(Reactor) Neutrino oscillations as constraints on
Effective Field Theory

Zahra Tabrizi
University of Campinas

Neutrino Platform Week 2019:
Hot Topics in Neutrino Physics

With Adam Falkowski and Martin Gonzalez-Alonso

Based on: JHEP 1905 (2019) 173, arXiv:1901.04553
and arXiv: 1910.XXXXX



The mass and flavor eigenstates do not coincide

/Ve\ /Vl\
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The coefficient of the linear combination of
neutrino mass eigenstates that couple to each
flavor eigenstate!

three mixing angles, 6,,,8,5; and 8,5 and one
CP- violating phase 6.
Oscillation probability in vacuum:
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What do we know?

|.Esteban, M.C. Gonzalez-Garcia, A.Hernandez-Cabezudo, M. Maltoni, T.Schwetz

JHEP 01 (2019) 106

Normal Ordering (best fit)

Inverted Ordering (Ay? = 4.7)

bfp £lo 30 range bfp 1o 30 range
sin? 015 0.31010°015 0.275 — 0.350 0.31010:015 0.275 — 0.350
012/° 33.82710-78 31.61 — 36.27 33.82F0-78 31.61 — 36.27
sin? 03 0.580 0 051 0.418 — 0.627 0.584 0050 0.423 — 0.629
023/° 49.677°9 40.3 — 52.4 49.8119 40.6 — 52.5
sin” 013 0.02241F0-00065 () 02045 — 0.02439 | 0.0226479:99960  (0.02068 — 0.02463
013/° 8.6110 13 8.22 — 8.99 8.6510 15 8.27 — 9.03
Scp/° 215149 125 — 392 284127 196 — 360
Am%l +0.21 +0.21
m 7.397050 6.79 — 8.01 7.397050 6.79 — 8.01
Amge +0.033 +0.034
W +2.5257 5 935 +2.427 — +2.625 —2.5127 5 532 —2.611 — —2.412

Oscillation experiments can become an ingredient in the broad program of
precision measurements!
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Oscillation experiments are sensitive not only to neutrino masses and mixing, but also
to how neutrinos interact with matter.

 Coherent CC and NC forward scattering of neutrinos

V. - Ve Vou, Vo Ve Vo, Ve
W V4
e’y N e’y N
(NC)

e V.

(ce)

New effective 4-fermion interactions between
leptons and quarks may give observable effects in
neutrino production, propagation, and detection.

We use EFT language to “systematically” explore
new physics beyond the neutrino masses and mixing
in neutrino experiments.
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Why EFT?

Wealth of low-energy observables probing different
aspects of particle interactions are described within
one consistent framework.

Constraints from different observables can be
meaningfully compared.

Results obtained in the language of EFT can be easily

translated into constraints on any particular new
physics model.
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Constraints on Constraints on
WOFkﬂOW BSM model #1 BSM model #2

N e
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EFT ladder E>m;

e If BSM particles are much heavier than the Z mass and the EWSB
is linearly realized, then the relevant effective theory above the
weak scale is the so-called SMEFT.

* It has the same particle content and local symmetry as the SM,
but differs by the presence of higher-dimensional (non-
renormalizable) interactions in the Lagrangian.

| | - I =
Lsm erT = Lom + —LP=° 4 — £P=°
Ag A

e The SMEFT framework allows one to describe effects of new
physics beyond the SM in a model independent way

W
‘h“ =<

p Ve ¢
O = (Iy"o1)(@ruoq)
Ogde = (Te)(dq) + h.c.

Oy = (lae)e™(Gyu) + h.c.
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EFT ladder

08/10/19

E « m-

* In particular, focusing on reactor experiments, only
CC interactions are relevant.

e At this scale heavy particles such as W and Z bosons,
Higgs and top can be integrated out from the SMEFT,
leading to Weak EFT (WEFT).

2V, ) -
vzd{ 1+ EL]aﬁ (un" Prd)(CayuPLvp)
~
+|€Rr|ap(uy" Prd) (Layu PLyg)

1 _ s 1 . /
+ 5 es)as(@d) (laPrLyg) = 5 (€8)ap(@75d) (Lo PLys)

Lo
+ Z[Eg]ag(ua“ Prd)(loou,PLyg) + h.c.}

LwWEFT DO —

e Apart from the SM-like V-A interactions (1+<,), right-
handed (£g), scalar (s<), pseudoscalar (<;), and tensor
(g1) interactions are allowed.
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EFT ladder
E « m-~

* At the energy scale of reactor neutrino experiments the
relevant degrees of freedom are not quarks, but
nucleons and nuclei. Matching this EFT to the WEFT
Lagrangian we obtain the Lee-Yang Lagrangian:

V. _ =
Ly D —U—Qd{gv 1+ €L + €r,p (P7*n) (lavuPLVB)

—ga[l+ep — fR]aﬁ (v v5m) (bavuPLys)

+ gS[ES]aﬁ(ﬁn) (ZQPLV,B) - gP[GP]aﬂ(p’)’Sn)(ZaPLVB)
1 R o _
+ §gT[eT]ag(pU“ Prn)(loouwPryvg) + h.c.},

Lee-Yang

* Lattice+theory fix the non-perturbative parameters with
good precision

ga = 12728 £ 0.0017, gs=1.02+0.11, gp=2349+9, gy =0.987+0.055

* T.Bhattacharya et al, Phys. Rev. D94 (2016), no. 5 054508
* M. Gonzalez-Alonso and J. Martin Camalich, Phys. Rev. Lett. 112 (2014), no. 4 042501
* M. Gonzalez-Alonso et al, Prog. Part. Nucl. Phys. 104 (2019) 165-223
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EFT ladder

E <« m-~

e Leading order non-relativistic Lagrangian for nucleons

LNRLY O 4 (Dt ){[1+ €L + €rl,s (la¥’ PrLig) + gsleslas(laPrLys) }

1)2
Viud . —
+ )2 (wpa' 1/1 {QA [1 + €1, — (R]a 3 (Pa’)' o PLVB) gT[ET]aﬁ(faO'kPLl/ﬁ)} + h.c.

I
NR proton and neutron fields No dependence on &p:

NR Lee-Yang e At leading order, only two nuclear matrix eleme
are needed (corresponding to Fermi and Gamow-
Teller transitions)

MF = (N'| W |N) Fermi matrix element

GT = (N’| l/]pa l//n | N) Gamow-Teller matrix element
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EFT ladder

E « m-~

* Leading order non-relativistic Lagrangian for nucleons

V
LNrLY O — 2 (Vpton) { [1+ €L + €Rl 45 (Lar"PrLvg) + gsleslap(CaPryp) }
Vid ) _ X . I
2 (‘¢’p0k‘¢’n){gA [1 + €1, — 6]?]0‘3 (fa’y()UkPLl/’[j) — gT[ET]aﬁ(faO'kPLl/ﬁ)} + h.c.
— —

NR proton and neutron fields

NR Lee-Yang e At leading order, only two nuclear matrix eleme
are needed (corresponding to Fermi and Gamow-
Teller transitions)

MF = (N'| W |N) Fermi matrix element

GT = (N’| l/]pa l//n | N) Gamow-Teller matrix element
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EFT ladder
E « m-~

* Leading order non-relativistic Lagrangian for nucleons

Vaud , + _ _
LNrLy D —v—l;d(lbpwn){ [1+ €L + €rl 5 (lar"PrLvg) + gsleslap(CaPryp) }

Ld(’(/)po'k’l[)n){gA [1 + €1, — 6]{]03 (Ea’yOUI‘PLl/ﬂ) - gT[ET]aﬁ(faUAPLl/B)} + h.c.
v2 £
— -

NR proton and neutron fields

NR Lee-Yang

The same effective interactions at neutrino experiments also affect
the phenomenological extraction of V 4 and g,

Vid = lld(l_[€L+€R]ee)’ gA_)gA(l-l-z[eR]ee)

Dependence on diagonal BSM parameters [€le. and [€plee iS
absorbed into phenomenological values of SM parameters. These
parameters are totally “unobservable” in reactor oscillation
experiments!
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Oscillations in EFT

Oscillation in the SM:

CAmi, L
P;}” — Vg (L‘ E) - Z U(l’k ()rg';.'\ (}I:J UJ’J le) (—' -
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Oscillations in EFT

UPMNS
|
Oscillation in the SM:; "e_- B -
Am?
Py 0, (L, E) ZU,,JR s U Uy exp [ i 07, L v, m B
2F
v, ™ H R
Oscillation in EFT: Vi Vo V3

N Am? L B (fAP APEY([ AR A
Py (L E) =) Chgexp | —i—25= ), Cjyx =
(.5 =3 Cinow (<S55) Gy ) (5 T

UaKU}a Z Z {;DX [GX]a'yU’yJU};’a + p*XUaJU}t"y[fJB(]’YQ}
X=L,R,S,P,T v#«

UniUka D, Y {d*x [ex]anUni U, + dXUaKU}y[fJB(]m} + O(x)
X=L,R,S,P,T v#«

f]\'f)}?]\[f* _f]\'I)?]\ILD*
’ X =
JIME? J1Mp
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EFT in reactor experiments: Detection

Detection Through IBD Process:
— 0
p +Vv, >e +n Ve—Ve

Neutrino energy:

E,~ Eprompt + 0.78 MeV

Starting from the non-relativistic effective Lagrangian:

39A —1 gs Me 39A97  Me
’ dS:_ 2 ’ T — 2 ’

S

depend on neutrino energy

dLEl, dR=

dp =10

A =my, —my = 1.29 MeV
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EFT in reactor experiments: Production

fission process in a nuclear reactor
1iNd

O—» Neutron > 4
Hundreds of different beta decay processes contribute to the @, Sectron s B
) ) ) « Anti-neutrino " - o\;
antineutrino flux in the reactor Gamma e B3
®..
144 -~ (some loss)
88 or
235 236y ' - ‘ 236, .0”
o-»+ - — 0—0—»0—0+ — —
o o-e =
We assume all beta decays contributing to the reactor . \
antineutrino flux above the detection threshold E,=1.8 MeV are of o~y “
"@o-
the Gamow-Teller type (In fact only 70% are GT!) \ ‘\ -
“ro @o-, ‘
A. C. Hayes et al, Ann. Rev. Nucl. Part. Sci. 66 (2016) 219-244, v \.“’Np
Also Ana’s talk yesterday - 1"* ° N e
v @ ‘

Z?zl wi(A; — E )\/(A — E, —m¢)(A; — E, +me)
S wi/(Ai — Ey — me)(Ai — By +me)

fT(EV) =
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EFT in reactor experiments

The survival probability in the SM + (V-A):

2
Py, 5. (L,E,) = 1—sin? ! AZE’lL ' sin?

No sensitivity to V-A NSI!!! It can be absorbed into a
redefinition of the PMNS mixing angle 8,5 into the effective
mixing angle 65!

~ T. Ohlsson and H. Zhang, Phys. Lett. B671 (2009) 99-104,
013 = 013 + Re [L]

[L] = eiJCP (323[€L]ep + c23[6L]e'r)
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EFT in reactor experiments

The survival probability in the SM+ (V-A) + Scalar + Tensor:

Am3, L 5 m m
Pyso (L E,) = 1—sin? [ S8 ) gin? (205 - ¢ N
ue—we( ) !/) sSIn ( 4E, )Sm 13 QDE,,—A anT(Eu)

Ams, L\ . .~
+ sm( 2£1 )sm(2913) (ﬁp

v

~ Bp ) +O()

fr (Eu)

New Physics at the production side: only tensor interaction is present!!

513 = 013 + Re [L]

= 387 Re [8] - 39491 Re [T,

395 +1 394 +1
— I [S] — 45 [7],
[L] = €Y (safer]en + cosler]er)
[S] = e“cP (sasles]en + casles]er)
[T] = €“P (sg3[ér)ep + ca3ér]er)
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EFT in reactor experiments

The survival probability in the SM+ (V-A) + Scalar + Tensor:

A 2 L 7 e e
Py 5. (LLE,) = 1- sin? (%) sin? (2913 - aDEUm—_‘A - QPL)

v fT(EU)
[ Am3, L\ . - Me Me
+ sin (# sin(2013) | Bp—=——+ — Bp—~+— | + O(eg{)
2Eu Eu - A fT( u)
Scalar Interactions Tensor Interactions
1.04} ] 1.04f
— SM 4 — SM
1.021 == Re[S]=0.3,Im[S]=0 | 1.02 ) == Re[T]=0.15,Im[T]=0
== Re[S]=0,Im[S]=0.3 === Re[T]=0,Im[T|=0.15
, 100} 1 1.00F | ¢
Z'?u .
& 0.98fY 2 0.98)
( |?“ ‘._' |?:
£ 0.96F “ 0,96
0.94 0.94
092 N - 0.92+
0.90 : : : : : : : - s s s . -
2 3 4 5 6 7 8 0.907 3 4 5 6 7 8
E, [MeV] 5 E, [MeV]
_ )
[S] = €% (sa3[es]en + casles]er)
_ 0 A ~
[T] = €% (sa3lér)en + caslér]er)

The effect of both scalar and tensor interactions is to shift the amplitude and also distort the
E, spectrum due to the different energy dependence of the scalar and tensor interactions.
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Setting EFT bounds at Daya Bay and RENO

Daya Bay:

* 6 reactor cores;

* 8 anti-neutrino detectors;

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

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

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

RENO:

NearDetector 27€ og” =

¥
* b reactor cores; %.

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

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

RENO Collaboration, G. Bak et al., R
arXiv:1806.00248. : § Feroetecr
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A
P'7a—>l7c(L»El/) = 1- Si112 ( Z

613 =
ap = gésjfie [S]

Bp = @%Ai—llm [S]

Re[T] = —0.26 £ 0.14,

12

RESULTS

2
L\ . o (a5 Me Me
—2 s 2013 — ¢ —
, )sm ( 13 (YDEU_ A an;r(E,,))
. (Am%lL
+ sin :

Me Me

) sin(2613) (/3DE A ﬂPfT(E )) +O(%)

Im [T] = —0.034 + 0.042
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TR DR
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1
1
‘s
T S S T S S N ST S
0.05 0.1 0.15
sin’20,5

T T T T T

0.2
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RESULTS

Am2, L ~ Me Me
P; 7 L} E}/ - ]. - L‘. 2 31 L‘. 2 26 33— C € - <
e ( ) sin ( 15 ) sin 13— ap - ap ()

v

Am%l L - M Me
sin [ —21= ) sin(26043) | B c __8 ¢ 2
* “m( 2, )“m( 13) (/DE,,—A /PfT(E,,))JrO((X)

{ IC‘or‘nt[)ir;eId‘ ‘
- » Im|[S] free
013 = 613 + Re [L] L 10,20, 30
3 gr 0.5 .
gg%j_gﬁf{e 7], ap = g—ARe (T] ’
3 _gr
ggi%illlm 7], ﬁp—g—Am[T] % o ]
E
Scalar €9 # 07 ER,P,T = O
0.5 .
Im[S] =0.08 +0.14
—l P S S N S T SO S ST SO SO SO S S S S
" ‘ 0 0.05 0.1 0.15 0.2
[S] = €"CP (saz[eg)en + c23l€s]er) $in220,
22
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Non-oscillation constraints on EFT parameters

« Neutron and nuclear beta decay

One expects strong bounds on NSI involving wrong-flavor neutrinos from such
studies, which has been used sometimes in the past as an argument to neglect e.g.
scalar and tensor interactions. However, to best of our knowledge, all available

beta-decay analyses focused on interactions involving electron neutrinos.

J. Kopp, M. Lindner, T. Ota, and J. Sato, Phys. Rev. D77 (2008) 013007 -

The bounds on tensor/scalar off-diagonals was
never derived before

[esleal <6.4x 1072, |[ér]ea] <4.4x 1077
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Non-oscillation constraints on EFT parameters

« Neutron and nuclear beta decay

One expects strong bounds on NSI involving wrong-flavor neutrinos from such
studies, which has been used sometimes in the past as an argument to neglect e.g.
scalar and tensor interactions. However, to best of our knowledge, all available

beta-decay analyses focused on interactions involving electron neutrinos.

J. Kopp, M. Lindner, T. Ota, and J. Sato, Phys. Rev. D77 (2008) 013007 -

The bounds on tensor/scalar off-diagonals was
never derived before

[esleal <6.4x 1072, |[ér]ea] <4.4x 1077
« CKM unitarity

; 1/2
|Vuudmt.‘ — (1 o |Vus|2 . |Vub|2) /

Significant correlation between the scalar

' coupling and |V 4|

[es]eal < 2.0 x 1072 (90% CL)
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Non-oscillation constraints on EFT parameters

LHC
Looking at the Drell-Yan process pp—~>e+MET+X and neglecting dim-8 operators:

/2

1/2 1
(Z |[es]m|2) <2x 1073, (Z |[eT]w|2) <2x1073

The bounds might be invalid!!!
R. Gupta et al, Phys. Rev. D98 (2018) 034503, [arXiv:1806.09006
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Non-oscillation constraints on EFT parameters

- LHC
Looking at the Drell-Yan process pp—~>e+MET+X and neglecting dim-8 operators:

/2

1/2 1
(Z |[65]ea|2) <2x 1073, (Z |[gT]ea|2) <2x1073

The bounds might be invalid!!!
R. Gupta et al, Phys. Rev. D98 (2018) 034503, [arXiv:1806.09006

* Charged-lepton-flavor violation

Neutrino interactions parametrized by off-diagonal [ey]., appear in the Lagrangian together
with 4-fermion charged-lepton-flavor violating (CLFV) interactions.

[es]en] S 3% 107° [es]er] <4 x 1074
No constraints at the tree level on tensor couplings

The CLFV constraints would not hold if the WEFT were not UV-completed by the SMEFT, as the
off-diagonal ey are not correlated in general with CLFV interactions!
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Comparing QM and QFT

Neutrinos are not pure flavor states in QM approach:

(1 +€%)a
T”Vv) 5 <V§| = (vy]

[e%

(1+ fd)vﬁ

|VS>: d
Nj

(0%

The probability are given by

P 4 = <l/g| e tHL 2 |2

Ve —Vg

_ [(1_|_€d)Te—iHL(1+63)T]Ba‘2

A. Falkowski, M Gonzalez, ZT

arXiv:1910.XXXXX
(tomorrow!)

 Can one “validate” this approach from the QFT results?
* If yes, relation between NSI parameters and Lagrangian (EFT) parameters?

At linear order in NP, yes!

_ Jdup AR AL _ JdpARAD

= . dxy =
PXY = Tanp Az Y T Janp [ADP

ess =Y pxrlexlhs  €ha = dxrlex]as

Px. an‘é{dXL are production and detection c%(efficients in QFT 27

08/10/19



Comparing QM and QFT

. A. Falkowski, M Gonzalez, ZT
Examples arXiv:1910.XXXXX
Neutrino Process NSI Matching with EFT
ve produced in beta decay eep = [eLlep — [erles — 25 FoiEylerles
L d _ 1-397 me 3
ve detected in inverse beta decay €5c = €L]ep + 1+39§ [erles — 5& ( 1433:593‘ les]es — 11‘%55 [eT]eB)
m2 ES
v, produced in pion decay €5 = leL];s — [€R) s — m[ép]“ﬁ
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Comparing QM and QFT

A. Falkowski, M Gonzalez, ZT

Examples: arXiv:1910.XXXXX

Neutrino Process

NSI Matching with EFT

ve produced in beta decay eep = [eLlep — [erles — 25 FoiEylerles
ve detected in inverse beta decay eg [€L]es + 1;395‘ l€rlep — 7K ( 1f§gz les]es — fl”iggg [ET]eg)
v A
m2 ES
v, produced in pion decay €5 = leL];s — [€R) s — m[(ip]ﬂg

Beyond linear level the QM approach fails in general!

1-30_ I T T T T T T T I T T T T I T T I T I T T T T I T T T T I T T T i
125} — Releg]e, =0 1
We can compare the [ Re[eq] 02"
QFTand QM ratesat = 1.20f Slen=
all orders. [ - -+ Re[€g)e,=0.6 ]
X 1.15 _

e.g. at KamLAND Em
experiment: &‘B’ 1'10_ -
1.05} e
1.00 . _.g_~_¢:=|::~_»_’:;
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Conclusion:

We have proposed a systematic approach to neutrino oscillations in the SMEFT
framework.

We applied the formalism to oscillations in short-baseline reactor experiments,
however the formalism can be readily extended to other types of neutrino

experiments.

Corrections to the survival probability due to lepton-flavor off-diagonal V-A
interactions ([€ ].q) can be absorbed into a redefinition of the mixing angle 645.

As of today, constraints at a few percent level can be extracted from the publicly
available reactor experiment data.

We give matching between EFT Wilson coefficients and NSI parameters, and discuss
the conditions this matching is correct.
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Thanks for your attention



