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Outline

\ I RG running of neutrino mixing
Central question

parameters
The PMNS matrix runs with energy scale. Il From RGEs to oscillation corrections
What are the observable traces of this — amplitude and phase
running Il Why reactors are the ideal probe

in neutrino oscillation experiments?
IV JUNO: slow mode & first data

V Fast mode: mass ordering at risk
VI JUNO-TAO restores the sensitivity
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RG Running of Neutrino Mixing
Parameters



Coupling constants run — and the PMNS matrix is no exception

J. P. Pinheiro

In QFT, couplings depend on the High-energy model parameters
renormalization scale y: ag(Mz) ~ 0.12 but [ p~ Mgur ~ 10" GeV ] predicted here
as(Mgut) ~ 0.04. This has been directly ¢

measured at colliders. N ________

The PMNS matrix Upnins encodes leptonic
couplings — it runs too (Lindnereta., T 7T C oo T

hep-ph/0305273). \4
In BSM scenarios, neutrino masses originate [ Electroweak scale M ]
at a high scale M; (see-saw, GUT ...).
Parameters at M; are evolved down to low yRGEs
energy by RG equations (RGEs). — -
o Oscillation experiments parameters
Low-energy oscillation measurements few MeV — few GeV measured here

constrain what we can infer about the
high-scale model. RG corrections are
unavoidable.
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The neutrino mass operator and its RGE

— Below the see-saw scale, light neutrino
masses come from the dimension-5
Weinberg operator «:

L, = %ﬁgf@aﬁ lieg + h.c.

— Its one-loop RGE (Antusch, Kersten, Lindner, Ratz,
hep-ph/0305273):

2 dﬁ:

at

with £ = In(u/uo), C =
(SM).

1672 — = C(YYo) ki + Cr(YiYe) 4+ ar

1 (MSSM), C = -3

J. P. Pinheiro

After EW!
¢ @ mass matnx ¢

From r(u), extract: mi(u), 6(n), op(n), »1,2(1)

— Dominant driver: 7 Yukawa y-
(Ve, . negligible).
— MSSM: enhanced by (1 + tan?p3).
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Analytical RGEs for mixing parameters

(Antusch, Kersten, Lindner, Ratz, hep-ph/0305273) — at Ieading order in 913:

Mixing angles:

. C my el®1 moee'¥2 2
O1p ~ — % sin 2045 323 w
3272 Am? ]
SO.
. Cy?2 sin203
623 ~

3272 Am2,
x [2y|mae'?2 + mgf? + .. ]
Dirac CP phase:

2 —1 2
3271'2 913 871'2

(=" model-dependent; 1/615 ~ 7 enhancement!)

J. P. Pinheiro

Majorana phases ¢ :

CyT

my 3122 sin 1 + m20122 sin o

1~

{mg cos 203 A2
m

atm

e All parameters run simultaneously.

e Solar angle 6; is most sensitive (small Ant,)).
e Majorana phases dampen or enhance 65:

|1 — @2 = m = maximal suppression.
e 5p can run fast due to 1/613.
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From RGEs to Oscillation Cor-
rections



The standard picture vs. the complete picture

Standard treatment

Uprnins is a single constant matrix. Production
and detection use the same mixing matrix.

_im2L/2E ;|2
Pap = ’Z Ugi e~ ™M2E Uz,
i

Quantum corrections make U scale-dependent:
Ui — U.,i(@?). Production and detection happen
at different scales — they use different mixing
matrices!

The PMNS phases always cancel in Pzs. ) 2
i 4 = Pas = |3 Un(C8) &=/ Uzy(C})

This is an approximation valid when Q3 ~ Q3.
|

The flavor eigenstate produced is va(Q5) = U.i(Q5)vi; the one detected is va(QF) = U.i(Q)v. If
Q3 # @3, these are literally different particles.
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Where does Q*>-dependence come from?

tree level

— CC coupling: —£ > %Ua,[a W-P,v; +h.c.

— SM at one loop: corrections o g°, vi
flavor-independent = U unchanged. >_,\,WWW W
— New physics (light scalar ¢, ...): loop . o gU,j

(02 i :

factors become Fj;(Q7) flavor-dependent: SMNLO:loop o o3, Fj = 0 - F

5 5 flavor-independent = U unchanged

9Uai = g Uai + 3 Ua Fji(Q )] =gUai(@) o S iuiis
new-physics loop
— The mixing matrix inherits a Q° dependence vi
— and so do all oscillation parameters. >@WWW\A W

o o gUyjFii(@%)

/:j/(OZ) flavor-dependent
= Ua,-(OZ) runs
10/32
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The two mixing matrices and the beta-function parametrization

— The difference between the two mixing Six beta functions for the full PMNS matrix:
matrices is parametrized by beta /s — solar angle (largest)
functions (Ge, Pinheiro, Qin, arXiv:2606.26720):

Ba — atmospheric angle

Q3 X S .
= Br ~ 00—
AXI BX/ In QZ BX, (9 In ,LL 1B 0 — reactor angle (negligible) 1
where X/ c {057 0” ea’ 60, 5M1, 5M3}- [;'JD — Dirac CP phase (1/613 enhanced!)}
— fx, encodes the rate of RG running — a [ ., CP phase oy ! j
- . . PM1 — 1
model-independent parametrization.
— When Q5 = Q3: AX; = 0, standard — CP phase 6yt
oscnlatlons recovered
¢ ) . ) . .
— Note: /Br/ﬁs o Am§1 /Am§1 ~ 3% — For Majorana v: true Majorana phases. For Dirac v: dyq 3 are

physical CP phases from the RG mismatch — no lepton-number
violation (Babu et al., arXiv:2108.11961).

reactor angle running safely negligible.

J. P.Pinheiro Mass Ordering in JUNO with RG Running 11/32



What gets corrected: amplitude and phase

The RG-corrected 7 survival probability (Ge, Pinheiro, Qin, arxiv:2606.26720):
Paz ~ 1 — 4C;‘C§S§ (1 + A@21) sin2(¢21 + Adyy
N——

ampl. phase

— 4C,23$ [C§(1 + AOgz4 ) sin2(4>31 + Adgy ) + 52(1 + A@32) sin2(¢32 + A¢'32)]

AO; Iy

From running of mixing angles: From CP-phase running (6p, dm1, dms):

NAOo ~ (COt fs — tan GS)AQS Ay = —%A(SMl

_ 1 1
3s rescales the dip depth of each oscillation A®z = —3Adp + 3 Adms
term. Adg = —IASp — 1AM + A3

Driven by s (dominant) — 3, negligible.
y Be ( ' Inzvisiblg in standard Psz — revealed only when

P d
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Physical signatures of RG running in oscillations

1. Zero-baseline flavor transitions 3. Spectral distortions
— Standard: P,.s(L — 0) =0. — The oscillatory spectrum is shifted in
— With U(Q?) # U(QS); U(Qg)U‘\'(QS) #£1 amplitude and phase in an
= non-zero at L = 0 at O(¢?). energy-dependent way.
— Near detectors are direct probes. — Different beta functions leave distinct
energy fingerprints — separable with
2. Apparent CPT violation high-resolution experiments.

— P.o # Psgs at finite baseline.

— Could explain tensions like T2K vs
NOVA! (Babu et al., arXiv:2108.11961)

4. Inconsistent parameter measurements

— 642 from solar # 64, from reactor
(different Q?).

— 63 from disappearance # from
appearance.

— Provides a natural explanation for
apparent inconsistencies between
experiments.
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Why Reactor Experiments Are
the Ideal Probe



The kinematic advantage: largest Q> mismatch

— The RG shift scales as In |Q5/Q3|: the bigger P
. reactor e JUNO
the ratio, the stronger the effect. e | o
— For reactor 7,:
— Production: nuclear 5 decay. Typizcal production detection
momentum transfer Q3 ~ (1 MeV)?. @ ~ (1 MeV)? Q2 ~ few MeV?

— Detection: IBD (7. + p — € + n). Transfer
Q2 ~ few MeV?.
— Ratio: Q5/Q5 ~ O(4 — 5) (Ge, Kong, Pasquini,
arXiv:2411.18251)
— Effect is larger for accelerator experiments
(m — pv vs. CC DIS: ratio ~ 10).
— More logarithm = more RG running
accumulated.
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The experimental advantage: energy resolution

— RG corrections distort the spectrum in an

20—
energy-dependent way — fine resolution i
is essential. 15/
— JUNO: 0g/E ~ 3%/+/E/MeV — 2x i
better than KamLAND, which could not %10
probe these effects. <
— JUNO can resolve individual oscillation I I
cycles across 2—8 MeV with 66 energy > ‘;’ — 2.9%res.
bins. — ire ]
— RG fingerprints — B in amplitude, By in 250 252 2.54 256 258
phase — peak at different energies: [Am2,] [1073 eV?]
separable only with o¢ < 3%/VE.

(Forero, Parke, Ternes, Funchal, PRD 104 (2021) 113004)
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Reading the spectral distortions

Bs enters through A©,; — it rescales the dip
depth of the slow oscillation.

Largest effect at ®»1 = /2, i.e., E, ~ 3.2MeV
(Evis = 2.4 MeV):

— Too few events at the solar dip — 35 > 0
— Too many events — (s < 0

Similar in shape to a shift of 612, but cannot be
absorbed by it (different Q* dependence).

J. P. Pinheiro
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Bunr enters through Adz; = — 1 Adyn — it shifts

the phase of the slow oscillation.

Largest effect at ®o1 = /4, i.e., E, ~ 6.5MeV
(Evis = 5MeV):

— Distortion near the zero-crossing of sin 254

— Orthogonal to s in energy space — the two
are separable!

Bp — Pus/2 # 0 — fast-mode shift

Shifts the apparent | Am2,| in the fast wiggles —
threatens mass ordering sensitivity (Part V).
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JUNO — Slow and Fast Oscilla-
tion Modes



JUNO: two oscillation scales at 52.5 km

At baseline L in vacuum:

Pss =1 — Cf sin®20s sin®®y

slow mode

~ sin220, [cg sinZdgy + 52 sin2¢32}

fast mode

(D,'j = AmiL/4E,,

— Slow: amplitude ~0.84, period ~few MeV
— Fast: amplitude ~0.084, period ~0.2 MeV —

— Interference of ®3; and $3, encodes mass

J. P. Pinheiro

(¢21 =71'/2 at El,f-’t:3.2 MeV)
needs o£<3%/VE

ordering

JUNO parameters

e 20 kton LS, 8 cores, (L) =52.5km

e o /E =~ 3%/+/E/MeV, 1345p.e./MeV
e e +p — et + n, ~60 IBD/day

e Data taking since summer 2025

Why 52.5km?

Optimal baseline for observing both the
slow (Am3,) and fast (|Am?,|) oscillations in
one detector.

Mass Ordering in JUNO with RG Running
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The fast mode encodes the mass ordering

(Forero, Parke, Ternes, Funchal, PRD 104 (2021) 113004)

Fast part of Pzz exactly: x10°
120 [ 2000 days of data taking —— No oscillations
fast Only solar term
Péé ox1— A(E) COS(2|¢ee| + q)@) —— Normal ordering
100 —— Inverted ordering
|Pee| = |AMZ,|L/AE, & from Am3,, 612. 3 ol
— +& for NO: wiggles advance in energy. gﬁ
— — &, for 10: wiggles retard — IO appears g °F sin? 26,
. [
~0.7% larger in |[Am2,|. & sl lsinz 2043
— No dcp, no O3, no matter effects. 5
20+ ) 4" “j
Amy, Amsz,
0 L 1 1 1 1 1 1
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The slow oscillation mode and its RG corrections

P5ov ~ —4ctc2s2 (14+A021) sin®(do1+Ads1), Az = (cot fs—tan fs) Afs, Aday = — 1 Ady

e ~

— s = s affects the amplitude — enters

[ " JUNO (59.1 days)

like a shift in sin®6s5. = td—
< Be=40.05 ===
— fan affects the phase — shifts where = em:o.m -----
the dip sits in energy. =40 Total backmg;::T
— Both effects are energy-dependent and ;;’ ool

peak at different £,:

— [s: peaks at ®p1 = /2 _ ok
(Evis ~ 24 MeV) ::‘.:. 10F ‘ +V'N lata ]
— P peaks at $p = 7w/4 Z‘ oMl BT el 1 s Xy = 5414 (std)
(Evis = 5MeV) : r
Z L o, ‘ X = 59946 (Byn)
— The two parameters can be P R [ A
simultaneously fit to data — their Evis [MeV]
energy fingerprints are orthogonal. s
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Constraints in the (3, /1) plane

02 :_J‘Ul\‘IO‘(QO‘ZZI da‘ys)‘ T T ke ﬁxlza_?
0.10F 5 * BF marg. |
0.05 0.1 ' ___________ - .
Qa; 0400E é 0.0F ,/ I, (I(’ :' .
—0.05F [ \\\ N S —=F _- L
E —01fF Sl T - ’ b
—0.10F o Tt
3 —— fixed 012, Am2; ] b —— fixed 012, Am3,
—0.15 FI8 65 5%, 95.5%, 997% CL <+ margin. E —0.2 :—mes..z%, 95.5%, 99-7% CL 5 margin. ]
—0.2 —0.1 0.0 0.1 —0.2 —0.1 0.0 0.1
B Ban
1st release (59.1 days): Bs € [-0.036,+0.020], 2nd release (207 days): S\ € [—0.073,—-0.010] at
Bui €[—0.078,+0.013] at 90% C.L. 90% C.L.; preference for Sn1 # 0 strengthens.
; _ . 2 _
Min. at Sy = —0.078: Ax? = 3.8 — preference for Full 2400-day projection: [8s| < 0.0066, |Bui| <
Bt # 0. 0.012 — permille-to-percent level.

(Ge, Pinheiro, Qin, arXiv:2606.26720)

J. P.Pinheiro Mass Ordering in JUNO with RG Running 22/32



Fast Mode — Mass Ordering Un-
der Attack



The fast oscillation mode and the mass ordering

Fast mode: Pt o cos(20ee + ), Pee = |AMZ,|L/AE,, Am

— & advances (+) for NO, retards (—)
for 10.

— With RG running (Ge, Pinheiro, Qin,
arXiv:2606.26720).

a)ee - cbee - Aq)ee

IASp + FCB AN — D03

— Negative Adge mimics 10 retardation for

J. P. Pinheiro

true NO — masking MO sensitivity.

Mass Ordering in JUNO with RG Running

2
ee =

c2ZAmé, + s3Am3,

JUNO (2400 days)

NO std =—— |
10 std

10+RG .
Bp—PBurz/2 = +0.20
104+RG

Bp—PBus/2 = —0.20

6
By [MeV]



MO sensitivity degradation: how bad can it get?

— Standard JUNO (2400 days, 3p = SBus = 0): .
Ax2;,(10) =89 (3.00) :F 3.00 — standard
— With 8p — Bus/2 = —0.2 (IO-like shift): :- 1.60 —; RG (marginalised)
AX2,,(10) > 3.0 (1.70)

- Q/AX%O

— With 6p — Sums/2 = +0.2 (NO-like advance): 16
A2, (10) - 215 (4.60) I
Bp — Bms/2 is baseline-independent while
— Marginalizing over unknown Sp, Bus: ®ee depends on L/E — the two cannot be
3.00 — 1.60 — nearly half the ordering disentangled from a single far-detector

sensitivity lost. measurement alone.

— The slow mode cannot fix this: Sp — s /2
does not appear in the slow mode at leading
order.
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JUNO-TAO — Zero-Distance RG
Running



J. P. Pinheiro

What happens at zero distance?

At L ~ 44 m, all oscillation phases vanish
(Pog =~ 1.7x107* at E, = 5MeV):
— Standard: Pee = [UUT]ee = 1 (unitarity).
— With RG running:
Pee = [U(QR)UT(Q))1Ze # 1.
Leading-order result (Ge, kong, Pasquini,
arXivi2411.18251).

Pee(L — 0) =1 —sin (7A507%5M3/Z> sin%20,

A(SD - A(5M3/2 = (BD - ﬂM3/2) In |Q§/Q§|
Same combination Sp — S\3/2 as the fast

mode — but here: no oscillatory background,

pure RG signal.

— TAO and JUNO probe the same
Bp — Bums/2, in complementary
regimes.

— At JUNO: Sp — Sus/2 shifts the
fast-mode phase, mimicking MO —
entangled with the ordering.

— At TAO: no oscillation = Pge#1 is
pure RG. Same parameter, clean
environment.

NETR [ouno | o
'l 44m | | 53km | o

Bp — Bums/2 Bp — Bums/2
pure RG + MO signal

( same parameter, different regimes: )
TAO separates it from MO
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TAO sensitivity: from spectral tilt to 5y constraint

o — APge/Pee rises with energy (larger

= osk Q2 at high E,) — up to ~1% for

S w/o RG N 8p =0.15

PR\ W/ RG, f5 =5 x 10 D s

oS W; e ;:“13 — Backgrounds concentrated at low E;

509 high-E region (> 3.5MeV) is clean

g 04f yd 2 and most sensitive.

S 03F p 18

2o om0 | — TAO: ~1000 IBD/day, o =1.5%/VE,

Zoab Q:mn _________ 12 2.4x10° events in 6.5 yr.

0.02”“"”’;’- P T - T — Projected bound: |5p| < 10% at
E, [MeV] 90% C.L.
(Ge, Kong, Pasquini, arXiv:2411.18251) — Main challenge: spectral tilt

uncertainty (~1%) mimics the rising
RG signal.
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JUNO-TAO restores mass ordering sensitivity

20.0 T T
I 1
| /JUNO . .
175} ! (2400 days) | Scenario \V AXio
1 1
15.0¢ P ,'I ] JUNO alone (standard) 3.00
. 1
1250 ! / 1 JUNO alone (RG marg.) 1.60
NX L ! II ]
5100p30 I,' /o NO (std) — JUNO + TAO (real. norm.) 220
=L 10 (std) =— 1 .
o . /I /' Iofé((; . JUNO + TAO (ideal norm.) 2.60
5.0F00 ._” ,/  +TAO ]
6.5yr-/-wsys .
2‘5,\ \_;” +(TAVO/ o 1 - S|OW_>557/8M11 TAOfaSt%BD7BM3
o N (0w fwoss) — JUNO-TAQ is essential for MO
2,500 2.525 25502 2.57573 2680 2.625  2.650 SenSitiVity with unknown CF’-phase RG
| At [107% V7] running.

TAO probes Sp in the pure RG regime (no oscilla-
tions) — JUNO probes 3p— /s /2 in the fast mode.
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Summary



The big picture

o @3 # Q3 = two mixing matrices. Slow mode: 35 € [—0.036, +0.020],
. > Bui €[—0.078,+0.013]; hints at By #0
o Difference o By, In |Q2/Q3|.
) Fast mode (MO): 8p—Snms3/2 degrades 3.00 — 1.60
e Reactor: Q2/Q2 ~ 102 — largest mismatch in any . : .
experiment a TAO (zero-dist.): pure RG regime, constrains p; MO

recovery — 2.20

e Amplitude (A©y): from fs

e Phase (A®j): from Bp, B, Bms — invisible in
standard Pzz

|
JUNO can constrain beta functions of the PMNS matrix — including CP phases.
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e Neutrino mixing parameters — a fundamental prediction of
QFT.

e At reactor experiments, Qg =~ Q§ means the oscillation amplitude carries
. CP phases that normally cancel in Pgz

e JUNO’s 3%/+E resolution makes it uniquely sensitive to the
from amplitude (8s) and phase (61, 8o, Suvs) running.

e First JUNO data already constrains 3s and 1 ;

e The fast mode is from 30 to 1.60 by unknown SBp—Sus/2 —
it via the zero-distance limit.

Thank you!

joaopaulo.pinheiro@fqa.ub.edu



Supplementary slides



Backup — The full corrected Pz;:: phase details

J. P. Pinheiro

— The PMNS matrix U = PV Q contains two rephasing matrices: P (unphysical) and
Q = diag{e'™1/2 1, ¢/*vs/2} (Majorana phases).

— In standard oscillations, Q(Q?)QT(Q?) = ¥ — Majorana phases always cancel in Pzs.

— With mismatched Q?: Q(Q4)Q"(Q35) # ¥ — they no longer cancel!

— The ¢p enters Ugs as an overall phase; its mismatch Adp also contributes to Adg4
and Ads,.

— Phase corrections explicitly: Ay = —1Ady1, Adgz = —3ASp + §Adus,
Adzy = —%A(SD — %AéMl + %A(SNB

— The fast-mode combination: A®ee = FAdp + 3C2Ad0M1 — 3 Adws
= (Bp— $Bus)In|Q3/ Q3| + ...

Mass Ordering in JUNO with RG Running
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Backup — JUNO analysis pipeline

J. P. Pinheiro

Event rate in bin k: Ny = CY_, 72 [ dE, ¢(E, )o1sp(E,)(Pes)k Rk(E.)
9 reactor cores (6 Yangjiang + 2 Taishan + Daya Bay); (L) ~ 52.5 km.

Flux: Huber-Mueller with Daya Bay burn-cycle fractions (Huber:2011wv, Mueller:2011nm,
DayaBay:2025ngb).

RG running averaged over Q§ at each energy bin (Ge, Kong, Pasquini, arXiv:2411.18251).
Energy resolution: o(E,,) = Epe\/(3.3%)2/Epe + (1.0%)2.
Test statistic: Combined Neyman-Pearson (CNP) (Ji, Xu, arxiv:1903.03572).

— Systematics: signal norm (1.8%), 5 backgrounds, energy scale (0.5%), 25 flux
parameters, non-linearity.

— Projected (Asimov): Pearson x2, NuFIT 6.1 NO best-fit, 2400 effective detector-days.
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Backup — Key references

— Lindner et al. — Antusch, Kersten, Lindner, Ratz, Running neutrino masses, mixings
and CP phases, hep-ph/0305273 (2003). [Analytic one-loop RGEs for all PMNS parameters]

— Babu et al. — Babu, Brdar, de Gouvéa, Machado, Energy-Dependent Neutrino
Mixing Parameters at Oscillation Experiments, arXiv:2108.11961 (2022). [Mismatched @2,
phenomenology, benchmark models]

— Ge et al. (2023) — Ge, Pinheiro et al., Neutrino CP Measurement in the Presence of
RG Running, arXiv:2310.04077. [Long-baseline signatures, CP phase running]

— Ge, Kong, Pasquini (2024) — Testing the RG Running of the Leptonic Dirac CP
Phase with TAO, arXiv:2411.18251. [TAO near detector, Q? averaging]

— Ge, Pinheiro, Qin (2025) — Disentangle RG Running Parameters with
Medium-Baseline Reactor Experiments, arXiv:2606.26720. [Full JUNO analysis — main paper of
this talk]
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