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Coherent Elastic Neutrino-Nucleus Scattering:
Standard Model Process



Basics of Coherent Elastic Neutrino-Nucleus Scattering

Vo

Coherency is obtained when

VO[ . < 1 :160M6V

Ruue AlT/ 3

Z This translates to energies
below 50MeV for typical
nuclear targets

do G4Q3% myER ERr\? 2
aBr ~ 2r VT (1-F) ) P&

2 :
QY = (Zg%, + Ngi¥) g = 1/2 — 2sin? 0y and ¢/ = —1/2
The Standard Model coupling values show that the scattering goes roughly ~N¢

D.Z.Freedman, PRD 1974 V.B.Kopeliovich and L.L.Frankfurt, JETP Lett. 1974



Kinematics

The key elements are the exchanged momentum and the recoil energy

¢ 2 2
2mEZcos=6

= vV 2mE Er = - _
! \/ " i (m + E)? — E2cos?6

An obstacle in detecting this process lies with the low recoil energy

2?2
m + 2F,

ER,maX —

A 5 MeV neutrino will elicit a ~1keV recoil in an A = 50 atom.
A 30 MeV neutrino gives a ~14-15keV recoil to Cs or |.

Low threshold detectors are needed.



Normalized Anti-Neutrino Fission Spectrum

Neutrino Fluxes from B
various sources

J. Billard, L. Strigari, and E. Figueroa-Feliciano, arXiv:1307.5458 PRD
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(a)SNS neutrino energy spectrum (b)SNS neutrino timing distribution



Non-Standard Interactions



Non-Standard Interactions (NSI)

Lnsr = —2\@@17 Z %L”Y“V[SL (eﬁé’fwaL + Gﬁng%fR)
a,B,f

Four-Fermi style interaction in units of Gg

fV £ R
€ — € 5, + €
& AN
Cap = €ap T Cap
o =€,WU,T
f=e,u,d

N (k')



Non-Standard Interactions (NSI) for CENNS

do G%Q%/ mNER ER : 9
I 1 — 1 F
dER 27T TN —l_ ( ) (q )

2
Qv = |Z(gy +2eit + b))+ Nlgy + et +2¢8,)

2
+ ;5 [Z(Zegg + egﬁV) + N(egg + 262‘%)}

v(p) v(p')



90% C.L. range origin

90% C.L. range origin

NSI with quarks

NSI with quarks

dL
el (—0.3,0.3] CHARM
qL
IR €, [—0.023,0.023] accelerator
€ce —0.6,0.5 CHARM
Jv | | . ell! [—0.036, 0.036] accelerator
Cus —0.042,0.042] atmospheric + accelerator euV ~0.073,0.044] oscillation data + COHERENT
u . el . s U.
i [-0.044,0.044]  atmospheric + accelerator eV (—0.07, 0.04] oscillation data + COHERENT
et [—0.072,0.057] atmospheric + accelerator quz (aR 205,05 CHARM
'LLA . eT EeET ) ¢
Cpps [~0.094,0.14] atmospheric + accelerator Sl [—0.15,0.13] oscillation data + COHERENT
etV [—0.075,0.33]  oscillation data + COHERENT 1V -0.13,0.12] oscillation data + COHERENT
uV : :
Ve .
€1 [—0.037,0.037] atmospheric eaft —0.036, 0.036] accelerator
1%
NST with electrons €y [—0.006, 0.0054] IceCube
e,qu [—0.039, 0.039] atmospheric + accelerator
ek [—0.021,0.052] solar + KamLAND NSI with eloct
with electrons
eclt [—0.07,0.08] TEXONO
I eR eZﬁ, 625 [—0.13,0.13] reactor + accelerator
upir s [70:03,0.03] reactor + accelerator eck [—0.33,0.33] reactor + accelerator
€rr [—0.12, 0.06] solar + KamLAND el [—0.28, —0.05] & [0.05, 0.28] reactor + accelerator
e<R (-0.98,0.23] solar + KamLAND and Borexino [-0.19, 0.19] TEXONO
[-0.25, 0.43] reactor + accelerator €5ty €pin [—0.10, 0.10] reactor + accelerator
eV
ey [—0.11,0.11] atmospheric Cur ~0.018,0.016] lceCube

Y.Farzan and M.Tortola, Front.In Phys. 2018, 1710.09360



Non-Standard Interactions (NSI): light mediators

92 When the mediator mass is
M X
q° M)2< 9 2 9%(
there IS a momentum-
1\ dependent interaction
v(p) 9y v(p')

_ which produce increased
rates at low energy

Direct Interactions or via
MIXIiNg




An example of a light mediator with
universal flavor-conserving
couplings to first-generation quarks,
the muon, and neutrinos.

Constraints in the coupling-mass
plane after COHERENT

10° 10! 10? 10° 10%

M. 7 (MCV)

Qo= (o + svmmrorram) YO avm e >]
o, NSI p 2\/§GF(Q2 e M2,) " 2\/§GF(Q2 + MQ/)

J.Liao and D. Marfatia, PLB (2017) 1708.04255



Experimental Programs



/ X ORNL Knoxville, TN, USA

@%
( Y‘\@% SNS Stopped pion source
C

%_ ! ! ! ! ! ! ! | _% prompt
s — v, s
7T S E ™ v, +ut
- — v, 3
s E delayed
E ,u+ — Uy e + v,
MR | B B P qdldi‘l HlH |-, 4.3 >< 107 Cm—QS—l
0 50 100 Hino e1r]560rgy (MGZVO)O 250 300
neutrin
at 20m
Nuclear Technology Mass |Distance from Recoil
target (kg) source (m) |threshold (keVnr)
Csl[Na] | Scintillating crystal|  14.6 19.3 6.5
Ge HPGe PPC 10 22 5
LAr Single-phase 22 29 20
Nal[T1] | Scintillating crystal|185* /2000 28 13

Akimov et al. 1803.09183



Akimov et al. Science (2017) 1708.01294
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0.5

Current NSI bounds
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Mitchell Institute Neutrino Experiment at Reactor

NSC

NUCLEAR SCIENCE CENTER

EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

Very low threshold SuperCDMS style
germanium and silicon detectors
fabricated at Texas A&M sited near at
4.5-5.5m from a moveable nuclear
reactor core



Anti-Neutrinos per MeV

Normalized Anti-Neutrino Fission Spectrum
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B. Dutta, R. Mahapatra, L.E. Strigari, and
J.W. Walker, PRD (2016)
arXiv:1508.07981

B. Dutta, Y. Gao, R. Mahapatra, N.
Mirabolfathi, L.E. Strigari, and J.W.
Walker, arXiv:1511.02834
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MINER Collaboration, 1609.02066
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From CONUS collaboration slides at Neutrino

N 2018, Werner Maneschg presenter

3.9GW reactor in Brokdorf,
Germany

2.4 x 108 em™2%s™ ! at 17m

3.85kg active mass Germanium detector with a <300 eVee threshold

counts | counts/(d-kg) (*)
reactor OFF (114 kg*d) 582
reactor ON (112 kg*d) 653
ON-OFF (exposure corr.) 84 0.94 _
Significance 240 230 > gt(i)”muiggftsetrl?s;cs

(*) Including stat. uncertainty and above efficiencies



NSI: Mixing Effects with a Light Mediator



Kinetic Mixing Portal

Extend the SM by an extra U(1) U ( 1 ) a

which introduces a new field

1% 174 vV v
We will examine the cases
where the new field has
only loop induced couplings to ® 2
SM fields, as well as
tree level couplings Z

with neutrinos.
v/ Z



The new gauge group induces a kinetic mixing term 1n the
Lagrangian

| | R €
Lgauge:_i 5 FCL,LLI/_ZF[? Fb,ul/_§Fa'€L Fb,uy

€ Parameterizes the mixing between the hypercharge
and new group

Bounds are placed in the coupling-mass plane

For some models there also exist direct couplings to SM fields

LD Z (g, vt"ve + G5 SV + G0 f VY )



After a field redefinition
B, — B, —eX,

Canonical kinetic terms are recovered

| |
Lgauge — _ZFC';L Fa,ul/ — ZF(;u Fbw/

/ : : : ..
4 ff couplings arise from the covariant derivative term:

ilz’YMDMD = “E (au + igTSWS T ig,QYBu +i(gxQx — Q/GQY)XM) (0

S. Gopalakrishna, S.Jung, and J.D. Wells, PRD (2008), 0801.3456
M. Lindner, F.S. Queiroz, W. Rodejohann, and Xun-Jie Xu, JHEP (2018), 1803.00060
...many others



Rotate to the mass basis

B% cosf,, —esina —sinf,,cosa sinf,, sin o — € cos « A,
W5 | = | sinfy cos 0, cos « — cos 0, sin « Z p
X, 0 sin o COS (v A y

One finds the 7’ f f coupling term:

—19 (tana — € /sinf,,)

sin? 0,,Q

[cosa(tana — € sinfy,)] | T}

cos 6., tana — € sin 6,

Given 1n terms of the Z-Z’ mixing angle «



A few cases of interest:

Dark Hypercharge:| small mixing ¢ with the definition:

eg = cosa(tana — € sinf,,)

Z/]?f coupling term: ig tan Hw (Yf/Q) €ERB

Dark Z:

e =10

€, = SIN &

Z,ff coupling term: —g €. [Tl% _ <in (9?21] Q]

cos 6.,

-2)..,, B decay anomalies, HEv, DM
U(l)LM—LT (8-2), y

X.G.He, G.C.Joshi, J.H.Lew, and R.R.Volkas, PRD (1991)

Lint O 97 Qap(laY!ls + VraYvig)Z,



(L
Z,
¢

q q

Dark Z and dark hypercharge

Z/



Bounds



Fixed Target Experiments e e

E137, E141, E774, NA48/2 , Dark Z and
z ‘ dark hypercharge
Bjorken, Essig, Schuster, and Toro, PRD 2009, 0906.0580
Atomic Parity Violation Dark Z and
183Cs transitions (S.G.Porsev, K.Beloy, and A.Derevianko, PRD dark hypercharge

2010, 1006.4193, H. Davoudiasl, H.-S. Lee, and W.J. Marciano,
PRD 2012, 1203.2947)

Vi > > Vj
7Sl a
Borexino
U(l ) Lp, _LT
Y |yq
e > > e

M. Agostini et al. (Borexino) (2017), 1707.09279
T.Araki, S.Hoshino, T.0Ota, J.Sato, and T.Shimomura, PRD (2017) 1702.01497,

Neutrino Trident

W.Altmannshofer, S.Gori, M.Pospelov,
and l.Yavin, PRL (2014) 1406.2332




Numerical Approach

2 _ (Nea?p_(l"'ﬁ)Npred)Q , <5)2
X7 Z Nbg_I_Nea:p

bins,detectors

Negp  Number of expected (SM) events

Nypreq Number of predicted (BSM) events
15 Nuisance parameter

O 5 Fractional systematic uncertainty (0.1)

20 or discovery sensitivity at 95% probability



Numerical Approach

Bounds are made using the current COHERENT data with 14.6 kg
of Csl crystals with 4.25 keV thresholds.

Projections for the SNS are made using 1 ton of LAr and 1 ton of
Nal with a 2 keV threshold for each target.

Projections for reactor are made using a 1 MW at Im (or 1 GW at
30 m) with 100 eVnr thresholds for cryogenic Ge and Si1 detectors.
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Beam dump experiments: E137 (20GeV) E141 (9GeV) E774 (275GeV) (Bjorken et al. PRD 1988, Riordan et al. PRL
1987, Bross et al. PRL 1991)

Neutral pion decay: NA48/2 (Batley et al. PLB 2015, 1504.00607, llten, Soreq, Williams, and Xue 1801.04847,
Bjorken, Essig, Schuster, and Toro, PRD 2009, 0906.0580, Harnik, Kopp, and Machado, JCAP 2012, 1202.6073)
Atomic Parity Violation: 133Cs transitions (S.G.Porsev, K.Beloy, and A.Derevianko, PRD 2010, 1006.4193, H.
Davoudiasl, H.-S. Lee, and W.J. Marciano, PRD 2012, 1203.2947)
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| —— SNS Csl, 4466 kg-days (current)
: — = SNS Ar&Nal, 1 ton-year
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Solar neutrino measurements from Borexino, M. Agostini et al. (Borexino) (2017), 1707.09279

Neutrino Trident measurements from CHARM-II (Geiregat et al. PLB 1990) and CCFR
(Mishra et al. (CCFR) PRL 1991)

Theory limits from Altmannshofer, Gori, Pospelov, and Yavin, PRD 2014, 1403.1269 and
PRL 2014, 1406.2332



Additional Bounds (current)

"White Dwarfs
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Additional Bounds (future)
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Summary



Coherent Elastic Neutrino-Nucleus Scattering 1s already able to set
interesting limits on BSM physics.

Complementarity from stopped-pion sources and reactors, as well
as a variety of target materials will be able to provide coverage in
numerous models.

There 1s great potential in the near future for significantly
increasing the reach of the coherent scattering experiments and
new theoretical explorations.



