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Abstract

Wihule thee prescace of o leht stop s weressinely dislocored by the experiiental Bomils sel o
Li-parily conscrviny scepacios, e oalocoloess: ol supersyoooetey could sl be salely concealod
i Ll pore chadlenging ool stales prediclted be Lhe caostence o] oneo-pull R-pacily violaling cou-
plings,  Although B-pacity violaling sigpalures are exlensively looked lor sl Lhe Locge Hadeon
Collider, these searches alwayvs assume 1009 branching ratios for the direct decays of supersyim-
metric particles inte Standard bMadal cnes. In this paper we scratinize che implications of relaxing
this assumption by focusing on one motivated scenario where the lightest stop is heavier than a
chargine and a neutraling. Conzidering a clasz of R-parity barvon number viclating couplings, we
show on general grounds that while the direct decay of the stap into Standard Mode] particles is
dominant for large values of these couplings, smaller values give rise, instead, to the dominance of
a plethora of longer decay chains and richer final staces that have been so far barely analyzed at
the LHO, thus weakening the impact of the present experimettal stop mass limits, We characterize
the case for R-parity baryon number viclating couplings in the 1077 — 10~ range, in two different
Benchmark points scenarics within the maodel-indepencent secting of the low-energy phenomemns-
logical Minimal Supersymmetric Standard Model. We identify the dilferent relevant experimental
signatures from stop pair praduction and decasa, estimate the corresponding proton-proton erosa

sectinna at % = 14 18V and discngs signal versua backgronned isanes.
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I. INTRODUCTION

The discovery at the Large Hadron Collider (LHC) of a weakly-coupled, spin-0 particle
compatible with the Higgs boson [1—1], by both ATLAS [5] and CMS [6] collaborations, with
a mass of approximately 125 GeV [7], constrains all theoretical extensions to the Standard
Model (SM) that aim at a mechanism for spontaneous Electroweak Symmetry Breaking
(EWSB) relieved of the naturalness problem. In the coming years the measurements of the
properties of this new particle will shed further light on the possibility of new physics at the
TeV scale. While the presence of a new class of phenomena at the TeV scale is predicted by
a large variety of models which address the various theoretical shortcomings of the SM, the
LHC Run 1 and first Run 2 data sets analysed so far gave no evidence for new physics Beyond
the Standard Model (BSM). Indirect manifestations might be hiding in heavy flavor rare
decays anomalies reported by LHCb [8, 9] with moderate to sizable statistical significance
[10], and the well established neutrino oscillation phenomena [11] can be viewed as clear
indications for the need for BSM physics [12].

Supersymmetry (SUSY) [13-18] has long been considered to be an elegant way of trig-
gering the EWSB, relating it radiatively through perturbative quantum effects to possible
new physics at much higher scales, such as Grand Unification, while stabilizing the vari-
ous scales without unnatural fine-tunings. It can also provide in its R-parity conserving
(RPC) version several dark matter candidates, the most popular being a neutralino when
the lightest supersymmetric particle (LSP). Nonetheless, the naturalness of the Higgs po-
tential favors light third-generation squarks whose RPC striking signatures have yet to be
observed at hadron colliders, pushing the limits on the mass of such particles at the bound-
ary of what is accepted to be natural. This could be a hint that the role of SUSY as a
panacea for all SM standing problems should be revised. In particular if R-parity violating
(RPV) operators [19, 20] in the superpotential are not artificially suppressed to allow for
instance for a neutralino dark matter, RPV SUSY could be welcome for a natural EWSB
since most of LHC constraints based on searches for missing energy signatures would not be
valid anymore. One thus expects the interest in RPV SUSY searches at the LHC to build
up significantly in the coming years [21].

From the theoretical point of view, it is attractive to view R-parity breaking as a dynami-

cal issue. The magnitude of the RPV couplings could then be related to residual low-energy



effects of some ultraviolet completions of the minimal SUSY extension of the Standard
Model, see e.g. [22, 23] for recent reviews. On a more fundamental level, whether R-parity
is conserved or not as a residual discrete symmetry of continuous R-symmetries, could also
depend on the breaking mechanisms of the latter, which is an open question intimately re-
lated to the origin of SUSY breaking itself [21]. The presence of RPV operators with small
couplings, but still sufficiently large to trigger prompt decays within the detector, is thus
not unlikely. It can also preserve some of the appealing features of the RPC scenarios; e.g. a
very light metastable gravitino can provide a viable dark matter candidate, and the stability
of the proton can be protected by other discrete symmetries [25].

Limits on RPV scenarios have been given by ATLAS [26-32] and CMS [33—11]. These
limits rely on simplifying model assumptions. In particular, the mass limits on the lighter
stop assume in the case of hadronic stop RPV decays 100% branching ratio into two body
final states [31, 32, 11]. It follows that, apart from the qualitative requirement of prompt
decays, the derived limits are independent of the size of the RPV couplings themselves, and
thus insensitive to the experimental limits on the latter [12]. While this assumption is clearly
valid if the stop were the LSP, it calls for more model-dependence in the opposite case.

It has been pointed out in Ref. [13] that busier final states with high b-quark multiplicities,
not looked for by the LHC experiments so far, can become the dominant stop decay channels
in regions of the parameter space where part of the neutralino/chargino sector is lighter
than the lightest stop, thus mitigating the present LHC limits. Furthermore, as shown in
Refs. [11-16], existing experimental searches performed at the LHC, such as di-jet resonant
production, top-quark pairs, four-tops and displaced decays, can be re-interpreted as limits
for a class of RPV couplings involving the stop and SM quarks.

In the present paper we go a step further by considering extensively the sensitivity to the
magnitudes of the RPV couplings for stop-pairs production. This pinpoints the critical role
of the size of these couplings in unveiling the final states that are dominant among all the
different combinations of stop decay chains. It also unfolds the experimental strategy to be
sensitive to stop pair production and decays, spanning several orders of magnitude for the
value of the RPV couplings.

The rest of the paper is organized as follows: in Section II we recall the main theoreti-
cal ingredients of the RPV sector of the Minimal Supersymmetric Standard Model (RPV-
MSSM), as well as the present LHC limits on RPV stop searches, discussing possible new



search channels, and give the simplifving model assumptions we make, In Section III we
deseribe the general features of the slop pair production and decays, classifv all the possible
tleeay channmels tngeerod by [-parily violalbion and mobivate Lhe allowed range of Lhe corre-
sponding couplings. In Section TV we give an analvtical disenssion of the sensitivity to the
considered RPY coupling, while in Section V' we idenrify two classes of benchmark points
of the model. The stop pair production total cross-section and decay channels for these two
henchmark points are evaluated in Section V1 illnstracing guantitatively the phenomenolog-
ical sensitivities to the RPY conpling and to che stop-charging mass splitting. Section VI
is devoted to a discussion of the signal and background issues for each of the promising final

atates, Finally, the conclusion and prospectives are given in Section VI,

II. MODEL ASSUMPTIONS
A, RPV-MSSM

The superpotential of the RPV-MSSM (see for instance 42]) has three distinct parts:
Whorvy = Whipe + W + Wg . (2.1)

The R-parity conserving part,

Wipe = (V2L - By B + (Y230, - B DS+ (YY) - Ho 0%+ pHo B, (22)
involves the Yukawa coupling matrices Y&, Y9, ¥Y and the Higes mixing parameter . The
R-parity violating part, Wg — Wg, splits into a lepton number violating sector imvolving

hilinear and trilinear conplings,

1

Wy = =

T | , [ I s B r 3 i
Mijiki - Li By + M Ls - Q DY+ L - Hy, (2.3)
and a barvon mumber violating sector involving trilinear couplings,

.I'Lﬁ o E":l':l._lif:'li 'r'}; 'lr']|ll |=-r|"i'|" k?i:‘
The chiral superfields L and € denote respectively the lepton and quark SU7(2) doublets,
I_:.'._ 0 and U the corresponding singlets, and H , and H are the two Higes doublets, together

willi Lheir conventional U1y hypercharges, Swmmation over repeated indices is nnderstood



in all the above expressions where o, 3,7 = 1,2, 3 denote the SU7(3) color indices, the dots
(A- B = g A°B") define SU{2) invariants, the i, 7, & — 1,2, 3 are generation indices, and ¢

indlicates charge conjugation. Also the trilinear Y conplings shonld satisly Lhe relation:

Aije = — Ay mnd J'.i:,. = — X0

iy 1

(2.5)

as an immediate consequence of the antisymmetry of the e and e, 5., symbols respectively,
Recall that to account for SUSY breaking, assumed to he soft in the visible sector, the
low eneray MSSM is expected to have additional RPC and RPV terms in the Lasrangian

density with the following general structure,
andt raaft 1 i SRE TraTF - y ’
'I:'I:IF-'I." ] APC fj-ll_."l.-ﬁ HHE .'1r]Ij W <4 .'1-f;gll:|lll:|l'_:, I._Eﬂ:'
whers

7 ':T""::J}:'U 0! K;?'_.: + ["“:'r];_, ! .f_’_1 + ':."”Tﬁ:'*,' J'_JJ f:'-l_.l: + [.’Il!ﬁ]‘-_.l F-I .I:JJ - {mfif]hI £! f__l + .rnl‘;.l |2

+J]‘Ti2|.§3|2 + |:|:_Tkl :L__Iif.-; E ﬂl E; —-— :T':'!J;Jl'.':'i : .F:IT] ..D? + [_Tu]-;_,lf;_],' - Erg f'-_: + B‘Lﬂg.Hl -+ ]l.E'.]|

(2.7)

involves the RIPC soll BUSY breaking scalar masses, wilinear couplings and Higes mixing,

aruel
£ = ity (2.8)

where

F'fn = :1}]-;'_1'& L.‘ ' I’..‘ E; 2 Tz':.'k-ti : 1?1 f"ﬁ b B-'E"i ' E'Tﬂ - mi HIL-: +he., (2.9)

and
Vit = G100 D Do = (210)

involve respectively the lepton and baryon number violating soft SUSY breaking bilinear
and trilinear couplings. In Eq. (2.6) the twiddled fields denote the U{1)y-, SU(2), and
SU(3) gauginos in the Wevl representation where we have suppressed the gange indices,
and My, Mz, My denote their soft masses. The fields in Eqz. (2.7, 2.9, 2.10) are the scalar
components of the chiral superfields entering the superpotentials (2.2 2.4) and the m*s,
B, B, Th4s T T'T" are the bilinear and trilinear soft-susy breaking parameters, We define
also tan 5 = —-1* the ratio of the vacuum expectation values developed by H; and H, afrer
EWSB.



In the sequel we do not rely on specific high scale model assumprions which can trigger the
EWSE and corrclate the various low-cnergy SUSY presceving and sofl breaking parameters,
or puesibly provide a dynamical arigin to e BPY conplings [220 25). Given Lhe low-
emergy phenomenclogical assmmptions we rely an, the process of stop production and decays
under comsideration depends only on a redueced set of MSSM paramerers insensitive to such
correlations. Furthermore, we asswne conservatively minimal favor viclation {MFV) |47,

sinee the heavy versus light quark content. of the fnal states is instrumental to our stdy.

B. LHC searches and new channels

The likeliness of a relatively light stop, motivated by natural SUSY and a large mass
aplitting between the two stop states that could account for che observed Higegs boson mass
(at least within the MSSM]. together with the more general expectation that the thied
(siquark generation plays a central role in triggering the electrowenk svmmetry breaking,
makes the search for light stops particularly compelling. This is true both in RPC and RPV
scenarios. The present LHC mass limits from direct production in the RPC scenarios are of
order 800 GeV |[44-51] and the exploitable range is expected to cross the 'TeV scale towards
Lhe end of Run 20 Moreswer, soine ol the all-leplome [RPPY searches have already inereased
this limit I some cases up to 1020 GeV 53] Lighter stops conld however still be hiding in
the all-hadronic channels final states with very low missing energy, as wonld be typically the
case in RPV scenarios if dominated by barven number violating couplings Agy;. cf. Eq. (2.4).
Searches for directly produced stop pairs each decaving into one jet originating from a b and
one jet from a light quark with the data collected in 2012 at %% = 8 TeV and in 2015 at
va = 13 TeV lead to exclusion mass limits in the range 100-380 GeV by the CMS [11] and
ATLAS [31, 32] collaborations.

Both ATLAS [26-30] and CMS [43-40] have also looked for signatures of RPV scenarios
through either gluino decays assuming barvon mmber violating couplings, or squark decays
assuming lepton number violating bilinear and trilinear couplings. The ensuing mass lim-
its for the gloino and first and second generation sguarks range from 800 GeV oap to 1.9
TeV depending on the model assumptions,

It is important to keep in mind that the limits quoted above assume the RPVY decayvs to

prococd through the shortest decay chains, o pacticular Lhe ones on divecl production of

=1



stops decaying through baryon number violating couplings, are derived under the assumption
of 100% decay into a bottom and a light quark. These limits carry thus some model-
dependence irrespective of whether lepton number violating decays are ignored or not. As
observed in Ref. [13], if the stop is not the LSP in parts of the parameter space motivated
by natural SUSY, then its decays may become dominated by channels with higher b-quark
multiplicities. In this case, a different experimental strategy is called for when looking for
a signal or setting limits, thus putting into more perspective the meaning and reach of
the present experimental limits on light stops. However, it is to be stressed that cven in
Ref. [13] a 100% decay in the final states under consideration is assumed, this time not for
the decaying mother stop itself but for the subsequent decay of the intermediate on-shell
chargino present in the decay chain. As noted in the introduction, such an assumption makes
the processes and the experimental limits insensitive to the magnitude of the relevant RPV
couplings. Not only is it desirable to be able to set limits on these couplings as well, but in
fact, in the configurations where the LSP is neither a squark nor a slepton, the branching
fractions of the various RPV decays of the latter depend necessarily on the magnitudes of
the RPV couplings. That this is to be expected on general grounds can be seen from the
simple fact that in the limit of vanishing RPV couplings the RPC theory should be recovered
smoothly. Indeed, in this limit, of all the RPV signal processes only the ones that tend to
the RPC signals, i.e. containing an on-shell long-lived LSP in the decay chain, will survive.
This implies that when decreasing the RPV couplings a crossover in favor of the decays
containing the LSP must occur at some point. Moreover, in the regions where they become
sizable, the latter channels tend to be less sensitive to the RPV couplings since the LSP
decays only through RPV channels, thus with branching ratio 1 to the relevant final states.
The only limitation is that the RPV couplings should remain sufficiently large for the LSP
to decay within the detector, otherwise the RPC search limits become effective.

Put differently, assuming a branching ratio of 1 for a given decay channel implicitly entails
a given range of the RPV couplings, that would further depend on the mass spectrum and

RPC couplings of the particles involved in the decay. This observation has two consequences:

— while all the quoted present experimental limits on RPV scenarios have obviously
some model-dependence, the sensitivity to the RPV couplings exacerbates this model-

dependence;



— higher jet and/or lepton multiplicity decays probe smaller {even tinv) RPV couplings

benefiting in the same time from a redineed SM background.

The aim ol the subserquent sections 5 Lo demonstrate the alove seneral features quanti-
tatively in the case of barvon number violating RPV couplings Ay, or AL, that trigger the

decay of stops leading to b-qmarks, light quarks and possibly leprons in the final states.

C.  mass speclram
In this section we deseribe the simplified working sassumptions made in the paper:

(i) Agq, with ¢ = 1 or 2, is the only nen-vanishing RPV coupling,

(ii) the light part of the SUSY spectrum is composed of one stop, one chargino, two
neutralinos and the lightest CP-even Higps {referred to respectively as £ 4™, y"/y8
the lighter ‘heavier neutraline and A" the SM-like Higgs throughout the paper). All
other SUSY and Higegs particles, except possibly for the gluino, are assumed to be too
heavy to be produced at che LHC,

(i) the REPY-MSSM-LEI* i the lightest neraling 3"

A few comments are in order here, Assumptions (1), (i), (1) are not mandatory for the
validity of the general message we convev in this paper regarding the final-state-dependent
sensitivity to the BPY couplings. They sorve as a concrete illustration in one possible
physically interesting conliguration. Assumption (i) can be seen as an ddealization of some
generie assnmplions such as MEY where barvon nmber violating RPY couplings contain-
ing 1st and 2nd generation indices are suppressed with respect to Ay, [or Al ) [52, 53]
Alternatively, it conld result from a dynamical collective effect due to the running of several
RPY couplings from a common value at 2ome very high seale down to the electrowenk scale
where ALy, becomes much larger than the other couplings 54, 55, In fact, our analysis does
not depend crucially on the single RPY coupling dominance assumption: indeed. combined
with assumption (i), assumption (i} is not partienlarly restrictive given the hadronic final

states and parameter space under consideration. For one thing, A%, can be viewed as ac-

counting for the combination 1*.-'*-::.:\5',;.”:!3 '::.:'luil,;.“:"':: since at present hadron colliders light o-



and s-quark productions are indistinguishable.! For ancther, most of the lepton number
violating conplings in Eq. {2.3) do oot conteibnte to the nal states under consideration,
or el are rrelevant. doe Lo Lhe assmned heaviness ol Lhe siquarks and sleptons,. The only
puossible exception is the set of A, couplings that induee ¢ decays into bottom guark and
a lepton. This channel would however be suppressed for a small left-handed component
of the lightest stop, and in any case can be vetord as it leads to final states with leptons
and no light quarks, different. from the ones we study. Finally che baryon number violating
couplings Ay, Ak can in principle contribute to final states containing & and light quarks
through the flavor mixing of the 3rd generation with the 1st and 2nd generation squarks
{current states]. However this mixing is verv small for the SUSY spectrum we congider
which suppresses the sensitivity to these conplings altogether. Thus most of the RPY con-
plings could still be pon-vanishing without affecting our analysis. Assumption i) can be
motivated on ane hand by simplicity, with only & small part of the MSSM spectrum to deal
with phenomenologically, and on the other bv the need to account for the light CP-even
Higgs mass while keeping at a relatively moderare level the fine-tuning required to get the
electrowenk seale from the radiative electrowenk syvmmetry breaking, see ez [57]0 1 should
b stressed however that the latter naturalness eriterion being more & practical guide than a
physics principle, the actual realisation of the low [ving states of supersrmmetry conld well
he through quite different confipurarions than the ones motivated by naturalnesa,

As concerns assumption (i), obviously net motivated by dark matier issucs sinee the
RPV-MSSM-LS1 is unstable and assumed to decay promptly, its aim is to remain as close
as poesible to the conventional spectrum conligorationns for which most ol Lhe present
experimental bounds for RPC scenarics hasve been established. Tn particular this allows to
relate in a well defined way to the latter bounds: whenever A, becomes too small for the
! to decay within the detector. Still it is important from a more general perspective to
assess the dark matter candidates in the RPY context. We only note here that among the
possible scenarios a light gravitino, being for that matter the true LSP (leaving the y" as
the RPV-M35M-L5P), can indeed provide & good metastable candidate even for moderately

large RPV couplings of order 1072 or larger, for sufficiently heavy afermions [35-460]. In fact,

! This correspondence is valid up to indirect offeets originating from BREPY indueed loop correotions to the
t mass [10]. These effects remain, however, negligibly amall in the M, range we consider,

I



with assumption (i), a gravitino lighter than twice the kquark mass would be even totally
stable.
Besicles asaumiplions (15 (#@5(00), we Tocus mainly, thongh net exelusively, an the MSSM

parameter regions that are consistent with the following mass configuration:

My 20 5 T & Mya = My {2.11)
I Yo L} X E ]

g — Mo < WL (2.12)

T — MWyt = Ty - (2.13)

Such a configuration has been already considered in Ref. [14] to illustrate the relevance
of multi bqguark final states when an on-shell chargino is present in the stop decay chain.
In the present work we stress the relevance of the longer decay chain not considered pre-
viously, containing on-shell chargino and neutralino, and in particular the importance of
the magnitude of A%, in selecting the stop decay channels that actnally dominate, Note
also the presence of two neatralines in Lhe low encrgy spectrum. This is nnavoidable when
Lhe chargino/neatraling light sector s assumed Lo be Higesino-like as owe dos i the it

4
LR
W= Lyt o T+ — Tin 2= 25 up to loop

My = My 2 p % gy andd tan 3 3 | one finds m - . L

X
corrections, which corresponds to a compressed spectrum satisfying the mass hierarchy in
the chargine/neutraling sector as given in Eq. [2.11). However, as long as the configuration
in Eq. (2.12) is satisfied the second neutraline, ¥4, docs not contribute significantly to the

stop decay sinee it enters the decay chain anly ofl shell, and is neglected chronghout thae

study.

III. STOP PRODUCTION AND DECAYS
A, pair production

The stop pair production at the LHC, pp = 8 4 X, proceeds mainly through gluon-gluon
fusion QHCD processes, see [61-63] and references therein. While quark-anti-quark partonic
contributions are suhdominant at LHC energies, there conld also be interesting single, or
same-sign pair, stop (associated) productions respectively through BPY quark-gquark pro-

cesses or QO glion-gluon processes [BA], [40]). Some of Lhese channels are suppressod in



our case, cither because A5, with k # 3 are assumed to be vanishing or due to the assumed

heaviness of the gluino and first and second squark generations. The single stop production
and decays can already constrain parts of the parameter space for a light LSP as shown in
[16]. Note however that the corresponding production cross-section becomes subdominent
as compared to the pair production when Ny, is taken S O(1072) and m; & 500 GeV, and

even totally suppressed for the much smaller values of \j;; that we consider in this paper.

B. RPYV final states

Given the mass configurations described in Eqs. (2.11-2.13), the leading RPV and RPC
{ decays are respectively ¢ — bd; and { — x*b, where d; with i = 1,2, denotes re-
spectively the d- and s-quark. Other decay channels such as t — x%* — x\°bf.f! or
t — h%%* — hObd; (where f; and f] indicate SM fermions and the star off-shell states),
are suppressed by the off-shellness of the (s)top quark. Note also that a potential en-
hancement of the Higgs channel by large soft-susy breaking trilincar coupling is suppressed
when the £ is essentially right-handed. The subsequent leading RPV induced x* decays are
xt — b — bbd; and the much longer chain y* — Y'W** — f*f(?*t)W“ — bd;t(bd;t)f f'
with the top decaying ultimately to bf; f{ and where we assumed Y° decays through
the shortest possible chain. The latter decay, X° — &*(tt) — bd;b(bd:b)f1f], is in-
deed dominant as a consequence of assumption (ii) of Section IIC. The other equally
short chain x° — B*b(E*B) — f(*)czib(t(*)dil;) is suppressed for sufficiently heavy b. The
longer chains x° — "W~ (xy"WH®) — fFpWw-H (t:*bWJF(*)) — bd;b(bd;b)ff' or
YO = T (X**WJ“(*)) — l:)*tW*(*)(l;*fWJ“(*)) — td;t(td;t) f f' are obviously even fur-
ther suppressed.

We have thus at hand the three different decay channels depicted in Figs. 1 (a), (b) and (c).
We refer to these respectively as t-RPV, x -RPV and RPC-like, to stress the fact that
channel (a) is the direct RPV stop decay, channel (b) the shortest RPV cascade containing
an (on-shell) chargino, and channel (c), defined as having an on-shell x° intermediate state,
corresponds to the only surviving channel in the RPC limit A5, — 0. It is to be noted that
the latter channel has not been considered in [413].

Note that because of the nearly mass degenerate chargino and neutralino in our scenario,

off-shell W bosons from the RPC-likestop decay chain are produced with a too small

12



FIG. 1: Leading RPV stop decays assuming Eqs. (2.11-2.13); (a): direct RPV stop decay

(t-RPV ), (b): shortest RPV cascade containing an (on-shell) chargino (x -RPV), (c): shortest
RPV cascade containing an (on-shell) neutralino (RPC-like ); f, f', f1, f{ denote SM fermions

and the oval encircles fermions too soft to be detected.

transverse momentum for their decay products to be reconstructed in Hight Energy Physics

detectors. These are thus ignored in the following.

Since jets electric charges cannot be discriminated experimentally, we tag the various

final states by their flavor content as follows:
e t-RPV = 101,
e x-RPV =3bl1y,
e RPC-like = 112015,

where b (t) stands for the presence of a bottom-quark jet (top-quark) and j indicates the
presence of a light-quark jet. Since the RP C-like channels are characterized by the presence
of a top quark in the decay chain followed by SM top decays, we have indicated only the
presence of the top quark. We are thus left effectively with six different categories of final
states corresponding to the decays of the produced stop and anti-stop as summarized in
Table I. Final states with the same particle content (but opposite charges) are not duplicated
in the table. We however continue to indicate explicitly the charges for definiteness when

discussing the analytical structure of the cross-sections in Section IV.
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L.
\ t-LPY | v -IIPY DIPC-like
I
)
LRIV wa; | oaap L@
y-RPV BE2j | 185b2j
RPC-like 24125

TABLE I: The various final srates corresponding o different contents of heavy (b t) quarks. and
light {d.2) gquarks dencted genericallv by j, originating from the stop-anti-stop RPY decavs;
similar final states corresponding o interchanging the stop and anti-stop decays leading to the

same particle content (Irrespective of the electric charges) are listed only onee.
" i
. The .-".-3:"? rAangc

There exists a large set of upper bounds on the RPY couplings (see 12 for a detailed
discussion ), some of which involve Ay, . Together with assumption (i) of Sec. ITC, we allow

in the sequel Ags; to vary in the range

) sl B I [ (3.1)
Experimental upper bounds on Ay, and AZz are typically weaker than the ones involving
only first and second generation, let alone the bounds on the lepton number violating cou-
plings. Moreover, most of these bonnds are on products of AL, with other RPY couplings.
Such bounds can thus be easily satisfied through assamption (1) of Sec. 110, There are also
upper bounds set directly on AL, andfor AL, coming from constraints on the Z-hoson
hadronic width, neutron-anti-neutron cecillations and single micleon decays: the first is
€} 1), the second and the third are model-dependent and are made easily compatible with
the upper bound in Eq. (3.1) for squark mazses 2 500 GeV (even more so for single nucleon
decays assuming a gravitino mass 3 1 eV or an axion seale 25 10" GeV), Likewise, the upper
bound in Eq. (3.1} can be easily made comparible with bounds on the product [Ady, [Age" )|
ohtained from K" — R mixing for squark masses in the few hundred GeV range. All in all,

the upper bound of Eq. (3.1) is only taken as a working assumption and could in principle
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be somewhat larger. Note however that values of A%, much larger than 107" would lead to
too large and negative loop corrections to the squared stop mass (560

The lower bonnd in Figo (31 s anestimate of the magnitde of AL, thal guarsnlees
decays within the detector. Since in the configuration under study the lightest stop is not
the lightest MS5M particle, one should consider not only the litetime due to direce RPY
two-body decay of the stop, Fig. Lia), but also that of the daughter chargino due to its decay
as given in Fig. 1{b), or the neatraline doe to its decay as given in Fig. 1{e). In the absence
of any prior about which channel among the -RPY . ¥ -RPVor RPC-likeis dominant
one should consider the most conservative bound, i.e. the longest decay length, The varions

c7's are (approximately) given by

CTf_y 4, [mEter] =

8.3 % 107 (600 GeV e
{ :| (3.2)

| I:il:|s ! UL
for the direct RPY stop decay, where o, 5 denote the first and second generation down

quarks, and

: . 2@ x10°M i Al Geys "
CTyn g, [Teter] o= : [C i J Iijl . jl ({1 =r*) (1 = 8% + %) — 24+% logr)

orn [ Ay | MGOD GeV M-
(3.3)
szt . : e . o Uiu
for Lhe Higesing component ol Lhe nenlraling RV decay where we delined o,0 = A iy

. - . T .
denoting the y? — ¢ —¢ coupling, and r = — whoere wy, is the top mass. and neglected b and

1
l|'|".._,‘:II

light quark masses,® In Eq. {3.3) we approximate the stop propagator by a point interaction
which leads to an overestimate of the decay length and thns to a safe conservative bound, bat
wo provide the exact integral over the three-body phase space taking into account the matrix
element spinorial structure of the final state. The or corresponding to the chargino decay

T = bind; is given by 2 % et g, in the limit i, — 0 and with the proper substitution of

* In deriving these expressions we inclnded conalstently the color factors, averaged over the spin of the
decaying particle and nssumed the lightest stop o be cssentially right-heanded, (Mote that some simgle
Forrrmlae For the neatraling decay leongth io the lleraturee, e Bo (760 of Rl :', asste i pore plaking
content and do not apply in owr case) We alao rely on the simplifving assnmprion of instantanecns
decay at the mean lifetime, and teavel of the decaying particle close to [T of) the speed of lighe in the
lahwsrabcny Tramne. A ore accorade evaload o ol Che decay Tengihs shaonlid take i acconnl hoost Guetors
fromm the actual mass and energy distributions of the decaving particles produced at variows energies at
the partonic level, ws well as cheie lifetimes distribution,
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chargino mass and coupling, where the global factor two difference between the two ¢r’s is

due to the majorana nature of x°. From Egs. (3.2, 3.3) one has generically the hierarchy

CTi spa; K CTy+ b, < CT\O s tbd; (3.4)

if my > myo ~ my+ S 550 GeV and a0, o+ < 1. The lower bound for |Ni| is thus
determined by the decay length of the neutralino provided that it corresponds to values of
|A45;| for which the stop decays containing a neutralino indeed dominate.

With a fiducial region of ¢7 < 3 meters and taking m; = 600 GeV, one has from Eq. (3.2)
the lower bound || £ 1.6 x 1079, while varying m,o ~ m,+ in the range (600 GeV —m)
to 600 GeV, one obtains from Eq. (3.3) with a typical a,o0 ~ 10~2 the stronger bound
|Nj;] 2 (0.8 —2.4) x 1077 Of course, lighter stop and neutralino lead to more stringent
lower bounds, e.g. m; = 400 GeV and mo = m; — m; would require |Nj;| 2 3.4 x 107.
However, a stop that light becomes barely compatible with our assumption that it is heavier
than a chargino, since such a low mass configuration would start conflicting with limits on
rare B-decays (see also the discussion in Section V 1).

When m,o >~ m+ 2 560 GeV but still smaller than the stop mass, the 3-body phase
space reduction in the y decay width as compared to that in the y* decay width, does not
compensate anymore for the factor two difference between the two widths. As a result, the
hierarchy of the chargino and neutralino ¢7’s is reversed with respect to Eq. (3.4). However,
the relevant lower bound for |Ajs,| is still determined by the decay length of the neutralino.
Indeed the chargino becomes detector-stable typically also for [\j;;| = O(1077), where, as
shown in the following Sections, the stop decay channels not containing a neutralino become
highly suppressed.

Finally, note that we neglect altogether the gravitationally induced direct stop decay into
a top-quark and a gravitino. This channel could lead to large missing energy in the final
state. However, it is Planck scale suppressed unless the gravitino mass is in the deep sub-eV
range [65]. As noted previously in this section, a gravitino much lighter than 16V is disfavored
by proton decay bounds, otherwise A5, and A%;, would have to be typically much smaller
than O(1077) where the LHC exclusion limits on RPC signatures apply. This suggests a
rather heavy gravitino, for which stop decays with missing energy are not significant, and
which is moreover welcome in scenarios of gravitino dark matter. One should however keep

in mind that such stringent individual upper bounds on A5, and M5, from proton decay
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|66, can be relaxed through possible destructive interference if the two RPV couplings are
allowed to be simultaneously non-vanishing, thus bringing them again within the lower part
of Lhe range given in B (3.17.°

Muore generally, recasting experimental LITC limitz on long-lived particle searches [67, 65]
as done in [15, 16), constrains the varions o7’ to be in the millimeter range.  Although
the latter studies do not compare directly to ours, as they scan different mass spectra
configurations, a cr ~ dmm for a decaying charging LSP of GODGeY [45] would increase the

lower bound in Eq. (3.1) to = 2.5 x 1079,

V. MNARROW WIDTH APPROXIMATION

A key point is the relative magnitudes of the varions cross-gections and their sensitivities
to Afy. By looking at Fig. 1, one could naively expect the six channels listed in Table |
to all seale similarly with [,5'.:';3_:_:". If this were the case. then the relative magnitudes of
the corresponding cross-sections wonld not to be affected by Ay, and the longer chains
wonld vield smaller cross-sections due to phase space offects as well as to matrix clements
suppression by other conplings and mtermediate propagators. There is in fact mach more
Loy it il ome Lakes into account tolal widchs amid branching ratios of Lhe nostable intermed sl
particles. This section is devoted to an analyvtical study of these features. To help understand
the sensitivity to the RPY coupling we derive the expressions for the cross-sections of the
varions stop decay channels relving on the narrew width approximartion (NWA), see e.g. |61
It is well-known that the N'WA is not always quantitatively relinble. In particular it can fail
not only when couplings are large leading to large widths, bul also for mass conligurations
sitnilar to the ones we are considering in this paper, even for small couplings, that is when
danghter and parent particles are verv close in mass and the effective center of mass energy
at the partonic level is of the same order as {twice) the parent particle mass [70-73]. The
quantitative analvsis in the subseguent Secrions will thus not rely on this approximation.

Nonetheless, the NWA renders reasonably well the qualitative behavior, providing a physical

F In such configurations where the decav into gravitines can be comparable to che BRPY decayva, one could
make use of the very different scaling in m; in the er's, namely m? for the RPC-like decay, as compeared
Lea i o HI_":'-I foe the sloge or Dl pentealine decavieg into graeilings, Looeshract information Teom Tinits

on both prompt decave and displaced vertices, see ag. 10,
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understanding of the effects. Moreover in the confipurations where the NWA is expected to
he valid, a very good quantitative agreement. wich the numerical simulation based on exact
malrix element caloulation gives a significant cross-check ol the resales.

Following the discussion in Section TITR, the predominant decay chain for the RPV-
MSSM-LSP is " — #*Fift) — bdb(hdb) 1 f1. We can thus take, irrespective of the mass

hierarchy invelving f and y*:
BR(y" — £8P = MBI A T = 1. (4.1}

Ta b specifie we Arst derive the various expressions under the assamptions AL, £ 00 AL, =
T b i first o L ler 1] t Al 22 1) Al

0, and d; = s {i.e, { = 2), Defining

P'-'"I“H'l'. = ]__[:E —+ Eaﬂbl (4.3}
].-'mn;_'.'_ih_- = ]._Il_u': —F E’-‘!'E':.E:'-'gll.l_:l_rjjfll.lf_f'l;l.. f‘l.-l}
the NWA allows to write,
Merpv = T{f = x*b) x AR(x™ — hab) (4.5)
]-_Hlll;_‘—lim o Fll-l—" __‘.I,_+I!'r:| b ER['Ir_'_ —F Eﬁﬁ[ﬁ-s&)ﬁ .ll'ffJT'l] {4.6}
~ T(f — x"F iD= BR{x" — babibsb) f1 F})
) Ny Y (4.7)

where we made use of Eq. (4.1) when writing Eq. (4.7). Moreover, the fact that ™ decays
with branching ratio ~ 1 into bab and bab{hsb) f fj_,l’ [ leads through Egs. (4.5, 4.6) to

Tomev = Dipesine = TE = 0 =~ A, —independent™ . i4.8)

A residnal sensitivity to Al in Topey + Urpeogie would still come from loop contributions
to the stop mass itself that enters 1'[:F — y b}, However this higher order effect is essentially
sereened for the range AL, = 0.1 under consideration. Therefore, the only significant depen-
dence on the RPV coupling in the stop toral width?, Ty ppy + Uiy + Drpestike. Originates

from the twao body stop decay which can be parametrized as follows,

Fippyv = (Aggg)? x Ty(t — 63), {4.9)

4 peglecting Mavor viokating transitions sacl as 0 = 57 and the decaye channels § — %0 — _;||""i'.l_|"|__,|7|r ur

f — A" — &"Fe ae noted in Section 111 1.



with the notation

r,= I.'l_:.,g f-l]."}

T
We now show that the longest decay chain width Ty pei.. 18 not always negligible with respect
to Ieney o T'ipyey and can even overpower these. The relative magnitude of I gy and
[ onpy is controlled by that of BR{x™ — -'_}.?ﬁ:l and BR[x~ — EsE{&abjf,f{_f_f’] through
Eags. (4.5, 4.6}, where the relative magnitucde of the latter branching ratios depends on the

value af A, Indeed, on the one hand the NWA and Eeq. (4.1 imply that

Pix* — babibsb) fo 1 £ = Tixt = $"F 1) x BRIY" = babibst) fi fl) 2= T{x" = *F 1),
(4.11)
showing that T{y* — bb{ksb) f, 1 £ ) is essentially Ay, independent and is identical to the
v+ width of the RPC case T'{y™ — v f 1. On the other hand, since the stop is off-shell in

the decay y* — bah, obviously the corresponding width scales with [A5,)2.
[{x" — b&b) = [A5s)? % Tyt — b&h) . (4.12)

Let us now define the following two ratios,

'y (£ — bA)
n = —T[F—bl'h_‘. : i4.13)
Ihix' — bsb) Tyiy' — b3h)
g = <80 — = ; 414
2 Ty — bs0(b=b)fififF) Tixt —= " Ff f :

that are essentially AL, independent {apart from a very small sensitivity in the loop correc-
tion to the stop mass, as noted previously), and determined mainly by the RPC parameters
of the M5SSM. The dependence of the charging decay branching ratios on A%, follows then
easily from Eqs. (4.11, 4.12, 4.14),
vy % (N )?
L 4+ 7y % (Afg)®
l

L+ry = (N5}

BR{y™ — hah) =

(4.15)

BR{x* — bab(bahl f1 f{ 7 = (1.16)

It is clear from these expressions that for sufliciently small Al the RPC-like decay y* —
bab(bsh) [y 7 F P becomes comparable or even dominates the BRPY decay vt — 63h. Upon
use of Eqs. (4.5, 4.6, 4.9] the same conclusion holds for the stop widths: the size of A,
controls the relative magnitudes of I'i gy, Degey and Tgpesjige, the latter becoming largely

dominant for a very small RPY coupling!



We note in passing that the form of Eq. (4.7) might wrongly snggest that Dppeojge is
Mo independent. In fact the A%, dependence in IiE — ¥°F /) is cocoded in the total
widlth of %, or equivalently in BRCet — bab(hab) [ 5. This shonld be contrasted with
U{x' — bsb{hab) f; £ F ) which is independent of M,

Using the above results, it is now straightforward o express the stop decay branching
ratios, and the stop pair production and decay cross-sections, in terms of Afg,, 1 and .
Before doing so, we note Orst that all the above steps remain valid i AL, is replaced by
Ay aml the s replaced by the d-gquark, but alse when both couplings A%, amd AL, are
simmltaneonsly non-vanishing. Sinee the difference between the d- and s-quark masses i\
irrelevant, the ratios v and o are essentially unchanged when replacing the s- by a d-quark.
The general case, summing up the = and d contribntions, is thus obrained by simply replacing

Az by Ay, with

"]";l& = "-":l:-':"-:sru',a]E =k [f:'l::_-:rmj.':" g (4.17)

in the above formulae. Putting everylhing together one fnds the following general form for

Lhe stap pair proddouction and decay eross-sections:
e -RPV -t-RIPV = 2025,

a( 2027} ~ oipp — fﬁ_‘_l * BR{t — b} BR{E — bd;)
v (A

g 2 L) X - — (4.18)
(L4 71 (M2’
with
S -
BRI — &) = R :
]-'.‘-I-',l".' % ]-'_:,-Ei‘_l"p' T ]-']U"L"-.ibe
» --RPV -y -RPV = 4025,
a(4h27) = aipp — ) x (BRI — bdbb) = BRI — b))
+ BR(T — bd,bh) x BR{T — b))
= 2 % aipp — #) » BRI = b0 % BR{f — bd))
i 2 W i 'I'I. .'|'I
=~ aipp —+ ] ® P e, (4.19)

(1+m ”-Zlarni':'!f'[l + 13 % (A7) |

with

2 1 r
BT — habb) = L

1-'.".H|-'1- aa r,-._-:-u-"- + Irpcuiibe

2n



« ¥ -RPV-x-RPV = b,

a(tib2i) ~ alpp — ) x BR{{ — bd;bb} x BR(f — bd;bh)

2 coaar
3 o {AG)

; A : (4.20)
(1171 % (AJ2) (1 1 ra x (AR)?)

o {pp —» 1) = 5

¢ RPC-like t-RPV = 143525,

a(16362) = olpp — T) % (BRIF — W bibdB) fi fBF 1) = BRF — bd,)
+ BRIE = jB) x BR(f — bdb(Bd5) Fy BT )

~ 2 x alpp — ) = Bﬁ‘.{f — M,-E[hd,-b':-_fl_ﬁbff”.- ) BE’.{f — Iud;)
. ey 3 (A )2
=~ o{pp = fF:I .y - KJ‘_"'H’I ;
(1471 3% (A2 (1 + 72 x (A7)

(4.21)

with

o I RPesiine
BR{t — bd;bibd: D) f £ = ' .
: : i e Il'igpy + Uenry + Drrc-tike

¢ RPC-like x-RPV = 14352,
o(183b27) = wipp — ) x (BRif — bdb{bd.b) f1 F1bf F) = BR{T — bel.bb)
+ BRIt — bbb} x BR(f — bdb{bdb) FL FET ')
o Do (g —» 00) % BRI — bbb} fy FTB S ) % BR{E — bbb
o g x (AL
=~ oipp — M) x RS (,1,'1:;2]‘“ .1‘]1.2 = .::,5.:'_;_:‘.]3]"& _ (4.22)
o RIP'C-like - RPC-like = 204025,

F(2A2F) = alpp — T1) % BRI — b bbb £ FRFFY % BRI — bbb B) f FBF )

1
f f : o (4.23)
(v (Y (1 4+ (A502)°

== alpp — it) X

We have replaced s by o, in the aboee expressions to stress the fact that these are valid
either for the case of 2 alone, or for the case of 4 alone, or else for the sum of the two,
depending on the values of Af;, . Ay in Eq. (4.17).

The analytical form of Egs. (4.18 — 4.23) illustrate clearly the deviation from the naive
expectation that all cross-sections would scale with (A, )%, One sees that such scaling is
generically modified by the RPC-like component, Moreover, even for the t-RPV and vy -
RPV contributions different final state cress-sections can have varions sensitivities to A5,

depending on the following possible regimes:
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e B Y e A T e e B om0 2 (4.24)

These regimes are triggered by the interplay between the EPY and RPC sectors. For
instance the magnitude of ) s controlled by the degree of mass degeneracy between the
stopr anud Lhe charging. Similarly, the degeneracy between Lhe charging and neatraling masses
implies typically a large vy, Perhaps the most striking feature that comes ont of the NWA
expressions is that the variation of Ay, over several orders of magnitude, within the range
given in Eq. (3.1}, triggers the dominance of wvery different final stares without reducing
the total cross-sections. In particular, while the t-RPV -t-RPV clearly dominates for
relatively large values of Ay, the RPC-like  RPC-like becomes dominant for very small
values of this coupling. Furthermore, one can easily determine from Eqgs. (4.18, 4.19,4.20,

4,22, 4.23) the scaling relations

a{2h29) G251

. L d SR 1.2
TR =
a(Gb2j) - o(264827) 1 v
[ 18302512 1 (4.26)

We refer to these two sealing relations respeetivelr as b5 and +-53R., where the first one
involves shorter decay chains with no top-quark final stares and the second longer decay

chains with top-quark final states, These scaling relations lead alsa to

——
e
I
=1

o 2E482) o [ 13025 2
A ( T j'

To summarize, we derived in this Section analytical expressions for the cross-sections
with all possible stop decay final stares, in a form that untangles the dependence on the
RPV AL, coupling from that on the M5SM mass spectrum and RPC couplings encoded in
the r; ratics Egs. (4.13, 4.14). Moreover these expressions imply scaling relations among
the cross-sections independently of the couplings and masses. Given the complexity of the
lomg chain decays, these analytical results will prove very useful, even though established
within the approximation of narmrow wideh, when interpreting the results and assessing the

validity of the exact matrix element numerical computation in Section V1L
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V, BENCHMAIK MOINTS AND CONSTILAINTS

In oriler to estimate the cross-sectioms for the processes of interest, we interfaced sev-
eral software paclkages as discussed in the following, Firstly we used the Saran [7]
MATHEMATICA |70 package to generate model files in UFQ formar compatible with the
MapGuaprni AMCGNLC (T6 Monle Carlo generator. Then we used Saran Lo imple-
ment the M3SM trilincar RPY model in SPueNo [777 s0 a8 to caleulate the entire SUSY
mass sapectrum and couplings. We adopted a botrom-hottom approach, where the walues of
the supersymmetric and soft SUSY breaking parameters are provided directly at the elec-
troweak scale, This approach has the benefic of being simple without sacrificing the typical
supersymmetric correlations among varions low energy states masses and couplings, and of
being model-independent in view of our present ignorance of how supersvmmetry 18 realized
at high scales,

Using the low scale MSSM option of the SPHENO code, we performed a scan over the
SUSY input parameters to determine benchmark points that are consistent. with our spec-
trum assiumpions discussed in Sections 1 and T, a8 well as with constraints from the
available physical observables. We generated several mass spectra in different regions of
the relevant MSSM parameter space, fixing the EWSE scale to Quuye = 1 TéV and in-
cluding 1-loop corrections to all 5T7SY particle masscs and 2-loop corrections to the lighoest
Cl-even Higes mass. For cach given parameler polnl we nsed HigGsBounos (75, 7] and
HicosSenans [S0] o confront the Higgs sector camputed by SPHENG with existbing ines-
surements and exclusion limits, Moreover we aceounted for the low energy flavor constraints
coming from the recent measurements of 53" decaying into a pair of muons [%1-23], For
given values of the soft SUSY breaking parameters in the stop and gangino sectors satis-
[ying these constraints, a rther scan over the g parameter was performed such that the
lighter chargine and neatralinos remain Higgsino-like and the resulting masses reproduoce
the hierarchy given by Eqs. (2.11 - 2.13). For the remainder of this paper we choose two
henchmark sets of input parameters as given in Table 11, corresponding to two stop mass
values my = G00 GeV and 1 TeV. The values we take in Table II should be understood as
givien al the EWSE scale. MNole that we have pat Lo sero several ol Lhese parameters (see
last line of Table 1T}, in particoalar the off-diagonal components in Havor space of soft masses

keeping up with our MFV assumption, and the soft SUSY breaking trilinear conplings Ty,

23



associated with Aj;; as they involve only scalar states and thus would not contribute to our
study at leading order.

The large mass splitting between the two stop states in accordance with assumption (ii)
of Sec. I1C is achieved through the large numerical difference between (mg)ss and (mg)s3
rather than through a large off-diagonal component of the mass matrix. The mixing between
the light and heavy stops is thus very small, therefore the lighter stop, essentially right-
handed, has its baryon number violating RPV decay controlled mainly by the magnitude of
A54;. Note also that the values of my, respectively 600 GeV and 1 TeV in the two benchmark
scenarios still vary slightly by about -0.5% +1.5% around the central value due on one hand
to the sensitivity to g through the mixing in the stop sector, though suppressed by the
moderately large value of tan 3, and on the other hand to the sensitivity to A%, through
loop corrections [56].

Including 1- and 2-loop corrections from the RPC sector, the lighter CP-even Higgs mass
remains essentially at 125 GeV, as extra 1-loop corrections from the RPV sector [81] which
have also been included, are negligible in the scanned M, range given in Eq. (3.1). The
small variation in the mass splitting among the light chargino and neutralinos is a residual
effect of the small /My and /M, ratios as already noted in Sec. III. All other states are
very heavy (between 1.5 and 3 TeV) and do not affect our study. Since we rely on the
low scale MSSM option the renormalization group running of couplings and masses involves
only the range between my and the EWSB scale. This allows to treat consistently the
gauge and Yukawa couplings extracted at the my scale and the input SUSY parameters
i, tan 5 and the (tree-level) CP-odd neutral Higgs mass m 4 defined at the EWSB scale. In
particular we make no theoretical assumptions relating the RPV-MSSM parameters at very
high scales that would have induced correlations at low scales through the renormalization
group evolution. In this context assumption (i) of Sec. IT C with values in the range defined
in Eq. (3.1) should be viewed as defined at the EWSB scale. The running of \j;; from the
EWSB to the mj or m,+ scales where the various stop decay channels are evaluated, remains
very small and it is neglected in our study. Note however, that \%,, affects the running of
the top-quark Yukawa coupling between the EWSDB scale and my. Similarly, there are no

high scale assumptions about the soft SUSY breaking masses and trilinear couplings.
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Benchmark poince 1 2
Lan [ L
My 2.5 TeW
M 1.5 TeV
M3 1.7 Te¥
RERYET 2 TeV
(g 1y 570 GV | 964 GeV
imphas = (mpdis = (Mgl = (mgls = (g le = (mpa. i = 1,2 3 T
(T} D10 GeV | 2150 GaV
T4 2.0 Tey
T A00-G30 CoV | TRO-L000 Gl
Mg = (¥ + (2 17 07— 10"
T, T (T, (g o o o des: T § 25 = L 2.3, (Tei=1,2 il

TABLE II: Two lists of benchmark SUSY parameters defined at the low seale QFpoq = 1 ToV?

taken ps mput for SPHENO. All ather non-listed supersvmmetric or soft SUSY brealing

parameters are either computed from the input, such as fi-.:ﬁ'_rl o+ 07 irrelevant to the present study,

such as A, }.:jk:,rx,-.T,-_,hTf:'_l:r.‘.ﬂ,,.l.“l.t” for all three generations, and T"J‘ for 4, § = 1,2, We also

take gl bm = 418 GeVoand wig(pole) = 173.5 Ge¥, See [77] for the values of the other SM

pul parameters,



Henchmark printa 1
Tl e (0 e L I i
Tyt e AO0-EE0 Gl = THO- L0 G
i+ — 10 mo 125 Gl
fig = iy m =45 — J0 Ll m |- 245 (el
Ty = 17, - ~ 4-0 GoV

ri-:-l.!. o .I.I.l.:"_g % 'i'i‘i‘_l.!i ~ 1.5 Tev, ~ 2.5 TeV¥

= 125 GeV

Tgs

M4 = Mo 55 My -~ 2.5 TeV
My oo LAT TeV

M, = My, ~ 2 T

My 5 Mgy = My 5 ~ 3TV
~ 3 Te¥

My o Mo 2

(g — 2)SU8Y 333 =104 |32 33 =104

o U sY 37— 30 x10°" ~5.5 x10°F

BR(B =+ X,v)/BR(B — X% 0.5 - 0.02 0.95 — 0.96

BR{BY = ) 3.36 — 3.39 %1077 (3.38 — 3.40 x107®

108 — 109 =10-"| ~ 108 =10~

H H.I:H:l! — )

TABLE IIT: Two lists of benchmark observables gpenerated with SPHENO corresponding Lo the
tonput of Tabile 1T s taken as inpul lor ManGrarph _adlCGENLO, Pole masses are cvaluoled at

pue-loop arder except lor the Dghlest C-even Higes which inclodes the 2-loop correclions,
26



I, Lo encrgy constramls

A large number of low energy amd precision obserwables ean be very sensitive to B35S0
physics, Among these, the LEP/SLC electrowesk precision chservables, the leptons anoma-
lous magnetic moments and electric dipole moments as well as low energyv quark or lepton
mumber violating processes. In 'Table [ we give the values in our two benchmark points of
only a few of them®

The anomalous magnetic moment of the moon is a very important test bed for virtual
effects from BSM physics as it is one of the most accurately messured qnantities in particle
physics; for a review see e.g. Ref. (53, At the one-loop level {g — 2], receives contributions
from the purely SUSY peutraline/smuon and chargino/muonic-sneutring RPC sectors. In
our benchmark points the smuon sector 1 very heavy and the chargino /neutraling relatively
heavy as well, leading to the small contribution reported in Table III given the chosen
moderate value of tan 3. Other possible one-loop offects from nonzera A, A RPY couplings,
or from CP-violating phases [50], are alsent in our scenario. Moreover, two-loop RPC
SUSY corrections [37], are not expected o be signilicant in onr case even for a relatively
light stap, due to the moderate values of the g parameter and tan 3. The 360 discrepancy
A (305 —2),) = 233(63)(49) = 10-"", [11], between the experimental measurement and the
theoretical SM predictions is thus too large to be accounted for by our benchmark points,
leaving open the ssue of cthe uncertainties on Lhe theoretical cstimates of the SM hadronic
vomtribmb s,

Virtual corrections to the p parameter originate from the squark and slepton left-handed
states, Thev tend to be suppressed for heavy states sag a result of decoupling but can be
enhanced by mass splitting between up and down flavors as a resule of custodial symmetry
breaking [=5]. In our benchmark scenario where the lighter stop is mainly right-handexd
and all other squark and slepton states heavy and almost degenerate, no sizable effects on
dp are expected from these sectors even for a relatively light £, The resulting range for
p = 1+ 8578 gbtained in our scan remains consistent within 2 with the experimental
value |11].

The B-meson radiative inclusive decay - X~ is zensitive Lo virtual ellects from various

% For more details on the level of aceuracy nsed see 77 and references therein.



sectors of the MSSM associating the charged Higgs to the top quark, the up squarks to the
charginos and the down squarks to the neutralinos or to the gluino [39]. Only the x ™~ loops
are sizable in our case as the stop is much lighter than all other squarks and the gluino.
Moreover it is mainly right-handed and the chargino higgsino-like, thus further leading to a
O(my/My,) enhancement in the amplitude. The charged Higgs yields like-wise suppressed
contributions due to its very heavy mass. Taking into account the recent update for the SM
theoretical prediction BR(B — Xv) = (3.36 £ 0.23) x 107 [90], our scan remains within
1.20 from the combined experimental value BR(B — Xy) = (3.43+£0.21£0.07) x 10~*[91].
It is however interesting to note that keeping only the right-handed stop and Higgsino-
like contributions, the mass ratio dependence in the loop functions favor, for lighter stops,
heavier charginos in order to cope with the BR(B — X,v) constraints. As a consequence
a sufficiently light stop would require a reduced mass splitting with respect to the lighter
chargino, eventually even forbidding the hierarchy given in Eq. (2.11) and favoring a stop
MSSM-LSP. The latter would imply a stop decaying 100% into b+jet final states, giving
support to the model-independence of the present exclusion limits based on this assumption,
as long as the ensuing bounds remain low enough. For instance we find that a lower bound
of 0.89 on BR(B — X.v)/BR(B — X,v)M as adopted e.g. in [92] would typically require
m; % 400 GeV. Still, a more quantitative study is needed as mass degeneracy between the
stop and chargino could still be allowed favoring the third regime of Eq. (4.24) and thus
final states with x -RPV or RPC-like components. For instance relaxing the lower bound
to ~ 0.84 would allow lighter non-LSP stops, e.g. m; < 385 GeV, with m,+ 2 198 GeV.

Finally, regarding the B° decay into a pair of muons, LHCb [31, 82] and CMS [33] have
recently reported observation of such decays, with the combined fits leading to BR(B? —
pi) = (2.870%) x 107 and BR(BY — pup) = (3.971%) x 1071 that are compatible with the
SM at 20-level [93]. Our benchmark numbers are consistent with the updated SM theoretical
predictions BR(BY — pu) = (3.65+0.23) x 107 and BR(BY — pup) = (1.06 £0.09) x 10710
[94].
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VI, CIOSS-SECTIONS AND UNCERTAINTIES

Using the spectrom ealenlator and event, gemerator tools s described in the previons
Sections we have computed the total cross-section and decays of a pair of stops in pp collisions
at /5 = 14 TeV for the two benchmark points given in Table IT and the various combinations
of [inal states given in Table 1, excepl. for che 163025 linal stale sinee il remains subdominant
everywhere in the considered A, range. In Figs, 2 and 3 we illustrate the sensitivity Lo thae
magnitude of AL, and in Figs. 4 and 5 the sensitivity to the stop-chargino mass splitting
for the two benchmark points. Before commenting these results, we discuss first the varions

theoretical nneertainties,

A, Theoretical uncertainties

Besides the BSMA uncertainties which cannot be really quantified and are somewhat fixed
through the choice of the MSSM parameters, there are other theoretical inputs, whose
uncertainties must be taken into account when guoting the expected cross sections for a
givin process. Since we are interested o the evaluation of Lhe tolal crss-sections involving
the SUSY-QCIY process of stop pair prodoction Tollowed by SUSY-FEW decays through
varions short and long chains, we choose to generate the pp — # processes at the leading
order (LO) accuracy level. SUSY-CQCD calculations up to next-to-leading-order (NLO) as
well as resummed soft gluons at next-to-leading-logarithmic [NLL) level for the partonic
shop padr production cross-section in proton-(antijproton collisions are well-known, see [05]
for a recent appraisal. These calealations contribute to reducing seale uneertainties and
typically lead to an incresse of the cross-section above LO results [00 94], especially near the
partonic stop pair production threshold. On the other hand, Parton Distribution Functions
(PDFs) have been recently supplemented by soft gluon threshold resummation ar the NLO
aceuracy [2]. Using these PDF: consistently in conjunction with the resummed partonic
matrix element calculations, showed a partial cancellation of the above mentioned threshold
effects bringing them closer to the fixed order results, One thus expects the cross-section for
heavy stop pair production to be well approsimated by fixed order NLO results. Moreover,
the latter corrections are in turn expected to be moderate for our benchmark points with

very heavy colored SUSY states.  In fact comparing for instanee the NLO-NLL results

20
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FIG. 2: Benchmark 1: production cross-section [or opp — it — X) at 5 = 14 TeV, where
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GeVie) and 200 Gevi{d), See Tahs, 1T and 11T for che low-energy values of the MSSM parameters,

in the decoupled gluon/squarks limits given in [95) to the LO results we find an increase
of the former in excess of 30% for m; = 600 GeV at +/5 = 14 TéV, However, due to the
above mentioned partial cancellation the effect wonld be smaller for production cross-sections

dominated by stops almost al rest when MLL contribulions are consistently included also
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Prisrsmeters.

in the PDFs. The difference between NLO and LO production cross-sections would thus be
within the uncertainties related to scale variation or to the choice of PDF sets (discussed

helow).  Another reason to stick consistently to LO accuracy for the production cross-
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section in the present study, is that the dominant virtual QCD corrections to the stop
decay chains are not readily available ar the level of matrix element caleulations for the
considered channels. Moreover, even thongh some of these corrections could partly cancel

in branching ratios, Lhe latter entail the NWA which, as pointed oalb in Section 1V amd
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FIG. 5 Benchmark 2: production cross-section for oipp — it = X)) at /5 = 14 TeV, where
X = 2025 (red triangles), 452§ (groen squares), G627 (blue stars), 165025 (black empty circles) and
2t4b2§ (pink dismonds), as a function of m; — m, 4 and for A = 10-1 (a), 1073 (b)Y, 1072 {c)

anel 1077 (d). See Tabs, 11 and 111 for the low-energy values of the MS5M parameters.

discussed guantitatively in Section V1B, is not always 8 good approximation to the full
matrix element calculations,
We now tirn to the uneertainties from the PDFs and [rom che factorization and renor-

mialization scales, evaluated for the 202§ aod G025 final state processes ab the center of mass
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encrgy of 14 TeV using MaDGRAPHI_AMCGNLQ,

1. Syslomale uncortamdy from soode ceraalion

In orcder Lo evaluate the scale uncertainty, we vary the renormalization and factorization
scales independently with respect to the fixed seales central values pg = e = my. We
chooge values within the range m; /2 < pp, pp < 2m;. The compurcation is performed nsing
the NNPDF23L01 set [100] for three different stop mass points corresponding to ;= GO0,
SN and 1MWK GeV, three dilferent stop-charging mass splitting equal to 50, 100 and 150

eV and three different valnes of the coupling Ay, = 107, 107* and 107" At a given my,
we take the scale uncertainty to be the largest difference in cross section relative to the
central valne. We note thar the fractional scale uncertainty for both 2025 and Gb2§ processes

IR

s independently from the stop mass, Lhe stop-chargine mass splitting

is approximately

and the Aj. value.

& Systematic uncertainty from P08

Systematic uncertaintics due to PDFz are evaluated by computing the cross see-
tions of the two processes 2025 and 642§ al the conter of mass cocrgy of 14 'TeV with
ManGrarn3 aMOBNLO using two diferent. PINT sets: NNPDI2ILOIL [100], CTEQSL
[101]. The estimation of these uneertainties is performed similarly to the evaluation of the
acale uncertainty, for three values of the stop mass, m; = 600, 300 and 1000 GeV, three
stop-chargino mass splitting equal to 50, 100 and 130 GeV oand cheee RPY AL, couplings
corresponding to 1075 1072 and 1075, The result appears Lo be slightly dependent on ;.
The resulting relative variation in cross sections I8 fonnd to be around 24% for o = 600

GeV, 28% for m; = 800 GeV and 32% for m; = 1 TeV.

Finally, we note that both PDF and scale uncertaintics associated with the 2625 final
state process are consistent within 2% with the ones found for the 6825 linal state: this
resnlt allows us to assume the same order of magnitude for the uneertainty associated with

the other RPV-processes listed in Sec, 11,
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B. Final states sensitivity to /\g&

As can be seen from Figs. 2 and 3, the various cross-sections vary over several orders of
magnitude due to a very high sensitivity to A55,. The extreme values of A5, feature a reversed
hierarchy of the contributions of the different final states. The most striking aspect is that the
busiest 2t4b2j final state dominates for extremely small values O(10~" — 107°) of \},; while
the 2627, 4b2j and 6b2; final states dominate for A5, of O(1073 — 1071), yet with comparable
cross-sections of order a few tens to a hundred femtobarns. Moreover, as shown on Figs. 4(a)
and 5(a), the relative contributions of the dominant 2625, 4625 and 6b2;5 final states for large
Ajs; depend also on the stop chargino mass splitting, typically with a (reversed) hierarchy
given by the b-quark multiplicity. The 4625 channel can be comparable to the two other
channels but is rarely dominant. The 2025 will always eventually dominate for sufficiently
large Ny, 2 1072 (e.g. for Ny, 2 107! not shown on the figures, its dominance prevails for
small to moderate ranges of mass splitting). In contrast, the 662j channel dominates in a
range of intermediate values of M43, 2 1073 when the mass splitting is moderate to large.

These features illustrate clearly the complementarity of the different final states in view
of extracting information in the RPV-coupling/mass-splitting parameter space. The general
trend of the sensitivity to A4;; can be understood qualitatively from the NWA expressions,
Eqs. (4.18) through (4.23). From the asymptotic behavior of these NWA expressions at small
Ny, in the regime r; X (Ms;)? < 1 and ro X (M\j3;)? < 1, one sees that all the topless final
state channels scale with (\45;)?, the channels with one top scale with (M\s;)? and the channel
with two top-quarks tends to be constant in Aj,;, which explains the tremendous orders of
magnitude difference in the cross-sections and the dominance of the RPC-like channel. If
the other extreme of asymptotically large N5, were allowed, i.e. Njg, 2 1, rp X (Ni5;)% > 1
and 72 X (N43;)? > 1, then only the 2025 would survive, becoming almost Njs;-independent,
the other channels scaling with increasing inverse powers of A5, for increasing multiplicity
of b- and t-quarks in the final state. In fact, if one remains in the domain of moderate
values of Aj;, the behavior becomes more sensitive to 7,79. In our scenario ry is always
very large, typically several orders of magnitude larger than 71, due to the smallness of the
decay width of I'(x™ — x"fsf2) and to the fact that x* and x° are almost degenerate.
For the considered range of N5, we are always in the regime 75 x (\j;;)? > 1. Similarly,

r1 can become equally large but only in corners of the parameter space where the stop is
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almost degenerate with the chargino as seen from Eq. (4.13). This allows to understand the
relative magnitudes of the various cross-sections shown on the figures. For instance the ratio
o (6025) /0 (2027) scales with r;*(Nj,;)~* and is indeed (much) larger than 1 even at the upper
edge of the domain of Eq. (3.1), except when r; becomes large due to small stop-chargino
mass splitting, eventually reversing the hierarchy between the two cross-sections consistently
with the numerical behavior shown on Figs. 4(a) and 5(a). One can understand similarly
the behavior of 0(4627) that is bounded essentially between the 2025 and 625 cross-sections
irrespective of the mass splitting. Note however that o (4b25)/0(6b27) scales with 211 (Ni5,)?,
so that the 4625 channel can come to dominate over all the other channels for moderate mass
splitting and a Aj,;, somewhat larger than the range we consider for the analysis. Turning to
the final states containing one or two top-quarks, their tiny contribution in the upper part
of the \j;; range, cf. Figs. 2 and 3, is due to the size of r5. For instance o(2b2j)/0(2t4027)
scales with r#72(\4;,)%, but the large suppression for \j;; < 0.1 is compensated for by a very
large value of o, ~ O(107) as a consequence of the compressed light chargino/neutralino
sector.

We turn now to a quantitative discussion of the comparison between the full matrix
element calculation and the NWA. Given the huge difference in the scaling of the various
cross-sections and the variations over several orders of magnitudes, this comparison is an
important cross-check of the results. We indeed find that the NWA works reasonably well
in configurations where it is expected to do so [70-73]. We check first the scaling relations
t-SR and b-SR given in Eqs. (4.25, 4.26), as these provide global tests that do not require
the knowledge of the stop production cross-section nor the ri,ry ratios. A systematic test
of t-SR and b-SR using all the cross-sections in Table IV and in Table V gave a relative
deviation of 10% or more from these scaling relations only in < 9% of the cases, while a
deviation of < 5% obtains in ~ 80% of the cases and a deviation of < 1% in ~ 66% of
the cases. It is also instructive to identify the configurations where the NWA fails badly.
We find that deviations of more than 30%, reaching up to 135%, occur in less than 5% of
the cases and only for t-SR that involves long chain decays. These correspond to points of
benchmark 1 having large values of A5, and very small stop-chargino mass splitting, such as
for Nj;; = 1071 and my—m,+ = 59 and 11 GeV and for Nj; = 1072 and my—m,+ = 5 GéV,
shown in Table IV. Such large deviations are in accord with the general expectations [70)].

We have also checked the NWA for individual cross-sections. This allowed to disentangle the
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reasons for the differences from the results of the full matrix element calculations. Very good
quantitative agreement is observed for the shortest decay chains, and for small values of A,
and/or large mass splitting for longer decay chains. The cross-sections given by Egs. (4.18
—4.23) reproduce globally the behavior shown in Figs. 2 and 3.

We discuss now three spectrum configurations that are outside one or the other of the
assumptions given in Eqs. (2.11 — 2.13). The values of m; — m,+ = —36 or —43 GeV,
shown in Table IV, correspond to points violating Eq. (2.11) with an MSSM-LSP stop. As
expected, in this case the 2025 channel largely dominates independently of the magnitude
of Ni;;, the next-to-leading channel, 4025, being two to three orders of magnitude smaller.
It is however noteworthy that the 202j channel can be dominant even when Eq. (2.11) is
satisfied, provided that the positive mass splitting m; — m,+ remains sufficiently small and

33; sufficiently large. One sees this tendency from the m; —m,+ =5 and 11 GeV points in
Table IV for benchmark 1. For instance, the 2625 channel can still be an order of magnitude
greater than the total of the remaining channels for a stop/chargino mass splitting in excess
of 10 GéV, as illustrated for m; —m,+ = 11 GeV and M3, = 1071, A smaller mass splitting,
at the edge of the validity of Eq. (2.13), leads to even larger effects, as one can see in
Table V by looking at the point m; — m,+ = 5 GeV and Nj;; = 107!, In this case the 22
channel dominates the other channels by almost two orders of magnitude. A larger mass
splitting would require larger values of Aj;; to ensure the dominance of the 2625 channel.
In fact there is a correlation between the mass splitting and the size of the RPV coupling
that can be understood in terms of the NWA cross-section of Eq. (4.18): the 2b2j channel
becomes dominant, with a branching ratio close to one, when r; x (Mj;)? > 1, say O(10)
or larger. Indeed, the ratio r; becomes large for small stop/chargino mass splitting due to
phase-space suppression of the width I'(f — x*b), see Eq. (4.13), implying that 2b2j can
dominate for moderately small \j;,. More generally the regime where 2b2j dominates is
characterized roughly by |Njs;| & 3 x 7] Y2 The present LHC limits [31, 32, 11] where the
2027 dominance is assumed, can thus be interpreted as excluding either scenarios where the
stop is the MSSM-LSP, or the domain delineated by the above relation in scenarios where a
chargino and a neutralino are lighter than the stop.

If Eq. (2.13) is not satisfied but the mass splitting still larger than the s-quark or d-quark
masses then the x -RPV and RPC-like decays occur dominantly through the LFV channel

t — s(d)x* (recall that we assume MFV). The effect is thus noticeable for the small values
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of A3, where the x -RPV or RPC-like decays arc expected to dominate. This is illustrated
for all values of \j5; with mass splitting of 1 GeV in Table V. There are two effects: for Aj;; in
the intermediate range 107*~1072, the 2b2j channel becomes largely dominant over the 652
and 1t5b2j channels contrary to the typical cases with larger stop/chargino mass splitting. In
this intermediate \j;; range the LFV channels with smaller b-quark multiplicity and larger
light jet multiplicity such as 4b4j and 1£3b4; final states have cross-sections comparable
to that of the 2025 channel given the size of the corresponding CKM mixing angles. In
contrast, in the range 1077 S M, S 107 the cross-sections for all the final states listed
in Table I become suppressed as can be seen in the corresponding blocks of Table V and
mass splitting of 1 GeV indicating that the dominant channel corresponds now to the LFV
RPC-like— RPC-like final state 2¢2b4;7. The study of final states with more light quarks
and less b-quark multiplicity can thus be motivated in the context of an inclusive search
comprising the very narrow part of the parameter space having an extremely compressed
t/x*t spectrum.

Last but not least, we consider the case where Eq. (2.12) is not satisfied. The decay
channel £ — tx°(x9) is now open leading to 4t2b2j final states. A detailed study of this
channel is outside the scope of the present paper and we do not give here the corresponding
cross-section. Its is however interesting to note the indirect effect of this channel on the
cross-sections given in Tables IV and V. Indeed, the expected drop of the latter when
the top-neutralino channel sets in is found to remain relatively moderate. For instance,
comparing the points m; — m,+ = 146 GeV and 194 GeV of Table IV one sees that the
drop in the leading cross-sections 6627, 1¢5025 and 2t4b2j is by a factor of order 2-2.5 or less,
depending on the magnitude of \5;;. Similar effects are found for benchmark 2, as seen from
a comparison of the points m; — m,+ = 143 GeV and 239 GeV of Table V. This suggests
that the final states considered in the present study can still contribute to signatures outside
the specific mass configurations that we relied on.

To conclude this section, we stress the main point of the analysis: if part of the
chargino/neutralino sector is lighter than the lightest stop, channels with different jet mul-
tiplicities probe dominantly different ranges of the RPV coupling. This is due to a distinct
dependence on \j;; of the various decay widths and branching ratios, thus triggering the
dominance of different channels for different values of this coupling. We depict this general

feature schematically in Fig. 6 for a typical configuration, keeping in mind that the actual
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dominance ranges can change depending on the masses and RPC couplings. The analytical
expressions for the cross-sections in terms of the BPY coupling and decay widths in the

RPC sector given in See. 1V allow s clear gqoalicalive nnderstanding of Lhese featnres. The

A 1t5h2] fihZj AhZ] Ihj
I I I I I .
B TR ~ 1071 ~ 1073 ~ 1072 Z10 T

FIG. 6: Schematic Mustration of Ay, as a signature geperator; dilferent magnitudes of this

coupling Favor dillerent final suates,

RPV coupling thus plays the role of a signature generataor,

VII. RPV FINAL STATES AND Sh BACKGROUND: A DISCUSSION

The LHC is currently in its Bun 2 data taking period, which started in 2015 and it is now
providing protou-proton collizions at /= = 13 Ted Lo both ATLAS and CMS, continuonsly
improving in the delivered peak lominosity, With the current sehedole, 100 ! of data and
a possible further push in the center-of-mass energy to 45 = 14 TéV, both ATLAS and CMS
will be able to carry the BSM searches which are the core of the LHC Run 2 physics program.
In what follows we give a brief everview of how the different BPY signatures, which are the
Fowens of Lhis paper, are, or can be looked Tor al che LHC. For the different Gnal stales trealed,
2029, AB2y, Gb27. 1t562F and 264629, we either review the cuorrent experimental analyses, or,
for those channels where no experimental analvses have heen performed yet, we propose,
based on similar existing analvses, a search straregy with a list of SAM backgrounds which

could impact their sensitivities.

A.  2h2j

Direet. production of stop quarks with a subsequent. RPY decay info bwo jels has been
searched for at LEP and Tevatron, where a 93% upper limit on the mass of such particles
was set to respectively 82.5 GeV [102] and 100 GeV [103]. As pointed out by Ref. [10]
first searches for stop production at the LHC did not suecceed on being sensitive to any stop

mass until the trigger strategy changed from using high transverse momentum [pe) mualei-jet
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triggers, which had the effect of shaping the background towards high masses, to triggering
on the totality of the hadronic energy deposited in the calorimeter (ATLAS [105]), a variable
less correlated to the two masses of the di-jet resonances, or lower pr jets (CMS [11]). Both
ATLAS and CMS have looked for stop production pairs final state where the two stops decay
into b5+ bs. The two stop-quark resonances are identified as wide hadronic calorimeter “fat”
jets with a cone size, R, of the order of 1,1.5 [106]. Given that the characteristic distance
between the two particles stemmed from a resonance, AR, is of the order 2m/pr, where m
is the stop-quark mass and pr its transverse momentum, this kind of signature allows to
access a relatively low mass spectra, where most of the center of mass energy goes to the
boost of the produced resonance pair.

The main challenge for hadronic jet based searches is to understand the normalizations
and shapes of the multijet background, this has been shown to be possible using data-driven
techniques [107]. The discrimination between signal and background is done by exploiting
kinematic quantities such as the value of the reconstructed fat jet masses, which is the same
for the two fat jets from stop pair production, and other jet substructure properties such as
the difference in pr between the two subjets identified by un-doing the last step of the fat
jet clustering, more pronounced in multijet events (see Ref. [32] and reference therein). Also
fundamental to reduce multi-jet background, b-tagging algorithms are used to identify the
presence of jets issued from the hadronization of b-quarks [108, 109]. After bump hunting,
the two LHC experiments could exclude at 95% Confidence Level stop quark production for
masses up to 345 GeV(ATLAS) [32] and 385 GeV(CMS) [11]. This final state is sensitive not
only to the value of the stop mass in the case the stop is the LSP, but if the lightest neutralino
and the lightest chargino are lighter than the stop quark, then this class of analyses could
be sensitive to the hardest part of the \};, spectrum considered, as shown in Fig. 2, see also

Section VIB.

B. 4b2j and 6b2;

As discussed in section VIDB the topless multi-b-jet signatures saturate the stop quark
branching ratio for intermediate values of N, < 1073, The 4b2j and 6b2j signatures have
the highest cross sections at large \%,;; value when the differences between the stop and the

chargino/neutralino masses are maximal, see Figs 2 and 4. In this scenario, for low stop
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masses, such that 2m/py is O(1), the same strategy as the searches in the 2527 final state
can be nsed, where two structured large sized hadronic jets of particles are produced back
Loy Bk, This [acilitales che task ol eliiniuating the combinatorial background Lhal arses
when the presence of multiple reconstroeted objects in the final state does not allow to assign
them to one of the particle originating the decay. This results in a poor reconstruction of the
resonant peaks. Moreover the presence of resonances within the fat jers helps discriminating
against the backoround when using che value of the reconstructed invariant mass of the
stop and charging candidates aad of more specific jet substructure related quantities such
as the &y splitting scale and n-subjettiness (see Ref. [110] and references therein), It has
also been recently suggested [111] that jet reconstruction techniques based on a mass-jump
clustering algorithm with variable size can be nsed to reconstruct mmlti-jer resonance in very
busy environment as the one produced by boosted stop squarks decay into 4025 or 6625 fnal
states,

In the case of resolved regime, where most jets from the stop and chargino decay are
reconstriucted, the signal is characterized by cvents with high jet and b-jet multiplicity. If
no fetageing is regquired al Lhe analysis level, the signal, even for stop masses of aboul one
TeV', althomgh it wounld present very high et wmmltiplicity. wonld be still swamped by the
presence of a large multi-jet hackground [117].

When the bjet identification is used, the physics processes that could mimic RPV stop
signal, include any resonant multi-b-jet production such as #F + X, abindantly produced in
Lhe /s L4 TV proloon-proton collisions av the LHC. Backgrouud proocsses to this [onal
state include &8 plos hight and heave Qavored jets. &80 plus veclor boson, and 888 &)
production, where both top quarks decay fally hadronically, The inclusive # cross section
iz known at NNLO in QCD including reswmmation of soft gluon rerms at next-to-leading-
logarithmic (NNLL} [113]; at /& = 14 TéV, ay = 95473 (scale) 718 (pdf) pb, 45.7% of which
decays fully hadronically (117, At the analysis level when asking for more than 2 b-tagged jets
it 15 more likely to select events from processes where extra heavy Havors are produced. For
vE = 14 TeV, oy, is known at NLO to be 226373 (scale) ph [114], oz is also known at
NLO with a value of 10571 [ (scale) ™22 (pdf) fb [115] while @y = 769753 (scale) 31 (pdf)
fla [116]. As for the associated fop and Higes production, #H cross section is known at NNLO
in QCLIY and EW plus resummation of soll, gluon at NNLL; at s = 14 TV, o _as =

625+ 3 scale) T 1 (pdf] b [117]). Recent LIIC analyses at & = & TeV [107] show how by
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just selecting a high multi-jet {=8) and &jet mnltiplicity [=4) the background composition
is made at about B of mnltijers. This backsround has litcle resemblance with mnlti-
ressonant prodoclion and ean be diseriminated nsing malt-variate analysis which exploics
different energy regime, event shape, using quantities such as centrality, aplanarity and the
mass of the reconstructed top quark candidates. Such kind of analvsis needs to control the
uncertainties on the main top-like background and at the sane time removing as much as
possible multi-jet backgronned.

Despite the large backgronnd from mnlbi-jel events, given the large energy deposit in the
hadronic calorimeter from the decay products of the pair of massive resonances, and the
large presence of jets coming from bequark, as also stated in Ref. [13], this channel is very
promising, Searches at hadron colliders for ghiine pair production and subsequent RPY
decay into ths, where similar Bnal states are investigated, could already show sensitivity to

this channel [33].

Lo 1t5b25 and 204h2j

Signatures with decays into top gquarks saturate the branching ratio for A%, < 107%
as already discossesd in Bection V1B These signalures are inferesbing sinee the presenog
of a lepton from the top quark decay can be essily wdentitied at trigger level and nsed to
eliminate the otherwise overwhelming mmlrei-jet background, such as in the fully hadronic
simnatures. After selecting at least six btagoed jots in addition to at least two light-jets and
one lepton, for the ease of 15625, or two leplons, Tor the case of 204625 the main irreducible
background arises from 8 4 jels and H— ) 4 jets. For simplicity in this discussion
we limit ourself to analyzing the dileptonic top quark decay for the 284625 final state to
allow discussing the backgrounds composition to both final states, In this case, the main
backaround for both final states comes from tE+bbbb + jers. The LO cross section for 1+ bbbh
at /s = 14 TeV, estimated with MADGRAPHI_AMOCGNLO using LHAPDF 6.1.6 [115], is
200 1 (seale) VS0 pd ) b, comparable with the signal eross section in the low AL, regime, see
for example Ay, < 1077 in Table IV, The presence of neutrines and the large jet multiplicity
present in this final state malkes it difficult to reconstruer completely the final state, i to
assign unambignously reconstructed leptonzs and jets to the stop and anti-stop decays, This

ellect, weakens the power of distribntions such as che invariant mass of the reconstrueted stop
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and chargino candidates, to discriminate signal and backeronnd events. The large energy
deposited in the detectors, cqgual approximacely to twice the stop mass, conld have the role
of Lhe missing Lransverse enviergy Tor [P searches, to diseriminate signal against Lhe sofler
top quark pair production, using for example the transverse energy of the event [1T3). On
the other hand the softer part of the [T, distribution can he useful to control the effect
of major systematic uncertainties, especially the large theoretical uncertaintices on tf + bbb
croas section, on the LHO sensitivity for this channel. This class of final states can nse the
analysis techuigues developed for S8H{H — W) searches and thar need o be extended to
higher jet multiplicity.

As for the case of 4025 and 6025, both ATLAS and CMS searches for gluino pair produc-
tion and subsequent RPV decay to a pair of top guarks and jets through the R-parity violat-
ing decay of either the neutraline into three quarks or the top squark into SM guarks [30, 35],

conld already be reinterpreted as limits on Ay, nsing this channel.

VI, CONCLUSION & OUTLOOK

The ever stronger exclusion limits on SUSY particle masses from negative searches at the
LHC seemn Lo disfavor, il ned Lo role oo, low energy supersymimelry ss the cormect theory
bevond the SM. Towesver, one should not lose sight of the distinetion between SUSY as a
peneral framework and its various possible mode] realizations. Only & class of the latter,
leading to RPC signatures with striking missing encray, is being heavily excluded by the
LHC. If RPY barvon number violating couplings are allowed, a class of signatures, gencrally
with high jet and lepton multiplicity amd no missing energy is expected at the LHC. Searches
for such RPV signals nsnally assume that the shortest chain particle decays involving RPY
vertices have 100% BR. Previous works have already pointed out, for a particular case
involving decaying stops with Afy, . A%y # 0, the existence of a region in the mass parameter
space for which longer decay chains and richer final states than the plain ¢ — bs. bd can
originate.

In this paper we described how different stop-pair final states arise when difterent values
of the RPV coupling and different supersvmmetric parcicle mass splittings are considered.
This is exhaustively investizated for the case of proton—proton collisions at center-of-mass

encrgy of s = 14 TV, Adier having delined a sel of working assnmplions concerning the
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mass hicrarchy and the allowed range of Aj;;, we examined the sensitivity of the stop decay
branching ratios to \js;, first analytically by means of the NWA approximation showing
that the variation of \j;, over several orders of magnitude triggers the dominance of very
different final states, then numerically relying on automated matrix element calculations.

Using for the latter a bottom-bottom approach in the phenomenological MSSM, we gen-
erated the full mass spectrum and couplings and identified two benchmark points taking into
account all possible constraints ranging from the measured Higgs mass to the experimental
low energy constraints. For these two benchmark points we estimated the cross sections for
the relevant final states differing by the number of heavy and light flavored quarks (2027,
427, 6027, 1t5b2) and 2t4b25), as a function of Aj,; and the stop/chargino mass splitting,
confirming numerically what is seen analytically with the NWA approximation. Finally we
discussed the phenomenology of the RPV stop production and decays and its rich experimen-
tal signatures, stressing that the smaller the values of \j;, the larger the quark mutliplicity
of the dominant final states. Some of these final states having so far not been extensively
looked at experimentally, we briefly discussed how they can be searched for at the LHC.

While other studies, including single stop resonant and associate productions as well as
the increaslingly strict limits on displaced vertices and long-lived particles, contribute to
narrowing down the viable RPV scenarios, significant parts of the parameter space remain
to be explored. As such, an exciting possibility still lies ahead, that a light part of the
MSSM spectrum, a key issue for the naturalness of SUSY, may be stashed in the present
and future LHC data.
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TABLE V: Benchmark 2: production cross-section for a{pp = If = X at /5 = 14 TeV,
where X = 2627, 4b2j, 6627, 165627 and 264627, as a function of Ay, and for different values

of my —m,+. See Thabs, [1 and 111 for the low-energy values of the MS5M parameters.
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