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Status of Neutrino Physics in 2022

mixing angles:
sin‘,, @ 4%
sin“0,3 @ 3%
sin®0,; @ 3%

Super-Kamiokande, Borexino, SNO

MBL: Daya Bay, RENO, Double Chooz

LBL: KamLAND )
mass squared differences:

Am5, @ 3%
|Am4, | @ 1%

IceCube, Super-Kamiokande Future: DUNE, T2HK , JUNO

¥

* Increase the precision
e CP-phase?
* Mass hierarchy?

T2K, MINOS, NOvA
Also:

Mass scale? Dirac or Majorana?

Sterile?
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MuC Synergies with Neutrino Factories

Why a Muon Collider Helps?

ldeal to investigate
rare/new neutrino
interactions

High beam luminosity +
Large fiducial mass

o< 10744 cm?

* Test SM predictions
* Search for BSM physics

* Muon decay is a well understood, equal numbers of electron/muon
(anti)neutrinos and muon neutrinos with precisely known energy spectra

* Very high luminosity for both muon and electron flavor content

* Well known neutrino energy spectra
Talk by Alan Bross

* Very well determined beam intensity
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Oscillation at Muon Colliders?
Unlikely?

At TeV energy range, the relevant baseline to see oscillation is 106 (108) km for
atmospheric (solar) oscillation parameters.

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

* What should come after DUNE/Hyper-K?
» Will all oscillation questions be answered at DUNE/Hyper-K?

e What if we see anomalies?
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Proton Driver Front End Cooling Acceleration Collider Ring
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« Requires a 1-4 MW proton beam @ 5-20 GeV, compressed to 1-3 ns
bunches at a 5-10 Hz frequency
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Neutrino Factory (NuMAX)
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Share same complex
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Demonstrator
diagram

ENUBET
6D cooling

test facility NuSTORM
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Jirect Neutrino Synergies

* A high energy muon collider is also a high energy neutrino collier:

Could provide constraints to Non-standard Interactions that are
complementary to low-energy probes!
Talk by lan Low

6/15/2023 ACE Workshop



Indirect BSM Searches (SMEFT)

EFT ]Energy Scale Translation to specific benchmark models
A
A
v « \
SMEFT / BSM #2 BSM #3
Colliders/High-Energy
100 GeV 4+ L
WEFT

oG Neutrinos/Low Encrgy By measuring the WEFT parameters at neutrino

experiments, which can give complementary or

Y dominant constraints, we can get constraints on

higher dimensional SMEFT interactions and
compare the results with high energy colliders.
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SMEFT:

Flavor-conserving 4-lepton operators

P [Cppl, [Coel, [Cee]

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

L=Lou+Y, O™

[Owt)aabb = (? Gufa)@ﬁ“fb)

+. . [Oulabha = (£aTpuls) (£50"4a)
p=v: [Cppl, [Coel Oteloas = (Bu71L2) e50)
[Otelbbaa = (€s7u45) (eS0+EC)

v V: [C{{] [Ole]abba, = (Eaaulb)(ebal‘ )

[Oee]aabb = (6 O'“CG) (eboﬂueb)

e vertex corrections to the Zand W interactions with leptons:

LsMEFT D ﬁ [W“"'yaa'“(l ea +h.c] + \/gL +gyZ e O'M( ngf ) e
\/gL +gyZ“ Z f 0”( _Sonfa,

f=eyw
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(]
SMEFTO Chirality-conserving 2 lepton-2 quark operators

With lepton doublets

Without lepton doublets

”+”_ [Oeq] aabb = (zaap.fa)(qbﬁﬂqb)

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

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

[Oeqlaats = (eg0ues) (950" p)
[Oeu]aabb = (egaﬂétcz) (Ugauyg)
[Oed]aabb = (620'”@2) (dﬁff”dZ)

Chirality-Violating 2 lepton-2 quark operators

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

+

pu

[OEequ]IIJJ = (@éﬁ)fjk (Q§a3)

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

e vertex corrections to the Zand W interactions with leptons:

Lsverr D \/92 + 982" Y [qou ((Tg — 55Qq) g+ 4oy (_ngq 7]

q=u,d

+ [W’“LW# (Vud d B h.c.] ;
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A Dark Sector Factory? e.g. HNL

gU, - gU, _ = o m _ =
L 37; (WILA*N +he.) — m% (79" N + Ny*p) — U= “h (7N + Nvy)

Peiran Li, Zhen Liu, and Kun-Feng Lyu (2023)

o/|U,* (w. conj. channel)
Type Signal process Pre-selection cut (PSC)|Included
my =1 TeV
t-channel| ptp~™ — N, 20.28 pb PSC Yes
VBF |ptp~ — ptp Nuo, ~ 1 pb - No
VBF | ptyu~ — oy, N, ~ 0.1 pb - No

TABLE III. The signal rate for N, at 10 TeV. The cross section includes the charge conjugate

process.

Type Background process |0 (w. conj. channel)|Pre-selection cut (PSC)|Included
t-channel| ptp™ — Wty p, 0.214 pb PSC Yes
t-channel| ptp™ — Zptp~ 0.464 pb PSC & missing pu™ Yes
VBF |ptu™ — ptu Wtu o, 0.401 pb PSC & missing u*u~ | Yes
VBF |ptp~ — o,0,WHpp, 0.0686 pb PSC No

TABLE IV. N, background at 10 TeV. The cross section includes the charge conjugate process.
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HNL consistent with both seesaw and leptogenesis

The present and future status of heavy neutral leptons
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https://arxiv.org/abs/2203.08039

Questions:

 What are other direct/indirect searches we can do?

e Can we have a dedicated neutrino detector as well?
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A Dedicated Neutrino Detector?

/fa €p
m—l

M n

L

o

Observable: rate of detected events
~ (flux)x(det. cross section) x (oscillation)

/7 N
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EFT ]Lﬂldd@l[‘ WEFT: Effective Lagrangian defined at a low scale

A

| TeV T

100 GeV +

10 GeV +

6/15/2023

A

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

2 Vud

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

+aﬂ(u7# Prd) (lavuPLv3)
e 1 _ -
+ 5{€5)as (@) (laPrvs) — 5{ep)as (@15) (EaPLvs)

.. le@aﬁ(ag‘“/PLd) (ZQOIWPLVB) + hC}

* 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 ex 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.

6/15/2023 ACE Workshop 18



Precision in Cross Section Measurements

FASER Collaboration, 2020

g 1 C
S s I energy ranges of
& 09F & 0.9 0.9 F oscillated v, measurements
~ F S 3 -
£ 08 £ 038 0.8 < IceCube v, v,
sau E o f <— SK v, v,
'c 0.7F . 07 0.7F
= - [} ' <— OPERA
X F E53 v S : Ve
06 = 06 < 06
< E = > v 3
o 05F DONUT v, Ve So0s LosE
3 £s ° oa b E DONUT v,, v,
04F E53 5 2 04F
3 FASER v “ © 1 FASER v
03F Ve SpeCtrum (a'u') 0.3 FASER v X 03F V.S ectrum (a_u_)
F v, spectrum (a.u.) > F
02F 0.2 u P 0.2
o] o
0.1F 0.1 0.1F
G: 1 P IT . 0 0:
102 10° 10* 10 10° 10* 10° 10°
E, (GeV) E, (GeV)

The Physics Case for a Neutrino Factory

Precise determination of exclusive neutrino-nucleus cross-sections 2203.08094

DIS dominates the neutrino cross section with nucleons and one can study the nucleon
structure at low Bjorken x and high Q?

All components of the beam are well-known and the extraction of the neutrino cross sections
can be performed directly and with much greater precision
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Precision in Weak Mixing Angle

Er =[0.05, 2 - DUNE ¥ mod
& = [0.05, 20] GeV UNE v + v modes The Physics Case for a Neutrino Factory

T IIIIIII' T IIIIIIII T IIIIIII| T IIIIIIII T IIII]III T T TTTIT

0.244 N 2203.08094
i — DUNE - PRISM
I — On-Axis Ty
0.242 -
i v—e i
L DUNE _— il
0.240 ’ - . - .
i I ] The most precise measurement of sin“6y, using
0.238 [\ ] neutrino scattering, at (Q) = 4.5 GeV.
B Qweak =
0.236 - § Deviates from the LEP measurement at 3o level.
B PVDIS .
0.234 |APV(©Cy -
" a iy o(W(D)N — v([0)X)
: | O = oy ~ 8+ 283
0.232+ — oc(W@)N = ¢-HX)
0.230 - | | | | | - sin® 6, ((Q%) = 20 GeV?) = 0.2277 £ 0.0013 £ 0.0009

1073 102 101 100 10t 102 103
Q [GeV] G. P. Zeller et al. (NuTeV), (2002)

Main uncertainty at NuTeV: Subtraction of the v, CC contamination from the NC sample.
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Running of the Weak Mixing Angle

Egr = [0.05, 20] GeV — DUNE v + ¥ modes
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i) Deep inelastic scattering neutrino-quark scattering: §= 2xE, my
i) Elastic neutrino-e scattering: s = 2E,m,
iii) Elastic neutrino-proton scattering: s = 2E,my
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Questions:

* What are other interesting SM/BSM searches we can do?

6/15/2023 ACE Workshop
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The Physics Case for a Neutrino Factory

D@lt@(l‘lt@][" Requirementts: 2203.08094

*Highly segmented detectors capable of precision operation at high event rate.
*Excellent muon and electron ID capability.

*Excellent energy resolution.

A magnetized detector for charge identification. In addition, reconstruction via
spectrometry can be applied to event reconstruction as opposed to being done via
calorimetry. This is particularly important for high-energy neutrino interactions
where the outgoing muon’s momentum must be measured via spectrometry.
*Excellent particle ID.

*Neutron detection capability (with energy determination).

*A variety of nuclear targets to measure cross-sections as a function of the nuclear
target mass number A.

*Micron-scale resolution for charm and tau identification or the capability to tag

charm and taus in the final state via kinematics.
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Resonances:
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Neutrino experiments give us a powerful tool to
search for new physics, either by direct production |
T~ or by precision measurements!
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