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Zoo of dark matter

mass and interaction strengths span many, many orders of magnitude

Some Dark Matter Candidate Particles

HEPAP/AAAC DMSAG Subpa

neutrinos WIMPs :
neutralino

1 Black Hole Remnant,

SuperWIMPs :

Z [fuzzy CDM l gravitino
i il: KK graviton
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Zoo of dark matter

mass and interaction strengths span many, many orders of magnitude

Some Dark Matter Candidate Particles

HEPAP/AAAC DMSAG Subpanel (2007) | |, appear in particle physics models
motivated independently by attempts

to solve EWSB

« relic density are determined by m,
and m

— naturally around the observed value
11 — no need to introduce and adjust
SuperWIMPs : 1| new energy scale

) [fuzzy CDM gravitino
i il: KK grawto

weak

1 % BIIa.CIk HOIGI Rlemnaint 1 1 1 1 1 1 |

I 1
i L
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WIMP miracle

WIMP: Weak Interacting Massive Particle

* Mymp~ Myeak

2 -
* Oan ~ Qyeak® Myeak

- 2.6 x 10710Gev—2
1T A~

o
O G . 35 = Q h2-0.3
(040) ~ —5—0.1 ~ 107 9GeV

veak

naturally around the observed value

@ WIMP appears in many BSM scenarios
= lightest supersymmetric particles in SUSY models
= lightest KK particles in extra dimension models
-
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WIMP: Weak Interacting Massive Particle

* Mymp~ Myeak

2 -
* Oan ~ Qyeak® Myeak

2.6 x 107 10Gev—2

o
O G . 35 = Q h2-0.3
(040) ~ —5—0.1 ~ 107 9GeV

veak

round the observed value

@ WIMP appears in many BSM scenarios
= lightest supersymmetric particles in SUSY models

= lightest KK particles in extra dimension models
-

Qh2 ~
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WIMPless miracle

1 m2

(ov) 9%

@ only fixes one combination of dark matter mass and coupling
® mX/gX2 - mweaklgweakz, th ~0.3

could have mx # mweak as long as the relation holds

J.L. Feng and J. Kumar, PRL 101, 231301 (2008)
WIMPless DM 3.L. Feng, H. Tu and H. Yu, JCAP 0810, 043 (2008)

Feng, Shadmi, PRD 83, 095011 (2011)
Feng, Rentala, Surujon, 1108.4689

@ dark matter: no SM gauge interactions, not WIMP
@ naturally obtain right relic density: similar to WIMP

6




WIMPless miracle

J.L. Feng and J. Kumar, PRL 101, 231301 (2008)

SUSY
® Dark matter is hidden no SM interactions Breaking

@ DM sector has its own particle content, mass / | \

mx, coupling gx

Hidden
@ Connected to SUSY breaking sector X H

10°

mx

9%

—>

2
1 mx

»QXOC ~

(ov) g%

///://\ .
: WiMPless DM right relic density !

1 |
104 102 10° 10 (irrespective of its mass)
my [GeV]

7




WIMPless: not hidden

If no direct coupling to SM:

* interact only through gravity

* impact on structure formation

* no direct/indirect/collider signals

SUSY
Breaking

N

Hidden




WIMPless: not hidden

SUSY
Breaking

If no direct coupling to SM:
* interact only through gravity

* impact on structure formation 'Conniector- S
* no direct/indirect/collider signals Uy T x U

My ~ max (Mweak, Mx) interaction A XYf




WIMPless: not hidden

SUSY

If no direct COUp“ng to SM: Breaking
* interact only through gravity '
* impact on structure formation

. . e . . | Connector i | Hidden
* no direct/indirect/collider signals Y X

My ~ max (Mweak, Mx) interaction A XYf

@ indirect detection
XX — ff, YY

@ direct detection
Xf — Xf

@ collider: 4th
generation fermions
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WIMPless: not hidden

If no direct coupling to SM:

SUSY
Breaking

* interact only through gravity

* impact on structure formation

I Hidden
* no direct/indirect/collider signals | 1 x

My ~ max (Mweak, Mx) interaction A XYf

light dark matter

@ indirect detection
XX — ff, YY

® direct detection

open new possibility for
@ DM model parameters
@ new experimental search windows

Xf — Xf

@ collider: 4th
generation fermions

provide a framework that
e guarantee DM relic density
e allow freedom in DM-SM interaction




Light dark matter

‘ XENONI100 (2011)
" \ C)PAMANa — observed limit (90% CL)

A oGe Expected limit of this run:
WA o Sl
| \\‘ o @ small mass, large osi
A\ CDMS (2010)
?
XENON10 (S2 only, 2011) © DAMA vs. CoGeNT :
'\‘ . EDELWEISS (2011) XENON100 (2010) O] PCCO"ClIC Wlth CDMS/ XENON7
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Light dark matter

‘ light DM with large os \

@ not generic in typical WIMP
O st : chirality flip, proportional to Yukawa coupling

A. Bottino, F. Donato, N. Fornengo and S. Scopel, PRD 68, 043506 (2003);
PRD 77, 015002 (2008); PRD 78, 083520 (2008).

@ can be easily accommodated in WIMPless model with connector Y

J.L. Feng, J. Kumar and L.E. Strigari, PLB 670, 37 (2008)

W = Z(AZXYquE + A XY puls + Ny X Yy, dY)




Light dark matter

‘ light DM with large os \

@ not generic in typical WIMP
O st : chirality flip, proportional to Yukawa coupling

A. Bottino, F. Donato, N. Fornengo and S. Scopel, PRD 68, 043506 (2003);
PRD 77, 015002 (2008); PRD 78, 083520 (2008).

@ can be easily accommodated in WIMPless model with connector Y

J.L. Feng, J. Kumar and L.E. Strigari, PLB 670, 37 (2008)

W = Z(AéXYquE + A XY puls + Ny X Yy, dY)

not chirality
opposite chirality
of SM quark
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Light dark matter

‘ light DM with large os \

@ not generic in typical WIMP
O st : chirality flip, proportional to Yukawa coupling

A. Bottino, F. Donato, N. Fornengo and S. Scopel, PRD 68, 043506 (2003);
PRD 77, 015002 (2008); PRD 78, 083520 (2008).

@ can be easily accommodated in WIMPless model with connector Y

J.L. Feng, J. Kumar and L.E. Strigari, PLB 670, 37 (2008)

W = Z(AéXYquE + A XY puls + Ny X Yy, dY)

not chirality
opposite chirality
of SM quark

S.Su

‘ Exotic mirror quar'ks‘




Connector couple with first two gen.

@ first two generations,
tree level scattering = A ~0.03

CDMS (Ge]®

I|IIII|
5001000

L Ll
50 100
my (GeV)

J.L. Feng and J. Kumar, PRL 101, 231301 (2008)




Connector couple with third gen.

@ third generation
= loop level scattering, A ~0.3-1,
more natural

- less constrained by FCNC

1072 § .

10_1 I

N
AN

\\QRESST
\‘ CDMS (Si)

1 el

T—- TEXONO

M\ \ . CoGeNT
\

XENON \ Y
\
\\ \
0.1 N
\\

~

I 11 lllll 1 llllllll 1 llllllll 1 llllllll L

IRV NI

\

\ D

2 ) 10 20
my (GeV)

50 100 200

J.L. Feng, J. Kumar and L.E. Strigari, PLB 670, 37 (2008)




Isospin violating dark matter

. Giuliano (2005);
@ DM scattering off a nucleus: coherent Chang, Liu, Pierce, Weiner, Yavin (2010)

Feng, Kumar, Marfatia, Sanford (2011)

oA~ (fo Z + fn (A-2))?

@ usual assumptions: fp = fy @ isospin violation fp # fn
= oa ~ (frA)? = could appear in many BSM
= results for various target = decouple one exp with fu/fy=-Z/(A-Z)
nuclei in (m, op) plane = not exact cancellation due to
= A?scaling isotopes

~\

S 0 [2+(5,/1,)(4-2)]

1=is0.

zZ _

.




Isospin violating dark matter

r
>

T III!II|

— —CDMS-Si (SUF)

SIMPLE (2011)

C=JCoGeNT (2010)
AT (=773 CoGeNT (2011)

CDMS-Ge (SUF)

— CDMS-Ge (Soudan)
— XENON100 (2011)
XENON10 (2011)

..+ CRESST (2011)
——IDAMA (Savage et al.)

~—=CDMS-Si (SUF)

[|===+CDMS-Ge (SUF)

=umnm GCDMS-Ge (Soudan)

[|=—=XENON100 (2011)

=== XENON10 (2011)
SIMPLE (2011)

[|="= CRESST (2011)
——1DAMA (Savage et al.)

—3 CoGeNT (2010)

7 8 9 10 11 12

@ hard to fit all three signals
® CDMS, CoGeNT both Germanium based
s.su @ SIMPLE gets tighter

13

9 10 11 12
my (GeV)




Realization of IVDM in WIMPless

@ at nucleon level: fp#fn
® af quark level: W =) (A, XY, ¢}, + N, XY, uf + N XY, dR)

X » .4
N 7
N 7/

/YL X YRX
q q

® SI operators O; = N AL X Xa'u' /my + AN AL X Xd'd fmy
@ isospin violating fpﬁn/Mf = > (AN BE XN BET) [ (VTmx my )

folfp ~ 0.7 —> ), ~ —1.08)),  0.013 S A} $0.024

15




Collider constraints

@ monojet @ Tevatron: Aq Aud <1, two orders of magnitude too weak
Feng, Kumar, Marfatia, Sanford, 1102.4331

@ jets+MET @ Tevatron and LHC, 1 fb': tension with IVDM

Rajaramam, Shepherd, Tait, Wijangco, 1108.1196

10—37
1078}

107} .
e X: fermion (vs. scalar)

1040} e minimal flavor violation
SU(2) breaking term ~ mq

500
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Collider constraints

@ monojet @ Tevatron: Aq Aud <1, two orders of magnitude too weak
Feng, Kumar, Marfatia, Sanford, 1102.4331

@ jets+MET @ Tevatron and LHC, 1 fb': tension with IVDM

Rajaramam, Shepherd, Tait, Wijangco, 1108.1196

10—37

-\ CoGeNT
1075 CDMS (low en

1073} .
e X: fermion (vs. scalar)

e minimal flavor violation
SU(2) breaking term ~ mq

._.

N
E
(=3

Tevatron

[u—
|

=

_

g

14
~——IVDM (with scalar) is still a viable solution ...

500




Collider signature: exotic quarks

‘ Y particle appears as exotic mirror quarks Q’ ‘

Collider Signal (4th gen)
T T —ttXX, B’'B’ —bbXX

J. Alwall, J.L. Feng, J. Kumar, SS
1002.3366; 1107.2919.

@ differ from SUSY searches: cascade decay
@ differ from usual 4th generation quark T' — Wb, B' - Wt




Collider Signature: exotic quarks

Collider Signal: T'T'—ttXX, B’B’ —bbXX

@ Connection to solution for Hierarchy problem
— need top partner
— the lighter, the more natural
— decay straight to invisible particles
— bottom partner

© appears in a general set of new physics scenarios
= light stop/sbottom
- asymmetr‘ic dar‘k matter B. Dutta and J. Kumar, arXiv: 1012.1341
= little Higgs with T-parity H.C. Cheng and 1. Low, JHEP 0408, 061 (2004)

— baryon and lepton number as gauge symmetry P. Fileviez Perez and M. B. Wise,
arXiv: 1002.1754

relevant for re-examine of naturalness based on

LHC data, light stop/sbottom signatures.




Constraints

® perturbativity constraints: mq = yQ’ v, mq' < 600 GeV (if through Yukawa)

@ precision electroweak data: |mr-mg| ~ 50 GeV (for SU(2) doublet)
® direct searches limits

B’B’—bbXX, similar to sbottom pair production with

F I I I
- D0, L=5.2 fb! (a)

I I
| DO0,L=52fb"

-
N
o

—— LQNLO cross section, B=BF(LQ,—bv)=1
— — LQ NLO cross section, B=1 - 0.5xF,,

—Observed
--Expected .

DO Run Il
5.2 fb!

DO
N_Runli
\310 pb

CDF
\ Runil |

-1
cpg 1295 Pb”|

Run| |
88 pb"l

| [ ]
| :
I | RN ! |
200 250 300 100 150 200 25

Leptoquark Mass (GeV) Bottom Squark Mass (GeV)

19

-
(=
o

—— Observed limits

(o]
o

Expected limits

D
o

Neutralino Mass (GeV)

=
o

V. M. Abazov et al. [DO Collaboration], 1005.2222




Constraints

® perturbativity constraints: mq = yQ’ v, mq' < 600 GeV (if through Yukawa)

@ precision electroweak data: |mr-mg| ~ 50 GeV (for SU(2) doublet)
® direct searches limits

B’B’—bbXX, similar to sbottom pair production with

I I I
D0, L=5.2 fb™! (a)

I
| DO0,L=52fb"

ST T TTT

-
N
o

—— LQ NLO cross section, B=BF(LQ 3—>bv)=1
— — LQ NLO cross section, B=1 - 0.5xF,,

—Observed
--Expected .

-
o

—— Observed limits

Expected limits

msb > 247 GeV

'U‘ lino Mass (GeV)

! | N ;
200 250 300 100 150 200 250
Leptoquark Mass (GeV) Bottom Squark Mass (GeV)

19

V. M. Abazov et al. [DO Collaboration], 1005.2222




B: Tevatron Reach /vl b Feng, ). Kumar S5

Signal: B’B’ —bbXX e optimal cuts (after precuts)

@ S/B > 0.1, more than 2 events
Bg: W(Iv)jj, Z(vv) jj,WZ, ttbar, single top, p ..con statistics

Exclusmn for B’ B’ —bXbXat Tevatron Dlscovery for B’ B’ —~bXbX at Tevatron
;350 I I | $350 ; : : : ; : i

11 | L1 i L1 | L1 QE\\ /j 1 | 1
300 350 400 450 500 | I - | N I 11 I25|0I 1 I30|0I 11
mg. (GeV)




B: Tevatron Reach /vl b Feng, ). Kumar S5

Signal: B’B’ —bbXX e optimal cuts (after precuts)

@ S/B > 0.1, more than 2 events
Bg: W(Iv)jj, Z(vv) jj,WZ, ttbar, single top, p ..con statistics

Exclusmn for B’ B’ — b X b X at Tevatron Dlscovery for B’ B’ —bXbX at Tevatron
;350 ;350

?00 150 200 250 300 350 400 450 500 I B | [ | L1 |250| [ |30|0| 1 350
mg. (GeV)




LHC reach 2w L Feng, 3. kumar, ss

@ optimal cuts (after precuts)
® S/B > 0.1, more than 2 events
® Poisson statistics

_xclusion for B’ B’—~bXbXat7TeV Lt 5D|scovery for B’ B’ b Xb Xat7TeVLHC

L1l

|l|l|l|l|l|

10000pb-1 .....

: : : : N : i : \ : : NE : ’ : :

N R .

: : : i B i e : : : : ; : : :

: : : : 2 : 7 : : : : N : 7 : :

| : : : : \I : s : ] : : : 4 : A : :

v b by b N v by i i I NN I A I I
L1 1 | I 111 I 11 A | I I | I 11 1 I 111 I 111 I 1111

00 200 300 400 500 600 700 800 900 1000  {po 200 300 400 500 600 700 800 900 1000
mg. (GeV) mg. (GeV)




Simulation

‘ MadGraph - Pythia - PGS ‘

Signal: T'T — tHXTHX - oW XoWw—X ’

=== ® hadronic channel: large cross section
- SM backgrounds, tt, W, have MET with lepton
- irreducible background: Z— vv + jets
===J) ® semi-leptonic channel: isolated lepton, suppress QCD background
@ purely leptonic channel: suppressed cross section

Similar analyses in the literature
- semileptonic mode, high mass, large luminosity
T. Han, R. Mahbubani, D. G. E. Walker and L. T. E. Wang, JHEP 0905, 117 (2009)
* hadronic mode, spin and mass determination
P. Meade and M. Reece, Phys. Rev. D 74, 015010 (2006).
S. Su




Tevatron exclusion

® optimal cuts (after precuts)
@ S/B > 0.1, more than 2 events
® Poisson statistics

J. Alwall, J.L. Feng, J. Kumar, SS, 1002.3366
Exclusion for T'T — t X t X at the Tevatron Exclusion for T'T  — t X t X at the Tevatron
S200pTTTTTTTT T Sémlléptohlc éhannel- SHOpTTTTTTTTT T T Hédrohlc éharlnel-

{ vy :2() fl) ...................... b b
.///4/4////// : :

OO

L ..
AN
L

- : 7 : : : : - H H
ERTETE ERTE N v b by b by ||||||||||||||| Lvv o by vy

00 320 340 360 380 400 420 440 460 480 500 00 320 340 360 380 400 420 440 460 480 500
m;. (GeV) m;. (GeV)

N




Tevatron exclusion

@ optimal cuts (after precuts)
® S/B > 0.1, more than 2 events

© Poisson statistics T. Aaltonen et al. [CDF Collaboration], arXiv:1103.2482
J. Alwall, J.L. Feng, J. Kumar, SS, 100:

I I
== Expected exclusion

EXCIUSion for T, T’ — t X i X at the Tev — Observed exclusion
§00_...§...§.. === W=y
[ i
Oisof-

80

6ol N\ A 340 360
NW | B | : : | mT,[GeV/cz]

a0l

20

\\ N A 1| 11 1 I 11 | I 1 1 1 I 11 | I 11 | 11 | I 11 1 I 1 1 1 I 1 It\\l 11 1 I I& I Ij 4 i I 11 1 I |
300 320 340 360 380 400 420 440 460 480 500 00 320 340 360 380 400 420 440 460 480 500
m;. (GeV) m,. (GeV)




Constraints: direct search

ATLAS, 1.04 fb!, ttbar+MET , 1 lepton, >=4j, + MET

O
Q

ATLAS

—_
o

ATLAS _1
L dt=1.04 fb

\s=7 TeV

A, Mass [GeV]
o x BR(TT—tt AjA,) [pb]

L dt=1.04 o'
\s=7 TeV

7
7

= == Expected Limit (x10)

7

%////'

7

7

S S S —

444 Obs. Limit (Theory Unc.) - Ay Mass =10 GeV e

S ] | ==== Expected Limit (x10) """’ .
NN |\ | CDF Exclusion Observed Limit "
N i NNLO Spin-1/2 TT Theory =1o
N | p y

NNNNWAL L, - EetoxeraTtan 1 NLO Scalar 1T Theory 1o
SAOMONNNN

AN L 1 L L I L 1 L 1 1 1 1 = - - -

300 350 400 450 o0 S 6to 300 320 340 360 380 400 420 440
T Mass [GeV] T Mass [GeV]

S
S
g7

/.
7
S

ATLAS, 1109.4725
mt > 420 GeV for mX<10 GeV

mr > 370 GeV for mX<140 GeV
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( )
IMP * Myyyp~ Myeak
* Oweak
\_ )
1 ma .
WIMPLESS (lx ~ —  follow WIMP relation
(ov) .

S.Su 25




1 .
WIMPLESS Qx ~ —  follow WIMP relation

(ov) 9x

Not follow WIMP relation, DM interaction << Weak interaction. Possible?




( )
IMP * Myyyp~ Myeak
* Oweak
\_ )
1 ma .
WIMPLESS (lx ~ —  follow WIMP relation
(ov) .

Not follow WIMP relation, DM interaction << Weak interaction. Possible?

superWIMP

S.Su 25




SuperWIMP / Extremely WIMP

‘ Not follow WIMP relation, DM interaction << Weak interaction. Possible? ‘

/C%DM requirements >

e Stable

* Non-baryonic
* Neutral

e Cold (massive)

* Correct density
== « Gravitational
interacting

(much weaker
< ~/ than weak interaction) /




Non-thermal production: WIMP decay

WIMP — superWIMP + SM particles

t(s)
10-1 10-10 10~° 108 102 103 104 10°

11
IIIIIII I IIIIIIII I IIIIIIII I IIIIIIII [19 I IIIIIIII 1 IIIIIIII I IIIIIIII LILLBLIL

WIMPs freeze
out as usual...

108

106
...but then decay
to superWIMPs

104

102
WIMP
U ——_ SuperWIMP 100

/ ‘I 0—2

Feng, ARAA (2010) MPI2/MW3 ~ 103_1 06 S

1 IIIIII 1 1 1 IIIIII IH 1 IIIIII 1 1 1 IIIIII
102 107 104 10>
T (GeV)

1074




Non-thermal production: WIMP decay

WIMP — superWIMP + SM particles  Qswivie = ™P Qe

IMWIMP
t(s)
10-1 10-10 10~° 108 102 103 104 10°

11
IIIIIII I IIIIIIII I IIIIIIII I IIIIIIII [19 I IIIIIIII 1 IIIIIIII I IIIIIIII LILLBLIL

WIMPs freeze
out as usual...

108

106
...but then decay
to superWIMPs

104

102 Q

WIMP
U ——_ SuperWIMP 100

/ ‘I 0—2

Feng, ARAA (2010) MP|2/MW3 ~ 103_1 06 S

1 IIIIII 1 1 1 IIIIII IH 1 IIIIII 1 1 1 IIIIII
102 107 104 10>
T (GeV)

1074




Non-thermal production: WIMP decay

WIMP — superWIMP + SM particles  Qswivie = ™P Qe

MWIMP
t(s)
1011 10-10 109 1078 102 10 T 10°
IIIIIII LI IIIIIII LI IIIIIII LI IIIIIII [19 LI IIIIIII LI IIIIIII 0(1)

WIMPs freeze
out as usual...

...but then decay
to superWIMPs

WIMP
U ——_ SuperWIMP

-

Feng, ARAA (2010) MP|2/MW3 ~ 103_1 06 S

1 IIIIII 1 1 1 IIIIII IH 1 IIIIII 1 1 1 IIIIII
102 107 104 10>
T (GeV)




Non-thermal production: WIMP decay

WIMP — superWIMP + SM particles  Qswive = ™POume

MwWIMP

Feng, Rajaraman, Takayama (2003); Super'WIMP
Bi, Li, Zhang (2003);

Ellis, Olive, Santoso, Spanos (2003); _—
Wang, Yang (2004): e.g. Gravitino LSP

Feng, Su, Takayama (2004); .
Buchmuller, hamaguchi, Ratz, Yanagida (2004); LKK gr'avrl'on
Roszkowski, Ruiz de Austri, Choi (2004); OXiﬂO
Brandeburg, Covi, hamaguchi, Roszkowski, Steffen
(2005);

WIMP

* neutral
* charged




superWIMP in SUSY = Szt

SUSY case W]iMP — super'|WIMP +(SM particles

Charged slepton
Superpartner of lepton

Gravitino
Superpartner of graviton

superWIMP

SM particle

Decay lifetime - m 2/m2

EM, had. cascade

= change CMB spectrum

= change light element
abundance predicted
by BBN

Strong constraints !

28




Neutralino LSP vs. gravitine LSP

WIMP SuperWIMP

~N N
%1 ——

LSP (DM) WIMP (DM) LSP




stau NLSP

fix Qg =0.23

Ll L] lllllll Ll

200 GeV < 3m < 400 ~1500 GeV
mg < 200 GeV Dok 7siod)

1 11&11

solve ’Li anomaly

200 500 1000 2000 5000 10000
mg (GeV)

J. Feng, SS, F. Takayama (2004)
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. Decay life time

« SM particle energy/angular
distribution ...

:mc’;"

= m, ..




. Decay life time

« SM particle energy/angular
distribution ...

:>mc’;"

= m, ..

* Probes gravity in a particle
physics experiments!

* BBN, CMB in the lab

* Precise test of supergravity:
gravitino is a graviton partner




Conclusion

@ dark matter candidates naturally obtain relic density
= WIMP, WIMPless, superWIMP, ...
® WIMPless miracle:
— hidden sector dark matter with mx/gx? ~ Mweak/Qweak?
— with connector fields, allow DM-SM interactions
— direct detection: light dark matter, IVDAM,...
— collider signatures: 4th generation quarks, T’, B’

® superWIMP: WIMP — superWIMP + SM particles

—OMMB o s
MWIMP

Qswimp =




