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SIMP paradigm




Galaxy rotation curves
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Dark matter abundance

Supernova Cosmology Project
Suzuki, et al., Ap.J. (2011)
No Big
“1Bang
Uni S
Com
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- [Planck 201 5]
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® Cosmic Microwave Background + Supernovae +
BAO(SDSS-Large scale structure).

Visible matter ~ just 15% of Universe’s matter.
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Collldlng clusters

[Chandra X-ray (2006)]

Hot gas(X-ray)

(gets slow during collision)

- e \ DM(gravitational
Y, lensing), stars (visible)

Bullet cluster (unaltered during collision)

center of total mass #+ center of baryonic mass

== Bound on self-interaction: Gwi/m, < lem?/g
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Thermal dark matter
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WIMP paradigm

® WIMP DM density depends on 2—2 annihilation
processes with weak interactions.

DM SM
WIMP freeze-out:
T2
Fa,nn — NDM <UU>ann ~ H = Ogggi/Q M—F
P
PDM — 5°4mp77p S, Teq — lompnp;
3 2
NpM = “TeqTF, K~ 0.54 - 2 Ges ~ 10.8.
5 SM mpmM 45
DM Qo fr 1/2
(0V)ann = 5.35k
m%M * MpM — CQleff 1/2 TeqMP
L F g«

[@eﬁ ~ (0.] =p mpm ~ 100 GeV.J
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Testing WIMP
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DM self-interactions

® DM self-interactions could induce a separation
of DM subhalo from bounded stars.

Long-range forces:“drag force”

DM
DM subhalo behind stars

Contact interactions: large

DM ) momentum transfer
Stars behind DM subhalo

Bullet cluster: no separation of DM subhalo

oself/mpM < lem® /g (about neutron cross section)

WIMP DM Uself/mWIMp ~ 10_11G6V_3 ~ 10_14cm2/g.
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Abell 3827

® For four colliding galaxies (not clusters) observed by
Hubble Telescope, one of subhalo lags behind the galaxy.

DM subhalo separation:
A = 1.6270%7 kpe

[Massey et al(2015)]

40 35 30 25 20 15
I'sh [kpC]

Required DM self-interaction [Kahlhoefer etal (2015)]

in tension with Buller cluster.
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SIMP paradigm

® Strong Interacting Massive Particle is a thermal DM,
changing its number due to 3—2 self-annihilation.

[Hochberg et al, 2014]
DM DM
Freeze-out;
DM Ts_o = npy(ov?)sme ~ H(Tr)
3
2 L Cveﬂ:
DM DM (0V7)352 = 5
DM

5.35K? v 3 x 107%%cm? /s
-> MDM = leff 72 TQQqMP or Qpy =0.3 5
ZU%Q* TLDM<(TU >
(k =~ 2.55)

[Ozeﬂ: —1—30 == mpy ~ 10MeV —1 GeVJ
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DM self-interaction

® SIMP DM predicts large DM self-interactions.

Qeff ~ 1 Large DM self-interactions

Constrained by Bullet cluster and
spherical halo shapes.
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SIMP in kinetic equilibrium

® Kinetic equilibrium of SIMP needs a SM coupling.

DM DM ,
<O-/U> : — 61 *
kin m%M :

NSM <O’”U>kin > H(TF)

- ;> 0.9 x 10 %[

— SM
M time

® But, 2—2 DM annihilation is subdominant only if
<O-v>ann — 9 ;

2
—6
m2 mml 1 2.4 X 107 aeg

€
nsM (0V)kin < npMm{ov?)350 €2 77 €1
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SIMP in kinetic equilibrium

® Kinetic equilibrium of SIMP needs a SM coupling.

DM DM ,
<O-/U> - p— 61 *
kin m%M 9

nSM O'U kin > H TF

* €1 = 0.9 x 10~ 9&;42

—>
time

SM

e But,2—2 DM >IMP conditions ‘pnt only if

\_

2
_ _%
<O'?J>ann — m%Ma * €1 S 2.4 X 109

nSM<U”U>kin < nDM<0f02>3_>2 €2 ™~ €1
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DM messengers

® Messenger particles mediate between DM and the SM.

“Messenger”
A new force
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SIMP DM from hidden
QCD




Dark mesons & W/ZWV term

® Dark flavor symmetry G=SU(Nf)x SU(Ny) is SSB into
diagonal H=SU(N¥) by SU(N.) QCD-like condensation.

® Effective action for Goldstone bosons contains a
5-point self-interaction from VWess-Zumino-

Witten term for T15(G/H)=Z (i.e. Nt >3). |9[;N|$\;i’t%:nmilgcg3]

U = GQW/F, T =7t //xjm /j
2N, | ]
Lwozw = e"’P7Tr (w0, 70, O, O, T ,/ Q//Q/ (.f &2, {’/;@90'
\\_// ‘\\ / \\\__, y

1572
. L7tp + L0 i+ Kt - —
Np=3:T=F| & —Hhtg’ K | Nc : topological invariant
A K =yi]  of 5-sphere (Q+Q’) in SU(3)

==l Flavor symmetry ensures stability of dark
mesons, natural candidates for SIMP.
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SIMP dark mesons

® |arge color group leads to strong 5-point interactions
while satisfying bounds on self-interactions (e.g. Bullet
cluster, halo shape.) [Hochberg et al, 2014]
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SIMP parameter space

- SU(Ny)xSU(Nr) / SU(Ny) - - SU(N;)xSU(Ny) / SU(N:)  (SU(Ny) broken) -
' Self-scatt. 5 |
8 8}
p 410 5 | 0 o
erturbativity3 ﬁE [ o=
6 ] (3] Bf -]
« [_Bulletcluster _ _~ SN Ty T I1 E =S S O LCNTEE TR
E : SUB). N =3 | 3 OF 4 : SU(S). Ne =3 y
[ SU(10), Ny =3’ 8 [ SU(10). N = 3 3
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consistent DM masses [Hochberg, Kuflik, Murayama,Volansky, VWacker, 1411.3727]

Bullet cluster, Halo shape Uself/mDM <1 cm2/g

Perturbativity My fr < 2w

Nc>3 is required due to bounds on self-scattering.

Similar results for SU(N#)/SO(Nf) or SU(2N¥)/Sp(2Nf).
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Dark Z’ and W/ZW

[HML, M.Seo, 2015]
® Dark quarks are vector-like under local dark U(I).

e WZW is modified with the local U(I).

S =Sy(D,U, D, U") + Swaw (U, U™') — eN, / d'zA,J*

e e / d'ze 7 9, A A Tr[Q%0,UU
24/72 1 v VA TTIT-1la rrrr-19 rrrr—1
T = == TH[Q9,UU ' 8,UU " 8,UU
+QU'9,U + QUQU '3, UU], L QU-'B,UU8,UU8,U]
) vy U U ptU U ol |.
) g AN\ Z’
® AVV anomalies. T _____.... q
L AVAVAVIY 4
a
-
C e e mmEEm— e C
® AAAV anomalies. 7 m
L q q
........... q Z’
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Dark charges

® Stability of dark neutral mesons requires the
cancellation of AVV anomalies.

</\/\/\/ A
NN/ Z

/l 0 ()\

Qp=10 -1 0

\() 0 —1)

for nonzero meson charges.

cf. QCD:
Q=diag(2/3,-1/3,-1/3)

DU =0,U +igplQp,UlZ,; #*, K*: %2 charges.

But, AAAY anomalies do not cancel,
leading to TT TT = T1Z'.
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Z’-portal for dark mesons

® Dark meson can be in kinetic equilibrium with
the SM particles via gauge kinetic mixing.

7~T+ """"""""" 7~T+ L S / 1%
= g
(K+) 4 (K) o 2cosby M
2 2

E s (68aape” my (1p

Z * <O-U>k1n TN~ m%/ M -
cf. Higgs-portal does not work,

SM SM

due to small lepton Yukawa couplings.
® T T = £ 2 (T1Z’) are forbidden for mz > m.
® [Mass splitting between dark mesons can be less than 10%.

0L,y = &DA4TT[QDUQDU_1] * (5m72T ~ ()411/\4/}7’2 < 0.0lmi,
for' D 5 0.1
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Bounds on Z’

0 vvvvvvvvvvvvvvvvvvvvv ] [T v v 1T T 1 T 71T 7T 7T T v v T 7 T 7T 7 1
_ CMST DY 0 . CMSTDY
BaR BaBar ;— LI'IFSDY BaBar BaBar > LHC8 DY
- Vi I = £ /
-2t '. - 2}
Q4 | I \
| I % . ..
e
b -4+ 1 = B = -4 ‘\.f” Qf7b
Q | b Z . -y = > |2 ! z
= g 3 R P2
AR5 § rn<r;42 I e % Z ' r‘wd‘}_.z
I 1 g | L
=
—6r A I -6
I T 4 i
e )
1 " B o
I ’ --
—8b . L - - ] S e ——— — _
-1 o, 1 2 3 -1 0 I 2 3
1 , 2 -
g (Ce
ap = 22 =0.01 Log,ylmy (GeV)]

47

ete” = ~Z — ~(1IT17), ete” — v + MET (BaBar),
h— 27" (CMS 8TeV), Drell-Yan, dileptons.

® SIMP conditions are complementary in
constraining Z' parameters to direct Z' searches.
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SIMP DM from Z3
symmetry




Gauged Z3 and SIMP

® 5-point SIMP interaction is inconsistent with 2.

® /3 is the minimal symmetry for stabilizing SIMP, a
remnant of a local U(1).

® Built-in Z’ gauge boson communicates with the
SM via the kinetic mixing.

] - 1
¢ 1 X ¢) = —='
T ) < > \/i
[/’ (1)" + ) +1 Y 3
‘ \ A“"' \-+-
Table 1: U(1)y charges. R s STy
A X
X E
()
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A Z3 Model

® y:Dark Matter, ¢:Dark Higgs, V.:Dark photon.

L. .. 1. - uw | - ‘ : |
L = —1\f’,,,,\.-"”” — 5 simgV,, B" + ]D,,(;)|2 + |D,,\|") -+ |D,,H|2 —Vi(o.x, H)

D;z\ — (()/1 _ I(I\(/D‘;l)\

‘/((D. X H ) = Vb‘\,[ +V ;\I with

Vbm = —'III§)|C>|2 + m%l,\ %+ My|o]* «){)\\ |\|'j+ Ay o |7
{(‘34 ’L‘()T\; T ll()J+ )‘(!)H ()|2|P]|2 T )\\H|\ |2|}[|2
Vou = —my|H|> + \g|H|*.
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Scalar SIMP DM

® ) —7? annihilation channels are forbidden for
heavy dark Higgs and Z'.

® Boltzmann equation with 3—2 annihilation.

dnpy 1 5 9 ;3 2 eq
FTE 3Hnpy = 1 ({ovte) oot =xx T {TVe)o—xt) (DM — "DM7DM)

1 ;9 o 2
. (2 q 2"
_3<‘7’rvl>\\'—>ff("l)x1 — (npnm)7)-

) l ) )

(OUra)32 = 1 ((”"ﬁ~l>\\\‘—>\"\" + <(7";-l>\\\—>\\")

= [)'.2 o . |
e _\/? : . {3(2/\\ + 9R* + 2597 (1 + /')l>
l:)Ii(mnr\’

)

3

. - 12 2 1)° ”i-n’
*—,(;1,\\ —1TR? — 2003 (1 + 1) ) } = Jeit

5
16 m;

R =2k /(6m,) and r = mz, [/ ms.
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DM self-interaction

Tsel1/my<1cm?/g, perturbativity Abell3827, perturbativity

2'0 LI S S S S S S L S B S S S SN R R L S | ] 2.0 i o ' LI v ol v o ! v v LI v v

| | - : | ~_ 1 _J|Abell 3827
15l gn = 0 I 151 | _—

[ ' - 90 =0 47 re

| 0.3)\ | _ | Oselt/my =1—3cm*/g

o 10F O 6 - o 1.0t : N

0.5 ' i 0.5
0|O '-'l M B B S x O-O :l PR TR R NN SN TR TN (Y NN SN SN SN SN SN SN S S S N

0 50 100 150 200 0 20 40 60 80 100

m,(MeV) m,(MeV)

® SIMP relic density:  my = 0.03 aeg (T Mp)'/”
® Bullet cluster & halo shape:  Gsar/m, < lem®/g

e Unitarity, perturbativity imposed.

/\\ < 4T, ‘MXX| — \/5('2,\\ +3R? + 49';)_)7’_1) < 8
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Kinetic equil. condition

= f X e e X X f X e e ee X
oY - i 4, Z S
e ’ AN/ <z
L e W N
Higgs-portal: Z’-portal:
lepton-Yukawa suppressed. controlled by kinetic mixing.

® S|MP conditions on 2—2 processes with Z’ portal:

nD\I<0'lrcl>'mn < n[)]\j<0-lr¢1>3—;~?. < NsMm <0-'Urel>kin

~5)

2s%e?ghm? T 52 .
. _ “= D" ( ) _ 9 s < 9 —6
' _ ‘ p \ y W - —d n = ™
(Ol'rel)mm m[(4m2 — m3,)? + m7,I';,] \m, m?2 01 5 24 X 1077 et
3c2e?gs,m? , T 52 -9,
Vel ) < — 2" X _ 9 >
<O' L r(_.l>acatt Gy—" ( - ) =3 () 2 = 10 ff
<Mz, X :

£ = COS Hly'f
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SIMP & Z’ searches

m,=60MeV, gp=0.3

1, T T LI B B B B | T T LI B S B B |

at BaBar

BaBar

monophoton + dilepton

,’(g’_z)e
| o (@=2),
0.100 ¢ |
: EWPT
0.010 | | / E
r | ]
: BaBar| monophoton + MET
W 0.001F oo .
1074 7 .
107° 3 E
2-to-2 dominance SIMP 11
10_6 I I L T B
0.01 0.05 0.10 5 10

mZ-(GeV)

1074 — 107% (BR(ll) = 1)
for Mz = 0.02 — 10.2 GeV

beam dump (E137)

r
-

10~3 below mz = 0.1 GeV

® SIMP conditions are complementary for Z’

searches at colliders.
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Direct detection

® S|MP-electron/nucleon elastic scattering
releases nucleon/electron-recoil energy,

2
— 5 q ~ 1—100eV. Superconducting detectors?
Me,N [Hochberg et al (2015)]
(¢ = pvpm, p=me Ny /(Me,N + Ty ).)
26202 1,2
. opnp = - g')
1 %102} ‘\\‘ ] 777712, ?
. Me, My, Mz 3> P = My Upy
E 1.x10%} . N : :
S = independent of SIMP mass.
5 | Mo e
R | XENONIO:
— A opp < 2 X 10730 ¢cm?
0 10 20 >0 at best around m, = 30 MeV.
mz'(MeV)
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Conclusions

SIMP paradigm leads to testable scenarios via
DM self-interactions as well as possibly,
messengers particles.

SIMP dark mesons can be in kinetic equilibrium
with Z’ portal, remaining stable.

Scalar SIMP dark matter with gauged Z3 has a
built-in Z’-portal.

SIMP conditions are complementary to Z’
searches at colliders.
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Figure 1: Feynman diagrams for yyx* — x*\".
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Figure 2: Feynman diagrams for yxy — xx*.
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Figure 3: Feynman diagrams for yx* — yx* and yy = xx .
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