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Focus: constraints on SMEFT from processes where neutrinos are detected

 Neutrinos and SMEFT
* Constraints from coherent neutrino scattering

e (Constraints from reactor neutrino oscillations



SMEFT has many higher-dimensional operators:

ZLsmerr = ZLp=2+ Lp=s+ Lp_s+ Lps+ Lp_7+ Lp=s

Neutrinos enter into a non-negligible fraction of these

Constraints from neutrino physics are essential to sharpen the phenomenological
constraints on SMEFT Wilson coefficients



SMEFT at dimension-5

Zsmerr = ZLp=2t+ ZLp=y ++ ZLpt+LpstLpsgt ...

Weinberg (1979)

Phys. Rev. Lett. 43, 1566 0
1 H — <V/\/§>
Zpes = (LH)C5(LH) +h.c. - — > VG wvg) +hic
J, K=e,u,z

Dimension 5 operators in SMEFT lead to neutrino masses. The corresponding Wilson
coefficients are probed (only) by neutrino oscillations experiments
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—is
C12€13 $12€13 e P83

_ is is
Upmns = | = 812003 — €'°PC19813803 €103 — €'°CPs15813853 C13523

i8 i5
\ 512523 = €7°C813C3  —Cpp8h3 T €S 0813003 (1363



SMEFT at dimension-6

Zsmerr = Lp=2t Lp=st Lp=s HZLpst+ ZLp=7+ Lpsg + -

At dimension-6 all hell breaks loose
Pps = Cy(H'H) + Cy(H'H)(H'H) + Cpyp | H'D H|
+ChygH 6" HWX B+ CycH'H G G% + CpyyH'H WX WX + CpzsH'HB, B
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+(Q6*HC,y,6" UYWy, + (QHC, 35" U)B,,, + (QHC, ;Tc" UG},
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Grzadkowski et al

arXiv:1008.4884




SMEFT at dimension-6

Ly temion = (L#L)Cy(LG, L) + (E0,E°)C,(E‘0,E) + (L6"L)C,(E‘c, E°)
+(L&'L)C) (06,0) + (L"sL)C;2/(06,6"0)
+(E‘0,E)C, (U0, U°) + (E°0,E)C 4D 0,D")
+(L6"L)C,(U%6,U°) + (L6"L)C1y(D 6,D°) + (E°0,E)C, (05,0)

+ { (LE)Cpq(DQ) + ek’(ZkEC)ClS;u(Q’ U°) + eX(L* 6" E°) clfq)u(Ql&ﬂ”UC) +h.c. }
+(06+Q)C.(06,0) + (06"6*Q)C (05,6 0)

+(U%,U°)C,,(U’6,U°) + (D°6,D°)C,y(Dc,D°)

+(U Caﬂ U°) CLSZ)(D Caﬂl_)c) + (U CGM TeU°) szl) (D Caﬂ T¢D")

+(0°0,09C)(U%e,U°) + (Q°6,T*Q)VCH(U‘s, T*U)]

+(Q°,0°) c;g(Dca”DC) + (QCG”T“QC)Cq(z)(DCGMT"DC)

+ { e(QTIC]) (O'D) + Q' TTC]) (O'T'D) +h.c. }

+ { (DCUC)Cduq(Ql_,) + (QQ)quu(l_]"Ec) +(Q0)C,,(QL) + (DU")C,, (UE) +h.c. }

The highlighted operators can be probed by processes where neutrinos are produced,
detected, or exchanged.

Very often, constraints from non-neutrino processes leave important degeneracies in
the space of corresponding Wilson coefficients.



Neutrino master formula

AA, Gonzalez-Alonso, Tabrizi
[arXiv:1910.02971]

Obsertvable Oscillat Production Detection
rate scillation
. phase space phase space
P Geometric passes of phase . 5 ,
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Part 8

Constraints from

coherent neutrino scattering



Coherent neutrino scattering

Coherent neutrino scattering occurs when neutrino D. Freedman,
. .. Phys. Rev. D 9 (1974) 1389-1392
scattering on a nucleus has low enough energy such that it

does not resolve its internal structure. Then ~ (A — Z)?
enhancement of the cross section occurs.

COHERENT, Science 357
Experimentally measured recently by the COHERENT [arXiv:1708.01294]

. : . . COHERENT, Phys. Rev. Lett. 126
collaboration with neutrino produced by stopped pion farXiv:2003.10630]

decays and with Argon and Csl targets. COHERENT, Phys. Rev. Lett. 129
[arXiv:2110.07730].

Time and nuclear recoil distributions are available. Neutrinos
from the pion decay and from the subsequent muon decay
can be disentangled thanks to timing. Neutrinos and anti-
neutrinos from muon decay can also be to some extent
disentangled thanks to different recoil distributions.
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Coherent neutrino scattering
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Coherent neutrino scattering

12 At

P — + 4+ -
Negligible in Mo = Mt — ety D] )
COHERENT D, = Ml — vy 1)

setup
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Coherent neutrino scattering

32aLm,m 2. f | ) | |

P — + +—
Negligible in Mo = Mp™ = e D] ) _ _
COHERENT ME, = M5~ D]
setup
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Coherent neutrino scattering

After integrating over phase space, one can rewrite the rate in the form

~ recoil kinetic ener d¢”ﬂ N,
d RPrompt . [ d(bvﬂ dGI/ﬂ ::If( nu::Ieus ¥V dE, — 47:22 5(E1/_Ev,n')
= NT dEy /
dT . dE, dT dp, Ny 192E} (1 E,
deelayed . d(I)y d5,/ d(I)I7 d&D dE, 472 mg 2 m,
— N dE e e + H H
dT "7\ dE, dT = dE, dT dbs, Ny 64E} (3 E,
dE, 4zxl?> m3; \ 4 m,

The effective cross sections are

Nuclear form factor

do o 2
’ (F(T)) (my+2E)T x,
g~ et D= 2E2 !

The effective weak charges encode full information about new physics corrections,
both in production and in detection

07 = 03 + ()

~ (Z - A)*




Coherent neutrino scattering

Results of our analysis for effective weak charges X o901 070361
)2 . 1.00 £ 0.82 1 029 —0.31
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A more intuitive form
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0.55 0.25 0.20 2 ), OMA 1.03 +£0.48
—0.04 —1.80 2.85\ (@Q? . 15.1 +9.1
0.80 0.12 0.09 | [ Q% —— = | 1.28 £0.28
—0.15 0.71 0.45) \ Q? SMCsL 1 0.81+0.19



Coherent neutrino scattering

Translation into SMEFT constraints V. Breso-Pla et al
[arXiv:2301.07036]
(1)

Lomerr OC (L) (@) + C) (o) (@ oFar)

+C(lvul) (@pyHur) + Cra(lpyuls) (dry*dR).
Ignoring quadratic corrections in Wilson coefficients one gets the constraints

(0.63 —0.70 —0.22 0.24 \ (e [ 20£57

0.21 —0.24 063 —0.70 | [ex | | —02+1.7
—0.68 —0.61 0.30 0.27 | [ | | —0.037 £0.042
\ 0.30 027 0.68 0.61 ) \ev) \-0.004+0.013
882 U 1 1 3
oo = 097" + 397" + ( - ?9) 597" = Slely) +cly + oot o= G2
482 7 1 1 3
Egc(ix — 5ggd T 59}Z2d o ( o %) 591; ¢ = 5[05((]) — Cl(q) + Cld]ozall

e Only 4 constraints and not 6 because one can show that, at linear order in new physics,
there are only two independent charges per nucleus, that is Qﬂ = Q;z

e Only two combination of SMEFT parameters are efficiently constrained, at the percent
level



Coherent neutrino scattering

Combination of COHERENT constraints with other
low- and high-energy electroweak precision tests

Assuming flavor symmetric (U(3)’) Wilson coefficients

0.10
SMEFT language
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EWPO w/
. COHERENT
o 1 & 0.00
0 - g
EWPO w/o
-0.05 COHERENT
-0.10
-0.10 -0.05 0.00 C.05 0.10
Ciy

‘ V. Breso-Pla et al
[arXiv:2301.07036]



Coherent neutrino scattering

Combination of COHERENT constraints with other
low- and high-energy electroweak precision tests

Assuming flavor generic Wilson coefficients
the improvement is even more spectacular
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Constraints ﬁom

reactor neutrino oscillations




Reactor neutrino oscillations

e = ; Tn 321L%m ym, klz_e = [dHP/” ] [HD/% M

Weighted sum over ME = MN > Ne D]

nuclei in reactor . !
M, = Mip — e n]
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Reactor neutrino oscillations

The rate above IS already an observable in neutrlno experlments
and this is what is used In practical analyses,
but to compare to commonly used language we can define oscillation probability
dR
ap

dp af dE,

dE do,,
U / JE Uﬁ\

Neutrino flux Neutrino cross section
at the source at the target
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Reactor neutrino oscillations

Leading order Ccarged current Lagrangian at low energy can be parametrized as

WEFT = —

A
v2

1+€L] e, Prvg - upy'd;

af
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€R] e.y, Py - igy"dy
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Matching to SMEFT
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Reactor neutrino oscillations

2 AA, M. Gonzalez-Alonso, Z. Tabrizi
~ AmsL _ N [arXiv:1901.04553]
In the limit < 1, the survival probability takes the form
1%

) - ) - . -\ ]
| Am L N m m Approximately |
| . 31 . :
rlpzve—nve =1 —sin’ sin’ | 26,5 — ap——— — ap——r deopanding on |
| 4Ey Ey — A fT(El/) distribution of |

radioactive nuclei ||
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| Ams, L _ m |
31 .
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_ _ = —ImIT — 10
Pp e TIm N e SIm (7], Pp . m [T] [(X] = e'dce <S23[€X]e,u + 023[€X]67>

Short baseline reactor neutrino oscillations sensitive to
5 distinct linear combinations of dimension-6 SMEFT operators

Effects of SM-like V-A interactions parametrized by ¢; are absorbed into mixing angle,
thus they are not observable in reactor oscillations alone!



Reactor neutrino oscillations

| ) Am3 L o A5 m, 1,
P, . =1-sin sin“ | 20,5\— ap — ap
e Ey | Ey — A fT(EI/) l
l A <;e ? p . ‘\ e Y300+ o0a {
sin sin — € ms
\ 25, 13 DEV—A PYE X 21

The real parts of scalar and tensor parameters
lead to “energy-dependent mixing angle”:

3
D= fS e [9] iAgT Re[T]
gi+1 3g5 + 1
g 3 .
Pp = 3g2i— ) Im [S] 3g§Af—Tl Im [T], [X] = e <S23[€X]e,u + 623[€X]er)
A A

The imaginary parts of scalar and tensor parameters
lead to qualitatively distinct oscillation pattern

A possible handle to constrain these effects,
as neutrino experiments quote results in energy bins



Reactor neutrino oscillations

Combined constraints using RENO and Daya Bay data

Re[T]

1 Combined
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AA, M. Gonzalez-Alonso, Z. Tabrizi
[arXiv:1901.04553]
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Better constraints
on real than imaginary parts

Somewhat better constraint
on tensor than scalar
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See also the analysis by Daya Bay

[arXiv:2401.02901]
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- ?1) gj:g ........ Dipole, M,=0.961 GeV
J. Kopp, N. Rocco, Z. Tabrizi 10" vz e

EEEEE EREE SN

[arXiv::2401.07902] o - Nucleon

-----------
......

Cross Section Terms [1072® cm?]

-------

- - ———
—— —

0 4 68 10
Neutrino Energy [GeV]


https://arxiv.org/abs/2401.07902

Events / GeV

Fantastic Beasts and Where To Find Them

19
10

1 D:f

2.7t (13 TeV)

CMS

T

IIHII]

| ‘1'1 T 1T

Imaginary

=
M.
gl A
4

Trigyer paths

low mass double muon + track
double muon inclusive

10°
WL invariant mass [GeV]

THANK YOU



Neutrino conventions

U

a —_— e Neutrinos carry the “flavor index” a
01 B H

but these are not “flavor eigenstates” !

Kinetic and mass terms:

s r

Diagonal kinetic terms In general non-diagonal mass terms

We also define the neutrino mass eigenstates L k k — 1 . 2 . 3

Vo = Z Uaky k UajMa,B Uﬁk = 5jkmk
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= 10, is
3x3 unitary matrix U= =512 = €PCp81383  C1aCo3 — €""S1p81353 13523

; i
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Constraints from non-oscillation experiments

(Not completely robust) constraints due to quadratic contributions
of off-diagonal NSI to several observables

Beta decays: |legl,, | <6.4x1072,  |[epl,,| <4.4%1072

CKM unitarity  [[egl,,| <2.0x 107>

Pion decays [€plealmp ey < 7:5 X 107°.

<1.0x 1073

ler],, + 3 X 107Yeg],,
u=2GeV

172 172
Drell-Yan LHC <Zl[eslealz> S2x107%, (Zl[eﬂeaF) $2x107

<$3%x107°

Muon Conversion ‘[GS]eﬂ

<4x1074

T enTt [C



Setting EFT bounds at Daya Bay and RENO

Daya Bay:

* 6 reactor cores;

8 anti-neutrino detectors;

e 3 near and far experimental halls located at 400 m, 512
m and 1610 m;

e Has observed ~ 4 million anti-neutrino events in 1958
days of data taking;

_'_.‘ ' 'Aﬁ .. .
+ Daya Bay cores

Daya Bay Collaboration, D. Adey et al.,
arXiv:1809.02261

RENO:

* 6 reactor cores;

e 2 near and far anti-neutrino detectors located at 367 m
and 1440 m;

e Has observed ~ 1 million anti-neutrino events in 2200
days of data taking

RENO Collaboration, G. Bak et al.,
arXiv:1806.00248.

08/10/19 Zahra Tabrizi, UNICAMP 20



