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Why WIMPs ?

 Achieve naturally the correct relic density via the freeze-out
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Are the Dark Matter and the Neutrino
sector related?

 Evidence that neutrinos are massive
 Neutrino masses are not accounted for in the SM / MSSM
e Several mechanisms to give mass to neutrinos (Dirac masses or seesaw)

* The BSM extension to give masses to neutrino can influence the dark matter
phenomenology

CA and N. Fornengo JHEP 2007: TYPE | SEESAW
CA, F. Bazzocchi, N. Fornengo, J. Romao and J. Valle PRL 2008: INVERSE SEESAW
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MSSM at GUT scale + inverse seesaw

CA,F.Bazzocchi, N.Fornengo, J.Romao and J.Valle, PRL
2008 arXiV:0806.3225

e (W BV ) R4 Y, EP LN ) - MNS + LjusS53

(MI%)Z,:‘Z,,-I— V*N+(M —[ VS48 +€ij(A1HileR+ \;,, H7l ')+h.C.]
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MSSM at GUT scale + inverse seesaw

CA,F.Bazzocchi, N.Fornengo, J.Romao and J.Valle, PRL
2008 arXiV:0806.3225

eij(/-d:]il ﬂf—Ylﬁ,-' i,jR+Y1/ I:IIQLJN)-I-MNS'

(M3) Ly Li+ (M) N N4 (M —[//’ + By g SS+ei(MH LR+, HILiN)+h.c.]

rs =0 Lis conserved
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MSSM at GUT scale + inverse seesaw

CA,F.Bazzocchi, N.Fornengo, J.Romao and J.Valle, PRL
2008 arXiV:0806.3225

Winn = e,-j(uflil f]JZ—YII:IiI i,jR+Y1/ 1:112 AjN)—HV]NS'
Veoft = (M%)[::‘ZH— —[// =+ +€,’j(A1H,-ll~,jR—l— )+h.C.]
Neutrino sector pus =0 L is conserved

Inverse see-saw mechanism

mp = vVaY,
m4

my =~ Uus
M?2

The smallness of the neutrino

mass is given by the smallness
of us O(keV)
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MSSM at GUT scale + inverse seesaw

CA,F.Bazzocchi, N.Fornengo, J.Romao and J.Valle, PRL
2008 arXiV:0806.3225

Wiw = e€j(pH, H2 Y,H!L;R+Y, H? LJN)-+-MN
Vot = (M?)L*Li+ + +e;i(AH LR+ )+h.c.]
Neutrino sector s =0 Lis conserved

Inverse see-saw mechanism

mp = UQY,/
mp Sneutrino sector
m, = NSW
The smallness of the neutrino * mixed state of the left-handed sneutrino, the
mass is given by the smallness right-handed sneutrino and the singlet scalar field
of ps O(keV) » Z coupling off-diagonals
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MSSM at GUT scale + inverse seesaw
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e Heavy SUSY spectrum, in particular
sleptons. The NNLSP is the neutralino

Possible different phenomenology at LHC

e At LHC expected a similar
phenomenology as in the neutralino
case, however qualitatively expected
more leptons in the final state
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Possible different phenomenology at LHC

e Heavy SUSY spectrum, in particular
sleptons. The NNLSP is the neutralino
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Arkani-Hamed et al. '00, CA and
N.Fornengo ‘07, G.Belanger et al.
10, 12

W = ey (uHP A — Vi HIL; R + Y, P L, N)

~

Vost = M2 L*L; + M% N*N — [eij(MHEL R + AyH*L;N) + h.c.]

Absence of lepton number violating terms

Neutrinos have Dirac masses mp = Uy Yy
Why not considering a seesaw model?

1. The method we set up is technical and requires a lot of effort: test in the simplest

model possible
2. Phenomenology with the addition of a right-handed sneutrino field only captures the

main sneutrino properties which are interesting for signatures at LHC

10
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m% + %mzz cos(288) + m% %A,; sin 8 — umpcotgfl

2
(% ~ _ 2 2
WA" sin 3 — umpcotgf my + mp
Sneutrino left and right V1 = —sinb; vp, +cosby N
COmponent Mixes 172 — -+ COS 917 IA/'L 4+ Sin 917 N

Effect of mixing:
(i) coupling with Z boson reduced by the mixing angle
(i) suppressed cross-section for scattering off nucleus

(iii) In the RGEs by considering the yukawa of the tau, the 71 =71 is the LSP

11
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m% + %mzz cos(288) + m% %A,; sin 8 — umpcotgfl

%A,‘; sin 3 — umpcotgf m}qv + m2D
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(i) suppressed cross-section for scattering off nucleus

(iii) In the RGEs by considering the yukawa of the tau, the 71 =71 is the LSP
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Method for the analysis of the
MSSM+RN

12
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WIMP Model = MSSM+RN
FeynRules

Supersymmetric mass spectrum
SoftSUSY

Relic Abundance Qpuh’
+ dark matter direct detection predictions

micrOMEGAS

Predictions at LHC
MadGraphb, Pythia, Delphes

13
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VERY LARGE PARAMETER SPACE: n=13 free parameters
{6;} = { M1, Mz, M3, mp, mr, mn,mQ,mu, AL, As, AQ, B, 1}
Sampling with the algorithm

* Nested sampling

e Sampling scale as n instead of n? as for a random scan
» Based on Bayes theorem

p(0i|d) o L(d|0;)m(0;)

14
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VERY LARGE PARAMETER SPACE: n=13 free parameters
{6;} = { M1, Mz, M3, mp, mgr, mn,mQ,mu, AL, As, AQ, B, 1}

Sampling with the algorithm
* Nested sampling

e Sampling scale as n instead of n2 as for a random scan
» Based on Bayes theorem

Likelihood for the theoretical
model given the data d

p(6;|d) o< L(d|6;)m(6;)

Posterior probability

. Priors on the
function = result

theoretical
model
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VERY LARGE PARAMETER SPACE: n=13 free parameters
{6;} = { M1, Mz, M3, mp, mgr, mn,mQ,mu, AL, As, AQ, B, 1}

Sampling with the algorithm

* Nested sampling
e Sampling scale as n instead of n2 as for a random scan
» Based on Bayes theorem
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v
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o
prior__
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0, |

(smallest chi-squared)

Profile
likelihood

Best-fit

=
\

Best-fit

Volume effect

Marginal posterior

Posterior
mean

(2D plot depicts likelihood contours - prior assumed flat over wide range)

9)1

credit: R.Trotta

Because of the dimensionality of the parameter space we consider only posterior pdf as
equal weighted sample, hence the results will not have statistical meaning!
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The log likelinood is the sum of the likelihood of each observable/bound we consider

Observable with a measure have a gaussian likelihood:
1. Higgs mass
2. Qpmh? from Planck
3. Z invisible decay width

Constraints that have only an lower/upper limits are included with a step likelihood
function:

1. Chargino and slepton masses > 101 GeV (95% CL LEP)

2. Stau > 85 GeV (95% CL LEP)

3. LUX bound at 90% CL

4. Higgs invisible decay width (< 60%)

16
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Running the machinery for
model testing

[ 0000606 o63C
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Results: where the sneutrino is a
good dark matter candidate In the
MSSM+RN

18
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Predictions for LHC from sneutrino
dark matter

21
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SUSY Masses

Mass spectrum Relic density is set by

T H T > WYW T, ZZ, hh,tt
m. ,m; | - _ B
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SUSY Masses

Mass spe

Orange points pattern
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1. Stau is the NSLP
Signature arising when:

2.small om = m-.— —my

MSSM + RN

om [GeV]
Existing bound: massjp > 300 GeV allowed (ATLAS-CONF-2013-58)

23
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e Staus produced in pair directly

* Assumed observation of both charged tracks from the hadronic calorimeter to
escaping charged particles (ATLAS efficiency € = 0.2 )
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» Feature characteristic of the Higgs pole (LSP very right-handed)

e Sleptons are lighter than charginos and neutralinos (typically stau is the NLSP)

* The two final taus are not tagged due to low efficiency
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Magenta points pattern

Mass spectrum
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M, M M Relic density is set by sneutrino
| m. = and coannihilation/annihilation
103 | g ] with the lightest neutralino
g
7 Mg it Blue points have chargino
N ' degenerate as well, relic density
set by neutralino/gaugino sectors
and LSP very sterile: hard to
distinguish from MSSM
™m0
1
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Chargino production

 When chargino is ligther than sleptons

* Decay 2-body into the LSP (MSSM is 3-body)

Process BR
X7 - Wty | 18.1%
e” ¢ | 25.4%
ut ol | 25.4%
™ 7 | 31.1%

Xr = WES = f 38

29

C. Arina (IAP, Paris & GRAPPA Institute, UvA) - LAPTh, February 27t 2014



Chargino production

 When chargino is ligther than sleptons

* Decay 2-body into the LSP (MSSM is 3-body)

Process BR
X7 - Wty | 18.1%
e” ¢ | 25.4%
ut ol | 25.4%
™ 7 | 31.1%

Xr = WES = f 38

29

C. Arina (IAP, Paris & GRAPPA Institute, UvA) - LAPTh, February 27t 2014



AN

Chargino production

Transverse-mass’ (from A.Barr,C.Lester,P.Stephens '03)

mT9o — minp1+p2=p%iss {max[MT (plppl)’ MT(plz ’p2)]}
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"Transverse-mass"

Chargino production

(from A.Barr,C.Lester,P.Stephens ’03)

mro = minp1+p2=p?iss {maX[MT(pllapl)) MT(plz’p2)]}
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number of events / 100 GeV

Chargino production

Effective transverse energy (from M.E.Cabrera, A.Casas ’'12)

1mv

£ = \/(ML,)2 + (plh)2 + 2|p™

M. invariant mass of the pair of leptons

pflllw transverse momentum of the pair of leptons
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Effective transverse energy

et =

Chargino production

invariant mass of the pair of leptons

(from M.E.Cabrera, A.Casas '12)

V(ML )2 + (plh)2 + 2|p |

transverse momentum of the pair of leptons

Signal
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Gray points pattern

Mass spectrum _ o o
Relic density is set by sneutrino itself

SUSY Masses

ms;, M= , M ]

o —WIW—, ff

17117>1k — VUV

Via s-channel Z exchange or t-channel
neutralino exchange
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SUSY Masses

Gray points pattern
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Gray points pattern

Mass spectrum _ o o
Relic density is set by sneutrino itself

SUSY Masses
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2 Same sign leptons, uncorrelated flavor

* Arises when the stau is the NLSP

 Different from MSSM where the OS leptons
should have the same flavor

2500 I I 1 1 1 1

2000
— 1500t
Process BR %
~+ ~ —
X1 — Vs T 99.20% & .l
T 171 0.72%
¥ - rEF| 99.99%
0O 1(I)O 2(I)O 3(I)O 4(I)O 5(I)0 6(I)O 7(I)O 8(I)O 900
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2 Same sign leptons, uncorrelated flavor
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The signal is hidden at low pt and Min values, where the background is maximal
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2 Same sign leptons, uncorrelated flavor
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Conclusions

- In the LHC era it is important to consider alternative
scenarios to neutralino DM for searches and constraints

- Dark matter in connection with neutrino masses can
provide signatures into leptons which are different from the
standard MSSM

- Sneutrino dark matter can be tested by future XENON1T
detector, however it can hide as well below this bound ...
those points might be tested by next LHC =
complementarity of DM searches
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Prospects and future developments

- For sneutrino dark matter in particular:

(a) extend the analysis to seesaw models, in particular to inverse seesaw
(b) relevant constraints from flavor physics

(c) sneutrino can be inelastic dark matter and hence can develop a whole pheno
different from standard WIMP (asymmetric, connected with leptogenesis)

CA et al. PRL 2008; CA, N.Sahu, R.Mohapatra Phys Lett B 2013.

- Tools developing for model testing:

(d) Several tools for theoretical predictions which are more or less easily combined

(e) Likelihood to confront the model with experimental data is a challenging part of
model testing business (if possible it is a better way to go than to use the x% CL)

(f) We are doing effort for direct detection experiments to have likelihood codes (i.e.
XENON100 or IceCube) that include uncertainties

CA, Phys Rev D 2013; CA, J.Hamann, R.Trotta, Y.Wong JCAP 2011, JCAP 2012.
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WIMPSs: weakly interacting massive particles

Lee & Weinberg ’77, Gunn et al. ’78, Stei%;man et al. '78, Kolb & Turner ’81, Ellis et al. ‘84,
Scherrer & Turner ’85, Griest & Seckel '9

0.01 ™Y Y —r—rTrTrrr -_—

-~ ‘ Y +X < SM + SM

0.0001
10-¢

10- Freeze-out (chemical decoupling):

107 Increasing <o,v>
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jgsE 0000 T hEmmeemeemenen QDMh ~ 03( )
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10-»1 " P AV ..110 : gl g Ry .‘l;(l)o =
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< oAV > =~ : ~ 8 x 107 %°cm°>s 1 candidates with wea
100 GeV)? scale interaction: e.qg.
™ (100 GeY) from SUSY -
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 Benchmark point

Mgx = 419.3 GeV, Mo = 421.2 GeV
m,;ir = 202.6 GeV, sin 0,7 = —0.031

ms = 354.2 GeV, sinf; = —0.00013

* Backgrounds

() WZ — W IT I~ with MG5 and Pythia 8
(i) ttW with MG5 and Pythia 6

e Cuts for the analysis:

1. Two same sign, different flavor leptons with pr > 20 GeV and 7 < 2.5
2. At least one lepton with pr > 25 GeV
3. piss > 50 GeV
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 Benchmark point

Mgt = 781.1 GeV, mzo = 780.02 GeV
m.i(r) — 671.1(647.3) GeV, Sin 01‘;&(7) f— 0.007
Ya

ms, = 240.3 GeV, sin 97— = —0.09

* Backgrounds

() WZ — W IT I~ with MG5 and Pythia 8
(i) W with MG5 and Pythia 6

* Cuts for the analysis:

1. Three leptons with pr > 20 GeV and 71 < 2.5

2. At least one lepton with pr > 25 GeV
3. EFss > 100 GeV

4. Events with opposite sign same flavor (OSSF) are forbidden or Z veto
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Details on 3 uncorrelated leptons
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 Benchmark point
M- = 666.3 GeV, sinfz = 0.99
my = 665.5 GeV, sinfy; = —0.029
I'>=733x10"%GeV, 72 =898 x 107 %s
o= 823 x 107° pb

e Backgrounds

(i) for particle leaving the detector volume: high pr muons with mis-measured
velocity (data driven)

(ii)bin the hadronic calorimeter: hadrons or low pt changed particles, whose pr is
adly measured
* Cuts for the analysis:

1. No other tracks with pr > 0.5 GeV within a cone of radius AR = 0.05

2. Should travel at least 514 mm to decay into the hadronic calorimeter
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e Staus produced in pair directly

* Assumed observation of only 1 charged track from the hadronic calorimeter to
escaping charged particles (ATLAS efficiency € = 0.15)
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e Benchmark point

mg= = 440.8 GeV, m i) = 125.6(124.1) GeV, sinf;
1

Yi(r)

= 0.038(0.042)

e Backgrounds

(i) W+*W- and WZ
(i) Computed with MG5 and Pythia 8 at LO (detector simulation delphes)

e Cuts for the analysis:

1. Two opposite sign leptons

2. Zveto l[my — mz| > 10 GeV

3. Second hardest jet with ppr < 50 GeV
4. mpo > 110 GeV

5. PSS > 40 GeV
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number of events / 100 GeV

10

Detail on chargino production

Signal
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The inclusion of the right-handed neutrino superfield produces a mixing between left
and right-component of the sneutrino

2 1
mL—|—§m

2 _

%A,; sin 3 — umpcotgf

)

sin 20; = v/2A;vsin B / (ml?;2

mp = vuYu

AFZ — Sin4 9,7 9

Ly

2

-

7 COS

2m,;1

mz

2

:

- mi;l

4p2 (Zfp + (A— 2)fn)*

o' =€
T

A2

(28) + m% %A,—; sin 8 — umpcotgp

2 2
mN+mD

3/2
O(mz — 2m,;1) .
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The inclusion of the right-handed neutrino superfield modifies the RGEs as follows:

2
dmN

dln
dm%

dln
dA;
dln

2
dm H.

dln

4

A2
1672 (47)

2 2
(MSSM terms) - 162 (Ap)

1672 2 10 2 2

(MSSM terms) + Z 1671'2 (Aé) :

2 3 3 3 1
2 (g Bptu L),

49

C. Arina (AP, Paris & GRAPPA Institute, UvA) -

LAPTh, February 27th 2014



X data P(0|X)d0 < L(X|0) - w(6)dd
6): {91,---76n7¢a7°-'7¢2} l l l

: i Posterior probabilit .
(9@ theoretical model parameters functioln (IEDF) lity Likelihood Prior
wk nujsa param ters = (proper of

astrop ys cs and systematics each EXP)

dlog@, if Omin <6 < gmaxa

Tog(log 0) dlog 6 = { 0, otherwise,

Common prior choices that do not
favour any parameter region raus (0)d0 o { df, if 0., <0 <0,

0, otherwise,

Posterior sampled with nested sampling techniques (MultiNest) given the likelihood and the prior
and marginalized over nuisance parameters

Parar (01, -, 0al X) 0 [ dtoy...dpn P01, 0y by Y10, Y| X)

»Cprof(X|91, ceey On) 0.6 wIlIlagz( E(X|91, cary On, ?,/)1..., ’Qbm) Axeﬁ‘(mD\/I, SI) = —2In £pr0f(mD\4, SI)

50 C. Arina (IAP, Paris & GRAPPA Institute, UvA) - LAPTh, February 27t 2014



Parameters {02} — {Mla My, M3, mp, mg, mn, mqQ,mgH, AL) AD) AQ) B, /‘L}

My, Mo —4000 — 4000 GeV
logo(M3/GeV) —4—4
logg(mg/GeV) 2 —5
mr,, MR 1 — 2000 GeV
MmN 1 — 2000 GeV
logig(Ag/GeV) —5—=5
Aj, —4000 — 4000 GeV
Ap —1000 — 1000 GeV
logig(myg/GeV) 1—5
tan 3 3 — 50
Data for conskraints
Observable Measured Observable Limit
Eo! LUX (90% CL)
Qpmh? 0.1186 + 0.0031(exp) & 20%(theo) me > 100 GeV (LEP 95% CL)
mp, 125.85 + 0.4 GeV (exp) £4 GeV(theo) M- > 85 GeV (LEP 95% CL)
[ipvisible 166 + 2 MeV Mg+ > 100 GeV (LEP 95% CL)
[invisible > 65% (LHC 95% CL)
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Posterior PDF
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EU (scalar) (nbdm)
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EU (scalar) (nbdm)
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