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In recent year, several Direct Detection experiments have
claimed possible evidence of light Dark Matter.

Low mass WIMPs
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Evidence is weak, due to the
apparent incompatibility of the
results of different experiments.

If DM would be light and DD cross
sections would be as large as
suggested, the minimal
supersymmetric model would have
a hard time to explain it

(light sbottoms may be an

exception). (Arbey, Battaglia, Mahmoudi;
Batell,VWang,C.W!13)

| present here an NMSSM scenario
that may lead to such properties,
and to a new window for
Baryogenesis.
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Constraints from LXe Experiments

Observe that both XENONI00 and more convincingly
LUX put severe constraints on this scenario
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Although motivated originally by COGENT and DAMA (and CDMS-Si) results, the scenario | will present
remains interesting even if the Direct Dark Matter detection cross section is not as high as suggested by
these experiments. Cross sections a few orders of magnitude smaller make it more natural.

However, in case some of the objections that have appeared in the literature (see arXiv:1106.0653)
are valid, it can also accommodate the large cross section suggested by COGENT and CDMS-Si.
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NMSSM

® |t shares all the good properties of the MSSM, but allows the determination
of the Higgsino mass parameter U from the vacuum expectation value of a
singlet field

® Apart from the five Higgs physical degrees of freedom of the MSSM, there
are one extra neutral CP-odd and one extra CP-even scalar. Moreover,
there are five neutralinos in the spectrum, one more than in the MSSM.

® In this work, we shall consider a limit in which these extra particles are
naturally light, with masses lower than about 10 to 20 GeV, and a strong
singlet component. The neutralino is the LSP and a dark matter candidate.

® Direct Dark Matter cross section may be large in this model and a strong
electroweak phase transition may be obtained

® Model can be probed by collider and also “intensity frontier” constraints

® Searches for electroweakinos at the LHC start to constrain this scenario
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The superpotential of the NMSSM is given by

1
Wymssy = YuQH, U — YpQH,D — YeLH,E + \NH H, + §/£N3
and, therefore
p=AN)

The corresponding soft supersymmetry breaking parameters in the Higgs sector are
Viogt = my |Hal? + m% |Hy|?> + m%| N> = AANH,H N + hc.) + (gAmz\ﬁ + h.c.)
When k — 0, there is a new global U(1) symmetry,a PQ symmetry defined by
H, — H,exp(i¢opg), Hi — Hgexp(ippg), N — Nexp(—2ippg)

Therefore, when the Higgs bosons acquire vacuum expectation values,
a massless CP-odd scalar appears in this limit. For small x, the CP-odd

state becomes light.
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Dark Light Higgs Scenario

® Close to the PQ limit, the CP-odd scalar acquires a mass
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® While for moderate or large tan 3, the CP-even scalar mass
is governed by how far Ay/utan 5 is from 1. Defining
)\,LL AA .
— —1 and takin Ay — ut A< 1
€ M, (lutanﬁ ) g by ptan 8, r<K< A<

at tree level, for small epsilon, the scalar mass contributions are small

5 4% )% KA. 4AR2pA

2 2
my ~ —4ve® 4 + +
! tan2 3 = A A2
A2)2 12 tan 5°
2
At loop level Amj, = ——5log ———.
P ’ ! 21 my
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N H, N N N N - Hy N N H N
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The Dark Light Higgs Scenario

® The positive loop correction can cancel the tree level negative contribution
of the lightest CP-even Higgs mass square.

® Small € is not a result of the fine-tuning, but a result of the vacuum stability.

2

) Physical vacuu
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M \mhl
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0 loop correction 0
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\ achyon /

® The upper bound of the ¢ is

2 1 (4)\21)2 kA 4Ar?p? N2p?

N | 1?2 tan® B
(Y O
max - 492 \ tan? f3 A A2 272 5 m3,
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The Dark Light Higgs Scenario

® Some numerical results (using NMSSMTools 2.3.1and MicrOMEGAS 2.4.Q)

DLH:
Blue Points
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5 < tan 8 < 50, 0.05 < A < 0.5, 0.0005 < k <0.05,—0.8 <& <0.8, ‘— 40GeV < A, < Ol 0.1TeV < p < 1TeV

A < 0.30, K/\ < 0.05, u < 400GeV
g = A
~ ptanp

X < 0.15, k/X < 0.03, p < 250GeV

Values of € < 0.05 are obtained
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The Dark Light Higgs Scenario

How about other new
particles in the DLH scenario!?

A singlino-like light neutralino
~ |-10 GeV

202 2K 14
My, ~ . S1I126—|—T

A light CP-odd Higgs (due to
the PQ limit) ~ 10 GeV

s _ 3rAsp
m ~ —

aj )\

A SM-like Higgs ~ 125 GeV

DLH: Blue Points

hg ~ h, + hgcot 8 —

m?%, + u?
 CP-odd and a CP-even
non-standard Higgs Bosons
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Phenomenological Constraints

® Dictated by mixing of mainly singlet state with MSSM Higgs bosons

v 2¢e 2ve
Sld’% ()\—I_—Iu)a Slu%—f
1 tan 3 my mz

® One should consider the possible decays of the SM-like Higgs, which is mainly
up-type, into the light states

2eUM y
Sgd ~ cot 5, SQS ~ _mQZ n ,u2
€ errective couplin Yhoh1hi ~ — .
pling 21N \/§,LL

It is suppressed both by small values of lambda and epsilon.The coupling to
fermions is easily extracted from the above mixing values.
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Higgs Decay Bounds

We consider squark masses of a few TeV, and values of the trilinear soft
terms of similar magnitude.

There are powerful limits from the Tevatron in its possible gluon fusion
production and possible decay into light boson states. This puts a very
tight upper bound on the rate of these decays.

: M, i Eff. Npe Nobs BR
constraint from 4u channel hb beke bs  OX

(GeV) (MeV) [exp] obs (fb)

constraint from 2u27 channel 02143 +15 17% 0.001£0.001 0  [10.0] 10.0

| 0.3  +50 16% 0.006£0.002 0  [9.5] 9.5

0.5 470 12% 0.012+0.004 0  [7.3] 7.3

. (rescaled) 1 4100 13% 0.022+0.005 0  [6.1] 6.1
. 3 4230 14% 0.005£0.002 0  [5.6] 5.6

KT
h2 . M+7T+
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hl, al\
my, (GeV gy < ;

These bounds are therefore easily fulfilled in these models
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LHC Limits
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Typical BR(hQ — hlhl) < few 104 in the
region of parameters under discussion.
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Upsilon Decay Bounds

® The most important bounds for a light scalar come from radiative decays
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® |n addition for masses below the Kaon decay threshold

—2
3
B

B

+u7)  243m? 2 2
T(hy = ptp™)  243m2 [1+2)\u .\ (31>\d+35>\u> my | 21 <1 Au> Am?Z

L'(hy = 7m) mj B ANy mj 4 DY mj,

Monday, November 11, 2013



Upsilon decay

® When my, > 2mg, the perturbative spectator model is used to estimate the
decay branching ratio of the Higgs.

® Finally, the decay branching ratio of the lightest CP-even Higgs is
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David McKeen, Phys Rev D 79,015007 (2009)
J. . Gunion, H. E. Haber, G. L. Kane, and S. Dawson, The Higgs Hunter’s Guide (Addison-VVesley, Reading, Massachusetts, 1 990)
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Upsilon Decay : CLEO Bounds

100

S Y(lS)—ryKK/

0.01-

S Y(nS)-»yup (n=1,2,3) /
10| —— Y(1S)->ynn

For masses below 2GeV, bounds are satisfied even for relatively
large values of the effective down fermion coupling.
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New BABAR Bounds

p—
-
[\S)

(a)

p—
-
I IIIIIII|

Y(3S) product BF (10°)

[

) : :
10 (b)

10

[
I |||||||

““f MMF ]
b

==
| —

-

4 6
A° hypothesis mass (GeV/c?)

=
Y(2S) product BF (10°)

[

10

BF(Y = ~v+45)~2x10"* A2 Foep

FQC’D ~ (.3

Bound on A4 larger than 0.25 may be obtai
from these considerations.

Typical value of A\; ~ 0.1 in this model,
so it comfortably satisfies the bound.
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Other constraints from lepton, Higgs and flavor physics

Constraints on this model also come from g — 2 of the muon at the one and
two-loop level, from rare B decays and from the Zh; production at LEP2.

The first ones put constraints on A; and the two-loop g — 2 as well as the
last one on A\,. Bounds depend also on the SUSY spectrum.

Values of \g and )\, smaller than 10~! tend to satisfy these constraints.

How about the implications for cosmology?
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Dark Matter in the DLH Scenario
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S| Direct Dark Matter Cross Section

Production dominated by t-channel interchange of light scalar Higgs.
Contribution of non-standard Higgs bosons suppressed by large mass
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Simple correlation between light scalar
mass and S| Cross Section
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Dark Matter Relic Density

Dominant Annihilation Cross Sections

N hy, a; N hy, aq
e Channel! 0T T hi, a
4 TN T
KM, ~suppressed N hi, ay ) |
N hi, aq
® Channelll ) 3
N / N /
2%/ 2 o2 —2 2% 2 P2 —2 h a
K Yb Sldmxl (l{ Yb Plde1 ) _ _1_ _ _1 _
N f N f

S-channel annihilation from light pseudoscalar dominant annihilation channel

Resonant effects at finite T should be properly taken into account while computing the
thermal average cross section.

Monday, November 11, 2013



Dark Matter Relic Density
Oh?

* The annihilation cross section is given by 20
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Indirect Dark Matter Detection Constraints

® We cannot explain the Pamela or Fermi “excesses”, that should come from
other sources.

® Since dominant annihilation channel is into bottom quarks, then the antiproton
flux constraints could be important.

® However, these signals become weak, orders of magnitude smaller than the
current bounds.

® The reason is that the cross section is considerably suppressed with respect to
the thermal average one, since masses are away from resonance

<Uv>today < <Uv>freezing out
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Light Dark Matter and the Electroweak Phase Transition

A strong electroweak phase transition allows the
realization of the mechanism of electroweak baryogenesis

Kuzmin, Rubakov and Shaposhnikov, '85—'87
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Interesting correlation between the mass of
lightest CP-even Higgs mass and phase
transition strength
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Correlation between Sl cross section and phase transition strength

M. Carena, N. Shah, CWI |

1
¢ e ®
T B
: 2
¥ e e T A
Q: .................................
c 0-01 _E ............................................................................................................................................
ﬂ N .
|
7
b 0.001 F a8 | o ® Parameter Seta
............ A Parameter Set b
N
: ? > ! 9 11

¢/ T
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S| cross section on the lightest CP-even Higgs mass
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SM-Like Higgs and Sl cross section

M. Carena, N. Shah, CWI |
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Large S| cross sections can be obtained for
acceptable SM-like Higgs masses

Monday, November 11, 2013



Light Neutralino Masses

M. Carena, N. Shah, CWI |
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Easier to get larger cross sections
with lighter WIMPS (similar trend
as in experimental constraints)
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LHC Tests : Search for Electroweakinos

M. Carena, S. Gori, N. Shah, C.W, to appear

One important feature of this model is that YU cannot be too large, since it is
related to Ay >~ ptan 3. The Higgsino mass parameter should be smaller
than a few hundred GeV.

Small values of Y implies light Higgsinos.

Light Higgsinos may be tested at the LHC, mainly in the trilepton channel

Exact gaugino masses have an impact on this scenario, with lighter gauginos
leading to more decays of the lightest neutralino into Higgs bosons.
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Relevant production channels

or via Higgs

Trileptons coming from gauge bosons constitute
the most important search channel, but Higgs
channel is starting to be explored.
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ATLAS results in trileptons and Higgs + WV searches
/
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CMS Results. Impact of light sleptons

GMSB Z-enriched Chargino-Neutralino

higgsino scenario production/decay
=0 0 N 76 scenarios
XX — (ZG)(ZG)

CMS Preliminary \s =8 TeV, L, =19.5 fo CMS Preliminary Vs=8TeV,L =195

E 1 O = '_" L L | — 800 [T T T T [ T T T T [ T T T T [T T T T [T T T T[T tl LI I B B B

o 95% C.L. CLs L1 blne % - observed CLg limits (95% CL) 3

: TZQSZLZ; R e :

c . P dlan=1o o e e pp—>xx(R ("1)=1) ]

(@ I e observed 212] éx 600 :_ ,,,,,,,,, op — ’X'Z ’X'?, ( n07’ BF(WZ)=1) _:

= = otN)fgrved 4] + 3l 500 [ —pp— 7‘2 X?, (no7, BF(WH)=1) E

E i3 o191 <330 GeV C s pp—% %, (1, BF('T)=1) .

g - excluded 400 E

- W 0 - ]

& [ N at9s%CL g0 E

L_I) ..................... 2005 -------------- :

0 107 NI A e .

o HomsezzeErs | TN 100 =

(@) — tanB =2 RN . :

m M‘I = M2 =1TeV L1 11 | cvov v Py 8 | L1 'I 1 | 1 L1

P o o Loy by | 100 200 300 400
150 200 250 300 350 400 m; = 0.5m.. +0.5m,, ITL m~o [Ge ]
~0 ~0 ~+ 1 '

m(y,)=m(y,)=m() )=HU u [GeV] 48

Monday, November 11, 2013



Higgsino Cross Sections

Bounds before relevant for charginos and second
lightest neutralinos with dominant wino component.
Higgsino production cross section a factor 4 smaller

(per neutral Higgsino) !
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Decay Branching Ratios

® |n this model, the lightest chargino decays one hundred percent of the time
into aW and a light neutralino

® The second lightest neutralinos, instead, tend to decay in average about 60
percent of the time into a neutralino and a Z, and 40 percent of the time
into a Higgs and a neutralino

® The bounds are therefore further weakened with respect to the ones found
by ATLAS and CMS.

We found that the current bound on the Higgsino mass parameter is of about
M > 250 GeV at both ATLAS and CMS

Bounds tend to be weakened for lighter binos (keeping the winos heavy)
due to an increase of decays into Higgs bosons.
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Higgsino-Singlino Bounds
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Conclusions

® Dark Light Higgs scenario is a region of parameters in the MSSM, where one finds
® A light, mostly singlet scalar Higgs, with mass below about 10 GeV

® A light, mostly singlet pseudoscalar Higgs with mass below about 20 GeV

® A light, mostly singlet, neutralino, with mass below about 10 GeV

® This scenario is in agreement with all experimental constraints coming from high energy
collider as well as flavor experiments. It can lead to the proper relic density, with
indirect dark matter annihilation signatures well within current bounds.

® Furthermore, for a sufficiently light scalar Higgs it can lead to a large direct dark matter
cross section, consistent with values suggested by COGENT, DAMA and CMDS (Si)
(but challenged by XENON).

® Strength of the electroweak phase transition correlated with the Sl cross section one.

® This scenario is being probed by LHC searches for Higgsinos in trilepton final states.
Higgs states abundantly produced from SUSY particle decays.
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S1 Mean Relative to Null Field

arXiv:1306.5674
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FIG. 5: Variation of the S1 scintillation yield for
10.8 to 49.9 keV nuclear recoils as a function of

drift field. Error bars are statistical only.
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