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But: what is it?
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new physics at thermal
the TeV scale freeze-out
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|. even without a larger framework, WIMPs are still appealing
2.

3.



thermal
freeze-out

Aside;

Asking ‘Is New Physics at the TeV (still) exciting?’ is a bit like asking ‘Are french movies
nice!’. If consistently, over many years, the large majority of movies from France are nice,
this is strong motivation to build a new movie theatre and invest a lot in them. If, after
many years, most french movies turn out to be horribly boring and self-centered, it’s OK
to lose interest in them. That does not imply that there can be one beautiful french
movie one day that wins the Oscar (or a point in the SuSy parameter space that turns
out to be The Truth.)
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’ Direct

Detection

|. even without a larger framework, WIMPs are still appealing
2. the frontier is multi-TeV
3. searches are complementary and still have sround to cover
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SM weak scale SI interactions

DM
tree lgvel,
/Z

VECeOr
N
DM\/DM tree level,
| gaiar

one loop

otill viable under
which conditions?

- real particle
(Majorana, fermion, real scalar)

- hypercharge Y = ()

- 5D interactions only
- iInelastic scattering
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Detection

|. even without a larger framework, WIMPs are still appealing
2. the frontier is multi-TeV
3. searches are complementary and still have sround to cover






X
On top of the SM, add only one extra multiplet A= ( ’? )

¥ = Ysm + X0ED + M)X if X is a fermion
L = Loy + ‘DMX|2 — MQ\X|2 if X is a scalar

and systematically search for the ideal DM candidate...




X
On top of the SM, add only one extra multiplet A= ( ’? )

¥ = Ysm + X0ED + M)X if X is a fermion
L G%SM o ‘DMX|2 R 2\X|2 if X is a scalar

gauge interactions the only parameter,
P and will be fixed by {2pur.

and systematically search for the ideal DM candidate...







The ideal DM candidate is

)

X

(% )

these are all possible choices:

n <5 for fermions
n <7 for scalars

to avoid explosion in the running coupling

b 0
0 (&) = a7 (0) - 2 1

(actually, including 2-loops,
n <6 (n <4) for real (complex) scalars)
Di Luzio, Nardecchia et al., 1504.00359

—(6 18 similar to 4)




The ideal DM candidate is

Each multiplet contains a neutral component

with a proper assignment of the hypercharge,
according to
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The ideal DM candidate is

Each multiplet contains a neutral component

with a proper assignment of the hypercharge,
according to




The ideal DM candidate is

The mass M is determined

by the relic abundance:

6 10 27cm3s—1
0 A >~ (.24
o (T )

for X scalar
) F 16 Y o) + 8597 Y% (n? — 1)
64m M? Jx

(0 AV) ~

for X fermion
Go (20 + 17— 19) + 4Y2g3 (41 4 8Y2) + 16622 Y (n? - 1)

i 1287 M? gy

(- include co-annihilations)
(- computed for M > Mz w)



The ideal DM candidate is

SU@2)r | U(1)y | spin Non-perturbative corrections
S

(and other smaller corrections)
induce modifications:

<O-annv> 2 R ; <O-a,nnv> e <O-annv>p—wave
with R ~ O(few) — O(10%)
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The ideal DM candidate is

SU(2). | U(1)y | spin EW loops induce
s a mass splitting AM
inside the n-uplet:

s
R O
(\)

MQ MQ e M <Q2 Q/Q
+(Q - Q) (Q+Q —2Y)

with £(r) =3 —27r
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The ideal DM candidate is

SU(2). | UQ)y | spin List all allowed SM couplings:
S 348 EL

2 =11/2
& YL H
R R
€
i | HH LH o
LH
HHH* o R e
(LHH )< e8. XLHH*
OHH 4 2 2 2

dim=5 operator, induces
S A2T6V_3 < tuniverse
for A ~ Mp

(LHH)

(HHH*H*)
(HH*H*H*)
(H*H*H*H*)

o Di Luzio,
Nardecchia

H*H im= et al,,
(xx )<+ dim=5, loop decay B
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The ideal DM candidate is

SU(2). | UQ)y | spin List all allowed SM couplings:
S 348 EL

11/

es. XLEH

=

E 21/ 1/2

e XLHH~

P e
dim=5 operator, induces
A TeV T <t
for A ~ Mp

No allowed decay!

Automatically
stable!
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The ideal DM candidate is

SU(2)r | U(1)y | spin and
S 348 EL

by direct searches!
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The ideal DM candidate is

SU(2) | U(1)y | spin and
S 348 EL

HH by direct searches!

g |Candidates with Y #0

HH,LH interact as

LH
HHH"
(LHH")
HHH
(LHH)
(HHH*H*)

s
hgen T3
(\)

Y]
P
(\W)

)

S5 o~ GLMY?

(HHHH") > present bounds
e.8. LUX, Xenon, PandaX

(H*H*H*H") *

= need Y =10

(xxH*H)
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The ideal DM candidate is
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winner!
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Y #() :introduce some mechanism to forbid coupling with Z°
anyway

e.g. mixing with an extra state splits the & components
of AX; if splitting is large enough, NC scattering is
kinematically forbidden...

stability: impose some symmetry to forbid decays (e.g. R-parity)...

even for pure higgsino,

I .tne case Of Susy higgSino some mixing is ‘inevitable’

due to higher dim operators
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« We have a
winner!




A fermionic SU(2); quintuplet with Y = 0
provides a DM candidate with M = 9.4 TeV,
which is fully successful:

- neutral like proton
: o
- automatically stable © stebilityinSM:

and
not ye discovered by DM searches.

(Other candidates can be cured via non-minimalities.)






Gran Sasso underground laboratories | ;




No tree level scattering.
1-loop and 2-loops:



marco cirelli
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PS: SD cross section equally challenging



Indirect Detection

ie.v,’, ,v,D from MDM annihilations in MW halo.
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Indirect Detection

v from MDM annihilations in galactic center

Galactic Bulge Norma Arm

Scutum Arm

Sagittarius Arm ' ' Local Arm

Sun
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Indirect Detection

~ from MDM annihilations in dwarf galaxies

Galactic Bulge e ‘ 4 Norma Arni

Scutum Arm

Sagittarius Arm ' ' Local Arm

' Sun
| Gy
A LW, Z,b, 77 t,h...~eF, P, D ... and7y
) ks . =y
DM \*W+,Z,b,7'+,t,h...wei,(P),D .

: a,ndfy



v from MDM annihilations
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v from MDM annihilations
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v from MDM annihilations

continuum line(s)
(+ continuum)

+ 1CS



Secondary emission

Y from Inverse Comptonon ¢ in halo
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Sun :

- upscatter of CMB, infrared and starlight photons on energetic ¢~
- probes regions outside of Galactic Center
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Secondary emission

Y from Inverse Comptonon ¢ in halo

Star Light

I—  Norma Arni
&

Crux Arm

Carina Arm

Sagittarius Arm  ° R ' Local Arm
Sun :

- upscatter of CMB, infrared and starlight photons on energetic o
- probes regions outside of Galactic Center



7Y from Inverse Compton on in halo

Star Light

7 I Norma Arn
&

M | .

Carina Arm

IsoThermal Profile m,= 3 TeV
DM DM - 177~ ov=2x10"2% cm’/sec

| FERMI 10" - 20°
i [ ) .

Perseus Arm

€ dd/(de AQ) [MeV cm ™25~ lsr™!

Sagittarius Arm

10* 10°

Photon energy € [MeV]

- upscatter of CMB, infrared and starlight photons on energetic ¢
- probes regions outside of Galactic Center

Cirelli, Panci, Serpico 0912.0663
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v from MDM annihilations

continuum line(s)
(+ continuum)

+ 1CS

afi.u,x A
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v from MDM annihilations
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FERMI diffuse galactic:
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FERMI diffuse galactic:

wougitude ¢ [degrzes)
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dSphs galaxies, search for continuum ~-rays:

Constraints from dwarf spheroidals, y—ray continuum
10—20

=21
FERMI: 15 dSphs, 6yrs, ‘Pass-8’ - 150202641 10

HESS: 4 dSphs, incl Sagittarius - 1410.2589

MAGIC: Seguel - 1312.1535
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dSphs galaxies, search for y-ray lines:

Constraints from dwarf spheroidals, y—ray line
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MW center area, search for -ray lines:

Constraints from Milky Way, y—ray line

FERMI: 1506.00013

HE®SS: 1301.1173
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MW center area, search for ~-ray lines:

Constraints from Milky Way, y—ray line

FERMI:

HESS:

Uncertainties in DM profile:
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MW center area, search for ~-ray lines:

Constraints from Milky Way, y—ray line
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Consistent conclusions in:






Bound state formation is relevant
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Bound state formation
impact on thermal mass and indirect detection

Fermmon quintuplet wath ¥ — O
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Bound state formation
impact on thermal mass and indirect detection

Constraints from Milky Way, y—ray line
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At 9.4 TeV, no hope at the LHC.

relax the mass constraint
§oonsider next-to-minimal cases (e.g. the triplet = pure wino)
explore reach of 100 TeV future collider

Mono-X \'4:1> Disappearing tracks

di-jets + MET

or: indirect searches



At 9.4 TeV, no hope at the LHC.

relax the mass constraint
§oonsider next-to-minimal cases (e.g. the triplet = pure wino)
explore reach of 100 TeV future collider

For triplet MDM (a.k.a. wino DM

______________________

|
Mono-photon -
|

__________________________________________________________

_________________________________________________________

L B B I T T R TR ==Y

ATLAS CMS
Expected Observed|Expected Observed |500% 100% 20% |500% 100% 20%

ino 224 238 203 105 | 354 483 63h | 287 394 514
Majorana Fiveplet| 256 267 | 234 226 | 410 524 668 | 340 448 376
a0 ‘b ) y i, J 3 QU F / 5 ':’ b U







Indirect searches at a future Linear Collider:

Even if Vs < Mpw, one can see the effects
in precision measurements
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in precision measurements

Result:
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Indirect searches at a future Linear Collider:

Even if Vs < Mpw, one can see the effects
in precision measurements

Result:

How to read the plot:

a LC with v/s = | TeV,
assuming only stat uncertainties,

will be sensitive to mpm - v/s/2 ~ 800 GeV
.e.mpm ~ |.3 TeV (indeed see the dotted

isocontours of the DM mass)

similar plots for other channels
& for other candidates
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Indirect searches at a future Linear Collider:

Even if Vs < Mpw, one can see the effects
in precision measurements

Result:

How to read the plot:

a LC with v/s = | TeV,
assuming only stat uncertainties,

will be sensitive to mpm - v/s/2 ~ 800 GeV
.e.mpm ~ |.3 TeV (indeed see the dotted

isocontours of the DM mass)

similar plots for other channels
& for other candidates

mMvDM — \/3/2 IGCV]

1000 1200 1400 1600 1800 2000
/'8 |GV

one can go beyond the collider energy, but not by much




Some interesting recent extensions:
- millicharged MDM

assume Y =& # 0,
-> implies stability
-> for suitable &, no DD

relic abundance constraints

- decaying MIDM, if A < Mpianck

-> observable consequences in gamma rays

-‘natural’ MDM MDM induces 21005 My corrections => small hierarchy prob
-> gupersymmetrize it!:
fermion/boson cancellations restore naturalness
stability preserved by SuSy



Some interesting recent extensions:

-asymmetric MDM

-MDM and vacuum stability

-non-thermally produced MDM

-incorporating neutrino masses
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The DM problem requires physics beyond the SM.

WIMPs:

|. even without a larger framework, they are still appealing
2. the frontier is multi-TeV
3. searches are complementary and still have ground to cover



The DM problem requires physics beyond the SM.

Focussing on pure WIMPs,
we find one fully successful DM candidate:
massive, neutral, automatically stable.
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The DM problem requires physics beyond the SM.

Focussing on pure WIMPS,
we find one fully successful DM candidate:
massive, neutral, automatically stable.

fermionic SU(2); quintuplet with Y =0,
mass = 9.4 TeV
(or 11 TeV with bound states)

The phenomenology is precisely computable:

- tested by indirect detection (y ray) exp’s:

- excluded if cuspy
- not probed if cored
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OK, given what we ... see, how do we interpret?

Sl T el o full heory

E.g. SUSY: cMSSM, pMSSM...

parameters: tens (or even hundreds!)

-Q7£7£~QCIL/(.\/:> .

the glorious mo/m12 plane:
* —— — CMSSM: best fit, 1o, 20

RS staucoann. [l hybrid B stop coann.
Qom right due to: | IRIGRTLLE ' % coann, focus point
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OK, given what we ... see, how do we interpret?

offec flv |

Collider
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OK, given what we ... see, how do we interpret?

effectively a simple model a full theory
Collider pee
SM o limits on /A
ATLAS 1 #== expected limit (x10+£20)
SM - (5-8TeV, 2031 — oserved limit
’ DM * D:;zo(m —— Thermal relic
q E; >500GeV - - truncated, max coupling
A
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10° 10°
WIMP mass m, [GeV]




OK, given what we ... see, how do we interpret?

offec flv 4

Collider

- CMS Preliminary -~ M-S0 evie. I-M3
. - - T, =500 CEVICY, T-MI1O

2500 =" 87TeV — =500 Ce VAT, I-Mx

[ P « e e, =S0 GRViC! M=M3
[ f Ldt=19510 e 80 GV FMAO
L — =50 GaVic!, M=pBe

90% CL limit an A [GeV]
h
=
(=

0 t!__"Ll#WI_LJ_LUJJ;
10"

1 10
Meadiator Mass M [TeV/c?]

-

EFT puts bounds on A

Mmed

v Yq 9x
at large mmeg, the two agree

but Ais actually A =

Region Il Region I Region |

resolving, at small Mmeq,
what is the discrepancy?

..e. what is the limit deduced on A,
defined as above?

« limits agree
(xr* % x)(@7.7 9)
A2

1000
Mpeq [GEV]

EFT underestimates bound
Eetbonrdic by some % up to factor 2 or more

much larger



OK, given what we ... see, how do we interpret?

offactivaly i B Al Hheony

parameters:

Ty s Mmed sy Yqs DM

Lvector = 8q Z ZL‘?’Y”Q + ng;‘X’Y"X
q=u,d,schb,t

Laxial—vector = 8q E ZL‘?’Y”')’S‘? + ng;zX-')'ﬂ'YSX-
q=ud,s,cht

(and similarly for t-channel, scalar mediator, scalar DM etc...)



OK, given what we ... see, how do we interpret?

simpliEied At B . theon

~Q7£7£~QC»I;LZI.\/:» .

mock plot:

Vector, Dirac, g, = 0.25, gpy = 1
we—— Obscrved 95% CL
Uncertainties
=== Expected 95% CL
Relic density
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OK, given what we ... see, how do we interpret?

offectivily. sivplifie] Gaiel B Al Hheony

mock plot:

Vector, Dirac, g, = 0.25, gpy = 1
we—— Obscrved 95% CL
Uncertainties
=== Expected 95% CL
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OK, given what we ... see, how do we interpret?

effec;‘»fvﬁ» a ;f [ theory

actual plots:

N A R B A I R [ N R B B A B A B B CMS Preliminary I?91h’1(I3TeV)

ATLAS -~~~ Expected limit (= 1 om.) Vector med, Dirac DM, '- = 0’1. “ﬂ =1

M2 = \ % e PO, scale
S (oY, S0 e Observed limil (e 1oy, ™) <+ Median Expected 85% CL
Axia! Vector Mediatar

Ferturbativity Limit Expected * lo__ .
Dirac Fermion CM » bt
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OK, given what we ... see, how do we interpret?

iR oo (odel o full Hheory

effecz;‘/{v:» .

e.g. pure WIMP model (a.k.a. ‘Minimal DM")

parameters: Mpy

mono-jet

e.g. higgs portal models

parameters: (p.

mono-jet Vector Boson Fusion (VBF)



S0 is the Milky Way profile peaked or cored?

Observations: Simulations:
e (difficult from inside) e (still open debate, but)
e no discriminating power e prefer cuspy

* anyway, no resolution < 2.5 kpc e Dbut: no resolution <2 kpc

» doneily detarmingtion
baryon ¢ brasseling
Navamo-Frank-V/hie

== Fine'n
bythemal

[Caviem)

p"“

cuspier
than NFW
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MW center area, search for ~-ray lines:

Constraints from Milky Way, y—ray line
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Simulations and observations
do not resolve < 2 kpc
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MW center area, search for ~-ray lines:

Constraints from Milky Way, y—ray line

Simulations and observations
do not resolve < 2 kpc
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MW center area, search for -ray lines:

Simulations and observations
do not resolve < 2 kpc

Constraints from Milky Way, y—ray line

Uncertainties in DM profile:

Burkert
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Simulations and observations
do not resolve < 2 kpc
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Simulations and observations
do not resolve < 2 kpc
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MW center area, search for -ray lines:

Simulations and observations
do not resolve < 2 kpc

Constraints from Milky Way, y—ray line

Uncertainties in DM profile:

Burkert
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Updated future sensitivity with CTA,
search for 7-ray lines:
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expected mean

Draco 50h
Triangulum—II 50h
GC Burkert 100h
GC Einasto 100h

Btw, dwarfs do better than GC
(if GC is cored). Mo [TeV]




