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Unsolved issues in neutrino physics

* Today’s talk will try to answer:

* Neutrino mass ordering
Am3, =m32 —m? = (7.551530) x 107> eV? Am3, = m3 — m3 = (2.424 £ 0.03) x 1073 eV?
but normal ordering or inverted ordering?

* Why small mixing in quark sector, but large mixing in lepton
sector?

CKM: 64,=13.04°£0.05°, 045 = 0.201° £0.011°, O3 = 2.38° +0.06°
Pontecorvo—Maki—Nakagawa—Sakata: 6,, = 33.41°707% 6,3 = 8.54°75 15
* Why lepton mixing has maximal angle 023 ~ 45°7



Dispersion relation

o TeT-pTe mixing amplitude [I(s) = M(s) —il'(s)/2

TI(s') so far, it’s identity for physical
M(s) = / ds ds’ ..
s— s  om o, 8 = observable based on analyticity
real part  imaginary part invariant mass PMNS matrix element
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What if EW symmetry restored at high energy?

* Composite Higgs model, Kaplan and Georgi, Phys. Lett. B136, 183 (1984):

* “The electroweak group is broken at a scale

V24
much smaller than the condensate scale strong sector

condensate scale —T—
S unbroken SU(2)XU(1)

* Hyperquark condensates restoration scale ——

misalign with SU(2)XU(1)
vacuum owing to
Yukawa couplings electroweak scale ——  broken SU(2)XU(1)
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LO mixing in symmetric phase

* Internal particles massless

Li, 2306.03463

* All intermediate channels give same contribution

* Sum over all channels vanishes due to unitarity > . U;, Ui =0

* Mixing phenomenon disappears!

restoration scale

)
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Y S — 8§ —
s > A

EW symmetry broken at low energy;
constrains fermion masses and mixing angles



Box diagram in broken phase

* s’ can be low, so I'(s") depends on PMNS matrix elements and
intermediate neutrino masses in broken phase.

* Box-diagram contribution
Cheng 1982
Buras et al 1984
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Constraints

* How to diminish dispersive mtegral/ ds' 1) ?

s — s’

* Asymptotic expansion -
to have finite integral
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These four conditions constrain
neutrino masses and mixing
angles!

Test quark mixing first---constrain quark masses and CKM matrix elements

for Dmixing \; =ViV, 1,9 =d,s,b



Minimization
e Use unitarity to eliminate \;, and to rewrite constraints

m m refer to finite integral
QR )—I—Q'FREI,S')%—l%O,, m=1,0,—-1, i gral Jij

(m) (m) (m) (m) (m) m) m)
(m) _ Lag Zrdb + 1y (m) _ Lag de — Fc,b + be _
Rdd — (m rn) (m)”’ Rds — (m m,) m,) m = 1’ O’ —1

* Expression for m = ¢ similar, but with 9;;
* Ratio of CKM elements N ViV

cd

N ViV

= U + 10.

* Tune u and v to minimize the sum (real parts of constraints)

2
> [(u2 — "Ry} + 2uRy! ] then imaginary parts also small

m=1,—1,i



Resu ‘tS mq = 0.005 GeV ms = 0.12 GeV  myp = 4.0 GeV  mw = 80.377 GeV

31070 v=0 3.x1070 v=0.00062
2 x 1070k 2 x1076 " minimum reached
LN -0 - N
’I.x'lO_G; L ,m 0,-1 1.x10787
: - ~ - ”".
[T, _gp__': Togee_a?:____;n&asﬁ_: —_G 0985
—1.x10_6:- u _1_x10—6; u
~2.x1076 ] 2.x10°6
m=I
PDG
VeV 4.
r= T L= 1.0+ (62512) x 1074 w= —1.00029 + 0.00002, v = 0.00064 % 0.00002

variation of ms by 0.01 GeV they agree well; CP phase must exist



Global fits

experimental discrimination of NO, |0 difficult

Ref. [188] w/o SK-ATM

Ref. [188] w SK-ATM

Ref. [189] w SK-ATM

Ref. [190] w SK-ATM

NO Best Fit Ordering Best Fit Ordering Best Fit Ordering Best Fit Ordering

Param bfp 1o 30 range bfp £1¢ 30 range bfp 1o 30 range bfp 1o 30 range
2

sin” 0 .

10—4” 3100010 275 - 3.50 | 3.107000 275 = 3.50 | 3.04T07F 2,65 - 3.46 | 3.200070 273 — 3.79

. a+0.78 : n BT . a=+0.78 : n BT . ~+0.87 BT By 1.2 - E

elgéo 33.82707%  31.61 — 36.27 | 33.827)- 7% 31.61 — 36.27 | 33.467)°5T  30.98 — 36.03 | 34.5717  31.5 — 38.0

sin? fa:

mfo—_fg 5581020 497 5 6.09 | 5637008 4335600 | 5517019 4305602 | 5477020 445 5.99

023/° 48.377°2 40.8 — 51.3 48.6710 41.1 — 51.3 479741 41.0 = 50.9 477772 41.8 = 50.7
23/ : . . _

sin” B4: . .

— T8 12.241%0:966 5 046 5 2,440 |2.23770-966 9044 5 2435 | 2.1470-99 1.90 — 2.39  [2.16072:9%3 1 96 — 2.41
10-2 —0.065 —0.065 —0.07 —0.069

613/° 8617015 8.22 — 8.99 8.60°0 1% 8.22 — 8.98 8.41701% 7.9 — 8.9 8.45701° 8.0 = 8.9

dcp/° 222758 141 — 370 221139 144 — 357 238131 149 — 358 218738 157 — 349
A-m.%l

2 b +0.21 - +0.21 - 4+0.17 - O¢ - =+0.20 I DY

o5 v 7.3970-21 6.79 — 8.01 7.397021 6.79 — 8.01 7.3470-07 6.92 — 7.91 7550000 T.05 — 8.24
Am? ) ) -

103—3;) 2.44910-9%2 9 358 5 2.544 | 24547092 2362 — 2.544 | 2.419700%7 2319 — 2,521 [2.424 4 0.03 2.334 — 2.524

3 o2 _ _ 032

10 Ax® = 6.2 Ax® =104 Ax” =9.5 Ax® = 11.7
- 2

sin” 6 )

Tf 3.1070-13 2.75 — 3.50 3.1070-13 2.75 — 3.50 3.0310-12 2.64 — 3.45 3.2070 70 2.73 = 3.79

615/° 33.8270 7% 3161 — 36.27 | 33.827"0 7% 31.62 - 36.27 | 33.407"%7 30,92 - 35.97 | 345712 31.5 5 38.0

0.76 0.75 0.81 1.0

i 2

sin” 05: . .

10__123 5.6370 00 4.30 — 6.12 5.6570°07 436 — 6.10 5577007 444 5 6.03 | 5517045 4.53 - 5.98

023/° 486701 41.0 — 51.5 48,8710 41.4 — 51.3 48,2710 41.8 — 50.9 479710 42.3 = 50.7
-2

sin” B4: ~ . ) - .

10—_;3 2261170007 2,066 — 2.461 |2.2597)99%  2.064 — 2.457 | 2.18700° 1.95 — 243 [2.22070078 1,99 - 2.44

- 0.13 Y= : = 0.12 B Ye : o 0.15 o—+0.14 o
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dop/° 285721 205 — 354 282172 205 — 348 247170 193 — 346 281722 202 — 349
Amgl ~ ag+0.21 40.21 +0.17 . Q , =-0.20 - .

=5 V2 7.397020 6.79 — 8.01 7.3970-21 6.79 — 8.01 7.347017 6.92 — 7.91 7557070 7.05 — 8.24
Amz,

10-3 eV?

—2.500172:932_ 5 603 — —2.416

—0.032

—2.510172:930 _ 95 601 — —2.419
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—2.47810.035 5 577
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75—2.504+ 000 —
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Neutrino mass orderings

* Apply to lepton i e™-p"e™ mixing with intermediate neutrino channels

* Normal ordering (NO)  m? = 107° eV? (as long as it is small enough)
Am3, =m2 —m? = (7.55735) x 1077 V2 Am3, = m3 —m3 = (2.424 £ 0.03) x 1072 eV?

de Salas et al, 2018

* Predict U Usy | global fit
", T r=—(0.738700%) — (0.179%040)1

* Be reminded that it is LO analysis

e Inverted ordering (I0) =~ —1.0-0(107")i = —(1.03155;) — (0.356 1)0.3)i
\

dramatically different
* NO and observed PMNS matrix satisfy constraint at order of magnitude



Mixing patterns

* Insert u=-1 into m=1 constraint to get analytical expression of v

o~ (m3, —m3)(m% —m?) N @
(m3, —m?2)(m7 —m?)  m?
* In terms of Wolfenstein parameters v = 4%\*y Ahn et al, 2011

* Produce well-known empirical relation (Cheng, Sher 1987)

A= V.~ (AZp)-1/A [ \/W ~0.826 1~ 0.348
us - A27} —1/4 0 1 43 ~ O(l) Belfatto et al, 2023

* Chau-Keung parametrization v, ~ Si2

2 2
« . . TnQ ~ ¢ _2 m S 4
» Larger mixing angles in lepton sector due to |,z ~ %1 < 1¥ iz = 9010
3 b

* Indeed, \/mg/my/\ymy/ms =~ sEEM JsPVMS ~ 0,42



Mixing of generations 1-3

* Heavy lepton could be 11 or 7, same intermediate neutrinos
e 77ef-rTe” and pTeT-uTe” satisfy same constraints?
* Magnitude of PMNS matrix elements

Ue Us Ues| C 0.803 ~ 0.845 0.514 ~ 0.578  0.142 ~ 0.155 ]
Ul = | [Ual Ul |Uasl| =] 0.233 ~0.505 0.460 ~ 0.693  0.630 ~ 0.779
Ua| U] Usl | A0262~0525 0473 ~0.702  0.610 ~ 0.762 _
ad

. . . NuFIT, 2023
These two rows are indeed similar



Maximal mixing angle 63

e Recall v has two solutions with opposite signs, so one for p e -u"e”
another for 7—et-r7Te= ?

* Check data

U:]_U(?l/(U:QU(’Q) r= ;T1U€1/(U,LT2U€2)
0.078 0.085 05 136 -
—(1. 231+0 186) 1 (0. 204+0 138)1 r= —(0-738f8.84g) — (0-1797:8.%;2)@ de Salas et al, 2018
—(1. 139+8 539) + (0. 266*8 ?‘32) ro= —(0.80110282) — (0.265709%)i  Capozzi et al, 2018
* Implication: 6,55 ~ 45° roughly equal
/ .
:hUel _ G2 612812( 913923) + €23513523C (6%2 - 3%2) — (235135235451
UjoUeo 512 (C’uc’zs — 512513523)% + 2012\?23812 s13523(1 — ¢5) + roughly equal
$1U81 _ _012 012812( ngﬂg) - 6’239139‘23(’5((’%2 912) + 23513523551

2 2 2 \/.2 2\
UryUeo S19 ((’13923 + 23512513)% — 2C12023512513523(1 — ¢5) el (cTo + s79573)(c53 — s33) = 0



Summary

* Neutrino mass ordering? --- normal ordering

* NO and IO discriminated by CP phases (~180 vs 270 degrees; the
former favored by dispersive constraint)

* Small (large) mixing in quark (lepton) sector? --- different mass

ratios ~ 512 S
m3/m35 > m?2/ms:

* Lepton has maximal angle 6,5 ? --- mixings of generations 1-2 and
1-3 obey same dispersive constraints

* Only assumption: EW symmetry restored at high energy ---
direction to model building of new physics?
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