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Neutrinos are massless in the SM!
However in nature.....




The mass and flavor eigenstates do not coincide

/Ve\ /Vl\

v, | = Upmns | vy

v\

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
_ _ o CP- violating phase &,
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 (Ax? = 4.7)
bfp 1o 30 range bfp 1o 30 range
sin? 01 0.31070°015 0.275 — 0.350 0.31010:015 0.275 — 0.350
012/° 33.8210-78 31.61 — 36.27 33.8210-78 31.61 — 36.27
sin? 023 0.5801 0 051 0.418 — 0.627 0.584 10050 0.423 — 0.629
023/° 49.6119 40.3 — 52.4 49.8119 40.6 — 52.5
sin” 013 0.02241 7000062 0.02045 — 0.02439 | 0.022641 ) 000ce  0.02068 — 0.02463
013/° 8.611013 8.22 — 8.99 8.6570 15 8.27 — 9.03
Scp/° 215149 125 — 392 284127 196 — 360
Am%l +0.21 +0.21
10_5—6\/_2 7.39_0.20 679 — 801 7.39_0'20 679 — 801
Amge +0.033 +0.034
m +2.5257 5035 +2.427 — +2.625 —2.5127 5 535 —2.611 — —2.412

Oscillation experiments can become an ingredient in the broad program of

10/1/20

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

ve - ye)vll)y‘[' ve)vll) Vot
W Z

ey 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.

How to 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 translated into constraints
on particular new physics models.

The point IS that one can probe
very heavy particles, oiten beyond
the reach of present colliders, by

precisely measuring low-energy
observables.
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Workflow

A
A

| TeV -

100 GeV -

10 GeV -
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SMEFT

WEFT

low energy experiments
(E<<myz)

Constraints on Constraints on
BSM model #1 BSM model #2

”

Constraints on the EFT
coefficients

By measurements of WEFT parameters
at E<<m, we can drive constraints on

higher dimensional SMEFT interactions.
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Workflow

Constraints on Constraints on
BSM model #1 BSM model #2

<

Constraints on the EFT
coefficients

: By measurements of WEFT parameters
low energy experiments

(E<<mz)

at E<<m, we can drive constraints on

higher dimensional SMEFT interactions.
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Approach:

10/1/20

E>m;

e If BSM particles are much heavier than the Z boson 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.

| | g

LCosm BT = LsMm + SalV, o Sl

] Ag A2

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

Cx

:>MM(>mm<
O = (I*o1)([Gruoq)
Ogde = (le)(dq) + h.c.

Oy = (Ta€)e®(Gyu) + h.c.
Oltq = (Iiaayu())‘ab((jbo'uu“) + h.c. 11




Approach:

10/1/20

E « m-

* In particular, considering the CC interactions of
neutrinos.

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).

2Viud

LWEFT O — {[1 @aﬁ U’y“PLd)(Za7uPLI/g)
+.,3 uvy" Prd) (favﬂPLl/g)

+@5 ud f PLI/ — —..g u75d 5 PLI/g)

+ 16 (00" PLd) Ta PLig) + hic.}

Apart from the SM-like V-A interactions (1+¢,), right-
handed (g;), scalar (), pseudoscalar (¢p), and tensor
(g) interactions are allowed.

Zahra Tabrizi, Virginia Tech 12



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:

Vu _ -
Ly D ——d{gv [1+ €L + €r,p (PY*n) (lavuPLVB)

—gall+ep — GR]ag (P y5m) (¢ a'YuPLVB)

Lee-Yang + gsleslap(pn) (laPLvg) — gpleplas(Pysn) (laPrLvs)
1 R o -
+ EQT[GT]aﬁ(pU“ PLn) (gao',uuPLVﬁ) + h.C.},

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

ga = 1.2728 £ 0.0017, ¢ =1.02£0.11, ¢gp=349%+9, gr =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-~

* Leading order non-relativistic Lagrangian for nucleons

Lxrry D ——t (W) { 1+ €L + €rlug (Car’PLyp) + gsles)ap(laPrLys) }

1)2

Vi ) - ) . _—_—
+ U—Q(’(/)pdkl/)n){g/; [1 + €1, — ER]aﬁ (fa’yoO’kPLl/ﬂ) — gT[ET]ag(gaO’kPLI/ﬁ)} + h.c.

|
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'|y,y, |N) Fermi matrix element

Gamow-Teller matrix element

Mgy = (N'|,65, | N)

08/10/19 Zahra Tabrizi, UNICAMP 14



EFT ladder
E « m-~

* Leading order non-relativistic Lagrangian for nucleons

Vud | - _ _
LNRLYy D —U—Qd(d)pd)n){ [1+ €L + €rl 5 (bar"PrLvg) + gsleslap(CaPryp) }

Vid , ~ & . ! . ~
Ulf(z/)pa"d)n){g/; 1+ €L —€rlyp (Lan’0* Prvg) — gr(ér)ap(lac® Pryg)} + hec.
— -

NR proton and neutron fields

NR Lee-Yang

The same effective interactions at neutrino experiments also affect
the phenomenological extraction of V4 and g,

Vid = lld<1_[€L+€R]ee>’ gA_)gA(l+2[€R]ee>

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

08/10/19 Zahra Tabrizi, UNICAMP 15



Matching WEFT and SMEFT parameters:

’U2

A?V,q

,02

m[cHud]lldaﬁ;

,02

,02

202 (3) 1%
A2V, de[clequ]ﬁaﬂ ’

* All g, arise at O(A=2) in the SMEFT, thus they are equally important.

* No off-diagonal right handed interactions in SMEFT.

10/1/20 Zahra Tabrizi, Virginia Tech

3 3 3
(Vud [Cg{g]aﬁ + V‘vjd[cg-lz]ljéaﬁ o V}d[cl(q)]aﬂlj)

1) 14 .
_2A2V d (‘/jd[cl(e;u]ﬁajl + [Cledq]lgall) ,

1) 1% *
_2A2V d (V}d[cl(e(zu]ﬁajl T [Cledq]ﬂ()zll) )

A
A
| TeV T
SMEFT
100 GeV +
wEFT
10 GeV +
\/

A. Falkowski, M. Gonzalez-Alonso, ZT
JHEP 05 (2019) 173
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Matching WEFT and SMEFT parameters:

’U2

A?V,q
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* All g, arise at O(A=2) in the SMEFT, thus they are equally important.

* No off-diagonal right handed interactions in SMEFT.
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3 3 3
(Vud [Cg{g]aﬁ + V‘vjd[cg-lz]ljéaﬁ o V}d[cl(q)]aﬂlj)
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A. Falkowski, M. Gonzalez-Alonso, ZT
JHEP 05 (2019) 173
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A. Falkowski, M. Gonzélez-Alonso, ZT
arXiv: 1910.02971

L>o,,

QFT Description
E,>m,

ea
f E, > |m} —m}|o, eﬂ

O 0

O, L y

& »
< »

2V,4

> l[1+6L] éa}/ﬂPLVﬂ . ﬁLyﬂdL
A% aff

ME = Us AL+ ) [exUT* AL
X

+ [6R] w5 eqy, Pryg - igy"dg
1
+—e,Pug-it|eg—epys| d ‘ D _ D D
) LYp [ S P 5]a/), 'ﬂﬂk — UﬂkAL + Z [GXU]ﬂkAX
X

1

+Z[€T] €0, L?Ro”’“dL] +h.c.
o’ depend on the kinematic and spin variables
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QFT Description

A. Falkowski, M. Gonzélez-Alonso, ZT
arXiv: 1910.02971

Observable: rate of detected events

~(flux)x(det. cross section)x(oscillation)

e L>o,,
E, > my

fo

s

—>
Oy L 6)’

10/1/20 Zahra Tabrizi, Virginia Tech 19



Upiins QFT Description
|

A. Falkowski, M. Gonzalez-Alonso, ZT
Ve . H - arXiv: 1910.02971
v @ H Observable: rate of detected events
v, mH R
Vi V2 "3—

~(flux)x(det. cross section)x(oscillation)

SM

2
‘LAmkl

R = oSMoiMy " e 2 UL UnUsi Uy
k.l

10/1/20 Zahra Tabrizi, Virginia Tech 20



Upwins QFT Description
|

A. Falkowski, M. Gonzalez-Alonso, ZT
Ve . H - arXiv: 1910.02971
v @ H Observable: rate of detected events
v, mH R
Vi Vo Vi

~(flux)x(det. cross section)x(oscillation)

NP WCs of WEFT
’

production and detection coefficients

_ [alp AL AT _ [dlIpARAD

= . dxy = .
PXY = Tt AT Y T Tamp|AD)

10/1/20 Zahra Tabrizi, Virginia Tech 21



Solar
neutrinos:
Borexino

Kaon/Muon
decay:

ISODAR, KDAR

AY) v
/ ' "Be| "Bet+e” = "Li+ v
u ‘A\’<<Ve SHe+p — *He +e" + v, | hep
’/,//’£2L§§§§§= 5 e (hep)
i
p+e +p—*H+v, |PeEP

A\
T
g
s <
[l
——
3
o
1

Beta decay and
IBD: Reactor
Experiments

Atmospheric
Neutrinos:

Resonances:
IceCube

MINQOS, NOVA,
DUNE

1st 2nd 3rd 4th Nth
Generation Generatlon Generatlon Gtﬂeﬁﬂ"ﬂ Generation

fission
neutron ) product ~~~~~

Lbv v lv
W, Z | W, Z | . 5‘9 =
/é\ /%\ ° \:::;ﬁ\ §§°~"IZI ©
NI N R C:r:;‘:::s \\ Q/Q Q -. ConL:i:?ons
el
».
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Well...

neutron
o — Energy

Previous

neutron @ —

neutroj "'::‘;::t/'o /;ﬁo ‘»:
28 S

\ release ‘:::2 @
Conditions \ @" ° /.% —>0

T~o.

i \A release e
e\ \%ﬁ,o
e ..

Late
Conditions



Inverse Beta Decay

Detection Through IBD Process:

+ =— + 0
p tv,—>e +n
Starting from the non-relativistic effective Lagrangian:

3gAgT Me

39?4_1 gs Mme _

_ de = — d
32+1° |0 3¢A+1E,-A T

|

depend on neutrino energy

dLEl, dR=

dp =0

A =my, —my = 1.29 MeV
IBD will be sensitive to the scalar and tensor NP!

A. Falkowski, M. Gonzélez-Alonso, ZT
JHEP 05 (2019) 173

ga = 12728 £ 0.0017, gs=1.02+0.11, gp=349+9, gr =0.987 % 0.055

e 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

10/1/20 Zahra Tabrizi, Virginia Tech 24



Nuclear Beta Decay

Hundreds of different beta decay processes contribute to the
antineutrino flux in the reactor

We assume all beta decays contributing to the reactor
antineutrino flux above the detection threshold E,=1.8 MeV are of
the Gamow-Teller type (In fact only 70% are GT!)

A. C. Hayes et al, Ann. Rev. Nucl. Part. Sci. 66 (2016) 219-244

pL =1, pr=—1, ps =0, pp =0, pPr = —

fission process in a nuclear reactor

O—» Neutron P 4
144ce ‘Q;
G S w, @7
« Anti-neutrino 4 O\;
Gamma '“Bi /’0\;
.
144 / (some loss)
Ba o’
IJ}U IJOU ' / 2% U 2.IOU ‘ v

o—n‘—»‘—» o—»—»o—w‘—»‘—» o\‘
°’K" \

5 Q,
K @o-s
x ‘\ 239

“rb @o-, ‘

\. \ 2)9Np

”Sr.?\, ‘\' )
gr_me .y t@"
ga fr(Ey)

S wi(Ai — E,)\/(Ai — E, —m.)(A; — E, +m,)

fT(EV)

i wi/(Ai — Ey —me)(Ai — E, +me)

« Reactor experiments will probe tensor and scalar NP!

« They depend on the neutrino energy.

10/1/20 Zahra Tabrizi, Virginia Tech

A. Falkowski, M. Gonzalez-Alonso, ZT
JHEP 05 (2019) 173
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Leptonic Pion Decay:

Due to the pseudoscalar nature of the pion, it is sensitive only to axial
(€,-€r) and pseudo-scalar (&p) interactions.

pLL. = —prr =1, ppL = —pPR

4

My

pPrr = 1, ppp = -
m2(my + mq)? ~7

A. Falkowski, M. Gonzélez-Alonso, ZT
arXiv: 1910.02971

Pion decay

et

m(dl) —» u-+ Vv,

<1

Kaon decay

u
K—{S D\AWMA<
v
.

K=(sU) — u=+ ¥,

<1

« We will have a great chiral enhancement for the pseudoscalar.

« Same for kaon decay, with m; — mx and mq— ms

10/1/20 Zahra Tabrizi, Virginia Tech
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Deep Inelastic:

A. Falkowski, M. Gonzdlez-Alonso, J. Kopp, Y. Soreq, ZT
arXiv: 2010.XXXXX

(Preliminary)

dfps A8 =dfps ditg dprs=—di, v Ly
Ve 0422 0.040 0.630 0.083 \./
Ve, 2574 0.101 1.586 0.208 W, Z
v, 0423 0.040 0.631 0.084 /@\
by 2572 0.102 1.585 0.207
N X

* No new physics at the linear order!

« Good sensitivity to the right handed and tensor interactions.

10/1/20 Zahra Tabrizi, Virginia Tech 27
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QM-NSI Description

Neutrinos are not pure flavor states:

Standard

(1)

S

Standard NSI approach

Normalization

Non-
standard

Yy &

NSI parameters

Rotation of flavor states at the source

Rotation of flavor states at the detector

Zahra Tabrizi, Virginia Tech
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QM-NSI Description

Neutrinos are not pure flavor states:

Observable: rate of detected events

~(flux)x(det. cross section)x(oscillation)

TR () ak [s) 5 [ a prlzal b

v =(1+eU* & xg=1+e)TU

10/1/20 Zahra Tabrizi, Virginia Tech
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QFT vs QM-NSI

* Canone “validate” QM-NSI approach from the QFT results?
* |fyes, relation between NSI parameters and Lagrangian (EFT) parameters?

* Does the matching hold at all orders in perturbation?

10/1/20 Zahra Tabrizi, Virginia Tech 30



QFT vs QM-NSI

* Canone “validate” QM-NSI approach from the QFT results? Yes...
* |fyes, relation between NSI parameters and Lagrangian (EFT) parameters?

* Does the matching hold at all orders in perturbation? No...

Observable is the same, we can match the two

(only at the linear level)

A. Falkowski, M. Gonzalez-Alonso, ZT
arXiv: 1910.02971

10/1/20 Zahra Tabrizi, Virginia Tech 31



Comparing QM and QFT

At the linear order we have: A. Falkowski, M. Gonzélez-Alonso, ZT
arXiv: 1910.02971
Neutrino Process | NSI Matching with EFT |
ve produced in beta decay €cp = leLlip — [€R]is — g—i%[eﬂzﬂ
.. 1—3g2% Me
ve detected in inverse beta decay €he = [eL)es + 1+3§§ [erles — 5A ( 1f?’sg% les]es — ‘Z’i‘gzg [eT]eB)
m2 ES

v, produced in pion decay €5 = leL]p — [€R] s — W’W[ep]#ﬁ

e Different NP interactions appear at the source or detection simultaneously.
* Some of the p/d coefficients depend on the neutrino energy.

* There are chiral enhancements in some cases.

These correlations, energy dependence etfc. cannot

be seen in the traditional QM approach.

10/1/20 Zahra Tabrizi, Virginia Tech 32
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Comparing QM and QFT

Beyond the linear order in new physics parameters, the NSI formula matches the

pXLpik/L = PXY

(correct) one derived in the EFT
only if the consistency condition is satisfied

A. Falkowski, M. Gonzélez-Alonso, ZT
arXiv: 1910.02971

dxrdy; = dxy

This is always satisfied for new physics correcting V-A interactions only as p._ = d;; = 1 by definition

However for non-V-A new physics the consistency condition is not satisfied in general

We can compare the
QFT and QM rates at
all orders.

e.g. at KamLAND
experiment

1.30

1.25

1.20

—
N
N

Rate® T/Rate®™
)

1.05

1.00

I T T T I T T T T I LI L L I T T I T I 1T T I LI L L I T 1T

— Re[GS]eyzo
- Re[Es]e#=O.2E
- Re[es]e,=0.6 -

T T [rrrr[rrrr[rrrr[rrrrrrri
lIllllll

N '.l'"h -~

) - e
MRERALL VP YRA A TAVAV. VNP AVA PRl Pl Tl Ak

I L1 1 1 I 11 1 1 I 1 1 1 I 11 I 1 I 11 1 1 I 11 1 1 I 11 1

2 3 4 5 6 7 8
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EFT in reactor experiments

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

2 A. Falkowski, M. Gonzdlez-Alonso, ZT
. 9 gAm ng . 9 : ;M. ,
Py, 5, (L,E,) = 1—sin 4}; sin JHEP 05 (2019) 173
14

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] = €“°P (soler]en + cosler]er)
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EFT in reactor experiments

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

_ Am2, L ) N Me Me A. Falkowski, M. Gonzélez-Alonso, ZT
Py 5, (L E,) = 1- sin? (ﬁ) sin? (2013 - aDE',, A ap fT(Eu)) JHEP 05 (2019) 173
. AmglL . ~ 2
20 — O
+ sin < 2F, > sin(260,3) (5D /3Pf (Eu)) + O(ey)

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

513 = 013 + Re [L]

qgr
5257 Re [S] — 445 Re [T], ap = "Re[T]
g
godsIm [S] - i%glllm 77, Bp = g—jlm 7]
[L] = €9 (spzfep]en + cosler]er)
[S] = €“cP (ssles]en + casles]er)
[T] = €“CP (sg3[é7]epn + casér]er)

10/1/20 Zahra Tabrizi, Virginia Tech 35



EFT in reactor experiments

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

. Am2, L ) N Me Me A. Falkowski, M. Gonzalez-Alonso, ZT
Py 5. (LLE,) = 1-— sin? [ =22 ) gin? ( 2013 - ap—-— —ap—i— JHEP 05 (2019) 173
4EI/ El/ - A fT(EV)
Am?2, L ~ m m
. "31 . e e 2
+ sin | ——— 8111(2913) Bp————Bp——— | + (’)(ex)
2Eu Eu - A fT(Eu)
Scalar Interactions Tensor Interactions
1.04F ] 104l
— SM R — SM
1.02 == Re[S]=0.3,Im[S]=0 4 1.02 _“ y == Re[T]=0.15,Im[T|=0
- Re[S]=0, Im[S]=0.3 -== Re[T]=0, Im[T]=0.15
, 1.00f 1 1.00F \ %
& 0.98F% 2 0.98]
|?“ ‘._ |?:
w096 £ 0.96 |
0.94Ff 0.94f
092 B 4 0.92F
0.90 : : : : s ' . . . . . . .
2 3 4 5 6 7 8 0.90 2 3 4 5 6 7 8
E, [MeV] ; E [MeV]
_ 10C
[S] = € (sasles]en + Casles]er)
_ b . .
[T] = €“ (sas[ér]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.

10/1/20 Zahra Tabrizi, Virginia Tech 36



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 /< og6” .

el
* 6 reactor cores; R N L

* 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.,
arXiv:1806.00248. = FarDetector
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RESULTS

Am?2, L = ) )
RZ;—HZ;(L’ E,) = 1- sin” (%) sin” (2913 - (-YDEm(3 A —ap m]; ) A. Falkowski, M. Gonzélez-Alonso, ZT
) v v fr(Ey) JHEP 05 (2019) 173
. AmanL . A Me Me 2
S : sin(26: - O(e
o ( 2F, ) sin(2613) (ﬂ 2B, A PP rs,)) T
—Combined
5 0 '4j Im[T] free ]
013 - 013 + Re [L] lo, 20,30
0.2+ n
oap = 39‘245+1Re [S] I
_ _gs = I ;
,BD - 3g2A+1Im [S] E Oj =' n
0.2 »
Re[T] = —0.26 £0.14,  Im|[T] = —0.034 = 0.042
0.4 :
| | L | | | | L | | L | | I | L | . L
0 0.05 0.1 0.15 0.2
_ ) A A L on
[T] = €% (so3[ér]en + caslér]er) Sin”2613
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RESULTS

. Am2, L\ . = m m
Py 5, (L,E,) = 1—sin? (4—Eﬂ sin? ( 2613 — ap B i A op é A. Falkowski, M. Gonzélez-Alonso, ZT
> v Vo fr(Ey) JHEP 05 (2019) 173

. Amu;l L . -~ Mme me 2
S s sin(26: - O(e
" “n( 2E, )"m( 13) (ﬂ YE, - A ﬁPfT(E,,)> +Olex)

1 Combined
e DS

Im[S] free

. :013+Re [L] : lo. 20,30

0.5 .

3 gr
SR [T],  ap={TRel[T)

gr
4 T [T, Bp =l [T

Scalar: eg # 0, egpr = 0

Im [S] = 0.08 & 0.14

P S P ST T T ST Y SO S NN S S S
' : 0 0.05 0.1 0.15 0.2
= ¢€ S523|€S|ep T C23[€S |eT sin%20,4
[S] = €7 (sa3[es]en + casles]er) :
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EFT at FASERv

 will be located downstream of
the ATLAS interaction point at a
distance of 480 m.

* Ideal for detecting high-energy ;
neutrinos produced at LHC. .

e 1.2-t of tungsten material.
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EFT at FASERv

Why FA S ERV? A. Falkowski, M. Gonzélez-Alonso, J. Kopp, Y. Soreq, ZT

arXiv: 2010.XXXXX

s
(0]
. . (D
DIS detection, easy to include NP >
(compared with QE and Resonances) i
g
a |
dfps A8 =dbps digs dpps=—dé, 2 G
Ve 0.422 0.040 0.630 0.083
Ve, 2.574 0.101 1.586 0.208 1 ‘ \ |
ve 0423 0.040 0.631 0.084 10 50 100 500 1000 5000 10
vy 2.572 0.102 1.585 0.207 Ey [GeV]

No new physics at the linear order!

Good sensitivity to the right handed and tensor interactions.
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EFT at FASERvV

H. Abreu et al,

Eur. Phys. J. C 80 (2020) no.1, 61

10" - - 10" - - 10" - -
SE i g Fhsr Nv/in] S g Fs [Nv/bin] g oeah FseR (Nbin]
W hy F A S E RV? 10% Pion Decay Kaon Decay Hyperon Decay 10% Pion Decay Kaon Decay Hyperon Decay 10% Pion Decay Kaon Decay Hyperon Decay
Charm Decay Charm Decay Charm Decay
10" 10" 10"
1011 1011 1011
1010 1010 1010
10° 10° 10°
. 108 108 108
Several production modes (e F~
7 - 7 7
1°1o 102 10% 104 101o 10? 10° 10* 101o 102 10% 104
E, [GeV] E, [GeV] E, [GeV]
. 10 —— - 10M—— - 10 —— -
Pion and Kaon decays are AR e EASER RS W) AR F AR
H 1013 i eron Deca 1013 it eron Deca 1013 i eron Decal
the dominant ones Charm Dosay Bottom besay o Do Charm Detay Bottom beay oo e Charm Dasay Bottom Desay o Do
1012 1012 1012
R . 1011 1011 1011
All (anti)neutrino flavors are
. 1010 1010 1010
available
10° 10° 10°
10° 108 1o°m
7_‘_'-'-'—'-'_'-'-'-_'—A_‘-‘-‘-L\{ 7 L‘ 7
1010 102 10% 104 101o 10? 10° 10* 101o 102 10% 104
E, [GeV] E, [GeV] E, [GeV]
Number of CC Interactions| Number of Reconstructed Vertices| Mean Energy
VetTe 1296777 1037152 827 GeV
— +1545 +1103
v+, 204397257 1556151514 631 GeV
VD, 21733 17458 965 GeV
10/1/20 Zahra Tabrizi, Virginia Tech 42



EFT at FASERv

(pSCUdO )p r‘o bab i I iTy: A. Falkowski, M. Gonzalez-Alonso, J. Kopp, Y. Soreq, ZT

arXiv: 2010.XXXXX

ik
aﬂlL =0 — (1 +2 Z p]XL a|€X a5|COS¢Xa5> ap + Z |€X aﬁ|2p7XY,a + Z |€rX8,ﬁa|2d§?Y,ﬁ7

X,7,k X,Y, 5,k X.,Y,rs
\ J l ]
I J
Only the diagonal elements at the linear order Off diagonal elements at the quadratic order

No oscillation, only zero-distance effect!
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EFT at FASERv

(pSCUdO )p r‘o bab i I iTy: A. Falkowski, M. Gonzalez-Alonso, J. Kopp, Y. Soreq, ZT

arXiv: 2010.XXXXX

ik
aﬂlL =0 — (1 +2 Z p]XL a|€X a5|COS¢Xa5> ap + Z |€X aﬁ|2p7XY,a + Z |€rX8,ﬁa|2d§?Y,ﬁ7

X,7,k X,Y, 5,k X.,Y,rs
\ J l ]
I J
Only the diagonal elements at the linear order Off diagonal elements at the quadratic order

No oscillation, only zero-distance effect!

< 0.25 1.84 < 1.01 < 0.24
er| = | <056 <0.36 < 3.3 lep| =
£0.077)<{0.020) < 0.6 Py < 0.79
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WEFT without SMEFT

’U2

3 3 3
~ 5 (Vud [Cgfg]aﬁ + Vyd[cg'_[;] lj(saﬁ - ‘/jd[cl(q)]aﬂlj) A. Falkowski, M. Gonzalez-Alonso, ZT
A Vid JHEP 05 (2019) 173

v
m[CHud]H(Saﬂ

v 1) - )
C2A2V,, (V}d[cl(e;u]ﬁajl T [Cledq]ﬂan) ;

’U2

1) 1% *
_2A2V d (Vrjd[cl(e(zu]ﬁajl T [Cled(I],BOzll) )

202 (3) 1%
A2V, de[clequ]ﬂaﬂ ’

* No off-diagonal right handed interactions in SMEFT.
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WEFT without SMEFT

A. Falkowski, M. Gonzélez-Alonso, ZT

Reactor experiments:
JHEP 05 (2019) 173

Combined

T l T T T T I T T T
Daya Bay, 3o: Dashed

Im [R] —_ 0034 :I: 0026 - lImI[R]I free .
0.2 10-’20-’ 30 P RENO, 30 Dotted —_

Im[R]
o
[
&)
|

.
.......

-0.2

FASERv: | IO.OS‘ - I0.1I - b.15l I‘ I0.2
sin%20;3

<101l <025 <7.29 | |
|€’lﬁd| — 0060 < 194 < 0018 ':;)(Fii[k;g\’ls(l;.')’o':/)'(-xionza|EZ-AIonso,J. Kopp, Y. Soreq, ZT
<0.31 < <9237

46
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Non-oscillation constraints on EFT parameters

10/1/20

The oscillations are sensitive to linear effects [ex]cq-

The non-oscillation observables are sensitive to absolute values
squared of these parameters. We cannot distinguish between real
and imaginary parts.

The dependence on [gy]., €nters at O(A~*) in the SMEFT expansion.

Their effects might cancel against linear effects in [€x]ee, COMing from
dimension-6 or dimension-8 SMEFT operators.

These bounds are less robust!

Zahra Tabrizi, Virginia Tech
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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, |[Er]eal < 4.4 x 1072

A. Falkowski, M. Gonzéalez-Alonso, ZT
JHEP 05 (2019) 173
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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, |[Er]eal < 4.4 x 1072
« CKM unitarity

; 1/2
|Vuudnzt. — (1 . |Vus|2 . |Vub|2) /

Significant correlation between the scalar

' coupling and |V 4|

[es]eal < 2.0 x 1072 (90% CL)

A. Falkowski, M. Gonzalez-Alonso, ZT
JHEP 05 (2019) 173
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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]ea|2> <2x107%, (Z |[gT]ea|2) <2x107°

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 |[es]ea|2> <2x107%, (Z |[€T]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.

|[€S]6M| 5 3 X 10—6 |[€S]e7'| 5 4 x 10_4
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 €y are not correlated in general with CLFV interactions!
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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 experiments, however
the formalism can be readily extended to other types of neutrino experiments.

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

Constraints of the order of 10% can be derived for pseudo-scalar interaction at
FASERv.

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

We compared the constraints with non-oscillation experiments.
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Thanks for your attention



