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Results and future of COHERENT Alexey Konovalov (ITEP, MEPhI)
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The main goal is to look for
new physics using coherent
elastic v—nucleus scattering
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CEvNS search and study experiments around the world



Coherent elastic neutrino-nucleus scattering (CEVNS)
Predicted i “Coherent effect of a weak neutral current”, “Isotopic and chiral structure of neutral current”,
reaicteain D. Freedman, PRD v.9, n.5 (1974) V.Kopeliovich, L. Frankfurt, ZhETF. Pis. Red., v.19 n.4 (1974)
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SNS facility at ORNL 3

Bunches of ~1 GeV protons on the Proton bunch time profile with Total neutrino flux of
Hg target with 60 Hz frequency FWHM of ~350 ns 4.3-10 cm?*s1 at 20m
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Physics with COHERENT detectors 4

COHERENT detectors are hosted by the target building basement

Hg TARGET
J
SHIELDING MONOLITH 20 m of steel, concrete and
’ & gravel with no voids in the 8 MWE vertical overburden
! B 7 @ CONCRETEANDGRAVEL direction of the target
° ? - ||

r/\' \ ‘ Large background suppression comes from the
CENNS-10  Nal Ge ARRAY ™~ MARS construction materials and beam timing

(LAr e l m 4&’*
Topic Csl

NIN Cubes

Ar Nal |Ge Nubes D,O
Non-standard neutrino interactions v Ve v v
Weak mixing angle v v v v
. Accelerator-produced dark matter v v v v
Multiple detectors
. Sterile oscillations v v v v
complement each other in
. . Nevutrino magnetic moment v v v
d Chase fOr rICh phVSlCS Nuclear form factors v v v v
Inelastic CC/NC cross-section for supernova v v
Inelastic CC/NC cross-section for weak physics v v v v

|:| The sum is greater than the individual measurements |:| All measurements benefit from neutrino flux normalization



First CEVNS observation and its impact 5
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First CEVNS observation was performed by SCleIlCG : e " f ot s ol
COHERENT with the help of 14.6 kg Csl[Na] ool N H‘ﬁ R
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6.70 significance result was reported
in 2017, 43 years after prediction
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Bjorn Sholz (U.Chicago) thesis (2017), Grayson Rich (NCU) thesis (2017), D. Akimov et al., Science vol. 357 (2017)

Non-standard neutrino interactions and properties Nuclear structure
J.Liao, D. Marfatia., PLB 775 (2017) O. G. Miranda et al., JHEP 07 (2019) M. Caddedu et al., PRL 120 (2018)
P.Coloma et al., PRD 96 (2017) M. Caddedu et al., PRD 101 (2020) Xu-Run Huang, Lie-Wen Chen, PRD 100 (2019)

D. Papoulias and T. Kosmas, PRD 97 (2018) Y. Farzan et al., JHEP 66 (2018) D. Papoulias et al., Physics Letters B 800 (2020)




Csl[Na] experiment 6
Crystal manufactured by Amcrys-H, Ukraine; set up created in the University of Chicago
energy, keV
l | | 3450i‘2‘0‘H‘3‘0..‘."]0‘."5|0‘.‘.Blo‘...7|°‘..‘8‘°‘
J | g 400 'H %gigfgsigpi}om 57.6 keV (nv) 57.6 keV + NR
Length 34 cm _— i o o
SN = S 11 S
. - 1t HT o | L 1 ¢++ L +|TT
Diameter |11 cm Wit Hry T 1T e T
250_—\ + + kS
—  %Cf neutron +
Weight 14 6 kg 200;— calibration in situ + i 59.5 keV from 2Am
’ 150 f— “!Am calibration in ++
— the UC lab (x0.2) . "
100 = / K-shell escape from 59.5 keV -
= (28.6 and 30.9 keV for Cs and I) - *
50 == ‘+‘+” . “+ *.
u 1 Read out by single R877-100 PMT T B ™ v a a 9(')0le0106| oo
- integral,
Light yield of the crystal is ~¥13.3 PE/keV and it’s uniform within 3% across the crystal length

Layer HDPE Low backg. lead Lead Muon veto Water
Shieldinq desiqn Thickness 3 2 4 2 4
Colour . [ ]
More information in J. Collar et al., NIM A773, 56 (2015) B.J. Scholz PhD thesis (2017)




New Csl CEVNS result: refinements in the analysis

Refinements:
1. New Csl[Na] QF measurements and global fit
2. Better model of the steady state background

3. Better understanding of detector resolution
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More details on QF in the backup
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Neutron Scatter Camera (BG Neutrons)
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Full dataset has more

than 2x statistics



New Csl CEVNS result: experimental spectra
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Prior Prediction Best Fit Total
After 2D likelihood fit with Steady-state background| 1286 + 27 1273 £ 24
systematic pulls incorporated BRN 18.4 £ 4.6 17.3£4.5
NIN h.6 = 2.0 7.5 = 2.0
CEvNS — 306 + 20




New Csl CEvVNS result: cross section 9

5||||

We observe high significance CEVNS
consistent with the SM prediction!

— COHERENT Data

Systematics summary

Uncertainty Effect on CEVNS
Neutrino flux 10%
SSBg rate 3.0%
BRN rate 0.9%
NIN rate 0.5%

Nuclear form factor

3.4% (theory)
0.6% (exp.)

ol ---- Stat-only
- []SM CEWNS
N OSSSSOPTINN W SO |
- T /'260' — 350300
(o), (10%° cm?)

No CEVNS rejection 11.60
SM CEvVNS prediction 341x11(th.)x42(exp.)
Fit CEVNS events 30620
Fit y2/dof 82.6/98
CEVNS cross section 16572 x10™ cm?
SM cross section (189£6)x10™* ¢m?2

Quenching factor

3.8%

CEvVNS efficiency

4%




New Csl CEVNS result: electroweak mixing angle 10

Se T ¥ ¥ F | ]
Sensitivity through proton weak charge contribution : — COMERENT Data ;
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New Csl CEVNS result: NSI 11

Flavored CEVNS Vector like neutrino-quark NSI
I I I | I I ! ! | I I I I | I I I I | I | -1 1 I I I | 1 I I I | I I I I
A ] i Preliminary
f@// . Bic | _
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In case there’s a flavor-dependent NSI For mediator mass >> momentum transfer

Other limits on vector-like NSI: COHERENT LAr — PRL 126, 012002 (2021); XENONIT - arXiv:2012.02846



New Csl CEVNS result: LMA-Dark 12

See PRDY6 11 115007

Measurement of PMNS parameters with neutrino oscillation experiments
can be confused in NSI scenarios

0.4

In particular, there is ambiguity between the large mixing angle (LMA)
solution to solar oscillations and the LMA-Dark dark model

* Would flip the 6, octant: 6;, = /2 — 64,

u,v

up » Which we can test given

LMA-Dark would require non-zero €% and €
| Oscillation Data with our flavored cross section result

B Csl 2020

<y -5 0 05

EEE

LMA-Dark solution is in tension with the Csl[Na] CEvNS measurement

We expect many more results RE nuclear structure and general neutrino NSI
after the new Csl[Na] result data release



CENNS-10 LAr detector 13

Built by J. Yoo et al. in Fermilab, After light collection upgrade of 2017 single phase LAr detector with fiducial

moved to SNS late 2016 mass of 24 kg provides the light yield of 4.5 PE/keV and a ~20 keV , threshold
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Matthew Heath (IU) thesis (2019), D. Akimov et al., PRD 100, 115020, J. Zettlemoyer (IU) thesis (2020)




First CEVNS detection on LAr

14

Combined fit in (time, energy, PSP) space suggest >3o0 CEVNS detection significance

SS-Background Subtracted Events

Two independent blind analyses results agree with the SM CEVNS rate prediction | PRL 126, 012002 (2021)
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Dominant backgrounds:

1. 3%9Ar beta decay

2. Beam related neutrons
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---CEVNS Cross Section Prediction
BIFlux-averaged Prediction with Uncertainty

+COHERENT (Analysis A)

+COHERENT (Analysis B)
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Analysis A ‘ Analysis B

SM-predicted (x107*? cm?)

1.8

arXiv:2006.12659 — LAr data release

fit CEvINS events

159 + 43[121 + 36

cross section systematic errors:

(0), (10 cr?)
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[lv, Flux

| v, Flux

1V, Flux

The result accuracy is dominated by
statistical uncertainty at this point

detector efficiency 3.6% 1.6%
energy calibration 0.8% 4.6%
Fgo calibration 7.8% 3.3%
quenching factor 1.0% 1.0%
nuclear form factor 2.0% 2.0%
neutrino flux 10% 10%
total cross section sys. error 13% 12%
measured (x1073% cm?) 23+0.7|22+£0.38

CENNS-10 continues data taking
and 50 significance is expected by
the end of the year 2020

(=]
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2021: commissioning two CEVNS detectors 15

Germanium—HPGE PPC (“COH-Ge-1"):

e 16 kg total mass, all 8 detectors delivered

e 500+ CEvNS/year at E,, >0.3 keV,, with good energy resolution

e detector characterization and finalization of the shielding design

* may compete for v, magnetic moment limit (best is 6-:101% py; from LSND)

Multi-ton Nal[Tl] array (“COH-Nal-2”):

e 3.4T to be deployed, crystals available
e 13 keVnr threshold (Na recoils), 3c/year expected
e /ightest COHERENT nucleus, sensitive to axial current

Both to be deployed at SNS summer 2021




Ongoing activities

NalvE (“COH-Nal-1”)

185 kg deployed, used for the background rate studies
for the ton-sale CEVNS and charged current on lodine

Ve+127]_)e-_|_ 127Xe

Nubes

Liquid scintillator cells in Pb/Fe shielding to study
neutrino induced neutron backgrounds + interesting as
a Supernovae neutrinos detecting mechanism

v+ 28Ph—se + 08B, |
+ decay of a nucleus with

v + 208ph_5y, + 208*ppy  neutrons in the final state

+ MARS — portable neutron flux detector: scintillator covered with Gd paint

16



COHERENT future: D,0

17

Precise flux normalization with a D,0 Cherenkov detector: v,+—d —p + p + ¢ | Status: R&D

e 592 kg planned, heavy water secured
e 2-3% theoretical uncertainty*

e calorimetry: no ring imaging

e 5% statistical unc-ty in 2 years

Total Events Events in Region of Interest

Ve + D 1070 912
Ve + O 390 159
Cosmics 20200 293

*S.Nakamura et. al.
Nucl.Phys. A721(2003) 549

Need to launch fast — SNS switching to 1.3 GeV in 2024

Events per 0.5 MeV per SNS Year
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Today 2024 after PPU
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« Materials at atomic resolution  : * Enhanced capabilities
and fast dynamics :

1.4 MW
1 GeV
25 mA
60 Hz

FTS
1.4 MW
60 Hz




COHERENT future: LAr

18

e Single phase, scintillation only, 750 kg total (610 kg fiducial)
e 3000 CEVNS/year, ~400 inelastics/year

| OO,
NN

CEvNS

A
steady-state gamma

“COH-Ar-750” — LAr based detector for precision CEVNS,

inelastics and DM

Status: R&D

i .
Preliminary
I ;;:J.dy-aln]l argen-39

Inelastic Interactions

NEERE

-
e

-
o

Preliminary

-
B

touar
- steady-siate gamma
steady-siate argon-39

Preliminary

-
o

Bges

Also quite sensitive to
the vector/baryonic
portal dark matter
candidates

g
Events / MeV
=

L=
4

evt / keVee / 610 kg / SNS-yr

]
i
&
@ @

g

P. deNiverville et al., PRD 95 (2017)

. : b aar subtracted
Preliminary 2 ussena -

CEVNS

Energy (MaV)

B. Batell et al., PRD 90 (2014)




SNS Second Target Station

Today

* 900 users
«  Materials at atomic resolution

and fast dynamics

FTS
1.4 MW
60 Hz

2024 after PPU

1000+ users
Enhanced capabilities

FTS
2 MW
60 Hz

2028 after STS

2000+ users
Hierarchical materials, time-
resolution and small samples

STS
0.7 MW
15 Hz

FTS
2 MW
45 pulses/sec

STS provides opportunity for more dedicated neutrino physics space
COHERENT is in contact with ORNL on this matter (space/background level optimization)

19



Summary 20

e We measured CEVNS with Csl[Na] [reduced systematics, increased statistics]
e [Ar results confirm feasibility of COHERENT multi-target program
e HPGe and Nal to be deployed summer 2021

Looking forward to precision CEVNS measurement by ~1T LAr with reduced flux
uncertainty from the D,O and keeping the eye on the STS for future activities

3
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Backup: Accelerator produced Dark Matter B1
Vector portal: mixing of the vector mediator with photons in °/M° decays | COHERENT DM
— + decay into o
P. deNiverville et al., PRD 95 (2017) B. Batell et al., PRD 90 (2014) ”DM”—H:’(E;{ SenS/t[V[ty paper.
Leptophobic portal: mediator coupling only to baryons )

Y
p* mo/n° J\J\J\/d\/
o— ——e
,%'ﬂ\/fl:al /
\

¥ arrives to the detector with prompt v and beam-related neutrons

l l

may be constrained by constrained from the
“delayed” v CEVNS dedicated measurements

————— > detector

®

X
-
b

A “DM” particle interact with the target [detector nuclei] coherently — @ enhancement!

arxiv:1911.06422

Exact sensitivity limits are
currently re-evaluated,
stay tuned!

See also:

B. Dutta et al.,
arXiv:2006.09386

N. Hurtado et al.,
arXiv:2005.13384




Backup: Csl[Na] quenching factor B2

At the time of the first CEVNS observation (2017) the QF value uncertainty dominated the prediction uncertainty

Gray marks 8 8 +1 7% value 134 + 22 observed VS. 173 + 48 predicted

14

12

o npt
erfw

4t

The uncertainty was estimated by
discrepancy in results of two
measurements by COHERENT

4 COHERENT (Duke)

4 COHERENT (Chicago)

2+ Park et al., Nucl. Instrum. Meth. A 491 (2002)
4 Guo et al., Nucl. Instrum. Meth. A818(2016)

O0 16 20 30 40 50 60 70 80 90 g o8 15w oy o &l s
CEvNS counts

Nuclear recoil energy (keV)

Over the following years there were Prof. J. Collar’s and COHERENT updates on QF values issue

nominal PMT gain

Quenching factor (%)
T
4
+
f
-

15 7E;;rF: Is R7600U-" 235 E';A:E-v-ﬁ H't;gf:‘zoo TsE+6 2EJrGI'?Er-ﬁ_ oy 14 L L A IR T TR L D
J. Collar et al., PRD 100 (2019): . _} ] % 12F before correctlon:- after correction 4
¥} L 3 i
1. New Chicago-3 data j _ Chicago-3 (this work) % 10 1t L E
. o 13 Chicago-1 7 < 8 : """"""""""""""" ]
. . ® : Chicago-2 S~ + :_ B e ._:
2. Re-analysis of Chicago-1 > zf 1 2 & ‘t% H -_r T+ E
2 = C 4 Park et al ]
. . . ~ [ il ] = AL 12: I I ! I“”I': v Guo et al. J
3. PMT non-linearity claimand £ "f R A Jomaa JF] o e Er'j b i ot
corrections to COHERENT data 10| —Hsss200 ; 5, 2r -»kg 4F 44*0 o 25‘ O G iy T
...................... T e e
860 880 Pl\/i?lc‘)(l)oias .9(%0 0 % 20 40 60 80 0 20 20 60 80
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Backup: Scrutiny of H11934-200 PMT non-linearity claim

B3

Scale of the 59.5 keV signals in COHERENT-2 measurement (-935V) Crude estimate from the manufacturer’s info

amplitude, ADC units

100

-3 Us integral of T
- ~1000 PE
- or
- max amp. of about 40mV,
- 20nV*s PE amp. of about 3mV
— 000 Zo00 @000 4000 B000. 8000

Let it be 1200 PE signal from the PMT at -950V

Let the gain be 2:10° at 950V (from the manufacturer info)

2.4-10°e = 4-1010C

— |11.3mA | vs. 2% at 20mA

time, ns

Tests with the crystal — relative light yield

0.95

o
©

0.85

0.8

light yield relative to 59.5 keV
_ T]TTTT]
—-—

o -840V
. ® -935V
® 950V
- ' o -980V
| [ ‘
" LY (59.5 keV) = 1343 PE/keV + + +
73|0 46 5b Gb Tb BIU 9I0100 260 360 460 560 560 760

energy, keV

300 ns (vs. 3us) from Hamamatsu info

No change in the rel. LY in 840V-980V bias voltage for
the lines in [30, 662] keV energy range

Change in the rel. LY with energy comes from the Csl[Na]
non-kinearity and is consistent with the literature

G. K. Salakhutdinov et al., Instr. Exp. Tech. 58 (2015)

W. Mengesha et al., IEEE TNS 45 (1998)

P.R. Beck et al., IEEE TNS 62 (2015)




Backup: H11934-200 PMT characterization with controlled light sources

B4

-0.75 us]

H11934 pulse area, nVs [pulse width

1000

100 <

104

Pulse (charge) linearity

L
o

Duke CsI[Na] QF /“

\ B
)//
//

e BV = -950V

T T T T
10 100 1000 10000

Reference PMT pulse area, a.u.

u
e o0 o0 o 9 = o
o ~N m v o -
1 1 L

0.4+
0,34

11934 pulse amplitude, a.u.
o
(9]

H
=)
)

0,14

0,0

Anode current linearity

-

COHERENT Csl[Na] QF meas.
and PMT linearity tests

BV= -1000V

1E-5

T A | A | L
1E-4 0,001 0,01 0,1
H11934 average anode current, mA

The test of H11934-200 vs. the reference FEU-143 suggests the
charge non-linearity scale at ~ 1000 nV*s / 0.75 us -> 30 mA, which
is close to manufacturer’s info (£ 2% at 20 mA, £ 5% at 60 mA)

Linearity in the signal ROI scale is also confirmed by the
two pulse method in 935-1000V within 4%

COHERENT data are not affected by the anode
current non-linearity either

Thanks to Yu. Melikyan (INR RAS) for help

We refute the H11934-200 non-linearity claim with the PMT which was used for the measurements
and don’t agree with the corrections applied to QF measurements in PRD 100 (2019) paper



Backup: COHERENT Csl[Na] QF measurements B5

QF efforts on COHERENT side: Cross-check confirms results of initial analysis, few corrections:
1. COHERENT-1(2017) cross-check =—=> 1. Issue in the energy calibration (-3% to QF values)
ex. COHERENT (Duke) 2. Mean afterglow contribution of 0.3PE — included in unc-ty

Cross-check doesn’t confirm the initial results, full scaled re-analysis is performed

2. COHERENT-2 (2017) =———> Initial authors don’t agree, but were not available for the joint re-analysis

ex. COHERENT (Chicago) / Chicago-2 in PRD 100 (2019)

3. COHERENT-3 (2020) =—> Single ~17.5 keV NR energy measurement, confirms COHERENT-1

] / . No NR energy tagging, continuous NR spectrum
4. COHERENT-4 (2020) [“The endpoint” measurement]——> for hypothesis test, confirms COHERENT-1



Global QF data fit

B6
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For the global QF fit we utilize data from:

Chicago-1 (2015/2019)

COHERENT-1 (2017)

COHERENT-2 (2017/2020)

20 40
Recoil Energy (ke\lnr)

COHERENT-3 (2020)

Chicago-3 (2019)

all with the same small Csl[Na] crystal, produced by the manufacturer of the SNS crystal from the same

The global fit is performed in the “scintillation energy [keV, ]” vs. “recoil energy [keV, ]” to
avoid double counting of E,, uncertainty.



