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Precision Measurements at
Oscillation Experiments

o Tons of data;
o ldentify neutrino flavor;
o More sensitive to some HE operators;

Goal:

A systematic analysis of NP using neutrino experiments;
Connecting the results to other precision experiments;

Zahra Tabrizi, NTN fellow, Northwestern U.



Oscillation Experiments
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Depend on the kinematics and spin variables! Depends on mixing angles/masses
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Indirect Search of New Physics

Affects Neutrino Interactions

Observable: rate of detected events

~ (flux)x(det. cross section) x (oscillation)
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 Coherent CC and NC forward scattering of neutrinos

‘Ve = ye)vﬂ)v'{' Ve,Vu,VT
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* New 4-fermion interactions

e (Observable effects at neutrino
production/propagation/detection?

* Using “EFT" formalism to
“systematically” explore NP
beyond the neutrino masses and
mixing
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EFT ladder
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Zsmerr = ZLsmt+ ZLp=s +
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Known SM Gives neutrino
Lagrangian Masses

* Colliders 6 @
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FERMIONS (matter) Ns (force carriers)
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@ Quarks @ Leptons ‘ @ Gauge bosons @ Higgs boson

D e
O = (Iy"o*)(Grvuoq)
Ogde = (le)(dq) + h.c.
' Oy = (Ta€)e™®(Gpu) + h.c.

Oltq — (l_ad”"e)eab((jbaﬂ,,u) + h.c.
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SMEFT: minimal EFT above the weak scale

Zp=6




EFT ]Lﬂldd@l[‘ WEFT: Effective Lagrangian defined at a low scale p~ 2 GeV

| TeV T

100 GeV +

10 GeV +
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* CC: New left/right handed, (pseudo)scalar and tensor interactions

2 Vud

LWEFT DO — { [1 +@ U’Y“PLd)(fa’yule/g)

+a5(u7“ Prd)(€ayuPLvg)

e 1 _ -
+ 5 (€S)as (@) (€ Prvs) — fep)ap(@r5d) (CaPrvs)

- }I@ag(EOMVPLd) (ZaaleLl/g) + h.C.}

* NC: New left and right handed interactions

LWEFT D —E(Da’Y“PLV,B) (f’YuPXf)

v2

* Neutrino experiments
* Hadron Decays
* B-decays
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At the scale m; WEFT parameters €x map to dim-6 operators in SMEFT
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Falkowski, Gonzalez-Alonso, ZT, JHEP (2019)

* All & 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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EFT at neutrino experiments

€a
I proposed a systematic approach to neutrino / €p
oscillations in the SMEFT framework! °__§
O ———— O
L

Falkowski, Gonzélez-Alonso, ZT, JHEP (2020)
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EFT at neutrino experiments

a
I proposed a systematic approach to neutrino / €p
oscillations in the SMEFT framework! °___) e
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Falkowski, Gonzélez-Alonso, ZT, JHEP (2020)

UPMNS
I Observable: rate of detected events
Ve . . .
v, " 1 W ~(flux)x(det. cross section)x(oscillation)
vME N B
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EFT at neutrino experiments

€a
I proposed a systematic approach to neutrino / €p
oscillations in the SMEFT framework! °___) e
ek/ — m—) m— m—
L

Falkowski, Gonzélez-Alonso, ZT, JHEP (2020)

Upmns
I Observable: rate of detected events
Ve . m -
v, " 1 W ~(flux)x(det. cross section)x(oscillation)
v o _/
lres N~
S CC EFT NC EFT
depend on the kinematic and spin variables
ME = Uk AP+ Y [exUT* AL
X
MB, = Up AP + Y [eUT5AR Corrections to fluxes/cross sections
X

O'TOtal = O'SM + EXO'Int + SXZO'NPN O'SM(1+£X dXL + SXZ dxx)

gt = @M + exp™ + ex? NP~ ¢ M(1+x px1 + £x° Pxx)
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EFT at neutrino experiments
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O

Observed rate at the experiment: Rops = 10% vy
Uncertainty: VRops = 102 v, = AR
From theory: Ryp, = Ry (1 4+ C €2) = Rgyy + AR
AR Cc =103
Limit on €: Ce?=— 02
Rsym s U
New Physics Limit: V [246 GeV
Y A=Yl = l_457ev
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Long Baseline Accelerator Experimentsx

G. Zeller

cm’lG:V)
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0.1-5 GeV: cross section is
much more involved!
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Quasi-Elastic Resonance Deep Inelastic
Scattering Production Scattering
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Hadronic Matrix Elements

- Kopp, Rocco, ZT, arXiv: 2401.07902
SM-Interactions:

Gy (@7 (07
.G (@) q,,_Gs(Q )QM]Un(pn)

Vector: (p(pp)lququln(Pn)) = ﬂp(pp) -GV(Q2)’Y;¢ + oMy Ouv oMy

Gr(Q) s - GP(@)
oMy 1T Ty

Axial: (p(Pp)|quuY5aan(pn)) = tp(pp)| Ga(Q7)Vuys + 1 qM75]un(Pn)
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Hadronic Matrix Elements

- Kopp, Rocco, ZT, arXiv: 2401.07902
SM-Interactions:

= é 2 é
Vector:  (p(pp)|quyugaln(pn)) = dp(pp)| Gv(Q*) v, + i%&?)oﬂuq“ 72%\1)%]%(%)

» é 2) , é’ 2
Axial: (p(Pp)|GuyuY59dn(Pn)) = Tp(pp)| Ga(Q*) s + %o—m/q Y5 — ; Jfl?v )qms]un(pn)
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Hadronic Matrix Elements

- Kopp, Rocco, ZT, arXiv: 2401.07902
SM-Interactions:

- é 2 é
Vector: (p(pp)|quyugdaln(pn)) = tp(pp) GV(Q2)’)/M + i%&?)%uq” 72%1\7)%]%(190

Axial: (p(Pp)|@uyuy59dln(Pn)) = tp(pp) GA(Q%%NH%%A Y5 — ;fgv)qms]un(pn)

constrained by eN scattering

101:""|""1""|'"'1""|""|""|"":

Form Factors
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Zahra Tabrizi, NTN fellow, Northwestern U. 16

4/2/2024



Hadronic Matrix Elements

SM-Interactions:

Vector:  (p(pp)|@uyugaln(pn)) = @p(pp)

Axial: (P(Pp)|TuruY594dIn(Pn)) = Up(pp)

Kopp, Rocco, ZT, arXiv: 2401.07902
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NEW-Interactions:

Scalar: conservation of the vector current (CVC):

Gs(Q?) =-

sMECP
omy

(@2 + CLMN G g2)

q

o We cannot neglect Gg¢ anymore!

Kopp, Rocco, ZT, arXiv: 2401.07902
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NEW-Interactions:

Scalar: conservation of the vector current (CVC):

sMQCP 2
Gs(@) = -Gy (@) + LMY
q

q

Gs(Q%)

Form Factors

Pseudo-Scalar: partial conservation of the axial current (PCAC):

2
Gr(@") = Traa(@) + L2 Gr@h) ~350

q

»D2: neutrino-deuterium data (shaded band)
>»RQCD Collaboration (hatched band)

Form Factors

Kopp, Rocco, ZT, arXiv: 2401.07902
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NEW-Interactions:

Scalar: conservation of the vector current (CVC): Z
SMQCP 2/19Mn ~ =

Gs(Q) = -V Gy (@Y + LM gy () :

my dmy S

Pseudo-Scalar: partial conservation of the axial current (PCAC):

Gr(@) = ZXGA@)+
q

2
%ﬂf””ép(@% ~350

q

Tensor: LQCD and theoretical considerations

o We cannot neglect Gg anymore!

o Large enhancements for several interactions;

Kopp, Rocco, ZT, arXiv: 2401.07902
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Form Factors
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Neutrino-Nucleus Cross Sections:

Kopp, Rocco, ZT, arXiv: 2401.07902
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o z-expansion fit to LQCD and D2 data;
o Nuclear effects;
o Comparison with nucleon scattering
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Neutrino-Nucleus Cross Sections:

A0

Cross Section Terms [107% c¢m?]

Kopp, Rocco, ZT, arXiv: 2401.07902
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o z-expansion fit to LQCD and D2 data;
o Nuclear effects;
o Comparison with nucleon scattering
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Neutrino-Nucleus Cross Sections:

Kopp, Rocco, ZT, arXiv: 2401.07902
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o z-expansion fit to LQCD and D2 data;
o Nuclear effects;
o Comparison with nucleon scattering
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Neutrino-Nucleus Cross Sections:

Kopp, Rocco, ZT, arXiv: 2401.07902
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o z-expansion fit to LQCD and D2 data;
o Nuclear effects;
o Comparison with nucleon scattering
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Neutrino-Nucleus Cross Sections:

Kopp, Rocco, ZT, arXiv: 2401.07902
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Neutrino Energy [GeV] Neutrino Energy [GeV]

o z-expansion fit to LQCD and D2 data;
o Nuclear effects;
o Comparison with nucleon scattering
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Neutrino-Nucleus Cross Sections:

Kopp, Rocco, ZT, arXiv: 2401.07902
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o z-expansion fit to LQCD and D2 data;
o Nuclear effects;
o Comparison with nucleon scattering
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Neutrino-Nucleus Cross Sections:

Kopp, Rocco, ZT, arXiv: 2401.07902

o CCQE Neutrino-Nucleus Scattering; o Including Nuclear effects;
o All non-standard interactions; o Quantifying various Uncertainties;
o For all neutrino Flavors;

N
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o We have the tools to do a vgﬂobaﬂ EFT analysis with all neutrino e:
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Neutrino-Nucleus Cross Sections:

Kopp, Rocco, ZT, arXiv: 2401.07902
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Neutrino Energy [GeV] Neutrino Energy [GeV]
o CCQE Neutrino-Nucleus Scattering; o Including Nuclear effects;
o All non-standard interactions; o Quantifying various Uncertainties;

o For all neutrino Flavors;




Neutrino-Nucleus Cross Sections:

Cross Section Terms [10‘38 cmz]

Kopp, Rocco, ZT, arXiv: 2401.07902
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o Extracting 10 TeV physics from GeV

neutrino experiments!

a global EFT

analysis with all neutrino experiments;
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Production
Falkowski, Gonzalez-Alonso, Kopp, Soreq, ZT, JHEP (2021)

Due to the pseudoscalar nature of the pion, it is sensitive only to
axial (e;-eg) and pseudo-scalar (gp) interactions.

pLL = —prrL =1, ppL = —DPPR { D\W\<

4
= ]_ pPP = mﬂ- - _
PRR ) 7nﬁ@nu4—nm) 7 m(dl) — p-+ v,

~700!

* Larger pyy = smaller €!

(0] dy*ysu |7 (pr)) = ip fr

pTotl ~ SM(1+ex pxy + £x° Dxx) _ m?2

(Ol dysu 7+ (pr)) = ~i "

Huge overall flux
normalization for pion
decay!
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Production
decay Falkowski, Gonzalez-Alonso, Kopp, Soreq, ZT, JHEP (2021)

kaon

Both 2-body and 3-body kaon decays contribute:

vu
W_
106 FAS E R\{ T T T T UL | T T T E K_{ S
F : prp_ -4 =
A e R s - u
------------ . T

10“% - -
e 4 From'2-b decay K(sl) — u=+9,
: 3 -
L
5 102 T v
£ F - uY 0
= K {io~ il
@] 3
=}
S 10° _
E 10 = W—
10_2: E 7)
10-4 ;’ _ From 3-b decay
105 T U o ~15vRul KO = PHF. (q2) 4+ a* f_(q?
100 200 500 1000 2000 5000 (m7 |57 u|K°) = PP fL(¢°) + ¢* f-(q°),
Neutrino Energy E, [GeV]
0 m%{ —m; 2
. . T |sulK") = ————
Depends on energy distribution of K%, K| (m|5ul K°) Ms — My fol@),

or Ks at each experiments

v _ MoV
(™ |so*u|K 0) = z'p‘;{p”prwpK BT(qz) ,
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Detection
Falkowski, Gonzalez-Alonso, Kopp, Soreq, ZT, JHEP (2021)

Deep Inelastic

g WEgr—— Scattering

5

2 \

qg """"" s e — e Vv {

@) TT

=

s .t

§ S‘S/PP---

> T T S S S A

) q X

1 1 1 r 3 3 31 1 1 1
100 200 500 1000 2000 5000
Neutrino Energy E, [GeV]
2

is more important
than £y!

Ex

O'TOtal ~ O'SM(1+£X dXL —+ SXZ dxx)
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Specific New Physics Models

€,: measures deviations of the W boson to quarks and leptons, compared to the
SM prediction

v o d
Boe8id., - _
m— Vi, (1= 75V, - iy (L= r9d
w
e u

g : left-right symmetric SU(3)xSU(2),xSU(2)gxU(1)x models introduce new
charged vector bosons W’ coupling to right-handed quarks

ey, (1 —ys), - uy*(1 + y5)d

ﬁ myy
R~ —>
e u mW/

€sp7: In leptoquark models, new scalar particles couple to both quarks and
leptons

L L (LOXLQ)
LQ LQ
> @ < ﬁ v2
Q Q SPTT
LQO
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Indirect Searches: Future Directions

o EFT global fit in neutrino oscillation
experiments;

o Extraction of oscillation parameters in
presence of general new physics;

o Preparing a public software package
and implementing the EFT results: e.g.
GLoBES-EFT;

o Comparison between the sensitivity of
oscillation and other low/high energy
experiments;

4/2/2024 Zahra Tabrizi, NTN fellow, Northwestern U.
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Resonances:
MINQOS, NOVA,
DUNE

wn

Kaon/Muon
decay:

ISODAR, KDAR

_ AY) v
\/‘/3}70 / g "Be| "Be+e” — "Li+ v,
T -
-

Atmospheric
Neutrinos:
IceCube

Solar
neutrinos:
Borexino

SHe+p — *He+ et + 1,

e (hep)

Beta decay and
IBD: Reactor
Experiments

1st 2nd 3rd 4th Nth
Generation Genemlon Generatlon Generatmﬂ Generation

fission
neutron Q product ~~~~~

g\e
neutron \
o 5= i gm....: ®
Previous \\A e

—»0 Late
Conditions 9/ (o] /'Q - Conditions
e.

neutron @

hep

p+e +p—*H+v, |PeEP



v
p— ‘He+et +v. | hep
(hep)
N e +p—*H+v. |Pep

" Neutrino experiments give us a powerful tool to
search for new physics, either by direct

-  production or by precision measurements!
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|
4
‘1 R |
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Any Questions?

I'M Now GOING T ofen THe FLOOR.TO AURSTIONS.
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Back up Slides

Zahra Tabrizi, NTN fellow, Northwestern U.
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QM-NSI Description

Neutrinos are not pure flavor states:

er Standard
ey F—»o

W —
@ sta:c;‘ard

Standard NSI approach

Normalization

NSI parameters

Rotation of flavor states at the source

Rotation of flavor states at the detector

4/2/2024 Zahra Tabrizi, NTN fellow, Northwestern U.
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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)

~iik Zslak|s]ailzal prlza] 5

ro=1+SU* &vg=14+eHTU

Falkowski, Gonzalez-Alonso, ZT, JHEP (2019)

4/2/2024 Zahra Tabrizi, NTN fellow, Northwestern U.
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QM-NSI Description

* Can one “validate” QM-NSI approach from the QFT results?

« If yes, relation between NSI parameters and Lagrangian (EFT) parameters®

* Does the matching hold at all orders in perturbation?

4/2/2024 Zahra Tabrizi, NTN fellow, Northwestern U. 41



QM-NSI Description

* Can one “validate” QM-NSI approach from the QFT results? Yes...

« If yes, 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)

Falkowski, Gonzalez-Alonso, ZT, JHEP (2019)
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Comparing QM and QFT

Only at the llnear Order: Falkowski, Gonzalez-Alonso, ZT, JHEP (2019)
Neutrino Process | NSI Matching with EFT
ve produced in beta decay €is = €Lt — [€R]is — Z—i%[eqﬂ]:ﬁ
.. i 1-3g7 me 3
ve detected in inverse beta decay €5e = [€L]ep + 1+3z§ [erles — & (14,?359124 [es]es — 1%% [eT]eB)
m2 FS
v, produced in pion decay €.5 = leL]ns — [€r]Ls — m[ep]yﬁ

* Different NP interactions appear at the source or detection simultaneously
* Some of the px;/dx;, coefficients depend on the neutrino energy

e There are chiral enhancements in some cases

These correlations, energy dependence etc. cannot be

seen in the traditional QM approach.

4/2/2024 Zahra Tabrizi, NTN fellow, Northwestern U. 43




Comparing QM and QFT

Beyond the linear order in new physics parameters, the NSI formula matches the
(correct) one derived in the EFT
only if the consistency condition is satisfied

PXLDy L = PXy, 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 consistencv condition is not satisfied in aeneral
10%¢ : S

105;
104;
103;
102;
102
100}

Falkowski, Gonzalez-Alonso, ZT, JHEP (2019) 3
1071 ¢

Production Coefficient

10'2:

_ [dlIpARAD 1073

YT [diplAP)E 104}
1075t L] A

1 200 500 1000 2000 5000
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FASERvV

Downstream of ATLAS at of 480 m;

Ideal for detecting high-energy neutrinos at LHC; |

1.1-t of tungsten material;

Several production modes;

Pion and Kaon decays are the dominant ones;

All (anti)neutrino flavors are available;

Within the SM:

Ve~1000,  v,~5000, v,~10

4/2/2024

Number of Neutrinos per bin

Number of Neutrinos per bin

LHC [

[ T112 B

|

FASER

Falkowski, Gonzalez-Alonso, Kopp, Soreq, ZT, JHEP (2021)

O$M, L2150 fb-! @$SM, L=150 fb”! @SSM, =150 fb-!
1011
I Bottom i
107 o L . L i \ L s
10 102 103 104 10 102 103 104 10 102 103 104
BSM, =150 fb-! &M, L=150 fbo-! M =150 fb-!
1011 ___P_ip_q__
10°
.-Gharm
Bottmil i
} : Bottom
107 - L - L L - - 1 I
10 102 103 10* 10 102 103 10* 10 102 103 104
Neutrino Energy E, [GeV] Neutrino Energy E, [GeV] Neutrino Energy E, [GeV]
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EFT at FASERvV

L of v, events at FASERY, [exy]qs=0.2] L1 of v, events at FASERv, [exy]os=0.2] t of v, events at FASERY, [exy]qp=0.01
> el - @ (0.05%) e el e @ (0.2%) € ’ e - - (02%) € ’
S e e (04%) € e e %) € e el %)

% 300 = 6;‘; _____ E% b 1500 j ______ 6;? _____ Egrs B 3 j _____ E% _____ E% B
5 ——
(=% _,1 I
£ 200 e 11000 T f
> . P Pt i i
- o I
o : --4 R :___ E [
5| -4 P * 1 *
g 100+ R e E L4 500 : E 1+ E
5 L ’ Bl
Z | § §
foo 5001000 5000 10 00 5001000  500010* 100 5001000 5000 10*

Neutrino Energy E, [GeV]

Falkowski, Gonzalez-Alonso, Kopp, Soreq, ZT, JHEP (2021)

Neutrino Energy E, [GeV]

» Results are statistics dominated: va~1000, Vu~5000’ v.~10

Neutrino Energy E, [GeV]

» Optimistic systematic uncertainties: 5% on ve, 10% on v, 15% on v,
» Conservative systematic uncertainties: 30% on ve, 40% on v, 50% on v,
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EFT at FASERvV

1 107" 1072 1072
Falkowski, Gonzélez-Alonso, Kopp, Soreq, ZT, JHEP (2021) e
L=150fo~',90% C.L.
« FASERv: colored bars
[evd] Cons./Opt. I
il H1-1.HC x decay

* Top: Conservative/Optimistic flux uncertainties

*  Bottom: High luminosity LHC g <

u [EL,lj:fd]Te

e <
! vﬂ B

Ve—Vr

[fcﬁ]re
o o D, decay
o No SM Oscillation;
o Access tc.) a.II Flavors; (€3], b, ceos
o Low statistics;
o But large Flux Enhancements; S

1071 - 1 10
i . A=v/Vex [TeV]
New physics reach at multi-TeV
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Reactor Experiments

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., (2018)

. Daya Bay cores

Near Detector € o .
* 6 reactor cores; PR
* 2 near and far anti-neutrino detectors located PO

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., (2018)

Far Detector
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Inverse Detection

Falkowski, Gonzélez-Alonso, ZT, JHEP (2019)
Beta

Decay

+ + 0
pr+v, >e +n
1 3931
-1 — _
drr , dRL 1 43g2" dsyp = dsgr

IBD will be sensitive to the

scalar and tensor NP! depend on neutrino energy

A =my, —my = 1.29 MeV

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

O'TOtal ~ O'SM(1+£X dXL + SXZ dxx)
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Inverse Detection

Falkowski, Gonzélez-Alonso, ZT, JHEP (2019)
Beta

Decay

1—3g%
drr = drr = ds; = dsp = — dry, = —drp =
LL ) RL 1 +3g?47 SL SR 1 +3g?4 Ey _ A) TL TR 1 n 3931 Ey A
2 2
gs 397
dpp =1, dgs= dpr = ,
RR ) SS 1 3 ?47 T 1 T 39124
L J

DO NOT depend on neutrino energy!!!

O'TOtal ~ O'SM(1+£X dXL + SXZ dxx)
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Nuclear Production
Beta

Decay

Falkowski, Gonzélez-Alonso, ZT, JHEP (2019)

fission process in a nuclear reactor

O—» Neutron

Hundreds of different beta decay processes;

““Nd
I“Ce ‘“pr ]
Electron P 4
0\: Anti-neutrino ia /V'o\;
144g, / OJ(someloss)
1.5‘,-U Z.WU ’ 1.".-U ZJbU ‘y’
* Assumption: Everything above 1.8 MeV is Gamow-Teller o @B>B—~ o\‘:*—’m*o—"—’ e
s @
% IJOU
”Kr‘o\‘ +
A. C. Hayes et al, Ann. Rev. Nucl. Part. Sci. (2016) \ Ny
*rb @o-, \ .
x' i) 239y
”S".O~* 0\ o
_ _ B _gr M A e
prL=—-prr =1, prp=-prr=-="— @
ga fT(Eu)
2
97
prr=1, prr= BOR
A
Z?:l wz(Az - EV)\/(Az - EV - me)(Ai - Eu + me)
fT(Eu) =
[}

Z?:l wz\/(Az - F, - me)(Ai - FE, + me)
Reactor experiments will probe tensor and scalar NP!

* They depend on the neutrino energy.

4/2/2024

Zahra Tabrizi, NTN fellow, Northwestern U.

51



Tensor

[¢7]ew = 0, 6cp = 0

EFT and Oscillation: Reactor Experiments
Falkowski, Gonzalez-Alonso, ZT, JHEP (2019)

Daya Bay Collaboration:
arXiv:2401.02901
14 : : : : : 0.5
[¢5]e. = 0, 6cp = 0
” Scalar
1.2
0.4f
1.0f
_ o8t 03
= =y
5 5
T 0.6 =
0.2
0.4f
””” 0.1 e T
0.2' ------------ 20—
3o
* Best ﬁt % Best ﬁt
» ' ' ' ' ‘ 0.0 ' : : : ‘ : :
18 0.020 0.022 0.024 0.026 0.028 0.030 0.032 0.018 0.020 0.022 0.024 0.026 0.028 0.030 0.032
sin2913 sin2013
* Combining with other experiments
will increase the sensitivity

o SM Oscillation;
o Access to one Flavors;
o Very High statistics;
o But EFT-Oscillation degeneracy;
Zahra Tabrizi, NTN fellow, Northwestern U.
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