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Yemilab @Handuk iron

~1 km depth

To be completed
in 2021

Entrance tunnel
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Standard Model has been very successful

But...
Atoms 4.9% B excess
in cosmic rays
(AMS) e’ excess
in cosmic rays
1 (PAMELA, FERMI, AMS)

\

Qark sect@
Excess of events of ' Anomalous magnetic

unknown origin proton radius: moment of muon:
(DAMA/LIBRA, CoGENT) = | 7 o discrepancy a, = (gH-Z)/Z
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Portals (mediators) to Dark Sector

‘E = ‘ESM T LMediator T LDS
Portals to

dark sector
Visible sector Dark sector

Standard Model symmetries allow
only a few important interactions.

/(] 1/ (]

“Vector”, Neutrino”, and “Axion” portals

Higgs”,

Sunny Seo, IBS 4th TAU Meeting 2020.06.09 5



Portals to

dark sector
— Dark sector

$

vector %GFJLF "
Higgs  eliioP
neutrino e, (hL)1
axion Ly p

Ja
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Visible sector

mediator



"Kinetic Mixing”

Photon (y) and Dark Photon (A’) can mix.

— one of the best motivated DP models
Need new U(1),

,
~ A

Minimal Dark Sector could consist of A" only.
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Anomalous muon g -2
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~3 0 ut

Anomalous muon g -2
could be explained by

Dark phOtOn ? :u_ (g — 2)ﬁ/ ~ g X 62, ma < mﬂ




Dark Photon Search World Map

B Al @ MAMI i
E = M wAsA @cCOsY  VEpp.)
.Cornell Phenix @RHIC n HADES @ GSI
ATLAS, CMS @ LHC .]
- E P-348 @ SPS KLOE2 @ DAFNE °

BaBar @ PEP-Il  j AB: APEX SHIP @ SPS KOk
HPS, NA48/2 Bellell
Darklight Mu3e @PSI 55/ O
BDX

Y2015 Status: publishing, approved, proposal
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Dark Photon Search Experiments

d Beam dump

(thick target)

] Fixed target

(thin target)

J Collider Exp. {

— @ beam: E137, KEK, Orsay, E141, E774, NA64,
BDX, LDMX, HPS

e* beam: MMAPS, VEPP-3, PADME
v beam: GlueX, LEPS2, LEPS, and FOREST

— p beam: SHiP, NA62, FASER, REDTOP, SeaQuest

e*e": Belle I, KLOE-2

pp: LHCb

] Astrophysical Obs. SN 1987A, Sun etc.



Sub-GeV A’ Search Status & Prospects

107
: — DP parameter space

favored by
anomalous muon g -2
seems to be excluded
by most exp.

= In the near future,
higher energy and
smaller gregion
can be explored.

1072

10710 §
Pre-2021]
10_11 g Dark Sectors 2016 Workshop:
1073 1072 107" 1 Community Report”
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Sub-GeV A’ Search

> GeV A’ Search
10-3 . Visibly Decaying 4 Visibly Decaying A'
- ‘\ =
10-# 3%' | “\‘tg Sl s 10~4
% (g-2), >S5
107°
) I

2)e
(g
108

BaBar, NA48/2, PHENIX
El41
10~ 10,

SHiP,
10—13’

SHiP,
Charm, Nu—Cal
10—14. '
E137, LSND -
10-16.
10718 )

1020 SHiP: 2x10%° POT
1 10 10> 10° '

mga (MeV)

Sunny Seo, IBS

10%

SHiP can explore ~10 GeV region
ate~107- 103,
4th TAU Meeting 2020.06.09
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Sub-MeV A’ Search Status

0 0
B Jupiter, Earth
= mwLSW
-3 Coulomb —1{-3
w - -t
-6 —-6
-)
— u -
O ) e =9
1 = non—Thermal DM l =
- 121 Hidden Higgs (my, ~m,) —1-12
—15 —-15
| ] | ] | | | ] ] ]
-18 -15 -12 -9 -6 -3 0 3 6
Jaeckel, Redondo, Ringwald, ... LoglomA/ [eV]

Similar to Axion/ALP search techniques,
but magnet is not required for A’ <->y conversion.
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Candidate Detector Design

Neutrino Telescope
A B

) Target: 3.29 kton
1 Buffer: 1.44 kton
22m ||19m ||17m T 1m Veto: 2.96 kton

2000(3000,4000) x 20 inch PMTs = 20% (30, 40)% coverage



Dark Photon Search Scheme

LSC @Yemilab
' . mption W
A’ Production N g
"dark-strahlung"
process A’ detection
Shield A’ decay ) o o e
Target )
e- A > e+e- 7)
. , YYY decay
> N =2 yyy
100 MeV 3) Absorption
@1MW ,
Decay distance ~3 kton LS target
L, - 05m surrounded by buffer & veto
Lgecay =20m
Lotector = 20 M Detector

(E, e > 200 keV)
16
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Dark Photon Productions
e beam

“Bremsstrahlung-like” process
a.k.a.

S, “dark-strahlung”

Z

K

[0

E137, KEK, Orsay, E141, E774, NA64,
BDX, LDMX, HPS

Sunny Seo, IBS 4th TAU Meeting 2020.06.09 17



“Dark-strahlung” Production

Liu & Miller: PRD 96, 016004 (2017)

X-section comparison of no approximation,
WW, and IWW approximation

Weizsacker-Williams

1 The WW approximation relies on the incoming electron
energy being much greater than m_¢ and m_e, such that
the final state electron and the new boson are highly
collinear.

1 The IWW reduces the computational time but does
not improve accuracy.

Sunny Seo, IBS 4th TAU Meeting 2020.06.09 18



“Dark-strahlung” Production

Liu & Miller: PRD 96, 016004 (2017)

do ., & |K|E [Ow 1
— =€ — dcosf— : :
dx  SM?* |p| Jo V - No Approximation

I max F [ 2 2r d¢
<[ ar ) | Ga
I'min t‘- 0 2][
22

d ()mux A —4 .
( 6) =2e?a’|K|E(1 —x)/ dcosf——mny
WW 0 -

dx U

(a’a_v> 2 K| m2x(=2 + 2x + x%) — 2(3 = 3x + x?) ity
IWW

a’y "

dx v 3xit2,
~ 2 1—x 2
umax— —m(/) X A_ mex.

IWW approximation works reasonably when m 4. < 100 MeV.
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Dark Photon Production by “dark-strahlung”

IWW approximation

100 MeV e- beam
on Tungsten target

do/(e?dx)[GeV-2]
>3
=
()]
<

10 -

0.8 1.0
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Dark Photon Production by “dark-strahlung”

IWW approximation

20 MeV e- beam
on Tungsten target

~ 6
) 10
>
v
2 0
<
2
W 10%
S~
@)
S 1000
0.2 0.4 0.6 0.8 1.0
x = E,/E,
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Dark Photon Detections

J Visible Decays

A’ 2 e+ e-(>1MeV)

- A" =2 vyyy (<1 MeV)

J Invisible Decays

Sunny Seo, IB
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0.05

0.02 -

0.01

Raggi & Kozhuharov,
| | Nuqvo Cimclento V.3|8 n.10 (2Q15) .
0.1 02 0.5 1.0 2.0 5.0 10.0
m, (GeV)
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Expected Dark Photon Event #

[ Production: “dark-strahlung”
] Detection : A’ 2 e+e-or 3y

N, X [Eo Xpnax DP production x-section
M E min Xmin
r 1 1
~Lg (-+1 _
X dx/ dtl,(Ey, E, 1 ,~haliy A)(l — e Laee/ly)
0

Liu & Miller: PRD 96, 016004 (2017)

where, * L,:shield distance

* L, decay distance

* |, DP decay length

 A:DP absorption length in shield
* |, e-spectrum in beam target

Sunny Seo, IBS Z3

* N_:# of incident electrons
e X:one radiation length
* M: target mass




N X E max
it s, .

(Continued...)

11
X dx/ dtl,(Ey, E, t) — Sh(’¢+‘)(l — e Laec/ly)
0
"4
£ where,
DP decay Iength (/¢) l¢ “k E,: DP energy
me Tyl E =xE,
o 2m?> 4m2\ /2
[y(p— ete ):e%/gm(/,(l—l— m(z/))(l— m(2/)> (m;>1MeV)
4 m2
Cy(fh — 3y) = €} ——eg—s—
vid = 37) = €V 3651, (m,< 1 MeV)
17+67m3,+ 1289411, (15
5  42mZ 246960 m? mS ”




N X [E (Continued...)
i f =]

11
X dx/ dtl,(Ey, E, t) — Sh(’¢+‘)(1 — e Laec/ly)

o /

¥
DP absorption length (A) p 1
M0 ybs
! Y n,: electron number density of the shield
* 1,
\ .. DP absorption x-section
>—
2 22
2 "¢ dcosH qlA
s = o JK| - "Ey+m,—|k|cos@,

where, |k|: DP 3 momentum
Sunny Seo, IBS lq]: ¥ 3 momentum = Ey 25



Yemilab case

 Production: “dark-strahlung”
] Detection : A’ = e+e- or 3y, or A’ absorption

N X [E X DP production x-section
N¢ ~ € dE
M Emin Xmin
I _Lsh ([L+%) —L /1
X dx dtle(EO,E,l‘ ¢ ¢ (1 — @~ Fdec ¢)
0 \ ' J
Liu & Miller: PRD 96, 016004 (2017) only decay signal

We should add an additional term of DP absorption signal

to decay signal.
X[1 —exp(— Lo/ /¢ = Lot/ Ager)]
\ )

Y where,
L,..: detector length
Aqer: DP abs. length in detector

Sunny Seo, IBS 4th TAU Meeting 2020.06.09 26

decay or absorption signal




DP Production x-setion (do/dx)

do/dx ~103° m?

do/dx ~103° m?

0.10

E,[GeV] oo L

m, = 0.1 MeV
g=10N"-5

Sunny Seo, IBS 4th TAU Meeting 2020.06.09

m, = 10 MeV
g=10N"-5

27




Absorption | Absorption

DP mass

(m. ) length (4,,) | length (4,.,)

¢ In shield In detector
107-5 0.1 MeV ~10%22 m (3y) ~10° m ~101%m
107-5 10 MeV <1m (e+e-) ~10° m ~101%m
101-3 0.1MeV  ~10'8m (3y) ~105 m ~106 m
107-3 10 MeV  ~107-5m (e*e) ~10° m ~10® m
101-8 0.1MeV  ~10%2m(3y)  ~10%m ~10%6 m
107-8 10 MeV ~10° m (e+e-) ~10° m ~101® m

— DP absorption is a dominant DP interaction mode for light DP.
<1MeV

— DP decay is a dominant DP interaction mode for heavier DP.
(Significant fraction of DP loss is possible at shield.) ~*MeV

100 MeV e- beam

Tungsten target (0.5 m), Water detector Ly =0.5m, Lyerq, =20m, Lyerector =20 M

47



length [m]

Preliminary

Dark Photon Decay & Absorption Lengths

1054
e Decay (e+e-or 3y)
10%° ~ o > yyy x  Absorption @detector
. ® + Absorption @shield
10°° -
1030 - ¢ € =107(-5)
1022 - o
Absorption
1014 - °
X x X B E R EEE
106 -
Detector °
10-2 - diameter ® o o °
oo ¢ > e'e
103 1072 1071 10° 101! 107
my [MeV]

Sunny Seo, IBS
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length [m]

Preliminary
Dark Photon Decay & Absorption Lengths

1054
e Decay (e+e-or 3y)
10 - o =2 vyy x  Absorption @detector
+ Absorption @shield
10384 ®
€=107(-3
10% - . (-3)
1022 -
Absorption ¢
104 - ¢ > e'e
O
106 { ¥ X X B EEIEEEY
Detector
2 | diameter
+0 e e, o
10_10 | | | L | | ! |
103 1072 10~1 10° 101! 107
my [MeV]
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length [m]

1054
1046
1038
1030
1022

1014

102

10—10

Preliminary

Dark Photon Decay & Absorption Lengths

Sunny Seo, IBS

° e Decay (e+e- or 3y)
¢9YYY x  Absorption @detector
. + Absorption @shield
€ = 107(-8)
o
Absorption o
X X X EEEEEEE
® o PY
Detector ® o o
diameter
¢ > e'e
1073 1072 1071 10° 10! 102
my [MeV]
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DP Decay or Absorption signal Probability

(A)

m;= 0.1 MeV
&= 10N-5

Absorption only

Ldecay

Ldetector =20m €=107-5

(B)

=20m m;= 10 MeV

Decay dominant

m;= 0.1 MeV
€ =10"-8

(~10> for 1 A
~103°for 1 e)

m; =10 MeV | (10°~10> for 1 A’
€ =107-8 ~102 forle’)




DP Sensitivity @ YemilLab

DP “decay” signal only

-4
Yemilab (MM)
—6 - 100 MeV e- beam
A’ 2 yyy 1 MW, 1 year
_8 —
—~ —10 - X
g (A)
(@)}
S _q1o
A’ 2 ete-
_14 -
_16 -
oy L, = 50cm (W) Lyecay = 20 M

-2 -1 0 1

log[my(MeV)]
Sunny Seo, IBS

Preliminary

14.0
12.5

- 9.5
- 8.0
- 6.5

5.0
3.5
2.0

0.5

- 11.0

log[N]
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DP Sensitivity @ YemilLab

DP “absorption” signal only  Preliminary
9.99

Yemilab (MM)
100 MeV e- beam 8.88

W, 1 year 777

- 6.66

- 5.55 2

-

=
F4.443

- 3.33
2.22
1.11

L, = 50cm (W)

-2 -1 0 1 2
log[my(MeV)]

gUlINly ULV, 1uv T

L, =20m 0.00



DP Sensitivity @ Yemilab

DP “decay” + “absorption” Preliminary
_4 -
Yemilab (MM) 14.0
100 MeV e- beam '
1 MW, 1 year 12.5
- 11.0
- 9.5 _
8.0 =
3
- 6.5
5.0
3.5
_16 .
2.0
L,= 50cm (W
_18 Sh | ( ) | | | 0.5
—2 -1 0 1 2
log[my(MeV)] Lyecay =20 m

sunny Seo, IBS Lye: =20m 35



DP Sensitivity @ Yemilab

DP decay + absorption Preliminary

Yemilab (MM)
100 MeV e- beam

14.9
13.3
- 11.7
- 10.1

- 8.5

log(e?)
log[Ny]

- 6.9
5.3

3.7

2.1

L,=5cm (W)

-2 -1 0 1 2
log[my(MeV)]

sunny >eo, 1> 30
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- ) Danilov, Demidov, Gorbunov
SUb Mev A SearCh PRL 122, 041801 (2019)

0 : . : ,
EW
Rydberg
3k B
NEOS Park
N : { PRL119, 081801
] Yemilab LSC | 4 (2017)
= 4&3, Solar (
%o _ Lifetime
= N y
I \ HB i
b / ]
12F \ _ dDM,
N
. J
10n-3 eV 03 ' 0 ' 2 ' A ' 6

Logyo my, [eV]
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Full spectrum of A’ search Yemilab LSC

Jupiter PV

Log, x

Log,,mx|[eV]

= Best direct DP search sensitivity in O(1 eV) < M, < 80 MeV
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Summary & Conclusion

d In Yemilab, we can host a v detector (~3 kton LS).

- multi-purpose detector: dark photon, solar v, reactor v, geo v,...

(J There has been increased interest in DP searches
and various experimental techniques/models exist.

— Some interesting results are expected in the near future.

1 Using the v detector (~3 kton LS) in Yemilab,
w/ 1 year operation of 100 MeV e~ beam (1 MW),

DP kinetic mixing coupling (&) sensitivities are obtained:
g~1013 (<1MeV), &€~ 101 (> 1MeV) preliminary

- Best direct DP search sensitivity in O(1 eV) < M, < 80 MeV



