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Neutrino physics Is a hot topic

“For the greatest benefit to mankmd®

Plfpcat e
‘2015 NOBEL PRIZE IN PHYSICS

Takaaki Kajita
Arthur B. McDonald

“For the discovery of neutrino oscillations,
which shows that neutrinos have mass”
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Three-generation neutrino oscillations

c13 0 syze™®

UpMNs = 0 1 0

- * rT r T* . 'i" " rh TT r Tx .
Pog = 6ap — 4> Re[Ux;UpiUa;Uj;lsin’ ( > ) +2 ) Im[U5;UpiUa;Ujslsin (As)

t<J i<j
UTU — 1] Sty L
— 2 - eV2 Km/GeV
o Am,?j = m? — ‘m? The mass differences e I/ The neutrino energy
o U, The mixing angles e . Distance v source to detector

(and Dirac phases)
» For 3 v framework , we have 6+1 free parameters in neutrino oscillations:
P (0., 0,5, 0,5, 6, AMm,,%, Am,,%) + p (in matter)
VARRVARVAR SEVAREA |
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Where are neutrinos from?

Natural source

109 1010 .111 1012
N L /| | | | | | | | | | eVl
| 771 | | | | | | | | |

keV MeV GeV TeV

~Electron mass —2 ~Proton mass—2' ~LHC2

i,
The accelerator, the neutrino Tt
beam and the datector s
Part of the circular accelerator in
Brookhaven, in which the protons

e target inta
muans (1) and nelllrilmsr[:d_ e 13
3 iy m thick steel shield stops all the
= icles except the n
. - x..trinm..h.erypt =mall fraction of the
neutrinos react in the detector an
give rise bo muons, which are then
ohserved in the chamber.

Baserd an a dawing in Scentific Amerkcan
March 1963
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 Get the neutrino source as clean as possible. Muon decay v.s pion decay beams.
» Deploy the best detector to reconstruct the oscillated neutrino spectra: Gd-WC, LAr
TPC, scintillator detector with flavour&charge identifications. ..

* Data mining: precision measurement & discovery of new physics...

o
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An example: T2K

Search for CPV by comparing vy—ve
and V,—7V . . N IW,é

Intense beam Oscillation? Big, far detector -

@ near(E)-c neelL(E,ez)-Snear(E)

(vaar(E,Hij,A m2,5)-6far(E,92)-8far(E)

[SciBooNE(J v

K. McFarland, Neutrino Interaction Uncertainties @ NNN2018
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Simulations of neutrino oscillations w/o new physics
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‘RENO

0

More are coming...

|
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WC detectors: Kamiokande=>SK->HyperK

* Bigger than bigger! PMT technology revolutionized!

ﬁagrggﬁ%g%? Super-Kamiokande Hyper-Kamiokande

(1996-) (~2027-)

ectronics

3 kton WC 20% coverage 50 kton WC 40% coverage 260 kton WC 40% coverage
with 20 PMT with 20 PMT with 20”+HQE PMT

« Construction started in 2020.
« Data taking from 2027.
 J-PARC neutrino beam will be upgraded from 0.7 to 1.3 MW
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LAr TPC: DUNE

Neutrino mode

£ WPy e e P e
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UNDERGROUND PARTICLE  gpectra and

Neutrinos [ F—

1285 km
Normal Ordering a Sep =0

41~ Antineutrinos W5, = w2
1285 km Bs. =0
Normal Ordering -k

PARTICLE DETECTOR DETECTOR controlling
systematics

« Built, operated and analyzed ProtoDUNE prototype at CERN
 Phase-| data taking expected in late 2020s. Phase-Il likely in 2030s.
 FNAL neutrino beam will be upgraded from 1.2 to 2.4 MW in 2030s.
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Complementarity of T2HK and DUNE

v cross section /

Fa(‘l 0* cm?/ GeV)

CPV Discovery CPV Discovery
120 T T T Y 120 T
True NH, 8,4=48"  T2HK [ True IH ,=48° "f
i A T2HK+H|§SKRE) skl s | T2HK+HK(at A\ n
7l_+ _ l LJF _|_ l/u. 100 rZHKf'HK(atm)+DUN§/‘—\~— ]2HK‘HK(a1m)+DU E\— .
80 I ; 80 / e
_ o _ ' . \ : ‘\ L R / .
T — v + Vu- o eof |\ [N . 60 /' ‘\. ‘Y \\
i/ \ A B . lf \
2 / \\ . L /’ ‘\ 4 \
f \ /1 \ 40 S A b v ( »
g ey e
20F /)~ Q b ‘\\ ] 20 | '/, 2 / W
0 / ! ] \ML/‘ 1 \ 0 L "
-180 <120 -60 0 60 120 180 -180 120 -60 60 120 180
dcp(True) oCP(True)
14 « The next generation of accelerator-based
" oscillation experiments will require ~%
8 uncertainties (on far detector event rate and
0.6 shape predictions)
04
0.2 « Neutrino-nucleus interaction modeling is
o1 10 10 difficult at the GeV scale
<> <> E, (GeV)

-K DUNE - - . : :
Hyper-K energy renge which o Existing models are unlikely to provide

sufficient precision for future experiments
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LSc: DYB (20 t*8) = JUNO (20 kt)
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International efforts

~ 2010 ~ 2035

solar e.g. SNO, etc... Reactor and superbeam experiments  Neutrino factory
atmosphere: SuperK, etc... DYB, Double Chooz, RENO... e.g. NuSTORM
reactors: KamLAND, etc... MINOS, NOVA,T2K, MOMENT...
T2HK, DUNE...
JUNO...

It is important to upgrade the neutrino source:

1.  decrease the statistical uncertainties, i.e. enhance the v flux intensity;
2.  decrease the systematic uncertainties from the source;

3. reduce backgrounds from the source...

2022/04/18 Jian Tang i



Dreaming machine——Neutrino Factory

* Muon-decay neutrino beams with well-defined fluxes:
L — € TUVeT UV,
p.’.+ — e+ Ve T Uy

* Dreaming machine to reach the sub-percent level sensitivity of
neutrino mixing parameters.
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NUFACT?2021: WG1 proposed guestions

'« What is the neutrino mass ordering?
 Are there CP violations in the lepton sector?
* How much precision shall we reach to tell new physics?

« What are the current and future systematic limitations on precision
measurement and how to address them?

e |Is the neutrino mixing matrix unitary?

« Are there non-standard neutrino interactions?

« Are there more than three-flavor neutrinos?
 How to deal with the reactor flux deficit?

* How consistent are results from NOVA and T2K?

« How to examine neutrino mass models based on flavor symmetries
(A4, S4, Modular...)?

* What’s next even after neutrino mass ordering and Dirac CP phase'

2022/04/18 Jian Tanq 16
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* Non-unitarity(NU) v.s non-standard interactions(NSIs)
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Non-unitary neutrino mixings (NU)

® Light sterile neutrino
anomaly (eV scale)

® Heavy sterile neutrinos from
see-saw model (GeV scale)

® Dark matter candidate (keV
scale)

® |UV (indirect unitary violation)
by heavy sterile neutrinos

® DUV (direct unitary violation)
by light sterile neutrinos:
oscillation with active ones

2 2
m )“ : m 5
2 2
m <
4 m,
m; - m
. (Am”)

("\” ': )-H.'N

2
N m,
(Am=)_,

m 13 m _,:

Normal Ordering Inverted Ordering

v Iy U, Uy, Uy U, 1

Y, U Vol Ui U Uy U Vo
. .

v Vs ['Tl ["T‘E ( T3 L T4 Vs

v vy Uy Us Ug U,y Vy

* Simplifying the mixing matrix to deal with DUV
and IUV, Phys. Lett., B718:1447-1453, 2013

+ Pertubation study of oscillation probabilities for
DUV and IUV, Phys. Rev., D93(3):033008

2022/04/18
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Non-Standard Interactions (NSIs)

New physics beyond SM: new particles, new couplings,
new phenomenon...

@ Flavor violating interactions with neutrinos:
Vaf = vafily —vge  ve- -
@ 4-fermion vertices: )
Lett = 2V2Gp (EL/R)gg (Eﬁ'}/pPLV&) (f‘s’y*"PL;RET)

4 u d <1 <} : u < < d
et — % Ve U, . e —» % e o, % -y
p' P T u _d T u d
- < <t D;_L €+ <t <
et . Ve A Uy . . I y.+ \.//l/u. Vi wa
NSI happens to neutrino propagation in matter NSI at neutrino productions
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What if there is non-unitary mixing?

Quark mixing Lepton mixing

L | L | L I L I |

%
Ue1 Ue
ES
Uu1 Uu3

w

z=-

U £ 1

4
1 V
\L||||||I||||I|

. www. nu—f1t. org-
[ b PR TN T T T T T N T T T T Y N M A
'1'§1.ol . l-ol.sl . }o.!o‘ - Jo.|5‘ . l1!ol - 11.151 | 12.0 '05 0 05 1
b Re(2)
No unitarity assumption here! UetUp2" +UpUp2™ +Up3Uy3™ =0

* Reduced constraints without the unitary assumption in the
quark mixing.

* Let’s keep the democratic way in quark and lepton mixing?

2022/04/18 Jian Tanq 2T



Simple mathematics w/o unitarity assumption

Unitarity
rROws: «a=(e,u,7) j=(1,2,3) COLUMNS:
UUT =1 Ut =1
Z U.j|* =1 row normalizations Z Uqj|? =1 column normalizations
J o
Z UyUj; =0 a# 3 row orthogonality Z U,jUr =0 j#k column orthogonality
7 ¥
v, Uy U U vy Non-unitarity(NU)
o B e B 18 real parameters in linear algebra
real pa In

Vr UTl UT2 UTB V3 P g

- -5 by rephrasing fields in physics
\ ‘UEI‘EMEI Uea|e'?e Ues|

UNY = | |U|enr |Upalei®s2 |U,s)
|Ur1] U2 Ur3|

* Only 4 real parameters with unitarity.
* Now we have 13 real parameters after rephrasing fields for NU!
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What if there is non-unitary mixing?

)
’i‘?"e.l [ . J'fl-‘?')e2 T . NU ) .9
([ |Uale [Ueles |Ue PV = > UsUai| — 43 R(Unills;UsU5 ) sin
N = | [Ualei®n [Upalei®s2 U,
| (/T'rl ‘ ‘UTQ | | LT’T'S‘ ' . s ) A-m.?_i[,
+ 2 Z S (Ua.@UngajUﬁi) sin { —2— |
i<j v
Type Exps Measurement o7l X 3v
RENO, Daya Bay —_— NU

MBL Reactor U2 (|Uet|* + |Uea]?)

Double Chooz

|U,4l Marginalized Bestfit
) R AT 12177 12 _
LBL Reactor KamLAND 4 Uet|*|Ue2| ) U,,o| Marginalized Bestii
Solar SNO |Us)? =
N ‘1 - - — —— |U,4l Marginalized Bestfit
Bl Accelerator . . . I
NOvA, T2K U2 (|Uu)* + |Up2]?) 0.5~
(v = 1) i 1o — 36
r 2 2 ] .
LBL Accelerator , P |Um| +‘U;12| =0.5 . —-— 20 *  Bestfit
NOvA, T2K 48?[(]83(];3((}61[];1 + UQQU;(E)] e
(v — 1) \ l
LBL Accelerator
OPERA 4@]?[UT;3U;3(U71U;1 + UTQU;;Q)}
(V= vr)

» Correlations between 3nu mixing matrix

elements without unitarity assumption.

» QOctant degeneracies get worse for NU.
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What if there is non-unitary mixing?

— 4 Y R(UailaUz,U3) sin? (AinEfyL)
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* Nice precision in the first and second row/column.
Tau neutrino physics are to be improved for better constraints on 3" row/column!
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Working principle of effective field theory (EFT)

UV Theory : new physics field + SM fields
Integrate out heavy new

physics fields: u~TeV

SMEFT: SM fields, SU(3)xSU(2), xU(1),

EWSB, Integrate out t, W, Z

u~MW
LMEFTS5:
SM fields with certain
Integrate out b LMEFT4 <«—_— heavy DOF integrated
Integrate out ¢ / out, SU(3)xU(1),,,
LMEFTS3
u=2 GeV
Confinment,
change DOF ChPT: pions, Chiral symmetry, U(1)__
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An example for demonstration

e Start from a UV theory
AL = (D, H))(D"Hy) — M?|H,|* — YL;Hyer — Y egH,, L,
« Matching by covariant derivative expansion, EOM
(D*HY); + M?H], = —YT,eg (D*Hs); + M?Hy; = =Y egL;
DF 4 MY = VTen (DM Hy = YT,
* Solve for classical solution

Heoi = —(Djj+ M?6;)" ' Y*erL;
1 D2\t gt = _iyfe +Oi
= W(1+W>in€RLJ e a2 Bier +O(5)
1 o 1
= ey L+ Oa)
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An example for demonstration

* Put the classical solution back to Lagrangian density
(DuH3,.) (D" Hye) = —H3 D*Hy e ~ O(57

M4

)% 2

—~M?|Hy |* = —‘M—LL ererLi
_ o 2|Y |2

—YL;Hy; e — Y*egH), L; = JVFL LiererL;

Not in
—¥ \Warsaw Basis
ﬁdzm 6 ‘Y‘z L L -
eff T pp2 MiCRCR

Fierz transformation to Warsaw basis

Y |? Y2\ —
e ——5 LiererL; = ;N}Q Liy"L;)(erv"er)
/ * SMEFT at scale M
Y 2
CZC — £ﬂ4|2 Qie
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An example for demonstration

 Run down from scale M to electroweak scale v
d
;udﬁcﬁ“zg:Vwc%

* Probably generate non-zero Wilson coefficients other than C,,
« Matching at electroweak scale to LEFT

p —
€p
Y, Y, — i N Do\
s T L) = S5 TPy vl + ety el ) (e eh)
AR AN

= 930 (TP vy (ester) H (2P el ) (et eRr)

&LR V,LR
O O\.‘j e

ve
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Matching between QM and QFT NSIs

) 0 0 0 Ler an en
_ o 2 1) Mk m m
H = —QEU Ul 0 Ams, 0 : U'+ A € € €nr
; 4 Tri=* TrL T
i 0 0 Anq’Sl Ee*r E.LLT ETT _

QM NSIs Relations to QFT NSIs
r *

_5'{ I‘/g _ __ 9T Me

€ (3 decay) L™ R ™ a4 Fr(By) ET]eﬁ

e (inverse 3 decay) _6 + 1_392A€ ~ ome (_gs cg — 9AIL o

Be Y9 LT 2 BT B-A 143035 T 14327 )|,
— 2 * !

s : _ _ My

€05 (pion decay) _6 L= €R = mlmama) € p] o

s ( d ) i + 3memy (?T?.#—QEU) ho- *

€pplIuon aecay _922 16my EZ+6my (m?2 +m2)—4Ey (5mg +m32) 21 13
- ! /

s ) Me .

O e acctorto = L Et?,-'f? (IIlUOIl deca‘Y) _922 + 4(171#—215;7)}121] B

detactor -

* QM NSis are fully independent without much info

about the underlying theory.

* QFT NSils allow their correlations.
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EFT: connecting low-energy phenomenon to high-energy scale

N [ —" %

(ep)ee(@ue), (LBowes)en(@o u), ([Lep)(dears), (a7 18)(@vum @)
(HY DL H) ('), (Y DLH) @G "), (HY D H) (@7 d,)

(Hi""aiH)(f_ﬂI?“b]: (Hfi*ﬁiH}(fﬁf‘r“fll T L) (Lyula), (L l) (ol /\
lRunnmg
Effective operators]
myy @ — Wilson coefficient]
{[€L(R)(#)]23 (ﬁ;',}.-PPL(R)dj) (EQWFPLVg) , CUt'Oﬁ Scale \
ij (= 7 (%
es) (a1 ()5) (EaPro) JCSMEI;T\:% o107
er (1)) (@0 Pody) (Tac Pris) } D A
| « Dimension-6 operators only
e  Neutrino masses are generated by

dimension-5 Weinberg operators V

Matching between QFT and QM

2 GeV ————

d

i 5 ‘
Eaﬂteaﬁ

[EL(R)}Z& [65(13)]2,-3-. ler]is
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SMEFT-NSIs by T2K and NOVA

207 BN Combined
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Upper bound on Wilson coefficient

CHUdll C”lzzl

« T2K and NOvVA are already sensitive to new physics around 20 TeV.
« Correlations among different dimension-6 operators play important roles.
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SMEFT-NSIs by reactor neutrino experiments

I Combined
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» Reactor neutrino experiments are sensitive to new physics around 5 TeV.
« Complementarity between LBL and reactor expts due to different sets of operators
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m &9 flavio  Smelli

Quark mixing v.s neutrino mixing/scattering

015y, =T (K — ) /T (x = pv,), Br(B — Xeev), Br(BT — 1v), AMy/AM,.

1 1 3 3
Operator O((}qisls Oéqg323 0(5’9%313 Oc(zqg323 ddy313 Odd2323
A valid (TeV)  >365 >51  >365 >51 >383  >053
O(l) 0(1) 0(1) 0(5) 0(8) 0(8)

Operator qd1213 qd1313 qd2323 qd1213 qd1313 dda323
A valid (TeV) > 23 > 1383 > 178 > 25 > 1466 > 188
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SMEFT-NSIs by T2HK and DUNE
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« Cover 1635 SMEFT operators in dimension-6. ND is important to constraint SMEFT-NSIs.
« DUNE has better sensitivity than T2HK due to the longer baseline.
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SMEFT-NSIs by JUNO w/o TAO and COHERENT
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A future accelerator neutrino experiment in China?

arXiv:2108.11107| PROMPT:PRecisiOn Measurements and Physics with v, to SPPC
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* Not the end of story even after a discovery of CP violation in the lepton sector.
 Large uncertainties in the mixing matrix without direct measurement on v_ sector.
* New physics around the corner?

« Muon decay neutrino beam better than the conventional superbeam.

* Drive the accelerator muon beam in an unique way.
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Site selections and baseline configurations

o JUNO (22,127, 112.51°) CJPL (28.15°, 101.71°)
Accelerator facility , . , ] - - : - m—— -
Baseline | 1% maximum | 2™ maximum | Baseline | 1% maximum | 2" maximum
CAS-IMP (36.05°, 103.687) | 1759 km 3.6 GeV 1.2 GeV 894 km 1.8 GeV 600 MeV
CIADS (23.08°, 114.407) 221 km 450 MeV 150 MeV 1389 km 2.8 GeV 940 MeV
(CSNS (23.05°, 113.73°) 162 km 330 MeV 110 MeV 15329 km 2.7 GeV 900 MeV
Nanjing (32.05°, 118.78%) 1261 km 2.6 GeV 850 MeV 1693 km 3.4 GeV 1.1 GeV
SPPC (39.93°, 116.40°) 1871 km 3.8 GeV 1.3 GeV 1736 km 3.5 GeV 1.2 GeV

Parameter

Muon beam

Production method

muon decay-in-flight

Detection method

hybrid detector

Useful parent decays

2.5% 1020 year—1

Detector mass 50 kton
Detection threshold 1 GeV
Energy resolution 15%(15%)/ Ey
Energy bins 45

Running time

515 years

« Optimization of the neutrino beam and
baseline length

* Muon beam energy: 25 GeV

« Baseline: ~1300 km

« Benchmark configurations: CIADS->CJPL
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Precision measurement and tau-neutrino physics?
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The sensitivities obtained with the
PROMPT setup very promising
Pushing precision to sub-percent

level and probe new physics
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New physics searches
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* In the e-u sector, PROMPT has clear advantage over T2HK and DUNE setups.

» The tau neutrinos in PROMPT bears no significant effect on the sensitivities.
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Summary

* Neutrino oscillation is the first direct evidence BSM.

* Discovery of CPV & determination of MH Is around the
corner. Neutrino will be used for new physics searches.

* New physics might be hidden in the uncertainties.

 Unitary mixing should not be taken by default, as tau
neutrino-related part Is yet to be improved.

* What else shall we prepare even after CPV discovery?

A Chinese proposal will be unique of a great chance based on
muon-decay neutrino beams, such as PROMPT...

* Let’s work together to discover new physics with neutrinos...
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