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Search for CMSSM at ATLAS
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@ For mg values smaller than about 1800 GeV = best sensitivity with
(0+1)-lepton combination = slightly improves the individual limit obtained
by the OL-3jt signal region from the OL search
@ For high my = final states with four top quarks dominate = best sensitivity
provided by the 0/1L3B search = excludes & masses smaller than 1280 GeV
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The demise of MSSM ?

@ Search for SUSY broken around TeV scale has so far been unsuccessful

@ Theory under further pressure if a Higgs of mass 125 GeV is demanded with

SUSY as a candidate for the naturalness problem

@ Theory further exacerbated if one demands a dark matter candidate satisfying

the required relic abundance
@ No signature of any SM superpartner has yet been seen

@ Simplest version of SUSY, the constrained MSSM (CMSSM) is hence
severely constrained [Baer et. al. (2013), Ghilencea et. al. (2012)]

@ Direct collider bounds push the strongly interacting sector to heavy scales
and also translates into heavy sleptons and gauginos (a /a universal gaugino

(my/2) and scalar (mg) masses).
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The demise of MSSM ?

@ Dismal picture for collider searches and the naturalness argument ; trouble
for the scenario where dark matter (DM) is dominantly binos = heavy mass
scale suppression of dominant annihilation cross-sections = too large relic
abundance

@ Higgsino-like DM = constraints from direct searches unless its mass @ TeV
scale (faces naturalness issues since the Higgsino mass parameter 1 is
determined in terms of scalar masses in this framework, via the electroweak
symmetry breaking condition.)

o CMSSM faces rough weather [Strege et. al. (2013), Kim et. al. (2014),
Buchmueller et. al. (2014), Roszkowski et. al. (2014), Bechtle et. al.
(2015)]

@ See W. Porod’s slides for a detailed overview on the viability of SUSY
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The CMSSM model

@ MSSM has no inbuilt mechanism for v-mass generation

@ Here we augment the MSSM spectrum with three generations of RH
(s)neutrinos with a Dirac mass = extremely small Yukawa coupling

@ To generate v-masses assuming lepton number conservation = minimal
addition to MSSM superpotential

WE =y, A, Log,

where y,, = v-Yukawa coupling, L= (ﬁL,EA’Z) = LH lepton superfield, A, =
Higgs superfield giving masses to the T3 = +1/2 fermions and g =
superfield for the RH neutrinos

@ Presence of RH sneutrinos with corresponding couplings o neutrino masses

@ We will consider the case of nearly degenerate sneutrinos

@ We will assume that the lightest sneutrino that might become LSP is the RH

eigenstate of v;
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The 7CMSSM model

@ In 7CMSSM, RH sneutrino =- little impact on the CMSSSM spectrum

o Neglecting inter-family mixing, the additional mass term for the sneutrinos
reads
~Leort D M, |7r|> + (vo A Hu LR + h.c.),

where A, mixes the L-R scalar matrix. From RG solution
A, = Ao — 0.59my /> at mz [Asaka et. al, 2006]

2y, vsin 3| cot Bu—A, |
2

2
v " Mop

e 7 L-R mixing = tan20 =

e O can be neglected and hence mass eigenstates =

2 _ M2l / 2 2
m;, = M7+ 3mzcos23 and m; = Mg,
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The 7CMSSM model

o After symmetry breaking = m, = \y’évsin B, (v =~ 246 GeV,
tan 8 = (H2)/(HJ))

@ Global fit on oscillation experiments @ 30 =
|Am?| = |m} — (m} 4+ m3)/2| = 2.43 (2.38) +0.06 x 10 3eV? =
mt > \/|Am?] ~0.049eV = (y/'sin )min ~ 2.8 x 10713

@ Planck temperature (TT) and polarisation (lowP) data with lensing and
external data = >, | m; < 0.23 ¢V at 95% CL =
(yH sin B)max =~ 4.4 x 10713 (degenerate case)
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The CMSSM model

@ Right-chiral neutrino superfield = different from remaining fields in MSSM
= no gauge interaction, interacts with MSSM fields only via Yukawa terms
in the superpotential = interaction strengths very different from other fields
= extremely small neutrino masses

@ This calls for a separate status for these superfields, including the possibility
of it being a part of a hidden sector

@ One can thus think to accord a different origin of right neutrino soft masses,

as compared to those arising from myg

@ Hence we do not necessarily demand Mj, = mg
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Why #-NLSP ?

@ Neutralino NLSP = always decays to a neutrino and sneutrino = fully
invisible final state = qualitatively similar to a neutralino LSP

o Difficult to have a model where Mxli < MX? (can happen at tree level in
specific corners of the MSSM [Kribs et. al. (2009)])

o Easy to accommodate a 73-NLSP in the 7CMSSM

o 71-NLSP — 7, — W)k driven by the tiny Yukawa

o When mz > mp, + mw:

I N 5 5 7 )

g2é2| (ﬁ)|2 m3 L 2(mZ, + mi,) N (m2, — my)?
2 R T m2, m2, m?

g = SU(2), gauge coupling constant,
L =y ! 7
TR T2

and th clement of this matrix
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The constraints

o Lifetime of NLSP long enough = decay occurs well after its freeze-out

@ g retains all good properties as cold DM = R-parity conservation = stable,
suppressed interactions = evades direct detection constraints

° Qg;) = %Qﬁ, where Qpyrh? = 0.1199 4 0.0027 (We use 20 constraint)

@ 123 GeV < myo < 128 GeV and Higgs puxx obeyed
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The constraints

e M; > 340 GeV from direct pair production [from CMS run | search for LLP]

@ 20 bounds from b — sy @ NLO, B; — utp—, Bt — 17Fu,
o M; >18TeV
@ Strongest constraints come from elemental abundance of *He and °H = 75,

restricted between a few seconds and a few minutes
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The allowed regions

@ Scan range : at the GUT scale
mo < 2500GeV ; my, < 2500GeV ; |Ag| < 3000GeV ;
while at the electroweak scale
My, < mz ; b <tanf <40

and sign(p) > 0
@ We assume benchmark case with quasi-degenerate neutrino masses, with

v, =44 %1013

@ To show the sensitivity to the value of y,, we will also show results for
y, = 2.83 x 107! (loosely inspired by mass scale associated to a normal

hierarchy pattern, but without any flavour structure being imposed)
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The allowed regions (as a function of Qpy; percentage)
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The allowed regions (for m;, = my and
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The allowed regions (mg — my/, plane)
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s
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The allowed regions (mg — my/, plane)

o Allowed parameter space different from the one obtained in CMSSM [ATLAS

run | results]

@ Region at very low myq forbidden in CMSSM because LSP is charged = now

re-open

e In CMSSM, #; and X9 almost degenerate at very low mq for coannihilation to

take place

@ In PCMSSM, this mechanism is not required and values of my above TeV are

allowed
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The allowed regions (the BBN constraints)

<
S
1ol ]
—
= -1} Constraint from “He ]
Constraint from *H/H (optimistic)
g (conservative)
& 8% 107
2 Allowed region (v, = 4.4 = 10
— —12f . ]
23] H
=
=
/g 13
e
=
on Y
= 3
—14F i i
“1s . L ) :
0 2 6 8 10

logo(Tnisp/sEC)

Flgu €  Allowed parameter region in the lifetime-injected hadronic energy plane which satisfies all existing collider, low energy, relic and BBN
constraints for the ‘hierarchical’ (green) and degenerate (red) neutrino masses. The two curves denote the constraint from 4He (magenta dashed) and

from 2H/H (cyan solid) abundance. The dotted (blue) curve represents the impact of assuming a more tightening 2H/H determination.
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Prospects at the future runs of LHC

@ We focus on 3 channels

e 27 + Nhardjets (N > 2),
e 27 (two stable charged tracks),

o Passive detection of highly-ionizing (slow) particles

o Characteristic signatures = charged tracks with large pr (standard SUSY

signals involves large £7)
e “stable” 71 &~ slow muon = 3 = p/E < 1 = high specific ionisation

@ TOF measurements = velocity distribution and measuring the momentum =

m = p/f
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Prospects at the future runs of LHC

Benchmark points :

l Parameter [ Benchmark 1 Benchmark 2 Benchmark 3 Benchmark 4
mg 99 284 690 944
mi/2 1048 961 1369 1661
Ay -1897 -2115 -206, - 2175
tan 3 10.35 11.18 33.49 38.67
" 1620 1590 1923 2202
m;.l 357 399 442 598
m_o 447 409 594 727
X1
m 4 848 778 1121 1366
X1
mg 2295 2121 2956 3543
mil 1385 1210 1914 2358
mg, 1849 1698 2351 2819
mi’l 1814 1659 2316 2783
mEZ 1970 1834 2423 2875
m,0 124 124 125 126

Table . Benchmark points for studying the discovery prospects of the #1-NLSP in the ZCMSSM framework with a RH sneutrino LSP. All the
superparticle masses and dimensionful input parameters are shown in GeV. The ; , masses are not shown in the table as the exact value is not important

for the collider phenomenology provided m,;l, < mz, . The top mass is fixed at 173.1 GeV and has been used for the running of the parameters.
R

Shankha Banerjee (PLANCK 2016) Signatures of sneutrino dark matter in an extension of 20/ 34



Two 7; (muon) and at least two hard jets

@ Scale: ugr = Q = pr with Q@ = 2ms,
@ Backgrounds :
o tt (at N°LO)
o pu(r7)+ jets (at NNLO)
o Subdominant : WF W™, WZ and ZZ (at NLO)
@ Signal generated using MadGraph and rescaled to NLO using Prospino 2
o Cuts:
o pift? > 200 GeV, |y(u12)| < 2.4,
o P2 > 200 GeV, |n(ji2)| < 5.0,
o > |p¥*| > 1000 GeV,
o AR(u1, p12) > 0.2,
o AR(j,j) > 0.4,
o AR(u,j) > 0.4,
o My, ., > 1000 GeV,
B N GO NS 22 tures of sneutrino dark matter in an extension of 21 /34



Two 71 (muon) and at least two hard jets

’ Benchmark point ‘ L for bo [fbfl] ‘ Ns ‘ Ng ‘ Ns/Ng ‘

BP1 9.10 25.26 | 0.35 72.17
BP2 2.45 25.19 | 0.09 265.2
BP3 68.50 27.42 | 2.67 10.27
BP4 1100 47.59 | 42.87 1.11

Table . The luminosity required in order to attain a 50 statistical significance for stable staus for the four benchmarks. The number of signal and

background events as well as the ratio Ng /Npg after the selection cuts for that particular luminosity is also displayed.

@ Possible to probe 71s with masses < 400 GeV in the early runs of the 14 TeV
LHC
@ 50 significance also reacheable with the 13 TeV Run with luminosities of
roughly 15 (4) fb~! for BP1 (BP2)
e With £ = 3000 fb™!, reach can be extended to roughly 600 GeV
T Y S I - tures of sneutrino dark matter in an extension of 234



Two 71 (muon) tracks

@ Smaller oP°9 but fairly model independent
@ Channel can be utilised when the coloured states are fairly heavy

o Signal : Drell-Yan 4 bb initiated processes (gg initiated processes for this 7;

mass range is negligible)
@ Backgrounds : Dominant : p and 7 pairs

@ Backgrounds : Subdominant : tt and diboson pairs (WW, WZ and ZZ)
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Two 71 (muon) tracks

’ Cut on ‘ Cut set A Cut set B Cut set C
B > 0.85 - <0.95
pi? >200 GeV | >200 GeV | > 70 GeV
> | pYs| > 700 GeV | > 500 GeV —
ly(u1.2)] <24 <24 <25
M,y 1o > 1200 GeV | > 1000 GeV -
AR (1, p2) > 0.2 > 0.2 -
AR(1,4) > 0.4 > 0.4 —
AR, J) > 0.4 > 0.4 —

Ta ble . The three sets of selection cuts applied in the ¥1 pair analysis. Set C resembles the set of cuts of the ATLAS analysis.
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Two 77 tracks

Cut set | Benchmark point Ns Ng Ns/Ng S
BP1 526 0.09 6.7
A BP2 358 5684 0.06 4.6
BP3 258 0.05 3.3
BP4 47 0.01 0.6
BP1 1337 0.10 11.3
B BP2 1069 | 12772 0.08 8.9
BP3 826 0.06 7.0
BP4 232 0.02 2.0
BP1 1543 0.44 21.8
C BP2 1014 3481 0.29 15.1
BP3 715 0.21 11.0
BP4 211 0.06 3.5

Table : Table showing the number of signal and background events after the selection cuts for the three sets of selection cuts, the ratio Ng /Ng and
the statistical significance S. The integrated luminosity used to compute these numbers is 3000 1.
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Passive highly-ionizing track detection

@ Unconventional search strategy at the largely passive detector MoEDAL
(sensitive to highly-ionizing particles)

o No trigger required = in principle one detected event would be enough
(multiple events needed for robust discovery)

@ Only major condition for sensitivity = Bionising particle < 0.2

@ Detailed detector simulations required

’ Benchmark point ‘ Cascade ‘ Direct ‘

BP1 45 2.5
BP2 296 1.5
BP3 24 1.1
BP4 6 0.5

Table . Number of #1's with 8 < 0.2 potentially detectable by MoEDAL assuming an integrated luminosity of £ = 3000 fb_l. for the four
benchmarks and the two production mechanisms discussed in the text.
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Summary and Conclusions

@ Possible revival of CMSSM through a simple augmentation of 3 families of

right handed (s)neutrinos
® g might become the LSP and can become a potential CDM candidate
@ Imposed all available constraints and BBN constrains 7z < few minutes
@ mg and my, can range up to 1.4 TeV and ~ 2.5 TeV respectively
@ Demanding more contribution to the relic shrinks parameter space
@ Results heavily depend on neutrino mass scales

@ From SUSY cascade decays = possible to observe a long-lived 71 with
M:, ~400 GeV @ 50 from 13 TeV with 4 fb~! and with mass ~600 GeV at
the HL-LHC

@ From 7 pair production = possible discovery of a 400 GeV 7; © 14 TeV
with £ =300 fb~*
Signatuves of sneutrino dark matter in an extension of 27 /34
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The CMSSM model

@ Highly suppressed interaction strengths for the g = evade direct DM

searches

@ Lack of tight restrictions on DM mass = relax constraint on the
superparticle spectrum in CMSSM

@ One can thus expect different allowed parameter regions with this minimal
tweaking of the spectrum

@ Collider signatures different from situations where © can be a thermal DM due

to large mixing with other chiral  states or because they couple to different
states [Arina et. al. (2014), Thomas et. al. (2008), Bélanger et. al. (2015)]
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The CMSSM model

@ Adding right-chiral 7 will allow relaxing the astrophysical and cosmological
constraints on scenarios with x NLSP

@ However, the collider signatures will be similar to those of a x? LSP in the
CMSSM

@ We thus consider the case where 7y is the LSP in the MSSM spectrum =
only viable with a gravitino or a 7 LSP [Feng et. al. (2003)]

@ NLSP (71) should satisfy several cosmological constraints

@ Since 7y is a WIMP-like progenitor of the LSP, its relic abundance solved
from Boltzmann equation for 7y is subject to the standard constraints modulo
its rescaling by mg, /mz

@ Also, late decay of 71 will tamper the elemental abundances and tamper the
BBN predictions = upper limit on abundance vs. lifetime = constraints on

mass and interaction strengths
Signatures of sneutrino dark matter in an extension of 30/ 34
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The CMSSM model

@ 71-NLSP decaying to a # DM candidate consistent with the observed

neutrino mass scale = stable on the distance scale of a collider detector

e Contrary to customary SUSY signature with large £ = pair of highly
ionising charged tracks seen in the inner tracking chamber and the muon

chamber

@ One may identify such tracks using time-delay measurements = lower limit
on mass of the order of 350 GeV

@ One may also use certain kinematical selections (like hard p cuts on tracks,
scalar pr sum of all visible particles, cut on invariant mass of the pair of the
two highly ionising tracks) to separate the signal from the background
[Gupta et. al. (2007)]
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The allowed regions (the BBN constraints)

2 2 2
.. mz +mj, —mg,
o The visible energy E,s = — 2 %

2m;.1

@ The hadronic branching ratio, By.g = 2/3

@ The number density to the entropy density at 71 freeze-out, Yy, sp is

determined using micrOMEGAs
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The 71 speed
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Figure : Velocity distribution of the 71-NLSP for benchmark point 3. The mean velocity

is ~ 0.84 ¢ with an root-mean-square of ~ 0.13 c.
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Note

Note : In BP1, RH selectron and smuon states are lighter than % =

XY — e& (ufi). Decays of charged sleptons to lighter sneutrino states of first two
generations highly suppressed by small Yukawa as in the case of the 7;-NLSP.
Competing three body decay via a virtual 9 into Fi7e(p) or Uy rve(v,) will
prevent the selectrons and smuons from being long lived. These can give

additional 7q-tracks.
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