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The Mystery of Dark Matter

* Rotation curves from Galaxies.

Luminous disk =% not enough mass to explain rotational
velocities of galaxies — Dark Matter halo around the galaxies

 Gravitational lensing effects

Measuring the deformations of images of a large number
of galaxies, it is possible to infer the quantity of Dark
Matter hidden between us and the observed galaxies

« Structure formation:
Large scale structure and CMB Anisotropies

ell 1689
d Camera for Sur

The manner in which structure grows depends on the amount and type of dark matter present.
All viable models are dominated by cold dark matter.



Dark Matter Annihilation Rate

Q@ The main reason why we think there is a chance of observing dark

matter is that, when we compute the annihilation rate necessary for a
thermal relic density, we get a cross section

Fann. (DM DM — SM SM) ~ 1 pb

10.0
Q@ This is approximately (] i
2 C
o W :
ann T6V2 = 3.0:
- [
~ 20}
This suggests that it is probably °
mediated by weakly interacting Lol
particles with weak scale masses Tk
0.7 E -
" PR RSP | L L s v owaaal 1 L s w w1
% fo1 10% 103 104

M, (GeV)
(A.B., K. Matchev and M. Perelstein, PRD 70:077701, 2004)

@ Connection of Thermal Dark Matter to the weak scale and to the
mechanism of electroweak symmetry breaking



Supersymmetry
fermions bosons

New Higgs Bosons

PARTICLES THAT PARTICLES THAT
MAKE LIF MATTER MEDIATE FORCES
H,A +
, H
ELECTRON PHOTON GLUON HIGGS
Q - o
PARTICLES
THEORETICAL
PLANE DIVIDING
e ‘ ‘
THEIR ~ ~
“SPARTICLE® “SQUARK” “SELECTRON" NO"  “GLUING®  “Wi “ZNO"  “HIGGSINO" HO H:I:
Additional
Photino, Zino and Neutral Higgsino: Neutralinos Higgsinos

Charged Wino, charged Higgsino: Charginos

Particles and Sparticles share the same couplings to the Higgs. Two superpartners
of the two quarks (one for each chirality) couple strongly to the Higgs with a
Yukawa coupling of order one (same as the top-quark Yukawa coupling)

Two Higgs doublets necessary — tan 8 = o
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If all the couplings allowed by
ST T o supersymmetry and gauge
invariance are present, and take
values of order one, the

< proton would present a very
fast decay rate.
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e Both lepton and baryon number violating couplings involved.

e Proton: Lightest baryon. Lighter fermions: Leptons



R-Parity

e A solution to the proton decay problem is to introduce a discrete
symmetry, called R-Parity. In the language of component fields,

Rp = (_1)3B—|—28—|—L

e All Standard Model particles have Rp = 1.
e All supersymmetric partners have Rp = —1.

e All interactions with odd number of supersymmetric particles, like

the Yukawa couplings inducing proton decay are forbidden.
e Supersymmetric particles should be produced in pairs.
e The lightest supersymmetric particle is stable.

e Good dark matter candidate. Missing energy at colliders.



Direct Detection Dark Matter Experiments

* Collider experiments can find evidence of DM through ﬁT signature
but no conclusive proof of the stability of a WIMP

* Direct Detection Experiments can establish the existence of Dark Matter particles

.................

® WIMPs elastically scatter off nuclei in targets,
producing nuclear recoils

R= ZNi n,(0,,)

Direct DM experiments:
sensitive mainly to spin-independent elastic scattering cross section ( oy, <107 pb)

==> dominated by virtual exchange of H and h

and to gluons via bottom loops

X X
N x
é H h
H, I A <
e tan f3 enhanced couplings of H to strange, /\ )
u

AT 47TmWM4




Prospects for direct Dark Matter Detection

Current Limits

“Typical” scenarios

1036 .2 10—45 .2
1 pb =107"" cm?, 1 zb = 107" cm constrained by data

Limits on Dark Matter from Direct Detection
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Arkani-Hamed, Dimopoulos, Giudice, Romanino’04



Prospects for direct Dark Matter Detection

Projected Bounds
(with better neutrino floor estimate)
1 pb = 10736 cm? 1 7b = 1045 ¢m? Typical scenarios

constrained by data
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Neutralino Mixing in the MSSM

In the basis of fermion super partners of the gauge and Higgs fields
Y0 = (B, W°, Hy, Hy)

One can write a neutralino mass matrix that mix these states

L ot 0
Eneutralino mass — _§(¢ ) Mﬁ@b + c.c.

M1 0 —CgSwmz SgSw mz
M~ — 0 Mo cgew myz  —SgCw myz
N —CgSwmz CgCw Mz 0 — K
SgSwmyz  —SgcCw myg — 14 0



Relevant Direct Dark Matter Detection Amplitudes

(cosa H, —sina Hy)

/\ H = (sinaw Hy + cosa Hy,)
q q

For down quarks, for example

o [

. Mg (—smoz Gyxh . COSQ gxxH>

cos 3 m3 ma;



Higgs couplings to Neutralinos

LD —V2¢Yy BH,H' — \2gWeH t"H* + (u < d)

It is a product of the gaugino component and the Higgsino components, times the gauge couplings
Ixxh (glNil — 92Nz‘2)(— cosa Ny — sin Nz‘3>

9xxH ™~ (91 Ni1 — g2Nj2)(—sina Nyy + cosa N;3)

Combining all the previous information, we get

N;1 — go N, 1 1 sinfa cos? «
0~ md(gl 1 — 92 2) N4 sin o cos « 5 — —5 | T IV; 5 + 5
cos 3 m?  m? m2 m2,

From the structure of the neutralino mass matrix, one obtains that

Pierce, Shah’15
N3 ~ (m, cos 8+ psin )

Ny ~ (mysin 8+ pcos )



Proper SM-like Higgs properties: cosa ~ sin 3, sina ~ —cosf3

For moderate values of tan3 and close to the decoupling limit, one obtains

1 1
g ~ mq [cos B(my + psin23) —5 — psin 3 cos 23 —2]
m mH

cos 3 h
Similarly,
my, | . . 1 1
Ay, sin B sin B(m,y + psin 20) m—% + pcos fcos2f m—%{

The quark couplings allow us to obtain the expression for the proton and neutron couplings

< Z (p) aq f(p) aq) m,
m

q=u,d,s q=c,b,t q

®) — 0.017 +0.008, % = 0.028 +0.014, £?) = 0.040 + 0.020 and £ ~ 0.91

< p‘mqqcﬂp >= mprq7 TG =1- Z (p)



P. Huang, C.W.’15

Direct Dark Matter Detection Cross Section

Putting all together, one gets

1 1
O'EI ~ (F( P) +F(p))(mx+,usm26)——I—,utaHBCOSQB( + FP) /tan? 3 )m
mp, H
with
FP = P 42 x 21 ~ 015 By = 1) + S+ 2070 ~ 0.14

One can do a similar calculation for neutrons, and the expression is very similar. Indeed,

M _ 0,011, £ =0.0273, £ = 0.0447 and fie) =0.917

F{" ~0.15 and F\™ ~0.14
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Blind Spots in Direct Dark Matter Detection

The cross section is greatly reduced when the parameters fulfill the
approximate relation

1
(F( p) + E®)(my + psin 25)—2 ~ FCEP) ptan B cos 25m—
ms H

which at moderate or large values of tanf3 reduce to

1 1
— ,utanﬁ—

2 (m, + psin2p)
: mj, My

We shall call this region of parameters the “blind spot region”



Dependence of the cross section on the heavy Higgs mass
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Application of the naive blind spot formula gives MA = 478 GeV



H(GGV) tan_B =10, mA =400 GeV

u (GeV)

Cancellation

of Lightest |

Higgs coupling ]
to DM

P. Huang, C.W.’15

Blind Spot Scenarios and Relic Density

Depends strongly on MA. All other s-particles assumed to be heavy
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Blind Spot Scenarios and Relic Density

tanB =10, mA =500 GeV
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Resonant Annihilation of Dark Matter through MA interchange
This scenario is consistent with the proper relic density
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Relic Density and Blind Spot Scenarios |l
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Non-Standard Higgs Production

QCD: S.Dawson, C.B. Jackson, L. Reina, D.Wackeroth, hep-ph/0603 |

Associated Production

""""" H,A
...... -
b

8 Gluon Fusion

........................... b,t
"""" H,A
b

...... I

N N mp tan 8 N _my tan 3

JgAvb = gHLD = —(1 n A())y) JArr = JHrr = T



Searches for non-standard Higgs bosons
M. Carena, S. Heinemeyer, G.Weiglein,C. WV, EJPC’06

® Searches at the Tevatron and the LHC are induced by production channels
associated with the large bottom Yukawa coupling.

tan? 3 y 9
(1+2A)° (14 A)*409

o(bbA) x BR(A — bb) ~ o(bbA)sm

tan? 3

o(bb,gg — A) x BR(A — 77) =~ o(bb, g9 — A)sm
( ) ( ) ~ o ) A5 A2 10

® There may be a strong dependence on the parameters in the bb search
channel, which is strongly reduced in the tau tau mode.

* If charginos are light, they contribute to the total with, suppressing the BR.

tan? 3

olpp — H A — 77) x

[(3mg 4 (M3V+M§)(1+Ab)2) (1 +A7)2 n (1‘|‘Ab)2]

m?2 tan? 3



Search for new neutral Higgs bosons

CMS h, H A—m 19.7 fb™ (8 TeV) + 4.9 fb™ (7 TeV)

%: ! IIIIIIIIII"" h MBOTIIIIII]IIIIIIIIIII
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Low values of the new Higgs bosons masses
and large values of tanf3 ruled out
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Limits from Direct Searches in the two different Blind Spot Regions

Well

Tempered Resonant Annihilation
Neutralino

.~ ATLAS
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Production of Charginos and Neutralinos
at the 13 TeV Collider

Electroweakino Production at Small M, and |y
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Searches for Charginos and Neutralinos

Trilepton Channel

7 Vi
7 - £
> I' y- S
destrucive : i =0
_,: X1
t-channel q°
1 = f:
interference A < . f Al <
AT 3 L4 .‘.‘ e "_ﬂ
) | \ i
q £

For heavy sleptons, the bounds are weak, due to
Branching Ratio suppression
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Bounds on the Blind Spot Scenarios
coming from Direct Searches for Higgs and Electroweakinos
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Bounds on the Blind Spot Scenarios

coming from Direct Searches for Higgs and Electroweakinos
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Comments

® Previous plot was performed for values of the Higgs mass
consistent with approximate cancellation of the direct DM

detection cross section

® We can instead choose the maximal mass consistent with a given
cross section, that we chose to be ¢ ~ 107! pb

tanB = 10
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Bounds on the Blind Spot Scenarios
coming from Direct Searches for Higgs and Electroweakinos

( Highest CP-odd Higgs mass consistent with a cross section o < 10747 cm? )
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Bottom Coupling

COS (v
Ct — —

sin (3

Sin o

Cb:_cosﬁ = sin (f — a) —tan S cos (B — )

cy =sin(f —a) ,

= sin (f — «) + cot Bcos (B — a) ,

In the MSSM, one can compute this deviations

-1 3} A2 A2
ty chay — mE hmd + —t At (1 2L ) 21—
e s R rmeRey v { tHES ( 6mz) V WE

Carena, Haber, Low, Shah, C.W.’15

In general, there is an enhancement of the bottom coupling

May only be avoided for large values of the heavy Higgs mass
(M is relatively small and radiative corrections are then negligible)



Down Couplings in the MSSM for low values of u
(no Alignment)

In this regime, A¢,7 = 0, and
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Carena, Low, Shah, C.W'I 3 of the bottom decay width

For moderate or large values of tanf8
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Low values of p similar to the ones analyzed by ATLAS

tan B

ATLAS-CONF-2014-010
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In the MSSM well tempered scenario ruled out.



. . Carena, Haber, Low, Shah, CW. 5
Adding a heavy singlet sector:

CP-even Higgs Mixing in the NMSSM

see also Kang, Li, Li,Liu, Shu’ |3, Agashe,Cui,Franceschini’|3

It is well known that in the NMSSM there are new contributions to the lightest CP-
even Higgs mass,

W = ASH, H, + gsi”

2
v
mi ~ )\2? sin® 2 + M3 cos® 28 + A;
It is perhaps less known that it leads to sizable corrections to the mixing between the
MSSM like CP-even states. In the Higgs basis,

1
M32(1,2) ~ —" (mj, — M7 cos28 — \?v?sin’® 8 + &)

The last term is the one appearing in the MSSM, that are small for moderate mixing and
small values of tan B The corrections At and Ot are the same as in the MSSM.

So, alignment leads to a determination of lambda,

The values of lambda end up in a very narrow range, between 0.65 and 0.7 for all values

of tanf, that are the values that lead to naturalness with perturbative consistency up to
the GUT scale

m2 — MZ cos 23

v2 sin? B

N =




SM-like Higgs in the NMSSM (heavy singlets and singlinos)
: Carena, Low, Shah, CW/13
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Prospects for Direct Higgs Searches at the LHC

Djouadi et al'15
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Well tempered region fully explored

Resonant Annihilation will be explored until fairly large value of Iul



Conclusions

Provided R-Parity is conserved, Supersymmetric extensions of the Standard Model
contain a Dark Matter candidate.

Such Dark Matter particle have been searched for at Direct Detection
experiments, as well as at colliders.

Direct Dark Matter constraints are increasingly strong and rule out relevant
regions of parameter space.

Blind spots occur in regions in which the Higgs mediated amplitudes interfere
destructively, rendering the Direct Dark Matter cross section consistent with
current experiments.

The realization of these blind spots demand correlations between the ratio of the
square of the Higgs masses and the ratio of the gaugino and Higgsino masses.

These correlations may be tested at the LHC through a combination of
electroweakino and non-standard Higgs searches, which have already tested
important regions of the allowed parameter space and will test the most natural
realization of this scenario in the real future.



