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Probing dark particles in neutrino scattering experiments

Part 1

Motivation

Why neutrino scattering experiments?
Why dark particle?

Why experiments matters?
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Motivation . j) oK - Y

[Why neutrino scattering? }

new physics models
complementary to colliders and cosmology/astrophysics

NON-THERMAL DARK MATTER

» large fluxs with MeV—GeV energy range

* low-background and well-understood kinematics —
P>
« Neutrinos can probe weakly interacting new physics <« PXION-IKE FIELDS
peV neV peV meV eV keV MeV Ge Tev PeV

mass >
CONNIE/D !MIC/SBND/JUNE

[What is the dark particle’?}

model-independent traditional dark matter === g generic light dark sector particle

sterile neutrinos, dark fermions, portal states

VEeam Ly M ) ¢ Vo(Va) + € — x(X) + €~
e - UV arge X arge vo(7a) + N = (%) + N
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Motivation RS - P

[Why neutrino scattering? }

new physics models

* large fluxs with MeV—=GeV energy range complementary to colliders and cosmology/astrophysics

NON-THERMAL DARK MATTER

* low-background and well-understood kinematics - —
« Neutrinos can probe weakly interacting new physics e NERLIXE FIRLDS

s pe nev peV meV eV keV MeV Ge' Tev PeV .

CONNIE/D !MIC/SBND/JUNE

[What is the dark particle’?}
The sensitivity strongly depends on:  S1eT9Y thresholds, recoil energy dIStI.‘Ibuj[IOI’]S — COHERENT
detector acceptance, background rejection CONUS+
MeiEs Va(Ua) + € — x(X) He™| higher recoil energy cleaner signals

NE—

~ va(Pa) + N = x(%) HAN| lower recoil thresholds
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Probing dark particles in neutrino scattering experiments

Part 2

Theoretical Framework

EFT Set-up
Kinematics: threshold & dark particle mass

Dark particle Decay
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EFT Set-up ) Q) Ronz. mBEs

Signal process: Neutrino up—scattering into a dark particle

Va(Pa) + € — x(X) + € EFT approach
Va(Ua) + N = x(X) + N Four—fermion interaction

] Heavy mediator ==

(" N ;

| _
Left = Z (X T'Pp va) (fTi f) + Hec.
\_ sa,f L2 L) effective cutoff scale smaller A — Stronge)r
f=eN = {1, iy, 9,97, o} v
l 1=S,P,V,A,T o
DUNE COHERENT
CONUS+

(qT%q)(xT; PLvs)  SM quarks
===) more fundamental interactions
gluons at the 1-loop or 2-loop order
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EFT Set-up ) Q) Ronz. mBEs

Signal process: Neutrino up—scattering into a dark particle

Va(Pa) + € — x(X) + € EFT approach
Va(Ua) + N = x(X) + N Four—fermion interaction

] Heavy mediator ==

(" N ;

| _
Left = Z (X T'Pp va) (fTi f) + Hec.
\_ sa,f L2 L) effective cutoff scale smaller A — Stronge)r
f=eN = {1, iy, 9,97, o} v
l 1=S,P,V,A,T o
DUNE COHERENT
CONUS+

(qriQ) (xT';PrVa) SM quarks

===) more fundamental interactions

gluons at the 1-loop or 2-loop order
{ nucleon-level coupling J
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Kinematics: threshold o) (@) raxrd - mmey

vV + f — X —— f massive dark particle requires a minimum neutrino energy

{- Inelastic threshold (given recoil energy T): }

2
. : ; 1 m
minimum neutrino energy to min _ 2 X
produce a detectable recoill E, (mx’ T) 2 (T T \/QTT + 1 ) 1+ 2T
dark particle mass target mass
» for a fixed neutrino energy: omE2 —m2(E,+m)+ E,VA
Tmax(mxa EI/) — X
2m(2E, +m)
2mE; —mi(E, +m) — E A
Tmin(mxy EI/) —
2m(2E, +m)

[- dark paricle mass range: ]

my S vm(m+2E,) —m
(k +p)* > (my +my)’ oS Vml )
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Kinematic: dark particle mass o0 (N) Rixs mEzp:

[m;na‘x = \/mf(mf +2FE,) — mf]

+ electron target (DUNE): my = m, < B, = m " ~ v 2m.E, ~ ©O(100 MeV)

- nuclei target (COHERENT, CONUS+): ms = my > b, = m;nax ~ F, < 50MeV

determined by kinematics

SPRTRRR pos————y p———

i o— ~ 100MeV ~ 50MeV ~ 10MeV

=) complementary
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SCHOOL OF PHYSICS SOUTHEAST UNIVERSITY

» electron—positron pair [ X —7 Vq —+ €+ + e ] tree—level decay
14 X
mB A2 3/2
]_—‘ = + . — ~ X 1 L e
(X = vaeTer) 19273 A7, ( mi)
m =5/ A .
T :5><1080m( X ) =
X 30 MeV 1 TeV e~ e~

* invisible decay[X — VoY, X VoYY, X —=VaVYY, X — VQVP} one-loop

X g g Y T amzmi 2 A%,e
I (x = vay) = 1o
J.A.Dror, G.Elor, e e 167T4AT o mg
R.McGehee and T.T.Yu, ’
2011.01940 2
e 11 My =3[ Are * [log (A%e/mg)

S.F.Ge, X.GHe, m =8x 10 cm (301\/{ v) 1TeV 1000
X.D.Ma and J.Sheng, € &
2201.11497 7
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SCHOOL OF PHYSICS SOUTHEAST UNIVERSITY

« electron—positron pair [ X — Vg T et + e ] tree—level decay
5 g~ 372 v X
™m 4dm
I'(v = vete ) ~ L 1 — <
(X - ) 19273A% ( ms )

= And log” 2
J.A.Dror, G.Elor, e 167 AT " mg
R.McGehee and T.T.Yu, ’
2011.01940 4 2/A2 2

T,e g 6 10]_]_ mX _3 AT,@ log (AT,e/me)

S.F.Ge, X.G.He, Ty =0 X CI | o=t ==
X.D.Ma and J.Sheng, 30 MeV 1 TeV 1000
2201.11497 K
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Probing dark particles in neutrino scattering experiments

Part 3

v—e Scattering

DUNE Set up
Signal & observable

Sensitivity




DUNE v—e scattering ) (§) hbx2 mmsn
0

m | on—axis

[ NEUTRINO BEAM } [ DETECTOR }

« POT: 1.1*10"21
« energy: ~10 GeV
+ type: Vi, V), Ve Ve

* on-axis, two modes

« target: LAr

 fiducial mass ~ 67 tons
* threshold: T_e*min ~ 30 MeV

v Flux [GeV.m?.102° POT] !
—_ —_ —_ —_— —_ —_ o —_
o o (@) (@) (@) (@) (@) o
= IS ) = O > 3 o

24 6 8 [10)y Mathur, I.M.Shoemaker
Woutzins Encrgy ;| Gov] and Z.Tabrizi, 2111.14884

574 m from tﬂfgﬁt) recoil electron energy

DUNE A t
....................................................... — - v, — SR T .
neutrino flux Near Detector

d L BNF

Fermilab

Proton Beam

>

Target

target

Magnetic Focusing Horns
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Signal & observable ) (§) Rhxz s

A = 650 GeV, m, = 10 MeV

— mod
DUNE Near Detector e e o om0
e SM only
_ . . . e SM+Scalar
* Slgnak I/a(l/a) —|— € _> X(X) —l_ € 1500; e SM+Pseudo-scalar
cﬁg I —— SM+Vector
QL
¢ baCkgrOUHd. \>‘_ """"" —— SM+Axial-vector
= D —
:,é 10005 = SM+Tensor
« SM v—e scattering = IPOsE
q>_) mislD 7
 CCQE (the charged—current quasi—elastic = . —
500+
neutrino scattering) _
 misldentified 1° events
V.Mathur, |.M.Shoemaker and Z.Tabrizi, 2111.14884 8 ,
0

E.6? (MeV - rad?)
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Signal & observable ) (@) kikz mms:

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

DUNE Near Detector 2000 v — mode

m— SM+Scalar

. signal: vo(Uy) +e — x(X) +e

1500 - e SM+Pseudo-scalar

— SM+Vector

« background:

......... — SM-+Axial-vector

= SM+Tensor
| CCQE

misID 7°

« SM v—e scattering

Events/bin/year
=
v 8

«  CCQE (the charged-current quasi—elastic

. : 500+
neutrino scattering) _

« misldentified 11° events > B
V.Mathur, |.M.Shoemaker and Z.Tabrizi, 2111.14884 8 |
CCQE & mislD 110 are effectively suppressed by the cut on the variable |E.6? (MeV - rad?)
= N-eXp 03] = Q9 .
- performing a x2 analysis using 12 bins x* =2 {th — N7+ N log (J\;‘;h )] + (U—) + (U—)
=1 1 A} (D)
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DUNE sensitivity ) (@) raks - mmp

SCHOOL OF PHYSICS SOUTHEAST UNIVERSITY

DUNE-ND Sensitivity (heavy/light) + LEP exclusion

CLIC T i mo s s e Tons s oessronnoson o . * EFT ~ heavy mediator limit (our work) Solid lines
104 |
E . Interaction Type | m}** [MeV] | A; (my =1 MeV) [GeV]
5000 -'
f : Scalar (S) ~ 100 562
Up to ~ 1 TeV ] | Pseudoscalar (P) ~ 100 560
N Vector (V) ~ 100 650
% 10007 1 Axial-vector (A) ~ 100 640
9 500i ___________ 1 Tensor (T) ~ 100 1070
o :
i LEP ~ the same effective operator
w5 P (heavy) = LEE S . . . . .
(il | existing limits  Dashed lines
. —— VA (heavyy) == LEPV
I P.J.Fox, R.Harnik, J.Kopp and Y.Tsai, 1103.0240
SOf —— T (heavy) LEP A ]
T R L= Future lepton colliders (CEPC, ILC, CLIC)
1 > 10 >0 100 ~ the same effective operator Dotted lines
m, (MeV)

S.F.Ge, K.Ma, X.D.Ma and J.Sheng, 2306.00657
[ Lorentz structure dependent ]
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Probing dark particles in neutrino scattering experiments

Part 4

v—N Scattering

COHERENT & CONUS+ Set up

Result & discussions




COHERENT and CONUS+ o) (W) Rkt - st

~1m g
e e Reactor
AAAAAAAAAAAAAAAAAAAAAAAAAAAAA building
UNEEESEEEESESEESsEEEEEEEEEcsEEEE "1 / Steel
i Top muon panel containment
Pb (~10 cm) i Side muon panels / - COHERENT CONUS+
[ | \w
H 3}‘33\‘i{“€&‘-1\“‘§ Vacuum chamber f ;[ \l "
j‘\\\ PTR 1 stage v source SNS (DARvV) reactor v

~1.6m

Infrared shield F —. ’
PTR 2" stage CONUS* g\—l .m : VvV energy ~ 50 Mev ~1O MeV

20.7m
Cylindrical \

undoped Csl |
Ped sl Roactor D target Csl Ge

Height: ~6 inch ~Sa—

Diameter: “6inch  ygssel
Mass: ~12 kg v

W

L

EANNARRRRNRNRARAY

\

CryoCsl design
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SCHOOL OF PHYSICS SOUTHEAST UNIVERSITY

v—N Scattering

A; (my, =1 MeV) [GeV]

_ / LHC meson decay

int. /COHERENT CONUS+ SN1987A Foiodd o) EanoZIW | B e

S 450 692 — 4491 2728 8848 - -

P 8 6 - 5767 3519 11361 - -

v IC 486 388 (1500, 60000] 4526 2525 7322 467 646

IV 200 133 — - - — — —

A 44 38 — 1829 101y 2959 304 —

T 25 18 / — 2519 1083 SEELL — —
R 7(v)

q(q) —= <

x(X)

Y.Lin, C.T.Lu and N.Song, 2507.22124

trapping

q(q)

-

A

(a)

NNANNNY [ Z 9

K.Ma, S.F.Ge, L.Y.He and N.Zhou, 2405.16878

Z.K.Liu, Y.Li, B.F.Hou and Q.Chang, 2512.21191
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Example

F k% - R

SCHOOL OF PHYSICS SOUTHEAST UNIVERSITY

V-type: COHERENT, CONUS+ exclusion + LHC exclusion + Rare Meson Decay

1 I | | |
10+ E
10 - -
1000 - ;

- == COHERENT (IC)

Mono-jet == B meson

108 COHERENT (1V) === Mono-y e K meson -

=== CONUS+ (IC) v=r= Mono-Z

----- CONUS+ (IV)
1 ]

1 2 5 10 ~ 20 50

2026-01-12
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SCHOOL OF PHYSICS SOUTHEAST UNIVERSITY

1. We studied neutrino up—scattering into a generic dark Y /X ’/\ £k
particle in a model-independent EFT framework. )

2. Neutrino scattering experiments provide a clean and o
controlled probe of weakly coupled dark sector particles o Y '
in the MeV—GeV mass range.

000" TN

3. DUNE-ND can probe dark particle masses up to O(100 MeV) ——— e
with sensitivity to EFT cutoff scales reaching the TeV level, Theds=s==5= =====\=\Z— sl

depending on the Lorentz structure.

o == SP (heavy) v SP (light) == LEP
4. Low-energy experiments such as COHERENT and [ [
CONUS+ probe complementary mass ranges, with their L = Ty T (ight) LEP A
reach largely determined by kinematics. L L
| oy (V) S

‘THANK YOU! |
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backup-cross section (v-e) ) (W) kot o

- For the electron target, it is straightforward to calculate the differential cross sections,
with respect to the recoil energy Te of electron:

daf Me q mel, mi
=—=(1+ + =,
dT.  4mwAyg, 27 E? 2FE2

dol’ . ome T [ mTe % ’mi

dT.  4wA%_2me \ EZ2  2E2 )’

doy _ me |(; mT. T. T2 m; L2 T
dT.  2wA%, 2E2 E, 2EZ2 4F2 Mme Me) |’
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backup-cross section (v-e) o) (@) raxt s

« For the scattering of neutrinos with nuclei, the differential cross section can be writted as,
with respect to the recoil energy Ty of nuclei

do?y A2 T'nr manIN vt
ATy ~ amad,, T 1 (1 " _) fom)
S,

daf/ B AZmas

i (lal?)

daXf C% MN o 0 mynIn I Tﬁf m? 2F, Ty

(7 +N=A, Ay, =Ay, (isospin conserving),
Cy =«

Z—N, Ay, = —Ay,, (isospin violating).
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Kinematic: dark particle mass () koD IEE:

« For the scattering of neutrinos with nuclei, the differential cross section can be writted as,
with respect to the recoil energy Ty of nuclei

daf,— B 2mpr 9 4 mayIy 2T T . Tﬁ/ n TJ%-
dTyv (27 + 1A%, E?2 E, my 2E2 myE,

m3 3E m?2 T N
— X (1 v X N a 2
2E?2 ( T T zme ) | (al)
Tv (B, Tv TIn m3 3B, m? o W
) e 2 _
T, (mN 2E, mN'> o \ 2t T e amr ) | O WA
da}\Ff: N 2_mNTN_2TN+TN_ T% _Tﬁf
ATy (27 + A7y EZ  E, my wmyE, EZ

p Iy 38 v, ™
2E72 my my maTy

T T T T
o 1= S S g, N
E, 2my 2E: 2myE,
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A (GeV)

Kinematic: dark particle mass

Heavy mediator vs. light mediator (sensitivity to momentum transfer)

DUNE-ND Sensitivity

T
1000 T T T e s e i iaa
F - T TT L L T TP T L
) ————
.““
2™ == S,P (heavy)
100]
r === VA (heavy)
50, =T (heavy)
== S,P (light)
== VA (light)
== T (light)
10 : ] : | TS S |
1

Ruofei FENG (SEU)

DUNE-ND Sensitivity (heavy/light) + LEP reference

7)) kbR gy

SCHOOL OF PHYSICS SOUTHEAST UNIVERSITY

T
1000 T
Sl e B s ===
= | el
> gt =—35F (heavy)
o Le* i
U el === VA (heavy)
~—
<: 10y === T (heavy)
""" S.P (light)
50
---- V,A (light)
""" T (light)
== LEP S
10 -=- LEPV | | | N
1
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DUNE sensitivity o) (W) hok: mms

SP-type: DUNE Sensitivity + LEP Exclusion + Future Lepton Colliders

VA-type: DUNE Sensitivity + LEP Exclusion + Future Lepton Colliders

T T | L2 | T T T
1000 - E 1000 |
= | — i |
500+ ] % 3 ]
———————————— 11| U | R R ]
o S
-~ o
] L < = DUNEVA == Mono-y
= DUNE SP
e L = = LEPV === Mono-Z (£f)
100 = = LEP S i
] == Mono-Z (jj) ] 100 - o cerm Mono-Z () .
4 5 10 50 100 50L - SR SR - -
1 5 10 50 100
7 T | S TR I e e e e R B
i Lt TR ST FEWIR i o haciabal i il e i = m, (MeV)
T-type: DUNE Sensitivity + Future Lepton Colliders
1000f .
T
L 500k i
@
p
< Mono-y
s DUNE T === Mono-Z ((€)
100+ v=v= Mono-Z (57) .
0y | 5 10 | 50 100
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v-N constrains (Scalar) o)) (W) kors momen

S-type: COHERENT, CONUS+ exclusion + LHC exclusion

T T

117 R N

T
1

1000}

100 ¢ \ ]

-« COHERENT == Mono-jet

A (GeV)

10:~ -ess CONUS+ - ey :
+ LHC Mono-Z (excluded)
|
'y s 0 50100
m, (MeV)
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v-N constrains (Pseudo-Scalar) /) () Rbx - e

P-type: COHERENT, CONUS+ exclusion + LHC exclusion

104; """""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" :
1000+ <

Z
9/ {ooL  "*=* COHERENT — Mono-jet |
= : -. CONUS+ * Monoy |

=+ LHC Mono-Z (excluded)

10¢ |

1 | 5 10 | 50 100
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v-N constrains (Axial-vector) o) (W) roxt mmep:

SCHOOL OF PHYSICS SOUTHEAST UNIVERSITY

A-type: COHERENT, CONUS+ exclusion + LHC exclusion + B Meson Decay

104
0] R |
% : _
2 D
< 10 3 \ ]
= COHERENT (excluded) = Mono-jet
I = CONUS+ (excluded) === Mono-vy
1E _
_ '= Mono-Z2
L = [3 meson
0 .l . 1 . : 1 ey i | i i !
1 2 5 10 20 50

m,, (MeV)
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v-N constrains (Tensor) ) (ND) hint s

T-type: COHERENT, CONUS+ exclusion + LHC exclusion

T I

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

1000 trzanseeaseansastannansancasnsananesannssssorsmsapereniscasenpaast o snete 2

S
% ==+ COHERENT = Mono-jet
o
==+ Mono-y
Z 100 ---- CONUS+ e E
g =+ LHC Mono-Z (excluded) :
—
10% .
l 0o
1 50 100

m, (MeV)
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