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Oscillation Experiments
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New Physics Searches

Observable: rate of detected events

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

* Going beyond the oscillation;

* Fully leveraging the potential of these multi-billion
dollar experiments;

1) Direct Search of New Physics
2) Indirect Search:; EFT

3/28/2024 Zahra Tabrizi, NTN fellow, Northwestern U.



Physics goals of near detectors:

Primary role: Understanding Systematic Uncertainties

Ideal to investigate
___________ P rare/new neutrino
interactions

High beam luminosity +
Large fiducial mass

o< 10744 cm?

* Test SM predictions
e Search for BSM physics

Sanford

Underground
Research
Facility

.........
~
.
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Neutrino Experiments as Dark Sector factories!
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Credit: Kevin Kelly

The huge fluxes of neutrinos and photons can be used for BSM searches
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Neutrino Experiments as Dark Sector factories!

Events per ton-year

High beam Ideal to investigate Yy CC Total 1.64 x10°
luminosity + Large _ ¥ ¥ ¥ rare/new neutrino v, NC Total 5.17 % 10°
fiducial mass interactions y,—e 135
N IS § - e D LIRS § (-

. “Heavy Neutral Leptons via Axion-Like Particles at
Neutrino Facilities”,

Abdullahi, de Gouvea, Dutta, Shoemaker and ZT,
arXiv: 2311.07713 [hep-ph]

. “Probing new physics at DUNE operating in a beam-dump

mode”,
Searches Brdar, Dutta, Jang, Kim, Shoemaker, ZT, Thompson and Yu,
for LFV PRD (2023)

° “Axion-like Particles at Future Neutrino Experiments:
Closing the Cosmological Triangle”,

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

Leptons ° “Z's in neutrino scattering at DUNE”,

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

Credit: Kevin Kelly
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Photons at the target kinetically produce Dark Photons, which decay into dark matter:
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DM production DM detection
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De Romeri, Kelly, Machado, PRD (2019) )
(also Beam bremsstrahlung DM event rate ~ € ap

and Resonance production )
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Light Dark Matter

DM signal: elastic scattering on electrons

How can we get rid of
neutrinos in a neutrino
detector?

5

’

~ 9,400 v — e events / year!

3/28/2024 Zahra Tabrizi, NTN fellow, Northwestern U. 10



Proposing a movable target system at DUNE

Credit: Kevin Kelly

We can dump protons directly to the dump area!

Proton Beam

Magnetic Focusing Horns Decay Volume

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
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i 107
o DUNE
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1()‘12 o ) Breitbach et al | eeee= @" Shape, 5 yr
as? De Romerietal| smemea. @" Prism, 5yr
b B l ] 1 1 1 1 1 b1 l
1072 107!
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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!

3/28/2024 Zahra Tabrizi, NTN fellow, Northwestern U. 12



Axion-Like Particles (ALPs)

(pseudo)scalars, strongly motivated
by theory and cosmology;

Why is CP conserved in QCD?
Solution to the strong CP problem

(QCD axion);

DM candidates;

3/28/2024

particle physics experiments

P il
ExClUdEd by
astrophysics
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QCD axion range

Ciaran O'Hare
https://cajohare.github.io/AxionLimits
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ALPs at Neutrino Experiments
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Credit: Kevin Kelly
Using photons to produce ALPs:

1 .
Layy D =~ GayyaFu F*

4
ALP production ALP detection
Y AAAAANg - - = - a a------- g 7
WW\E — G- e e e e -
A—> > A—>» > |
Y
Primakoff scattering Inverse Primakoff scattering ALP decay

Primakoff process: Coherent conversion of y — a with Z? enhancement
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ALP-y at DUNE

ALP-scattering at LAr, 50-t

ete” = inv. +7

ALP-decay at GAr, 1-t

No Background (?)

1076 4 .
—— DUNE-like LAr (7 y)
;] — DUNElike GAr (1 y)
10779 --- DUNEJike GAr (7y)
g FASER (3 ab™!)
107°9 --- SHIP (5y)
—-= Belle IT (3 y, 50 ab1) The only lab-based
_9 o
1075 T e o o constraints!
mq [eV]
Brdar, Dutta, Jang, Kim, Shoemaker, ZT, Thompson, Yu Gas-detector is the key, due to
PRL (2021) significantly low background!
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ALP-y at Target-less DUNE

3
S 10-6
b
bg 90% CL :
107k [ ouNe 7, The only lab-based constraints!
— Dump, 3 mo/0.6 MW| Wo
ese« Dump, 1 yr/1.2 MW .
108k l=e ety SN1987a e ' Can probe QCD-axion
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1075 1074 1073 1072 10! 10°
mq [GeV] 3 months target-less DUNE

can do better than 1 yr GAr

Brdar, Dutta, Jang, Kim, Shoemaker, ZT, Thompson, Yu
PRL (2021)

Brdar, Dutta, Jang, Kim, Shoemaker, ZT, Thompson, Yu
PRD (2023)
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3/28/2024

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.
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EFT Workflow:

EFT Energy Scale

A
A
IV 1 « \\;
SMEFT BSM #1 BSM #2 BSM #3
. Colliders Translation to specific benchmark models
« CLFV
100GeV + L
Probing heavy particles
WEFT by precisely measuring
* Neutrino experiments ]IOW—energy ObSBWﬂlb]leS
10 GeV +
* Hadron Decays
; * B-decays

3/28/2024 Zahra Tabrizi, NTN fellow, Northwestern U. 18



EFT at neutrino experiments

We proposed a systematic approach to neutrino

€
/ Y
oscillations in the SMEFT framework! °___)v V‘,&o
T e
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)

CC EFT NC EFT

depend on the kinematic and spin variables

ME = Uk AP+ Y [exUT* AL
: Corrections on fluxes/cross sections

M5 = Uy AP + Z [exUly AR
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

O

3/28/2024

Observed rate at the experiment:

Uncertainty:

From theory:

Limit on €:

New Physics Limit:

Rops = 10* vy

JRops = 10%2v, = AR

Rrp = Rgy(1+ C€?) =Rgy + AR

9 AR Cc =103
Cec=—— 02
Rgym B e ~3%1073
V|246 GeV
A= [ 7 = 4.5 TeV

0)
C oc INP o, onp
osm  Psm

Zahra Tabrizi, NTN fellow, Northwestern U.
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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

3/28/2024

Number of Neutrinos per bin

Number of Neutrinos per bin

LHC [

[ T112 B

|

FASER

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

kaon

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

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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EFT at FASERvV

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

€

1 107" 1072 1073
L | LA EL | AL AL | LA L AL | R AL L
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Top: Conservative/Optimistic flux uncertainties
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ecay
e
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|

K decay

|

eus
[ R ]/'”' K decay

* Neutrino detectors can identify flavor: 81 [€R lre
operators at FASERv

Ds decay

€SS
[ R ]Tﬂ Ds decay

* New physics reach at multi-TeV

[Eurd]uu
¢ Complementary or dominant constraints

101 10
A=v/Vex [TeV]
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Long Baseline Accelerator Experiments

e (0.1-5 GeV: Cross section is much more involved!

G. Zeller

D 314

e O O ¢
o N b» O @

v cross section / E, (1 >

10" 1 10 10?

J.A. Formaggio, G. Zeller, Reviews of Modern Physics, 84 (2012)
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EFT at Neutrino-Nucleus Quasi-Elastic Scattering

12_ IIIIIIIII I IIIIIIIIIIIIIIIIII I IIIIIIIII I IIIIIIIII ]
N 16 .
f 8% Gs=0 Vu~ 0 i Kopp, Rocco, ZT
L sthGsx0 e Dipole, M4,=0.961GeV | 1
o -~ D2 -1 arXiv: 2401.07902
10F: v — LQcD .
:;! .=.- Nucleon

____

[0 [ Extracting 10 TeV
A physics from GeV
neutrino experiments!

Cross Section Terms [107% cm?]

T~
S -

e = =N~ ==

=

10
Neutrino Energy [GeV]
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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;

3/28/2024 Zahra Tabrizi, NTN fellow, Northwestern U.
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Neutrino Oscillation at Muon

Colliders? Unlikely?

At TeV energy range, the relevant baseline to see oscillation is 10¢ (108)
km for atmospheric (solar) oscillation parameters.

A neutrino detector at the moon?
We are not there yet!

3/28/2024 Zahra Tabrizi, NTN fellow, Northwestern U. 27



Neutrino Fixed Target Experiment at a Muon Collider

Acceleration

Why would a Muon
Collider Help?

NO OSC]i]l]lﬁlﬁlO]ﬂl, bwt: Accelerators:
Linac, RLA or FFAG, RCS

> Equal numbers of electron/muon (anti)neutrinos;

Collider Ring

~500 m

<
Q
~

<

«-----
=

Neutrino
Detector

> Very high luminosity for both muon and electron flavor content;

> Well known neutrino energy spectra at tens of Ge'V;

> Very well determined beam intensity;

3/28/2024

Zahra Tabrizi, NTN fellow, Northwestern U.
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Precision in Neutrino Cross Section Measurements:

FASER Collaboration, 2020

09F

0.8 E—
0.7 E‘
F E53 v
06
> ok I ‘DONUT Ve Y,
G2E B3 FASER v

v, spectrum (a.u.)

o /E. (x10cm?/GeV)

102 10° 10*
E, (GeV)

d Currently no high energy v, beam
4 A lot of vy, but not well known beam

The Physics Case for a Neutrino Factory
2203.08094

 Well known beam, direct extraction of the x-sections with much greater
precision

* DIS dominates, we can probe nucleon structure at low Bjorken x and high Q?
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W/O a Dedicated Neutrino Detector:

* High energy Muon Collider as a high energy Neutrino Collider

Could provide constraints to Non-standard Interactions that are
complementary to low-energy probes!

Talk by lan Low at ACE

3/28/2024 Zahra Tabrizi, NTN fellow, Northwestern U. 30



SMEFT:

Flavor-conserving 4-lepton operators

+o— Two flavors (a < b=1,2,3)
E . L C; OD=6 I'l I’l' - [C’E'E]' [C‘ge]’ [Cee] _ _
= Lo+ ) 507 (Ottlaat = (£a o) (Eots)
' +. . [Oulabha = (£aTpuls) (£50"4a)
l’l'_v' [C‘g‘g]’ [C’Ee] [Ofe]aabb - (Z 0’: a)(ebaueb)
[Otelbbaa = (o7 uL5) (€S0HES)

v V: [C{{] [Ole]abba, = (ea,O'#Eb)(ebO'“ )

[Oee]aabb = (6 auea) (eboﬂueb)

e vertex corrections to the Zand W interactions with leptons:

LsMEFT D ﬁ [W“"'_aﬁu(l ea + h.c] + \/gL +gYZ e aOu ( ngf ) Eg
\/gL +gyZ“ Z f ap( _sonfa,

f=eyw
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SMEFT: Chirality-conserving 2 lepton-2 quark operators

With lepton doublets

Without lepton doublets

”+”_ [Otglaath = (zaay.fa)(qbﬁﬂqb)

wtv (08 aath = (FaTu0ta) @50 0)
[OEu]aabb =~ (eaapea) (ugo ”‘ﬂg)

v [Otdlaass = (laTula)(dSo*dy)

[Oeqlaats = (eg0ues) (950" p)
[Oeu]aabb = (egaﬂétcz) (Ugauyg)
[Oed]aabb = (6cczaﬂég,) (dﬁff”dZ)

Chirality-Violating 2 lepton-2 quark operators

Chirality violating (I,J = 1,2, 3)

+

pu

[OEequ] 11jJ = (EJIé?)EJk (Q§a3)

+ 7J =C = ¢
H-v [Og,),u]nu = (@%vfr)ﬁjk(Q.’;‘?qu)
[Otedq) 1155 = (£7€5)(d5q%)

e vertex corrections to the Zand W interactions with leptons:

Lsmerr D (/9% + 922" ) [0, ((Tg — 55Qq) q+q°oy (_ngq 7]

q=u,d

+ [W’“LW# (Vud d B h.c.] ;
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Projected 95% exclusion limit

1.0 . .
0.5 .
T> O u'u~ — e“e, no radiation
[} I . __
E oo | Dutu — e"e, with radiation
= _ O uw'u — ey, (radiation only)
N\
© i 1 Combined
-0.5 _
:Preliminary Bigaran, Buttazzo, De Gouvea, Han,
3 Jaffredo, Low, Ma, ZT, Xie,
- In Preparation
_].0 1 1 1
-1.0 -0.5 0.0 0.5 1.0

Ci? [Tev]
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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:
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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 \
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Conditions 9/ (o] /'Q - Conditions
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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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If we become more inclus

!

ght find the beast right here
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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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DM production

N

3/28/2024

Production and Detection of Dark Matter

DM detection

N
¢’r
r(* ol , ¢ Sz i ¢
A® -~ Beam bremsstrahlung e MR o
\\A\ o
E ¢ AI*
P
a7 e” e
AN #e
SA . . .
Elastic scattering with an electron
----- S ¢ Neutral meson decays €
Y
¢T
AI(*) : A -
AAAAANACT Resonance production
5
¢

Zahra Tabrizi, NTN fellow, Northwestern U.
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Production and Detection of ALPs

ALP production

Compton

>a

Resonant production

3/28/2024

ALP-bremsstrahlung

ALP detection

Di-lepton decay

Zahra Tabrizi, NTN fellow, Northwestern U.
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External pair conversion

40



Axion Like Particles (ALPs) at DUNE:

Photon Flux from GEANT4 Simulation

G4 v flux stacked histogram

10
i — Gdmpoyy
10 Multiple Scattering
;.\ 10 g Bremsstrahlung (e)
= : #7 Yonization (¢)
: 10 Transportation
E 1 Annihilation
g =— Pythia m,—Yy
S 107
o =
g 1072 E
“ 1073 E
10_4 EE 1 o "
10—5:||||l|1|1|1111|1|1||| G0 P | P
0 10 20 30 40 50 60 70 80

E, (GeV)

V. Brdar, B. Dutta, W. Jang, D. Kim, I. Shoemaker, ZT, A. Thompson, J. Yu
Phys.Rev.Lett. 126 (2021) 20, 201801
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Axion Like Particles (ALPs) at DUNE:

- Coherent ¥ production v+ A > v+ A+ 7

In GAr: T =13 ps
* We expect ~ 10° NC events; 3 ma=1MeV

. . . 0.35 1 TTTT me = 100 MeV
* Vetoing events with hadronic - S e = 500 MeV
activity remove ~ 80%; 0.301 :
e A cut on the opening angle 0.5
removes the rest; .
= 0.201
<
0.15
010d 1
0.059 1.:
0.00 4=
0 12

V. Brdar, B. Dutta, W. Jang, D. Kim, I. Shoemaker, ZT, A. Thompson, J. Yu
Phys.Rev.Lett. 126 (2021) 20, 201801
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EFT ladder

A

| TeV T

100 GeV +

10 GeV +

3/28/2024

A

Zsmerr = Lsmt+ ZLp=s +

i

e Colliders
 CLFV

/" \

Known SM Gives neutrino
Lagrangian Masses

“ ey,
>tn")"m< >\ X
OfY = (Iy"o1)(Gruoq)
Ogde = (le)(dq) + h.c.

O = (Ta€)e™®(Gpu) + h.c.

Oltq = (iaaﬂue)fab(qbaﬁvu) + h.c.

Zahra Tabrizi, NTN fellow, Northwestern U.

SMEFT: minimal EFT above the weak scale

Zz D=6
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EFT ]Lﬂldd@l[‘ WEFT: Effective Lagrangian defined at a low scale p~ 2 GeV

| TeV T

100 GeV +

10 GeV +

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

A
2V
LWEFT DO — d{ [1 +@ U’Y“PLd)(fa’yule/g)
+a5(u7“ Prd)(bayuPrLvg)
_ s 1 _ 5
+ 5 (€S)as (@) (€ Prvs) — fep)ap(@r5d) (CaPrvs)
1 o .
+ Z@ag(ua“ P;.d) (650, Prvs) + h.c.}
- * NC: New left and right handed interactions

2 _ —
LWEFT D —v—2(Va’y“PLI/,3) (f’)’uPXf)

* Neutrino experiments
* Hadron Decays
* B-decays
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At the scale m; WEFT parameters €x map to dim-6 operators in SMEFT

’U2

AV

’U2

m[CHud]nfsaﬁ

’1)2

3 3 3
(Vud [clap + Vialcsirl1i0ap — Via [Cz(q)]amj)

B :
_2A2V d (de[cl(e;u]ﬁajl =+ [Cledq]ﬁan)

’U2

1) 1x *
_2A2Vud (‘/}d[cl(e(zu]ﬂajl - [cledQ]ﬂall)

202 @) =%
_szud V.'?'d[clequ]ﬁajl

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

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

pLL = —PrL =1, ppPL = —PPR { :)*\NV\A<

4
= ]_ pPP = mﬂ- - _
PRR ) mﬁ(mu +my) 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
Falkowski, Gonzalez-Alonso, ZT, JHEP (2020)

Dyecs Dcs . —1
Pri.a = PRRa = “PLRa = 1>

D,cs

2

D.,cs D,cs mp 3
8 — g — 2 ~ —1.6, —27, —5.5 x 10 fora=rT, u, e
PpL.o PPR,a ma, (e + ) 7
D mi
Pppa = D ~ 2.5, 710, 3.0 x 107 fora =T, p, e

m% (me + mg)?

[0

* Larger pyy = smaller €!

pTotl ~ SM(1+ex pxy + £x° Dxx)

Large overall flux normalization for charm decay as well!
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Detection

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

Deep Inelastic

I 1 ] I ] ] 1 T I 1 1 1 1 1 1 1 1 Y
200+ CC vW Cross Sections i SC@@[@TEH@
B O velu
[}
g 102% \ v {
= [ =
o = -
C?E : (TV,./“ ----------------------------- i
| S B o e TR
: 0 ' q X
b5

2 1 1 1 1 IR | 1
?00 200 500 1000 2000 5000 104
Neutrino Energy E, [GeV]

DIS detection, simple to include NSI

(compared to QE and Resonances)
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400

(8]
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Number of Events per 150 fb™!
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1t of v, events at FASERY, [€ly]o5=0.2 ]
[ e -(0.05%)
el el n(0.4%) €

..........

5001000 5000 10
Neutrino Energy E, [GeV]

EFT at FASERvV

2000

1500+

1000/

5001

00

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

11 of v, events at FASERY, [ely]ys=0.2

—-epd em g (02%) €
L € e €l —--(2%) €
...... E;? meeee E(’]‘*5 |

500 1000
Neutrino Energy E, [GeV]

75000 10%

t of v, events at FASERY, [exy]qp=0.01

e e g - (02%) e

el el 2) €
3f ----- €R e €p e €5 1
o 1
1,

00 500 1000 5000 104

Neutrino Energy E, [GeV]

» Results are statistics dominated: v,~1000, vu~5000, v.~10

> Optimistic systematic uncertainties: 5% on v, 10% on v,;, 15% on v,

> Conservative systematic uncertainties: 30% on v, 40% on v,, 50% on v,
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Other FPF Experiments

1011 i F

FASERV2 — ve+0. | FLARE1LO — ve+D. | FLARELI00 — v Bl
10 5 R TR I mm Wty T Wty
...... V +VT vT+VT VT+UT
ooy o et
Rates scale linearly wrt 2 ] L T T
° [ g J I T1H | L_: J -r o J [ “ﬁ |
volume/Luminosity: X £ 1°° i3 IrHr— m - - L
] i —|_L LI P _IJ—
=2 H_ _,J— » |

: ~ (X2 1/2 | Al E !
dlagonal 8 ( /Xl) 10% — >C‘C Ve + De: 75k — ] —— CCve + Ve: 39k ‘ —— CC ve + De: 248k }
X Rl B A I S [
-di ~ (22 1/4 E 2l NG Teek 2l NG Bk 2L Ne
off-diagonal e~(*?/x)1/* § _ | anllil§
£ 100 e L et | |t
é ‘J"r;.fr]’-jr _LL‘_L‘::— __';:_,.J"'_:::J;_—"“‘_.L—!—‘\“L__' :"‘"r.f'rd ]_J" '_E--
g 103 | -_:_.‘_;_‘__,-'" rl_l“ —L:“ ] ._:_}—-l-—_'r:;r—r‘ _Ll—u‘_l._:' _;,_.i_ JJ__ ettt —L -‘1._
I e Il Pl LI L || -\j_
% 102 |, I H_— AT ‘ | -_;. i L s ] }_} 'J_l'_ I \
) IS I T T i
10! - HHe e — A e — e e L L e
10 102 103 10 102 103 10 102 103
Neutrino Energy [GeV] Neutrino Energy [GeV] Neutrino Energy [GeV]
e FASERV2: « FLArEIO: « FLArE100:
75 times more events, 40 times more events, 300 times more events,
~ 9 (3) times better ~ 6 (2.5) times better ~ 17 (4) times better
sensitivity for (off-) sensitivity; sensitivity;

diagonal elements;
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Neutrino Oscillation at Muon

Colliders? Unlikely?

At TeV energy range, the relevant baseline to see oscillation is 10¢ (108)
km for atmospheric (solar) oscillation parameters.

A neutrino detector at the moon?
We are not there yet!
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Neutrino Fixed Target Experiment at a Muon Collider

Acceleration Collider Ring

Why would a Muon
Collider Help?

No oscillation, but: Accelerstors: o
Linac, RLA or FFAG, RCS

*-----

New . ~500 m
neutrino Light Ve /Vy
states Dark
Matter Neutrino
Detector

Searches
for LFV

Heavy BSM
using EFT

3/28/2024 Zahra Tabrizi, NTN fellow, Northwestern U. 52



W/O a Dedicated Neutrino Detector:

* High energy Muon Collider as a high energy Neutrino Collider

Could provide constraints to Non-standard Interactions that are
complementary to low-energy probes!

Talk by lan Low at ACE
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SMEFT:

Flavor-conserving 4-lepton operators

+o— Two flavors (a < b=1,2,3)
E . L C; OD=6 I'l I’l' - [C’E'E]' [C‘ge]’ [Cee] _ _
= Lo+ ) 507 (Ottlaat = (£a o) (Eots)
' +. . [Oulabha = (£aTpuls) (£50"4a)
l’l'_v' [C‘g‘g]’ [C’Ee] [Ofe]aabb - (Z 0’: a)(ebaueb)
[Otelbbaa = (o7 uL5) (€S0HES)

v V: [C{{] [Ole]abba, = (ea,O'#Eb)(ebO'“ )

[Oee]aabb = (6 auea) (eboﬂueb)

e vertex corrections to the Zand W interactions with leptons:

LsMEFT D ﬁ [W“"'_aﬁu(l ea + h.c] + \/gL +gYZ e aOu ( ngf ) Eg
\/gL +gyZ“ Z f ap( _sonfa,

f=eyw
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SMEFT: Chirality-conserving 2 lepton-2 quark operators

With lepton doublets

Without lepton doublets

”+”_ [Otglaath = (zaay.fa)(qbﬁﬂqb)

wtv (08 aath = (FaTu0ta) @50 0)
[OEu]aabb =~ (eaapea) (ugo ”‘ﬂg)

v [Otdlaass = (laTula)(dSo*dy)

[Oeqlaats = (eg0ues) (950" p)
[Oeu]aabb = (egaﬂétcz) (Ugauyg)
[Oed]aabb = (6cczaﬂég,) (dﬁff”dZ)

Chirality-Violating 2 lepton-2 quark operators

Chirality violating (I,J = 1,2, 3)

+

pu

[OEequ] 11jJ = (EJIé?)EJk (Q§a3)

+ 7J =C = ¢
H-v [Og,),u]nu = (@%vfr)ﬁjk(Q.’;‘?qu)
[Otedq) 1155 = (£7€5)(d5q%)

e vertex corrections to the Zand W interactions with leptons:

Lsmerr D (/9% + 922" ) [0, ((Tg — 55Qq) q+q°oy (_ngq 7]

q=u,d

+ [W’“LW# (Vud d B h.c.] ;
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Projected 95% exclusion limit
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