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Motivation (a-°*in data-driven approach)

M

® Relation CVC 7+ — ﬂiﬂoy,[/eJ“e_ — n7n~ proposed 1971. Precise data

require Isospin Breaking (IB). Recent exp/theory advances = a};o’ e
@cte - 1'n (y) data should be used in afvp’z”; experimental results

precise but not very well consistent (KLOE vs CMD3)

® ﬂiﬂ'ol/,[(]/) data consistent between 4 different experiments; precise

Good understanding of IB and uncertainties required. Many detailed studies
in last 25 years.

® if consistency is achieved and IB is understood, gain precision in a//];O’ g
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Isospin Symmetry and CVC hypothesis

[sospin properties non-strange currents: [Ii, j;m’lzl(O)] =FV, cak. 2(0)

[sospin rotation

Isospin symmetry: 0*(j,", V, cak) = (), CVC ; exact relation between
had. matrix elements/observables.

[sospin is broken (IB): m, = m, [O”V/Yeak # 0] and EM interactions. But still

good symmetry: IB effects of order (m, — m ))/\ , a = e’l4rx ~ O(few %).
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‘ Vud

: The most precise test of CVC

1507(Z,A) - 07(Z — 1, A)e™v, transitions
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|V .|: The most precise test of CVC

1507(Z,A) - 07(Z — 1, A)e™v, transitions
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Test of CVC | FO'=0"(0)| = /2
— |V | =0.97367(32)
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IB in pion form factors

@ CVC hypothesis predicts FS™(s) = FY¥¥(s) for all s = (P, + Pﬂz)z-

9 B effects modify form factors. In the time-likey/s < 1 GeV region:

FE™(s) = Fo(s) = f,0(8) |1+ 0,0

Fre(s) = F_(s) = f, (s)
* More isovector resonances (p/, p”, -++) required at higher s.
* IB effects:
1) rho-omega mixing (6,, = [0,,| ¢'Pr0); data indicates D, small.

2)  [ls) # f,-(s) lineshapes: 6m, =m, —moandol’ =T o —1T"_
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Experiments provide final-state photon inclusive observables

+ + -
® * = 75 7% () decays, (m. +m_o)* <5 < m? Universal SD- EW corr. =1.0233(3).
Cirigliano et al, PRD, 2023

Al L |V, 2 2 2
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LD EM corr. 27z
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® +, - | : 2
€ € DA 7 (YFSR)’ with s > 4m7r+ Final State Radiation, S-QED;

Schwinger Book+ Dres-Hikasa
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p_o(s), m—velocity



Experiments provide final-state photon inclusive observables

+ + -
® * = 75 7% () decays, (m. +m_o)* <5 < m? Universal SD- EW corr. =1.0233(3).
Cirigliano et al, PRD, 2023

dr%(v) _ F6|Vud‘2
ds 2m?2

(1 - )2 (1 = :;)63(3) ' (5)|” Sew G e (s)

2
mx

LD EM corr. 27z
specific)

® +, - | : 2
€ € DA 7 (YFSR)’ with s > 4m7r+ Final State Radiation, S-QED;

Schwinger Book+ Dres-Hikasa

7TC¥2

oan() (8) = ()| i (5)|” FSR(s)

p_o(s), m—velocity
® IB corrected CVC relation

AUor () 3Te|Vial? s\’ 25 Sew
— 1 I -
ds 2 Tatm? 502m(7) (5) m?2 mz ) Rip(s)
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s-dependent IB correction

2, 2 m? —2 -1 -
B LOsnr 1. @ mi  Brgo ™ ()| dN o0 S 25 Rip(s)
A" a, T| = 6[Voal2r® B [L ds 1 1 1

_ 3B |V d‘Q mi S ° 28 i SEW ]
IB -+ _ elru |
A ero [6 € ] / SdSO-Qﬂ-(/y) (S) (1 m2 ) 14 m2 _RIB(S) 1_

- 2072
2 TOEME g2




LD electromagnetic correctionsof O(a)int™ — 7™ 7x

0

dPQ"T(’Y) _ dF(Q)W
ds  ds

- CEN: virtual+real-photon corrections
in RChT to O(p*) . FF Guerrero Pich

fori/s < GeV [1]

- VMD: radcorr in VMD . FF BW with
p(770) [2]

- MR: uncertainty of CEN estimated (SD
constraints)+excited p in pion FF [3]

X GEM(S)

[1] Cirigliano et al, JHEP (2002);
[2] Flores-Tlalpa et al, PRD (2000);
[3] Miranda+Roig, PRD (2020)
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IB in rho resonance lineshape: rho mass /width difference

1. Rho mass difference in | f,(s)/f_(s) \2

5m J— m L — m 0 WEIGHTED AVERAGE
IO — _ -0.7+0.8 (Error scaled by 1.5)

p- p

om, (MeV) | Method/Reference
0.02+0.02 | VMD (Feuillat ot al, 2001)

(—0.7,40.4) | 1/N¢ (Bijnens+ Gosdzinsky 1996) v
+0.014 from dm; = om; T\ SCHAEL 05C ALER 46
—0.7+ 0.8 | PDG average (S = 1.5)  ABELE . 9E OBAR 18
T\ Foster e heo

- PISUT 68 RVUE 2.2

11.2

® Consistent with very small/ Gontidence Lovel - b e,
vanishing(?) IB. 45 10 5 0 5 10 15

m 7700 ~ My(770)= (MeV)

® Model- & process-dependent
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e rl o , _ m,Fm y
Mass diff. in a VMD model: 1, = m, + 6m;" "™ + om/ Feuillat et al, PLB, 2001

® LOin u-d mass diff. — émgid#m” = P Zm p
am, | 2
.5m’g:: ™ _2—|-7T\/_—§_:1.49M6V pm p p@ P
p, P,
30(p° — ete)
R _ Y
® 0 4 5 1.43 MeV P H P

om, =om', — 5mzo ~ 0.06 MeV
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Mass diff. in a VMD model: m, = m, + 6m""" + 5m’

® 1.0 in u-d mass diff. — Sm"@ M =

30(p° — ete)

0

_ 2_
2—|-7T\/_—§

o 5m,y__ _ Oémp
- 7T
° 5mZO —
om, = om'
)

20¢

— 1.49 MeV

— 1.43 MeV

L — 5mzo ~ 0.06 MeV
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p, P, A

Feuillat et al, PLB, 2001
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mp

Davier et al, EPJC 2010

— T 0
+ 'Obare

— N ,+ —

o,

~

ol
M0 + 5mp0

= (—0.4 + 0.9) + 1.43

(1.0 + 0.9) MeV

J




2. Rho width difference: 61 )= Fpo —

)=

Scalar QED+ canonical ppy vertex

I

ot = I'|7 __’/(O(’y< )| + I'|n __'/(OW>] + I'*|rest]

Cyo=Tr"r" (v.)] + T[xtn ] + [[rest]

/'

Virtual + real foton E, < o,

o

ST
p° e°
.

\

Real photon E, >

; /ﬂéri'v ; / w
N,

P éﬂ p° /A1 1
c) \ d) \

:_FO)

= (0.083 -

rest

- 0.008) MeV

rest =y, (10, ny, 3w, 47 PDG

Only the sum zw + nry is

independent of w,,.
Therefore we compute the

inclusive photon p — zxw

rates

Flores-Baez et al, PRD76 (2007)



To a very good approximation, oI, from photon inclusive rates: |, = 1'[p — z7(y)]

2 e i
5Fp(5) — gpzlm\/_ 53(8)(1 + 50) — 53 (S)(l + 5_) [*] Cirigliano et al, JHEP (2002);
sm 1 ) [**] Alemany et al, EPJC (1998)
0.76 MeV
=< (—=0.61+£0.45) MeV [«]|, 6T ,(wm)+ o' (mmy + rest)
(—0.42 + 0.58) MeV [+x|, same
Validation:
M T’ - ztn7y) —T(pt - z72%) = 1.1 MeV (0.45£0.45)[ *]
wy>50 MeV

M BR(p" — ntn7y)

=11.5%1072 (9.9+1.6)x 10~ [PDG]

600>50 MeV

13

Flores-Baez et al, PRD76 (2007)



DF(s) = f,d)[1 + 6;¢6,,BW,(s)[+p'+ ...], IBcorrection factor

fbo(S) )

=1+ A(s)om, + B(s)om, + C(s)ol', + - --

® A(s), B(s), C(s) expected to be “mildly” model-dependent.

® At least four (model) parameterizations used for the isovector pion FF:

Gounaris-Sakurai (GS), PRL21 (1968)

. —> Davier et al, (2010, 2023)
Kuhn-Santamaria (KS), ZPC48 (1990)

Guerrero-Pich (GP), PLB 412 (1996) — Cirigliano et al (2002)

® & o o

Dispersive representation (Disp) —» Miranda et al (2024)

14



Comparison of IB corrections in | ,o(s)/f,-(s) -

Davier et al (2010) Miranda et al (2024)
C\,I_ 1.1 1 l | 1 | I 1 | 1 I | 1 1 I 1 | 1 I | 1 | 1.10 ! ! I I : J ! I : ! J I . I ' T T [
o - i " — ém(rr-nY%)
L - — dm(n ) ) i |
©1.075 - : ~ 08 —— 6m(K~-K")
© L --- dm(p—p° )=+1.0 MeV i i _
L - m(p pbare) + e ) 106, e 6m(p _p0)=+1.0 MeV -
. - GS - - Dis
® 1.05 [~ - EMdecays - H p -------- EM decays, or(p-p°)=+1.8 MeV
@) i |
= - - 1.04
O - - N - i
® - i = | |
G 1025 |- — E Lol _
o0 i - — j ) \ _
e n 1.00 =
; : T oal :
i i 0.96- |
095 i PR [N TR TN T A WO T T N T O A NN TN TN NN RN A | 4 | l I | | . l | ‘ . , | | . . | . | | | | | | *
0.2 0.4 0.6 0.8 1 1.2 0.2 04 0.6 0.8 1.0 1.2
s (GeV?) s [GeV?]
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Numerical IB corrections: independent of pion FF

Run(s) = ESR() B3(s) | Fo(s) |
PN Grua(s) B2(s) | F-(5)
Source Aa; 2™ [7](10~17) ABE § (%)
Dayvier et al Miranda Dayvier et al Miranda
(2010) et al (2024) (2010) et al (2024)
SEW —12.21(15) —11.96(15) | +0.57(1) +0.57(1)
GEM(S) —1.92(90) —1.71(§%) —0.07(17) —0.09(%)
FSR(s) +4.67 +4.56 —0.19(2) —0.19(2)
Am, in o(ee) —7.88 —7.47 0.19 0.20
FF +2.38(0.79)  +1.53(39°) | +0.19(9) +0.14(3)
TOTAL —14.9(1.9)  —15.0(39) | +0.69(22)  +0.63(7")

2.9 % correction

16
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Davier et al EJP
C84, 721(2024)

Isospin breaking in FF lineshapes | Fj;(s)/F_(s) B

AaﬁOﬂW 7](10~1Y)
Source Davier et al 2010 Miranda et al 2024
GS KS GO KS Disp p4_1
p—w | +4.0(4)  +2.80(15) | +3.84(8)(z:77) +4.00(8)(:53) +2.72(8)(}:13)
Am.,. +4.09 14.02 +3.74 +4.12 +3.58
Am, | +0.20(1)) +0.11(;]) +0.10(38) —0.04(8) +1.85(1:82)
mry | —5.91(59) —6.39(64) | —6.09(67) —6.68(74) —6.62(73)
Total 1+2.38 +0.54 +1.59 +1.40 11.53
AB. (%)
Source Davier et al 2010 Miranda et al 2024
GS KS GS KS Disp p4_1
p—w | —0.01(1) —0.02(1) [ —0.08(8) —0.09(0)(5") —0.01(0)($)
Am.. —0.22 —0.22 —0.21 —0.22 —0.20
Am, | +0.08(8) +0.09(8) 0.08(8) +0.09(8) —0.02(?)
mry | 40.34(3)  +0.37(4) 0.34(3) +0.37(4) +0.37(4)
Total | 4+0.19(9) +0.22(9) | +0.13(12)  +0.15(5") +0.14(%)
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IB corrections in good direction to restore agreement of 7 vs e"e¢~ with CVC

Hvp,nr -10
a, (10 7)

500 510 520 530

eTe (Ww/KLOE) r+ CVC + IB 7+ CVC
Davier et al, EPJC (2010) | * = = * = = °
q=-==mmmmm-- 4
F====m=== - > ®
ete” + CVC(w/KLOE) ete” + CVC + 1B 7(exp)
24 245 25 255

B:c:rc(o/o)
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Final comments

0

o o —+ —+ — — .
® Current precision measurements of ¥ - 7tr v_and eTe”™ — n7x require

leading order (LO) Isospin breaking (IB) corrections for testing CVC predictions;

® O IB effects help to achieve better agreement between the predictions of a};o”m

from 7- and eTe ™~ data in dispersive approach (KLOE vs CMD3?);

® .0 IB effects added to the CVC prediction of the B(z* — JZ'iJZ'OI/T(}/)) IS in better

agreement with experiment;

® |B effects are model-dependent (| Fy(s)/F_(s)|). But different sources (pw,

5mp, 5Fp) tend to cancel and render small this contribution
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[sospin symmetry fy(s) = f.(s). Isospin Breaking (/. (s) # fy(s) ):

(T (p )7 (p)|737(0)[0) = Fyv (s) (p+ —p-),
_ Nt

<7T+(P+)7TO(PO)|jxeak(0)\O> =V2f.(s) |(p4 — Do) - (P+ +po)u_ +V2f(s) - (P+ + Do),

Fy(s) = f,0() |1+ 0,0 L

f—l—(S) — fp+<8)

[sospin breaking in pw mixing and in rho mass and width differences
that determines the rho resonance lineshape
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Mass and width difference: pole position vs BW forms

Mass and width in BW forms (Conven.)

Mass and width from pole position

A(s) R
F_(s) = : _ p
JT( ) D(S) FN(S)_S S | B(S)
. - ~/ 2 . ~~/ 7~/ p
D(s)=s Mp(S)+lMp(S)Fp(S) Sp=M2—iMF
2\\ __ 2\\ —
Re(D(m2)) =0, and Im(D(m2))=m,I,
Fit m,+ (MeV) m 0 (MeV) m,+ —m o (MeV)
Conven. Pole Conven. Pole Conven. Pole
KS(A=1) 773.4 +0.9 757.0+ 1.3 773.4 +0.7 756.9 1+ 1.0 0.0+1.0 0.1+1.6
COnven. frOm ALEPH’ GS(A=1) 775.7 £0.9 758.1+1.3 775.7 £ 0.7 758.0+1.0 0.0+1.0 0.1+1.6
ZP C76, 15 (1997), GS(A=0.45+0.11) 783.8 +£3.0 758.3+54 783.8 + 3.0 758.1 5.4 0.0+1.2 0.2+7.6
combined fittoe e -
Fit Fp:t (MeV) r 0 (MeV) de: — Fpo (MeV)
& T — 2pl datay Conven. Pole Conven. Pole Conven. Pole
including IB corr. KS( = 1) 1477 £ 1.6 1432 +1.5 1473 +1.3 1427 £ 1.2 04410 05+1.9
GSA=1) 150.8 +1.7 1453+ 1.5 150.8 +1.3 1452 +1.2 0.0+2.0 0.1+£1.9
GS(A=0.45+0.11) 162.0 £5.3 145.1 =6.3 162.4+5.0 145.2 +6.5 —0.4+2.5 —0.1+8.7
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CEN 2002 -
VDMwow — 7%

1.04 1 ‘ T ; T

1.04
1.03

1.02

1.02
1.01

G ()

0.99 -

*_———__

0.98

0.98 —
0.97 + _

0.96 | | : | : A T R R R S R
0 0.5 1 1.5 2 2.5 3 0.4 0.8 12 1.6 2 2.4 28

s (GeV?)
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Gppv(s) in VMD

A
M(a = b+ yk)) = . Bk’ + Ck

A, B model-independent (a — b);
C is model-dependent

dr, . dr;
dt ' dt
— 14
Gem(t) dr°
dt
dl'y,  dI'y(m..) dU(m.d.)

| g h

dt dt | dt
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Pion form factor

i S S
FV(S) — BWP(SammPP) (1 T 59‘«’@ BWcﬂvR(Samwa Fw) T 5;0(}5@ BWQJSVR(Sa m¢7r¢))
L w o,

Cor BW (s, M1, L) + cor BWpri(8,mpn, Lo )| [(1+ Cpr + Cpr),

m? [1 + d(m)I'/m)]
m2 — s+ f(s,m,I') —imI'(s,m,I")

m2

Gounaris-Sakurai BWS%S(s,m,T) =

Kuhn-Santamaria B WKS(S’ m,I') = m2 —s —imI'(s,m,T")

mD(s,m,T) =T = ( ﬂ“(s)))ge(s — 4m?2)

m \ Br(m? T
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Dispersive FY
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J. Miranda et al, 2411.07696

BABARI12+Belle KLOE12+Belle KLOEc+Belle CMD3+Belle Global fit 1 Global fit 2
data points 322 + 62 60 + 62 85 + 62 209 + 62 322+60+209+62 322+85+209+62
x> 493.4 356.4 442.9 584.5 2192.2 2683.0
x?2/d.o.f 1.3 2.9 3.0 2.2 3.4 4.0
m, 774.94+£0.1 MeV 7749 +£0.1 MeV  774.7+£0.1 MeV ~ 774.9 £ 0.2 MeV 774.3 £ 0.1 MeV 774.1 £ 0.1 MeV
16 | (20£0.0)-10° (2.04+0.0)-107% (2.0£0.0)-107° (2.1£0.0)-107° (2.1£0.0)-107? (2.1£0.0)-107°
arg[d | (17.2 £0.9)° (16.1 £+ 1.3)° (25.0 & 2.3)° (14.3 £ 1.2)° (13.3 £ 0.4)° (10.2 £ 0.4)°
10,6 of of of (20£0.1)-107*  (1.34£0.1)-10~* (1.74+0.2) - 1074
arg[d,s] — - — (56.5 & 2.9)° (22.9 £ 5.3)° (40.4 £ 6.3)°
Co —0.63 & 0.00 —0.26 & 0.00 —0.42 +0.01 —0.43+£0.00  (—0.27£0.00) - 101 —0.39 £ 0.02
Cs 0.37 £ 0.00 0.17 £ 0.00 0.29 £ 0.01 0.29 £ 0.01 (0.28 £ 0.00) - 10~* 0.26 £ 0.01
Cy —0.10 £ 0.00 —0.05 £ 0.00 —0.09 £ 0.00 —0.094£0.01  (—0.154£0.00) - 10! (-0.76 +0.03) - 10~*
m,y 1603.5 3.1 MeV  1564.8 £ 1.5 MeV  1636.1 £ 7.0 MeV  1600.5+ 1.6 MeV ~ 1482.3 & 5.1 MeV 1552.5 & 6.7 MeV
T, 426 + 5 MeV 426 + 7 MeV 611 £ 9 MeV 405 & 8 MeV 313 £ 9 MeV 356 4= 10 MeV
Relc,/] 0.30 £ 0.00 0.65 £ 0.01 1.85 + 0.02 0.36 £ 0.01 0.49 £ 0.01 0.26 £ 0.01
Imc,/] 0.31 £0.01 0.31 £0.01 0.25 £ 0.01 0.40 £ 0.01 0.27 £ 0.01 0.34 £ 0.02
m 1899.4 + 6.2 MeV 1730T MeV 1730T MeV 1730T MeV 1822.2 + 4.0 MeV 1896.2 + 3.9 MeV
| 406 + 9 MeV 260" MeV 260" MeV 260" MeV 125 + 10 MeV 239 + 11 MeV
Re[c,] —0.11 £+ 0.00 —0.28 & 0.00 —1.00 £ 0.04 —0.18£0.01  (—0.134+0.11)-10"!  (0.78 +£0.14) - 10!
Im|[c,] —0.35 4 0.01 —0.32 £ 0.01 —0.29 £ 0.01 —0.31 £0.01 —0.25 £ 0.01 —0.31 £ 0.02
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