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Self interaction of Dark Matter

—
o
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e (Observations are in conflict with cold
dark matter (CDM) models

e "Ccusp vs.core', ...

e Possible solution:

Dark Matter Density (M@/kpc3)

o Self-interacting dark matter (SIDM)
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Tulin, Yu: arXiv:1705.02358 (2017)



https://arxiv.org/abs/1705.02358
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Self interaction of Dark Matter

LSBs - low surface brightness

e (Observations are in conflict with cold
dark matter (CDM) models

e "Ccusp vs.core', ...

e Possible solution:

o Self-interacting dark matter (SIDM)

(oVv)/m (cmz/g x km/s)

° 1 . 1 1 . . R . . R B . . .|
DM halos as particle accelerators " 50 100 500 1000 5000
 Velocity dependence preferred (v (km/s)

Kaplinghat et al: Phys. Rev. Lett. 116 (2016)



https://arxiv.org/abs/1508.03339
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Strongly-Interacting Massive Particle (SIMP-miracle)

e One possible realization of SIDM

e Dark Matter Candidate:

e Mesons in confining (strong) D I\/l Ppv = S.4p5
dark sector

eK1
: 32 2 > 2
e DM as athermal relic of the early >< >< \/ SM

universe via freeze-out

Hochberg et al.: Phys. Rev. Lett. 113 (2014)



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.171301
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Strongly-Interacting Massive Particle (SIMP-miracle)

e [he mechanism:

e SM & DM in thermal equilibrium in early

universe D M Ppy = S.4p5

K1

Hochberg et al.: Phys. Rev. Lett. 113 (2014)



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.171301
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Strongly-Interacting Massive Particle (SIMP-miracle)

e [he mechanism:

e SM & DM in thermal equilibrium in early

universe D M Ppy = S.4p5
e Depletion of DM via number-
lowering process (3 — 2) 3 - 2 2 > 2 =< S V]

>< L
» Dark sector heats up >< -

Hochberg et al.: Phys. Rev. Lett. 113 (2014)



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.171301
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Strongly-Interacting Massive Particle (SIMP-miracle)

e [he mechanism:

e SM & DM in thermal equilibrium in early
universe D M Ppy = S.4p5
e Depletion of DM via number-

lowering process (3 — 2) > 2 > 2 — SM

o Dark sector heats up >< >< -
mpy S GeV > .

e Heat flow from DM to SM via coupling

e Mediator enables direct detection

Hochberg et al.: Phys. Rev. Lett. 113 (2014)



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.171301
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Effective Field Theory

e Low energy description of mesons
 Powerful tool for numerous calculations : : y mou
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Effective Field Theory

e Low energy description of mesons
 Powerful tool for numerous calculations : : y mou

e \What can we do on the lattice?

1. Provide low energy constants (masses,
decay constants, ...)

2. Test bounds of applicability
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Wess Zumino Witten Term

 Nonzero topological term in chiral
Lagrangian T

e From axial anomaly

e 5-point interaction ]Z- .

« Canincorporate a3 — 2 processin an
effective description

Il

Witten: Nucl. Phys. B, Volume 223 (1978)



https://www.sciencedirect.com/science/article/abs/pii/0550321383900639?via=ihub
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The model

o Symplectic gauge group

Kulkarni et al.: SciPost Phys. 14 (2023)



https://arxiv.org/abs/2202.05191
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The model

o Symplectic gauge group

e Pseudo-real rep of the gauge group enlarge
the flavor symmetry

e "Weyl Fermions”

 More pseudo Goldstone-Bosons

Kulkarni et al.: SciPost Phys. 14 (2023)



https://arxiv.org/abs/2202.05191
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Flavour symmetry breaking pattern for N, = 2
The model /

Complex Pseudo-real
(QCD/SM) (Our model)

» Symplectic gauge group
e Pseudo-real rep of the gauge group enlarge
the flavor symmetry

e "Weyl Fermions”

 More pseudo Goldstone-Bosons

Kulkarni et al.: SciPost Phys. 14 (2023)



https://arxiv.org/abs/2202.05191
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Flavour symmetry breaking pattern for N, = 2
The model /

Complex Pseudo-real
(QCD/SM) (Our model)

» Symplectic gauge group
e Pseudo-real rep of the gauge group enlarge
the flavor symmetry i
Axial anomaly
 "Weyl Fermions’ e l l
 More pseudo Goldstone-Bosons

Kulkarni et al.: SciPost Phys. 14 (2023)
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Flavour symmetry breaking pattern for N, = 2
The model /

Complex Pseudo-real

« Symplectic gauge group QcDiSw (Our model

e Pseudo-real rep of the gauge group enlarge
the flavor symmetry

Axial anomaly
m,=m ;=0

S

e "Weyl Fermions”

 More pseudo Goldstone-Bosons

Chiral symmetry
breaking

S

m,=m,; # ()

Kulkarni et al.: SciPost Phys. 14 (2023)



https://arxiv.org/abs/2202.05191
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Flavour symmetry breaking pattern for N, = 2
The model /

Complex Pseudo-real

« Symplectic gauge group QcDiSw (Our model

U(2)xU(2)

e Pseudo-real rep of the gauge group enlarge dim=8

the flavor symmetry i |
Xial anomaly

e "Wevyl Fermions" m, = my =0
y

 More pseudo Goldstone-Bosons -

Chiral symmetry
breaking /-4=3 Pions

. .

15-10=5 Pions

S

m,=m,; # ()
Sp(4)
dim=10
Kulkarni et al.: SciPost Phys. 14 (2023)



https://arxiv.org/abs/2202.05191
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Flavour symmetry breaking pattern for N, = 2
The model /

Complex Pseudo-real

« Symplectic gauge group achisw) (Our mode)

U(2)xU(2)
e Pseudo-real rep of the gauge group enlarge dim=8

the flavor symmetry

Axial anomaly
m,=m ;=0

e "Weyl Fermions”

 More pseudo Goldstone-Bosons

e
e e

o Nf=2

Chiral symmetry

breaking 7-4=3 Pions 15-10=5 Pions

-
-

e 5 Goldstones that are needed for SIMP

m,=m,; # ()

Sp(4)

dim=10

Kulkarni et al.: SciPost Phys. 14 (2023)



https://arxiv.org/abs/2202.05191
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Flavour symmetry breaking pattern for N, = 2
Our model - 2 Sp(4)'s /
Complex Pseudo-real
+ Sp(4)c with N, = 2 fermions is a minimal Qcoisw) (Our model
realization of the SIMP-mechanism! U(2)xU(2)

dim=8

 "Induces" a global Sp(4)r flavour symmetry Axial anomaly

m,=m ;=0

» Rich phenomenology different from SU(3)c

e
e e

Chiral symmetry

breaking /-4=3 Pions

15-10=5 Pions

-
-

m,=m,; # ()

Sp(4)

dim=10

Kulkarni et al.: SciPost Phys. 14 (2023)



https://arxiv.org/abs/2202.05191
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Sp(4) gauge with N, = 2

o "Z00" of dark particles:
e 5'"dark" Pions
e 2 gauge Invariant di-quarks

e 10 "dark” Rhos

« Potentially light " etc. T, .
[l,,=u (—io)Cysd

* No di-quark vector flavour singlet

1 = u(—ic)Cyd’

e Even number of colours:

Zierler et al. - PhysRevD.109 (2024)
e No fermionic bound states Drach et al. - Eur. Phys. J. C 82 (2022)


https://cds.cern.ch/record/2800095?ln=de
https://cds.cern.ch/record/2800095?ln=de
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Lattice

e Sample gauge configurations in a discretized
space-time

e Challenges:

e UV and IR cutoff because of aand L

o First principles

» Can provide low energy constants for (/L7

effective theories
a

Gattringer, Lang (2010)



https://link.springer.com/book/10.1007/978-3-642-01850-3
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Lattice - Scattering

e Particles enclosed in a box

e Energy levels are shitted in finite volume due
to scattering effects

e Energy shift & scattering properties
 Full scattering information (phase shift)

e Thiswork: zx — m scattering in Isospin-2

Briceno et al.: Rev. Mod. Phys. 90 (2018)
Luscher: Commun. Math. Phys. 104/105 (1986)



https://link.springer.com/article/10.1007/BF01211589
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwjgpJDWqf6EAxXZhP0HHTLyCmwQFnoECA8QAQ&url=https://link.aps.org/pdf/10.1103/RevModPhys.90.025001&usg=AOvVaw3yP_m8nsy0X5oWkFO47ec3&opi=89978449
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Lattice - Scattering

 Particles enclosed in a box -

e Energy levels are shitted in finite volume due
to scattering effects ‘

e Energy shift & scattering properties

 Full scattering information (phase shift)

e Can be extended to three particles for the A’

3 — 2 process

Hansen et al., Phys. Rev. D (2014)

Hansen et al., J. High Energ. Phys. 2021



https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwi-wNrKsP6EAxVG7LsIHTR-CaIQFnoECBAQAQ&url=https://link.aps.org/doi/10.1103/PhysRevD.90.116003&usg=AOvVaw0qZhiusUbLuJQSCoal6QAS&opi=89978449
https://link.springer.com/article/10.1007/JHEP04(2021)113#citeas
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Results

e Main result: Full phase shift 6(P)

o Scattering length, cross-
section, Resonances, etc.

Pcotd

1.0

0.5-

B 7.200, my, -0.780

— pipl
— Fit
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Results - Applicability of y-pT

~

0.0 =2
e x-pT prediction forthe | T
scattering length: —0.21
> —0.4-
— 1 mﬂ =
e (fﬂ ) € 0.6
©
----- LO EFT
. - Hhin - —0.8-
x-pT applicable within 1-2¢ for s B=6.90
D = 7.05,7.2 104 ® PB=7.05
e p[=7.20
-1.2 .
0 1 2

p = inverse bare
gauge coupling

Bijens et al.: JHEP (2011)


https://link.springer.com/article/10.1007/JHEP03(2011)028
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10° -
Velocity dependence o | -~~~ LOEFT (100 MeV)
. Sp(4) (100 MeV)
10 i —— Kondo et al. (16.7 GeV)
» "Velocity weighted cross-section” | & Halodata .

m

~ov~2 vaaf(v)dv

0

e No sign for velocity dependence for
relevant velocities

V2 Vesc

‘102 100 10 10°
<v> in &l

Kondo et al: J. High Energ. Phys. (2022)
Kaplinghat et al: Phys. Rev. Lett. 116 (2016)



https://arxiv.org/abs/1508.03339
https://link.springer.com/article/10.1007/JHEP09(2022)041
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Summary & Outlook

« Why Sp(4) dark matter?
o Calculation of scattering properties tfrom first principles

« Comparison with different constraints indicate my,, 2 100 MeV

o Otherisospin channels

o Full zmrmr — nrm scattering

 Low energy constants for an effective description
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Summary & Outlook Side Project: Neutron Stars

with dark matter!
(With Suchita Kulkarni)

« Why Sp(4) dark matter?

o Calculation of scattering properties tfrom first principles

« Comparison with different constraints indicate my,, 2 100 MeV

o Otherisospin channels

o Full zmrmr — nrm scattering

 Low energy constants for an effective description
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Summary & Outlook Side Project: Neutron Stars

with dark matter!
(With Suchita Kulkarni)

« Why Sp(4) dark matter?

o Calculation of scattering properties tfrom first principles

« Comparison with different constraints indicate my,, 2 100 MeV

o Otherisospin channels

o Full zmrmr — nrm scattering

e Low energy constants for an effective description Than k yOU!
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Results - B 7.200, mq1> -0.780
—— Fit
L]
 Energy levels i [ RS S }--- ¥ pipi -
A pipi (exited)

0.0 0.1 0.2 0.3 0.4
(Lmy)~1

Bijens et al.: JHEP (2011)



https://link.springer.com/article/10.1007/JHEP03(2011)028
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Result - cross-section 50 B 7.200, m;, -0.780
—— Fit
W o
e Full cross-section 15 - v
NE': 10 -
®)
5_
O_
2 x 10° 3 x 109
Vs
My

Bijens et al.: JHEP (03:028, 2011)
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Application for dark matter
s-wave scattering cross-section

tan() = ——1
z8o(1,612)
(v) = L dv v f(v) o (5.1) = 47 2
| k cot(o) — ik]|
) 32v° - 4y
V) = ——m—m— — o0
2y T\ () R O
0
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Comparison to halo data ; 1050,

te |fm]

 Effective range-expansion (s-wave)

1 k7 .
, kcot(o)=——+—+ O")
a 2r,
e Best fit:
e a=22.2fm

™M p Mz [GGV]

o r,=—259%x 107" fm

o My, = 16.7GeV — T



Yannick Dengler - Scattering of symplectic SIMP DM with lattice field theory L

NAWI

Graz

W

BACKUP

Comparison to halo data

 Effective range-expansion (s-wave)

1 k7 .
, kcot(o)=——+—+ O")
a 2r,
e Best fit:
e a=22.2fm

o r,=—259%x 107" fm

(ov)/m [em? /g x km /]

10% ¢
1000 |

100 |

10!

LSBs - low surface brightness

|

=

.
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-
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o
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=
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|
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Comparison to halo data

. B "Kondo et al.”
o Effective range-expansion (s-wave) Sp(4)
1 k2 4‘
. kcot(d) = — — +— + O(kY) =
a 2r, =
c &
« Best fit: C
O_
e a=22.21m
— )
¢« 1,=—2.59% 1077 fm
~*6x100 100 2x 10" 3x 10!

o My = 16.7GeV mpw in GeV
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Comparison to halo data

104+
» Effective range-expansion (s-wave) 101_: -
keot(8) = —— + - + O(k*) 5
. kcot(d) = ——+— 0.
a 2r, £ 10 B "Kondo et al.”
_ _
e Best fit: s 10-1 Sp(4)
e a=22.21m
1074
o r,=—259%x 107" fm
107 o1 g
o My, = 16.7GeV 10 10 10

Mpnm in GeV
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Sp(4). vs. Sp(4); - clarification

o Symplectic groups always have a even
dimension - Sp(2N)

e Flavour symmetry:

 Needed for symmetry breaking pattern

o Gauge symmetry: Needed for the
pseudo-real representation

e Also S
POSSIb

J(2) or Sp(6) for example

€

Rep of gauge group:  Gomplex Pseudo-real
N, =2
J

Chiral symmetry n,
breaking m
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Lattice - Scattering

e 3 particle quantization condition® .
o Exact up to discretization effects .
o det[F;'+ H;]=0 |

e Matrixin (I,m) — cut-off in partial ‘V

wave

e Full2 — 2 information needed
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5 dark Pions
Sp(4);
« Pions form a 5-plet of the flavour symmetry 5 ® 5 — 1 @ 10 @ 14
JEAE LT 2| R Wy 100®5=56 106 35

 What are the possible scattering channels? 5 ® 5 ® 5 — 3(5) @ 10 @ 30 @ 35

e Tensor products of the corresponding

representations K — K (I=Oa1 ,2)
nr — p (I=1)
nr — nnr (1=1)

nr — nnp (1=0,1,2)
elc.

e 3 Isospin channels in zx;

e |=0 (1-dim), I=1 (10-dim), I=2 (14-dim)




Yannick Dengler - Scattering of symplectic SIMP DM with lattice field theory L NAXXZI UNI I:WI: BACKUP

Phenomenology of scattering channels

SP(4)f
+ 1=2 (14-dim) 5®@5=1@10@ 14
o (Probably) contributes most to 10®5=5® 106 35
wr-scattering SR®RSISK®RS5=300) 10 30 & 35
» 14 out of 25 possible nrw — nr (1=0,1,2)

combinations of Pions
nr — p (I=1)

e Considered in this talk TTIT — JIITT (|=1)

nr — nrp (1=0,1,2)
etc.
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Phenomenology of scattering channels

SP(4)f
. 10 (1-dim) 55=16® 106 14
 (Probably) no large contribution 10®5=5 106 35
to zz-scattering S5R5Kk5=305)6 106 30 6 35
* Mixing with the ,singlet” nrn — nr (1=0,1,2)
» Numerically challenging w — p (I=1)
(,connected diagrams*) I —> JUITTT (|:1)
» Not considered in this work = AP (1=0,1,2)
etc.
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Phenomenology of scattering channels

Sp(4);
+ 1=1 (10-dim): 505=1® 10 14
. Mixing with the Rho 10®5=5@ 106 35

S®I®S=30) 10306 35

e No contribution to zzz-s-wave K — nrn (I=O’1 ’2)

scattering T — p (|:2|) .
TTIT —> TTTTTT (1=

nrw — nrp (1=0,1,2)
etc.

® AT — AT

e Tackled in the future
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Phenomenology of scattering channels

o |=2:
« Makes up most 2 z scattering (14/25)
o Easiest on the lattice
o |=1:
 No s-wave scattering
e Mixing with dark Rho
AT — T
e |=0:

e Mixing with the flavour singlet

Sp(4);

R5=1 106 14
10®5=5@ 106 35

SR5®5=305)d 10 306 35

nwrw — nr (1=0,1,2)
nr — p (I=1)
nrw — nrr (I=1)

nr — nnp (1=0,1,2)
elc.




Graz

Yannick Dengler - Scattering of symplectic SIMP DM with lattice field theory L NAWI _unt I:WI: BACKUP

Comparison to astrophysical constraints

0.0 ===
e Scattering length: | Tl -
—-0.2 Ry
— +0.2 >~ _
® Clomﬂ —_— 0.6_02 _04 1 \\\\
2 = \\\\\
o cm € _0.6-
s, —<0.19 © ML
m < N '
g os. LO EFT . F@
| | A [=6.90 h
 Fixes the lattice constant 1ol m B=705
e pB=7.20
= mpy 2 100 MeV 15 |
-0 1 2 3 4 5 6

Eckert et al.: A&A 666, A41 (2022)


https://arxiv.org/abs/2205.01123

