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Now: Journey to the unknown and seeking opportunities
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A generic light hidden photon

Our Hidden
Electromagnetism Electromagnetism

: _ _ ’X X nSi mpleo and
determined by UV physics VM\/\‘/\/ A Massive dark photon;
One can easily generate it via | G ’

high-scale fermions charged /V\ 4)‘7” %&ﬁm ? A Millicharged particles;

under both gauge groups. A Ultralight dark photon;

1
/ !y / v / !/ z
See the discussion on thg size, e.g., L= ESM — Z F F 7+ = 9 F,w F* + — 9 m AuA a A e
Gherghetta, Kersten, Olive, Pospelov,
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https://arxiv.org/abs/1909.00696

Part I: MilliCharged Particles
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MCP as partial DM

EDGES 99% C.L.
me=10 MeV

Standarg mDM

UOTULID] JRII(]

L)
e
-
b
L]
o
L]
o
)
=

BBN
ANefr!

Colliders

2

\
|||\|| I ||||\|||

— ArgoNeut
- —- Numi-Fermini
- DUNE

--- MilliQan
Direct Detection ---- SHIP

---- LDMX

Zhen Liu

Dark Jouney

10% 10°

m,, [MeV]

CETUP* 2024 07/02/2024




Millicharged Particles at Neutrino Experiments

Howe

~N
e i

Sanford
Underground
Research e
Facility

High beam energy
High beam intensity (p tx p 1

Proton On Target)

Fermilab

-
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Strong Beam, strong signal

Milli-charged particle production 10?° POT 120 GeV
e.g.,NuMl beam: good source

for Millicharged particles 1010& aE T N
2_ ﬁ e=1072

107 p=====ZZZoco-CD==oS=-So n

High beam energy
High POT

H (accepted by ArgoNeut)

f X/ @ ¥ Fmmmmm s s s s s m s —
: —— 7 ——n ——
e s W ----- ¢ ----- Jly DY
| | | IIIII 1 |II| 1 1
107" 10°
my (GeV)
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NuMI| beam: good source for Millicharged particles

High beam energy . . ArgoNeuT
High POT Lo N
| | el
c Decay Pipe ST | 0.5m0.5m"0.9m
I I 675 m 24
Typical geometrlxc 2 |- >le2d0m,|
acceptance:prtt 1033 m (2)
70 7 n' p w ¢ J/Y D)
#/POT 29 32x101'34x10237x10'3.7x10 " 1.1 x102 54x 107 4.7 x 10 '°%
2 X Brx (%) _ 2.3¢° 1.4¢€ 0.04¢*  0.009¢*  0.018¢*  0.058¢ 12¢* —
AfegoNenT (g =20 MeV) B.1x 107° 2.1 x 107° 1.6 x 107° 1.9 x 107° 2.0 x 107° 9.1 x 107° 5.0 x 10™® 3.2 x 107°
ApreoNeuT (4, =200 MeV) — 54x107° 34x107° 23x107° 22x 107 1.1 x 107> 4.6 x 107® 3.1 x 107°
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Productions: millicharged particles are boosted

f ] 0.030¢
_. 0.05] 1 0.025}
% 0.04 1\ from 7t decay _ E from w decay
= ’ m, (MeV) 1 © 0.020 my (MeV)
! i > i
% 0.03 <20 Towootst /0 N .
S o ooF 0\« s 50 | © £
o 0.02} 1 ‘
L S N N — - 80 _: E l].l.']1[]L
© 0.01¢ T 0.005f
0 80 100 120 0 20 40 60 80 100 120
E, (GeV)
from Drell-Yan
my (MeV) -
<500 -
0.00
0 120

E, (GeV)
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Detection

Signal scattering probability and mean free path

do 9 9 2E§7'”fc T E,;‘)t"m,c — By, (mi -+ 'm(,(QEX - 71‘1.,(,))
dE, E2(Ez —ms Jms
| TS
Dominated by X

low recoll energy

" E, > . |
scattering T 9%¢
) 2 Emin ‘6 E’
— ) 1km -
) (1 MeV) ¢
N
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Liquid Argon ( LAr ) Detectors

A Large (ArgoNeuT, microBooNE, SBND, ICARUS, DUNE)

A Clean LAr TPC gives 2in-1:

A Tracking Bubble chamber quality of data with
A C_a|0“metry | added calorimetry

A High Resolution

A Particle ID _

Y
noVv- jon-© ambef
observae‘ bbbbbbbbb

=5
ththth
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CERN NP charged

R&D
1986-2000 LNGSY FNA
2010-13Y 2018

g . Palamara
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Soft hits. will be commonplace. Slow neutrons,

Backgrounds ~ A . . o
d A G c®smics, electronics, radioactives( Ar 3 9
# frames with # Background events
Bkg Scaling | Bkg reduction Aligned , Aligned
> 0 hit | > 1 hits | > 2 hits | Singlets |Doublets Triplets
doublets triplets
ArgoNeuT | Reference | Systematic [3.3 x 10°(3.9 x 10°(2.4 x 10%| 4.2 x 10° |2.7 x 10* |0.24 1.1 x 10 (9.1 x 1078

Average occupation number per frame:
ArgoNeuT: 0.13
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We then recalled a key feature ofLAr detectors,
and designed a new search:

Background Reduction

ADouble hit probability ~ ( Phit)?
Alf we have spatial resolution Y 2-hit BG can be reduced
by requiring alignment with target. ,

N aligned

dy X 0x X 0z = 5.6 mm X 0.3 mm X 3.2 mm

oxr Oy )
2 hit 2 hit ( Az Ay,

detector
target
Eaiiii il SO B signal
detector
farget 8
e T ‘[ﬂ#*]_— - - - background
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Expected reach

10~

1072

103

-4 1 1 IIIIIII | 1 IIIIII| 1 | L1 1 11
10'101 102 103 104

m, (MeV)

Harnik, ZL, Palamara, 1902.03246
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http://arxiv.org/abs/arXiv:1902.03246

Search for mCP in ArgoNeuT

.
80}  § -
| © * .. .
sol? . $ | -] —9 A Uncertainties are determined by
1 o k2l . | ¢
40} I8 LT A the uncertainties in the locations of the
20,‘ ~ clusters inside the detector
T * * - ; A 0.015 cm in the horizontal drift direction
€ oft X J . T:rget lgcation| Q]J. A 0.28 cm in the vertical direction
> I ! | A 0.16 cm along the beam direction
_20l- ? > lirg A while small compared to the size of the
— ST R _
: o ] | | ' detector, uncertainties become quite large
~40[-e.o 1 .- . 1 when extrapolated to the location of the target
6ok [ R (1033 m upstream)
- & | - co - -9 — - -
o
~80 )= [ SES ¢ | Locations of the points of intersections of lines defined by
b — , N A two clusters with a plane perpendicular to the beam
~qo0fiailaale b b Lo g Ll (10 0001, A
“10 -8 -6 -4 -2 0 2 4 6 8 10 at the downstream target s

one mCP Signal Candidate Event observed,
Compatible with the expected background
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The Candidate Signal Event

30 cm Collection

'ﬂﬁﬂg “ "i.
° fe B N
7
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Harnik, Liu, Pal amar a, 196
ArgoNeuT Coll abor a

Liuwi t h
New exciting coverag
. MillQ@SLAC | MiniBooNEé -------------------------- : 5“? . 4 Lo * 1 I N
10~ i E 60*‘ | R Bainl % I
] 40+ T |1

——”
_____________

New Experimental |

102
search conducted!

="

Millicharge search -
1.0x10%° POT -

ArgoNeuT
103 10

m, (MeV)

DUNE:
300 times intensity (POT)
240 times larger detector
2 times closer
07/02/2024 240
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Harnik, Liu, Pal amar a, 196
Luwi t h ArgoNeuT Coll abor a

Looking into the future

T T | /A

DUNE:

300 times intensity (POT)
240 times larger detector
2 times closer

MiniBooNE:  LHC
107" s

1072

DUNE & ArgoNeuT 1 hit

DUNE projections (with our

1073 _“proposed 2 hits and timing
Millcharge search  Strategy)
1.0x10%° POT -
gt SN l A _ ArgoNeuT
10’ 102 10° 104
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How to see Millicharged Particles (Again)?

Signal scattering probability and mean free path

Dominated by low recoil energy
scattering

‘ 2. 2
do 2T e

Ex>mx,me,Er e What if we lower the threshold?

Compared to LAr, Skipper CCD
Increases signal efficiency byp 1t(1
MeV v.s. 10 eV)

—2\ 2 E.min
' 1 kn
__ ) (1 MeV) o
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Single Scatter Detection Parametric:

ADetection Rate proportional to Volume

ASENSEI 3gram is small in volume, about 1/p Ttcompared to
ArgoNeuT

ADetection Rate proportional to effective POT

Zhen Liu Dark Jouney CETUP* 2024 07/02/2024
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New Results with SENSEI Collaboration ( )

! D -1 3 gram of detectors with 3
| days equivalent of data
- Combined Existing Limits: 1 already achieving new
ArgoNeuT, LSND, BEBC, y
proto-MilliQan
w
1077 E
SENSEI@MINOS ]
10—4 1 1 1 1 1 11 ll 1 1 L 1 L 11 1 l 1 1 )
10! 102 103
m, [MeV]
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https://arxiv.org/abs/2305.04964

There ar e

many

al ready

Nnunder C O |

Solid: one month of current

-

107! S 72 beam;

102 & 7 Dashed: one month of

...... SOAE- current beam with OSCURA

10~ O — T FF?,‘*_.\.I.(?.SA_; Dot-Dashed: DUNE beam
o [ e LI - with OSCURA

10 B it S o St dallubmpd e B < T -scaling

10"5 __________________ 1lllcharge search =

10 ke(OSCURA-like) 31022 POT (DUNE- ND) skipper CCD -
]~O_(i | 1 1 | | O B I | | . | | | 1 L1 11 I . | ! | | L 1 11
10! 107 10° 10*
m, (MeV)
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with the OSCURA collaboration (

100

10—t

Current

1 Hit - 3 and 4 electrons (Bkg=0)
1 Hit - 3 and 4 electrons

2 Hits - 2, 3 and 4 electrons

3 Hits - 1, 2, 3 and 4 electrons

Zhen Liu

102
Mass [MeV]

Dark Jouney

CETUP* 2024

104

Assuming 1kg skipper CCD for
Aearly scienceo of
experiment.

Different background level

assumptions:

A Very conservatively
assuming a large number of
backgrounds;

A Adapting our multi -hit
strategy;

A Also shown in dashed the
zero-background
projections (consistent with
my earlier calculation in the
previous slide).
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https://arxiv.org/abs/2304.08625

Good at Excluding. Are we good discovering?

| think sO:

One can test If the excess events follow (this requires a
reasonable modeling of backgrounds) the expected
behavior:

5. 2 B N
do o QEX,mc + BE-me — B, ('””x + i 2K, + m,)))

— T € :

B2 — a2 Y2
dE, E2(E2 — m2)m2

a2 92
do 2Qmae

v

. — 2.
dFE, E, >m, me,E; Eime
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Fast developing frontier:

Beyond beam production, we can have: 1_ {.”,,m;,._,_j
A Atmospheric production of MCPs (e.g., 10

?Be* [Hite et al.]

Plestid et al, . Du, Fang, Liu ) __
ALocal (and collected) abundance of 1072
MCP (a fraction of) DM, enabling new N
searches such as using iortrap o ‘:/
heating or cavity-like experiment R antiproton @
w10 >< [Borchert et al.

®Ca* [Goodwin et al.]

On the theory side, a few aspects to h
IMProve. 10°8 Budker et al,
ASignal efficiency calculation (dark - &) 2108.05283
ELF), 107 B Also Carney et al,2104.05737
: C L | o =10% em™
AMCP production prediction 100 DO ot ok T

Improvement. 107 410 10 10° 107 10° 10"

mg[GeV]
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https://arxiv.org/abs/2002.11732
https://arxiv.org/abs/2211.11469
https://arxiv.org/abs/2104.05737
https://arxiv.org/abs/2108.05283

Part II: Dark Photons @ Dark SRF

Mainly based upon A. Romanenko et al,


https://arxiv.org/abs/2301.11512

Intro

There are many past, ongoing, and
future searches.

Today, | share the pathfinder
journey and results of one such
effort and discuss its future.

Graham et al, Phys.Rev. D90 (2014) no.7, 075017

S. R. Parker et al, Phys. Rev. D 88, 112004 (2013)

J. Hartnett et al, Phys. Lett. B 698 (2011) 346

J. Jaeckel and A. Ringwald, Phys. Lett. B 659, 509 (2008)
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Frequency (Hz)

Pathfinder result : g 9
100 - -

Our pathfinder run results
already explore new territory!

2= Fermilab

: " T ] . =]
| — Bl /” —j M = b E ,
. — “"’ ;_-; Y \ 1 A
& ’\? 7‘*. \ t bJ [ E 5
. \f 1 " 3 3 ) S . A5y
- 4 } ¥ S ‘I:r ‘;h(!y- v
| n<r iy

1077

1078

Dark SRF

Pathfinder Run

SQHS-

10—9 IR o o
1077 1075 1079

my (eV)
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. mHz Hz kHz MHz GHz THz eV keV
An aCtlve 100 o oo ool o oo ol e v ol i o ol s e ol 1 | AT R WA [Tt

program: much 0-1] LR/ 4 &5 E—

nebulla)
less known when 10" 2
10 Q%féz
not dark matter 10~ COBEFRAS

%
6 @
10 @(,,/

10~ %

1078

107
10—10
10—11
10—12
10—13
10—14
10—15
10—16
10—17

10_18 LU LA UL AL EURALLL UL BRRLLLL LA DAL UALLL SURALLL MRAULLLL BRUBCLLILL SURRLLL) RRRNLLL DALY AL ALY ERUAL UL EUNLLL BRARLL

AT A6 A9 AA 4D A2 Ay A0 .9 % 7T 6 95 A& 35 2 ALV V.l 0
107407407407 407407 107407 107 107107407107 107107107107 10 407107407 10740

Dark photon mass [eV]

Kinetic mixing
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What i1s Dark SRF?



Light Shining through Wall (LSW)

W
A

L

Zhen Liu Dark Jouney CETUP* 2024

d@%&v@w

. ; S _ o AN~ \ W\N\< \/\/\/\ \\/\/\f‘[)
J:_-J /\,xm%wxww \/\C - 7\/ g ] : :]

The physical effect can be discussed in
differont basis; here, | choose the
interaction basis that contains two
different propagation modes.
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We have the best SRF for High Energy Accelerators

Superconducting RF Cauvities:

A Large fields
A High Quality

Superconducting Radio
Frequency (SRF) cavity

Zhen Liu

Dark Jouney

CETUP* 2024
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36



— i _Qrec [dexE:av(f) j(f)
fd3$|ﬁcav(f)|2

receiver (’I’, t) - w Ecav (F) €th




SRF for Dark Photon: nake parametrics

\/
Signal Strength{stés/ergy) then should be proportional to (& 1)

a T Il 5 N
"Y® T_T ¥ V) 3] 'Q
Background noise should be proportional to. e.g., thermal dominance .
114 e (14 € 14 \ € \ A 14 1 14 A € . U , ) ‘?’
0] YQan Qi woot Q o “x ol QO

Background fluctuation controlled at

114 (14 e 1 4 \ e A) € ‘b! \ J
309 YQdann Qi 1:#)6—6—!—%

Background noise also received contribution from possible crosstalks:
60 0
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Real Cavity Configuration

Real geometry:
high gradience

Hidden Photon field
highly oscillatory
(numerical stability)

Zhen Liu

v
.
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e
o

Dark Jouney

wvvvvvvvvvvm e

LA AT ANAMALERRERRERE
;vvﬂvmiiiiis_._g;g {EReEe

QI’EC

W

LAR TR BT WY -{-_'{-'_;.‘__-'_3

_\x E
! \ \\‘ s §

[I Bz B, (Z) - 7(7)
J B3| Eea (7)|?

cav
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Dark SRF Pathfinder Runs



Pathfinder run(s) summary

VTS-CASW

mmm!

TTeRibiepERiEd "”".ﬂ}’""

V Design
V Tuner operation

V Microwave scheme for
matching the frequencies

V Actual data i first acquisition

Zhen Liu Dark Jouney
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RF system
with PLL

\ARS

4.5x%1010
3.0x1010

Qo

emitter

o
O
—t

T &

mq_

.
.
o

Signal Analyzer
|
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2019 Run pictures

Zhen Liu

Dark Jouney
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Cavity frequency matching I Step 1

From now on, most
measurement are shown in
dBm (dB 10log(x),
dBm=10log(x/ mW).) Note
that we are always in dB-
space, 3dB = factor of 2 in
linear space.

~ 6 MV/m
Transmitter
(with PLL) t
Tunable

RE sizelfrequency
source 0
-10 4
\ 20 ]
30
-20 dB R
-50 -
60 ]
70 ]

Receiver e

Receiver power on spectrum analyzer (dBm)

100 - MY
110 -}

On spectrum
analyzer

CETUP* 2024

PLL (phase lock loop)

Zhen Liu Dark Jouney

P.REC 120 oeceee e
t 0
|

1299952050 1299952650

Frequency (Hz)
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Dark Photon search! 1 (Step 2)
~ 6 MV/m

TR

ITunable

Transmitter
(with PLL)

RE sizel/frequency

source

©® == ‘

Receiver

REC

On spectrum
analyzer
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