Where is dark matter ?

- the WIMP miracle (reminder)
back to MSSM
relic density
interaction with matter

- some recent non-accelerator experimental results (summer 13')

- some global fits
CMSSM (frequentist and Bayesian)

beyond CMSSM and MSSM
- invisible Higgs
- 2 examples from extra dimensions
- asymmetric DM
- effective field theory approaches (and limitations)

- possible searches at lepton colliders
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Implication of Planck results

global fit to cosmological parameters, combining Planck
with other measurements (1303.5076)

baryons ,h° = 0.02214 + 0.00024

Sl Y coM Q,,h* = 0.1187 + 0.0017
Dark energy (2, = 0.692 = 0.010

H h = 0.6780 = 0.0077
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Where is dark matter ?

- the WIMP miracle (reminder)

back to MSSM
relic density
interaction with matter



The WIMP “miracle”

'initially' the early universe is dense and hot and all particles are in thermal equilibrium

the universe then cools to temperature T below the dark particle's mass m,

= number of dark particles becomes 'Boltzmann' suppressed

i.e. dropping exponentially as e "' "

the number of dark matter particle would drop to zero
except that in addition to cooling the universe is also expanding !

eventually the universe becomes so large and the gas so dilute
that the dark matter particles cannot find each other to annihilate

= the dark matter particles then 'freeze out’

with their number asymptotically approaching a constant
i.e. their thermal relic density

note that freeze out also known as chemical decoupling is distinct from kinetic decoupling
but interactions that mediate energy exchange between dark matter and other particle may remain efficient

after thermal freeze out interactions that change the number of dark matter particle become negligible



The WIMP “miracle”
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back to CMSSM ( for a short while for historical reason but not only ! )

at My, = 2 X 10°GeV :

- gauginos : M, =M,= m; =m,,
| . 2 2 __ 2 __ 2 2
- scalars : o, =My =my =My =m,
- trilinear soft terms : A=A =A,
2 2 2
- 2 my — mytan” mé
- radiative EWSB : p- = . —
tan 8 — 1 2
1500

= five independent parameters

M,,, m,, A, tanf, sgn(u) _
1000F

= reminder :

Mass [GeV]

neutralinos (and gluinos) are !
Majorana fermions >00
R-parity is assumed to be conserved

X e
at ~EW scale : M3:XBSiHZQWM2:§—COSZQWM1 P T S T TN S T

0
M,:M,: M, ~7:2:1 Log,,(Q/1 GeV)



in MSSM

Neutralinos ( i.e. Majorana fermions in MSSM - see later on for Dirac gauginos)

~i0 i,1 F i,?2 ~3 i,3 NZ 1,4 ~L?
, T A A
Bino -

Wino

Higgsinos

- lightest neutralino (i=1) X f often considered as LSP and a candidate for DM

- couplings of lightest neutralino (i=1) to Z boson and Higgs boson can vanish

when it is purely gaugino N ;=N ,=0 or purely higgsino N, =N ,=0

More details in the backup



Mass constraints on lightest Neutralino
Constraints on the mass of lightest neutralino from colliders come from
LEP and usually assume CMSSM and combination of various susy searches

the 'would be' invisible Z boson decay constraint at M, /2 does not hold since the lightest
neutralino can decouple from the Z boson

PDG: m, > 46GeV  (the most stringent constraints from colliders) ‘
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Dark Matter relice density :
main annihilation channels at rest
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Dark Matter relic density: main annihilation channels at rest

X 7
0
X
I
X s o w0
X 4
7z
N
X NHoh

(cont')

X Rpap——
0
X
I
X — — —oHR
X /A
Z ¥
N
X %
X LA
A 4
A e
N
X N Hoh



Example of relic density calculation

coannihilation
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interactions with matter (with nucleon quark)

because of the Majorana nature of the X (i.e. Xy"X=0 and X ¢"*X=0)
the most general lagrangian at the level of quarks is described by the 4-fermion
L= (4

Y'Y X Gy, y q)+ ]

axial vector or spin dependent interactions

lagrangian :

><1|

scalar or spin independent interactions

the scalar contribution is dynamically reduced w.r.t. the spin dependent one

in models where the LSP is mostly a Bino one typically obtains :

=10 — 10" pb for Spin Dependent (SD) cross sections

X p

0";1_ p = 10" —10"" pb for scalar or Spin Independent (SI) cross sections



candidate “direct” interactions (with nucleon quark)

X | X X X
| ~
H,h %
|
q = = q q q
Scalar (S]) scalar and spin dependent
X | > q X X
I ot
1 q 4
|
q > X q = > q
scalar and spin dependent spin dependent (SD)

scalar and spin dependent interaction of the lightest neutralino X, with matter

the exchange of a sfermion in the s or t channel leads to both type of interactions



Dark Matter direct detection

WIMPs can potentially scatter with nuclei through both spin independent and
spin-dependent interactions

the experimental sensitivity to spin-independent couplings benefits from coherent

scattering which leads to cross sections and rates proportional to the square of the
atomic mass of the target nuclei

the cross section for spin-dependent scattering, in contrast, are proportional to J (J+1)
where J is the spin of the nucleus and thus do benefit from large target nuclei

as a result the current experimental sensitivity to spin-dependent scattering is below
that of spin independent scattering of WIMPs with nuclei



Where is dark matter ?

- some recent non-accelerator experimental results (summer 13')



Dark Matter direct detection

Xenon 100 E. Aprile etal. PRL 109 (2012) arXiv:1207.5988
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pure Wino or pure Higgsino state Neutralinos have vanishing coupling to Higgs

however they can be probed by indirect detection



Dark Matter direct detection
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Dark Matter direct detection

DAMA, CoGent, Cresst and CDMS claim a signal in the low mass region
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Dark Matter direct detection
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Contribution from IceCube — strongest constraints on SD Xsection

40

Dark Matter direct detection

SD WIMP-proton cross-section limit
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Dark Matter indirect detection
XX - tt, bb,cc, Tt , ... WW, ZZ
and secondary particles as neutrinos, photons, positrons ...

in particular annihilation of neutralinos in the halo can be characterized by :

- monoenergetic photons through the 1-loop processes XX YY,YZ

5

MZ
2M,,,

Y

E:Mwl—(

- continuous spectrum of photons through the decay of annihilation product
mostly from the decay of 1t° produced in hadronization

- nearly monoenergetic positrons (from direct annihilation)

- 'soft' positrons (from ", T, u decay)




Dark Matter indirect detection

Fermi two-year all-sky map




Dark Matter indirect detection
Observation of a line in the galactic center ?

Regd (ULTRACLEAN), E, =129.8 GeV

Signal counts: 46.1 (4.360) 80.5 - 210.1 GeV

wo-year all-sky map
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Dark Matter indirect detection
Observation of a line in the galactic center ?

Regd (ULTRACLEAN), E, =129.8 GeV
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Dark Matter indirect detection
Observation of a line in the galactic center ?
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Dark Matter indirect detection

upper limit on DM annihilation Xsection into lepton
from AMS2 results
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Bergstrom, Bringmann, Cholis, Hooper, Weniger, arXiv 1306.3983



Where is dark matter ?

- some global fits

CMSSM (frequentist and Bayesian)
beyond CMSSM and MSSM



Dark Matter : global fit “MasterCode”

SUSY: scattering cross section on nucleons down to ~10~* cm?” (10™" pb)

example with CMSSM after LHC 5 fb~', XENON 100 and B, - u Tu

-40 S
1 D from MasterCode (frequentist)
41 EPJC72 (2012) 2243
‘10_ r red: 68 % CL, blue : 90 % CL
solid : includes LHC 5 fb™", BR(B,—u " "), and XENON 100
42 best fit point : solid green star
10 " dashed : includes LHC 1 fb~" 'only'
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from L. Baudis Talk EPS HEP 2013



Dark Matter “ global fit “BayesFITS”

CMSSM and 1-tonne DM detectors

Bnﬁru:g
FITS
Posterior pdf *  Best fit '
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Kowalska, Roszkowski, Sessolo, JHEP 06 (2013) 078

from Roszkowski talk Moriond QCD 2013



Dark Matter “ global fit “BayesFITS”

. + _ . o o o
if BR(B,— u" u )=~SM value with 5-10% precision = A funnel region gone ©
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- no DM signal in 1 ton detectors
& (see next slide)

- DM signal at ~ 500-750 GeV
from Roszkowski talk Moriond QCD 2013
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Dark Matter “ global fit “BayesFITS”

BayesFITS (2013)
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Dark Matter : beyond CMSSM

one can now depart from CMSSM often considered as to restrictive

= 2 examples of alternatives:

example 1 : 'mon universal Higgs mass models' NUHM
i.e. one or two non-universal supersymmetry-breaking

parameters contributing to the Higgs masses (NUHM1,2)

example 2 : 'phenomenological MSSM' pMSSM i.e. a MSSM version
without the 100++ parameters but a subsample of them

with no assumption at high scale but assuming :

- CP-conserving MSSM (no new CP phases)
- MFV

- first two generations of sfermions degenerate

19 parameters in pMSSM



Dark Matter : beyond CMSSM -» NUHM

example 1

: 'mon universal Higgs mass models' NUHM

i.e. one or two non-universal supersymmetry-breaking

parameters contributing to the Higgs masses (NUHM1,2)

NUHM parameter | Description Prior Range Prior Distribution
Mo Universal scalar mass 0.1, 4 (0.1, 20") | Log (Linear)

my o Universal gaugino mass 0.1, 4 (0.1, 10) Log (Linear)

Ag Universal trilinear coupling | -7, 7 (-20, 20) Linear

tan Ratio of Higgs vevs 15. 35(3,62) Linear

SEN L Sign of Higgs parameter +1 or —1 Fixed

mi, GUT-scale soft mass of H,, | 0.1, 4 (0.1, 20) | Linear

WL, GUT-scale soft mass of Hy | 0.1, 4 (0.1, 20) Linear

Nuisance parameters like in the CMSSM

Kowalska, Roszkowski, Sessolo, JHEP 06 (2013) 078




. BayesFITS (2013)
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Dark Matter : beyond CMSSM -» NUHM
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the A funnel region will remain prominently allowed even if a future

determination of BR (BS—> U u _) will narrow it down to basically the SM value



Dark Matter : beyond CMSSM -» pMSSM

example 2 : 'phenomenological MSSM' pMSSM

tanfS  [5,50] | My,  [70,500]
My [100,1000] | Mg,  [70,500]
M,  [10,70] | A, [—1000,1000]
M,  [100,1000] | My,  [100,500]
i [100,1000] | Mg,  [100,500]

LEP limits mgx > 100 GeV
m; > 84 — 88 GeV (depending on m )
invisible Z decay Iz 5050 <3 MeV
L magnetic moment Aa, < 4.5 x 107
flavor constraints BR(b — s7) € [3.03,4.07] x 107"
BR(B, — ptpu~) € [1.5,4.3] x 10~
Higgs mass myo € [122.5,128.5] GeV
AY H® — 7t~ CMS results for £ = 17 ftb™', m™ scenario
Higgs couplings ATLAS, CMS and Tevatron global fit, see text
relic density Qh? < 0.131 or QA* € [0.107,0.131]
direct detection XENON100 upper limit
indirect detection | Fermi-LAT bound on gamma rays from dSphs
pp — OXE Simplified Models Spectra approach, see text
pp — £HE

Belanger, Drieu La Rochelle, Dumont, Godbole, Kraml, Kulkarni,arXiv1308.3735



Dark Matter :

beyond CMSSM - pMSSM

example 2 : 'phenomenological MSSM' pMSSM
tan8  [5,50] | Mz,  [70,500]
Mo [100,1000] | Mg,  [70,500]
M,  [10,70] | A. [—1000,1000]
M,  [100,1000] | My,  [100,500]
u o [100,1000] | Mz,  [100,500]

. . LEP limits
'basics constraints'

Mgt > 100 GeV

m; > 84 — 88 GeV (depending on m )

invisible Z decay

X
I-‘,E:T—y 0= <5 0 MeV

X1Xi

j¢ magnetic moment

Aa, < 4.5 x 107

flavor constraints

BR(b — s7) € [3.03,4.07] x 107"
BR(B, = ptu~) € [1.5,4.3] x 107°

Higgs mass

myo € [122.5,128.5] GeV

AV HY =5 77~

CMS results for £ =17 tb™", m}™ scenario

Higgs couplings

ATLAS, CMS and Tevatron global fit, see text

relic density

Qh? < 0.131 or QA2 € [0.107,0.131]

direct detection

XENON100 upper limit

indirect detection

Fermi-LAT bound on gamma rays from dSphs

PP — X9XT
pp — £HE

Belanger, Drieu La Rochelle, Dumont, Godbole, Kraml, Kulkarni,arXiv1308.3735

Simplified Models Spectra approach, see text



Dark Matter : beyond CMSSM -» pMSSM

compatible with Higgs signal strength
as derived in arXiv 1306.2941

fulfill 'basics constraints' 100

and A, H— 7T from CMS ; | |
(cyan) !
10 =
r}: B
1 =
G £
0.107 < QK <0131 0.1 -
(orange) . TE
0.01 | ' ' -
pass LHC limits on neutralinos 0 Jg 20 30 40 50 60 70
charginos and sleptons
red and orange ¥y Y (GeV)

grey points: pass all constraints including DM
but excluded by LHC

Belanger, Drieu La Rochelle, Dumont, Godbole, Kraml, Kulkarni,arXivl1308.3735



Dark Matter : beyond CMSSM -» pMSSM

compatible with Higgs signal strength
as derived in arXiv 1306.2941

fulfill 'basics constraints' 100

— | |
and A, H— 7T from CMS 5
(cyan) !
10 =
r}: B
G £
0.107 < QK <0131 0.1 -
(orange) _ lf
0.01
pass LHC limits on neutralinos 0 70
charginos and sleptons
red and orange ¥y Y (GeV)

. > 1
grey points: pass all constraints including DM m,. > GeV

2 .
but excluded by LHC from (2 h° constraints

Belanger, Drieu La Rochelle, Dumont, Godbole, Kraml, Kulkarni,arXivl1308.3735
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Dark Matter : beyond MSSM -» NMSSM

NMSSM superpotential can be written as :

w

Wissy =|-L-Hy A, E — QH,A, D + Q-H, A, Ul+|ASH,H, + %s

MSSM superpotential (without the u term) additional terms

3 CP-even neutral Higgs boson H, , i=1,2,3 which mix in general
2 CP-odd neutral Higgs boson A, , A,

5 neutralinos : mixture of bino, neutral wino neutral higgsinos and singlino

X'=N.,B+N,W’+N, H,+N, H+N,S

glvd glvu
M, 0 ———— — 0
1 V2 V2
g,Vv, g,V . . _.~_.~3~0 r70 ©
N, F2Ye _9aVa 0 in the basis (—iB,—iW >, H,H ,S)
M; = ’ V2 V2 ‘ )
0 —A <S> —Av,
0 —?\Vd

2Kk <S8 >



Dark Matter : beyond MSSM -» NMSSM
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Dark Matter : beyond MSSM -» NMSSM
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Dark Matter : Dirac gauginos (beyond N=1 ?)

reminder :
before breaking of SUSY, SUSY extension of SM have a so called continuous R-symmetry

V(x,0,0) - V(x,0e'*,0e'") for gauge superfields
S(x,0) — e*“S(x,0e™) for quark and lepton superfields
H,,(x,0) > e"H, (x,0e'") for Higgs superfields

which prevents, for example, gluino and gravitino (Majorana particles) to have mass !

gluino have not been observed = supersymmetry must be broken
(argument already existing at the time of P. Fayet !)

= one must abandon the continuous R-invariance in favor of its discrete version
i.e. R-parity (see for example R. Barbier et al. PRC 420 (2005) 1)

= get MSSM with massive gauginos including neutralinos (Majorana particles)
and conserved R-parity

M.R. Buckley, D. Hooper, J. Kumar, arXiv:1307.3561
Benakli, Fortschr. Phys. 50 (2011) 1079

Benakli, M.D. Goodsell, A.K. Maier, NPB 851 (2011) 445
Benakli, M.D. Goodsell, NPB 816 (2009) 185

Benakli, M.D. Goodsell, NPB 830 (2010) 315

Benakli, M.D. Goodsell, NPB 840 (2010) 1

. Belanger, K. Benakli, M.D. Goodsell, C. Moura, A. Pukhov, JCAP 08 (2009) 027

QRIAAPA



Dark Matter : Dirac gauginos (beyond N=1 ?)

other equivalent ways to see this =
- R-symmetry broken in MSSM by Majorana gaugino masses

- in R-symmetric models gauginos cannot acquire Majorana mass terms

however one can still go back to R-symmetric SUSY models by considering

Dirac gauginos instead of Majorana gauginos

=> this requires new chiral superfields in adjoint representation of SM gauge groups
which combine with the Majorana gauginos to form Dirac states

- one can add an adjoint singlet S for U(1), triplet T for SU(2) and octet O for SU(3)

such additional particle content in the weak-scale spectrum can be motivated in models with N=2 supersymmetry

- the singlet can also giveriseto y H,H, a la NMSSM

- gravitational multiplet (in which gravitino is) must be extended in N=2 representations



Dark Matter : Dirac gauginos (beyond N=1 ?)

in addition the presence of u and Bpu terms for the Higgs doublet is incompatible

with an R-symmetry =

- one can consider the Higgs sector as the main source of R-symmetry breaking
(Benakli et al)

- one can generate masses for Higgsinos if the Higgs sector is enlarged to include

multiplet R , R, allowing for terms of the form: u H R, +pu,H R,
(Hooper et al)

R,, R, do not participate to EWSB but allow for Higgsinos masses without breaking R-symmetry

within N=2 supersymmetry H , R, and H,, R, constitute a complete hypermultiplet
depending on the approach one can get different kind of Dirac neutralino
mass matrix after EWSB

for example (Hooper et al) :

M, 0 —M,cosBsinf,, M ,sinfsinf,, B

(1~3', W i, 0 ) 0 M, M ,cosBcos@, —M,sinpBcosh, v}f
“ { —M,cosBsind, M,cosBcos@, —u, 0 R,

M ,sin Bsinf,, —M,sinfcos@,, 0 —u, R,



Dark Matter : Dirac gauginos (beyond N=1 ?)

- or the LSP can be a linear combination of 6 states (Benakli et al.)

a possible neutralino mass matrix could be :

V24,

!

V24,

M ,sin Bsin 0,,

M ,cos Bsin 0,

in the

M,
M,
0
0

—M ,cos Bsin0,,

—M ,sin Bsin 0,

~/

= T <70 0] 70 o)
B',B,w", W', H;, H,

0 0
0 0
M'Z MZD
- MZD M2
V27,
—TMZSHIBCOSQW M ,cosBcos0,,
V2A

——IM,cosBcos@, —M,sinpBcosO,,

basis

V24,

I

M ,sinBsin@,,

—M ,cosBsin@,,
V22

T .
—— M ,sinBcos 0,

M, cos Bcos 0,

0

—H

and with 6 additional parameters in addition to MSSM parameters :

Myl’ M'2, MlD’ M2D’ AS’ AT

22
LszcosBsinew
M ,sin Bsin0,,

V2A

T
——M ,cos BcosO,,

—M ,sin Bcos 0,
—H

0




Dark Matter : Dirac gauginos (beyond N=1 ?)

- bino, wino and Dirac-Gaugino-adjoints majorana masses :
1
2

- bino, wino and Dirac masses :
17X YA7 1&X D D!
~M, WW'“— M, BB

~ ~

MWW+ M, BB+M ,W°W"+M' BB

- gauge interactions between gauginos, higgsinos Higgses :

!

_ 9 (
V2 Jz

leadingto : —M, [sin@w (sinBﬁSB—cosBﬁZB ) + cos 0, ( cosBH, W’ —sinB HW*

| H.o'H,B-H,o'H,B| - H,o'HW —H,o'H,W'|

- coupling (from superpotential) between Dirac-Gauginos adjoint, Higgs and Higgsinos :

(7 D' ' [ T 7l i T ~r i
Ay |H,H,B'—H,H,B'| -, |H,[o'H,|W"—H,[o'H|W"
2 Agsi - - 2A - -
giving: —M, y Sgs,mew | sinBHSB' + cos BHIB" | — V2 TgCOSQW | cos BHIW " + sin g HSW *° ]

- u term contributing to the higgsinos masses :
wH; H;



Dark Matter : Dirac gauginos (beyond N=1 ?)

contours of 2 h*=0.11 (mixed bino/wino/higgsinos LSP) scenario in (M,,, M)

S00
- =500 Ge)

M,, (GeV) — oL

700 . red £=300 GeV

600 |—

500 |[—

400

=200 # blue p=1 TeV

| | | | | | | | | |
200 400 SO0

G. Belanger, K. Benakli, M.D. Goodsell, C. Moura, A. Pukhov, JCAP 08 (2009) 027



Dark Matter : Dirac gauginos (beyond N=1 ?)

elastic scattering Xsections

mixed bino/wino/higgsino scenario

prediction for Dirac gaugino models for &y E/—g""
elastic scattering cross sections are usually QO _gF COM A=1
L .- _ = sl
suppressed when compared to an equivalent 9,:1 BT
MSSM scenario because : O g ]
10 E_ N\Sg\}h. %
- LSP has lower Higgsino fraction g i
10 |
= bl tles el V
- relic abundance relies more on coannihilation in DG red HEI00 GeV] —_merop
—11 [
10 =
- further suppression due to interference between squark H
. . 10—12 _I |greelp U 5 0 GeV
and Higgs exchange ( dips for u=300, 500 GeV ) 400

MLSP(Ge\/)

a large increase is expected when LSP has significant Higgsinos fraction
this occurs when M, ~u or when Ag#g '[4/2

G. Belanger, K. Benakli, M.D. Goodsell, C. Moura, A. Pukhov, JCAP 08 (2009) 027



Where is dark matter ?

- invisible Higgs



Invisible Higgs boson decay

bound on invisible Higgs boson decay width constrains the DM elastic
scattering cross section on nucleons for DM candidates with mass
below M, /2

1077 EI IE

from global fits o
BR_ < 0.24 (solid line) =
q E? 1079 : =

BR, , < 0.34 (dot-dashed) = - :
allowing for non standard value of h—yy and gg é‘ 10710 ¢ -
o §

5 10 /

i /' vector :

XENON 1T downto ~10"" pb Wl // -
10 gl IS TN TN T T T R N Y Y YT YT Y TS T NI T N T Y N Y Y Y E

(for DM masses = 10—20 GeV) 0 10 20 30 40 5 60 70

DM mass in GeV

from G. Servant Talk EPS HEP 2013
Giardino, Kannike, Masina, Raidal, Strumia 1303.3570



Invisible Higgs boson decay

I I |

BR(h — xx) Z
My = —pu =150 GeV
tan 3 = 10 i
0.1} ;
M, = 0.1M, -
*'hfl — ngfg b
0.01 " M, =0.5M, -
[ universality relation § ]
| | l ] ]
100 110 120 130 140
My, [GeV]

which leads to lighter LSP while the (LEP) bound m,. <104 GeV is still respected

when kinematically allowed — sizable BR (h — XX}

lr 1 | | ]
: BR(h — xx) :
: My = p = 160 GeV -
i tang8 = 10 1
;'Hrl = Dlﬂrfg . .a'_f
2 o oY '#__,"* =
- o My = 0.3M, -
- M; = 0.5M, .
universality relation
0.01 ! . '
100 110 120 130
ﬂifh [GEW

in particular when universality relation are relaxed

1440

Djouadi hep-ph/0503173



Invisible Higgs boson decay

BR are smaller for <0 (the inos are less mixed)
BR become smaller for increasing tan except for m,~m,

when the universality relation M, =~ > M, is assumed —

the phase space allowed by the constraint m,.>104 GeV is rather narrow
the invisible decay occurs only in a small m, range near the maximal value
however in the yu>0 case, the BR can reach the level of 10%

when the universality assumption is relaxed: M, ~ 0.3M, and M, =~ 0.1M, -

the invisible decay h— X{ X7 occurs in a much larger portion of the parameter space

despite that in this case X; is bino-like and its coupling to h is not very strong
(in particular for <0 it even vanishes for M,~0.3 M, in a small m, range near the decoupling limit



Invisible Higgs boson decay

Prospects on the search for invisible Higgs decays in
the ZH channel at the LHC and HL-LHC:

A Snowmass White Paper

Hideki Okawa', Josh Kunkle®, and Elliot Lipeles®

'Brookhaven National Laboratory, Upton, NY, USA
2University of Pennsylvania, Philadelphia, PA, USA

October 1, 2013

Abstract

We show prospects on a search for invisible decays of a Higgs boson at
the Large Hadron Collider (LHC) and High Luminosity LHC (HL-LHC). This
search is performed on a Higgs boson produced in association with a Z boson.
We expect that the branching ratio of 17-22% (6-14%) could be excluded at
95% confidence level with 300 fb=! (3000 fb~!) of data at \/s = 14 TeV. The
range indicates different assumptions on the control of systematic uncertainties.
Interpretations with Higgs-portal dark matter models are also considered.

expect BR of 17-22 % (6-14 %) could be excluded at 95% CL at LHC14
at 300 fb~' (3000 fb™ ")

arXiv:1309.7925



Where is dark matter ?

- 2 examples from extra dimensions



Minimal Universal Extra Dimensions imUED)

- all SM fields in a 5D bulk

further extension of TeV

- 4D SM particles identified to Oth KK mode |

- 1** (and beyond) KK modes are massi
loop corrections involving bulk fields
lead to non degenerate mass spectrum

VV

=

- EW constraints=# M > 300 — 600 GeV

- momentum conservation in bulk

- KK-parity

650

600

530

500

Taly

-
¥ 1 n

Cheng, Matchev, Schmaltz PRD66, 056006

- pheno. similar to SUSY with conserved R-parity

- KK states produced in pairs

-1 KK + 1 SM in a KK state decay

possible cascade decays

- stable LKP (DM candidate)
source of MET

58

65

60

95

50



Qh?

Fig. 3. Prediction for 93{1};‘12 as in Fig. 1. The solid line is the case for B'Y alone, and the dashed and dotted

lines correspond to the case in which there are one (three) flavors of nearly degenerate ¢ ). For each case, the
black curves (upper of each pair) denote the case A = 0.01 and the red curves (lower of each pair) A = 0.05.
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Branon Dark Matter

- in ('flat") extra-dimensions models with low brane tension [ ( lower than M )
fluctuations of the brane along the extra-dimensions are the only relevant low energy mode

- the particles associated to the fluctuations of the brane in the extra dimensions are
scalar particles called branons 7"

- branons can be massive (with mass M )

- branons interact by pairs with the SM energy momentum tensor via a mass term and
derivative term with f* suppressed couplings

Loy = %g”vﬁunaévna —%Mzrrarra—l— éf4 ( 40,1 0,1 —MZTr(XTr(XgW "

- branons are stable, weakly interacting and invisible — DM candidate

- despite their coupling suppression, branons can be abundantly pair produced in association
SM particles at the LHC (and to some extent also at IL.C and CLIC, ...)

- for example branons can be pair produced in association with one y
/

S

A. Dobado, A.L. Maroto astro-ph/0411262

-

e.g. J.A.R. Cembranos



Branon Dark Matter

2500

EXCLUDED —
2000  LEP + TEVATRON ﬁﬁq% T—

500 |

500 1000 1500 2000

M (Gel)

J.A.R. Cembranos, J. Lorenzo Diaz, L. Prado, PRD 84 (2011) 083522



Branon Dark Matter

constraints from Atlas (derived by J.A.R. Cembranos, R.L. Delgado, A Dobado, arXiv: 1306.4900)

40{] T I T T T T

ALLOWED

350

300

250

200

f[GeV]

150

100
Tevatron (I1)

50 1
EXCLUDED
D 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000
M [GeV]

Work in progress for direct constraints from CMS (J. Neveu Thesis)



Where is dark matter ?

- asymmetric DM



Asymmetric Dark Matter (ADM)

i.e. relating baryon and DM abundances Q o~ O Q b

common dynamics ?

_ several possibilities :
Dark Matter

- asymmetries in baryons and
DM generated simultaneously

- pre-existing asymmetry in one
transferred to the other

Dark Energy

np, ~ N

Mmpy,, ~ 5m

proton

from G. Servant talk EPS 2013 and K. Zurek LP 2013 precise DM mass calculable in a given model

see Petraki, Volkas arXiv:1305.4939 and Zurek arXiv:1308.0338



Asymmetric Dark Matter

1) an asymmetry is created in the visible and/or dark sectors

the asymmetry may be created via standard baryo- or lepto-genesis
then communicated to the DM sector

it may be generated in the DM sector and then transferred to the baryons and leptons
in the visible sector

or a baryon and DM asymmetry may be generated simultaneously

2) the process which communicates the asymmetry between sectors decouples
separately freezing the asymmetry in the visible and dark sectors

3) if the dark sector was thermalized in the process of asymmetry generation
the symmetric abundance must efficiently annihilate away

by analogy with the SM sector, the most efficient way is via annihilation to force carriers

for example, e’ e~ annihilates to photons until only the component fixed by the baryon
asymmetry remains

in the presence of light dark forces a similar process occurs for DM
though other mechanisms (such as higher dimension operators) may also be at work



Asymmetric Dark Matter

transfer mechanisms fall, in general terms, into two categories

- electroweak sphalerons
- higher dimensions and renormalizable interactions

generation mechanisms also fall in general into two categories
- simultaneous generation of baryon and DM asymmetries
sometimes called cogenesis electroweak sphalerons

cogenesis may occur via modifications to existing lepto- or baryo-genesis scenarios
that incorporate concurrent DM asymmetry generation such as:

- out-of-equilibrium decay
- Affleck-Dine mechanism

- electroweak baryogenesis

- asymmetry generation in the DM sector, which is then communicated via
one of the two transfer mechanisms (Darkogenesis)

asymmetry canbe generated in the DM sector by models that mimic some of the successful features
of existing baryogenesis scenario such as

- electroweak baryogenesis

- spontaneous baryogenesis



Asymmetric Dark Matter

with an existing asymmetry in both the DM and visible sectors a small asymmetry
floats on top of a large thermal abundance

when the DM carries a substantial asymmetry, the usual freeze-out calculation
for the DM relic abundance is modified :

annihilations of X X remove most of the thermal symmetric component of DM
leaving mostly the asymmetric component

this thermal abundance must be efficiently removed through some mechanism
and there are predominantly two ways to do this :

X

light force mediators @ (scalar or vector) heavier mediators (coupling to SM)



Asymmetric Dark Matter
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Cirelli, Panci, Servant, Zaharijas, JCAP 03 (2012) 015 x = mpy/T



Asymmetric Dark Matter

many possible models of asymmetric DM with possible rich dark sector

— DM may also be stable member(s) of some relatively complicated
gauge theory constituting a hidden sector

as proton, electron, photon and neutrino are stable 'relic' of

the visible matter (VM) of a larger SM particle content

complicated dark sector is not mandatory but 2 things are :

- a conserved (or approximately conserved) dark global quantum number

sometimes called D or B, for dark baryon number (in contrast to B and/or L. number)

- an interaction to annihilate away the symmetric part



Asymmetric Dark Matter

interactions that lead to a relation between VM and DM asymmetries are either
described by an explicit renormalizable theory or by effective operators of the:
form (sometimes called transfer operators):

O(B_L)v OB

D

where O, is formed from visible sector fields in a combination that carries
non zero (B—LJ,

while Oy is a dark sector analog

the interactions must preserve some linear combination of the (B—L}, and B,
numbers otherwise they would washout both asymmetries

some of these operators can lead to interesting collider signatures if the effective
scale is in the TeV regime



Asymmetric Dark Matter

- in some specific models the connection between VM and dark sector is
accomplished through multiple copies of Dirac fermions X

- integrating out X, effective operators of the following form can for example
be obtained:

1
A7

c

Y. P

dp

where ¥ and & are DM fermion and scalar (in a certain scheme)

- one expect that at the LHC the highest sensitivity will be to these operators
containing u and d quarks

- one can have the following interactions:
A
M?
where a certain flavor structure has been specified (M is the scale above which
a UV complete theory shouls be specified)

“dpy + C YV P

XL SR (UR

- through real or virtual X exchange these interactions allow for the process

qq' > g ¥ & giving rise to mono-jet + MET events at LHC



Asymmetric Dark Matter

ADM models can feature a U(1) gauge interaction that couples to both
the visible and dark sector

for example a U(1) interaction with conserved |B—L|, — B, charge
the gauged U(1) is spontaneously broken resulting in a massive Z' boson that has

decay channels to both VM and dark sector particles

experimentally this manifests as a Z' resonance with an invisible width that
that cannot be accounted for by standard neutrinos

pp— ZZ'— 11"+ MET pp— yZ'
e"e” > ZZ'—>1"1"+ MET e"e” — yZ' i.e.monophoton
VA {
_‘_Mz —— W Y
X X

— g ——hnd

Z’."



Where is dark matter ?

- effective field theory approaches (and limitations)



Dark Matter
assuming WIMP is SM singlet (and a light Majorana particle)

interacting with SM through higher dimensional operators (model independent picture) :

L = G | XI'*x |x| qI''q |

int,qq

L?;TGZ} = G, [ XTIX }X( GG orGG ) where G is the gluon field strength and G*"'=€"""" G, / 2

pO

assume only one M operator dominating at a time

Name Type Gy r r4
M1 qq mq /2M: 1 1
M2 qq img /2M: Vs 1
M3 qq img /2M? 1 Vs
M4 qq mg /2M; Vs Vs
M5 qq 1/2M; VsV yH
M6 qq 1/2M; V5 Vi ysyH
M7 GG os /SM? 1 -
MS8 GG ios /8M3 Vs -
M9 GG s /8M3 1 -
M10 GG iots /M3 Vs -

Goodman, Ibe, Rajamaran, Shepherd, Tait, Yu, PLB 695 (2011) 185
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Dark Matter

PICASSO p limits
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Dark Matter effective field theory approach

Name Operator Coelficient
D1 Yxdag m,/M;
operators coupling WIMPS to SM particles D2 XY xqq im, [ M:
D3 XXavy'q im, /M:
. D4 YY xdy'g mg,/M;
operator names with D, C, R apply D5 Sy yavig Vive
to WIMPS that are respectively D6 XYY Xqvud L/ M,
D7 Xr“xqy.v'q 1/ M;
: . D8 XYY XGvu v q 1/ M3
- DlraC fermIODS D9 j-*r;'-‘”’f@u'##q ]I,-"ﬂa;f%
D10 EJPJ'T:‘X{FI‘TWﬁq {.XM;
- complex scalars DIl ¥xG.,G"" . /4M?
D12 XY xG o G*” ice, JAM?
- real scalars D13 ¥xG,,G"" ia, /4M>
D14 ¥y xG ., G*" a, [4M]
Cl1 ¥ vag m, /M
C2 ¥ yvav'g !;H!w"'ME
C3 xfﬂpxﬂry“q 1 /M3
C4 x . xdy*v'q 1/ M3
C5 x1xG..G* a, 4M?
C6 x1xG,..G*" i, /4M3
R1 Y-ddg m, /2M;
R2 X dvq ;'HTHIEME
R3 X6, G*" a, /8M?
R4 XG,,GH*" ice, /8M2

Goodman, Ibe, Rajammaran, Shepherd, Tait, Yu, PRD 82 (2010) 11601¢
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Dark Matter (EFT)
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Limitations of EFT approaches

consider DM to be a fermion whose interaction with quarks are mediated by

a heavy scalar particle S through the lagrangian :

1

Loy = 5 M'S" = 9,GqS — guXX S
/9 1/9
q DM q DM
q DM q DM

at energies much smaller than M the heavy mediator can be integrated out
resulting in a tower of non renormalizable operators for DM interactions with quarks

= lowest-dimensional effective operator has dimension 6 : Og = e X X] Ggq
1 _ 9x9Y,

2 2
A M G. Busoni, A. De Simone, E. Morgante, A. Riotto, arXiv:1307.2253

with



Limitations of EFT approaches

to assess the extent to which the effective description is valid one has to compare
the momentum transfer Q, of the process of interest e.g. pp —>XX+ jet/y

to the energy scale and impose that A>Q,.

one way of doing this is to consider ratio of Xsection obtained in EFT
by imposing the constraint Q, <A (on the PDF intregration domain)

over the Xsection obtained with the EFT without such a constraint :

1 TeV 2 2
f dp J' d O-eff |
T Q. <A
R = U eftlQ, <A _ —2 dedT]
AT o T 1 TeV 2 dz
off J‘ dp J’ O ot
T

G. Busoni, A. De Simone, E. Morgante, A. Riotto, arXiv:1307.2253



Limitations of EFT approaches

contours indicate the regions in the parameter space (A,m,,,) where
the description in terms of effective operator is accurate and reliable

3[}0“ i T T T T T T T T 11
120 GeV = pr = 1 TeV
2500 7] =2
2000 |
% . R.O= 750, - e
O 1500L o Ry
< i
1000 [
S00F R
_ RA™'= 10% ]
C_| 1 -L——I—'r__l_-l_-l--; 1 1 1 1 | | I O O
10 102 10°

Mpm [GEV]

even for very small DM masses having R, at least 75% requires a cutoff scale

at least above 1 TeV

G. Busoni, A. De Simone, E. Morgante, A. Riotto, arXiv:1307.2253



Limitations of EFT approaches

one can also compare the effective operator with a UV completion (i.e. L, )

for example : d’o,

_ dedn

Fovietsf =

Q.,<M

dz(feff
dedn

|Qtr<A

helps in quantifying the error using the EFT truncated at the lowest-dimensional

operator w.r.t its UV completion (for given p,, n of the radiated object )

values of r,.; close to unity indicate the effective operator is accurately

describing the high energy theory, whereas larger values imply a poor effective

description

G. Busoni, A. De Simone, E. Morgante, A. Riotto, arXiv:1307.2253



Limitations of EFT approaches

| | 4 T T

Lot

120 GeV = pr < 1 TeV
7l =2
mD]\,{:l[] GeV

MM =200 GeV
DM =500 GeV

mMpmM= 1000 GeV

I UV /eff

A=M [GeV]

in this example (with these numerical inputs) EFT seems to be valid when

mediator has mass greater than 2-2.5 TeV

G. Busoni, A. De Simone, E. Morgante, A. Riotto, arXiv:1307.2253



Limitations of EFT approaches

further caution when comparing only the EFT limit with direct searches

from a study of monojet searches at LHC interpreted in terms of DM for vector
and axial vector interactions :
- EFT valid when mediator has mass greater than 2.5 TeV

- current limits on the contact interaction scale A in EFT apply to theories
that are perturbative for DM mass m,, <800 GeV

- however for all values of m,,, mediator width tends to be greater than the mass
= particle-like interpretation of mediator is doubtful

- furthermore consistency with thermal relic density occurs only for

170 < m,,, < 520 GeV

- for lighter mediator masses EFT limit:
either under-estimate true limit - because process is resonantly enhanced

either over-estimate it - because missing energy distribution is too soft

O. Buchmueller, M. J. Dolan, C. Mc Cabe, arXiv:1308.6799



A (GeV)

104

1000

100 |

ADM and conventional EFT approaches
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J. March Russel, J. Unwin, S. M. West, JHEP1208(2012)029



ADM and conventional EFT approaches

- from this analysis: demanding efficient annihilation of the symmetric component
seems to lead to tension with experimental limits if the annihilation is directly

to SM particles

- EFT analysis of model independent constraints on ADM from direct detection
and LHC monojet searches

— exclude models of ADM with mass 1 < mg,, <100 GeV annihilating
to SM quarks via heavy mediator

— experimental constraints on theories of ADM require that the DM part
be part of a richer hidden sector of interacting states of comparable mass

or lighter

- constraints are much weakened for lighter particle (including mediator)
especially when the mediator particle is on resonance m,,=2m,
(however look at constraints from lower energy e e~ machine experiments

such as Babar & Belle
J. March Russel, J. Unwin, S. M. West, JHEP1208(2012)029



Other contraints on low mass DM

comparing neutrino fluxes generated by solar models with observations
i.e. °B neutrino fluxes

= non annihilating DM particles with :

M,, < 10 GeV

I —2

o >3 %10 cm

I. Lopes, J. Silk, arXiv:1309.7573

produce a variation in - B neutrino fluxes in conflict with current measurements

i.e. accumulation of non annihilating light DM (5-16 GeV) produces a decrease in the

cental temperature of a few % which can be measured in solar neutrino fluxes

many constraints coming from stars (including sun) observation

= example : bosonic ADM excluded in the range 2 keV - 16 GeV

from neutron stars
C. Kouvaris, P. Tinyakov,PRL 107 (2011) 091301



Where is dark matter ?

- possible searches at lepton colliders



at low energy lepton colliders

monophoton as (very) light (fermionic) DM (LDM) signal

X — DM particle with mass m,
A' — mediator with mass m,
g, — coupling of mediator to electron

gx — coupling of mediator to LDM with g c<NaTm (perturbativity)

e — SM fermions of charge g, couple to mediator with g,=eeq;

when m,.>+'s, mediator is integrated out

= for fermionic LDM coupling through vector,

. . . €
axial scalar or pseudo-scalar mediator effective :
operators describing the interactions are (resp):
1 /- _ 1 (= 5\ (= 5
OV:P(quX)(ey“e), O, :?(quy X)(ey”y e) €+ e
1 (5o 1= sl
Os:?(xx)(ee) ) OPS_P(X}VSX)(BYSQ)
. m,.
with A=——
\/ge gX

. . . —4
- signal spectrum depends on m, and the rate is proportional to A
with correction of order m;,/m’. relevant only for A' masses close to center of mass energy

R. Essig, J. Mardon, M. Papucci, T. Volansky, Y.M. Zhong, arXiv:1309.5084



at low energy lepton colliders

- for mediators produced on shell
m, and g, are irrelevant as long as mediator does not have a significant

branching to SM fermions

signal spectrum is controlled by m,.

rate is proportional to gi with correction of order —;
9x
- for m,. < m,

signal spectrum depends on m, but not so much on m,, ,
m
A!

2 . .
g. gx) with correction of order

rate is proportional to >
Myx

R. Essig, J. Mardon, M. Papucci, T. Volansky, Y.M. Zhong, arXiv:1309.5084



at low energy lepton colliders

My region a) : mediator too heavy to be produced on shell

X X production via off-shell mediator

y dominantly produced as ISR

with spectrum rising towards low energies (high m, ;)

Vs> m, >2m, or m, <2m,

region b1) : mediator decays to X X
BR to SM particle assumed to be negligible

m, Vs /2 m i . : : S -
! region b2) : too light to decay into either XX or e’e

A' is hidden-photon-like i.e. decaying into 3 y outside detector

both case = y + MET signature (e+ e oyA'

spectrum peaked at m’, ,=m’. modulo detector resolution

regionc): 2m, >m, >2m,

mediator can be produced on shell but too light to decay to X X
could decay into other light hidden sector particle (if exists)

or to SM particles (depending on couplings)

R. Essig, J. Mardon, M. Papucci, T. Volansky, Y.M. Zhong, arXiv:1309.5084




at low energy lepton colliders

upper bound on g, as a function of m .
for on shell light mediator (region b) >

projected upper limit from an 'improved Babar' analysis
for vector and axial mediator where background has been
reduced by a factor 10

upper bound on g,g, as a function of m,,
for the off shell mediator region (region c) &

with m,. =100 MeV

R. Essig, J. Mardon, M. Papucci, T. Volansky, Y.M. Zhong,

On-shell Light Mediator, ZmX <My < \/T or my<2m,

0—4
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o, [em?]

o, [em?]

at low energy lepton

3 GeV vector mediator (electron scattering)

10732 ¢ T T
1073 ¢
____ﬂ'#
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y N e
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|
|
I
1074 ¢ l 1
I
|
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10—52 A NP S - - - - [ - I
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300 MeV vector mediator (electron scattering)
19 I .
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3 GeV vector mediator (S.1I. proton scattering)
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R. Essig, J. Mardon, M. Papucci, T. Volansky, Y.M. Zhong, arXiv:1309.5084



A. Birkedal, K. Matchev, M. Perelstein, PRD 70 (2004) 077701

at high energy lepton COllidel‘S C. Bartels, M. Berggren, J. List, Eur. Phys. J. C. 72 (2012) 72
e ik X
monophoton also as DM signal = 800
. + - . ol P /P.) = (0.0/0.0)
at high energy e e colliders © 500 - PP =0.00.0) 4
S =0.5; Jy=1
400 [- _ .
: X | Vs=500 GeV ]
300 ! -
dole"e —2X K, 0gr 141 — x| 200 |
oe e — y) < ( X) 12 2210 (2SX n 1)2 _ .
dx dcos6 161 X sin“0 - L.
5 \112+7, T
><1_4MX T S ..
_ 100 150 200 250
1=xls M, [GeV]
600 —

. E}/ . o E T
with x=2 ﬁ , Sy spin of the WIMP , k, fraction s sl (P /P,) = (0.0/0.0)
of annihilation into electrons of the total DM annihilation rate, w0 b §=1.0,J,=1 :
J,=0 fors-wave and J,=1 for p-wave annihilation

300 [ ]
200 |- . =
error bars illustrate a 10% uncertainty b
100 150 I 200 250



Dark Matter at high energy lepton colliders
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do /dE [a.u.]

Dark Matter at high energy lepton colliders

M, = 120 GeV El _
o) M, = 160 GeV = _ Rabhi
] N\ w 1o —
ol []M, =200 GeV E L [J, =1, p-wave
102 2
.“TE F
10 10° 3
10° 10%
WS i Z B conom s v
0 50 100 130 200 250 0 50 100 150 200 250 300
E,[GeV] E,[GeV]

example of photon energy spectra

C. Bartels, M. Berggren, J. List, Eur. Phys. J. C. 72 (2012) 72



Dark Matter at high energy lepton colliders

° ° ° + —_
main irreducible background e e — vvy

et i e+ v Ve et \‘\/‘ Ve
W —
_| I

W ’ BRPACACAYAYIN
. W !

- - Ve e Ve

use of beam polarization helps

Process Cross sections [fb] for (P,-; P,+) =
(—0.8; +0.3) (+0.0: 40.0) (40.8: —0.3)
vy 5821 2575 1263
VY Y 782.0 355.4 214
VUY Y Y 55.8 26.2 19
VY 11.4 % 107
Yvy 1.1 x 10°
YYvy 0.1 x 104
ete 890 x 10°

C. Bartels, M. Berggren, J. List, Eur. Phys. J. C. 72 (2012) 72



Dark Matter at high energy lepton colliders

3¢ observation, L=500fb”, S=1,P_=0.8, P =-0.3

® L L e B B B B B B B T
2 - several coupling scenarios studied : A / -
- O = OpL=9R = Ognr e 7 7
| === Og = Op; 0, =0gg=0 3 S

—=Op; Og= 0, =0gr=0 - 4

10"2 == ——
F-T. N [ T SR TR N SN SR [N TR TR N N SN SR N TR TR S N S S
100 120 140 160 180 200 220 240
M, [GeV]

H. Baer, M. Berggren, J. List, M. Nojiri, M. Perelstein, A. Pierce, W. Porod, T. Tanabe, arXiv:1307.5248
A. Chaus, J. List, M. Titov, in preparation



Dark Matter at high energy lepton colliders

relative uncertainty on the reconstructed

WIMP mass (blue syst. and red stat.)

0.05 ¢
function of the true m = :

as a function of the true mass S snut (PJP) = (0.8/-0.3)
< -

0.03 3 J, =1, Equal

several coupling scenarios studied : 0.0=r
0.01F
'Equal’ : WIMP couplings independent of the helicity o _
of the incoming e~ and e’ D01
I N S o 0.02F
K(eR, eL)—K(eR, eR)—K(eL, eL)—K(eL, eR) E
-0.03 F
. : . . 0.04 F

'Helicity' : couplings conserve helicity and parity L

5
100 120 140 160 180 200 220 240

K(eg, e;):x(eL_, e;) ; K(BE, e;):K(te’ ef):O M, [GeV]

'Anti-SM' : WIMP couples only to e, and e;

K(eg, ef) all other kle™, e"|=0

C. Bartels, M. Berggren, J. List, Eur. Phys. J. C. 72 (2012) 72



Dark Matter at high energy lepton colliders

VBF type process as DM signal : e e” > e"e” X X

with either scalar or vector mediators

scalar vector

e

assume DM particle X is a Dirac fermion

i Jeed, V' EYpE Oy
; = I
L Oxxo,V XTpX ‘f)v

) Jeeo,S ee Q))S
L Gxxo,S XX Ps

different models (M,=M ,/\geeGxxs)

madel] [|mediator mass |mediator spin| WIMP mass M

LSL B GeV 0 {scalar) 5 GeV 30 GeV
LVL 8 GeV l {vector) b GeV 30 GeV
LsH 8 GeV ) {scalar) 120 GeV | 27.4 GeV
LVH B GeV 1 {vector) 120 GeV 21 GeV
HSL 200 GeV 0 {scalar) 5 GeV | 1250 GeV
HVL 200 GeV l {vector) 5 GeV | 1250 GeV
HSH 200 GeV ) {scalar) 120 GeV [332.4 GeV
HVH 200 GeV l {vector) 120 GeV [511.8 GeV

use MET, m,.,, ¢,.,, y,., , py of hardest
lepton and M

M

e

miss

miss

to discriminate DM signal

provide handle on mass scales

m,., — provide handle on mediator spin

model ||Tunpol | 04+ | 04—
SM 115.8 | 49.1 | 36.4
LSL 1.60 | 1.79 | 1.40
LVL 15.07 [12.80|17.02
LSH 1.45 | 1.80 | 1.10
LVH 9.99 | 7.64 |12.33
HSL 1.17 | 1.43 | 0.92
HVL || 0.85 | 0.71 | 0.89
HSH 1.18 | 1.45 | 0.90
HVH || 0.85 | 0.64 | 0.98
cross sections in femtobarns
with + and — for e~ and e”
polarization i.e. 80% and 30 %

J. R. Andersen, M. Spannowsky, M. Rauch, arXiv:1308.4588




Dark Matter at high energy lepton colliders

level of discrimination of different models for different observables

assuming here realization of LSL (for example)

0 0
10 3 fAL 10
; LSH wreenes
LVH
= HSL - - -
s = = i C——— 101
g IR . |- BUUEE L
= 2 o limit ] HVH - 2
g 5 = 1072
:-é 3 g L
S D e 3 o limit S -
10-3 | : 10-3 |
‘.1"‘ "‘__‘
1”—-1 | -‘. “ .'| -'d‘. ‘l:-"-. | i3 1 | 1“__1 i . | I\ ’T"a,
0 50 100 150 200 250 300 0 50 100 150 200 250 300
integrated luminosity £ [1/fb] integrated luminosity £ [1/fb]
Mrniss me e~

assuming cross sections to be 2.5

% of the SM background cross section

J. R. Andersen, M. Spannowsky, M. Rauch, arXiv:1308.4588



Wrapping up

DM should be (and is ?) searched for in all possible directions
(colliders and non colliders, specific and model independent)

- don't give up (yet) on neutralino as a specific DM candidate

CMSSM (surprisingly) still alive but anyway far from being the end of
the story for SUSY providing viable (neutralino or else) DM candidates
(PMSSM and beyond )

- studies of possible Higgs boson decay into invisible particles at ILC
(or exotic decays) are not only one extremely important topic per-se
but are also very important for DM searches

- specific candidates from extra-dimensions span a large mass spectrum
depend on approaches — direct production seems difficult at ILC for
heavy DM (e.g. KK photon, KK neutrino)

- recent new approaches such as EFT and ADM only start to be studied
for ILC

A large spectrum of activities is ahead of us

not discussed here but would be worth a look:
gravitinos DM, Y. Mambrini etal. —» “KKLT” candidate , and /or C. Boehm, P. Fayet = U boson , etc ...



BACKUP SLIDES



Dark Matter

total matter content p,, of the energy density in the universe is believed to be

Q, =203

c

where p_=3 H, m,~ 10"kg/m’ is the critical density, and for baryonic matter :

Ps < 0.02

Pc

QB

a lot is missing : under the form of nonbaryonic matter or of a more exotic component

- dark matter (DM)

from WMAP : Q ., h°=0.110+0.006

where h®=0.73+0.04 —0.03 is the scaled Hubble constant



Dark Matter

to which extent a particle of mass m, can provide the right amount of dark matter ?

suppose this particle is neutral and colorless :
otherwise it would have observable effects through scattering on matter

2 competing effects to modify the abundance of this species:
annihilation

expansion of the universe

the faster the dilution associated with the expansion the least effective the annihilation
this is summarized in a Boltzmann equation giving the evolution of the particle number
density n, with time

dn
th t3Hny =—-<0¢,Vv> ni_n()?q)z

where < o_ v > isthe thermal average of the X X annihilation cross-section times

the relative velocity of the 2 particle annihilating, n‘/ is the equilibrium density and

H the Hubble parameter

when the temperature drops below m, the annihilation rate becomes smaller than the

expansion rate and there is freezing of the number of particles in a covolume



Constrained SUSY - still alive?

The constrained MSSM (CMSSM)
paradigm is “hardly tenable”

of th opean Strategy Preparatory
nd,

pen S5ymposium e Eur
Poland, 10-12 Sept. 2012

mpo:
Group, Krakow,

Really?

Bayes
FITS 0372013



MSSM lagrangian:

a reminder (fields content)

superfields boson fields fermion fields
Matter multiplets sleptons leptons
L [ =(v. 67 V..l
c leptons I: <Yi’eL ) ( bt )
E E = e, e
. _ squarks quarks
Q Q=(u,d,) (u,,d,;)
U° quarks = i u;
C ~ ~ % c
D D= dg d;
Higgs Higgsinos
H, (Hy ,H3) (H, ), HY):
Gauge multiplets
G g g / gluino
Vv w* WY wino
V' B B bino

charginos

vt
Xi:1,2



MSSM lagrangian: a reminder (fields content)

superfields boson fields fermion fields
Matter multiplets sleptons leptons
L [ =(v. 67 V..l
c leptons I: <Yi’eL) vise.)
E E= ¢, e;
. _ squarks quarks
Q Q=(u,d,;) (u,,d,)
U° quarks = i u;
C ~ ~ .
D D= dg d;
Higgs Higgsinos
U liges  |(HIHY) (f7) By
H, (H3.H3 ) HNJ
Gauge multiplets a=1,
G g g gluino
vV wW¢ ﬁ/ 9 wino
V' B >X <w :
Q  bino

neutralinos



MSSM lagrangian: a reminder

Kinetic terms and gauge interactions (written here without D and F auxiliary fields)

(index i for fermion and sfermion flavours and chirality, index a for vector bosons and gauginos gauge groups

L.,=D'¢'"'D,¢p, +ix"5"D, X, - %FZVF’”“ + A" D, A" — V2g[(¢"'T'X)A,+ALX T $))]

- kinetic terms for the complex scalar and interactions with the gauge bosons

- kinetic terms for the 2-component fermionic matter fields
and interaction with gauge fields

with covariant derivatives

D, ¢; =au¢i + igAZ(Tad))i
D, X, =6uX,. + igAZ(T“X).

1

Ta: generators of the gauge group

include trilinear coupling (A¥YY), (A¢¢p) and quartic interaction (A A¢p¢p) between scalars and gauge bosons



MSSM lagrangian: a reminder

Kinetic terms and gauge interactions (written here without D and F auxiliary fields)

(index i for fermion and sfermion flavours and chirality, index a for vector bosons and gauginos gauge groups

i . i— 1 a va o a — a . i pa ima
L.,=D"¢"'D,¢p, +ixX"5"D, X, — =, B A" D, A" — V2g[(¢" T X)A+ALX T 9)]

- contains Yang-Mills field strength

a __ a a abc b AcC
F,,=0,A, —0,A, —gf A A,

Ta,Tb} — l-fabcTc

leading to the kinetic terms of the gauge fields, trilinear interactions (AAA) and
quartic interaction of the gauge bosons

- contains kinetic term for the gauginos

. . . . a __ a abc Ab4cC
with covariant derivative DA =0,A" —gf A,A

leading to trilinear interactions of gauginos (AAA)



MSSM lagrangian: a reminder

Kinetic terms and gauge interactions (written here without D and F auxiliary fields)

(index i for fermion and sfermion flavours and chirality, index a for vector bosons and gauginos gauge groups

L.,=D"¢"'D,¢p, +ixX"5"D, X, — %FZVF’”“ + A" D, A" — V2g[(¢" T X)A,+AN(X T 9)]

- trilinear interactions (A ¢ X) between gaugino, scalar and fermion



MSSM lagrangian: a reminder

potential of the MSSM lagrangian can be derived from a function called superpotential

form constrained by the requirement of invariance under supersymmetry

- polynomial of at most order 3 in the scalar fields with no complex conjugates fields
(analytic function of the fields) with a general form (of dimension 3 in mass) :

W = % MY ¢; b j+%hijk b PP determining masses and couplings of matter fields
- in MSSM :

W = ¢,(~L'h, E°H), — Q'h, D°H} + Q'h, UH! + pH' H])

Eij — _Eji (612: 1) i,j isospin indices
—» h;, hy, h;, are dimensionless Yukawa coupling constants

expressed as 3x3 matrices in family space

—» U Higgs mixing parameter
the only parameter with dimension (mass) in the superpotential



MSSM lagrangian: a reminder

- contribution to the lagrangian for chiral fermions

2
Lchir=—1 ow X;X;+h.c.
20¢;0¢;

generates Yukawa interactions and fermion mass terms —_— for example :

he c o C 170\~ ry0\ ~C
Lepir e :_2_[ (eper)Hy+ (epHy)ép + (eLHd)eL_l

(veeS)Hy —(efH )V, — (v H)&, |+ h.c.

contains the trilinear Yukawa interaction between fermions, scalars and Higgs or Higgsinos

1°" term is the familiar SM Yukawa interaction generating mass for the fermions after
electroweak symmetry breaking, other terms correspond to new interactions

- in addition : contribution from the mu-term in the superpotential
u (HH,—H'H,)+c.c.

providing off-diagonal elements in the mass matrices for the higgsino fermions
physical states will be mixtures of the higgsino fields



MSSM lagrangian: a reminder

- scalar potential including two contributions :

F;,= 2—W chiral contribution or F-terms (from equation
P of motion of auxiliary fields F)
D'=g qbf T ;’ b, gauge contribution or D-terms (from equation
of motion of auxiliary field D)
i~ 1 a
V(¢p)=F F; + ED D, scalar potential (in compact form)

Full lagrangian density for an unbroken supersymmetry

L=L,+L, +V(¢)

chir




MSSM lagrangian: a reminder

previous superpotential is not the most general one

additional terms allowed by gauge invariance (and renormalizability)

We = uH,L+ A, LLE + A", LQ,;D; — A", U Uj D

ijk

violate Lepton number L conservation ,
since B and L

can be carried by boson fields
violate Baryon number B conservation

violations can be avoided by introducing a discrete symmetry known as R-parity

i.e. introducing a multiplicatively conserved number

R _( >3B+L+2S Fleld B L 8 3B + L —|_ 28
B quark 1/3 0 1/2 2
squark  1/3 0 0 1
R, =—+1 Ryow=—1 lepton 0 1 1/2 2
slepton 0 1 0 1

Supersymmetry with R-parity violation together with the phenomenology
from the above R-parity violating potential will be addressed in a dedicated lecture



MSSM lagrangian: a reminder

- in unbroken supersymmetry (SUSY) superpartners are expected to be degenerate in
mass with the SM particles of the same supermultiplet and massless

Non observation of superpartners requires SUSY to be broken

to avoid quadratic divergences in the radiative corrections of scalar particles masses

(i.e. avoid the “return” of the hierarchy problem of the SM)

SUSY breaking must take a specific form i.e. soft supersymmetry breaking

= most general terms to be added to the lagrangian

2

1
Lsoft — ZQ’NI’Hu,d mo,il(l)i|2

- §m1/2,aAaAa — Ay W3, —BuH H,

the parameters of soft SUSY breaking have positive mass dimension

m, ; mass parameter of the scalar (in principle a matrix in generation space)
Mmip mass parameter the gauginos
A, ;,B  parameter of dimension of mass (A is called trilinear coupling)

W3,i trilinear terms of the superpotential



Gauginos: reminder

mixing between between neutral gaugino and neutral component of higgsinos

occurs after SU(2), X U (1), breaking giving thus rise to neutralinos X°

the mass matrix takes the form

in the basis  X° = (B, W, Hy, H,

M, 0 —M ,cosfsin0,, M ,sinfsin0,,

v — 0 M, M ,cos BcosO,, —M ,sin fcos0,,
—M ,cospBsinf,, M ,cospcosO,, 0 — U
M,sinfsin0,, —M,sinpcosO,, —u 0

- 2x2 block with parameters M, and M, from soft SUSY breaking terms M_,AA
- 2x2 block depending on U from the MSSM lagrangian

- off diagonal terms proportional to M, coming from the AH H couplings




Gauginos: reminder

the parameters M,, M,, u in this mass matrix can have arbitrary phase

a redefinition of the phase of B, W; allows to make both M ,, M, real and positive

=N*YN' by a single

unitary matrix N transforming the interaction eigenstates to the mass eigenstates

the symmetric neutralino mass matrix can be diagonalized Y ;.

basis of majorana fields X

Y =N*YY'N" isrealand positive definite

the squared mass matrix Y diag

diag

Y can be chosen positive by a suitable definition of the unitary matrix N

diag

the mass matrix can be diagonalized analytically but the resulting formulae
are lengthy and not particularly illuminating

eigenvectors and eigenvalues are usually calculated numerically



in MSSM

Neutralinos ( i.e. Majorana fermions in MSSM - see later on for Dirac gauginos)

=N, B+Ni2 W3+Ni3H(c)l+Ni,4 HZ

T’A A

Wino

Bino

Higgsinos

writing down the interactions of the neutralino with the Z boson :

1 <o
Lysz="7 cosg@W NG =[N | Xy YR 2,
Lo =—2 9 7 [X°y'LX° [NyN',— NN,

XiXn 2 4 cosf, "

—X2y"RXS (NN, —

*

N14Nm4

J



In MSSM

the coupling to the neutral Higgs system can be summarized as :

Lyosoy = % (le —tan@WNll) HcosmN13 — sino<N14) H —(sinaN13+ cosxN | h

+i[sin BN 13— cos BN, Al X°RX°+h.c
we see that such couplings vanish when the lightest neutralino is purely gaugino

N;=N,,=0 or purely higgsino N, ,=N,,=0

the coupling to quarks and squarks are given by :

Lx;qz,: o (_L'L??;) (XiEIiL + Ziq*EliR) o EIiR??(i (Yi* E]iR + Z?qiL

where (i=1,2,3 being a family index) :

Ji u g m, N1*4
X, = - V2 t,-3N + —tan6O,, N 7= —
g [ 2T w V11 ; \/E M, sin0,
m. N
Yi: _g\/E C[iNlltaHQW Zd: g ut 13

’ J2 M, cos@,



In MSSM

the coupling to the charginos and W reads :

:O k 1 k * k 1 * * ~ _
Li(i)?riW::_gxlyu NlZZLrl_ﬁNl‘lzL’Q L+ leer1+ﬁN13er2) R X:_WU +h.C.
where the Z matrices are defined by :

X1+L W; )~<1+R W;zr x| My 0

= :ZL - - :ZL . ZRMCZL_ !

XZL Hu X2R Hd 0 m~§
such that L.=—m,.X;zX;y—m,-Xoz X5  and one also has :

pcosp + M,sin
u’— M;—2M;, cos2f

) tan2®, =2 M, 2
cos®, , sin®, , ’ "

“Lr= | ging &

psinf + M,cos f

tan2Pp =2 M2
g " u’ — M; + 2M;, cos2 B




3" generation squarks

for stop and sbottom squarks the squared mass matrix take then the form

m- am f m~ 0 N
2 L
M? = q q : q (Rq) 2 R
am, M, 0 mg,

with

3
|

. = ML+ Mjcos2B I, —Q, sin®0,| + m.

3
[

7. M{UD+Q M cosZﬁsmH —I—m

Q
I

. Aq — u[cotﬁ, tanB]
for { up, down } type squarks respectively

M yMy,M 5 are soft Susy breaking masses and A are trilinear couplings



3" generation squarks

stops are expected to be highly mixed due to the large top quark mass

sbottoms are also expected to be mixed if tanf is large

weak eigenstates (;, p are related to mass eigenstates ¢,, 4, by:

d\ = p7(4dL with RI — cos®, sind,
d, dx —sinf, coso,

the mass eigenvalues are :

sin@. =



3™ generation slepton

the mass matrix of the charged slepton is completely analogous to that of squarks

2
m; aym
2 |
My=| "
alml mTR
with
2 M2 - M2cos2B | L = sin®0,| + m’
m; = M3 , Cos2 B 5 — sin0y m,
2 2 2 . 2 2
m; = M;— M, cos2p sin"0,, + m,

R

a=A,—utanp

2 2
from RG evolution one expects M7 <M7; andhence mM; <n;
R L



3™ generation slepton

for selectrons and smuons the “left” and “right” states € LR Ui L g are also the

mass eigenstates

for staus however analogous arguments apply as for sbottom

if tanfB islarge enough T, and T, will mix to mass eigenstates

T,| — R T, BT — cos@. sinO.
T, Th —sin0. coso0.
2 1 2 2 2 |2 2 2
m; = 5 ( my +m; + \/ m, —m; | +4a.m; )
2 2
—a.m, m, — m,
cos 0. = sing. = L |
\/ 2 2 |2 2 2 T 2
. — M- 4a-m 2 2 2
My — My | + rlilr \/(m~ —m~) +4a.m
L T Tt



' . ry 2 e .
the LSP. All masses and AM values are in GeV/c™. CMSSM refers to a model with gauge
and sfermion mass unification, where ¢ however is a free parameter (see Sect. 2). Neutralino
' . - L = . ' '
masz limits should be lowered by 1 GeV/e™ if the radiative corrections of [51] are taken into

account

Mass constraints on lightest Neutralino

Table 25. Summary of mass limits for supersymmetric particles and their validity conditions.
In each line of the table AM is the mass difference between the corresponding sparticle and

Particle

Validity conditions

Mass limit

(GeV fc?)

ER tanF=1.5, u=-200, AM=15 94
CMSSM, AM>10 94
fin BR(ji— px")=1, AM>=5 88
CMS5M, AM=10 94
T BR(7— -r{(”]—l. AMZE m 26
i BR(F— 3%")=1, AM>15, no mixing 85
Frmin BR(T— riu}—l. AM=15, minimal cross-section 82
t CMISEM, [."'.Ia,,-.'l!i-.lu]:-“—-li’] 94
b BR{b— b 7")=1,AM=7, no mixing 93
BR(b— b $")=1, AM>7, minimal cross-section 76
BR(i— ¢ ")=1, AM>10, no mixing 96
t BR(t— ¢ ¥")=1, AM>2, no mixing 75
BR(t— ¢ ¥")=1. AM=>1(), minimal cross-section 92
BR{t— ¢ ¥")=1, AM =2 minimal cross-section 71

= 1000, AM=10, My =~ (.50, 102.7
X Mg = '”1'-'- » AM=3 97
My = "”x-ﬁ' any AM, M; =~ LM, Th
mez= F00, || = Ma, no gaugino mass unification, any AM 70
CMESM, AM=3, any mg, no mixing or ;‘I.I'-.l[:?'-};f”]}{:i 04
CMSSM., any mg, any Mz, tand <40, mixing A . =A,=A,=0 an
CMSSM, high my. tan3 >1, maximal mixing in [ sector 49
if” CMSS5M, any mp, tand <40 no mixing or ..'_'I:'nl{'f'-_f_“]}ﬁ 46
CMS5M, any mp, tan# <40, mixing A-=Ar=A; = ( 4
CMESM, any mp, 1<tan <40, mix. A . =A,=0, A; = Vi T‘t*"n."..flt'2 49

m.. also includes searches

X]
for pair produced 'higher' neutralinos
in multi-lepton, multi-jets

(with and without y ) channels

Delphi D. Abdallah etal. EPJC 31 (2003) 421



Dark Matter

Leptons
electrons, muons,
taus, neutrinos

: DM DM : DM S : SM DM .
Direct Indirect Particle Astrophysical
Detection Detection Colliders Probes

1 SM

5M DM DM

MNuclear Matter
quarks, gluons

Photons, Other dark
W, Z, h bosons particles

5M 5M DN

dark matter particle may have non-gravitational interactions with one or more
of 4 categories of particles

these interactions may then be probed by 4 complementary approaches



Some Dark Matter candidates
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Some Dark Matter candidates
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less than 1 event % b s ol TR oo sdhonnshose:

per ton per year (XENO ol B 1 I

S (NUPRN TN SR SR . T A

.S§=2

- | | | k:gv | GF |
-18-15-12 -9 -6 -3 0 3 6
Log[M/GeV]

below 1 TeV (out of reach for ILC) <




Some Dark Matter candidates

not yet explored

(below LHC with EFT )

(how low in mass ?)

below 1 TeV (out of reach for ILC) <

Log[o;,:/pbl

S
. keV | Gev |

KK photon (s=1)

Log[M/GeV]
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Dark Matter
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Kowalska, Roszkowski, Sessolo, JHEP 06 (2013) 078

from Roszkowski talk Moriond GQCD 2013



Dark Matter : beyond CMSSM -» pMSSM
example 2 : 'phenomenological MSSM' pMSSM

Parameter Description Prior Range
tan 3 Ratio of the scalar doublet vevs [1. ﬁ[}]
fL Higgs-Higgsino mass parameter [-3, 3] TeV
M4 Pseudo-scalar Higgs mass [{].3, 3] TeV
M Bino mass [—0.5, 0.5] TeV
M Wino mass [—1, 1] TeV
M, Gluino mass (0.8, 3] TeV
My, First /second generation () squark 0, 3] TeV
M, First/second generation Upg squark 0, 3] TeV
¥ First /second generation Dg squark [0, 3] TeV
my, First/second generation L slepton [0, 3] TeV
M, First /second generation Eg slepton [0, 3] TeV
ma., Third generation @ squark [0, 3] TeV
my. Third generation Up squark [0, 3] TeV
my Third generation Dy squark [0, 3] TeV
mi,. Third generation Lj slepton 0, 3] TeV
ms, Third generation Ep slepton 0, 3] TeV
Ay Trilinear coupling for top quark [—10, 10] TeV
Ay Trilinear coupling for bottom quark | [—10, 10] TeV
A Trilinear coupling for 7-lepton [—10, 10] TeV

Boehm, Dev, Mazumdar, Pukartas, JHEP 06 (2013) 113



Dark Matter : beyond CMSSM -» pMSSM

WMAP allowed points are circled

top : without DM density rescaling T
= -10
bottom : with DM density rescaling b 10
10712
i.e. in case of multi DM scenario 101

— neutralino DM will only be a fraction
of the total observed DM density

— one must scale the neutralino DM density

Xsection depends linearly on DM density

observed

— use rescaling factor r, = Q../Q
1

oS! [pb]

_©

| LUX»

ICRESST-1I |

Without' res ca]iﬂg

. g,
@ $0% Go@. o

| XENONIT Aty - 7 aof
| we LEP = a -. B
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myp [GeV]
' [ CRESST-1I |

i e B Pdes % P AL AT R
e

| With | resc dJ_ng_

® @@ 928

4 i
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i XENONIT @ .

[ s, LEPs * e |
ILHCe | | | L B
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mp [GeV]

1000

Boehm, Dev, Mazumdar, Pukartas, JHEP 06 (2013) 113



Dark Matter : beyond CMSSM -» pMSSM

5 2 2 2
. m my, — mp tan"p
we have the well know relation : —2 = —X - . — U
tan" f — 1

2

a way to quantify the degree of EW fine tuning is by using log derivatives :

Pi 8m§

2

mZ apl

alnm;(lji)

. _ 2 2 2
where : p; = \u°, By, my , my

1

Ap.:‘

Olnp.

are the parameters that determine the observable m, at tree level

the total measure of EWFT is defined as :

A, = J (Au?) +(ABu) + A my )+ (A i )

7 2 2 m2
Apt = A AT g ABp = |1+ —3 | an2p
m, m, my
2 ) 2 2
m 1 m5 + m
Am; = lc052[3+—;‘coszﬁ—“—2 1— A~ tan°2p
‘ 2 m, m, cos2p m,
2 ) 2 2
m m5 + m
Am; = —1C0523+—;‘sin23—“—2 1+ 1 A~ tan“2f
2 m, m, cos2p m,




Dark Matter : beyond CMSSM - pMSSM (more)

1e-07
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1
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Belanger, Drieu La Rochelle, Dumont, Godbole, Kraml, Kulkarni,arXiv1308.3735



Neutralino DM with light staus

The End of the CMSSM Coannihilation Strip is Nigh

Matthew Citron', John Ellis*®, Feng Luo”, Jad Marrouche',
Keith A. Olive®® and Kees J. de Vries!

A recent global fit to the CMSSM incorporating current constraints on supersymmetry,
including missing transverse energy searches at the LHC, BR(B:, — p"p ™) and the direct
XENON100 search for dark matter, favours points towards the end of the stau-neutralino
(71-x) coannihilation strip with relatively large m,» and 10 5 tang % 40 and points in
the H/A rapid-annihilation funnel with tan 3 ~ 50. The coannihilation points typically
have mjz — Ty, = 5 GeV, and a significant fraction, including the most-favoured point, has
msz — my, < mr. In such a case, the 7 lifetime would be so long that the 71 would be
detectable as a long-lived massive charged particle that may decay inside or outside the
apparatus. We show that CMSSM scenarios close to the tip of the coannihilation strip
for tan @ 5 40 are already excluded by LHC searches for massive charged particles, and
discuss the prospects for their detection in the CMS and ATLAS detectors via time-of-flight

measurements, anomalous heavy ionization or decays into one or more sott charged particles.

1) M. Citron, J. Ellis, F. Luo, J. Marrouche, K. A. Olive, K. J. de Vries, arXiv:1212.2886
2) A. Pierce, N. R. Shah, K. Freese, arXiv:1309.7351



Neutralino DM with light staus

Neutralino Dark Matter with Light Staus

Aaron Pierce, Nausheen R. Shah, and Katherine Freese!

Abstract

In spite of rapid experimental progress, windows for light superparticles remain. One
possibility is a O(100 GeV) tau slepton whose t-channel exchange can give the correct
thermal relic abundance for a relatively light neutralino. We pedagogically review
how this region arises and identify two distinct scenarios that will be tested soon
on multiple fronts. In the first, the neutralino has a significant down-type higgsino
fraction and relatively large rates at direct detection experiments are expected. In
the second, there is large mixing between two relatively light staus, which could
lead to a significant excess in the Higgs boson branching ratio to photons. In
addition, electroweak superpartners are sufficiently light that direct searches should

be effective.

1) M. Citron, J. Ellis, F. Luo, J. Marrouche, K. A. Olive, K. J. de Vries, arXiv:1212.2886
2) A. Pierce, N. R. Shah, K. Freese, arXiv:1309.7351



Dark Matter : Dirac gauginos (beyond N=1 ?)

effective LSP (Dirac neutralino)-nucleon elastic scattering X section

scenario : M,,=1.5M,,, u=1TeV, M; = TeV and RH slepton mass adjusted so that (2 h’=0.11

M,=M' ,=M,=M",=0, 2\5:%9', AT:%Q, tan f=10
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Asymmetric Dark Matter

flat directions

presence of numerous flat directions in the scalar potential of susy theories

i.e. valleys where the potential vanishes and thus where global susy is not broken

flat directions are lifted when susy is broken in particular by scalar mass terms

if a scalar mass term turns negative — leads to instabilities which :

- can be exploited in order to spontaneously break electroweak symmetry

- but also need to be taken careed of not to break U(1) QED or SU(3) color as well

the need to avoid instabilities of some potentially dangerous flat directions

is generally used as a constraint in model building

having this in mind, flat directions can however also be useful for some
phenomenological purpose such as the generation of the baryon asymmetry

via the Affleck Dine mechanism

from Binetruy's book Supersymmetry



Asymmetric Dark Matter

Affleck Dine (AD) mechanisms

it makes use of the presence of numerous flat directions in the scalar potential
of supersymmetric theories

indeed, let us consider one of these flat directions, labelled by the field &

- assume that the fundamental high energy theory, characterized by a scale M
violates baryon number as for example grand unified theories

- at high energies, that is at an early stage of the evolution of the Universe,
the field @ sits along the flat direction at an arbitrary value ¢ ~M

- as temperature lowers, one reaches the energy scale associated with susy breaking

- the degeneracy associated with the flat direction is lifted and the field direction
acquires a nontrivial structure V (&)

- there is a priori no reason to have &_ as a minimum of V(@)

- hence the field @& starts oscillating around the minimum of V(@)
with a frequency of the order of its mass m,

from Binetruy's book Supersymmetry



Asymmetric Dark Matter

Affleck Dine (AD) mechanisms

in this way one fulfills the 3 Sakharov requirements :

- baryon number violation from the fundamental theory
- CP violation through the CP-violating phases ¢ of the soft terms

- departure from equilibrium because of the oscillations

one generates some net baryon number

) | P
ng~ ¢ my |A(t)| (Mz)

where A(t) is the amplitude of oscillations at time t

from Binetruy's book Supersymmetry



Asymmetric Dark Matter

Affleck Dine (AD) mechanisms

going one step further including inflation in the picture
in classic AD inflation induces supersymmetry breaking terms proportional to

the Hubble parameter H that drive a B-L. carrying field ¢ to take a non-zero vev

Ve = Z (a¢m2+b¢H2) |€l>|2

b

AD cogenesis extend the generation of B-L to a simultaneous generation

of B-L. and D making use of supersymmetric flat directions that carry both

global quantum numbers



ADM and conventional EFT approaches
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ADM and conventional EFT approaches
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ADM and conventional EFT approaches
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Figure 2. Limits on A for operators with spin-dependent direct detection cross-sections, viable
parameter regions are shaded. Constraints are from Simple (Stage 2: light purple; Combined: dark
purple), CRESST (orange), ATLAS 1fb~ " (red, dashed) and CMS 4.67fb~" (blue, dashed).
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ADM and conventional EFT approaches
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Asymmetric Dark Matter
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Figure 1. Upper limits for the WIMP-proton spin-dependent scattering cross section as a
function of the WIMP mass from an asteroseismic analysis of the star & Cen B. Asymmetric
DM particles with properties above the blue line produce a strong impact on the core of the
star, leading to a mean small frequency separation more than 2 ¢ away from the observations.
The filled region shows the uncertainty in the modelling when the observational errors are taken
into account. A density of p, = 0.4 GeV em ™% was assumed. Figure adapted from Ref. [50].

Casanellas, Lopes, arXiv:1307.6519



