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Introduction

©ev)

Hadronic 7-decays 2

< [1.77682(16)]

e Inclusive decays: 7~ — (ud, us)v-
— Fundamental SM parameters:
as(m;:), ms, | Vus|
(see Tau properties (lll) and QCD (1))

e Exclusive decays:
-1 > (PP,PPP, . v, , (P=7n,K,7n)

Hadronization of QCD currents,

Form Factors, resonance parameters (Mg, 'g)
T vr

d' = Viygd + Vs
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Introduction

= -7 1"y, decays

Motivations

@ - 7 v, belong to the second-class current processes unobserved in
Nature so far (Weinberg '58)

G - Parity : GIX) = €™ C|X) = (-1)'C|X)
Gldy"u) = +ldv u) # Glv ) =~|="n)
@ Itis an isospin violating process (my, + my, e = 0)

@ Sensitive to the intermediate vector and scalar resonances (p, p’, @, a.-.)
coupled to the ud operator

Purposes

@ To describe the participating hadronic form factors
@ To predict the decay spectra and to estimate the branching ratios
@ To stimulate people from B-factories (Belle-11) to measure these decays
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Introduction

7~ - K ")y, : Amplitude and decay width

Vr

<M - - (N 1A
= S VugT(pu, )7 (1= 7°)u(p ) (w0 ldy (1 - X8 ul0)
&

0-,1+»0+,1-
_, Dra= Mz - Mg
pa = Mp — Mg
QCD
KOK+ HCS FTF n¢ (S)

(")

- (’)a “ulo) = _ © A"rf”l(') C F7”7
{m 7 ldy"ul0) = | (Pyer = p=)" + —— | Cry0 ' (5)+ =

dar (v~ -» =y, GZM3 el 2
( ). Sew|Vual|FT <0>|2(1 ——)

d\/s ~ 24x3s Mz
2
2s Ern(®) 3A7r & (")
{(nw)qin(,)(s)m PSP+ (IF <s)|2}
7”7() S Qcp
o) (s) % 0 Doy %
Pyl (e) - 0 1) O Ao ©
Fro'"(0) o B
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7~n{") Form Factors

Framework and mixing

@ Chiral Perturbation Theory: valid up to the first resonance ~ p
mass

@ Large-Ng: to include 7 singlet
@ Resonance Chiral Theory: to access resonance regime

o 7r0-77-77' Mixing (P. Kroll, Mod. Phys. Lett. A20, 2667 (2005))

0
T 1 emyCOpy + qpystyy  EmpCOnyr — ExySOpy 3
n =1 —&em cOpy —S8y -1 s
14
n —67”7/ 897777/ 097777/ Mo

where ¢_, ) and 6, are the %) and -y’ mixing angles
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IOVl Vector Form Factor

Vector Form Factor: RChT

@ The vector contribution current occurs via 7° — 1 —  mixing, so it
is (’)(57”7(,)) and hence suppressed

G ) i ) / 0 o0
w0< - wv< + wwf% [+ WVR ]
™ ™ m T T

( FI () )( Enn )X[1+ s Flr s ]
FT " (s) Emn’ V=p,pl,p" F2 M%—S
——

suppresion 100

« Belledata

10¢

IF 9

0.1;

T = 7T_7T0V7-
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Fujikawa et. al. PRD78 072006 (Belle)
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PNl Scalar Form Factor

Scalar Form Factor: Breit-Wigner

el e e

_ 2 2 _ 2
o (5)= P 8Cm(Cm - Cq) 2M2 - M2 4cp (cm - cg)2ms + ¢4 (s+ m2 mn(,))
0 0 F2 M2 F2 M2—s

@ Imposing FOTF"(') (s) to vanish for s > 00 = ¢4 — ¢ = 0 and 4cgCm = F?
@ Resummation of self-energy insertions in propagator

ESoo—— T + +"':.s—sll,2{l,AX(.s)
25

20}

1 resonance: Ms =980(20),ls = 75(25) @15
2 T
Fﬂ'in(’) (s) - CTI'_T](/) MS+A7\'_77(/) E)Liolo’
0 0 Mg—s—iMst(s)

c; " =costp-\/2sinbp 7
c™ " = cosbp + L sindp 85 05 10 15 2.0
° V2 Vs (Gev)
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PNl Scalar Form Factor

Scalar Form Factor: Breit-Wigner
@ 7 —n—n' mixing: Next-to-leading order prediction in Res. ChPT

S Qco
FJ:T’U(’) (O) _ C7‘r/ 17() AKOK+ F7|— rr]()(o)
C.- 7" Arnor
NG
R @=emo ey =9.8(3) 107
Fr 1”0y = ¢ n‘”S*M—éW ey =2.5(1.5)-107

@ Breit- ngner W|th 2 resonances: ag(980) and ao(1450)

2
0 — B. W‘gng[ao(ggo)] 14| — B. ngnerlao(980)l
B. Wigner [20(980) +0(1450)] 12 B. Wigner [a9(980)+ag(1450)]
15 ] ‘
10
» @
% g \
W o 6
5 4
2
8o 05 10 15 20 8o 05 10 15 20
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S.Gonzalez-Solis TAU'16 19 september 2016 9/24



Pt LN YN Sttt Scalar Form Factor

Scalar Form Factor: Dispersion relation

@ Analyticity and elastic unitarity through a dispersion relation

s

%)
ImFT "
Fﬂnm()_ _[ d,m s(,S)
Sih €

r/~ 7/ n!"
m\M/\,< = MAGi<
T — e

-, =, (N -, - o)
ImFT " (8) =0y (S)FT " T*(s) = F " siné™ " (g)g70" " (®)

fla=i0

s

=0 () . - (N . .
@ Watson theorem: phase of F 7 "(s) is 6™ 7 "(s) in the elastic approx.
@ Omneés solution (Omnes '58)
-n() /
0 SN D C)
St (8" -5p)(8"—s—ic)
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PNl Scalar Form Factor

Scalar Form Factor: Omnés integral

@ Analyticity and elastic unitarity through the Omnes solution

F(;Tf”(') (s) = P(s)exp

So) (8" -

s—ig)

= P(s)Q(s)

@ Elastic unitarity: Form factor phase=¢,-,() 2 - 2 elastic scattering

= arctan

Imt; o(S)

0j3;~ dS,(S/_
0(5)’ tio(s) =

Nio(S)

_N(s)

1+9(s)Njo(s)

~ D(s)

o N, 0- U(3) x U(3) amplltudes In RxT Guo-Oller: Phys Rev D84 (2011) 034005)
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Cd Cd/\/§
Cm = Cm/\/_
Cq =19.8"2:3 MeV
Cm =41 .gtg;g MeV

Mz, s, = 1397453 MeV
Ms, = 110033 MeV
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PNl Scalar Form Factor

Scalar Form Factor: Omnes

@ Assuming Fgw(')(s) to behave as s : Fg"(')(s) = P(5)Q(s),

e P(s) constant. Our choice: P(s) = Fp'®"~ 9" (0)

10 : : 100, :
50! ‘— Omnesintegral
8l ]
20t
» 6f 1o 10!
2,
27 / ]
o 1
8o 05 1o 15 20 25 30 0o 05 10 15 20
Vs (Gev) Vs (Gev)
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PNl Scalar Form Factor

Scalar Form Factor: Closed expression

,:7”7(’)( s)= H G _S§SZ’§D(S)‘1 D(sp)Fo(so)

B . lwamura, Kurihara, Takahashi '77
sp and s;: poles and zeros of D(s)™" = (1+g(s)N(5))™" kamal 79, Kamal, Cooper '80
Jamin, Oller, Pich 01

9= 0 50.0¢
Fo(so) = F7 ""B"(0) = 0.05
Sz, = 1.397 GeV

N(s) =

[~ Omnes 1
|-~ Closed expression

Nﬂ-nl_)ﬂ-nl

00 05 10 15 20 25 30
Vs (GeV)
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PNl Scalar Form Factor

Scalar Form Factor: Coupled channels case

S8R Ty (s)”
(s’ —s-ig)

1

Fé(s):fzzjf;ods

T

J<— Other cuts (KK, m...)

" .1 g

1 foo
Fo'(s) == ds’

T (8 FT(S) Ty e (87) 1 /oo o T (SR (SNT ) (8)
Sth2

T Jsiy s'—s—ie s s'—s—ig
T T T
e e
4 7 i
R -1 [ e Ten (VT oy () 1 oo o (VT (DT ()
T Jsym s'-s—ie T Jsp s'-s—ie
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Scalar Form Factor: Coupled channels case (closed expression)

Fr77(s) = H = Sﬁsﬁz"; D(s)™'D(s0)Fo(So)

Sp and s;: poles and zeros of detD(s) ™

F3'(S)) s, =1397Gev ®
Fols) = (F’”7 (s))’ Foso) = F§(©0)

D(s) =1 +g(s)N(s),

- 0
9(s) = (go77 gﬂ??')7

N(S) = ( N7r77_’7”7 N7T7I—’7T77, ) s

Nﬂn’%ﬂn Nﬂn’%ﬂn’

lwamura, Kurihara, Takahashi PTF 58 (1977)
Kamal '79, Kamal, Cooper ‘80

— Elastic
-~ 7 coupled to 7'

Vs)l

=
IFo

00 05 10 15 20
Vs (GeV)
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PNl Scalar Form Factor

Scalar Form Factor: Coupled channels case (closed expression)

Fr77(s) = H = Sﬁsﬁz"; D(s)™'D(s0)Fo(So)

_ lwamura, Kurihara, Takahashi PTF 58 (1977
Sp and s;: poles and zeros of detD(s) ™ Kamal 79, Kamal, Gooper '80 (1977)

— Elastic n
-~ ' coupled to H

F3"(S)\ s, -1397 GeV 1o
FO(S) = (l_—m] (S))’ F(;(so) =F; B (0) st

D(s) =1 +g(s)N(s),

- 0
9(s) = (go77 gﬂ??')7

N(s) = (e e
N7T7’]’4>7T’r] Nﬂn’»ﬂn’ ’ 10
Vs (Gev)
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PNl Scalar Form Factor

7~n) Form Factors: recapitulate

200, —
|—Elastic I 1000} |— Elastic
100 |-== 7t coupled to " i s00F [-- 7' coupledtom
5[ |eeee 7 coupled to KK ﬁ - mn' coupled to KK
|-~ coupled to ' and KK v - 7o' coupled to rn and KK

!

@ Vector Form Factor:
e Driven by the 7~ =" vector form factor
@ Scalar Form Factor
@ Breit-Wigner: with a;(980) and a,(1450) resonances
©@ Omnés solution: analyticity+elastic final state interactions
© Closed Form: coupled-channels
TAU'16 19 september 2016 17/24



Branching ratio predictions T > w nur

7~ — 7 nv,: Invariant mass distribution and Branching Ratio

— Full: vector + elastic
-= Full: vector + 3 coupled channels

- Full: vector + B. Wigner (2 res)

10 T
1 L
|; 0.1+
<3
5 001
o
S0.001+
10—4,
== Vector
-5 .
006 03
BRy -10° | BRg-10° | BR-10° Reference
0.25 1.60 1.85 Tisserant, Truong '82
0.12 1.38 1.50 Bramon, Narison, Pich '87
0.15 1.06 1.21 Neufeld, Rupertsberger ‘94
0.36 1.00 1.36 Nussinov, Soffer ‘08
[0.2,0.6] [0.2,2.3] [0.4,2.9] Paver, Riazuddin '10
0.44 0.04 0.48 Volkov, Kostunin 12
0.13 0.20 0.33 Descotes-Genon, Moussallam '14
L[ 0.262) o.72j§;§§ 0.98(51) | Breit-Wigner [ay(980)]
1| 0.26(2) O.48t8:14 0.74(32) Breit-Wigner [ag (980) + ap(1450)]
S 0.26(2) 0.1075°-% | 0.36(4) Elastic Omnés solution
\6V 0.26(2) 0.15(9) 0.41(9) 2 coupled channels (7~ n to 7~ n’)
R| 0.26(2) 1.86(11) 2.12(11) 2 coupled channels (7~ 7 to K~KO)
K| 0.26(2) 1.41(9) 1.67(9) 3 coupled channels

S.Gonzalez-Solis
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12 14 16 18
Vs (GeV)

BREZ5a" < 9.9-107° 95%CL
(PRD 83 (2011) 032002)

BRSIe <7.3-107% 90%CL
(PoS EPS -HEP2009, 374 (2009))
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Branching ratio predictions T > w nur

7~ - 7 n'v,: Invariant mass distribution and Branching Ratio

T T
— Full: vector + elastic scalar

1k A == Full: vector + 3 coupled channels | ]
et Y -~ Full: vector + B. Wigner (2 res)
@0'01, N, 7 Vector ]
=, ’
51074 1
~
1075 ]
1078 ]
10710 . . . .
1.0 12 14 1.6 1.8 2.0
Vs (GeV)
BRy BRg BR Reference
<1077 [0.2,1.3]-107° [0.2,1.4]-1078 Nussinov, Soffer '99
[0.14,3.4]-108 | [0.6,1.8]-107 [0.61,2.1]-1077 Paver, Riazuddin '11
1.11.1078 2.63-1078 3.74.1078 Volkov, Kostunin '12
L[ (03,571 1010 [ [2.1077,7-107 107 | [0.5-10770,1.3-107%] | Breit-Wigner (1 res)
I'| [0.3,5.7]-107" | [5-107"",2.1079] [0.8-1071°,2.6-107°] | Breit-Wigner (2 res)
S| [0.3,5.7]-1071° | [2.1079,4.1078] [2.6-107°,4.1078] Elastic Omnés solution
\é\)l [0.3,5.7]-107"0 | [2.1077,2.107%] [2-1077,2-1079] 2cc(n 0 tow )
R| [0.3,5.7]-107"0 | [3.1077,3-1079] [8-1077,3-1079] 2¢c (71" to K-K®)
K| [0.3,5.7]-107"% | [1.-1077 1.107%] [1-1077,1-1079] 3 coupled channels

BREaBar < 4.1076 (90%CL), (PRD86,092010 (2012)
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Branching ratio predictions [Nt/ RN (2SN

Branching Ratio estimates: () - 7" 0", ({=e,pu)

dr _ GElVusF. (0)(CY")2(s - mi)?
dvs 2473 M3s

_ 3 _
{(23 +m2) g, |F.(s)]? + EA,ZW,WZCIMFO(S)F}

6

10

5|
F ¢
510 53
E %,
0.5
1]
0'8.0 0,1/ 0.2 03 04 8.0 - 0.2 0.4 0.6 0.8
Vs (Gev) Vs (Gev)
Decay Descotes-Genon, Moussallam '14 | Our estimate
n— e e+ C.C. ~1.40-1077 06-10°™
n -t o, +C.C. 1.02.107" 0.4.107"
n —»nte b, +c.c. 1.7-107"7
7 = o, +c.c 1.7-107"
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Outlook

e 7 - 7 1), second-class currents unseen in Nature
o Isospin-violating processes and hence suppressed

@ Form Factors:
e Vector Form Factor: driven by 7~ - 7~ 7%, data
e Scalar Form Factor: Breit-Wigner, Omnes, coupled-channels
e We predict 7~ - vy ~1.7-10° and 7~ - 77 n'v, O(1077 - 1079)

@ We encourage experimental groups (Belle-Il) to pursue this decay
mode
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Back-up



Hadronic Matrix Element

@ Taking the divergence we obtain on the L.H.S
(010, (3v" u) K7 ) = i(ms = my)(03ulK 1) = iBkn CS- (y FE " (5) (1)

where Apg = Mz - Mg, CZ . =1/V6, CZ , =2/V/3

@ on the R.H.S (vector current not conserved)

i9.(K 18700} = iCY,r [ (i - M) (9) - 5P (9)| (@)

@ Equating egs. (1,2) allows us to relate F< 7 (s) with Fg(”(')(s) as

S
FK_”(/) AK*U(’) CK’q(’) AKﬂ' K r/ K 71
- (e)=- % "(s)+ '(s) @)
S CKn(’) AK*n(’)

@ The hadronic matrix element finally reads (g = (p, ) + px-)"+ and G =5)
(K n"|57"ulo) =
m AK"/](’) o CV FK777(') AKTA’ p,CS FKfn(') 4
Py =P)" + ——q" | Cp P () + =0 CpnFo 7 () (4)
TAU'16 19 september 2016 23/24




Scalar Form Factor: Closed expression

Once subtracted dispersion relation

s-so [ o o(SHty(S)F(S) _—
fs,h ds s’—sosJ(s'_s_,-g) = F(so) + F(s+ie)

F(s+ie) - F(s—ic) = 2io(s)t* (s +ic)F(s+ic)
= 2io(s)t*(s+ie)[F(sp) + F(s+ig)]

F(s+ig)=F(sp) +

t=N/D ~ . L = . .
It~ —o(s) } F(s+ie)D(s+ic) - F(s—ie)D(s - ic)
ImD(s) = —No(s) = —2ilmD(s)F(sp),

1 —(s So) , ImD(s')F(sp)
D(s + ig) / as (s'-s0)(s' -58)

-D(s+ IE) [D(S +1ig) = D(sp)] F(Sp)

S.Gonzalez-Solis TAU'16 19 september 2016 24/24
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