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No BSM at LHC (so far)

'

SUSY for instance is at TeV scale rather than at 100 GeV

L—»» accepting some percent/per mil tuning (from 100 GeV to TeV)

Ls:» but nothing in comparison with huge tuning
it still cures (from TeV to Planck scale)

'

in this case SUSY still provides “natural” DM candidate

v

for what concerns DM so far leaves
the neutralino option perfectly allright



Q—» but a series of BSM experimental facts remains

- neutrino masses
- baryogenesis

- dar@ﬁer <«
- dark energy

good argument to expect
DM below few TeV
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Lo for electroweak couplings or

couplings of order unity:
Qpnr =~ 26% requires mpy ~ EW scale

(Cannin.v) ~ 1072 cm?® /sec



Most straightforward VWIMP scale ~ leV

a scalar SU(2), DM triplet (Ypy =0): mpay > 2.5 TeV
P

_DM W+,Z
DM f,w* DM W, Z
Z
o W,z DM F.W— DM W=, Z

see e.g. Cirelli, Strumia et al. ‘07

—> around the cornerl  «— (but not necessarily at LHCI)
WIMP scale could also be lower or higher

l if driven by larger couplings up to ~100 TeV: unitarity bound

if Fermi suppression, or driven by smaller couplings, or interplay of channels, or small mass splittings, ..



WIMP-nucleon cross section [cm?]
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be satisfactorily demonstrated

WIMP-nucleon cross section [pb
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Indirect detection: cosmic rays from DM annihilation or decay:
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N.B.: Xenon | T will probe A effective scale values up to 3-4 times higher!



Fermion DM coupled to the Higgs
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For colliders: the Z must be kept explicit
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DM vector coupling to Z, g2M

~

~

~

10

S
L

<
[ SY

<
“w

~
TTTTTT T T

Vs =8Tev -~
Ldt=195f" ~~

s =14Tev
“" [Lae=3007" -

LUX 2013

10

10
DM mass in GeV

10

v

totally excluded for “standard” Z couplings

DM
ga

DM axial coupling to Z, g?™

~

~

S
L

)
S

10F

~
TTTT

s =8Tev.
[Ldt=195m"" -
“ ols =14TeV

7
e
s
7z

LUX 2013

thermal abundance

T T T T TTTT
/

[Ldt = 300 b

10
DM mass in GeV

v

10

De Simone, Giudice, Strumia 14

still largely open for mpys > 60 GeV



Scalar DM coupled to the Z
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begin to be pretty much constrained below 100 GeV

N.B.: Xenon | T will probe it up to ~ 10TeV for A\py, ~ 1
up to ~ 1TeV for Apy; ~ 107!

DM DM
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Direct detection: LHC Z' direct search:
put an upper bound —* < put a lower bound
on Z'-DM couplings on Z'-DM couplings
9DM—N L—»to escape /' detection via large
107 | | | invisible Z' decay width
1077+

| LHC direct search mz = 500 GeV

o’g 107411 =03 M=500GeV, V,’=78 /
Q
% ool | o LUX
gp=g M=2.75TeV, V,?=0.09 /
10PN | €—
\7 .
: L HC direct search myz = 2.75 TeV
1074 ‘ ‘ s
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m, (GeV) Arcadi, Mambrini, Tytgat, Zaldivar |4



Mediator for “J-lines and "“gluon-lines”

if the charged particle emitting the 7V-line is also colored: ““gluon lines’:
—

as for well known examples:
h— vy, T = 7, ...

g
Chu,TH., Scarna, Tytgat |2
N
depends on SU(3).
_Ng g representation for A
My 5 d
( a; C
s basically known: R oc — - — ~ 50 — 100
as QY

—> many experimental consequences!



direct detection and collider upper
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Whenever DM couples to gluon: many experimental possibilities



Visible sector DM models —» Hidden sector DM models

ad hoc DM stabllity —> justified DM stability
TDM > TUni'ue'rse
T > 1026729 gec

D M

The stabilization mechanism
determines many structural
features of the all DM scenario

DM/EW scale DM/EW scale
similarity just so similarity explained



Cline, Kainulainen, Scott, Weniger 13

Higgs invisible =
width =
&

~ XENON100 (2012)

2.5
log,o(ms/GeV)

LUX direct detection requires: 53 GeV 5 mpm S 63GeV £y re: Xenon | T will probe mpas up to 7TeV

or mpy > 160 GeV
except for: 55GeV < mpy < 62.5GeV

Dwarf galaxiesV-ray flux requires: mpar 2 50 GeV _ _
Fermi+CTA will probe mp s up to 5 TeV

—> shows how a model is getting very squeezed when it depends on only very few parameters



direct detection: opy_n ~ 1074 cm
far future: Darwin?

But Indirect detection remains!! ——» production of 7-line is Sommerfeld enhanced

Hisano et al. 03-09
Cohen, Lisanti, Pierce, Slatyer |3

o(DMDM — ~7)

Thermal
T . :

Predicted flux (x4)

HESS upper limit

or exclude this model!
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Q-» unsuppressed direct detection in s channel

q

© DM coannihilation with a color partner

<~—§> example: bino in thermal equilibrium with a stop or a gluino

De Simone, Giudice, Strumia |4
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Explicit models: MSSM neutralino

™S impact of |st generat. squarks mass bounds
on neutralino parameters is also mild

e.g. can suppress various quarks X u,d
exchange diagrams:

DM direct detection —

u,d

a,d
X

Impact of m;, = 125.3 + 0.6 GeV :

one stop should be heavy: has the tendancy to push Higgsino mass above ~ 500 GeV

' through RGE's
—> if m, <500GeV neutralino must be Bino dominated

a neutralino as light as ~20-30 GeV s still
possible (in fully general MSSM) Calibbi et al 12

L& widely allowed experimentally
it my 2 500 GeV neutralino can be easily Higgsino dominated

if neutralino is Wino dominated its mass must be m, ~ 3TeV



10° —

T T T T T T T T T
Bino e Wino e Higgsino

= Bino-Higgsino e Bino-Wino = Wino-Higgsino
e Mixed

10T} B

ey

P [ =
S a2l 2ok |
107} s |

- & . L

)

:

4

10-3 2 i

mg, (GeV)

C——a:::» relic density point out a neutralino below

~3TeV (i.e. gauge driven, or loop driven, ...)
but could be higher
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C—;:» still not much probed by direct detection

but Xenon | T, LZ, .., will probe it substantially
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C—b still not much probed by direct detection

but Xenon | T, LZ, .., will probe it substantially

L;-,. example of multichannel model with good experimental perspective (but no guarantee)



Explicit models: Hidden sector models

: v including DM stabi-

with its own  connector vt s e e JZEIC TSE
and DM annihilation
gauge groups gauge groups

Testability depends on connector size: no more LHC, Direct/Indirect Detect,

as soon as the connector coupling is
sizably below unity

only gravitational probes remain:

- extra radiation constraint
Berezhiani, Comelli,Villante 0|

- DM self-interaction constraints
Feng,Tu,Yu 08 :
Ackerman, Buckley, Carroll, Kamionkowski, 09 BB?b]alo formation, bullet cluster,...)
Feng, Kaplinghat, Tu,Yu 09 ) T

Berezhiani, Lepidi 09
Mc Dermott,Yu, Zurek 10, .......



N N

h

uge enhancement
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direct detection sensitive to
very small connector values
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© DM atTeV scale could constitute the unique ingredient

missing for EW unification at GUT scale |

T T 1
10° 10° 10'° 10*
Q (Gev)

L—» for example SO(10) setup with automatically stable fermion triplet DM
f Frigerio,T.H. 10

“split SUSY without SUSY"

@ DM at TeV scale could easily play a role for EWSB dynamics



L—)> not a solution to hierarchy problem: assumes p? ~ 0 at Planck scale
if this conjecture is done it gives ~ mpy << Mpianck

Vow ~ Mprr ~ 1€V
- ‘ : D Carone, Ramos 13
C-?» with inert doublet scalar DM TH, Tytgat 07 Khoze 13
Lindner, Schmidt,Watanabe |3
i--}} with hidden vector DM TH.,, Strumia 13 Salvio, Strumia |4
' ' Khoze, Mc Cabe, Ro 14,




Brief conclusion

. complementary phenomenological ways to test it from multichannel experiments
. very promising experimentally for the WIMP scenario for visible sector DM models
C - clear possibilities for hidden sector DM models too (but easy to escape detection too)

. potentially related to many other BSM fundamental issues, at various possible levels









Systematic study of effective theory for “)-line production from DM decay

a GUT induced dim-6
operator gives cosmic
ray fluxes of order ex-
perimental sensitivity!

very slow decay can be expected as for the proton
from UV physics inducing low energy effect. operators

for a scalar DM candidate: 0" = GouFrwF  oou=(1,0) 0 = pufy F' om- =(1,0)
0™ = SpuFLwF  dom = (3,0) o'yy= omFy i/ om- =(3,0)
O™ = GpuFLwF  dom = (1/3/5,0) 015@5 omFiy Ff ome =(1/3/5,0)
Gustafsson, T.H., Scarna |3 O opFemE™ ooy = (1.0) o' = omFvy F om- =(1,0)
(T DX o ’ 1Ly _ 1
o = OomFnFy, opu = (3,0) Ozp)f”i omFry Fy ; om- =(3,0)
ou # 0% =Dy, om0 F  ou- =(1,00 ¢
% =Dy puD F om- =(3,0)
for a fermion DM candidate: oy = owvouFf"  wou-v=(1,0 o =" 4 wF T ome =(1,0)
v = WO WouFL" oy = (3,0) oLt =", wmfl T om =30
o =0, omF T ow=(1,0)
O%=0u" omfl - om=(30)
0*y="uD owFl T om=(1,0)
0%y="uD omfl " om=(30)
for a spin-1 DM candidate:  of} = FRR%  ¢=(1,0) OéDMEFﬁMF#‘V’FYVIp
o = FRMEMe 9=(.0 Ol = F 00" 0-4/= (1.0
Ol = i FL 00/ ¢-¢'=(3,0)
Oiy = DMODPMY'FY 9-¢ = (1,0)
O = DPMDPMYF™  ¢-9f = (3,0)



Visible sector/Hidden sector/Connector structure:
4 basic ways to get the observed relic density

&
> Y
e/
f, W T e
L>— _FYF, / N
hidden sector interaction: Chu, TH., Tytgat I | €

phase diagram Log,,[Ypm] (mpm=0.1GeV)
I T T

Yom¥om < Y'Y i

Hidden sector

Reannihilation 2 freeze-out regime

regime \
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connector interaction:  See also Cheung, Ellor, Hall, Kumar 1 |

Log,,[«] -
2 ~SMSM < Ypy Ypm with slow decay



DM particle stability issue

~ based on having DM as a large electroweak multiplet: accidental symetry

L—)> based on a gauge symmetry: Z; remnant subgroup of broken GUT group

Mohapatra 86
. as R-parity in SUSY-GUT Martin 92
Aulakh, Melfo,
B—L . Rasin, Senjanovic 98
C = as ZB7in non-susy SO(10) g
Kadastik, Kannike, Raidal 10

Hirsch, Morisi, Peinado, Valle 10. Frigerio,TH. 10
L% based on a ﬂa\/or Symmetry Kajiyama, Kannike, Raidal 1 | ¢

Lavoura, Morisi,Valle |2
Lopez-Honorez, Merlo 13, Kile 13

hidden sector DM: various simple possibilities: -DM stable as electron
-DM stable as lightest neutrino
-DM stable as proton

abelian or non-abelian accidental sym.
TH 07,TH., Tytgat 09, Arina, TH., Ibarra, Weniger 10

—> The stabilization mechanism determines many structural features of the all DM scenario






— direct V-line search

HESS

o <4FERMI
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NFW, MIN

31 . — il
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mDM [GGV]

combined with the

C s possibilities of operator discrimination < fact that op. can give

more than one line

N.B.: an observable “-line could also be due to the possible fact that the DM particle is not absolutely neutral

El Asaiti, T.H., Scarna |4 > DM millicharge



