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Introduction
Dark Matter (DM)

Dark Matter

energy density: Qpyh? = 0.12

Planck Collaboration (2018)

https://sci.esa.int/web/planck/-/51557-planck-new-cosmic-recipe
Freeze-out mechanism (e.g. WIMP DM)
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Motivation

Indirect detection "é
Sensitivity to DM with O(1 — 100) TeV mass 3.1
S
v
10720
Heavy WIMP as DM candidate
, 107
apMm
<O-v)ann ~ T
DM 1078

apm ~ O(1) formpy ~ 0(10) TeV

QCD-like DM model
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MAGIC Collaboration [PRL 130 (2023)]
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Composite DM Model

SU(N) 4 gauge symmetry SUN) | SUB). | SUQ)w | U1y
& SU(2)yy, triplet dark quark (3-flavor) " N 1 3 0
Bai and Hill [PRD 82 (2010)] | ¥ N 1 3 0

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

Chiral Lagrangian

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

[ — exp (%(Hg )) Parameters

dark pion decay const. f,

M = diag(m,, mg,my,) dark quark mass m, 313



Accidental Symmetry & Stability of DM

G-Parity

U:exp(

[Lee & Yang Nuovo. Cim. 10 (1956)]

V/2i

Ja

(IT5 + Hss)) - UT

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

0 x~ —x*
% 7
0 _,iX_+X+
ND)
X +x* 0
V2

[I; - —II; (odd)

DM candidate: y°

SUM)a [ SU®). [ SU@w [ UMy

" 1 0

0 N 1 3 0

SU(2)y, 5-plet (symmetric)
7T_O . ottt 4o _,?:W++—7T__ ot 4m
— Ve '7T++—7'?_— L 7T+—2|_+7T '7T+2—7T
—| Ttz e T 2 L
i nt

[I: — II; (even)

decay into EW gauge bosons
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Mass Spectrum & Annihilation Processes

A

/6aWA§l 1 5-plet
/ZaWA%i 1T

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

3-plet (DM)

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

m, ~ 1.8 TeV (leading order)
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Mass Spectrum & Annihilation Processes

A

/6aWA§l 1 5-plet
/ZaWA%i -+ =— 3._plet (DM)

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

4rad,
(UV)WW = 2
ity

m, ~ 1.8 TeV (leading order)

A

5-plet

/qud -+ = 3-plet (DM)

@small mass splitting : DM+DM-> 5-plet
Forbidden channel Abe, Sato, TY [JHEP 09 (2024)]

m2 m, —m
X s X
K — —
(OV) e ; exp( T )

m, ~ O(1 —10) TeV (leading order)
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Leading Order Calculation

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

small mg, m, ~ 1.8 TeV 101 [0 eV
large m,, m, ~ O(1 —10) TeV =
e
> Forbidden channels contribute to T: 10°
relic abundance =
1071 » L VY A
103 102 107! 10° 10! / 104
My [TeV]

Chiral Lagrangian

: DM mass contour .
not valid
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Leading Order Calculation

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

small mg, m, ~ 1.8 TeV

large m,, m, ~ O(1 —10) TeV

= Forbidden channels contribute to
relic abundance

Next step...
Sommerfeld Effect (SE)

, , 10~ 10-¢ 107! 10° 10! / 102
EW interaction of DM affects Mg [TeV]
annihilation cross sections. . DM mass contoyr Chiral Lagrangian
[Hisano, Matsumoto, Nojiri, Saito PRD 71 (2005)] not valid
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Sommerfeld Effect (SE)

Leading order gy DM SM
Only short-range effect is included.
¢
If DM has long-range interactions,
Resummation is needed! /
DM SM

- -~ 2

InCIUdlng SE, OSE = hb(o)l OL0o [Arkani-Hamed, Finkbeiner, Slatyer, Weiner, PRD 79 (2009)]

™ obtained by solving Schroedinger eq.

SE affects cross section when mpy > mg, !
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Sommerfeld Effect of Composite DM

m, »> my, ; —> EW interaction behaves as long-range force

X -=-==-===3---- W
[1] m; > m,,
m, =~ 1.8 TeV (w/o SE) mmp m, = 2.5 TeV (w/ SE) W
Cirelli, Strumia, Tamburini [NPB 787 (2007)] .
Katayose, Matsumoto, Shirai, Watanabe [JHEP09 (2021)] y ___o____2____ ’ W

[2] Mg = m)( >> mW,Z X ————5————5 === ey -
Forbidden channel yy — 5-plet N
EW ... @ W
SE in final states ? VIS SN S 4 RN S S

Cui, Luo [JHEP 01 (2021)]



Enhanced Cross Section

2
L > %tr[OMUG“UT] + vitr[MU + h.c.] w/o SE,
12
ov(y%y° - ) ~ T ]V[ZOCU(E)
. ) " x ) =3 - | M]= oC vy
e r“”f _—

7 | B o W/SE, M= 1 ()M (0)
E 7" 5~ wj SE
= s wSE At Low v, SE o 1/v%)

) m, = 5 TeV,my = 5.35 TeV :'E“t ”;':t (Coulomb force of final two-body)

L] S Dol s Nl 1500
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Enhanced Cross Section

2
L > %tr[OMUG“UT] + vitr[MU + h.c.] w/o SE,
24
0.,0 T 2 (1)
ov — TT) = M| xv
. | " x ) =3 - | M]= oC vy
S ?"‘“"’T s
E' [ M ey o x” wi SE W/SE’ M — wX(O)MlpTC(O)
E a0 wf SE
=¥ = wiSE At Low vﬁgl) SEox 1 /vg:l)
h ) m,, = 5 TeV,m, = 5.35 TeV :'E“t “'::: (Coulomb force of final two-body)
L] S Dol Flm s Nl 1500 What happens if T[ decays?
rel

(work in progress...)
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Summary & Future Prospect

Summary

* Composite DM > DM w/ O(1 — 10) TeV mass

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

e EW interacting heavy DM - Sommerfeld Effect (SE)

SE in final states significantly affect annihilation cross sections!

Future prospect

Decay width of particles in final states?

Comparison w/ current constraints from indirect detection experiments
13/13
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Toy Model

XX 7 Tt

; dmog (1 ov2 o+ =\ (Looyz 4 -
LD ’L’dtI'[A[U —+ hC] D) 3f4 2(X ) + x" X 2(71- ) + T 4 T .
d

Y; r - wave func. of initial/ final two-body

amplitude M x T/Ji(o)?/)f (O)MLO
X s
Mo = <
SE factor S ~ |?,/)3;(0)’2|?,//’f(0)’2 ,
X ™
initial I 1 pZ | T _ @/Jx“xﬂ (7‘)) V,: 2X2 matrix
initia —EVZ + VX(T) — E LIJX(T) =0 X(T) (d)erx (T) ’
[ 1 , pz i ( ) q/)ﬂ'oﬂ'o ((?n)) V- 3%3 i
final —— V4V (r) ——|¥Y,(r) =0 ¥xlr)=1| ¥rer-(r w + 3203 Matrix
e z/in i 2#7'[_ " Yrttna——(7)
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S5E

SE factors

2
threshold velocity of initial two-body : v,..; = 2\/(ﬁ) -1

my

m, =5 TeV, K m=535 Te¥

m =20 "TeV¥, m =206 TeV

Threshold 1 ||
I
N
I
: SE=1
i — latal
\ : -h“"-—-_____ limal
: —_] — invizal
*—-________L

Threshold 1 20
10 : \
Al 14
5 : SE=1
\ | — total @ 5
I w1l
' final
|
2 1 1o
= — : — inital 2
—
|
1 | 1
b 0.2 0.4 0.6 0.8 1.0 b

initial relative velocity

.2 0.4 L L. 1.0
imitial relative velocity

SE in final states mainly contribute to ov!
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Interaction terms

2
gl rewn = H 1:rr_:'r_ — i1'r__1'r0
LD —tr[@uUa“UT] + v3tr[MU + h.c.] Loer = 3 oo (77 = )
4 +auX o+ (%W‘FﬂA’ _ \% att 0)
1 4 4 -
ottt ——t + 00" ( 37r+7r 3T )
Lm D A((]1)""‘;”‘12_1 (X0X0/2 _X+X_)MO,O —mtig—t + BTy (WU,‘TO + §7r+7r7 + 21T++7r)
070/2 3 3

1 1 1
L — Ol — SOt 4+ —a%r%)

1
! ') = —F + +
eern= g o (g 2 Vo

1 1 1
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uX X 9 /6
1 1 1 1
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ot (Lgu0 0 1au — Low —— v Lon o —— = Ly e _ L —=gHq0
+ dux " x iavrvr +§37r7r +§67r ™ +§aa-r T ﬁxxwvr’—4fd X x*t an’ffa‘fr _%a,uﬂ' otm
000 (Lo 4w —— Lo 4 — Lo 1o, o 4y (Lo xtopnt — 1 ++grg0
+auX"X §5”7r T +66‘“7r s +63”7r T §8”7r T +XTX iauw o —%Qﬂ o
Y S UV VN TV R
" 3 3v2 3\/5 3 3
1 _ 5 _ 2 —
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1
e R | O (- oo Vit o) )
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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
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Dark Pion Matrices

SU(2)y, triplet y SU(2)y quintuplet
, -t 0t oottt o=
; 0 —’LXO X \/§X ) N —++ JQF__ E]—Z—+—2|_ B
M. = 0 0 _ X *X . = g et S o B e
3 s, - 72 5 - 2 NG ) 2
e ) T
Dark pion fields U = ex (%(Hg )) U e SUQ3)y,
d
G-parity
W = Wy, U—=U" I3 — —II3, IIs — II5
g*N
m decay process Lwzw O — POt I W, W
16v/272 f, W o

19/13



G-parity

Y — exp(irml,)¥¢

Charge conjugation of dark quarks

Py A
Va2 | = | ¥
Y3 s

Multiplying by exp(iml,) = diag(—1,1,—1),

Y1 _@
Y2 | = | =Y
Y3 —

Uij ~ Wih; = Yi; ~ U

Y3

Y3

Y. Dirac Spinor

N
N

¥y
—Y,
Y3

P
—Y,
—Ps3

|
|
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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

X T f2
‘ N L T

@ 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 21/13



Dark baryon

NS
2 > > 10'} S
DM components  Qpyh” = Q,h° + Qph T— h_}* ___-.;
= “c=1 |
N J
energy density of dark baryon — - Tev . c=0.3 £
. | ¢ ~ /
annihilation cross section (s-wave) = = ?:‘
4r - 10"
(opv) ¥ c—5, c¢~O(1l) mg~ANAg~dnfy = —~ /!
mB -\.'l""-
2 = A
fa 1.0 HRHHHER J m > Ay
Qph* ~0.12 | ——— S
B (6.66TeV c 7\
f
107 ' \ﬁ T P
10 10 10 1) 10 10

Dark quark mass [TeV]
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CP phase

W{l
9 i 0 Xb ’ Wb
xX* we
xx > WW %
X’ W

annihilation cross section

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

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

2

417 o 2 n O\ 4 =
(oMPM o~ ZE2 w97 (M) My
2 W mZ\ m ma =

m)( X X T 3

\OTeV

30 TeV |

i0’

IO
mcos(6/3) [TeV]
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Direct Detection

Elastic scattering suppressed at one-loop level

Cirelli, Fornengo, Strumia [Nucl. Phys. B 753 (2005)]

cross section: ag; ~ 0(10747) cm?

Hisano, Ishiwata, Nagata [JHEP 06 (2015)]
Cheng, Ding, Hill, [Phys. Rev. D 108 (2023)]

Above the neutrino fog if m, < 4 TeV

~ 1046 2

21047 [
S107 ES

1 0-43 r T T T T T T T T ]
107441

104

10748]

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

10.0
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Collider Experiments

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

_F
How to detect Charged component decay )(i — )(07'[6(;]3 né—’CD : soft
Disappearing tracks of y¥: ¢ ~ 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
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Quintuplet decay

Decay into EW gauge bosons

g*N
L D — e"Potr TIs W, W s
WIW D~ ey s W Wo |
. aw\?m;, e 1
~ Lifetime 7, = —
Decay Width [, (4n) 72 =T
Range of weak interaction 1y, ~ m—lw Tw <K CTp

two-body T affected by SE before its decay
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CrO SS Se CtiO n Ca I Cu |ati0 n [Blum, Sato, Slatyer (2016), Parikh, Sato, Slatyer (2024)]

DM is non-relativistic > Analysis w/ Schroedinger eq. is effective!

Schroedinger eq. of DM two-body state Boundary condition
lkT‘
[—— V@) + us® @)|w@ = Eu (@) Y@ - e+ fO)— (- o)
— -

[Iong range ] [short—range (annihilation) ] [ I — ] \
[ outgoing scattered wave J

Flux of probability divergence of the flux

= vyl 7= 2SO
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CrO SS Se CtiO n Ca I Cu |ati0 n [Blum, Sato, Slatyer (2016), Parikh, Sato, Slatyer (2024)]

DM is non-relativistic > Analysis w/ Schroedinger eq. is effective!

Schroedinger eq. of DM two-body state Boundary condition
lkT‘
[—— V@) + us® @)|w@ = Eu (@) Y@ - e+ fO)— (- o)
—. ——
[Iong range ] [short—range (annihilation) } [ incoming plain wave ] \

[ outgoing scattered wave J

incoming flux h

Jin = =Y - -

divergence of the flux

annihilation cross section
O X jin = f d>rV ']_)out(rz)
»ov = 2Imu [p(0)|

- - - — [ 2
V-J = 2Imu §*@)|[P(@)|? = ov = [1h(0)| X (V)L (s-wave)

[Hisano, Matsumoto, Nojiri, Saito (2002)]

where l_z_luvz + V(F)] Yo(7) = EYo(¥)

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

[ 1V2+V() pz]q’U 0 [ 1V2+V(> pzwu 0
— r)—— r) = —— r) —— r) =
20y T 2uy) A 2Un T
0 —3V2B 0

_( 0 —/2B _

VX(T')=< > Ve(r)=| -3v2B —-A+2A  -2B
—V2B —A+24 0 2B —44+ 8A
_¢ + Q Ciy e—mzr B = a—We‘mWT A =166 MeV
T T r

Boundary conditions Plain wave outside the potential
Py ()
Y (r)

Y (r)
Yi(r)

— i\/pz - mrrVn(oo)ii

l\/pz - mXV)((OO) i
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Including Decay Rate

E, — E, + il inthe Schroedinger eqgs. of Y,

i, =5 TeV, m, =3 30TeY

[em* 5]

¥l
rel

ir v

&
-
..........

-

-] o | - -11.1 i ikl nzs i

wSE.T [, = 107"

ov # 0 even below threshold

Need to regulate the resonance
[Parikh, Sato, Slatyer (2024)]
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