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“Anomalous” interactions

(a) SU(3) qguantum anomaly

L:WZW = GMVPUW()@MAVQOAJ

(b) Resonance field B A->T1=-1E B {EFHIE
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L, = 1"’ TI'[CYLpaLuaLpaRa - (R « L)] %(ETDL#£+§DR#§T)’
oy =0y +ai—gVy,
£2 — ieﬂupU’I‘r[aLp,aRuaLpaRa], Qpy =y — a1, — gV,
Fujiwara et. al. @i = (€' Dy — €Dm,€")
L3 = " Tr[gFyuw{aL,ars — (R <> L)}], [ PTP73(4)926-941
1 A )
Ly = 5" Tx{(Fryu + Fru){os, o)
£ — G“VWF‘(}#UTI'[CYLPQRU - (R < L)] / \
7o SU(B) singlets
L(j == —GMUpaT\I'FquFvW
A o ¢
£7 7;) ehvpo FV/.wF )pa
: X _ MA-T=HHEEHA.
Lg = euupaTr(FLuu + FR#U)¢2QLU 9 —Bo \ 10 J J
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|FV1Pi(3)|2

Transition form factor (TFF)

TFFs are observed in experiments:
NA60O, KLOE-2, SND, Lepton-G, CMD-2.
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TFFs in the model

pyw, P -

, S
Fyno(s)? = |1+ v > " 8,,m16By.5Dy(s)
o’ J

Vector meson

propagator
/ P A
. V ;7 o \\ V
NIk IL e FDSelf-energy - |
\ /
N I =
Ovvp @ VVPcoupling Gorr = 5.83
'V : V —~ conversion vertex

XVP : effective vertex for V P~ with on-shell photon
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Peak region
p(770), w(782)
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Fit in total for V — PITI~

s +
TFFD 74y DGR X2/d.of =190.6/151

Blue bands:

Model in 68% C.L.
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clf = (1.80 £ 0.08) x 1072,cF = —(4.0£0.2) x 1072, ¢}f = —0.78 £ 0.97 and c¥ = —0.6 £+ 1.8.



Decay constant of #tand K™

4 I
7 =ERE
T [ 25t 1197 +0.009
f7r+ Z g+
\ )
<7I'+(p)|’l_1/‘/#"‘/5d|0> |1—100p order — i\/ﬁfﬂ'ﬂme
<K+(p)|’aﬂfpﬂ/53|0> |1—100p order — i\/ifK*Fpp'
M2, + 2012 M2, M
Z7\.+(1) ~ —8 ( i _f+-22 KLZ + f‘; Lg) + 26(2“7r+ +tu‘I§')a c=1- 92}/2
M2, +2M%2  M? :
Zr+(1) = Loy ~ —8 ( = ;_2 KLQ = f—ng) +c (gﬂn* + gﬂss + 3/1}?)
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Model  (MeV) PDG (MeV)

7.6 +0.2) x 1078

[74 *J F@%ﬁ%} L[r® — 29] 7.6 x 10~

(
L'[n — 29] 5.2 x 10~* (5.24+0.2) x 1074
L'y — 2] 4.5 x 1073 (44+0.2) x 1073
['[p° — 7%9] 4.3 x 1072 (89+1.2) x 1072
['w — %] 0.73 0.70 £ 0.03
I'[¢p — 7%] 7.1x 1073 (5.4+0.3) x 1073
T'[p — 7] 3.5 x 1072 (4.4 +0.3) x 102
Iw — 7] 5.3 x 1073 3.6 x 103
. 2
The minimum of X T[¢ — 7] 1.2 x 102 (5.5+0.1) x 102
is realized with, T[¢ — 7' 3.4 x 1074 (2.67 +0.09) x 10—*
L[ — wy] 4.1 x 1073 (5.44+0.5) x 1073
fr—/fr- 1.172 1.197 £ 0.009
g=480, L;=T74x10"% L;=30x10"3 cs9-10=7.5%x1073,
=+’ o 1 o ) _ ) .
= —_— =-050, 2-=0.78, 6,=036, 6,=55x10"% 63=25.6x10"2
9% ¢34 93

16/09/8 kg "



[74\‘/#0).%%}

B A 15— D mixing

cos By cos @3 — cos @y sinfy8infy  cos@ysin by + cos b, sinf, cos B3  sin b, sin by

O = | —sin 6, cos s — cos b, cos B, sin #; — sin B, sin 5 + cos b, cos b, cos @5 sin b, cos b,
sin 6, sin @4 — 8in 0, cos 4 cos 6,
4 If IPV parameters are zero, I

[ln’ — 27] = 0.08 x 10~3MeV

Model (MeV) PDG (MeV)
\_ Tl =2 4.5 x 1073 (44£02)x107° )
1-loop order counter | L} o — 78 Mixing angle: 20.9°
term in ChPT LT et = cF 4+ P
g=480, Lj=74x10"* L:=3.0%x10"% ¢59-10=7.5x 1077,
1 P
o =050, 2 =078, 6;,=036, 6,=55x102 f3=56x 10"
9” C34 9C34
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Decay mode Model (MeV) PDG (MeV)

T[pt =7ty (8.0£0.6)x10°2 (6.7+0.7) x 1072
TK** K™ (3.1£02)x107% (5.0%£0.5) x 1072
IK* = K%  0.121+0.009 0.1240.01

gles” +ci”| = 0.107 & 0.04

B R
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Prediction
of the model



TFF: P — 41117
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_7:' ' '
3.x10 F [ - washs CoSY 0.000025 [ M ecosy i

a -7t > L Mode
£2 %10 t || _:_Model & 0.00002| I
§ 2.x1077 | <] i
, | "~ 0.000015}
+: 1.5x107" & |

71 & 0.00001|
l‘? 1.x10 | g ;
5 5.x10°8 5 5.x10°5

0 0: . , —

e —— . -1.0 -0.5 0.0 0.5 1.0
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cosf
E, [MeV]
E. : photon energy @ : angle between 7Y and at
in the rest frame of 7). in the rest frame of 777 .
21 i + = 2 \3
d*I'[P" = 7mr 77y 1 12 gin2 gt 3 M3,
— a3 Y [Fsin” 08", (1 — —=
dsd cos 6 819273 M, S

Bre = \J1—dm2, /s

—11
We multiplied WASA-at-COSY data 4.06 x 10 (Left panel)
(including 1o error range) by 201 x 10—9 (Right panel)
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Prediction for widths

P —= 1T~

Decay mode Model (MeV) Exp. (MeV)
[r% > ete ) 9.1 x 1078 (9.1+0.3) x 1078
Ln—ete 7] 8.6 x 1076 (9.0+0.6) x 10
Llnp— utp) 4.2 x 1077 (4.1£06) x 1077
Ly — ptp7 1.9 x10°° (2.14+0.6) x 1075
Ly —ete ] 9.32 x 107° (9.28 +£0.95) x 10~°
Llp— ntr ] 3.2x10°° (5.5+0.2) x 1075
Ly = wtr—7] 2.2x 1072 (5.84+0.3) x 102

L[¢ = wn) (873%) x 104 (20+0.2) x 104

16/09/8

V = PITI™,V — 3P

Decay mode

Model(MeV) Exp. (MeV)

I'[p" = 7lete]
Llp® — noutpu~]
L[p° = nete]
L’ = nu*p”]
[jw — mlete]
Pw— 7utp]
Fw — nete]
Llw = nutp]
I'[¢ — nlete
Llg — moup]
I'l¢g = nete
Ll — nutp]
Ll¢ > n'ete]

T[p = mOntn]

(8.3370%%) x 104 <6.0x 1073
(9.7193) x 1075 -
(3.28 £ 0.06) x 104 -
(45%13) x 1078 -
(6.70 £0.04) x 1073 (6.5+0.5) x 1073
(0.89 £0.03) x 1073 (1.1+£0.3) x 1073
(294£0.1) x 107 -
(1.2 x 108 -
(7.2159) x 103
(3.419%8) x 1075 -

(4.8+1.2)x107°
(4.40 £0.01) x 1074 (4.9+04) x 1074
(2.43 £0.05) x 107 <4.0x1073
(1.3800 £ 0.0004) x 106 -

(7.5+1.3) x 1073 (1.5+1.3) x 1072

[Nw — w07 t7] 0.97013 7.57+0.09
Llg = nont7r] 0.95%0-28 0.65 + 0.02
W Rz 28
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Decays of T
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T Hadronic decay

-

-
/

\_

GF
M~ —H,L"
/2 T
HM : Hadronic current A
H, =< nr’7x~|JY(0) — J2(0)]0 >
H H H )
L, : Leptonic current O
L, = uyy (9v — ga7s)u
h : V-A gv =1
the SM: V-A current ga =1 /
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Kinematics and form factors

Kuhn, Mirkes, Z.Phys.C56, 1992
Z.Phys.C67, 1995

JG1, 92, q3)=<hi(q1)h2(q2) h3(q3)| J4(0) + TV (0) | O)
=V1F1+V2F2+1V3F3+V4F4,

(W, =(x3+x3)| F, P+ (x3+x3)|F224+2(x, x, — x3)Re(F, F3),
< WB=X?{|F3|2, ; , )
Wsa=0Q?|F4l? f E,~=Q —sitmi "0892(,,1(32?;2)\'/";—:57;/3 Ve(Lab)
[ =(Es, q3,0,0), /0 o
, ) - x=21 s=4EZqm,

 @i=(Es, a5, 43 0), 5=/ E3—m3, 5
(q1=(Ey, 41, 4. 0), { g3 =QRE,E;—s, +m3+m3)/(2q3),
([ xi=Vi=qi-gi, 75 =(QE, Es—s2+m%+m§)/(2q;),
| x=visai-a = —JE @,

xy=V=¢q - e
L x4=V§=\/@x3q§, = 1 —(q1) "ll— qz .
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HES

L(F[T_ —)U‘r3h-] )_ldP[T_ —)Vr3h'] —1 = (QFE—I)A,'\"A PC%O}

2 dcosf
= — — V0
va— I P A ORI e e
I T 9a at LEP, Kuhn, Mirkes

Fap :Form Factor MLt
Zphase space fEH L= D

4 ) 2 2 ~
/ (ms — Q2)2(%”S;(WA +Wp) + 5 Ws A)dQ%dSQng
Fis = | o
/(mg - Q2)2(%(2+ g; )(WA - WB) -I- g;WSA)dgz dsodss
- )

O<FAB<1

16/09/8 M B2 .



AR

(I’[r“ — v, 3h] )"1([1“ [~ — v, 3h]

—1 = (2Fxg —1)7yya Pcosf

dcosé I I I

(1) (2) (3)
(1) NFAOUPEBEDAEEDfactorh N dd 5.

2

(2) vwa # 11&, Leptonic current® )
TTIEONRETT.

(3) FDIRMBEIZLEHITAERAETHD.
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;.fﬂ-/\ﬁ T %V7-777T T

N~
l : Grey band: form factor uncertainty in 68%C.L. 4 Grey: I
- |
=SS || The sSM
I |
) 3 ( ' _
S 00 N \“a JVA = 1/
] P |
— |
N?L —0.1 R_ed
- : TVA — 0.89
02—
—1.0 —0.5 0.0 0.5 1.0
cos6
L[t~ —v:3h] \71dl [t~ — v+ 3A] 3 B
( 5 ) Teos0 1 = (2Fag—1)7ya Pcosf
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02p > ' — ' '
l : Grey band: form factor uncertainty in 68%C.L. : Grey: \
% O.l& (“h
= / ~-Jhe SM
I . _
S Future work for: 7~ — v,.n'7°m 4 =1,
o
§ T —UmnNm
= _ o 0o — |Red:
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cost
Clr~ =3k \ Ydl'[r— = v, 3h
( [ 5 ]) [ Joosd ] —] = (QFA_B—I)"/VA P cosfl
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Summary
e SU(3) MoctetsingletZx = modelZ i o7=.

* Intrinsic parity violation DZIER % . singletz = AT

formalismTHLY A 7=.

e DalitzEEIE V — PITI” OEEET—ARIZXLT

d249T4209 %1107,

o p' = 7T, p¥ — nitl~

w—nltl” and ¢ = I~

DTFFIZL TR EFEZ - I, ' — yeTe &

é — mlete” ME—I%E
contributionZ &L 7-.

15 1Z%t L CTomegatrho®



Summary (cont’d)

e 77 >3k [ZRLT. L FDE(Zsensitive’s
\EnmEEZ=EL-.

el

(1) Initial tauDRIBE.
(2) Leptonic current IZHEITH5FMMEDIIE.

A D/INRFAZ Y ERIE(LFVTREW) TOHYIRER.
e QCD effective dynamics DF v 9274 5.
o NFAVEERDT—ARAELVARFIVINEE(LRS).
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Vector self-energy

Decay mode Theory (MeV) PDG (MeV)
I'[p — 7] 152.0 £ 0.7 149.1 £ 0.8
[[K** — (Kn)*] 42.54+0.2 46.2 +1.3
I'K* — (Kn)"] 42.24£0.2 47.4 £ 0.6
Gprn = 0.83

Mass Theory(MeV) PDG (MeV) w — ¢ mixing: 49.3"

mp 774.61 775.26 + 0.25

P
My, 782.65 782.65+0.12 VT
mg 1019.46 1019.461 =+ 0.019
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1-loop order counter terms

Back ground field method TOETHH#ER. | = M2 ( a#)
(octet pseudoscalar@chiral loopMDZNE) | “ 2972 \"

L= L (Te(D,U(D*U)))* + LyTe(D,U(D,U))Te(D*U(D*U)')
K

g

+ LyTr{D*U(D,U)!D*U(D,U)'} + i Tr(¢' DMU(D"U) ) (Dyv, — Dyvy + vy )
AB 1
+ — LyTe{D,U(D*U)}Te{M (U + U")} — = (KoTr(¢' Frué + EFpu €' (D*v” — DYv* +ifo#,v"])
f? 2
+ %mm (DU (UM + MU'} N ﬁmDﬂvu ~ Dt w7 = DR )
L + 3 (K(Te{(€Me + €1MEN?) + KTe{M(U + UDYTH(v?)
+ Iz Le{Tx(M(U +U"))}* + KeTr(v,o! ) Tr(vPay,) + K Tr(vay o)) + KsTr(a? ) Tr(v?)
2 p
+ S LT (M (U U +EATOY + Ko T()
1652 +i T TH{(EME — €1 ME?)
+ — LsTey(MUMU + MU'MU') ;
f +i=2 Ty Te{M (U — U")}Tr(v?)
+iLgT{ Fy,,(D*U)(D'U)! + Fr,(D*U) DU} T 5
+ Ly Te(F, UFR’“’UT) + Tsi% FnoTrM(U +UNTTM (U - UY)
nz
2
+ HyTr(Fpu Fi* + Fru, Fr™) + T (%) n? (TrM (U — U))* + iTs%%noTr(MUMU — MUTMUY)
4B\? 2 2
+H; <F> Tx(M°) + T (gfi;’) R Te(MUMU + MUTMU' — 2M?)
+ z'%f’no [T Te{M(D,U(D*U)'U — U'D,U(D*U)')}

+ TyTe(M(U — UY)Tx(D,U(D*U)")]



Problems

Decay mode Theory (MeV) PDG (MeV)

[[w — 7] 4.53 0.130 £ 0.016
[l¢g = K*K] 2.867 2.086 + 0.026
I'l¢ - K°KY 1.86887 1.459 £ 0.020
Decay mode Theory (MeV) PDG (MeV)
Tlpt > 7ty  (8.0+0.6) x 1072  (6.7+0.7) x 102 } SU(3) breaking in
[p° — 704] 4.3 x 10-2 (8.9+1.2) x 102 IPV interactions ?
[w— 777 097701 7.57+0.09

L[¢p — n0nt 7] 0.9515-28 0.65 + 0.02
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Effective coupling ratios

Ratio PDG  Theory Model in the isospin limit
Xul 4154010 073 1
X,
X12| 594 02 3.0 V3| cos 098 — —8— sin 698 |
Xp+ 34
X13 . P
0.18 £0.01 0. 08 4 3¢ 5og U8
X, 1 0.19 V3| sin 6% + gt cosOV|
Xl 90101 18 V3| cosf; — (-552-) tan 6
X, . . . | cosf1 — g2c;,.1) an 6|
X2| 0624005 0.66 0%|| cos by + /3 Vig? 08
x. |0 : : | cos 07| | cos 01 + v3( 222 ) sin 6y — ps3 cos 0 tan 67 |
p 3.
X
Xzi 0.96+0.06 0.41 |sinf9||cos + V/3(52-)sin 6 + Jg—(.f cos0; cot 6%8|
) :
X331 0994006 1.02 |sin6%]|sinf; — v3(-52) cos; + Y24 sinfy cot 6%
Xp+ . . . 174 1 92ca 1 gcf 1 v
X
X32 0.59+0.04 0.47 |cos6#PP||sinf; — \/g(g—‘f—) cos 6, — \2—33— sin 6 cot 6%
pt 3

X11 ngoﬁo,y Xp+ :gp+7r+fy

16/09/8
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SU(3) breaking in IPV

M. Hashimoto, Phys. Rev.D54(9) with Hidden Local Symmetry
AL =t &; (ag- €V + V). ag)—az(a,- e+ el ap)],
AL =tr(a; eV alap— age Naga, + ate Na, ay,

A A ' A A
- aie(l )aRaL)s

AL, =tr(€?a;+ ;- €¥)aga ay,

ALy=i tr(Fy- €3+ &3 . F). (& bp— aréyL),
AL, =i tF (6,63 ag— a6 a,),
ALy=i tf{(Fy+Fy)- &+ &9 (F + Fp)}- (aydn

—agay)],
ALL=i to(F+Fg) (& %) ag—areay),
ALs=tre®)(a?ak—aka?),
ALg=i tu(8OF ,—F &%) (a]—ap),
AL,=i tf(eVF,—F M) ak—(eVFg—Fre™)at],

16/09/8 o arenA A e AfEY R A it A
ALy=i u[(€¥F, —F &%) a]— (€¥Fz—Fre®)ag).
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Back up:
Estimated values of the parameters

g=480, L}=74x10"% Li=30x10"% c59-10=7.5x107%

Ceg 1 Cép —2 —2
S T+ = —0.50, —F = 078, 91 - 036, 92 = 5.0 X 10 o 03 = 5.6 x 10
g~ C3q4 9Csy
My 690MeV ¢ (1.80+0.08) x 1072 c&F —0.6+1.8
g 48  cf (—4.0£0.2)x1072 cf (-8.4+0.3) x 1072

Ly 74x107% P (7.0+0.2) x 1072 cff 0.27 +0.40
L 3.0x107% ¢ —~0.78+0.97  cif (—5.8+9.8) x 1072
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Back up: TFFs of P — ~I™1~

dl(P"* - ~I"l7) 2« By 2m? s \° 9
o= g P o2 (147 ) (1 5 ) 1)

2

1+ Z XirmOBy 1 Dy(s)

|Fpi(s)|” = gf~r
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Diagrams of P — ym o™

O P o //11"*' o
P Phe VI Vl
Pz____%;ﬂ_ Pi----—4-----gq" P’.----‘ﬁg\:i;;'n_ pPt---- N
VI VJ
Y Y Y Y
(a) (b) (c) (d)
M7 R ! P ! o !
pi-——-a Ssgpt opio N Sog pio oo Tsqm pio- -l e
\\\ﬂ'_ \\‘1r_ \\\1r+ h 7wt
(e) (f) (8) (h)
2 ' +— 3
I[P > 7¥r7y] _ 1 v 2 sin? 05462, (1 — Mz,
dsd cos 6 8192m3 M3, " * ™ s

16/09/8 B Bz 48



"2
dI'(t—3h) =4('—m (g% + g%)cos? 0, {z Ly Wx}
t X

11 (m}-Q?%*dQ?
X(Et-)-s 64 m'z Qi‘ dS| dSz
xckq;'dcosﬁdcoso

2n2n 2 2

o, 3,7
=)

—1 = (2Fxg —1)7vyya Pcosf

L[t~ = v3h] \ 74l [r~ — v+ 3h]
2 dcosé
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Muon g-2

atm = (658 £1.2)- 107!

By, T. Kadavy’, K. Kampf, J. Novotny’, 2016

WO’VW Off-shell form factor
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P
VIVIP . 9, = — ch

A yAY
(201i0V1I —1/ fo O2iOV21> Ovas + 4| ZiOzz'OvuOvu
1 1
Z'7r
—4cy (OleV3IOV1J +4/ Zi.o2z‘0VBIOV2J)
1
4CIP
3i(Ov110v1s + Oy21Ovay) — e \ 7z O3zOV3IOV3J |
1

. 29
VIP'y: xir = —? (Ou -+ \/_1/ 021) Ovir + (\/_Ou \/ Oz:) Ovoar
Zr
—4ct’ (Ou 022) Ovar + 2¢§ (Ou \/— 022) Ovsr
+2¢F —03- (Ovu - iOvzl)
9 Zir [ \/g )
eM
xlvy = L — I VIA”
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