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Dark Sector with Confining dynamics

SM Sector: Dark Sector:
; : Mirror model
3 : Lonsdale, Volkas (2014, 2018)
Electroweak Theory| : lbe, Kamada, Kobayashi, TK, Nakano (2018, 2019)
; : Neutral naturalness (twin)
QCD confinement : QCD-like Theory]

: Da$ QCD confinement

dark photon
W
. Similar confinement scale Agcp ~ 1GeV is expected in models with the SM copy

- Dark hadron DM

> dark pions (ex. SIMP ...) Hochberg, Kuflik, Murayama, Volansky, Wacker (2015)

> dark baryons (ex. composite asymmetric DM ...)
lbe, Kamada, Kobayashi, Nakano (2018)

Hadrons, Leptons, photons |

Dark baryons, Dark mesons }

We consider SU(3) QCDdark x QEDdark
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Strongly-interacting Massive Particle Scenario &

Freeze-out of humber-changing process Hochberg, Kuflik, Volansky, Wacker (2014)
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Dark photons for kinetic equilibrium

m, [GeV]

Wh it o Berlin, Blinov, Gori, Schuster, Toro (201 8)
Yy composIiteness:

> natural number-changing operator (Wess-Zumino-Witten term)
> sub-GeV-scale mass (pNGB/dimensional transmutation)
> stability by flavor symmetry (no chiral anomaly)

Dark resonances for large couplings

47
ny = \/]Tfn’ = My vector mesons in QCD-like theory
c

SIMP 3



Asymmetric DM Scenario DM

DM ]

ADM

particle-antiparticle asymmetries

_ hp—np __ Npm — ipMm
Mp = and npy =

n, n,

generated via sharing asymmetry: ng ~ npum

(Asymmetry Origin)

Q)
bM _ "pMIDM | 5 - DM mass ~ O(1) GeV
Qp Mp g
Q=

safe from astrophysical/cosmological constraints

no anti-particle -> no late-time energy injection to EM channel

Why compositeness? * strong depletion of symmetric component
» GeV-scale mass (dimensional transmutation)
> stability by dark baryon number

Composite ADM 4



Dark photon for releasing dark-sector entropy

symmetric part of dark nucleons = dark pions

dark pions = dark photon = SM particles

velocity-dependent self-scattering

Kamada, Kim, TK (2020)
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dark "nucleus"” (finite-size DM)

Chu, Garcia-Cely, Murayama (2019)

N-N scattering by V' ~ m;!
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) Long-lived Particle Signals

two kinds of tests for confining dark sector at collider/fixed-target experiments

dark photon decay

visible decay signal (m, < dark hadron mass)

- Prompt decay: BaBar, KLOE, LHCD, ...
- LLP @ Fixed-target: E137, CHARM, DarkQuest, v Cal, ...
@ Collider: FASER(2), FACET, ...

invisible decay signal (dark hadron mass < m,)
. mono-photon signal (BaBar, Belle-ll): etfe™ — yA’

« missing-energy searches (NA64, LDMX)
A' —dark hadrons

dark hadron processes_(with emitting off-shell A")

. dark nucleon transition: N5 - N; + e*e”
. dark vector meson decay: V% - £%¢~,V* - z¥¢t¢~ (when my, < my(+m,))

- dark pion decay: =’ > A’ + ete”




Dark Hadron Production
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Berlin, Gori, Schuster, Toro (2018)
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Dark hadrons produced via dark photon portal

On-shell Dark Photon m;,, < m,;
dark hadrons from prompt decay of A’

N, ~ N,Br(A’ - dark hadrons)

Off-shell Dark Photon m, <my,

approximate cross section

do do,(m¥) 1 miI'4(A"— dark hadrons)
_ < —

dm;y7dx  dx r (m? —m3)?+ (mily)?

off-shell A" production A’ decay (with m3)




Dark Hadronization -off-shell case-

dark hadron production for energy injection m} above Agep A" =

m¥=Aqcp
. oo E:E ; \ . F = hadrons ;
hadron multiplicity | g 7 s E
SM value @ J/psi threshold " IE ~
DASP Collab. (1979) €
= F=n"n"m _'
I’ZN/ ~ 0.08 I’lﬂ/ ~ 2.0 5 _]_—_W . " ‘V"
. 10 % F=2(r"m") ; 3
* neutral pion produced above w-resonance sl AN -
0.5 1 1.5 \/E[Ge\/] 2
_ llten, Soreq, Williams, Xue (2018)
No corresponding SM value for p @ threshold PDG data

ny =~ 0.01 — 1

Dark Hadron Production 8



Dark Pions (ADM)  «kamada, Tk (2021

Dark Pion Production
via gauged Wess-Zumino-Witten term

/ . /
Nca s 1Nce

Log. D — O
M 2 f e 192 f3,

e“”p‘jA/M@VW“L@pﬂ/_@gw’

subdominant for m, < f,.

Energy injection m¥ below Agcp

- light meson decay

7 — yA' — yr A’

yA' — vyt~

- bremsstrahlung

Dark Pion Decay

via gauged Wess-Zumino-Witten term
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Visible Decay Searches for Dark Pions

my < my < 2my,

decay constant: ., ~ f,

W EOEEEEEEEEEEEEE """ e Dy

----------------------------------

"visibly-decay dark photon

Belle-ll, (Prompt decay)
SHIP, DarkQuest (Fixed-target)

Existing Constraints:

BaBar/KLOE/LHC-b (Prompt decay)
E137/CHARM/ v Cal (Fixed-target)

----------------------------------

hadronization

Sharp cuts:
hadronization (LHC) 6m

]7,'/ ~ mN/

p bremsstrahlung m, +m, ~m,

fdark pion decay \

LHC/DarkQuest for my, ~m,

Experimental Signals
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fﬂ,/ = 0.1 GeV
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hadronization

------ Belle-11
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Dark Nucleon (ADM)  «amada, T« (2021)

Dark Nucleon Production
hadronization just above nucleon-pair prod. threshold

nya’

Ny, = =—( 2, O Ny

T

mt=\/10my;
hadron multiplicity n, ~ 0.08
SM value @ J/psi threshold
DASP Collab. (1979)
Dark Nucleon Transition

- dark nucleon mixing via U(1)p breaking

off-shell dark photon when Aymy < m,,

ea'aQ? mf, AZSV
) 2
sin” 20,

(N, = N, + ff) ~ 52 -
4,

mp = 0 limit

5 5 4 2
_ 0.1 8.5 GeV my. 1072 5% 1073
ct(Ny > N, +ff)=23m| — .
AN n’lN2 3 GeV S1n 29‘/

Dark Hadron Production

Ny
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Visible Decay Searches for Dark Nucleons Kamada, TK (2021)
FASER? MATHUSLA

1072,

1072,
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W W
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DM-SM scattering Direct detection
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Experimental Signals + n'p'mixing / U(1)o violation DarkSide-50 (2018) 12

K CRESST-III (2019) J




Dark Vector Mesons (ADM/SIMP) 1« vuan (2023)

Dark V' Production
production through gauged Wess-Zumino-Witten term

/

3e'g

8ﬂ-2f7r’

Lwzw D —

070, ALTr ((Q, V10,7

Different charge matrices for different models

[ )

1 .
Ogmp = diag(l,-1,-1), Oapm = gdlag(Z ,—1,—-1),

. Nno anomalous decay 0? «x 1 - anomalous decay
L (stable dark pion) y - alleviate cosmological problems

Dark V' Decay
decay through gauged WZW term (charged V') /kinetic mixing with A (neutral V')

e /
. . & > - —Tr(QV,, )FH
leaves visible signals for m,, < m_ + m,, g

-3 2 2
ct(V = £+¢7) = 6(107) [m](o'o,1 ) < 10 ) <m”’/f ”') <500 MeV) ,
o € 3 My,

3 2 4
oV P E ) m (1) [m]<o.01 > < 10 ) < 3 > <500 MeV)
a € mylf, my

Dark Hadron Production 13



Visible Decay Searches for Dark Vector Mesons TK. Yuan (2023)

FORESEE package
Kling, Trojanowski (2021)

off-shell production (Composite ADM scenario) on-shell production (dark-pion DM scenario)
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Experimental Signals 14



Summary and Discussions
O

Confining Dark Sector searches with Lifetime frontier

- visible signals from dark hadrons via dark photon
- dark nucleon dark matter/dark pion dark matter

- LHC lifetime frontier (FASER/FACET/MATHUSLA...)
Fixed-target Experiments (DarkQuest...)

Dark Hadrons with dark photon @ [ [ P searches

v dark hadron processes
. N"transition (Amy. < my)

. 1' decay (my < m, < 2my)
. V' decay (m, < m, <2m,)

v A" decay signals
- visible decay (ADM)/ invisible decay (dark pion DM)

15
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Asymmetries

It the asymmetry is fully shared b/w dark and visible sectors

Qb Hp

Mpnv = %) Mpg
B

- chemical equilibrium

Hpm

» conservation of charges (B-L, Q)
- rapid sphaleron & top decoupled before EWSB

Hp

Hsm - 97

Weinberg, Cosmology
lbe, Matsumoto, Yanagida (2011)
Fukuda, Matsumoto, Mukhopadhyay (2015)

30 Hsm

the ADM mass

Hp

~ 5GeV——

Hpm

237

Nowm 44n g’

n,. # of generations, U',U',D’',D’

8.5

/

8
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) LLP Constraints/Sensitivities

The number of signals

2

Nsignal

(effic.) !

N event

2

event

NLLP X (efﬁc.),

> (e

__Tmax

— € d

)A
decay length d = czfy

geometric efficiency
energy threshold

We formulate approximate sensitivity curves instead of generating events by MC
from existing sensitivity curves (A, iDM, ...)

@per bound on decay rate

decay before detector: (d < r

min)

_ NOA
CTLLPpmaXmLﬁP In NLLPA ~ 1 do In x*70 ~ 1
T'min Nsignal N T'min Nsignal

reference
NiipA  Tmin T i

In

kNQAO Tl

—1

CTLLP Pmax mLLfJ

Kamada, TK (2021)

mwer bound on decay rate

Tmax — Tmin NLLP A

Tmax — Tmin

~ 1

rarely decays inside detector: (

—1
CTLLPPmin™ 1 p Nsignal
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Tmax — Tmin

reference

NLLP A . T"'max — Tmin

d>r

~

max)

NO Ay

—1
CTLLPPN{:min™My 1 p %

\_

do
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Validity of Fitting approx. functions

E137 dark photon searches

Bjorken, Essig, Schuster, Toro (2009)
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https://arxiv.org/abs/0906.0580
https://arxiv.org/abs/1801.05805

Validity of Fitting approx. functions

IDM searches at LHC frontier
Berlin, Kling (2018)
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https://arxiv.org/abs/1810.01879

Intermediate-scale Portal interactions
Ny (SM singlet) couples to dark sector

1
M/2

[ —

_ 1 _
UDDNgr+yvLHNR + SMRNrNR +h.c

N YN (LH)2 + h.c. neutrino mass

YN
M2 MR
1

) —t— o
| UDD )2 + h.c. DM oscillation
2M’4MR(

U/D/D/ (LH) + h.c. portal interaction

1
» The portal interaction connects two sectors until T~ T, ~ M' (M'/My,)” .
» DM decays through the portal interaction: SK constraint on v signal
> M > 1082 GeV Fukuda, Matsumoto, Mukhopadhyay (2014)

> Majorana mass for dark neutron: leads DM oscillation
Indirect detection constraint

Composite ADM 21

Buckley, Profumo (2011)
lbe, Kobayashi, Nagai, Nakano (2019)



Signals from Intermediate-scale Portal

0
Indirect constraints on M, Covi, Grefe, lbarra, Tran (2010)
Feldstein, Fitzpatrick (2010)
e I Slgnal from DM Decay: n— i+ 0 Fukuda, Matsumoto, Mukhopadhyay (2014)
T YN ottt
| o DM—eer UDD (LH)-+h.c.
1 = DM — uuv (ttv)
e RN ~ | M”2Mp L) o ((MPMR)VEN" (10 Gev'®
S DI — e e Tn =~ 107" years —
SWaWe e 102 GeV My
™ 102 ;;;7’,//(/-/;/ -4
o from SK v-flux measurement: (M2 M)/ > 1055 GeV
10
102 E_r,‘«//j//// Super-Kamiokande exclusion region -
101 “1.02 | 1(I)3 | ..““1.04
mpy (GeV)
- DM-DM annihilation Ibe, Kobayashi, Nagai, Nakano (2019)
e~/ n’/p’ + K
U D D)?+h.c. ! =
2M/4MR( ) ._.// /y, e
// 7_‘_/0 \ 6‘|‘
1014 MR M/ 4 10 Gev 0 e _
g ears | ———— N
i Y 109 GeV ) \ 3% 109 GeV Mo . , <6
WY Y
TN = +
! n € 22



Bounds on MR

Kamada, Kim, TK (2020)

10",

S : Sommerfeld factor

1010 y-ray flux from MW's dSphs

Fermi-LAT Collab., PRL (2015)

p-flux measurement (super-K)

et-e~ flux (annihilation (cv))
my 2 1.5 GeV @ AMS-02

108
my S 1.5 GeV @ Voyager-|
Stone, et al, Sience (2013)
’ 07 AMS Collab., PRL (2014)
1 5 10 50 100 et-e~ flux from dark meson (zpy)
my > 3.0 GeV @ AMS-02
Fixed M’ my [GeV] !

my < 3.0 GeV @ Voyager-1

Composite ADM Boudaud, Lavalle, Salati (2016) 23



Bounds on Dark Photon Parameters

vy o /

direct detection experiment
Panda-X (b4 tonxday)

o>10"* cm? 1802.06912

o N o el — ; A
10_47 | ~.-'-\T-_-.\ ________ 1 ngf \DM ratIOp n'=1:1 )
~ -— - Future Prospects Losly
| | aD [anG%™
' ‘l N/ j%jb‘éég\l—"
\ R 7 Dark photon:
~ /‘,' rﬂ}}\]_,

Beam \\/_} / lightest in dark sector
* %/ Collider&Beam-dump
22 ) ] Supernova 1987A

v 10”7

i

o > % _
% = 4 | | )
I I A’ recoupling after v decoupling
S >
>

| | S = .
10-10" | | reheats only y,e*, e
A =1g - change 7,/T, i.e. Ny
m A JL ez

w roughly z,, < 1

50 100 500 1000 5000 - /

m 4| MeV ] Kamada, Kim, TK (2020)
Experimental Signals 24




i Velocity dependence

Effective range theory

. - 1
Scatterlng Cross section k= (e = imDMUrel
O'—ZO‘g 2€+ 1) sin” &,
H. A. Bethe (1949)
Low-energy (k* — 0) expansion of phase shift ¢, J. M. Blatt, J. D. Jackson (1949)
S-wave (& = 0) I cot 50 _ _1 i §k2 See also Chu, Garcia-Cely, Murayama (2019)

characterized by scattering length a and effective range r,

_ )
Cross section
Ama?
14+ k2(a? — ar,) + za2r2k?
N SR
_ 4
|a/r,| > 1: strong velocity dependence Omax = 12 for |a| < k> < |r,|™?

k — 0 : low-energy limit o = 4mra’ 25



v dependence of self-scattering

Strong velocity dependence: maximally SIDM

~ I T T TTTT] ! T T T TTT] ! T T

m = 20 GeV
— (%) (a,a/re) = (—292fm, —152)

== (%) (a,a/re) = (—292fm, —22.5)

Né Omax — ﬁ ?
100 3
S -
\q_' ]
) ]
10—2 N . _E
10—3 I Lol I Lol I 1 ||||j
10’ 10° 10°

(Uret) [km/s]

Galaxy clusters: v ~ 10°km/s

To form core of galaxy clusters

To avoid the constraints from galaxy lensing

Velocity dependence

Kamada, Kim, TK (2020)

MW's dSph: v ~ 30km/s

o/m < 0.57 cm?/g
Read, Walker, Steger (2018)

Draco (cuspy):

Core formation or Core contraction phase?

MW's dSph (core contraction)
c/m =~ 30-200cm

]-00_ 1 1 1 rrrrij

2
/g Correa (2020)

—_

<
LN | | 1 LI
Q 9Q Q
[
ot — o
(@) (@] (@)
E E o

[\ [\ E
e 0 o

LooLoog

1

% — o=10cm’*g "
EQ ............................... o =50 cm® g~ !

S B o iUl LT

8 102 cuspy, agalﬂ \ =

Pippin
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Oselt /N [Cm2/ g|

~ I T 1T T TTT] I T T T TTT] I 1T T T

N m = 20 GeV
N — () (a,a/re) = (—23.9fm, —12.1)
o == (%) (a,a/re) = (—23.9fm, —1.53)

Field dwarf galaxies
Light Surface Brightness Galaxies

Observed diversity of galaxy rotation curve

Kamada, Kaplinghat, Pace, Yu (20106)

olm =~ 1cm2/g for v ~ 100 km/s

RN R
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LHC Forward Detector

FASER2 FACET

100.00 mm Tracking stations
3 planes of silicon strip

Forward Aperture CMS ExTension: FACET

0135Tm SCHEMATIC (provisonal dimensions — not to scale)

DIPOLE
Z~82m hin wi
0.5 mm Be Thin window R=12.5 em

Scintillator/Pb Veto
to veto incoming charged

particles and protons
R=50cm iy
R=10.6 cm Wire grid (with ribs)
i Rour =50 cm

Additional & NEG LINER Ny = o g g

Shielding \ g 23

’ § LHC VACUUM \| .82 a

w +

- DECAY VOLUME

— R,=18cm —

Trigger/preshower
scintillator station

Electromagnetic

0.6 Tesla permanent Trigger/timing calorimeter

/ a (-]

/ z S £

additional (R RN X —_—— "/ g
7 =

’ &

dipole magnets scintillator station (Lead/scintillator)
with 20 cm aperture Shielding
1 . - 05 2m
« 18 m », 3M7 2m 05 2 I
z=101m 7=118m Z=127m
RS/ CMS “ VF-HGCAL .
O o G R
(z=0)

Distance Length Radius Threshold Luminosity
FASER | 480m  1.5m 10 cm 100GeV  150fb~"

FASER2 | 480m 5m 1m 100 GeV 3ab™?
FACET | 120m 18m 0.18m< R<0.5m |10GeV 3ab~ !

Detector

minimum E for ete-
Further investigation might be necessary for FACET
(Bkg events estimation) o

FASER case: O Bkg is supported by the first run




Different Parameter Choices

0
Dark nucleon transition
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Dark Pion Decay
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V' Decay

on-shell production (dark-pion DM scenario)
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(dark colors) visible decay searches of dark vector mesons
(light colors) invisible decay searches of dark photons
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V' Decay

off-shell production (Composite ADM scenario)
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(solid/dotted) visible decay searches of dark vector mesons
(dashed) visible decay searches of dark photons
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