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WIMPS: weakly interacting massive particles

Lee & Weinberg 77, Gunn et al. ‘7%, Steigman et al. '7%, Kolb &
Turher ‘%1, ELLis et al. ‘¥4, Scherrer & Turher ‘g8, Griest & Seckel 91
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e Sneutrino belongs to the SU(2).

doublet, it has Y=1 and couples to
the Z boson
e Excluded below the Z pole

SM Particles/Fields SUSY Partners Supermultiplets
q quark 4L, qr squark q1s G2 QU D
[ lepton lr.lp slepton li,1s I R,

v neutrino vy, sneutrino vy, L
g gluon g gluino g g

W= W boson e wino {11 W

H- H boson Hy higgsino chargino (H‘l’ Hy)

Ht H boson Hi higgsino f= 1,9 (Hy , Hy)
B B field 2 , A
2 o B bino & B

W W= field S , Xi

0 14 wino , !
Hj H boson ~0 N neutralino VA T
: HY Kigeins ¢ w0 o (Hy, . Hi)
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: 1iggsino 9 11
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e Annihilates very efficiently:
subdominant dark matter candidate
e £ = min(QDMh2,Q,~,h2)

e Excluded by direct detection

Discussion on left-handed sneutrino as dark matter: Ibanez ‘¥4, Falk et al 94,
Discussion o DM with ¥ not o, see e.q. Minimal Dark Matter, M.Cirelli et al. ‘08,

s
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C.Arina, N.Fornengo (2007)

10' E I I ] li T 1] “ | | 1:] LI l[ 1 I I ] | L B ]§
- | | I 7
5| i '. | |
10° - E
: ! \ | 5
i : | | ]
—————— | !
10-6 E N | =
3 | =
. | .
ok | | | e+ Sneutrino belongs to the SU(2).
~ = | 3 .
5§ f i 1 | doublet, it has Y=1 and couples to
= otk i | | the Z boson
ER : « Excluded below the Z pole
o ol )  Annihilates very efficiently:
1 | subdominant dark matter candidate
410 B ’ e £ = min(QDMh2, Q,}h?)
| 1 | e Excluded by direct detection
: | :
i i i
10" | E
z | 5
2| | : | 1
10- | | | P 1 11 | 1 1 | | 1 11 | | | ] P 1 11 :
10' 107 10°
m (GeV)

Discussion on left-handed sneutrino as dark matter: Ibanez ‘¥4, Falk et al 94,
Discussion o DM with ¥ not o, see e.q. Minimal Dark Matter, M.Cirelli et al. ‘08,

] C. Arina (AP, Paris & GRAPPA Institute, UvA) - RPP 2014



C.Arina, N.Fornengo (2007)
lovk Y Y :]1 ! T T T l[IlI]]E

Ll 1l

e Sneutrino belongs to the SU(2).
doublet, it has Y=1 and couples to
the Z boson

e Excluded below the Z pole

e Annihilates very efficiently:
subdominant dark matter candidate
e £ = min(QDMhQ,Q,;h,:Z)

e Excluded by direct detection

E_,O’ (scalar) (nbdm)

LA

|

10-11

1L

. \
1 llllllll Ll llllul L.l lllllll A llllllll 1 llllllll Ll 1llllll L.l lllllll

-12 | | | L a1 ] ] L o1 gl

10 .
10" 10° 10°

m, (GeV)

Discussion on left-handed sneutrino as dark matter: Ibanez ‘¥4, Falk et al 94,
Discussion o DM with ¥ not o, see e.q. Minimal Dark Matter, M.Cirelli et al. ‘08,

] C. Arina (AP, Paris & GRAPPA Institute, UvA) - RPP 2014



C.Arina, N.Fornengo (2007)

10' T ! =TT =T T T T T T T T T3

—

|

1 LLLI

Ll

Ll LLLl

e Sneutrino belongs to the SU(2).
doublet, it has Y=1 and couples to
the Z boson

e Excluded below the Z pole

e Annihilates very efficiently:
subdominant dark matter candidate
e £ = min(QDMh2,Q,~,h2)

e Excluded by direct detection

l L. ‘lllll

|

.'\
Ll L

yeal ar)
Eo (oalan (nbam)

ol

1 llll‘l

10-11

Ll LLLLL

-12 | | | L 1ol 1 ] L 1 3l

10
10" 10° 10°

m, (GeV)

Discussion on left-handed sneutrino as dark matter: Ibanez ‘¥4, Falk et al 94,
Discussion o DM with ¥ not o, see e.q. Minimal Dark Matter, M.Cirelli et al. ‘08,

] C. Arina (AP, Paris & GRAPPA Institute, UvA) - RPP 2014



No Le.&pov\ violating terms
(dirac masses for neutrinos)

W = eﬁj(ﬂﬁ}‘ﬁf ~YVHL;R+ Y, HL;N)

Vsoft = MIQ, E:f/z + M]2V N*N — [Gij (AngEJR -+ AVHZH'E]N) + h.C.]

~

—sinf; vy, + cosl; N
Uy = +cosBOy Uy +sinf; N

Sneutrino left and right
componem& mixes

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

(iii) In the RGESs by considering the yukawa of the tau, the snutay is the LSP
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Model implementation with Observational constraints:

SUSY spectrum with 1. Higgs mass
Dark matter predictions with + 2. Qpyh?® from Planck
MonteCarlo simulations with 3. Z invisible decay width

4. Higgs invisible decay width
5. LUX bound for direct detection

Sampling with nested sampler
6. bounds on SUSY masses
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10° 10°
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Similar models: Arkani-Hamed et al. ‘00, CA and NFornengo ‘07, GBelanger et al, ‘10, ‘12
o Boundary conditions are changed, here they are fixed at GUT scale
o Update with the Higgs mass and LUX bound
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Existing bound: massjp > 300 GeV allowed (ATLAS-CONF-2013-58)
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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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Process BR
X1 > Ur T1 99.20%
T 171 0.72%
X5 — 7| 99.99%

* Arises when the stau is the NLSP

 Different from MSSM where the OS leptons
should have the same sign
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2 Same sign leptons, uncorrelated flavor

> L L L L L Y L L IO O B > F T T T T I B T T T T UL L L
S 5
0 10 L = 100/fb _E 0 105— L = 100/fb E
@ 1 @ - ’
C _ c — _
© 7 © N B
£ 4 £ E
> m > _
c 7] = _
10" E 10" E
50 100 150 200 250 300 350 400 450 500 550 0 100 200 300 400 500 6_00

P [GeV] M_, [GeV]

The signal is hidden at low pt and Min values, where the background is maximal
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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

Process BR Process BR
X7 — et iy 15% X5 — vy | 48%
ut i 15% il | 28%
7‘+172 21%
X, = TtE 90% v = xiv | 98%
7 > WED | 100%
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 When chargino is ligther than sleptons

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

Process BR
X7 > Wt x| 18.1%
et v§ | 25.4%
ut U 25.4%
o7 | 31.1%

Xr = WEL = f 8
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| sleptons

VISSM is 3-body)

VESL = 0
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AN

Chargine yroa&uﬂﬁmm

Transverse-mass’ (from ABarrC.Lester,P.Stephens ‘03)

mmro = minp1+p2=p?iss {ma»x[MT(pll)pl)) MT(pl2’p2)]}
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Chargine yroa&uﬂﬁmm

Effective transverse energy (from M.E.Cabrera,ACasas ‘12)

£ = \/(ML)? + (p)2 + 2lp |

M. invariant mass of the pair of leptons

pflllw transverse momentum of the pair of leptons
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- Sneutrino is a good dark matter candidate in the MSSM+RN with conditions at GUT scale
(a) Dominant dark matter and compatible with LUX bound for misp > 60 GeV
(b) Large portion of the parameter space can be probed by XENON1T
(c) The annihilation processes that fix the relic density determine the SUSY spectrum
« Characteristic LHC signatures
(a) Long-lived staus

(b) Two leptons with same sign, different flavor: difficult to disentangle as it peaks at
the background maximum

(c) Three uncorrelated leptons: clean signature with low background
(d) Chargino production and decay into two opposite sign uncorrelated flavor leptons

- More from slepton-right decay: 3 uncorrelated leptons per decay but in our samples the
slepton right are much heavier than 700 GeV; interesting when associated with colored
sparticle productions
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- Sneutrino is a good dark matter candidate in the MSSM+RN with conditions at GUT scale
(a) Dominant dark matter and compatible with LUX bound for misp > 60 GeV
(b) Large portion of the parameter space can be probed by XENON1T
(c) The annihilation processes that fix the relic density determine the SUSY spectrum
« Characteristic LHC signatures
(a) Long-lived staus

(b) Two leptons with same sign, different flavor: difficult to disentangle as it peaks at
the background maximum

(c) Three uncorrelated leptons: clean signature with low background
(d) Chargino production and decay into two opposite sign uncorrelated flavor leptons

- More from slepton-right decay: 3 uncorrelated leptons per decay but in our samples the
slepton right are much heavier than 700 GeV; interesting when associated with colored

sparticle productions
THANKS!
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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)

(/)] 2 1 1 | | [ ' ' 1 1 I | J ' | I 1 | | J [ ' 1 1 |
X = ——
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= - \/§=14T6V .
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 Benchmark point

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

mszs = 304.2 GeV, sin 9;- = —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

21
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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

RR
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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

R3
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e Benchmark point

= 0.038(0.042)

Yi(r)

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

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

R4
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The inclusion of the right-handed neutrino superfield produces a mixing between left
and right-component of the sneutrino

2

2 1
m7 -+ 5 COS

2 _

%A,; sin 3 — umpcotgf

)

sin 205 = v/2A;v sin B/ (m1272 — mg,

mp = vuYu

AI‘Z:Sinélo,;% 1 — (

2m,;1

mz

2

:

a2 (Zfy + (A= 2)fn)°

SI __
fO'n _g T A2

3/2

(28) + m% %A,—; sin 8 — umpcotgf

2 2
mN+mD

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

2
1672 (42)
2 2
(MSSM terms) 162 (Ap)
2 (3, 3, 3,5 1,
167r2( T 2Y 2YT)A"

(MSSM terms) + Z 1671'2 (Aé) :
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Details o MSSM+RN
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Paramekbers

{6;} = {M1, M2, M3, mp, mr,mn,mQ,mu, AL, As, Ag, B, u}

MlaMZ

—4000 — 4000 GeV

logo(M3/GeV) —4—4
logg(mg/GeV) 2 —5

mr,mpr
mpy

1 — 2000 GeV
1 — 2000 GeV

logig(Ag/GeV) —5—=5

Ar
Ap

—4000 — 4000 GeV
—1000 — 1000 GeV

logig(myg/GeV) 1—5

tan 3

3 — 20

Data for conskraints

Observable Measured Observable Limit

Eo! LUX (90% CL)
Qpmh? 0.1186 + 0.0031(exp) = 20%(theo) me ji > 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 m+ > 100 GeV (LEP 95% CL)

[invisible > 65% (LHC 95% CL)
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X data
9 — {617 ...76n7¢a7 "‘7¢Z}

(97; theoretical model parameters

wk nuisa arameters =
astrop ys cs and systematics

P0)X)d0 x L(X]6) -

| |

Posterior probability
function (PDF)

7(6)do

|

Prior
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X data P01 X)d0 < L(X]|0) - mw(0)db
6): {91,---76n7¢a7°-'7¢2} l l l

: ' Posterior probabilit :
(9@ theoretical model parameters e (FE)DF) y Likelihood Prior
wk nujsa param ters = (proper of

astrop ys cs and systematics each EXP)

dlog 9, if Omin <6 < oma.xa
0, otherwise,

Tog(log 0) dlog 6 = {

Common prior choices that do not
favour any parameter region do, if 0., <0 <0«
vour any p gi ,”ﬂat(g)dooc{ , i Oin < 0 < Ornas

0, otherwise,

Observable Prior
WIMP mass (6;) log(mpy/GeV): 0 — 3
SI cross-section () log(o>'/cm?) : —44(—46) — —38
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X data
0 = {917 e Hna ’Qba) oo

(97; theoretical model parameters

@bz}
% nuisa aram ters =
astrop ys cs and systematics

Common prior choices that do not
favour any parameter region

P(O)X)d0 x L(X|) - 7(6)dd

| | |

Posterior probability

function (PDF) l(_g:sgzcr)(())? Prior
each EXP)
dlog@, if Omin <6 < oma)u
Tog(log §) dlog & = { 0 otherwise

do, if emin S 7 S Omaxa
0, otherwise,

Tt (0)d0 o {

Observable Prior
WIMP mass (6;) log(mpy/GeV): 0 — 3
SI cross-section (f3) log(o>'/cm?): —44(—46) — —38

Posterior sampled with nested sampling techniques (MultiNest) given the likelihood and the prior

and marginalized over nuisance parameters

Pmar(ﬁl, ,Han) 0.¢ /d¢1d¢m P(@l, couy

ena ¢1---, wle)
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X data
9 — {917 ...,@n,@ba, °"7¢Z}

(97; theoretical model parameters

wk nuisa ce Param ters =
astrop ysics and systematics

Common prior choices that do not
favour any parameter region

P(O)X)d0 x L(X|) - 7(6)dd

| | |

Posterior probability

function (PDF) l(_g:sgzcr)(())? Prior
each EXP)
dlog@, if Omin <6 < omaxa
Tog(log §) dlog & = { 0 otherwise

do’ if emin S 7 S 9max>
0, otherwise,

Tt (0)d0 o {

Observable Prior
WIMP mass (6;) log(mpy/GeV): 0 — 3
SI cross-section (f3) log(o>'/cm?): —44(—46) — —38

Posterior sampled with nested sampling techniques (MultiNest) given the likelihood and the prior

and marginalized over nuisance parameters

’Pmar(é’l, ,Han) 0.¢ /d¢1d¢m P(@l, couy

Loor( X161, ..., 0
pf( |1 ¢1 wm

n) X max L(X|6y,...,

ena wlnw wm|X)

SI)

On, V1. V)

Axgﬁ'(mD\/Ia SI) =—2In ‘Cprof (mDVI) o
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