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WIMP Dark Matter

Popular scenario:WIMP (weakly interacting massive particle)

WIMP naturally lead to correct dark matter abundance

3 x 107%°cm?
Qdm ~ (.23 X . e /S
<O-U> weak scale cross

section

WIMP: natural ingredient of beyond SM theories

Popular WIMP scenario: portal to a dark sector (simplified model)

Standard Model Dark Sector




Portal Dark Matter

portal particle
Standard Model Dark Sector

Portal particle:
Z [excluded by SI direct detection, Y ¥5 SD dominant (OK)]
Photon [kinetic mixing, dipole dark matter; ...]
Higgs boson [tightly constrained, but still alive]
Quark/lepton [main focus in this talk]

new particles, such as Z’, dilation, etc

Some theories have several portal particles
'/.\.(/_f
NGt P, 'Q\; MSSM
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Flavor Portal Dark Matter

Model Description

mediator

Fermion SM Fermion dark sector

carry coler, SU2, Ul, . carry dark charge
flavor numbers s

\\ Dark Matter

Model Classification:

Fermion Portal Dark Matter Flavored Dark Matter

mediator carries color, hyper mediator carries color, hyper charge,
charge and flavor numbers, dark dark matter carries dark charge and
matter only carries dark charge flavor number
SMZ ¢Z SMZ ¢Z SMZ ¢ SMZ ¢

A .
A N : X 7
s\X \X ‘sX] \ J

Chang, Edezhath, Hutchinson, Luty, 2013

Bai, Berger 2013 Kile, Soni 201 |
Chang, Edezhath, Hutchinson, Luty, 2014 Kamenik, Zupan 201 |
Bai, Berger 2014 Batell, Pradler, Spannowsky 201 |

DiFranzo, Nagao, Rajaraman, Tait, 2013 4 Agrawal, Blanchet, Chacko, Kilic 2012



Phenomenology of Flavor Portal Model

Fermion Portal Dark Matter Flavored Dark Matter
) ,,""NN . ¢ | '::::;f%
Sl\/IZ QSZ SM,; ""N,;'"” ¢Z SM’L SMZ "”,;:'
‘s‘ N\ s‘s\Xj N\, Xj
\‘X X

three copies of dark matter

only one dark matter X2.3 decays to x1

¢ E4 X2,3
EA
Z X2,3 ¢
X Xl Xl
Richer collider signatures!
C i1 Kilic; KlimeleYu; 15
L D Aijl$xd; + h.c. LD Aij q; X5 ¢ +h.c
L D \ijq;x9; + h.c. LD Aij [y X; ¢ +h.c.

small off-diagonal coupling due to flavor violation constraints
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Tau/Top Flavored Dark Matter

Normal/inverted mass hierarchy under MFV  [m, ]/ = (mol + Am y'y)

EA EA E A E A
Xty Xb
))glu ))((d X+ Xe
C» S X,LL
Xes Xs Y
Xu, Xd Xtr Xb XM X+
direct detection g-2
X’U,,d X’LL,d 7
ﬁ\
e ——— — )
u, d u, d Xe (

Tau/top/bottom-flavored dark matter
Direct detection, collider constraints

seem OK
Usually only lightest dark matter is relevant in the

relic density/direct detection/indirect detection
Can Kilic’s talk
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Fermion Portal Dark Matter

First two generation portal dark matter highly constrained

®; " P L oy
oy 0y
Pud ¢e,,u ¢t,b,7
X X Y
direct detection g-2
X X The mediators for the

first two generations are
very heavy, or missing

u, d u, d

Third generation portal dark matter

Y density/direct detection/indirect detection

E I Pt b, Usually only lightest mediator is relevant in the relic
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Why Vector Flavor Portal DM?

Study the scenario: only the lightest DM (FDM case) or the lightest
mediator (fermion portal DM) is relevant

Scalar dark matter

T Mo M m
¢ — 5 o3 T " 232 Y
o = 167 (m3 + m3) A8 (m + m3)

‘ﬂ
‘4
-

s-wave suppressed

Direct Detection: scalar dark matter

)\262 ) m2 —n
¢ T k
327727712 (1 i §1nm_?b [X 0 XNV“N}

charge radius

similarly third generation quark
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Scalar Portal DM

0 100

11 Excluded Region in Scalar FDM
- @ Region A4 > 1.5
- B LEP Exclusion Region

T I T T

| | | | | | | | | | | | | | | | | |
200 300 400 500
Hamze, Kilic, Trendafilova, Yu,

m$’ |GeV] 2015



Fermion Portal DM

Fermion dark matter

XT\/T I 2 .
v, N m, s-wave dominant
— 391 (m?b +m2)? indirect signature!

Direct Detection

X X
\J
I‘. \
|

' N ko~ ok
1 — C’]YVY’YMXN’YMN -+ ngiaauk_gXNKp,N ol Cl]jyzoay, (o'

charge radius Magnetic dipole moment

Hamze, Kilic, Trendafilova, Yu,
2015



m, [GeV]

Fermion Portal DM

500 -~ -~ T T 1 T T T T [ T T T T [ T T T T T /
- [l Excluded Region in Fermion FDM
- @ Region A4 > 1.5
400 - @ LEP Exclusion Region -
: >
300 04@ :
* S
7 éo\' /
200 ¢ |
100 :
O , T S S “ \‘ . ‘ A ]
0 100 200 300 400 500
m; [GeV]

Hamze, Kilic, Trendafilova, Yu,

2015
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Relic density

T~
L

Xb b

Bottom Portal DM

XT\/T )\3‘5 m?
~ 3X ) gb = ~ 35X 327T(m?5—|—m§<)2
X’T/\

3.0.10°6

[

e

o
)

1.0.10°6

E? dN/dE (GeV/em?/s/sr)

-1.0-106

favor bb, tautau

| Can bottom pdrtal DM éXpIaih'
| GeV excess? |

AT TR DERIR S R =4 = s

Abazajian+ 2014

Daylan+2014



Bottom-FDM meets GeV Excess

In the context of flavored dark matter

3.0 s

2.5

20
Gamma Ray
- LUX 9% C.L.
CMS sbottom
157 ) ====- Mono-b
m,, =40 GeV

AAAAAAAAAA

500 600 700 800 900 1000

mg [GCV]

Agrawal, Batell,Hooper, Lin, [ 4’

Large coupling is allowed.

Too large coupling: non-perturbative!
13

Xb

Xb

Xd .

direct detection cancellation
between diagrams

==

[I;bﬁnal ;';ate (antiprétoh &a;;-):}

S -

FDM / Fermion-portal DM
could not explain GeV
excess!



Vector Dark Matter

Larger thermal cross section

" /

3 P\ S Xb\/b
7 - Or (m?ﬂrmiy > _ qb b

o \ XV\

Vector dark matter: fermion-portal

To avoid anti-proton constraint, Need model building
both b and tau final states (extend gauge group)
XH /b T
br _ !

o D07 . PN



Model Building

SU(2) x U(l) x U(I) with T-parity
SU(2).[U(1): [U1) )
H 2 \/% \/% DHH = 8“H+zg2—W““H+z (B! + BHH
Y Y q
@ 1 V2 | T2 DH'® = 9P + i 5 (Br — By)® generate masses
A EREAE
bir 1 Y) Y2
bar 1 Y, Y: DHypy = [0* +ig' (Y1 BY + Y2 BY)] ¢,
tir| 1 Y1 | Y D¥4p = [0, +ig'(YaBY + Y1By)] 4. new couplings
tor 1 Yo Y: v _ Y, + Y,
SM = NG
T-parity
1
B* = —(B!" + BY) " " fr —(wl V2) o
\? By < By bBre b f Y1 < =1 IR I
K= B =B XF 4y —X* OR 7(% +12) PR < —OR

generate couplings
L D frivu [0 +ig'Y B*] fr + dgiv, [0 + ig'Y B¥] ¢

L = Pyiy, Dy + oiy* DH - f
V17D 1 + 217" DFeb il + iV, 1Y X" fr+ friv. [igY' X*] ¢r

|5



Vector Fermion-Portal Dark Matter

New couplings

XMW<E B* wvv\<¢ XMM BMM
N N

Mass spectrum (Split)

A
®1,2 gen Third generation final
| ToV states dominant
....................................................... K
E © X /b T 2
g ~
Pebe ’\7_ 7o (mgtmy)?
XH
XH

mX ~ GeV - 100 GeV, no tt final state
- for 3rd generation favored coupling

e i e

16



Relic Abundance

X,u
/b - o .
Gr _
T XH
X —
2N.g%x  mk

ov )t- -
( )t channel o (mg{ n m%‘)Q )

dominant contribution

2.0
e gxb: IJ

Gn =07

15 gxy =0.1

(a)

& 1.0
0.5

(Uv)s-channel =

20

1.5

............
-
)
-
.

_
Xt M Mpeccee==
T T:’\‘p’ S
XM
Nem? | g3cZsimi (mg —m3)?

J
12102 (4m% — m;)2(4dm5 — m%)

s-wave suppressed

my = 10 GeV
myx = 20 GeV
== my = 40 GeV
(b)
1.5 2.0 25 3.0
9x»



Spin-independent

Spin-dependent

Direct Detection

—) X;LX“(_]q . L= bQXpXPGa“UGZuﬁ

v

_ 9oCeSemn (1 Zf(N) 11 .
9 9/ TG 2 2 Suppression

mh mS

2 2 2 2
9x (N)MN 3m%E — 2m5 SI _ /ﬂcz
108°7¢ mx (m% —m%)?’ " m

, 162
o3P = ::N.A,?V.

L=dxe""? (X,0,X,) Y759,
l 7 AN — edX ZA:;V’
q

o €Q0%
dx ~ N. =53

6 _ .06
(3<mp )

mp mE +mj
3 3\4
(m m_f)

my  4(m% —m3)?

Only SD
|18



9x-

10

Direct Detection

= my = 10 GeV

14

my = 20 GeV
my = 40 GeV 12

® my =70 GeV
(a) my = 250 GeV 10

mb-zm,'=9OOGeV . 8
&
SO s ran 6
\\\
X
\l

» my =10 GeV
my = 20 GeV
my = 40 GeV

m my =70 GeV

(b) m; = 500 GeV

——

 my=my = GeV




Precision Constraints

7 S, T parameters

“I Higgs invisible decay

) : 2 3 2 4 2 \ 1/2
.2 2 2 inv _ 9xxn Mp dm% | 12mx am’
AT = Sy _Ts(ms) — Ts(mh)- Iy = 64 m‘} (1 - m% - m"t ) (1 — m;'i 29)
AS = si _Ss (mg) - S’s(mi)_
e ! ) : ) 1.0 ' ! ' '
1.0 % 68% CL 1 s, =001
0.8 D " 95% CL 08 m s, =06
0.6 XK PR —- 0.6
. XY :; _
)
6 .
0.4 0.4
0.2 0.2
0.0 | 0.0

200 400 600 800

20 40 60 80 100



Collider Searches

t/b pair + missing energy

Mono-b/t searches

600

bb + MET excluded

200 400 600
my lGeVJ

800

1000

21

¢" X
D et top pair + MET
t b bottom pair + MET
tb tau pair + MET
‘S X

tf + MET excluded

200 400 600 800
my [GGV]

1000



Photon Energy Flux

Photon Flux a. R S
R=0
_ R =0.25
d® 1 dN" 1/ -
(o) X J(1)dS2 3 - =+ R=0.57
dE 87rm X dE AQ — PN
@ i 2 ---R=08
> o .\
. > F NN o Ret
astrophysics S 5 W '°'-'g¥ _
(halo proﬁle) J(‘lf)) =/ [p('r(s,z/)))]zds (?g /": R t\i
l.o.s. by/ ~ e
? 7. LA
(r) = (r/rs)™" E 1 'o ! t\\
A O . o ‘
Particle Physics 3 S e °
o NS _ -
(photon spectrum) P S I - SO
o ¢
dN‘Y_RdN7 (1 R)dN7 _tf."—-o
dE, ~ dE, dE., ¢ -
R determmed by 05 1.0 50 10.0 50.0 100.0
model arameters [GeV]
P |
Data taken from
Daylan+2014
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2.5 R=10(0
R=025
e R=057
20 -——-R=08
!a! R=1
-
5
1? 1.5
=
g 1.0
0.5
0 10

Explain GeV Excess

Best Fit

20 30
my |GeV]

40
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2.5

Parameter Scan

Allowed by GeV Excess (95% CL)
© Allowed by Relic Density

10 20 30 40
my |GeV]



xv

3.0

2.5

2.0

1.5

1.0

0.5

0.0
800

900

bb OK

Explain GeV Excess

Allowed by GeV Excess
Excluded by LHC

1000

(a) 100% bb

1100

m;, [GeV]

1200
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3.0

2.5

2.0

1.0

0.5

0.0
200

400

Pure tautau
doesn’t work

(b) 100% 7T

Allowed by GeV Excess

600 800
m; |GeV]

1000

1200



Explain GeV Excess

3.0
Allowed by GeV Excess 20 Allowed by GeV Excess

Excluded by LHC

25
1.5
2.0
215 < 1.0 . :
10 (not excluded by
my = 30 GeV (80% bb) 0.5 .
05 ' my = 30 GeV (80% bb) antiproton data)
0.0 0.0
800 900 1000 1100 1200 200 400 600 800 1000 1200
m; [GeV) m; |GeV)
6 6
5 5
4 4
Excluded by Direct Detection Euctaded by Divect )
. - X y irec Detecbon
g 3 A.llowed by GoV Faxcess & 3 Allowed by GeV Excess
Excluded by LHC
2 — 2
1 1
my = 25 GeV (68% bb)
my = 25 GeV (68% bb)
0 0
800 900 1000 1100 1200 200 400 600 800 1000 1200

m; [GeV] m; [GeV]
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Summary

As a simplified model, flavor portal dark matter has many
interesting features.

Scalar flavor portal DM is ruled out; fermion flavor portal DM is
ok, but hard to explain GeV excess

Vector fermion-portal dark matter could explain Galactic Center
GeV excess.

Direct detection constraints are weak due to the weak constraints
on SD cross section

A SU(2) x U(1) x U(l) model with T-parity could generate Vector
fermion-portal dark matter

26



Thank You



BackUp Slides



Flavored Dark Matter

Flavored dark matter (FDM)

SM = Q, u, d: quark FDM
SM =L, e: lepton FDM

consider quark/lepton singlet
LD )\7;3' qf Xj ®+ h.c.
Flavor violating processes

_ Xq
d -———

|

) Q)

s = - °-=F d

Assume minimal flavor violation
(MFV) to avoid flavor problem

36

/! p
X!

complex scalar xy 4+ Dirac mediator ¢

Nij = |lad a>

ByTylis,

Can Kilic’s talk



Yukawa Terms

L D Q1Hi%1 + Q2Hotbs + h.c.
SU2)L | U1)1|U(1)2 BH = \%(3{‘ +BY),
H 2 . 0 1
: v YRR g H, and B o BY
Y < H, an “
H, 2 0 V2 H= -1 (H +H), P ' ?
é 1 | X [—x 72
‘f Y\/i § = 5 (H — Ha),
Q1L 2 7 | A
2 V2
Y- Y 1
QZL 2 —‘/22-' ﬁ fr= E(t’)l —¥2),
1
bir 1 Y; Y Fp= E(% + ). Uy > —1p and Q; ¢ —Q»
bor 1 Y2 | Y QL= %(Ql - Qu),
he || 1 | Yo Q= (@1 + Q)
tzR 1 Y2 Yl

LOQHfp+Q  HFr+ Q' Sfr+ Q. SFr + h.c.

= . CUETERIEREET

No anomaly




Galactic Center and Inner Galaxy

nw‘e—r—e
. , ¢ Hooper&Goodenough 2010 Calore+ 2014
. | GeV excess emission ¢ Boyarsky+ 2010 Fermi coll. (preliminary)

- at E =2 GeV ¢  Hooper&Slatyer 2013 ~+++  contracted NFW ~v = 1.26 .
= 10-° | ¢ Gordon+ 2013 — = Fermi Bubbles (extrapolated)
S = $ Abazajian+ 2014 -+ - HI + H2 (at z < 0.2 kpc) E
w I . ¢ Daylan+ 2014
@ N
™ |
= .

L '
= 10°°F .
[ﬂ |
"3 — —
% |
1077 F |
M 1 L M N | N N s N ] L M L " | ) N N 4
0 5) 10 15 20

Galactic latitude |b| [deg], at £ = 0°

Calore, Cholis,Weniger 2014



Dark Matter Explanations on 2014

3.0-1076 NFW, y=1.26 -

2.0.1076 |

1.0-1076

0

E® dN/dE (GeV/cm?/s/sr)

1w * T T
I , T B T T NN GoEm T G
’ 0.5 1.0 50 10.0 50.0 L
B, (GeV) = R —_—
e g : o e =R T,
I St T Y
= = Ty
02/20I4 favor bb, tauta o 5w v o
e S m,(GeV) 3 .
s 107 “t.

P A A A PRI AS A

Abazajian+ 2014
Daylan+2014 06/2014 bb (antlproton)

E*dN/dE |GeVen
= ———— g T
'
|

Brlngmann Vollimann Wenlger | 4’ - .
—_— O9/20I4 harder Ta|I |
= \ { Calore, Cholls,Wenlger 2014
- ?' 3
= | q
’E. lo-x O St - suned inden 1 ‘ 11
% N ki +f -wob\o %
f 10/2014 Fermi-LAT
- Murgla for Fermi-LAT 2014
S 107
’"x [GeV)
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