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Standard model neutrinos

Neutrinos were predicted to
explain the continuity of beta-
spectra in 1930

Each charged lepton has a
flavor neutrinos associated to
them

Neutrinos belong to SU(2)
doublets and are massless and
neutral
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We need physics beyond the standard model

What are dark matter and dark energy?

The content of the Universe in terms of paellas (after Planck)

26.8% Dark Mattetr
Black Ric

e Paella

Neutrino oscillations?

4.9% Ordinary Matter
Valencian Paella @ @
68.3% D K _' E

8.3 )ark Energy
Peppers’ Paella

WHERE IS THE ANTIMATTER?
WHAT WE SHOULD SEE WHAT WE DO SEE
An aqual amount of matter and Matter fills the universe whila thera is

antimatter fill the universa. only trace amounts of antimatter.

antimatior
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Neutrino oscillations

Valencia - Global Fit, 2006.11237, JHEP 2021

parameter best fit £ 1o 20 range Jo range
Am2, [107%eV?] 7501035 712793  6.94 814
10 |Am2,[[1073eV?] (NO) | 2.557003 249-2.60  2.47-2.63
- |Am2,|[107%eV?] (10) | 2457003 2.39-2.50  2.37-2.53
. | DAY T sin®f15/107 318£0.16 286352  2.71-3.69
0.3 ; 04 0.4 .02.5 0.6 0.7 0.016 0.02'02 0.024  0.028
i B s o sin®fy3/1071 (NO) | 5744014 541599  4.346.10
sin? /1071 (10) 578701 541-5.98  4.33-6.08
| sinfy3/107% (NO) | 2.2007068)  2.069-2.337  2.000-2.405
F10 sinfy5/1072 (10) | 2.2257098 2.086-2.356  2.018-2.424
5 0 /7 (NO) 1.0840 15 0.84 1.42  0.71-1.99
‘ ‘ ool d/m (10) 1.58%012 1.26-1.85  1.11-1.96
7.0 15 8.0 8.5 23 24 25 2.6 :
Am3, [1073 eV?] [Am2,] [10-3 eV?]
See also: See also:

Bari - 2107.00532, PRD 2021 NuFit - 2111.03086, Universe 2021
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Light vector mediators

Some extensions of the
Standard Model have new
gauge bosons

Depending on the model the
charges can be different for
guarks and leptons

g— V_
Ly = ~Z, > 97w v+ Y 9% it
BZG,[J:,T q:uad
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Light vector mediators

Model | Qu @ | Q. @ @ We consider U(1)’ models that are
universal | 1 1 ] 1 1 1 anomaly-free (except the universal
B-L |13 1/3|-1 -1 -1 one) if the SM is extended with
B-3L |1/3 1/3/-3 0 0 three right-handed neutrinos
BiLz’ﬁ“L# 1;2 1;2 _2 _j 2 Possible explanation for neutrino
masses and mixing
B—L.—2L,|1/3 1/3|-1 -2 0
By+L,+L,|1/3 1/3] 0 1 1
Le—L, |0 0| 1 -1 0 No direct coupling to nuclei for the
Le=L, | 0 0| 1 0 -1 L.-Lg models
L,—L, 0 0 0o 1 -1

Atzori Corona et al, 2202.11002, JHEP 2022
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Coherent elastic neutrino nucleus scattering

In the standard model we have Va Vo

do_yg—N _ G%M Man 1% 2
dan (E’an) B m (1 B W) (QE’SM) z

with the weak charge VL) vz,
QZSM = [9@ (ve) ZF5(1q)%) + gﬁNFN(hj]Q)] scattered

neutrino

gh(ve) = 0.0401,  ¢b(v,) =0.0318, g = —0.5094 il

The cross section scales with the neutron boson ) clear

number squared 5 @/y

The form factors describe the loss of < _ &
coherence for large momentum transfer 4 secondary

» ; recoils
scintillation
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Coherent elastic neutrino nucleus scattering
In the standard model we have

_ GiM M Ty

do,. )
dr (B T) = =2 (I_TE? )(QZSMV Qisu = |90 (o) ZF5(137%) + g N Fw (11|

When adding new vector mediators we need to replace

2 /
1% 14 97/ Qy
Q = Qrsm +

(2Q), + Q) ZFz(1@”) + (@, +2Q) NFx(|g)]

or calculate the loop corrections

( do )WN (B.T,) = G M (1 Man)
dan La_Lﬁ m ™ 2F2

m%m(l*mnqﬁ) o

1
ega(|) =/0 #(1 —z)In (mg +2(1 - 2)[q?

nl 2 2
{ | V20T G 0D 2 o0 7, ) 4 g
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CEVNS was predicted in 1973! Freedman, PRD 1973

COHERENT

First observation of CEVNS in 2017 in the

COHERENT experiment using neutrinos from

COHERENT, 1708.01294, Science 2017
N(A, Z)

+ +
decay of #t —ut+u,
ut = et + e
S ] =&
"%3 =k N
c? -
E'N" = ¥
Y .
gd/ .

0.0

0 5 10 20 30 40
E [MeV]

Cadeddu et al, 1810.05606, PRD 2018

50

11111111

The COHERENT energy |

and time information |

allow us to distinguish |

the interactions of
Ve, Vyand vy,

01 2 3 456 7 8 910 12

t [us]

Vy

7
7’
/

7
boson

‘4/ secondary

scintillation

scattered
neutrino

nuclear

recoils
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COHERENT
Calculation is more complicated

Ta—l—l T/max

E
Tar max dN, , . do,_ ,
NCEVNS (N) danA an) IlI' IlI'j nr)/ dE Z dE (E) ZT N (E? TI]I')

!
Emin(T)y) V=Ve ,Vy,Vp

Detector effects (resolution, efficiency, quenching) must be taken into
account when calculating the expected number of events

In the statistical analysis we must consider several sources of
background and associated systematic uncertainties

Nexp 4 2
z exp exp ] E&i
=223 S0 NG - N 1“(2 (1+?7z)NZ)]+Z( )

i=1j=1 Lz=1

Atzori Corona et al, 2202.11002, JHEP 2022
Atzori Corona et al, 2205.09484, JHEP 2022
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xcess Counts / PE

COHERENT
Data included Data included
CEVNS on Csl scintillating crystal CEVNS on liquid argon

306 + 20 events, > 110 Still collecting data, more data

consistent with SM expected t0O come soon

Recoil Energy (keV, ) Recoll Energ¥ [OkeVnrg
0 5 10 15 20 25 30 35 40 45 0 0 50 100 150 0 250 300
T e e e o r £ R
+DataResidual | T + Data Residual 2 500 s e Data 200f
[ v, CEvNS ] i Dze CEVNS = F — Total L
v, cewns . E N v, cevns B & 400t CEVNS L
Wy, cEwns 1 s Wv, cevwns ; & F [ " BRN 150F
| ) = _F
HBRN + NIN i g BBRN + NIN 2 300 [ Syst. Error [
. o ok 100F
. 8 < 200 [
) i 8 S F [
| 5 o F L
1 2100 50
. S e L]
! + o F i " [} L s +
I ! 1 1] L1 | 1 1 1 1 |T 1 ‘ 1 8 o= 1 L . 1 + I i
30 40 50 60 0 1 2 3 « 0 05 1 15 2 6—15 3 35 4 45 0 20 40 60 8(?( }00 120
PE T (1S) Gig s) Reconstructed Energy (keVee

COHERENT, 2110.07730, PRL 2022 COHERENT, 2003.10630, PRL 2021
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Event rates

OD 104 L] LI I LI I LI I | LI | ] | LI L] [ LI l LI I 1 bﬁ 105 LILIL I rrry I LILBLEL I LI I LILBLEL) I LI I LILBLEL l rrry | LI I LILILI g
§ 103 = Standard Model § 1 04 = Standard Model _;
g 5 Vector, gZI=104, M ,=10 MeV g Vector, gZI=ID'4, M,=10 MeV §
Z 10 = -Universal o Z 103 8. - -Erzversal b —?
= 10 vtly+le e ) R b ytLytLlor =]
10 =
107! 5 =
1072 e L
1073 107 3
107 107k L
p 3 = Z
10 Ar 10 ECSI _?
10—6 IIlI!IIIII]IIIIIIl‘:l[lllllllll‘ll 10—4 IlIlIlIlIIIIIlIIIJIIIIIIII}’IIIIIIIIIIIIIJI‘PI |||_

0 20 40 60 80 100 120 140 0O 5 10 15 20 25 30 35 40 45 50
T, keV T, keV

Atzori Corona et al, 2202.11002, JHEP 2022

11 Christoph Ternes



Event rates

=T1] =1 10° g NN RN RN RALLE R R T
~ = s
> = Standard Model :> 104 = Standard Model -
&J Vector, g =2x 107, M,=10 MeV .E_.«‘J Vector, g =2x 107, M ,=10 MeV e
B oL 5 10 --eLely 1
= ST Eels = y .
2 2 10° 1
L O 3
10 E
! :
107! .
1072 .
10_5 A 10_3 Csl -é
r 5 =
10_6‘ Il 1 i I 1 Il 1 I i 1 L I L 1 1 I 1 L Il I L 1 I 1 L I L 10—‘4 L i i I L i i | i I i I i I L I L i I Ll i | i Ll l_

0 20 40 60 80 100 120 140 0O 5 10 15 20 25 30 35 40 45 50
T, keV T, keV

Atzori Corona et al, 2202.11002, JHEP 2022
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Exclusion limits for selected models

10~ 2prrrr

9z

Very popular light vector mediator
model with a lot of literature

B | COHERENT data exclude the
|  preferred region from g-2

— Cdl
-~ Ar
— Csl+Ar |

e el A
1071 100 10! 10?
My [GeV]

Atzori Corona et al, 2202.11002, JHEP 2022
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Exclusion limits for selected models

B — 3L, vector boson

TRTRTRTTTT T T T

1  The bounds on the other models
: are of similar strength

: 1 Sometimes other bounds apply,
| which can be stronger or weaker
' | than COHERENT bounds

0SC
-- Gl
-~ Ar
— Csl+Ar |

1[]—(3 | IR | Ll el e M e | A I W
1072 101 10 10! 102

PVIZ: [Ge\/]

Atzori Corona et al, 2202.11002, JHEP 2022
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Exclusion limits for selected models

L,-L, vector boson

For the Lq.-Lg models the couplings
are generated only at loop level
and the bounds become weaker

COHERENT can not exclude the
preferred region from g-2

—5 \II\I\I L I\I\I\Il L I\II\HI L \IIIIHI L L L1l
1 1072 10! 109 10! 102

My [GeV]

Atzori Corona et al, 2202.11002, JHEP 2022
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Conclusions

Neutrino scattering experiments provide powerful tools for SM
tests and BSM searches

COHERENT data can be used to bound the parameter space
for many classes of light vector mediator models

For models which couple only to leptons COHERENT bounds
are not competitive with other probes
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Exclusion limits from DMDD experiments

; B-L
10~
10~# =
10> E|
N1076 3
o0 i -
10_7 E}-':}-_ _: :-: — = {_: ------ PandaX-4T beam d@p/comders E
= Zn —— 5% v scattering -
€ "~ %l —.— XENONnT B COHERENT ’
10—8 - B | === LZ+XENONNT+PX - (g —2), q
§ --.r«...__“. TBBN | -== DARWIN 30ty SN1987A §
E = —— DARWIN 300ty stellar cooling i
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Atzori Corona et al, 2202.11002, JHEP 2022 my: [GeV]

De Romeri et al, 2211.11905, JHEP 2023
De Romeri, Papoulias, Ternes, 2402.05506, JHEP 2024
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Exclusion limits from DMDD experiments
— L

Crrr vl el ol ol |||||n_
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Atzori Corona et al, 2202.11002, JHEP 2022
De Romeri, Papoulias, Ternes, 2402.05506, JHEP 2024
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