initial state radiation (ISR) can
enhance the discriminating power with respect to SM
processes [13].

Based on an integrated LHC luminosity of 139 (36) fb~!,
the ATLAS (CMS) collaboration have excluded pure, mass-
degenerate Higgsino pairs ﬁ;?g up to 193 (168) GeV, when
they decay to 9 (20) GeV lighter ;?‘l)’s and electroweak W and
Z gauge bosons [13,14]. For general gauge-mediated SUSY
breaking models, the limits set by the ATLAS collaboration
are somewhat stronger with 295 GeV for mass-degenerate
Higgsinos including the 7 that decay to Z (or 1) bosons and
almost massless gravitinos G [15]. In the high-luminosity
phase of the LHC (HL-LHC) with 3000 fb~! at a center-of-
mass energy 14 TeV, the mass reach is expected to extend to
360 GeV [16]. For the invariant-mass distributions we
therefore adopt a default 79 (77) mass of 208 (203) GeV,
while for the total cross section analysis we vary the 7;- mass
between the LEP limit of 103.5 GeV, valid for a mass
splitting with the )?‘1) of atleast 3 GeV [17,18], and 500 GeV.

Gluinos enter only at NLO in virtual loop diagrams, so
that their masses play a subdominant role. Squarks appear
already at LO in the #- and u-channel propagators, but since
light Higgsinos are mostly produced in the s-channel, their
masses also have little influence, as does the trilinear
coupling A, determining mixing in the sbottom sector.
We adopt a squark and gluino mass of 1.3 TeV as our
default value, which is still allowed for not too large mass
differences with the lightest neutralino, even though the
most stringent ATLAS (CMS) mass limits already reach
1.94 (1.63) and 2.35 (2.31) TeV [91,92].

In the following, we compute the cross sections for the
aforementioned processes at LO, NLO, NLO + NLL and
aNNLO + NNLL adopting CT14 PDFs at LO, NLO and
NNLO for consistency [93]. The spectra with the specific
characteristics of MSSM scenarios have been obtained with
the public code SPheno 4.0.3 [94,95], following the
considerations in Ref. [27]. In particular, light Higgsino-
like neutralinos and charginos 79, 7i and 79 of masses
similar to the Higgsino mass parameter y can be obtained
by setting this parameter to 4 < M; = M,, i.e., below the
bino and wino mass parameters M| and M,. We settan ff =
30 and choose u between 100 GeV and 500 GeV in order to
stay (not too far) above the experimental exclusion limits,
while our choice M|, =1 TeV ensures a large Higgsino
content and mass splittings of the order of 5 GeV (i.e.,
My = Mge R Mye — My R 5 GeV). Our calculations of dif-
ferential and total cross sections are performed using
RESUMMINO [60] interfaced with LHAPDFG6 [96] for the
interpolation of the PDF grids. The SM parameters have
been chosen according to their current PDG values [97],

and o, (ug) is computed in accordance with the correspond-
ing CT14 PDF fit.

A. Invariant-mass distributions

We begin with the invariant-mass distribution for the
associated production of a Higgsino-like lightest chargino
and a Higgsino-like second-lightest neutralino. These
differential cross sections at LO (yellow), NLO (green),
NLO + NLL (blue) and aNNLO + NLL (red curve) are
shown in the upper panel of Fig. 1. On a logarithmic scale,
the uncertainties (shaded bands) coming from variations of
the renormalization and factorization scales with the seven-
point method (i.e., by relative factors of two, but not four)
about their central value, the average produced SUSY
particle mass, are barely visible, and we will study them in
more detail in Fig. 2 below. Also the relative impact of the
higher order corrections is only clearly visible with respect
to the LO prediction, so that we have included a lower panel
showing the ratios (K factors) of aNNLO + NLL over NLO
(red), NLO + NLL over NLO (green), and also aNNLO +
NNLL over NLO + NLL (blue curve) differential cross
sections. While the NLO corrections have long been known
to enhance the LO cross section by about 30% [30], the
NLL and NNLL corrections increase the NLO cross section
by another 3-5% and +2%, respectively, showing a good
convergence of the perturbative series.

P> XKo@V S =13 TeV

0.500 Lo
> — NLO
[0 — NLO+NLL
o 0.050¢ — aNNLO+NNLL
2, By
X  0.005}
=" m:- = 203 GeV
= -4 X4
© 5.x10
© m-o = 208 GeV
X2
1.10/— aNNLO+NNLL/NLO
+ 1.08— NLO+NLL/NLO
2 1.06f— aNNLO+NNLL / NLO+NLL =
(6] I B
& 1.04 — —
1 1.02 1
X 1.00 3
0.98 I . . 3
500 1000 1500 2000 2500
M-- -0 [GeV]
X1 X2
FIG. 1. Top: invariant-mass distribution for the associated

production of charginos and neutralinos with masses of
203 GeV and 208 GeV at the LHC with a center-of-mass energy
of VS =13 TeV. Shown are results at LO (yellow), NLO
(green), NLO + NLL (blue), and aNNLO + NNLL (red) together
with the corresponding scale uncertainties (shaded bands).
Bottom: ratios (K factors) of aNNLO + NNLL over NLO
(red), NLO + NLL over NLO (green), and aNNLO + NNLL
over NLO + NLL (blue) differential cross sections as a function
of the invariant mass of the Higgsino pair.
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pp - Xk @ VS =13TeV

m)-(; =203 GeV

m-o = 208 GeV
X2

A,(NLOSNLL)
A,(aNNLO+NNLL)
1000 1500 2000 2500
M-- -0 [GeV]
X1 X2

FIG. 2. Scale uncertainty of the invariant-mass distribution in
Fig. 1. Shown are the results at NLO + NLL (blue) and
alNNLO + NNLL (red shaded band).

This is also demonstrated by the width of the combined
scale uncertainty, shown in Fig. 2 as shaded bands at
NLO + NLL (blue) and aNNLO + NNLL (red). At small
and large invariant masses, this uncertainty shrinks from
4+2.1 to 1.8% and from +0.6 to 0.4%. As expected,
resummation of large threshold logarithms stabilizes the
cross section more for large invariant masses, in particular
when the final state is mostly produced in the s-channel as
it is the case for light Higgsinos and sleptons [71].

B. Total cross sections

The total cross section for the associated production of
Higgsino-like charginos and neutralinos is shown in the
upper panel of Fig. 3 at LO (yellow), NLO (green), NLO +
NLL (blue), and aNNLO + NLL (red curve). Again, only

pp - Xk @V S =13 Tev

Lo
— NLO
1000} — NLO+NLL 1
500! — aNNLO+NNLL |
£ 100
o 50}
10+
5.
" aNNLO+NNLL/NLO
1.04 — NLO+NLL/NLO 1
s —  aNNLO+NNLL / NLO+NLL
g 1.02
« 1.00
0.98
200 300 400 500
m-o [GeV]
X2

pp - XKo@ VS =13 Tev

LO
— NLO
1000¢ — NLO+NLL
500f — aNNLO+NNLL 4
. AU
£ 100}
S 50t
10}
5t
'— aNNLO+NNLL/ NLO
1.04 — NLO+NLL/NLO ]
5 — aNNLO+NNLL / NLO+NLL
g 1.02
« 1.00 1
08— ——— [ |
200 300 400 500
m-o [GeV]
X2
FIG. 3. Top: total cross section for Higgsino-like charginos and

neutralinos at the LHC with a center-of-mass energy of /S =
13 TeV as a function of the 75 mass. Shown are results at LO
(yellow), NLO (green), NLO + NLL (blue), and aNNLO +
NNLL (red) together with the corresponding scale uncertainties
(shaded bands). Bottom: ratios (K factors) of aNNLO + NNLL
over NLO (red), NLO + NLL over NLO (green), and aNNLO +
NNLL over NLO + NLL (blue) total cross sections.

the increase from LO to higher order is clearly visible on
the logarithmic scale. The enhancements from NLO to
aNNLO + NNLL (red) and to NLO + NLL (green) as well
as their ratio (blue) are therefore shown in the lower panel.
The aNNLO + NNLL corrections increase the total cross

pp > XiX; @ V'S =13 TeV

LO
— NLO
1000 — NLO+NLL E
500F — aNNLO+NNLL 4
£ 100
o 50;
10+
5,
1 _aNNLO+NNLL7NLO
1.04 — NLO+NLL/NLO ]
5 — aNNLO+NNLL / NLO+NLL
g 1.02 ]
« 1.00 E
oe8f ]

100 200 300 400 500
m:-+ [GeV]
X1

FIG. 4. Same as Fig. 3, but for the associated production of a positively charged Higgsino with the second-lightest neutralino (left) and

for the pair production of charginos (right).
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pp- X @VS =13 TeV

1.06
LO
— NLO
1.04F — NLO+NLL ]

aNNLO+NNLL
1.02

Aaglo

1.00

m:- = 203 GeV
0.98 X1

m-o = 208 GeV
X2

0.96

0.5 1 2

IJF/m)Zg

FIG. 5.

PP XX @VS =13 TeV

1.06 ;
LO
— NLO
1.04 — NLO+NLL ]
— aNNLO+NNLL
1.02 1

Aaglo

1.00 =
m:- =203 GeV
0.98 X 1

m-o =208 GeV
X2

0.96

0.5 1 2

Uﬂ/m);g

Relative variation of the total cross section for Higgsino-like chargino-neutralino pairs as a function of the factorization (top)

and renormalization scale (bottom). Shown are results at LO (yellow), NLO (green), NLO + NLL (blue), and aNNLO + NNLL (red).

section by up to 5% for low Higgsino masses, and the
perturbation series converges nicely for large Higgsino
masses.

The situation is very similar for the production of
Higgsino-like 7% and chargino pairs 7|77, shown in
Fig. 4. The main difference is the absolute size of the total
cross section, which at a p p collider like the LHC is largest
for positively charged final states, followed by neutral and
negatively charged final states. The magnitude of the
difference depends on the x-range probed in the PDFs
and thus on the Higgsino masses. It increases toward larger
masses, where valence quarks play a more important role.

The dependence of the total Higgsino cross section on
the factorization (top) and renormalization (bottom) scales
is studied individually in Fig. 5. While the latter is only
introduced only at NLO (green), the former includes a weak
dependence from the PDFs already at LO (yellow). From

pp—))"(})"(g@\/g: 13 TeV

NLO + NLL (blue) to aNNLO + NNLL (red) one observes
a reduction in particular for the factorization scale. At these
relatively low Higgsino masses of 203 and 208 GeV,
respectively, both uncertainties still amount to about
+2%, while at NLO and even NLO + NLL they could
still reach about +4%.

This is also reflected in Fig. 6 (left), where both
uncertainties are varied with the seven-point method and
shown as a function of the Higgsino mass. As expected, the
combined uncertainty is reduced for heavier Higgsinos to a
level of about 2% at NLO + NLL (blue) and only +0.5%
at aNNLO + NNLL (red). The situation for Higgsinos,
which are mostly in the s-channel, is thus similar to the one
for sleptons [71]. For comparison, Fig. 6 (right) shows the
scale uncertainties at NLO (yellow), aNLO (red), and
alNNLO (green shaded band). While the scale uncertainty
at NLO depends only weakly on the Higgsino mass, the

pp—))”(}f(g@\/E:wTeV

1.04 1.10
1.05
) o)
S 1.00 S 1.00 | | ]
< <
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A,(aNNLO+NNLL) A,(aNNLO)
0.90
200 300 400 500 200 300 400 500
m-o [GeV] m-o [GeV]
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FIG. 6. Scale uncertainty of the total cross section for Higgsino-like chargino-neutralino pairs at the LHC with a center-of-mass energy
of v/S = 13 TeV as a function of the neutralino mass. Left: results at NLO + NLL (blue) and aNNLO + NNLL (red). Right: results at

NLO (yellow), aNLO (red), and aNNLO (green shaded band).
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FIG. 7. Ratio (K factor) of NLO over LO total cross sections
(both with NLO PDFs) for Higgsino pair production at the LHC
with a center-of-mass energy of v/S = 13 TeV as a function of
the squark and gluino masses.

approximations at aNLO and aNNLO are clearly only valid
for larger Higgsino masses, where their scale dependences
approach the one at NLO. This far from threshold, the
difference of aNNLO vs aNLO is mainly induced by the
use of different PDFs (NNLO vs NLO). Remember that
the central K-factors also differ due to squark and gluino
mass dependent terms not included in the aNLO and
aNNLO approximations (see Fig. 3).

Since the 7- and u-channels play a subdominant role
for Higgsinos, not only the dependence on the gluino
mass, introduced only at NLO, but also the one on the
squark masses should be weak. This can clearly be seen in
Fig. 7, where the ratio of the NLO (and similarly any other

pp - XKo@ VS =13 TeV

1.005
< 1.000
O]
o
B
¥ 0.995
s}
<
Y 0.990
0.985
-1000 -500 0 500 1000 1500
A, [GeV]
FIG. 8. Dependence of the NLO (or NLO + NLL or

aNNLO + NNLL) total cross section on the common trilinear
coupling A, that governs squark mixing in the sbottom sector.

higher-order) cross section over the LO one is shown in the
squark-gluino mass plane. Overall, it varies by less than
one per mill. The gradient is along the diagonal and slightly
steeper when the squark and gluino masses are still
relatively close to those of the Higgsinos.

When the squark masses are not all identified with each
other, but mixing in the sbottom sector is allowed, a
dependence on the trilinear coupling A, is introduced. It
is shown in Fig. 8. As expected, for Higgsinos it is also
weak and amounts to at most +0.4% and —1.3% when
compared with the cross section in our default scenario
with Ay = =500 GeV.

IV. NUMERICAL RESULTS FOR GAUGINO
PAIR PRODUCTION

We now turn to the case where the produced neutralinos
and charginos have a large gaugino component. The next-to-
lightest neutralino 79 and the charginos 7= will be consid-
ered as winolike and almost degenerate with a mass above
1100 GeV to satisfy experimental constraints, while the LSP
7Y is assumed to be binolike and light. In this scenario, large
production cross sections of 7i 7 and short decay chains are
expected. For example, assuming an intermediate and
equal mass for left-handed staus and tau sneutrinos, the
winos will decay through these states into the LSP, taus, and
tau neutrinos, leading to interesting collider signatures [98].
This particular spectrum of particle masses can be achieved
within the phenomenological MSSM (pMSSM) framework.
It is of particular interest, since the coannihilation of light
staus with the LSP can generate a dark matter relic density in
accordance with the observations [5,12].

Based on an integrated LHC luminosity of 36 fb~!, the
ATLAS (CMS) collaboration have excluded pure, mass-
degenerate wino pairs 7175 (7{77) decaying with 100%
branching ratio via sleptons to significantly lighter pure
binos )?(1) up to masses of 1100 (800) GeV [19,20]. With
139 tb~!, the ATLAS collaboration could also exclude
chargino pairs up to masses of 1000 GeV [21]. For pure
winos decaying to on-shell gauge and Higgs bosons, the
ATLAS (CMS) limits are sometimes considerably weaker
and reach only 345 to 1000 (650) GeV, depending on
the analysis method and despite luminosities of up to
139 fb~! [21-24].

The dependence on the gluino mass, which enters only at
NLO, is again expected to be weak. However, the squark
mass dependence will now be more important, as heavy
gauginos can have large LO contributions from #- and
u-channel diagrams and their (negative) interferences with
the s-channel. In addition, hadronic gaugino decay channels
will be open when Mg < Myt 0, and squark threshold effects

will appear in the one-loop diagrams when Myt g0 & M.
These thresholds will also affect the dependence on the
trilinear coupling A, controlling the physical sbottom

masses.
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Our desired SUSY spectrum with winolike charginos
and neutralinos and a binolike LSP is obtained using again
the public code SPHENO 4.0.3 [94,95] and by choosing a
small value for the bino mass parameter M, = 100 GeV,
while the wino mass parameter M, > 1 TeV is chosen
above the ATLAS exclusion limits. The large gaugino
content can be achieved by choosing a large value for
u=3TeV > M, With this configuration, only a very
small splitting between the masses of the neutralino )?(2)
and the charginos i is generated, while the LSP 7!
remains light.

A. Invariant-mass distributions

We begin our discussion with the invariant-mass dis-
tribution for the associated production of winolike lightest
charginos and second-lightest neutralinos. These differ-
ential cross sections at LO (yellow), NLO (green), NLO +
NLL (blue), and aNNLO + NLL (red curve) are shown in
the upper panel of Fig. 9. In contrast to the Higgsino case,
the NLO corrections increase the LO cross section only at
low invariant masses, but decrease it for large invariant
masses. A decrease for all invariant masses is observed
from NLO + NLL to aNNLO + NNLL (see also the lower
panel). This behavior is correlated with large #- and
u-channel contributions and large cancellations of the
squared s-channel contribution with its interference terms.

PP o @VS =13 Tev

e Lo

= 1.x107°¢ — NLO

® 6 — NLO+NLL

G 5.x1077; — aNNLO+NNLL
£ B

E‘Iﬁ I (1"

3 5.x107}

©

X1~

1,15/ aNNLO+NNLL/NLO
— NLO+NLL/NLO

m:-=m-o = 1482 GeV
Xz

§ 110/— aNNLONLLINLOWNLL
= e e e N
2
1.00 | | ]
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FIG. 9. Top: invariant-mass distribution for the associated
production of charginos and neutralinos with masses of
1482 GeV at the LHC with a center-of-mass energy of
v/S = 13 TeV. Shown are results at LO (yellow), NLO (green),
NLO + NLL (blue), and aNNLO + NNLL (red) together with
the corresponding scale uncertainties (shaded bands). Bottom:
ratios (K factors) of aNNLO + NNLL over NLO (red), NLO +
NLL over NLO (green), and aNNLO + NNLL over NLO + NLL
(blue) differential cross sections as a function of the invariant
mass of the gaugino pair.

PP - XKo@ VS =13 TeV

= A, (NLO+NLL)
£, (aNNLO+NNLL)

m:-=m-o = 1482 GeV
X X2

1

4000 4500

M-- -0 [GeV]
X1 X2

3500 5000

FIG. 10. Scale uncertainty of the invariant-mass distribution in
Fig. 9. Shown are the results at NLO + NLL (blue) and
aNNLO + NNLL (red shaded band).

The combined scale uncertainty for this distribution is
shown in Fig. 10 at NLO + NLL (blue) and aNNLO +
NNLL (red). A reduction from +0.7% to +0.5% is
observed at low invariant masses. The reduction is smaller
for large invariant masses, which is again related to the
importance of the 7- and u-channels.

pp - XKo@ VS =13 TeV
LO

NLO 4
NLO+NLL

aNNLO+NNLL
All

il

o [fb]

— " aNNLO+NNLL/ NLO
1.05}— NLO+NLL/NLO

W
1.00 :

I
0.95 ]

0.90 :

K-factor

2000 2500

m)zg [GeV]

1500

FIG. 11. Top: total cross section for gaugino-like charginos and
neutralinos at the LHC with a center-of-mass energy of /S =
13 TeV as a function of the 7 mass. Shown are results at LO
(yellow), NLO (green), NLO + NLL (blue), and aNNLO +
NNLL (red) together with the corresponding scale uncertainties
(shaded bands). Bottom: ratios (K factors) of aNNLO + NNLL
over NLO (red), NLO + NLL over NLO (green), and aNNLO +
NNLL over NLO + NLL (blue) total cross sections.
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FIG. 12. Same as Fig. 11, but for the associated production of a positively charged gaugino with the second-lightest neutralinos (left)
and for the pair production of charginos (right). For the former, we also show the aNNLO/NLO K-factor (purple), i.e., without

resummation effects.

B. Total cross sections

We now turn to the total cross sections for gauginos.
They are shown in Fig. 11 for the associated production of a
negatively charged and a neutral wino as a function of the
second-lightest neutralino (and lightest chargino) mass. For
our choice of parameters and after integration over the
invariant mass, the NLO prediction is smaller than the LO
one over the entire 79 mass range, and the size of the
aNNLO + NNLL corrections is very small in this particu-
lar case.

This is, however, a peculiarity of the chosen channel with
a negative chargino, as can be seen from Fig. 12 showing
the total cross sections for the associated production of a
positive chargino with a neutralino (left) and for chargino
pair production (right). Both the absolute size of the cross

pp—))”(?)”(g@\/gzﬂﬂ'ev

1.20 :
LO
NLO
112 — NLO+NLL
_ aNNLO+NNLL
1.10 1
o)
B 1.05 1
g el
1.00 — ]
BG83 m:- =m-o =~ 1482 GeV 1
X1 X2
0.90 ‘ ‘ ‘
0.5 1 2
“F/mi;’
FIG. 13.

section and the size of the corrections are then different due
to the fact that we probe large momentum fractions x and
therefore the valence quark structure in the PDFs. In
particular, the cross section for 775 is larger than the
one for 7775 by about a factor of four, and the aNNLO +
NNLL corrections now amount to up to —12 to —15% with
respect to the NLO and NLO + NLL predictions. The cross
section for chargino pair production through a neutral
current represents an intermediate case, as expected. For
the case of 7|7} production, we also show the aNNLO/
NLO K-factor (purple), i.e., without including resumma-
tion effects. Apart from a small overall shift in the
normalization, it is very similar to the one including the
NNLL terms. This confirms that the main effect of
resumming the higher order terms is not an additional

pp > X3 @ VS =13 Tev

1.20 |
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NLO
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g —_—
1 .oo/ R |
0.95 M- = m-o =~ 1482 GeV ]
X1 X2
0.90 ‘ i I
0.5 1 ’
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Relative variation of the total cross section for gauginolike chargino-neutralino pairs as a function of the factorization (top)

and renormalization scale (bottom). Shown are results at LO (yellow), NLO (green), NLO + NLL (blue), and aNNLO + NNLL (red).
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FIG. 14. Scale uncertainty of the total cross section for gauginolike chargino-neutralino pairs at the LHC with a center-of-mass energy
of v/S = 13 TeV as a function of the neutralino mass. Left: results at NLO + NLL (blue) and aNNLO + NNLL (red). Right: results at

NLO (yellow), aNLO (red), and aNNLO (green shaded band).

large shift in the cross section, but its further stabilization
with respect to scale uncertainties and corresponds to
previous findings in other channels.

The dependence of the total gaugino cross section on the
factorization (top) and renormalization (bottom) scale is
studied individually in Fig. 13. As in the Higgsino case, the
LO cross section is independent of the renormalization scale.
The dependence introduced at NLO of 5% is reduced at
NLO + NLL to 4% and to below percent level at aNNLO +
NNLL. A similarly impressive reduction has been observed
for sleptons [71]. The LO factorization scale dependence is
much stronger than in the Higgsino case, as we are probing
the evolution of the PDFs from the GeV- to the TeV-region.
It is reduced from more than 30% at LO to 10% at NLO, then
to 2% at NLO + NLL and aNNLO + NNLL.

In Fig. 11 we observed a better convergence of the
perturbative series for not too heavy gauginos than for very
large masses. This behavior is reflected in Fig. 14 (left),
where the total scale uncertainty also increases toward very
large gaugino masses. At 1.1 TeV, it amounts to 3% at
NLO + NLL (blue) and only 1% at aNNLO + NNLL
(red), while at 2.7 TeV it amounts to 3% in both cases.
For comparison, Fig. 14 (right) shows the scale uncertain-
ties at NLO (yellow), aNLO (red), and aNNLO (green
shaded band). As for Higgsinos, the scale uncertainty at
NLO depends only weakly on the gaugino mass, but as it is
much closer to threshold, the approximation at aNLO
works now relatively well over the entire mass range
shown, and the aNNLO approximation exhibits an addi-
tional reduction.

Figure 15 shows the dependence of the NLO/LO
K-factor for the production of gauginolike charginos and
neutralinos on the squark and gluino masses. As expected,
the dependence on the gluino mass, which enters only at
NLO, is indeed weak and almost invisible, when the squark
mass differs substantially from the gaugino mass of about
1.5 TeV. In contrast, when the squark mass is close to the

gaugino mass, the squark mass has a substantial influence
already at tree-level, but also at NLO (and beyond), when
the squark threshold is crossed in virtual box diagrams. In
this situation, also the gluino mass can induce a significant
variation of the K-factor. The fact that the NLO/LO cross
section ratio can reach values much larger than one is
related to the (almost) on-shell production of intermediate
squarks in the final state that subsequently decay into the
observed gauginos. This situation therefore requires a
careful identification of squark and gaugino production,
respectively, from the observed decay products and in
particular the presence of jets. We have verified that the
relative dependence on squark and gluino masses is
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FIG. 15. Ratio (K factor) of NLO over LO total cross sections

(both with NLO PDFs) for gaugino pair production at the LHC

with a center-of-mass energy of v/S = 13 TeV as a function of
the squark and gluino masses.
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FIG. 16. Dependence of the NLO (or NLO + NLL or
aNNLO + NNLL) total cross section on the common trilinear
coupling A, that governs squark mixing in the sbottom sector.
Shown is the ratio over the default scenario with A, = —500 GeV.

identical for positive charginos. Only the absolute range of
the K-factor is slightly reduced and ranges then from 1.68
to 5.04, due to the larger LO cross section for positive
charginos.

The presence of squark thresholds is also observed in
Fig. 16 for bottom squarks. This figure shows the depend-
ence of the NLO (or NLO + NLL or aNNLO + NNLL)
total gaugino cross section on the trilinear coupling A, over
its value for our default choice of A; = —500 GeV. While
the overall dependence is very weak, as bottom quarks in the
proton PDFs contribute very little to the total cross section at
these large values of x, the kinks when the two physical
sbottom mass thresholds are crossed are nevertheless clearly
visible at Ap = —800 GeV and Ay = —300 GeV.

V. CONCLUSION

In conclusion, we have presented in this paper the
improvement of our previous predictions for Higgsino

and gaugino pair production at the LHC from NLO +
NLL to aNNLO + NNLL precision. We have briefly
reviewed the formalism employed for the threshold resum-
mation of large logarithms that can spoil the convergence of
the perturbative series and highlighted the analytical results
required for the resummation at NNLL accuracy and its
matching to the fixed order calculation at aNNLO.
Numerical results were presented for two very different
scenarios, i.e., Higgsino and gaugino pair production at the
LHC. The mass limits on Higgsinos from the LHC are still
relatively weak, they can thus still be as light as a (few)
hundred GeV and consequently produced mostly in the
s-channel. The aNNLO + NNLL results were found to
induce only small modifications of the differential and total
cross sections and to stabilize them even more than before
at NLO + NLL with respect to variations of the factoriza-
tion and renormalization scales. For gauginos, which like
squarks and gluinos have recently been constrained by
LHC searches to the TeV region and beyond, also #- and
u-channels and thus the dependence on the squark mass
became important already at tree-level, and the impact of
the higher-order corrections in the large x-region required a
closer look. It varied not only with the considered pro-
duction channel, i.e., the total charge of the final state, but
also with the squark mass and, in the threshold region, even
the gluino mass. As an additional new aspect, we included
in our calculation explicitly the mixing in the squark sector,
which proved to be relevant in practice only for bottom (s)
quarks and thus more for light Higgsinos produced from
partons at small x than for heavier gauginos produced from
partons at larger values of x. The new results described in
this paper will be made publicly available in the next
release of RESUMMINO.
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