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Standard Model

o What are the Fundamental particles?

The Standard Model:
“Periodic Table” of

elementary particles

Neutrinos are among the
o How do they interact? e]lemenltary ]Pﬂll["lth]lCS!
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Why are neutrinos special?

3/26/2026

They interact with matter only by W/Z exchange

Qé @] /%f$f% /%f$f%

¢ /Ue qu)a QN)G

Three known Flavors

We define the three known [lavors of
neutrinos by W boson decays:
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Neutrino Oscillation

r‘(
They change Flavor '
W\ v v
-’ F " Detechr
H|v) = Ex|vg) long enough journey
v —— Ve
Ve 1
v, | = Upnns | v Oscillation Parameters:

Vy Vg /

P, (L) = sin® 26 sin* (Aﬁ’i’: )j

Ami; =mi —m
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Oscillation Experiments

= _
Observable: rate of detected events dl LB
vimm
N y ol L
\(flux) (det. cross sectlon1 koscﬂlatlon)l v|m H [
/ \ B Vi Vo V3 -
Depend on the kinematics and spin variables! Depends on mixing angles/masses

Oscillation experiments are sensitive not only to oscillation
parameters, but also to how neutrinos interact with matter!
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Status of Neutrino Physics in 2026

mixing angles:

Super-Kamiokande, Borexino, SNO Sinz 912 @ 4%
Sin2613 @ 3%
Sin2923 @ 3%

MBL: Daya Bay, RENO, Double Chooz
LBL: KamLAND mass squared differences:

Am5; @ 3%
|Am3,; | @ 1%

Future: DUNE, Hyper-K, JUNO

Open oscillation questions:
e CP-phase?
e Mass hierarchy?

Also:

° 1 i ?
T2K, MINOS, NOVA Neutrino mass mechanism-
e Mass scale?

e Dirac or Majorana?

IceCube, Super-Kamiokande

3/26/2026 Zahra Tabrizi, PITT-PACC Langley Fellow 6



Status of Neutrino Physics in 2026
mixing angles:

Super-Kamiokande, Borexino, SNO Sinz 912 @ 4%

Sin2613 @ 3%

Sin2923 @ 3%

MBL: Daya Bay, RENO, Double Chooz
LBL: KamLAND mass squared differences:

Am?. @ 2%
New Neutrino Experiments are being

built to answer unknowns in the b
oscillation picture

¢ IVIaSs nierarcnye

Also:

] . . o
&= 72K, MINOS, NOVA Neutrino mass mechanism-
] e Mass scale?

e Dirac or Majorana?
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The SM is not wrong...

But there is more than
“reasonable doubt” that it is
incomplete!

Precision measurements at neutrino oscillation experiments;
Finding the interplay between the low energy and high energy frontiers in
BSM searches;

Specific BSM examples, by either indirect search, or direct production;
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Accelerator Neutrino Experiments:

Near Detector: Understanding Systematic Uncertainties

Far Detector: Measuring Oscillation Parameters

* Test SM predictions
* Search for BSM physics
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How do we go beyond the SM?

o New Particles

We extend the SM:

o New Interactions
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1. Indirect Effects of Heavy New Physics

Modify Neutrino Interactions

Observable: rate of detected events

~ (flux)x(det. cross section) x (oscillation)
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direct Production of New Particles

Neutrino Experiments as Dark Sector Factories
u
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2. Direct Production of New Particles

Neutrino Experiments as Dark Sector Factories
u
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Outline

e 1) Indirect Search-EFT:
— Why EFT?
— EFT ladder
— EFT at Neutrino Experiments

e 2) Direct Search:

— Axion-Like Particles

e Conclusion
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EFT Workflow:

* New physics could be very heavy;
EFT ]Energy Scale * It may affect the couplings between the SM particles, or induce new

interactions;
 SM Effective Field Theory (SMEFT) is a systematic framework to

* describe such effects;

e SMEFT
106 6V - oo

?
\o Gy
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EFT Workflow:

SMEFT: minimal EFT above the weak scale

EFT ]Energy Scale gSMEFT — gSM + gD=5 + 3D=6

f

1Ty

SMEFT

106 G

e

\o Gy
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EFT Workflow:

SMEFT: minimal EFT above the weak scale

EFT ]Energy Scale gSMEFT — QSM + gD=5 + 3D=6

/" \

ﬂ Known SM Gives neutrino
-y Lagrangian Masses

SMEFT

¢ Colliders

106 G

e

\o Gy >.,\V,Vm< >\13VV< 2499 distinct D=6 operators in the
Warsaw basis, including flavor structure

O = (Iyo™1) @vu0"a) and CP conjugates
Ogde = (le)(dq) + h.c.
C Oy = (lae)e™(@yu) + hec. Grzadkowski, Iskrzynski, Misiak, Rosiek
qu = (lac"€)e™®(Gpopmu) + h.c. JHEP (2010)
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EFT Workflow:

EFT Energy Scale \WEFT: Effcctive Lagrangian defined at a low scale p~ 2 GeV

1Y

100 GV

\o Gy

$

New 4-Fermion Interactions:

SMEFT

J ¢ Colliders

e
’
WEFT
* Neutrino experiments W B
* Hadron Decays LwWEFT DO -— ;‘ {1 @aﬁ (" Prd)(layuPLvp)
* B-decays R P

+ aﬁ (ay* Prd) (Lo yuPLV3B)

+ 5G@aﬁ(aal)((Z,PLW) - %aﬁ(ﬂ%d) (€aPrLvp)

1 =
+ 7 (Er)as (@0 PLd) (0o, PLig) + hic.)
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EFT Workflow:

At the scale my WEIFT parameters €x map to dim-6 SMEFT operators
EFT Energy Scale

f

v? (3) (3)
A2V y (Vud[CHl]aﬂ + de[CHq]lj aff — V}d[clq ]a,Blj)

2

1Y N
YVITaR 0o B
SMEFT 2A2Vud [CHud]ll af
‘ * Colliders 02 Q)
_2A2Vu" (VJd[clequ]ﬁajl + [Cledq]ﬁall)
2
v ’ (1) " )
_ V. ’
106 6V - oo 2A2Vu¢ ( ]d[clequ]ﬁa_yl [Cledq]ﬂall
A2V V [Clequ],Bajla
WEFT
e Neutrino experiments Falkowski, Gonzalez-Alonso, ZT, JHEP (2019)
* Hadron Decays
VoG * B-decays
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EFT Workflow:

EFT Energy Scale
L SMEFT

* Colliders
106 GV

WEFT

\o Gy

* Neutrino experiments
* Hadron Decays
* B-decays

3/26/2026

Constraints on

SMEFT using / \\

BSM #1 BSM #2 BSM #3

Translation to specific benchmark models

Matching WEFT \
and SMEFT

Ultimate goal: combined

Constraints on . )
WEFT using neutrino-collider EFT search

Neutrinos
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Translation to specific New Physics Models

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

LW s A
q - Z:n: Vudé}’y(l — ¥s), - uy*(1 — ys5)d
w
e u

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

v ' d ey, (1 —ys), - uy*(1 + y5)d
w W )
— L4
R
e u m%V/

€5 pr: In leptoquark models, new scalar particles couple to both quarks
and leptons

L L LO)(L
N w0l (LO(LO)

Y/ v2
/Q } €spr "~ m—I%Q
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EFT at neutrino experiments

We developed the systematic QFT
approach to neutrino oscillations in the
SMEFT framework!

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

3/26/2026 Zahra Tabrizi, PITT-PACC Langley Fellow
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EFT at neutrino experiments

We developed the systematic QFT
approach to neutrino oscillations in the
SMEFT framework!

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

Observable: rate of detected events

UPMNS
|
[ m - Rate ~(flux)x(det. cross section)x(oscillation)
v/ m m
ALE B SM _ §SM _SM _i“j,;”il x x
Vi Vo v Rop = ®o 0p ;6’ Uk UatUprUg,
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EFT at neutrino experiments

We developed the systematic QFT
approach to neutrino oscillations in the
SMEFT framework!

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

Observable: rate of detected events

Rate ~(flux)x(det. cross section)x(oscillation)
A\ M

Y
We start from the CC Production/Detection
WEFT Lagrangian amplitudes

depend on the kinematic and spin variables —

=0l + Y et AL Corrections to
o ) fluxes/cross
ME, = Uy AP + ' [exU] AL i
X sections
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EFT at neutrino experiments

We developed the systematic QFT
approach to neutrino oscillations in the
SMEFT framework!

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

Observable: rate of detected events

Rate ~(flux)x(det. cross section)xw

NC WEFT Lagrangian Modifies Matter Potential

Eee Eeu Eer
(UM?Ut+A) £V2GFNe | cpe pp €pr

€re Erp €77

_ L

He=3g

|

-’

Corrections to
Oscillation
Probability

—_____J__J

3/26/2026 Zahra Tabrizi, PITT-PACC Langley Fellow
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Different mechanism for neutrino production,
detection and propagation

Kaon/Muon Solar

decay:
ISODAR, KDAR

neutrinos:
Borexino

71 = v h 2
Ki{l;\/./ﬁ}ﬂ-o / " 7Be| "Be+e” — "Li+ v. |
\MQ# u \W<<Ve |3He+p—)“He-}—e"’+yE |hep
e (hep)

| p+e +p—=2H+v, lPeP

QEr
Resonances:
MINQOS, NOVA,
DUNE

Atmospheric Beta decay and
Neutrinos: IBD: Reactor
IceCube Experiments

First step in building our toolbox:
Calculating fluxes, cross sections and oscillation probabilities for
each experiment in the presence of EFT effects!
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Corrections on Neutrino Fluxes from Kaon decay

Falkowski, Gonzalez-Alonso, Kopp, Soreq, ZT, JHEP (2021)
Both 2-body and 3-body kaon decays contribute:

105 FASERV _
3 I R 3 v,
5 - K, us fl’ﬁf—’: B
W PXY,e T [ E e W
10%E T . ~
E | e u
L 103fe=mmmmmmT 4 From2-b decay T
= 2 E
2 20 ] Cirfe -
é 10 = Pss .‘j K (SU) —> u+v
8 10fpurseseasessssgenascusonee I -
% OE PLR : K_ U m 0
-% 10 RS st R G R G i {s \/u}ﬂ-
=3 = ]
'g 10 1;-— _p_L_s___E _
1073 ;E R .-.-.-.---_-;);;r"';:' ~ W
10-4F E From 3-b decay 7,
10 5: 1 1 L 1 1 PETETE | 1 1 1 :
100 200 500 1000 2000 5000

Neutrino Energy E, [GeV
eutrino Energy E, [GeV] (n~|sy"u|K°) = P*fi(¢*) + ¢ f- (%),

Huge flux correction for kaon - mi-m2

° s f
decay! Depends on neutrino energy! s~y 100,

(r~ |5o" u|K°) = ip’;{pﬂ pﬂpKBT(qz%
mE
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Cross Sections at Accelerator Experiments

G. Zeller
§1 4
%1.2
. . 3
0.1-5 GeV: cross section is 2 1
much more involved! Eo.s
; 50.6
¢ Ted
@
fo.

10 1 10 10?
Quasi-Elastic Resonance Deep Inelastic
Scattering Production Scattering

iiw |
n P AI
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CCQE Neutrino-Nucleus Cross Sections in the SM

12; |||||||||||||||||| | ||||||||| I LI |v| |;i|65 |||||||| E Kopp' Rocco’ g’
R Dipoll;, M,=0.961GeV] 1 JHEP (2024)
L -- D2 ]
10k — Laco 3
=+ Nucleon

o z-expansion fit to LQCD and D2 data;
o Nuclear effects;
o Comparison with nucleon scattering

o0
llllllllll

R
. anmaa.,
RRAITENY

Large uncertainties from
form factors even in the SM!

Cross Section Terms [107>® cm?]

......... e b b
OO 2 4 6 8 10

Neutrino Energy [GeV]
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CCQE Neutrino-Nucleus Cross Sections with EFT

12:|||||||||||||||||||||||||||||]||||v|||_|1|65||||||||: KOpp,ROCCO,g,
: :99(1) gi:g -------- DipoII;,MA=0.961 Gev) 7 JHEP (2024)
i == D2 .
10f:: /2 — taco =
.= Nucleon ]

o z-expansion fit to LQCD and D2 data;
o Nuclear effects;
o Comparison with nucleon scattering

oo

.....
................
us

K 5
¢ P
il

0
lIIIIIIIIIIII-

Distinct Energy
Distributions

Cross Section Terms [107*® c¢m?]

EL T T T B L L L T T T T T

Neutrino Energy [GeV]
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Some rough estimations

8
o Observed rate at the experiment: Rone = 10% 10% v, at
g Vi DUNE Near Detector!

o Uncertainty: VRops = 102 v, = AR
o From theory: Ryn, = Rgy(1+ C €2) =Ry + AR

AR C =103
o Limiton e€: Ce? = . 2

S . -3

M € < oo ~3x10
o New Physics Limit: V|[246 GeV
/ A=Y B |- 45Tev

3/26/2026 Zahra Tabrizi, PITT-PACC Langley Fellow 32



FASERv at LHC

Downstream of ATLAS at of 480 m:;
Ideal for detecting high-energy neutrinos at LHC;
L1-t of tungsten material; [,

Several production modes;

Pion and Kaon decays are the dominant ones;
¥ Falkowski, Gonzalez-Alonso, Kopp, Soreq, ZT, JHEP (2021)

o o o
All (anti)neutrino flavors are available; PO TSy e TR PR
g
g 1011
a,
g
=)
C
= 100
< 7 T,
E L i ) Bottom
107 - L HA T : H N Li L i
10 102 103 104 10 102 103 104 10 102 103 104
; M =150 b1 | BM =150 1 &M L2150 fo-!
8 _Pion _
g 1011 ’-"____—— """ sy
8 Kaon
£ Hyperon
23 .................
5 10° o .
o o - .r—': S A e,
Within the SM: 2 ' Bt
: H
4 } Bottom
Ve~1000, v, ~5000, v,~10 * [ - SN S
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

Falkowski, Gonzalez-Alonso, Kopp, Soreq, ZT, JHEP (2021)
€
1 107"
| L rerr e
L=150fb~',90% C.L.
Cons./Opt.
HL-LHC

1072

1078
I LB L L] T T

FASERv: colored bars
[el;"d ]/17'

Top: Conservative/Optimistic flux uncertainties

Bottom: High luminosity LHC i S~
ecay

4,C,t
ﬁ,x [Elqud]re

7 decay

Ve—Vr

K decay

d,5,b 2
|

* Neutrino detectors can identify flavor: 81 [eF]re
operators at FASERv

Ds decay

Ds decay

* New physics reach at multi-TeV

*  Complementary or dominant constraints

107 1 10
A=v/Vex [TeV]
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Reactor Experiments

Goal: measured 613 mixing angle
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 7€ "
* 6 reactor cores; = P \

* 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

B8
A 2 vy
N N . ’
SE” &
>
‘4 ’ o e
:
2

FarDetector
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EFT in Reactor Experiments

— WEFT

Am? L . N Me Me
Py, ~5,(L, Ey) o (—ﬂ) sin? (2913 —ap — —ap ) SM

I
[a—
|
)]
—
=

4F, E, - A fT(El/)

Am.! L ~ Me Me
4+ sin ( 255 ) sin(2613) (ﬂD E = R /3pr(E’V)) -+ 0(%{)

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

e Correlation between oscillation and WEFT parameters

ap = ;g%ﬁfRC [S] — g%%Re [T],

fp = 4T [8] - 4L 1m (7],

[S] e'cp (823[651@ + ca3(€s]er)

[T] — eiJCp (323[éT] ep + co3 [éT]eT)
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EFT in Reactor Experiments

— WEFT

Am3 L 7 e - S—
sin? [ =231 ) qin2 gi— = :
1 — sin ( iE, ) sin (291-‘ =0 E, - A “r fT(El/)> oM

Am.! L ~ Me Me
+ sin ( 255 ) sin(26;3) (5D E < = ﬁPfT(E;’,,)) + O(%)

Pﬁe —e (L7 Eu )

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

e Correlation between oscillation and WEFT parameters

P ,C,Oml?ir,i'e‘d‘ ,
Scalar: GS # O, ER,P’T — 0 lIm:SJrfr:ea—
Im[S] = 0.08 & 0.14 05" ]
* Large degeneracy; — I
 Different measurements must be combined in ERE 1
a global analysis;
-0.5" i
o 005 04 o015 o2
sin?20, 5
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EFT in Reactor Experiments

— WEFT

el ALY . ~ Me Me —
Prosi (L, By) = I‘S‘“Q( iE, )Smg (291“"“DE,,-A‘“”fT(E,,>> oM

Am, L ~ Me me
+ sin ( 25; ) sin(26;3) (ﬁD E < = ﬁPfT(E;’,,)> + O(%)

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

e Correlation between oscillation and WEFT parameters
Combined

I

Im([S] free

Scalar: €s # 0, egpr = 0

lo, 20,30

Im [S] = 0.08 & 0.14 0.5 ]

* Large degeneracy; -
e Different measurements must be combined in £

a global analysis;

Second step in building our toolbox:
Developing packages to simulate

P R P S S T SO S S P
0 0.05 0.1 0.15 0.2

sin?20,5

neutrino oscillation experiments in the
presence of EFT
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GLoBES-EFT Software Package:

* To extract oscillation parameters in the presence of general EFT;
* To perform a SMEFT global fit in neutrino oscillation experiments;

* Publicly available on GitHub; Kopp, ZT, Urrea

JHEP (2026)

= O SalvaUrrea2 | GLOBES-EFT Q Type[Dtosearch & ~ +-|o][n]lalle
<> Code (O Issues 1% Pullrequests  ® Actions [ Projects @ Security |~/ Insights 3 Settings
GLOBES-EFT  public @Wach 0 v ¥ Fork 1~ ¢ Star 0

R — , * Neutrino Production,
oscillation, and detection in

SalvaUrrea2 Merge pull request #1 from SalvaUrrea/patch-1 &8 66e4cic - lastmonth D) 34 Commits effects of WEFT and SMEFT on
neutrino production, detection, and
™ data Add DUNE data folder 2 months ago propagation. p res e n c e of E F I .
B doc Regenerate autotools fil 2 months ago [0J Readme ’
a8 GPL-2.0 license H H
M examples Regenera tools files with libtoo 2 months [ ] cco u ntl n o r r u n n I n .
A~ Activity Vi
W globes Reg 2 months ago % 0 stars
.
- smanasgy | © Qv e Consistent WEFT/SMEFT
% 1fork
f ma Add 8 months ago Report repository t h H .
- soce — matcning;

GLoBES-EFT: simulating neutrino oscillation

experiments in the presence of EFT

39
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EFT at DUNE using GLoBES-EFT

A =v/y/e [TeV]
Yo 10

Kopp, Tabrizi, Urrea 2025

/L — € con. =

L — e con. =

— better

CKM-unitarity |

/L — ¢ con. =

| LHC

LHC | 7 decays

1 — e con. =

I DUNE 90% C.L.
[ DUNE 90% C.L. no systematics
"1 DUNE 90% C.L. no bkg in 7 detection

1 1071

3776170085

[T

S
1072

T [rrrrr T [rrrrTTTeT [rrrrr T
1073 1074 107° 1076

€

Zahra Tabrizi, PITT-PACC Langley Fellow

Kopp, ZT, Urrea
JHEP (2026)

Extracting ~10’s of
TeV Physics from
GeV Neutrino

Experiments!
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EFT at DUNE using GLoBES-EFT

SMEFT

Kopp, Tabrizi, Urrea 2025

leu)isu |t

|Gl@bal Bit DUNE: one operator non-zero at a time

[611]1113
Eit
[Cld]lgdd — l Global Fit: all operators on simultaneously
[clu]IBuu |t
[t se g — better
1) |Global Fit
[Czq J1311

[C H ud] us (@urrent bound

[cledq]Sudl
[cledq] 3psl

(@urzent bound

@urrent bound

[Cledq]Z,usl
[c(l) ] Current bound
lequ. 3edc
e
[Cg) u]3lt1u @n bound
[Cg u]2u3u |@urrent bound
[C(l ] |Current bound
[cle u]2p,2u ICurrent bound
[ng u]2#3u Current bound 90% CL.
[6(3 ]2 2 |Current bound
lequl2p2u /,L _ 1 TeV
10° 10" 10~ 10 10 15 10-¢

|cil
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Kopp, ZT, Urrea
JHEP (2026)

With GloBES-EFT we can
finally do a proper SMEFT
global fit in v experiments!

41
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SMEFT global fit in neutrino
oscillation experiments using

GLoBES-EFT;

Extraction of oscillation parameters
in presence of general new physics;

Combining neutrino and collider
data;

Translation to specific new physics
models;

Indirect Searches: Future Directions

“Non-Standard Neutrino Interactions at a Muon Collider Neutrino
Detector”,

Kopp, Kling, Ma, Mekata, Reuter, ZT

JHEP (2026) [To Appear]

“Effective Field Theory in Long-Baseline Neutrino Oscillation
Experiments ”,

Kopp, ZT, Urrea

JHEP (2026)

“Unleashing the power of EFT at Neutrino-Nucleus Scattering”,
Kopp, Rocco, ZT
JHEP (2024)

“Consistent QFT description of non-standard neutrino interactions”,

Falkowski, Gonzalez-Alonso, Soreq and ZT
JHEP (2020)

“EFT at FASERV”,
Falkowski, Gonzalez-Alonso, Kopp, Soreq and ZT
JHEP (2021)

“Reactor neutrino oscillations as constraints on Effective Field
Theory”,

Falkowski, Gonzalez-Alonso, Soreq and ZT

JHEP (2019)

“Future DUNE constraints on EFT”,

Falkowski, Gonzalez-Alonso, Soreq and ZT
JHEP (2018)
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Outline

e 1) Indirect Search-EFT:
— Why EFT?
— EFT ladder
— EFT at Neutrino Experiments

e 2) Direct Search:

— Axion-Like Particles

e Conclusion
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Axion-Like Particles (ALPs)

(Pseudo)scalars, strongly motivated

by theory and cosmology;

It gives a solution to the strong CP
problem: Why is CP conserved in

QcbD?

They can explain for the 27% of the
Universe’s energy content constituting

dark matter;

3/26/2026

10-8

107?
10—10
10—11
10—12
10—13
10—14
10—15
10716
10~17
10—18
10—19

Axion-photon coupling [GeV ]

[uy
(e}
|

]

o

Ultra-simplified plot

Laboratory
Y —a

Astrophysics
G =

Dark matter
(direct detection)

Dark matter
(astrophysics)

yeV  zeV ae feV  peV neV peV meV eV keV MeV GeV TeV
Axion mass [eV]

Ciaran O'Hare
https://cajohare.github.io/AxionLimits
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Axion-Like Particles (ALPs)

(Pseudo)scalars, strongly motivated

by theory and cosmology;

It gives a solution to the strong CP
problem: Why is CP conserved in

QcbD?

They can explain for the 27% of the
Universe’s energy content constituting

dark matter;
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particle physics experiments

Excluded by
astrophysics

: 108

Chandra

Dark matter
decay

Lyman-«

Axion-photon coupling [GeV 1]

zeV  aeV

feV

yeV peV neV peV meV eV  keV MeV GeV TeV
Axion mass [eV]

Ciaran O'Hare
https://cajohare.github.io/AxionLimits
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ALP Production/ Detecttiiqn

Using photons to produce ALPs:

1 v
Layy D — ZgawaFquu
ALP production ALP detection
X ‘Qm-c‘a a-aa-.- 0
—— q__ .
A A 0
Primakoff scattering Inverse Primakoff scattering ALP decay

3/26/2026 Zahra Tabrizi, PITT-PACC Langley Fellow 46



ALP-y at DUNE

Blue: ALP-scattering at LAr, 50-t

1 éter —>iny. + 9

Red: ALP-decay at GAr, 1-t

—— DUNE-like LAr (7 y)
] —— DUNE-like GAr (1 y)

10774 ___ . .

0 DUNE-like GAr (7 y) The only lab-based constraints!
;| I FASER (3 ab™!)

10785 -~ SHiP (5 )

100 ] =~ BelleII 3y, 50 ab™") Gas-detector is the key, due to
102 104 106 108 100 significantly low background!

mq [eV]

Brdar, Dutta, Jang, Kim, Shoemaker, ZT, Thompson, Yu Search strategies applicable to
PRL (2021) other similar experiments.

Example: T2ZHK

3/26/2026 Zahra Tabrizi, PITT-PACC Langley Fellow 47



ALP Backgrounds at DUNE

We investigate single photon and di-photon final states:

Initial Cuts:

Signal Topology vy Ve Uy 7 Total Counts
CC + NC v events 3.49 x 10° 478 x 10° L72x 10’ 6.5 x 10° 3.71 x 10° Particle Type|Kinetic Energy Threshold | Angular Resolution
1y 34,469 441 3,094 101 38,104 ut 30 MeV 1°
l(e')* 3,839 6,516 417 46 10,818 f: 100 MeV 1:
1(et)” 0 0 0 1,451 1,451 Peot/0 T gg ﬁg é
roton
17(1’)')c 7,030 78 937 17 7,663 Neutrons 50 MeV 5o
2y 372,508 5,450 38,236 1,433 417,628 other 50 MeV 5°
l(e‘)*l'y 123 76 9 0 208
1(e+)*1’y 139 2 10 11 162

Brdar, Dutta, Jang, Kim, Shoemaker, ZT, Thompson, Yu

PRD (2026)

3/26/2026

Zahra Tabrizi, PITT-PACC Langley Fellow

Many backgrounds;
Large mislD rates;
What Kinematical cuts

would decrease these?

48




ALP Backgrounds at DUNE

Events / 7 years

di-photon signal vs background

—— mg=1MeV, gsy =1.75- 1075 GeV~!
—— my=10MeV, g,, =1.8-1076 GeV~!

B v,(27) 0 ve((e)™)
0 7u(2) — (2 1%
— 099 B vu((e)*)
T 22y 3 wu((e)™)
B (e O welleh)y)
0 ule)™) T zelle)™)

A0(vy) [deg]

Brdar, Dutta, Jang, Kim, Shoemaker, ZT, Thompson, Yu

PRD (2026)
— mg =500 MeV, goy =2-1077 GeV~! R
mg, = 500 MeV, goy =6+ 1077 GeV~! S H
. Hgnﬂ
10°
10
aé 10° , <
P . o A
;;’ 10! 1| '4; &"Iim
| N
10! i I ]
102
106
10°
o These cut ensure more
E 0 . .
< e than 90% signal efficiency
E 10!
10°
107t
1072

m(7) [GeV]

Opening angle cut of
A6(y,y)<20°

Invariant mass cut of
|m(y, y) - m,|<0.05 x m,

3/26/2026
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Events / 7 years

ALP Backgrounds at DUNE

Brdar, Dutta, Jang, Kim, Shoemaker, ZT, Thompson, Yu

Single photon signal vs background PRD (2026)

—— my=1MeV, gpy =1.75-107° GeV?  —— m, =100 MeV, g,y =2-1077 GeV~!
—— my =10 MeV, g,, = 1.8- 1076 GeV~?

EE y,(1y) EE p,(le)

O v (Iy(1)e) T 7e(1y)

O we(le) T ve(ly(1y)e) ?B

O yle) C we(le) e

= (1) B 7 (1y(1).) z

1 7(le) 3 p,(le) 2

0 zy(1y)) B (e’

C9 w() B wle A cut on the photon
y angle keeps > 99% of
iﬂj the signal, while
o decreasing the
" background from
10°
0(109) to 0103
1072
1075 Hlo-2 0010 10! 107

0 [deg]

Cut on photon’s angle
wrt beam direction:
0, <T
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ALP-y at DUNE post background study

o

10—7_

DUNE ND-LAr
(7 Years) 3

3/

No Cuts
- == Post Kin. Cuts

10°

HB Stars
>
ExplosiGir
Energy m%y,;,._
SN1987a i \
RN
I\
by
Yenys \
aA — yA, > ...‘\ }._
a— vy (A < 1°) G Js....ﬁ*,.\’.‘.
a— vy (Af > 1°)
10* 10° 10° 107 108
m, [eV]

Brdar, Dutta, Jang, Kim, Shoemaker, ZT, Thompson, Yu

PRD (2026)

Very Careful background studies:
practically background free post
kinematical cuts!

51
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ALP-y at DUNE post background study

‘LF No Cuts

10~ o ':;\_DENY‘ZEES"LA‘V — == Post Kin. Cuts

IIIIIII ’ .++«+. Bkg. Free
Tr—w—s_ HB Stars N | |
c>c5 Explosi, . \ery Careful backeround studies:
sv{Neutrino experiments can search for|

N 3SM beyond the reach of high
energy colliders!

mg [eV]
Brdar, Dutta, Jang, Kim, Shoemaker, ZT, Thompson, Yu

PRD (2026)

Zahra Tabrizi, PITT-PACC Langley Fellow
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Dark Sectors: Future Directions

Leverage the high statistics
|deal as Dark to enlarge the physics

High beam
luminosity + L
ur?_'(;]os_' ?’ aec 8 Sector Factories programs of

iducial mass | Hyper-K, DUNE, SBN, ...

° “Prying Open the Dark Sector Window with SBND Off-Target Mode”,
Dutta, Goswami, Karthikeyan, Pandey, ZT, Thompson, Van de Water
arXiv: 2603.XXXXX

° “Finding BSM Needles in Electromagnetic Haystacks at DUNE”,
Brdar, Dutta, Jang, Kim, Shoemaker, ZT, Thompson and Yu
PRD (2026)

° “Heavy Neutral Leptons via Axion-Like Particles at Neutrino
Facilities”,
Abdullahi, de Gouvea, Dutta, Shoemaker and ZT,

Searches for : PRL (2024)
LFV L|ght Dark N . “Probing new physics at DUNE operating in a beam-dump mode”,

Brdar, Dutta, Jang, Kim, Shoemaker, ZT, Thompson and Yu,

Matter PRD (2023)

° “Axion-like Particles at Future Neutrino Experiments: Closing the
Cosmological Triangle”,
Brdar, Dutta, Jang, Kim, Shoemaker, ZT, Thompson and Yu,
PRL (2021)

° “Z's in neutrino scattering at DUNE”,
Ballett, Hostert, Pascoli, Perez-Gonzalez, ZT and Funchal,

PRD (2019)

3/26/2026 Zahra Tabrizi, PITT-PACC Langley Fellow 53



Fantastic Beasts and
How to Find Them With Neutrino Experiments

3/26/2026

Zahra Tabrizi, PITT-PACC Langley Fellow
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Fantastic Beasts and
How to Find Them With Neutrino Experiments

Resonomce.

Quasfehshc

Zahra Tabrizi, PITT-PACC Langley Fellow
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Fantastic Beasts and
How to Find Them With Neutrino Experiments

3/26/2026 Zahra Tabrizi, PITT-PACC Langley Fellow 56



Fantastic Beasts and
How to Find Them With Neutrino Experiments

Neutrino Experiments as EFT at Neutrino Experiments:
Dark Sector Factories Indirect Effects of Heavy New Physics
“New Particles” “New Interactions”

Resononce.

W 2

3/26/2026 Zahra Tabrizi, PITT-PACC Langley Fellow 57



Fantastic Beasts and
How to Find Them With Neutrino Experiments

Neutrino Experiments as EFT at Neutrino Experiments:
Dark Sector Factories Indirect Effects of Heavy New Physics
“New Particles” “New Interactions”

Ultimate goal: unifying
_~Neutrino-Collider
BSM searches

Resonance.

\

@hame\(\s}ﬂb

W by
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Fantastic Beasts and
How to Find Them With Neutrino Experiments

Neutrino Experiments as EFT at Neutrino Experiments:
Dark Sector Factories Indirect Effects of Heavy New Physics
“New Particles” “New Interactions”

Ultimate goal: unifying
_~Neutrino-Collider
| BSM searches

Resononce.

thxale \QS*’\LJ

— We can explore most
Q@ of this landscape in the
next few decades

W zr
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Fantastic Beasts and
How to Find Them With Neutrino Experiments

Neutrino Experiments as EFT at Neutrino Experiments:
Dark Sector Factories Indirect Effects of Heavy New Physics
“New Particles” “New Interactions”

Ultimate goal: unifying
_~Neutrino-Collider
BSM searches

Resononce.

\
l Qum.e\qs}np

We can explore most
of this landscape in the
next few decades

W zir
3/26/2026 Zahra Tabrizi, PITT-PACC Langley Fellow ' l la WR YQ“'!
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Back up Slides

Zahra Tabrizi, PITT-PACC Langley Fellow
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EFT at neutrino experiments

We developed the systematic QFT
approach to neutrino oscillations in the
SMEFT framework!

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

But what is new here?!

3/26/2026 Zahra Tabrizi, PITT-PACC Langley Fellow 62



EFT at neutrino experiments

We developed the systematic QFT
approach to neutrino oscillations in the
SMEFT framework!

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

But what is new here?!

Traditional NSI approach: Neutrinos are not pure flavor states!

Standard NSI approach NSI parameters

/

1
Cannot be matched with SMEFT; o) = — | lva) + Z €0l 1)
No comparison of results with other experiments; Na I

y=e,u,t

Does not capture different kinematic dependence

due to new interactions; d 1 d
. ) ’ . (gl =— [yl + (v, le

Misses chiral enhancements/suppressions; P N/‘;’ / yg:‘” v

Normalization

Take home: Traditional NSI methods do not work. We must use
the correct QFT approach for EFT studies!

3/26/2026 Zahra Tabrizi, PITT-PACC Langley Fellow 63
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QM-NSI Description

Neutrinos are not pure flavor states:

Standard

&)

Normalization

Standard NSI approach

Non-

standard

>0

NSI parameters

Rotation of flavor states at the source

Rotation of flavor states at the detector

Zahra Tabrizi, PITT-PACC Langley Fellow
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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)

LAmM?2

M Z e_iz—Evﬂ Ts]ak s [xd]ﬁk [wd]?éz

k.l

v, =(14+SU* & ag=(1+eHTU

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

3/26/2026 Zahra Tabrizi, PITT-PACC Langley Fellow
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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?

3/26/2026 Zahra Tabrizi, PITT-PACC Langley Fellow 66



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)

3/26/2026 Zahra Tabrizi, PITT-PACC Langley Fellow 67



Comparing QM and QFT

Only at the lmear Order: Falkowski, Gonzalez-Alonso, ZT, JHEP (2019)
Neutrino Process | NSI Matching with EFT
ve produced in beta decay eep = [eLlep — lerles — 35 Foieylerlin
. 4 1—3g% me 3
ve detected in inverse beta decay €5 = [€L]ep + 1+33§ [er]es — 5 (1f§g§1 [es]es — 11‘32% [ET]eg)
m2 *
v, produced in pion decay €5 = [€L]s — [€R]}p — m[ep]uﬂ

* Different NP interactions appear at the source or detection simultaneously
* Some of the px;/dxy, 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.

3/26/2026 Zahra Tabrizi, PITT-PACC Langley Fellow 68




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 consistency condition is not satisfied in general
10%¢ . ——ry

10°
104;
10°
102
105

10°%

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

Production Coefficient

10'1;
10'2:
ey = [dllp AR AP e JdpARAY 10

J dilp | AT J dllp|AD|? 10745 ]

_5 1 1 1 1 1 1 1 1 I 1 1 1 7
10 1 200 500 1000 2000 5000

3/26/2026 Zahra Tabrizi, PITT-PACC Langley Fellow Neutrino Energy E, [GeV] 69




WEFT Power Counting

AR

* Dim-6: —=_C (:‘)2(
Rsm

e Dim-7: Cannot interfere with the SM amplitudes, suppressed!

Liao et al, JHEP 08 (2020) 162
_ AR

* Dim-8: —— =+/ceg E?/v?

Rsm

3/26/2026 Zahra Tabrizi, PITT-PACC Langley Fellow
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EFT ladder WEFT: Effective Lagrangian defined at a low scale p~ 2 GeV

A

| TeV -

100 GeV -

10 GeV -

3/26/2026

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

W, ] )
3 {11 H{eL)us (@ Pud) Far Prvg)

+a6 (a'YuPRd) (Za'YuPLVﬁ)

+ 5{ehs (0) Ca L) - S(eP)as(@15d) (0o PLos)

1 .
+ Z@aﬁ(ﬁUWPLd)(EaUWPLVg) + h.c.}

LwWEFT DO -—

* NC: New left and right handed interactions

2 _ -
LWEFT D —U—z(Va'YuPLVﬁ) (f7uPXf)

* Neutrino experiments
* Hadron Decays
* B-decays

Zahra Tabrizi, PITT-PACC Langley Fellow 71



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:

Vud

Ly D _v_2{gv [+ &+ Eplap (77"n) (Lo, PLvs)

A [1 S-4EF, — fR]aﬂ (I_W“%n) (ea'YuPLVﬁ)

+ gS[ES]aﬁ(ﬁn) (ZO(PLVB) - gP[GP]aﬂ(mSn)(ZaPLVB)
1 R i _
+ §gT[eT]a5(pa“ Prn) (oo PLyvg) + h.c.},

Lee-Yang

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

ga = 12728 £0.0017, gs=1.0240.11, gp=2349+9, g7 =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 at neutrino experiments

e
a
We proposed a systematic approach to neutrino / s
oscillations in the SMEFT framework! °___) e
y/ — — m— m—
L

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

Upmns
I Observable: rate of detected events
Ve . -
vo ~(flux)x(det. cross section)x(oscillation)
. (. J
: :1 l l — \r/
CC EFT NC EFT
depend on the kinematic and spin variables
ME = Ux AP+ Y [exUT* AL
X
M5, = UpA? + 3 [egU1A2 Corrections to fluxes/cross sections
X

O.Total — O'SM + EXO'Int + SXZO'NP"’ O'SM(I+8X dXL + £X2 dXX)

¢t = M + ex ™ + ex? PN~ M (1+ex pxi + ex® Pxx)
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EFT at neutrino experiments

e
a
We proposed a systematic approach to neutrino / s
oscillations in the SMEFT framework! °__) °
y/ — — m— m—
L

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

UPMNS
I Observable: rate of detected events
Ve . -
vi, 1 ~(flux)x(det. cross section)x(oscillation)
v, ™ H B (& ~ _/ V

CC EFT NC EFT

X LAm?2

B =@ Mg z:e_Z o [UprUa + Px(exU)iUat + X LUk(exU) ot + pxx (€xU)fr(exU) ai]

k.l
X [ngU[’;l + dXL(fXU)ﬁkU[;I + d,;(LUBk(GXU);’l +dxx (EXU)gk(GxU);;l]

pTotal~ pSM(1+ex pxy + €x° Dxx)

O'TOtal’V O'SM(I'l'SX dXL + SXZ dxx)
3/26/2026 Zahra Tabrizi, PITT-PACC Langley Fellow 74




EFT at neutrino experiments

Ca
We pioneered a systematic approach to neutrino / €
oscillations in the SMEFT framework! °__)
o ——— O
L

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

UPMNS
I Observable: rate of detected events
Ve . -
vi, 1 ~(flux)x(det. cross section)x(oscillation)
v, ™ H B (& ~- _/ \f/

CC EFT NC EFT

1 - 0 0 0 Acc
HF=E(UMU+A) M2=(0 Am2, o |, A=[ o
0 0 Amk 0

3/26/2026 Zahra Tabrizi, PITT-PACC Langley Fellow 75
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EFT at neutrino experiments

Ca
We pioneered a systematic approach to neutrino / €
oscillations in the SMEFT framework! °__)
o ——— O
L

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

UPMNS
I Observable: rate of detected events
Ve . -
vi, 1 ~(flux)x(det. cross section)x(oscillation)
v, ™ H B (& ~- _/ \f/

CC EFT NC EFT

1 Eee 5e,u Eer
Hr = — (UM?U' + A) + +V2GFNe | cpe Eup Eur

Ete ETpJ Err
3/26/2026 Zahra Tabrizi, PI1 1-PALL Langiey Fellow 76



EFT at FASERvV

400

Number of Events per 150 fb~!

(8]
o
<

200

[S—
)
O T T T

£ of v, events at FASERY, [elkylop=0.2]
|- - -(0.05%) e ’
e el -(0.4%) €

500 1000
Neutrino Energy E, [GeV]

75000 10

2000

1500+

1000/

500/

too

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

|+ of v, events at FASERv, [egi(Y](yﬁ:O.Z
[ - e (02%) e |
e el -(2%) €

_____ E;‘es e Ecs B

500 1000
Neutrino Energy E, [GeV]

75000 10%

4 T T T T T L T T T T T T T T
 of v, events at FASERY, [€Xy]qs=0.01
|- epd - - (02%) e
e e Q%) e

M e & ]

-

5001000 5000 10*
Neutrino Energy E, [GeV]

00

*  Analysis is statistics dominated: v¢~1000, v,~5000, v.~10
*  Optimistic systematic uncertainties: 5% on ve, 10% on v, 15% on v,

* Pessimistic systematic uncertainties: 30% on ve, 40% on vy, 50% on v,

3/26/2026

Zahra Tabrizi, PITT-PACC Langley Fellow
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Pion Production

decay

Due to the pseudoscalar nature of the pion, it is sensitive only to
axial (g;-€g) and pseudo-scalar (ep) interactions,

pLL = —Pr. =1, pprL = —DPR
mA
prr =1, fppp= —F—"—.
m#(mu +my) ~27
~700!

e Larger pyy = smaller €!

pTotal ~ pSM(1+ey pxy + €x* Dxx)

Huge overall flux
normalization for pion
decay!

3/26/2026

(0] dysu|m™ (pr))

Zahra Tabrizi, PITT-PACC Langley Fellow

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

Vu
(4 W-
n —
u
-

m(dU) — p- + 9,

(O] dy*ysu |7 " (pr)) = Dl fr

2

.m
= —j E__f

My, + My
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Production

kaon

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

Both 2-body and 3-body kaon decays contribute: \-’u
W_
106_FASERV - | — K-{s
- > pl'I',f': T
L N 1 u _
e . g
R J From2-b decay K=(stl) —» p-+ v,
=} E E
= : -
5 102 N - B
= : 4 - u O
= of ; _
.% 10 U
3 -1
E 10 W~
1072 ] _
103 g -.-M_____,_,_.-.-.-.-.---------------"'""'Z;‘;'L'T"'%; » g
10_% ? From 3-b decay
10-5L - A oo ] ; . — — |z~ M 0\ _ pu 2 m 2
100 200 500 1000 2000 5000 (7 |57v"ulK°) = P* £ (¢°) + ¢* f-(q°) ,
Neutrino Energy E, [GeV]
(rloul %) = - T ),
L. ) 7 |su = —
Depends on energy distribution of K%, K| ms — )

or Ks at each experiments

p"p,r—pnpK 5
— Br(q°),
K

(™ |50 u|K°) =
3/26/2026 Zahra Tabrizi, PITT-PACC Langleyiaks




Detection

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

10 .
XY .7, .
i e Deep Inelastic
S 4 S I 1
N ] s s Scatterin
M T €
A= [ RR .
D 10-1E----qg.—-----':;:::;:;.‘;:;'.;Z;Z"c's"":""': """"" dy 4 £
) -dgcsl/PP U
Z :
N I e A A A
§ N d§SS/PP
= T g X
10—3 q
1 1 1 a3 a1 1 1 1
100 200 500 1000 2000 5000
Neutrino Energy E, [GeV]
£x? is more important
O.Total _ O'SM(1+£X dXL + EXZ dXX) ltha[n EX!
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RESULTS

Turning on one interaction at a time: Right handed A. Falkowski, M. Gonzdlez-Alonso, J. Kopp, Y. Soreq, ZT
JHEP 10 (2021) 086
Optimistic (5%, 10%, 15%) and Pessimistic (30%, 40%, 50%), uncertainties on electron muon and tau neutrinos
€

104 103 102 10 1 107! 102 103 10* 1075
L=150 fb~',90% C.L.

I-» 7 decay

v, -ve
|—>7rdecay
|—>7rdecay
H ud
From pion decay and DIS = €R"~ b rdecay
P decay
B 021/8.4x10-2/3.9%10~> K decay
11.2/0.81/0.51
— 10.19/0.16/9.8x102 I
s 10.32/0.19/0.14
€p” | -2 2 /1. =2 I K d
From kaon decay and D|S - R 7.5%1072/6.8%10~2/1.7x10 || > K decay
_’ 8.6x1072/7.2x10~2/4.4x10~>
0.83/0.69/0.43 |
0.41/0.34/0.21
11.9/4.9/2.9 | > 7 decay
B 3.1/1.1/0.98 > D decay
1.0/0.49/0.43
8.1/6.4/3.5
o 3.0/2.6/1.4
P €5’ -
From charm decay and DIS + R 237141094 b D decay

10.6/9.7/4.9

' 0.23/0.19/0.12

0.42/0.30/0.13
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RESULTS

Tu rnlng oh one inte ractlon at a tlme: Sca Ia r A. Falkowski, M. Gonzdlez-Alonso, J. Kopp, Y. Soreq, ZT
JHEP 10 (2021) 086

Optimistic (5%, 10%, 15%) and Pessimistic (30%, 40%, 50%), uncertainties on electron muon and tau neutrinos

10* 103 10? 10 1 107 102 102 10* 107
TT T III'Illlll III'Illlll rnlllll r“'hlll r“'hlll II'II1|||| III'I1|||| III'I1|||| III'I1|||| III'I'I
L=150 fb~',90% C L.

cons.: 0.17/opt.: 9.3x10~2 /future: 6.9x10~> P K decay
0.27/0.23/0.13 > K decay P ﬂ!e >
—] 4.2x1072/3.5x1072/2.1x10~2 LHC' o= | K decay '
0.26/0.22/0.12 > K decay ]
€ us : H—e con.
From kaon decay « R P 0340340012 > K decay
0.11/9.6x10~2/5.9x10~2 l > K decay

3.9/3.3/2.0 ! 7 decay -} LHC
1.9/1.6/0.93 7 decay |-} LHC
57.3/23.1/14.1 I LHC e  decay

1072 107! 1 10 102
A=v/V & [TeV]
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RESULTS

Turning on one interaction at a time: Tensor

Optimistic (5%, 10%, 15%) and Pessimistic (30%, 40%, 50%), uncertainties on electron muon and tau neutrinos

From DIS

From charm decay and DIS +—— €f°

3/26/2026

10* 103 10? 10

A. Falkowski, M. Gonzdlez-Alonso, J. Kopp, Y. Soreq, ZT
JHEP 10 (2021) 086

107! 102 10 10* 107

L=150 fb',90% C.L.
“eef cons.: 1.1/opt.: 0.37/future: 0.29 I—» S decay
] 0.38/0.27/0.14 _. > B decay ”jlje b
2l 3.4/2.4/1.4 P Bdecay |7 decays
[
\ J75] 1.7/1.0/0.66 P LHC .,
e‘%d- I 1.4/0.52/0.48
Jlag 4.6/4.3/2.0 > LHC
ﬁ T€ 0.17/0.14/8.6x10'2 i“ 7 decays |—> 7 decays
L s ol K7 7.6x102/63x102/3.9x102 decays| - LHC
kxd 2.5/1.0/0.61 7 decays| - LHC
94 3.1/1.1/0.89 | LHC
X v LHC ]
e o Y 1.1/0.52/0.46 S ”_}e%) N
2d 8.6/6.8/3.7 Pt decays
LH ]
JT 3.1/2.7/1.4 > LHC ”_}% N
2.2/1.5/0.92 »LHC
Jleg 11.7/11.2/5.2 |p»LHC
k(< 0.54/0.45/0.28 Pt decays
k97 0.25/0.21/0.13 | LHC
red 7.9/3.2/1.9 P LHC
L 1 lllllll 1 Il lllllll L L lllllll L L Illllll L L LAL LLlLll
102 107! 1 10 102
A=v/N € [TeV]
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Neutrino experiments:
* Many more operators can be
probed (81 at FASERv)

Low energy:

* Independent of the underlying
high-energy theory

High-Energy:
*  SMEFT is the underlying theory
* Bounds are less robust

Bounds shown in bold face have been
calculated in this work

3/26/2026

EFT at FASERv

A. Falkowski, M. Gonzélez-Alonso, J. Kopp, Y. Soreq, ZT

JHEP 10 (2021) 086

FASERv Flavor Experiments Colliders
Coupling Low energy (WEFT) High energy / CLFV (SMEFT)
90 % CL bound process 90 % CL bound process
[51;‘1(1]33 4.6 x 1077 Pn—»eu/rw—mu
G 73x107%  Tre/Tamw [7] 2.0 x 108 u — e conversion
[€4]er 73x107%  Tren/Trmuw [7] 2.5x 1073 LHC [64]
[e%d] pe 2.6 x 103 Trsev/Trasuw 2.0 x 1078 4 — e conversion
(€4 9.4 X 1078 Troer/Tromw
(€4 ,r 2.6 x 1073 Troer/Tramsuw
G 9.0 x 10~2 Tromy 5.8 x 1073() /4.4 x 104 LHC [65] / 7 decay [64]
G5 9.0 x 102 Trom 5.8 x 1073() LHC [65]
[€w], - 8.4x 1073 7-decay [65] 5.8 x 1073() LHC [65]
[E%S]ee 1.1 x 106 I‘K—>eu/rK—>uu
(€% e 2.1 x 10~° Tk—ev/TKouw 6.2 x 1077 1t — e conversion
[€5]er 2.1 x 1075 Tk—er/TKouw 7.1x 1072 LHC [64]
(€] e 2.3 x 103 Ik—er/TK—uw 6.2 x 1077 4 — e conversion
[61;35],1# 2.2 x 104 FK_N;,,/I‘K_)#,,
(€] ur 2.3 x 1073 Tkoev/TKow
[€%] e 6.4 x 102 ok /T | 31 x1072()/8.1x 1072 LHC (data [66])/7-decay [64]
G5 6.4 X 102 Trok /T 3.1 x 1072 LHC (data [66])
G- 1.3 x 1072 7-decay [67] 3.1 x 1072() LHC (data [66])
[€5]ee 4.8 x 1073 I'p.—ev 1.3 x 1072 LHC [68]
(€] e 4.6 x 1073 I'p.sev 1.3x 1072 /2.7 x 10~% LHC [68] / 4 — e conversion
[€55]er 4.6 x 1073 | 1.3x1072 /1.9 x 1072 LHC / 7-decays [64, 68]
(€55 e 8.9 x1073 | Y 2.0x 1072 /2.7 x 107  LHC [68] / 4 — e conversion
(€45 1.0 x 1073 | S 2.0 x 1072 LHC [68]
(€55 ur 8.9 x1073 b, 2.0 x 1072 LHC [68]
[€%]re 2.0x 101! T'p.or 1.6 x 1072 / 1.9 x 1072 LHC / 7-decays [64]
(€3] 2.0 x 1071 b, 2.5 x 1072 LHC [68]
G 3.2 x 1072 T'p.r 2.5 x 1072 LHC [68]
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Muon Beam Neutrinos:

1010 -
energy spectrum for v, + G”J
MuC 3TeV
109 (lton'ye—a’r)____\ - ~
Pl s S 2
o Zete s uC 10Te t L 500
108 o L g N ~ 10° x (ﬁ> X (—) X (—) X (7m>
= m W == MuC 3Tev kg yr 50 m D
3 P -~ (10kg-year)
Q 10 s z o
% SND@ECN3 __. A MuC 10TeV
g, 106 e //‘f.——:? ______ ” (10kg-year)
3 L7
S 10 ,17/ - Lo FPF - .
e CHORLS” o~ 107 and 10° total interactions at the
104 i .
; I forward region for the 10 kg-year and
10° SND@LHC
1 ton.year setups
10° 10! 10? 10° 10
Neutrino Energy E [GeV]
2 ut
Forward Detectors: o, central detector /7
e.g. MuColv V'V, V'V,
F.Kling, Y. Ma, K. Mekata, J. Reuter,ZT @ (. }eeeeerrriirrimmemee—————eeeeee e L z_
arxiv: 2508.00761 () l°
« > MuColv
straight section length L
distance to detector D
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Neutrino EFT:

MuColv: colored bars

Dark/Light bars: 10 kg.year/10 ton.year

4,C,t
(08 Ga[;

d,5,b

New physics reach at tens of TeV

Several dominant constraints

3/26/2026

F. Kling, Y. Ma, K. Mekata, J. Reuter, ZT
aréxiv: 2508.00761

102 1073 1074 1073

1 10!

Dark Bars: 10 Kg.yr

MuC 10 TeV,90% C.L.

Light Bars: 10 ton.yr Excluded
n decay 4—'
e}p‘d —
<—| 7« decay
ﬁﬁ(
~—| Kdecay
)
g €Ys —
p ‘—I K decay
€f’ =
raal
10
A=v/AJex [TeV]
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Neutrino-Neutrino Collider?

T. Han, Y. Ma, K. Xie, arxiv: 2007.14300

10 —
PDF from EW radiation Q%12 —Q=3TeV
b= iy D
= e

\
Q- :-
@, @

\ iy
Q—

SN

Credit: Innes Bigaran

High energy Muon Collider as a high energy Neutrino Collider

Bigaran, De Gouvea, Han, Jaffredo, Low, Ma, ZT, Xie,
In Preparation
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Neutrino-Neutrino Collider?

Flavor-conserving 4-lepton operators

Two flavors (a < b=1,2,3)

Il+ﬂ_: [CM]; [Cfe]: [Cee]

C; D=6 [0) L0500 (Lyo™L
— - aa a b
L = ﬁSM + E _201, : [Oee] (Z ue )(eb " )
— + [C ] [C ] [Oe]abba = (_Uub)(bo' a)
J BV [Copli 1L re [Otelaath = (€aTula) (€5025)
[Oteltbaa = (fbﬁufb) G149
37 Ote)abba = (£aT uly)(e50HES)
vv:|C [ ubs) (e§oe;
[Cee (Ocelaats = (€50,25) (€50425)
30
Preliminary —_— Wy - ete”
20 e
IS - - Combined Bigaran, De Gouvea, Han, Jaffredo, Low, Ma, ZT, Xie,
o 10 In Preparation
g
<
g 0 *
S
+ -10
=
-20
9% 50 ~10 0 10 20 30

107 [Culi221 (A/TeV)?
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CCQE Hadronic Matrix Elements

" Kopp, Rocco, ZT, JHEP (2024)
SM-Interactions:

VQC'l'Ol‘ OU”‘Q”"’: Form Factors well understood (constrained by eN scattering)

Axial Current:
MR Trrrr oo L L BN IR
— Dipole, M4=0.961 GeV
10% - D2 3
~» LQCD
2 10k \ poorly constrained by expt.
% E ]
&5
é -
£ 10%
10‘1E

0. 05 1. 15 2. 25 3. 35 4.
Momentum Transferred Q2 [GeV?]
3/26/2026 Zahra Tabrizi, PITT-PACC Langley Fellow
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NEW-Interactions:

Kopp, Rocco, ZT, JHEP (2024)
o We add new scalar, pseudo-scalar and tensor currents;

o Interference with the SM;

o New Cross Section Contributions:

3/26/2026 Zahra Tabrizi, PITT-PACC Langley Fellow
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NEW-Interactions:

o We add new scalar, pseudo-scalar and tensor currents;

o Interference with the SM;

o New Cross Section Contributions:

Scalar: conservation of the vector current/{CVC):

QCD
M oy SN 6ty

2y _
Gs(Q7) = 5mq i

o We cannot neglect G (second class

current ) anymore!

3/26/2026

Form Factors

Zahra Tabrizi, PITT-PACC Langley Fellow

Kopp, Rocco, ZT, JHEP (2024)

-IGT lii

@) l

|Gs (Gs#0)|

|Gs (Gs=0)|

L om
ot

0.705 1

15 2. 25 3. 35 4.
Momentum Transferred Q2 [GeV?]
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NEW-Interactions:

Kopp, Rocco, ZT, JHEP (2024)
o We add new scalar, pseudo-scalar and tensor currents;

o Interference with the SM; e e

— Dipole, M 4,=0.961 GeV
o New Cross Section Contributions: 102 [. D2 ]‘-
~ LQCD
Pseudo-Scalar: partial conservation of the axial » 1oL \V
=4 E
current (PCAC) k;
é -
£ 10%
M 212Mn ~
Gr(@) = MG (gt + LL2MN G2 !
Mg 2my 10-1L

0. 03 1. T3 T2 355
Momentum Transferred Q2 [GeVz]

»D2: neutrino-deuterium data (shaded band)
»RQCD Collaboration (hatched band)
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CCQE Neutrino-Nucleus Cross Sections:

Kopp, Rocco, ZT, JHEP (2024)

Cross Section Terms [107°® cm?]

12:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII1I6|IIIIIIIII: 12:IIIIIIIIIIIIIIII‘IIIIIIIIIIII|IIIIIIII1I6|IIIIIIIII:
5% Gg=0 Vu="0 ] E 5% Gg=0 I Ve =0 ]
¥ S Gg20 - Dipole, M4=0.961GeV| 1 N St Gg20 w . Dipole, M;,=0.961GeV| ]
f -- D2 - C & I -- D2 ]
10F: v — Lac - 10k % 1 — Lacp -
.—.- Nucleon E E § | .—.- Nucleon E
S: EY :
8L 5 s 5! :
00 L K= | ]
on - o 7
o f % | R
.................................. 1 — : e ‘/ :
.......... .:‘f—‘—“'"'-":-“"'i [—] - ﬁ I ././ ]
6' _»v’v_,\.l\/~’v.—3 8 6:_ ?I /TT6 A
’ 13 ¢ g
1 »vn» [ |
7 @ C
4 1 & 4t
. Y L
—— 1 O :
2 2F
O P e e e e of =
0 10 0 4 10
Neutrino Energy [GeV] Neutrino Energy [GeV]
o CCQE Neutrino-Nucleus Scattering; o z-expansion fit to LQCD and D2 data;
o All non-standard interactions; o Nuclear effects;
o For all neutrino Flavors; o Comparison with nucleon scattering
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“What is Dark Matter?”

We don’t know!

There could be
several kinds, making
up a whole “dark
sector”
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“Where is Dark Matter?”

We don’t know!

1'-------------- 80 orders (ﬂfﬂllﬁ@@li@“(ﬂetIIIIIIIIIIIIIIIIIIIIIIIIIIII.P

-1
\o oV eV KCV
Light DM
®RCD Cimit
Axton Thermal Relic

3/26/2026

Zahra Tabrizi, PITT-PACC Langley Fellow
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Light Dark Matter

Photons at the target kinetically produce Dark Photons, which decay into dark matter:

&

LD—2

M?2,
FWF,+—2A A"+ |Dug|* — M3 |9

2
D, =9, —igpA,, gp =+4map

DM production DM detection
% ¢
X - @ L™ P -® -
LT ¢ — N
.’
090'
A ’s.. o
QQ - -
? e ¢
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Light Dark Matter

DM signal: elastic scattering on electrons

? ¢ How can we get rid of

[ 4
Py
LYY LA

®a

neutrinos in a neutrino
detector?

But so do neutrinos!

oo oo

QJN (/\)C) QJN
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Proposing a movable target system at DUNE

| Probn Beam

We can dump protons directly to the dump area!

Gains:

* Shorter distance between the source and the detector — more DM signal;
* Charged mesons absorbed in the Al beam dump before decay;

* The v flux decreases — Much less v background.

Brdar, Dutta, Jang, Kim, Shoemaker, ZT, Thompson, Yu
PRD (2023)
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Light Dark Matter at Targetless DUNE

1078

10~°
g :
éc -
-10
§ 10 E
— ap=0.1, my=3my 7
§ =
, i
W 1071 e
ol DUNE
- Dump, 3 mo/0.6 MW
i~ 2 o Dump, 1 yr/1.2 MW
1012 P Breitbach et al | eeee= @" Shape, 5 yr
De Romeri et al | smemem. @" Prism, 5yr
1 | I ] 1 1 1 1 1 1 1 I
1072 107
my [GeV]

Brdar, Dutta, Jang, Kim, Shoemaker, ZT, Thompson, Yu
PRD (2023)

Target-less DUNE can probe the parameter space
for thermal relic DM in only 3 months!

Zahra Tabrizi, PITT-PACC Langley Fellow
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3/26/2026

For DM searches, a neutrino
detector could even do better
than a dedicated DM

experiment!

Zahra Tabrizi, PITT-PACC Langley Fellow
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e 1) Direct Search of Dark Sectors:

— ALPs v
— Light Dark Matter v/
— LightZ’
e 2) Indirect Search-EFT:
— Why EFT?
— EFT ladder
— EFT at Neutrino Experiments

e Conclusion
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prah
A new gauge boson? The Standard Model of

Particle Interactions

Hypothetical gauge boson that appear in many I II II
extensions of the standard model

Z'BOSON

The Z' Hunter's Guide

* What is its mass?
* Which particles does it talk to?

0000000000000

LIGHT HEAVY
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Light 7’

Low Energy Experiments

Miranda et al, JHEP (2020)

Coloma et al, JHEP (2021)
Caddedu et al, JHEP (2021)

Fixed Target Experiments

Gninenko, PLB (2012)

Tsai et al, PRL (2021)
Bauer et al, JHEP (2018)

Neutrino Trident Searches

Altmannshofer et al, PRL (2014)
Ballet et al, JHEP (2019)

Neutrino-Electron Scattering

Harnic et al, JCAP (2012)
Lindner et al, JHEP (2018)
Ballet et al, JHEP (2019)

Colliders

BaBar Collaboration, PRL (2014)
BaBar Collaboration, PRL (2017)

Cosmology
Escudero et al, JHEP (2019)

Ematter

What can we learn from neutrino experiments?

= —¢'(au 87*u + ag dy*d + a. e7°e
+ b ey Prve + by, 9, Y Pry,, + by 0.7 Prv;) Z),

e, u,d e, u,d

A A
'\"’3‘_-“.
0.2 a
photon 91 GeV o
0 GeV
Ve Ve news.fnal.gov

The list is far from being exhaustive!
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Light 7’

* Low Energy Experiments
What can we learn from neutrino experiments?

L7 = —g (ay, Wy%u + ag dy*d + a. ey%e
° i i = 1) 1) 4
Fixed Target Experiments + be 7eY* Prve + by 7,7 Py, + by 7:7° PLVT) 7z
e, u,d e, u,d
Neutrino Trident Searches
Altmannshofer et al, PRL (2014)
Ballet et al, JHEP (2019) ?
. . L ]
* Neutrino-Electron Scattering 2
== Z boson @
photon 91 GeV
0 GeV
* Colliders 7 vy news.fnal.gov

e Cosmology

The list is far from being exhaustive!
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Neutrino Trident Scattering

Production of a charged lepton pair
in the scattering of a neutrino

in the Coulomb field of a heavy nucleus/nucleon

CHARM II
PLB (1990)

CCFR

PRL (1991)

Vancouver 1998,
High energy physics, vol 1

3/26/2026

Vo + N = vg+L€5 +45 + N

Va (orB)
Vo /

ls
0! b5
OCHARMI _ | 584057 ] 4
Osm
OCCFR _ .82 + 0.28 | Very large uncertainties
OsM R « Very few events observed (~100)
ONTY _ 0,67 +0.27
Osm

Zahra Tabrizi, PITT-PACC Langley Fellow 105



Trident rates at LAr Detectors

”0
K- 14
n 0 <:)/

Magnetic Focusing Horns Decay Volume
T
"
Program .
¥ — fr—— 3%

Channel SBND pgBooNE ICARUSE DUNE ND
Total ex ™ 10 0.7 1 2993 (2307)
2 0.1 0.2 692 (530)
Total eTe™ 6 0.4 0.7 1007 (800)
0.7 0.0 0.1 143 (111)
Total ptp~ 0.4 0.0 0.0 286 (210)
0.4 0.0 0.0 196 (147)

Coherent (upper) and diffractive (lower) trident events for (anti)neutrino mode

More than 9,000 trident events at

DUNE!

Ballett, Hostert, Pascoli, Perez-Gonzalez, ZT and Funchal, PRD (2019)

3/26/2026 Zahra Tabrizi, PITT-PACC Langley Fellow
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Light Z: L,,-L Model

* Z’ only couples to muon and tau, but not to electrons;

] HE colliders only have
* It can explain the muon (g-2) anomaly; access to large masses!

° . ° . I = TITTmg T LA L | LR NRLL | LI ]
Can be best probed using tridents; - CCFR ]
Yy Yy [ |
0.1¢ -
/4 — - ;
- Trident :
—— put g
7 0.01 -
N N i ]
1073E '

0.01 0.1 | 10 102 10°
m, (GeV)

Altmannshofer, Gori, Pospelov, Yavin, PRL (2014)
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Light Z: L,,-L Model

D U N E Ballett, Hostert, Pascoli, Perez-Gonzalez, ZT and Funchal, PRD (2019)
eqg mi
&= 7 5
11275 mz
1072 4
>
1073 1

DUNE 90% C.L.
putp” trident
. ANgg > 0.5 . (9—2)ut20 m— = — ¢ scattering
10_ Y L ! USUES S | N U L7 N AN B 7N | Y L LIS PR TR O AL | N 2 s & LI T |
102 107! 10° 10
MZ’ (GGV)

The whole g-2 region can be probed by DUNE data}

3/26/2026 Zahra Tabrizi, PITT-PACC Langley Fellow
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EPA assumptions
1) Neglecting the L contribution ( h"(¢? 3) o}, (¢%, 3) ~ 0).

2) Taking the T contribution of the cross section to be on-shell ( @ 0y (0%,3) = 0,,(0,3) ).

O't(Pl-'l'Cs—)Pf‘I'Cs)N JdP(Q2,§)67(Pl+},_)Pf9§,Q2=O)

QED | Fermi Limit of the SM I
QED(p P.: 5.0 1 FL . A 2 a
o (Pi+y— f,S,)mg o, (P;+y — P;5,0) x G;: §
Decreases with Increases with
increasing transferred increasing transferred
four-momentum four-momentum
On-shell >> off-shell On-shell << off-shell
Ballett, Hostert, Pascoli, Perez, ZT and Funchal

JHEP 1901, 119 (2019)
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ooy
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40
1sAT
1025"'|"'|"'|"'|"'|"'|"'|"':
10'F
-
1005—1/ //, E
W/ :
4
-1 /I -
10 / E
l; — VoV uTET = vy ete 3
— Vv €t == veove ptu ]
— oV €T == vesv pte ]
102 I PR PRI EPRE BN RN B
5 10 15 20 25 30 35 40
n
L o e O L e i
10%F v
10'r e
10%F 3
10-1¢ — VPV T = veveete
— VuoVy €teT == Veove T ]
I — VoV etuT == VeV ptem ]
10_2 v b b v b b b by by

Trident Cross Sections

5 10 15 20 25 30 35 40

ooy

2pp
1025...,...,,..,,..,.. T T
10'F
100 E_',’ Pt e — 3
F/ -7 ]
i e ]
'l’ /’, 7
-'l ,/' 4
4
10! // E
/ = VoV T == vesveete ]
— vV €TeT == Vo, wru ]
— VoV, €T == Ve pte
ol e L e e
5 10 15 20 25 30 35 40
+
p
o B e I B e BRI B m
102 s
10'F 3
10° .
107! VoV B == v eoveete”

— VoV, eteT == Vv utuT

— + o=
— VoV €U == VeV e
0_2...|...|...|...|...|...|...|...

5 10 15 20 25 30 35 40

E, [Ge\Z?hra Tabrizi, PITT-PACC Langley Fellow E, [GeV]
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v flux/GeV/m2/10° POT v flux/GeV/m2/102° POT

Trident rates at LAr Detectors

do(Ey)

dEy G(EV)

Ey
N = time x # of targets x efficiency x / dE,
E;

10" DUNE g 107 SBND
Solid: v beam g" o v,
=) _
— LY
~ 1015 H
E v
% 10"
A L
= ]
g -
- ==
L7 . - e
": ' Solid: u* decay P
1015 Dashed: n* decay = g ___________
PN Dot—Dashed: K* decay ] s 100 [ T
\ ’-‘b"’ —— Y,V € €
107 : 1 10® T eV
' ] — Vv, etpT == Ve pte”
| - l l L1 1 l L1 1 l L1 1 l L1 1 l L 10—44 l L 1 l L1 1 l L1 l L1 l L1 l L1 1 l L
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Trident background analysis

Genuine dilepton production is rare, but mislID of particles is the problem.

Channel NJ*P/Nec NBE* /Nee N /Nec
misID eTuT  1.67 (1.62) x 107* 2,68 (4.31) x 107>  4.40 (3.17) x 1077
f ete”  2.83 (4.19) x 107* 1.30 (2.41) x 10~* 6.54 (14.1) x 107°
Tase ptu= 266 (2.73) x 1073 10.4 (9.75) x 10~*  3.36 (3.10) x 1078
¥ as ete~ NCC rCC | 1CC | +CC | ,CC
v-mode | 4.25 x 10% | 0.964 | 0.028 | 0.007 | 0.001
T as Il/i v-mode | 1.74 x 10% | 0.201 | 0.790 | 0.004 | 0.005

NC NC NC NC NC
N, tot r:zy rFu Tv. T:Z,

v-mode | 1.48 x 10% | 0.956 | 0.037 | 0.006 | 0.001
v-mode | 7.58 x 107 | 0.157 | 0.835 | 0.003 | 0.005

Reaching background rates of O(10°-107°) times the CC rate is necessary to observe trident events at
DUNE ND, which is an attainable goal in a LAr detectors.

Ballett, Hostert, Pascoli, Perez, ZT and Funchal
JHEP 1901, 119 (2019)
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We apply consecutive cuts on the background, starting with cuts on the separation
angle AB (red), both charged lepton angles to the beamline (8, and 6.) (orange) and the
invariant mass.

Ballett, Hostert, Pascoli, Perez, ZT and Funchal
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Trident rates at other Near Detectors

Experiment Material Baseline (m) Exposure (POT) Fiducial Mass (t) | E, (GeV)
INGRID Fe 280 3.9 x 102! [1022] T2K-I [T2K-1II] 99.4 0—4
MINOS[+] Fe and C 1040 10.56(3.36)[9.69] x 102%° 28.6 0—20
NOvA C,H3Cl and CH, 1000 8.85(6.9) [36(36)] x 102 [NOvA-II] 231 0—20
MINERvA | CH,H20, Fe, Pb,C 1035 12(12) x 10% 7.98 0—20
All have finished data taking or are still running
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Trident rates at other Near Detectors

INGRID

Channel T2K-I T2K-II MINOS MINOS+ NOvA-I NOvA-II MINERVA

Total e*u™ 563 1444 222 (56) 730 83 (72) 340 (374) 149 (102)
96 246 46 (11) 151 25 (22) 102 (114) 56 (39)
Total e*e~ 277 711 61 (15) 62 29 (22) 119 (114) 39 (27)
24 62 9 (2) 8 4 (4) 16 (21) 10 (7)
Total p*p~ 30 76 2 (6) 86 9 (9) 37 (47) 18 (13)
21 54 15 (3) 49 8 (8) 34 (36) 18 (13)

Coherent (upper) and diffractive (lower) trident events for (anti)neutrino mode.
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We study potential constraints which can be placed on a general set of
leptophilic Z' models in the two most likely channels for BSM scattering
at the near detector of DUNE: neutrino-electron scattering and neutrino
trident scattering.

LD —¢Z, |QE LIV LE + QR 63" (% + > Qn Ngy*Nr
N

We focus on the anomaly free leptophilic extensions of the SM:
Lo—Lg, a,B = {e,u, 1}, 0zB.

Anomaly free conditions fix the charges

Zahra Tabrizi, PITT-PACC Langley Fellow
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Phys.Rev. D100 (2019) no.5, 055012

Trident kinematical distributions
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Neutrino-Electron scattering

The vector and axial couplings with Z’:
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1
CY = —— +28% + 0ae +

b]
2 202G p MZ, + 2m.T.
AL "2
CA . _1 5+ Qe Qa (g )
o «e )
2 W2Gp M2, + 2m.T,
v — e, ¥ mode v — e, V mode
B g Mz 1250 g Mz
2500 1 -4 -4
—— 2.0 x 1074, 100 MeV il —— 2.0 x 1074, 100 MeV
20004 L —— 1.0 x 1074, 30 MeV 10007 —— 1.0 x 107%, 30 MeV
p 3 sSM 2 1 SM
2 1500 - i ™
- <
10004 [ 200 1
500 A 250 -
() - L - T T h () N F - - o - ' T T
000 025 050 075 1.00 125 15 0.00 025 050 075 1.00 125 15
E.6% (MeV) E.6% (MeV)

3/26/2026 Zahra Tabrizi, PITT-PACC Langley Fellow 118



Ballett, Hostert, Pascoli, Perez-Gonzalez, ZT and Funchal
Phys.Rev. D100 (2019) no.5, 055012

Neutrino-Electron scattering

The vector and axial couplings with Z’:

1 QYQL  (¢)?
«a 9 + 28w + . + 2\/§GF 1\[%/ +2m. T,
A1 QrQk (9)?
CQ — T a + 60(3 + 2 ’
2 2W2Gp M2, + 2m.T,

If we allow for kinetic mixing between the Z' and the SM gauge bosons, this kinetic
mixing in the L, — L, model also induces a v — e coupling:

1 d ee(q?)
\/§GF M%/ + 2meTe

1
CX=—§+23%V+5ae+
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|_e_|_H Model at DUNE: Phys.Rev. D100 (2019) no.5, 055012
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* The main constraint is from neutrino-electron scattering.
* The sensitive trident channels are:
u'u and ete”
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