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Introduction
Dark Matter (DM)

Dark Matter

observed energy density : Qpyh? =~ 0.12

Planck Collaboration (2018)

Thermal Freeze_out Scenario https://sci.esa.int/web/planck/-/51557-planck-new-cosmic-recipe
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Motivation
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MAGIC Collaboration [PRL 130 (2023)]
QCD-like DM model



Composite DM Model

QCD-like SU(N) 4 gauge theory SU(N)g | SUB). | SU2)w | U(l)y
w/ SU(2)y, triplet dark quark (3-flavor) " N 1 3 0
Bai and Hill [PRD 82 (2010)] | ¥ N 1 3 0

Dark quark mass m, < A4
Chiral symmetry breaking: SU(3), X SU(3)r — SU(3), 2 SU(2),, by (1/31/)) ~ v
Dark pion  SU(3) octet » SU(2)y, 3-plety & SU(2), 5-pletn

Chiral Lagrangian

2
o {Tdtr[DuUmUT] + o3[ MU + MU' + Lwzw

. \/_?, (H ) Parameters of the model
— P\ T 3t dark pion decay const. fy

M = diag(m,, m,, m,) dark quark mass m,



Accidental Symmetry & Stability of DM

G-Parity ¥, - exp(ir I,) ¥/
[Lee & Yang Nuovo. Cim. 10

(B o)

SU(2)y, 3-plet (anti-symmetric)

_ ;20 x_—x*
[1 L ( 00 . @+ i
3 = — ZX 0 —ZX \/§X
V2 X =x' o oxTHx” 0
V2 V2
G-parity [I; - —II; (odd)

DM Candidate : y°

ST(MN)a | SUB). [ SU@w [ Uy
WY 1 0
(1956)] 7 B ; 3 .
SU(2)y, 5-plet (symmetric)
L ottt 4o Y S ot 4m
N 2 T3 2
— ot ° ot 4w Tt
, s = —iF— e T 2 L

[I: — II; (even)

Decay to EW gauge bosons via WZW



Mass Spectrum & Annihilation Processes

A

/6aWA§l 1 5-plet
/ZaWA%i 1T

®large mass splitting : DM+DM~-> EW gauge bosons

DM

4rad,
(0'77>WW = 2
ity

m, ~ 1.8 TeV (tree level calc.)



Mass Spectrum & Annihilation Processes

A

/6aWA§l 1 5-plet
/ZaWA%i -+ -— DM

®large mass splitting : DM+DM~-> EW gauge bosons

4rad,
(UV)WW = 2
ity

m, ~ 1.8 TeV (tree level calc.)

A

5-plet

/qud | — DV

@small mass splitting: DM+DM-> 5-plet

Forbidden channel Abe, Sato, TY [JHEP 09 (2024)]

m2 m. —m
_X I X
(OV) 7 & ff exp( = )

m, ~ 0(1 —10) TeV (tree level calc.)




Leading Order Calculation

Abe, Sato, TY [JHEP 09 (2024)]

N =3
For small Mg, My ~ 1.8 TeV
For large my, m, =~ mg,, m, ~ O(1 —10) TeV
>
->Forbidden channels contribute to DM abundance
Yo
1071

TN
mg [TeV]

Chiral Lagrangian
: DM mass contour

not valid



Leading Order Calculation

Abe, Sato, TY [JHEP 09 (2024)]

N=3
For small Mg, My ~ 1.8 TeV
].Dl | 10 Tely

For large my, m, =~ mg,, m, ~ O(1 —10) TeV

>
->Forbidden channels contribute to DM abundance

: 10°

b Sy
Next step...
— Sommerfeld Effect (SE)

affects abundance of EW interacting heavy DM 10-

3 -2 -1 "0 A0l /o 1n2
Hisano, Matsumoto, Nojiri, Saito [PRD 71 (2005)] 1"3' 10 10 10 10 / 10

mg [TeV]

Chiral Lagrangian
: DM mass contour

not valid



Sommerfeld Effect

m, > my,  —> EW interaction behaves as a long-range force.

EW interaction affects non-relativistic two- X

———————————— . W
body states
oM< - . EW ¢ ° ° ° /3
annihilation cross section o
_ 2 g
Oann — |l/)(0)| OL0 X-mmfommmfmm - 44
M obtained by solving Schroedinger eq.

Forbidden channel yy — 5-plet oo
mp;=m, >m y

LS X w.z EW $+++-- @ EW
SE in the final state ? y

Cui, Luo [JHEP 01 (2021)]



Toy Model

Annihilation process yy — i

3 dmug (1 5.9 + .- L oy +. - +4  ——
LDOugtr[MU +he] D — [ =(x)" +x"x —(m) 4+ 7T 4w .
372 \2 >

Amplitude w/SE M o< 1;(0)1) £ (0) M0 ; ¢ : initial /final two-body states

2 2 . -
SE factor S ~ ’(‘pz(o)l ’flpf(o)l My o —

LO = o<

W* exchange : x°x° © yty~. n’n®°© ntn~© gttp—" X e
_— _va + V. (r) — ﬁ U, (r)=0 W, (r) = (%CUXU(T)) V,: 2X2 matrix
initial = X my | XV X Dyt (7) x

2 wﬂ'ﬂﬂ'ﬂ (T) .
final [_LVQ i Vﬂ-(?") _ p_] \Ijﬂ_(r) — 0 U, (r) = ( Wt (1) ) Vo : 3X3 matrix

Mx Mz Yort+p—- (T)



S5E

Results

2
Threshold of relative velocity of initial state : v,..; = 2\/(ﬁ) —1

my
m, =5 TeV, K m=535 Te¥ m, =20 Te¥, m, =206 TeV
| |
!
Threshold |I = Threshold 1 |
| |
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A 10 |
S [ 5':-=] [ -Sh:]
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: final : — final
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—— I e
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i : 1 :
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SE in final states mainly contribute to the total SE factor



Summary & Future Prospect

Summary

e Composite DM model->DM with O(1 — 10) TeV mass

* DM candidate : SU(2), triplet dark pion y
Forbidden channel y ¥ — mm contributes to relic abundance

e EW interacting Heavy DM - Sommerfeld Effect (SE)

SE in final states also affect the relic abundance
Future prospect

Including all interaction terms

—>Compare with current constraints from indirect detection experiments



Back Up



SU(N) Composite DM Model

Bai, Hill [Phys. Rev. D 82 (2010)], Antipin, Redi, Strumia, Vigiani [JHEP 07(2015)]

Y, y: dark quark, anti-dark quark
(3-flavor)

SU(N)d gauge symmetry b
(3
7/)3',

Renormalizable Lagrangian

T (o L a apw |, 939 4 A4
£=£S]\/[—I—\IJ?;(Z’)/“DM—TR)\IJ@;—ZGw/G H _l_mGW/G H

Dark quark confines at the scale A;— dark baryons, dark pions

Accidental symmetries
U(1) global symmetry: \Ifg; — e’ \Ifg; Stability of dark baryons
. . . c
G-parity: V; — exp (?'WI? ) vy Stability of dark pions



Dark Pion Matrices

SU(2)y triplet x

0 X~ —x*
. ( 00 TX ‘/§+ )
; = — 5% 0 — X \@X
V2 \ X_=x*  yxT4x’ 0 }
V2 V2
Dark pion fields U = ex Q(Hg I15)
fa
G-parity
T
W > Wy, U=U
g°N
w decay process Lwzw O —

16+/272 f,4

SU(2)y quintuplet w

L LA = S Yy S
V6 2 2
I 0 7T+++7T__
s=| =277 — BT =2
7T++7T_ iw+—7r_
2 2
UeSUQR)y
II3 — —1II3, II5 — Il5
60“’1'/,00' tr [H5 Wuy ng]



Charge Assignment for Dark Quarks

SUN)4 [ SUB). | SU@w [ UD)y
WY 1 3 0
0 N 1 3 0

Vector-like : Anomaly cancelation

Y = 0 : Escape from direct detection constraints & obtain G-parity

Minimal setup w/ forbidden channel




Dark Pion Mass

Bai, Hill [Phys. Rev. D 82(2010)], Antipin, Redi, Strumia, Vigiani [JHEP 07(2015)]

Explicit breaking of chiral symmetry-> Dark pion mass

Amu3
@ Dark quark mass term m2 = m2 = d

I £
H ________________________

@ SU(2)w radiative corrections
dm? ~ C?(R)aa(Ag)A2 W

C?(R): Casimir op. of rep.R  C%(3) = 2,C%*(5) =6

mass splitting among multiplet
Cirelli, Fornengo, Strumia [Nucl. Phys. B 753 (2005)]

0
mg — moy =~ asQ*myy sin® 7W (for m > my)

~ 166 X Q% MeV



Dark baryon

NS
2 2 2 10'} — S —
DM components  dpyh” = QA% 4+ Qph — H_}*_____;
A “c=1 |
N J
energy density of dark baryon — - Tev . c=0.3 £
0t s : ﬁ T ;
annihilation cross section (s-wave) = - ?:f
4r - 10"
(opv) ¥ c—5, c¢~O(1l) mg~ANAg~dnfy = —~ /!
my &
2 - A
fa 1.0 \ J m > Ay
Qph* ~0.12 | ——— —
b (6.66TeV c SN\
f
107 ' \F N A
10 10 10 1) 10 10

Dark quark mass [TeV]




CP phase

6+0

xx > WW

annihilation cross section

(oV)ww = (ov)WEM + (av)WEW

2

2 . 0 .
(O‘TJ)MDM - It (av)WZW N g mqsm3 my
m)z( ww m)z( mX m;‘;

fa [TeV]

X* o WO
:Xc
X - - - e
x“ wea
\\\@ﬁﬂ%%
x”/ W

\10TeV  \30TeV

o107 10°
mcos(6/3) [TeV]



Direct Detection

Elastic scattering suppressed at one-loop level
Cirelli, Fornengo, Strumia [Nucl. Phys. B 753 (2005)]

+ + 107 S ——— S —
X0 - - __X_____Xo X0 - - __X_____Xo i ] ]
%% %4 !
R 107
q p——7Pp q q > - - q
2 1070¢
g
= -47 [<
b;xl() e
108}
. _ 49[
cross section: ag; ~ 0(10747) cm? 0% _
Hisano, Ishiwata, Nagata [JHEP 06 (2015 50( . ] | ]
WL, L | B 10701 1.0 0.0
Cheng, Ding, Hill, [Phys. Rev. D 108 (2023)] M (TeV)
Above the neutrino fog if m,, < 4 TeV Leading Order analysis

Cheng, Ding, Hill, [Phys. Rev. D 108 (2023)]



Collider Experiments

@production OfX . pp - Wi* - XiXO Cirelli, Fornengo, Strumia [Nucl. Phys. B 753 (2005)]

_|_
How to detect Charged component decay )(i — )(07'[6(;]3 né—rCD : soft
Disappearing tracks of yT: ¢ ~ 6 cm

Might be tested by future 100 TeV pp-collider? [Chiang, Cottin, Du, Fuyuto, Ramsey-Musolf [JHEP 01 (2021) 198]

@productionof 1 pp = W™ = W

*
PD = Pg — M
Kilic, Okui, Sundrum [JHEP 02 (2010)], Draper, Kozaczuk, Yu [Phys. Rev. D 98 (2018)]

m decays into EW gauge bosons - clean signals



Quintuplet decay

Decay into EW gauge bosons

g>N
L D — etPotr (I W, W s
WIW D~ ey s W Woo
ay\2 my . 1
' ~ Lifetime 7, = —
Decay Width I, (4n) 72 =T
Range of weak interaction 1y, ~ m—lw Tw <K CTp

two-body T affected by SE before its decay



SCh rOEd i nge r Eq u ation S Cirelli, Fornengo, Strumia [Nucl. Phys. B 753 (2007)]

1 5 pQ 1 5 p2
——V 4+ V (r) — — | ¥Yy(r)=0 ——V 4+ Vi(r)— — | Vr(r)=0
mx mX % My
0 e 0 —3V2B 0
V,(r) = < > Vo) =| —3v2B -4 +2A —2B
V2B —A+2A 0 _2B  —44+8A
2 a
=& IWW —myr B =X e mwr A =166 MeV
r T r

Boundary conditions Plain wave outside the potential

Py ()
l/) b% (7')

. v
\/PZ — mXVX(OO)ii l/JfT(T’) = l\/PZ — My V()




Derivative Coupling

2
LD %tr[@MUa”UT] D 0, x0" x7m, x0,, xO" m, xx0, O

: . 2
terms proportional to 3-momentum is included. Mw/o X Ap

2

0°p(r)

ort

SE factor for £-wave scattering S,
(prop. to p*)

r=0

Cassel [J. Phys. G 37(2010)]

momentum is replaced by derivatives of the wave func.
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