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Introduction

Test of QCD and ElectroWeak Interactions

Inclusive decays: τ− → (ūd, ūs)ντ
Full hadron spectra (precision physics)

Fundamental SM parameters:
αs(mτ),ms, ∣Vus∣

Exclusive decays: τ− → (PP,PPP, ...)ντ
specific hadron spectrum (approximate physics)

Hadronization of QCD currents, study of Form Factors,
resonance parameters (MR,ΓR)

S.Gonzàlez-Solís CEPC workshop 12 november 2018 4 / 35



Introduction

τ decays into two mesons

τ− → P −ντ ∶ Fπ,K
τ− → (2P )−ντ ∶ reasonable good control

τ− → (3P )−ντ ∶ reasonable good control

τ− → (> 3P )−ντ ∶ poor knowledge
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ū

d′ = Vudd + Vuss

P−

P ′0

M(τ− → P −P ′0ντ) = GF√
2
VCKMū(pντ )γµ(1 − γ5)u(pτ)⟨P −P ′0∣d′γµu∣0⟩ ,

⟨P −P ′0∣d′γµu∣0⟩ = CP−P ′0
⎧⎪⎪⎨⎪⎪⎩
(p− − p0 −

∆P−P ′0

s
q)
µ

FP
−P ′0

V (s) + ∆P−P ′0

s
qµFP

−P ′0
S (s)

⎫⎪⎪⎬⎪⎪⎭
,

dΓ (τ− → P −P 0ντ)
ds

= G2
F ∣Vui∣2m3

τ

768π3
Shad
EWC

2
PP ′ (1 − s

M2
τ
)

2

× {(1 + 2s

m2
τ
)λ3/2

P−P0(s)∣FP
−P0

V (s)∣2 + 3
∆2
P−P0

s2
λ

1/2

P−P0(s)∣FP
−P0

S (s)∣2}

∆P−P0 = m2
P− −m2

P0 , CP ′P0 ∶ Clebsch −Gordon
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Introduction

τ− → ντ+strange

Tau partial width to strange ∼ 3%

τ → (Kπ)−ντ and τ →K−η(′)ντ Ð→ this talk
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Analyses of τ decays into a pair of mesons τ →Kπντ

τ →Kπντ

Vector Form Factor:

Jamin, Pich and Portolés, PLB 640 (2006) 176-181

Jamin, Pich and Portolés, PLB 664 (2008) 78-83

Moussallam, EPJC 53 (2008)

Boito, Escribano and Jamin, EPJC 59 (2009) → this talk

Boito, Escribano and Jamin, JHEP 1009 (2010) 031 → this talk

Antonelli, Cirigliano, Lusiani and Passemar, JHEP 1310 (2013) 070

Scalar Form Factor:

Jamin, Oller and Pich, Nucl. Phys. B587 (2002); PRD 74 (2006)
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Analyses of τ decays into a pair of mesons τ →Kπντ

τ →Kπντ

RχT with two resonances: K∗(892) and K∗(1410)

figure courtesy of
D. Boito

F̃KπV (s) =
m2
K⋆ − κK⋆H̃Kπ(0) + γs
D(mK⋆ , γK⋆)

− γs

D(mK⋆′ , γK⋆′ )
,

D(mn, γn) ≡ m2
n − s − κnRe [HKπ(s)] − imnΓn(s) ,

κn = 192πFKFπ
σKπ(m2

K∗)
γK∗

mK∗
, Γn(s) = Γn

s

m2
n

σ3
Kπ(s)

σ3
Kπ(m2

n)

We then have a phase with two resonances

δKπ(s) = tan−1 [
ImFKπV (s)
ReFKπV (s)

]
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Analyses of τ decays into a pair of mesons τ →Kπντ

Vector Form Factor: Dispersive representation

Three subtractions: helps the convergence of the form factor and
suppresses the the high-energy region of the integral

FKπV (s) = P (s)exp [α1
s

m2
π−

+ 1

2
α2

s2

m4
π−

+ s
3

π
∫

scut

sKπ
ds′

δKπ(s′)
(s′)3(s′ − s − i0)

]

α1 = λ
′

+ and α2
1 + α2 = λ

′′

+ low energies parameters

FKπV (t) = 1 + λ
′
+

M2
π−
t + 1

2

λ
′′
+

M4
π−
t2

scut ∶ cut-off to check stability

Parameters to Fit: λ′+ , λ
′′
+, mK∗ , γK∗ ,mK∗′ , γK∗′
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Analyses of τ decays into a pair of mesons τ →Kπντ

Fits to the τ− →KSπ
−ντ Belle data

Data from Belle:
Epifanov et. at., PL B654 (2007)

Boito, Escribano and Jamin, EPJC 59 (2009)

dNevents

d
√
s

= 1
2

2
3
Nevents

Γτ B̄
dΓKπ
d
√
s

∆bin

Nevents = 53110 ,

∆bin = 11.5 MeV
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Analyses of τ decays into a pair of mesons τ →Kπντ

Determination of physical resonance parameters

Important: the pole! √
spole =MR − i

2ΓR

D(mn, γn) ≡ m2
n − spole − κnRe [HKπ(spole)] − imnΓn(spole) = 0

Model Parameters Pole Positions
(mK∗ , γK∗) [MeV] (MK∗ ,ΓK∗) [MeV]

(943.41 ± 0.59 ,66.72 ± 0.87) (892.0 ± 0.9 ,46.2 ± 0.4)
(mK∗′ , γK∗′) [MeV] (MK∗′ ,ΓK∗′) [MeV]

(1374 ± 30 ,240 ± 100) (127672−77 ,198+61−87)
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Analyses of τ decays into a pair of mesons τ →Kπντ

Fits to τ− →KSπ
−ντ data+restrictions from K`3

χ2 = χ2
τ + ( B̄Kπ −B

exp
Kπ

σexp
BKπ

)
2

+ (λth
+ − λexp

+ )V −1 (λth
+ − λexp

+ ) , λth,exp
+ = (λ

′th,exp
+

λ′′th,exp
+

)

λ′,exp
+ = 24.9(1.1) × 10−3

λ′′,exp
+ = 16(5) × 10−4

ρλ′+,λ′′+ = −0.95

exp. average: NA48,
KLOE, ISTRA+KTeV

(Antonelli et.al. 1005.2323)

Boito, Escribano and Jamin
JHEP 1009 (2010) 031
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Analyses of τ decays into a pair of mesons Combined analysis of τ− →KSπ−ντ and τ− →K−ηντ

Combined analysis of τ− →KSπ
−ντ and τ− →K−ηντ

Reason for a simultaneous fit to τ− →KSπ
−ντ and τ− →K−ηντ Belle data

(Epifanov et. al. Phys. Lett. B 654 (2007) 65)
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Unfolded�physical Τ-®KSΠ-ΝΤ Belle's data

Precise experimental data :
Τ - ® KS Π - ΝΤ seems to be a good source for

determining the K*-H892L resonance parameters

Less precise experimental data.
Our proposal : to add Τ - ® K- ΗΝ

Τ
to the fit in order

to constraint the K*-H1410L resonance parameters
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Analyses of τ decays into a pair of mesons Combined analysis of τ− →KSπ−ντ and τ− →K−ηντ

Combined analysis of τ− →KSπ
−ντ and τ− →K−ηντ

Unfolding τ− →K−ηντ Belle’s data through an "unfolding" function from
τ− →KSπ

−ντ
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○ Experimentalist: To provide unfolded data would be really useful ,
○ Theorists: To provide theoretical models to be fitted by experimentalists
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Analyses of τ decays into a pair of mesons Combined analysis of τ− →KSπ−ντ and τ− →K−ηντ

We relate the experimental data with the differential decay
distribution from theory through

dNevents

d
√
s

= Nevents∆bin
1

ΓτBR(τ → P −P 0ντ)
dΓ (τ− → P −P 0ντ)

d
√
s

dΓ (τ− → P −P 0ντ)
d
√
s

= G
2
FM

3
τ

32π3s
SEW ∣VusFP

−P0

+ (0)∣2 (1 − s

M2
τ
)

2

×{(1 + 2s

M2
τ
) q3

P−P0(s)∣F̃P
−P0

+ (s)∣2 + 3∆2
P−P0

4s
qP−P0(s)∣F̃P

−P0

0 (s)∣2}

P −P 0 =KSπ
− → BRBelleexp = 0.404% Nevents = 53113 ∆bin = 0.0115 GeV/bin

P −P 0 =K−η → BRBelleexp = 1.58 ⋅ 10−4 Nevents = 1271 ∆bin = 0.025 GeV/bin

Γτ = 2.265 ⋅ 10−12

Function minimised in our fit

χ2 = ∑
bin

(N
th −N exp

σNexp
)

2

+ ∑
KSπ

−,K−η
( B̄

th − B̄exp
σB̄exp

)
2
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Analyses of τ decays into a pair of mesons Combined analysis of τ− →KSπ−ντ and τ− →K−ηντ

Results of the combined τ− →KSπ
−ντ and τ− →K−ηντ analysis
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Unfolded t-ØKSp-nt Belle data

Fit to t-ØK-hnt

Fit to t-ØKSp-nt

Scalar contributions

Escribano, Gonzàlez-Solís, Jamin, Roig JHEP 1409 (2014) 042
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Analyses of τ decays into a pair of mesons Combined analysis of τ− →KSπ−ντ and τ− →K−ηντ

Results of the combined τ− →KSπ
−ντ and τ− →K−ηντ analysis

Different choices regarding linear slopes and resonance mixing parameters
(scut = 4 GeV2)

Fitted value Reference Fit Fit A Fit B Fit C
B̄Kπ(%) 0.404 ± 0.012 0.400 ± 0.012 0.404 ± 0.012 0.397 ± 0.012

(BthKπ)(%) (0.402) (0.394) (0.400) (0.394)
MK∗ 892.03 ± 0.19 892.04 ± 0.19 892.03 ± 0.19 892.07 ± 0.19
ΓK∗ 46.18 ± 0.42 46.11 ± 0.42 46.15 ± 0.42 46.13 ± 0.42
MK∗′ 1305+15

−18 1308+16
−19 1305+15

−18 1310+14
−17

ΓK∗′ 168+52
−44 212+66

−54 174+58
−47 184+56

−46
γKπ × 102 = γKη −3.6+1.1

−1.5 −3.3+1.0
−1.3 = γKη

λ′Kπ × 103 23.9 ± 0.7 23.6 ± 0.7 23.8 ± 0.7 23.6 ± 0.7
λ′′Kπ × 104 11.8 ± 0.2 11.7 ± 0.2 11.7 ± 0.2 11.6 ± 0.2
B̄Kη × 104 1.58 ± 0.10 1.62 ± 0.10 1.57 ± 0.10 1.66 ± 0.09

(BthKη) × 104 (1.45) (1.51) (1.44) (1.58)

γKη × 102 −3.4+1.0
−1.3 −5.4+1.8

−2.6 −3.9+1.4
−2.1 −3.7+1.0

−1.4
λ′Kη × 103 20.9 ± 1.5 = λ′Kπ 21.2 ± 1.7 = λ′Kπ
λ′′Kη × 104 11.1 ± 0.4 11.7 ± 0.2 11.1 ± 0.4 11.8 ± 0.2

χ2/n.d.f. 108.1/105 ∼ 1.03 109.9/105 ∼ 1.05 107.8/104 ∼ 1.04 111.9/106 ∼ 1.06
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Analyses of τ decays into a pair of mesons Combined analysis of τ− →KSπ−ντ and τ− →K−ηντ

Results of the combined τ− →KSπ
−ντ and τ− →K−ηντ analysis

Reference fit results obtained for different values of scut

hhhhhhhhhhhhParameter
scut(GeV2)

3.24 4 9 ∞

B̄Kπ(%) 0.402 ± 0.013 0.404 ± 0.012 0.405 ± 0.012 0.405 ± 0.012

(BthKπ)(%) (0.399) (0.402) (0.403) (0.403)
MK∗ 892.01 ± 0.19 892.03 ± 0.19 892.05 ± 0.19 892.05 ± 0.19
ΓK∗ 46.04 ± 0.43 46.18 ± 0.42 46.27 ± 0.42 46.27 ± 0.41
MK∗′ 1301+17

−22 1305+15
−18 1306+14

−17 1306+14
−17

ΓK∗′ 207+73
−58 168+52

−44 155+48
−41 155+47

−40
γKπ = γKη = γKη = γKη = γKη

λ′Kπ × 103 23.3 ± 0.8 23.9 ± 0.7 24.3 ± 0.7 24.3 ± 0.7
λ′′Kπ × 104 11.8 ± 0.2 11.8 ± 0.2 11.7 ± 0.2 11.7 ± 0.2
B̄Kη × 104 1.57 ± 0.10 1.58 ± 0.10 1.58 ± 0.10 1.58 ± 0.10

(BthKη) × 104 (1.43) (1.45) (1.46) (1.46)

γKη × 102 −4.0+1.3
−1.9 −3.4+1.0

−1.3 −3.2+0.9
−1.1 −3.2+0.9

−1.1
λ′Kη × 103 18.6 ± 1.7 20.9 ± 1.5 22.1 ± 1.4 22.1 ± 1.4

λ′′Kη × 104 10.8 ± 0.3 11.1 ± 0.4 11.2 ± 0.4 11.2 ± 0.4

χ2/n.d.f. 105.8/105 108.1/105 111.0/105 111.1/105
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Analyses of τ decays into a pair of mesons Combined analysis of τ− →KSπ−ντ and τ− →K−ηντ

Results of the combined τ− →KSπ
−ντ and τ− →K−ηντ analysis

Central results including the largest variation of scut
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MK∗−(892) = 892.03 ± 0.19 MeV

ΓK∗−(892) = 46.18 ± 0.44 MeV

MK∗−(1410) = 1305+16
−18 MeV

ΓK∗−(1410) = 168+65
−59 MeV

γKπ = γKη = −3.4+1.2
−1.4 ⋅ 10−2

B̄Kπ = (0.0404 ± 0.012)%
B̄Kη = (1.58 ± 0.10) ⋅ 10−4

χ2/d.o.f = 108.1/105 = 1.03

⎫⎪⎪
⎬
⎪⎪⎭

no gain

⎫⎪⎪
⎬
⎪⎪⎭

improvement
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Analyses of τ decays into a pair of mesons Combined analysis of τ− →KSπ−ντ and τ− →K−ηντ

Results of the combined τ− →KSπ
−ντ and τ− →K−ηντ analysis
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Kl 3

Τ

Τ+Kl 3

λ′Kπ = (23.9 ± 0.9) ⋅ 10−3

λ′Kη = (20.9 ± 2.7) ⋅ 10−3

⎫⎪⎪⎬⎪⎪⎭
isospin violation?
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Analyses of τ decays into a pair of mesons Combined analysis of τ− →KSπ−ντ and τ− →K−ηντ

Results of the combined τ− →KSπ
−ντ and τ− →K−ηντ analysis
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λ′′Kη = (11.1 ± 0.5) ⋅ 10−4
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Analyses of τ decays into a pair of mesons Combined analysis of τ− →KSπ−ντ and τ− →K−ηντ

Prospects of improvement

Call 1: to release τ− →K−ηντ acceptance corrected

Call 2: to provide τ− →K−π0ντ data (acceptance corrected)

Phys.Rev. D76 (2007) 051104

Call 3: K−η →K−η scattering → K−η phase shift
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Analyses of τ decays into a pair of mesons Combined analysis of τ− →KSπ−ντ and τ− →K−ηντ

Applications of the Kπ Form Factors

Dispersive representation of the Kπ form factor suited to describe
both τ →Kπντ and K`3 decays

→ → →

ChPT, lattice RChT+ dispersion relations

figure from D. Boito

K`3 decays are the main route towards the determination of ∣Vus∣2

ΓK`3 ∝ ∣Vus∣2∣F+(0)∣2IK`3 , IK`3 =
1

m8
K
∫ dt(p.s.) [F̃+(t)2 + η(t,m`)F̃0(t)2]
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Analyses of τ decays into a pair of mesons Combined analysis of τ− →KSπ−ντ and τ− →K−ηντ

Predictions for the τ− →K−η′ντ decay

Decay dominated by the scalar Form Factor (∼ 90% of the BR)

1.4 1.5 1.6 1.7 1.8
0.0

0.5

1.0

1.5

2.0

2.5

3.0

s HGeVL

10
17

×
dG

�d
s

BEJ HVector FFL
JPP HVector FFL

1 Σ BEJ + JOP FFs

BEJ + JOP FFs

1 Σ JPP + JOP FFs

JPP + JOP FFs

Vector FF BW
Both FFs Breit - Wigner

a

Source Branchig ratio
Breit-Wigner (1.45+3.80

−0.87) ⋅ 10−6

Exponential representation (1.00+0.37
−0.29) ⋅ 10−6

Dispersion relation (1.03+0.37
−0.29) ⋅ 10−6

Experimental bound < 2.4 ⋅ 10−6 at 90% C.L.
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Analyses of τ decays into a pair of mesons τ− → π−η(′)ντ

τ− → π−η(′)ντ decays

Motivations
τ− → π−η(′)ντ belong to the second-class current processes unobserved in
Nature so far (Weinberg ’58)

G −Parity ∶ G∣X⟩ = eiπIyC ∣X⟩ = (−1)IC ∣X⟩
G∣d̄γµu⟩ = +∣d̄γµu⟩ ≠ G∣π−η⟩ = −∣π−η⟩

It is an isospin violating process (mu ≠md, e ≠ 0)
Sensitive to the intermediate vector and scalar resonances (ρ, ρ′, a0, a

′
0...)

coupled to the ūd operator

Purposes
To describe the participating hadronic form factors

Resonance Chiral Theory (this talk)
Dispersive parametrization (Moussallam’14)

To predict the decay spectra and to estimate the branching ratios
To stimulate people from B-factories (Belle-II) to measure these decays
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Analyses of τ decays into a pair of mesons τ− → π−η(′)ντ

πη(′) form factors in resonance chiral theory

The Vector contribution current occurs via π0-η-η′ mixing

=

π−

η(′) η(′)

π−

+

π−

η(′)
ρ−(770)
ρ−(1450)

P 0

P−

+

cancel each other

P 0P 0 


1
1
1
1
1
1
1


+

η(′)

π−

+

η(′)

π−
→

Pion Vector Form Factor
Interpolating function from Belle data

⎛

⎝

Fπ
−η

V (s)

Fπ
−η′

V (s)

⎞

⎠
= (

επη
επη′

)

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
suppresion

×

⎡
⎢
⎢
⎢
⎢
⎣

1 + ∑
V =ρ,ρ′,ρ′′

FV GV

F 2

s

M2
V − s

⎤
⎥
⎥
⎥
⎥
⎦

= (
επη
επη′

) × FπV (s)

The Scalar contribution Breit-Wigner with a0(980) and a0(1450)
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Analyses of τ decays into a pair of mesons τ− → π−η(′)ντ

Scalar Form Factor: Omnès integral

Analyticity and elastic unitarity through the Omnès solution

Fπ
−η(′)

0 (s) = P (s) exp

⎡⎢⎢⎢⎢⎢⎣

s − s0
π
∫

∞

sth
ds′

δ
π−η(′)

1,0 (s′)
(s′ − s0)(s′ − s − iε)

⎤⎥⎥⎥⎥⎥⎦
= P (s)Ω(s)

Elastic unitarity: Form factor phase= δπ−η(′) 2→ 2 elastic scattering

δπ
−η(′)

1,0 (s) = arctan
Imt1,0(s)
Ret1,0(s)

, t1,0(s) =
N1,0(s)

1 + g(s)N1,0(s)
= N(s)
D(s)

N1,0: U(3) ×U(3) amplitudes in RχT (Guo-Oller: Phys.Rev. D84 (2011) 034005)

c̃d = cd/
√

3

c̃m = cm/
√

3

cd = 19.8+2.0
−5.2 MeV

cm = 41.9+3.9
−9.2 MeV

Ma0,S8
= 1397+73

−61 MeV

MS1
= 1100+30

−63 MeV
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Analyses of τ decays into a pair of mesons τ− → π−η(′)ντ

Scalar Form Factor: Omnès integral

Analyticity and elastic unitarity through the Omnès solution

Fπ
−η(′)

0 (s) = P (s) exp

⎡⎢⎢⎢⎢⎢⎣

s − s0
π
∫

∞

sth
ds′

δ
π−η(′)

1,0 (s′)
(s′ − s0)(s′ − s − iε)

⎤⎥⎥⎥⎥⎥⎦
= P (s)Ω(s)

Elastic unitarity: Form factor phase= δπ−η(′) 2→ 2 elastic scattering

δπ
−η(′)

1,0 (s) = arctan
Imt1,0(s)
Ret1,0(s)

, t1,0(s) =
N1,0(s)

1 + g(s)N1,0(s)
= N(s)
D(s)

N1,0: U(3) ×U(3) amplitudes in RχT (Guo-Oller: Phys.Rev. D84 (2011) 034005)
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Analyses of τ decays into a pair of mesons τ− → π−η(′)ντ

τ− → π−η(′)ντ : Invariant mass distribution and Branching Ratio
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Full: vector + 3 coupled channels
Full: vector + elastic scalar

Challenging for Belle II

τ− → π−ηντ

Theory predictions: BR ∼ 1 × 10−5 (Escribano’16, Moussallam’14)

BaBar: BR < 9.9 ⋅ 10−5 95% CL , Belle: BR < 7.3 ⋅ 10−5 90% CL

τ− → π−η′ντ

Theory predictions: BR ∼ [10−7,10−6] (Escribano’16)

BaBar: BR < 4 ⋅ 10−6 90% CL
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Analyses of τ decays into a pair of mesons τ → π−π0ντ and τ →K−KSντ

τ → π−π0ντ

Governed by the pion vector form factor F πV (s)

Enters the description on many physical observables

Interest: ∼ 65% of (g − 2)µ , LFV hadronic tau decays etc.

Extraction of the ρ(770) meson parameters

Sensitive to the ρ(1450) and ρ(1700) resonances

Extensively studied object
Gounaris-Sakurari (1968)

Guerrero and Pich, PL B412 (1997) 382

Pich and Portolés, PRD 63, 093005 (2001) 382

Hanhart, PL B715, 170 (2012) (2012)

Dumm and Roig, EPJC 73 2528 (2013) (2013)

Celis, Cirigliano and Passemar, PRD 89, 013008 (2014)
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Analyses of τ decays into a pair of mesons τ → π−π0ντ and τ →K−KSντ

Dispersive representation

Dispersive representation of the pion vector form factor

F πV (s) = exp [α1s +
α2

2
s2 + s

3

π
∫

∞

4m2
π

ds′
δ(s′)

(s′)3(s′ − s − i0)
] ,

Form Factor phase: tan δ(s) = ImF̃V (s)/ReF̃V (s)

Fujikawa et. al. PRD78 072006 (Belle)

Celis, Cirigliano and Passemar, PRD 89, 013008 (2014)

S.Gonzàlez-Solís CEPC workshop 12 november 2018 32 / 35



Analyses of τ decays into a pair of mesons τ → π−π0ντ and τ →K−KSντ

Determination of physical resonance parameters

Important: the pole! √
spole =MR − i

2ΓR

Source Model Parameters Pole Positions
(mρ, γρ) [MeV] (Mρ,Γρ) [MeV]

Dumm’13 (843.0 ± 0.50 ,206.0 ± 0.1) (759 ± 2 ,146 ± 6)
(mρ′ , γρ′) [MeV] (Mρ′ ,Γρ′) [MeV]

Celis’14/Dumm’13 (1497 ± 7 ,785 ± 51) (1440 ± 80 ,320 ± 80)
(mρ′′ , γρ′′) [MeV] (Mρ′′ ,Γρ′′) [MeV]

Celis’14/Dumm’13 (1685 ± 30 ,800 ± 31) (1720 ± 90 ,180 ± 90)
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Analyses of τ decays into a pair of mesons τ → π−π0ντ and τ →K−KSντ

Combined analysis of the τ → π−π0ντ and τ →K−KSντ

To determine the ρ(1450) and ρ(1700) mass and width with
improved precision (SG-S and Roig, in preparation)

τ− → π−π0ντ measurement by Belle (2008) (0805.3773)

Measurement of the τ− →K−KSντ decay by BaBar (1806.10280)
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Outlook

Outlook

Tau physics is a very rich field to test QCD and EW

Important experimental activities: Belle (II), BaBar, LHCb, BESIII

τ decays into two mesons are a privileged laboratory to access
the non-perturbative regime of QCD

Form Factors from dispersion relations with subtractions

Extraction of the K∗(892) parameters from a fit to τ →KSπ
−ντ

Extraction of the K∗(1410) from τ− →KSπ
−ντ and τ− →K−ηντ

Predictions τ− → π−η(′)ντ are challenging for Belle-II

FπV (s): important for testing QCD dynamics and the SM and NP

τ− →KSK
−ντ : extraction of the ρ(1450) and ρ(1700) parameters

A lot of interesting physics to be done in the tau sector
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Back-up

Quantum Chromodynamics

Hadrons interact strongly: could perturbation theory be applied to
describe strong interactions?
Quantum Chromodynamics is a renormalizable QFT but

1 with asymptotic freedom: it looks like QED, but only at very high
energies

2 with confinement: at low energies the gluons bind the quarks
together

s

S.Gonzàlez-Solís CEPC workshop 12 november 2018 36 / 35



Back-up

Chiral Perturbation Theory

Effective Field Theory of QCD at low energies
Mesons as explicit degrees of freedom

U(Φ) = exp (i
√

2Φ/f) ,Φ =
⎛
⎜⎜
⎝

1√
2
π3 + 1√

6
η8 π+ K+

π− − 1√
2
π3 + 1√

6
η8 K0

K− K̄0 − 2√
6
η8

⎞
⎟⎟
⎠

Expansion organized in terms of the momentum and quark
masses

LChPT = L2 + L4 + L6 + . . . , L2 =
f2

4
⟨DµUD

µU†⟩ + f
2

4
⟨U†χ + χ†U⟩

Valid up to the first resonance: ∼ ρ mass (0.7 GeV)

Large-NC : include the η1 singlet

Resonance Chiral Theory: To test low-and intermediate-energies
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Back-up

Resonance Chiral Theory

Mesons and resonances as explicit degrees of freedom
To explore low-and intermediate-energies

LRχT = L2 + LV + LA + LS + LP

LV = i GV
2
√

2
⟨Vµν[uµ, uν]⟩ + . . .

uµ = iu†DµUu†

Vµν =
⎛
⎜
⎝

1√
2
ρ0 + 1√

6
ω8 + 1√

3
ω1 ρ+ K⋆+

ρ− − 1√
2
ρ0 + 1√

6
ω8 + 1√

3
ω1 K⋆0

K⋆− K̄⋆0 − 2√
6
ω8 + 1√

3
ω1

⎞
⎟
⎠
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Back-up

Decay Spectrum of the τ lepton

	
  

17.83%

Τ-®e-ΝeΝΤ

17.41%

Τ-®Μ-ΝΜΝΤ

64.76%

Τ-®ΝΤ+
hadrons

Leptonic decays
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Back-up

Hadronic Matrix Element

Taking the divergence we obtain on the L.H.S

⟨0∣∂µ(s̄γµu)∣K+η(′)⟩ = i(ms −mu)⟨0∣s̄u∣K+η(′)⟩ = i∆KπC
S
K−η(′)F

K−η(′)
0 (s) (1)

where ∆PQ =M2
P −M2

Q , CS
K−η = 1/

√
6 , CS

K−η′ = 2/
√

3

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

iqµ⟨K−η(′)∣s̄γµu∣0⟩ = iCVKη(′) [(m
2
η(′) −m

2
K−)FK

−η(′)
+ (s) − sFK

−η(′)
− (s)] (2)

Equating eqs. (1,2) allows us to relate FK
−η(′)

− (s) with FK
−η(′)

0 (s) as

FK
−η(′)

− (s) = −
∆K−η(′)

s

⎡⎢⎢⎢⎢⎣

CS
Kη(′)

CV
Kη(′)

∆Kπ

∆K−η(′)
FK

−η(′)
0 (s) + FK

−η(′)
+ (s)

⎤⎥⎥⎥⎥⎦
(3)

The hadronic matrix element finally reads (qµ = (pη(′) + pK−)µ+ and q2 = s)

⟨K−η(′)∣s̄γµu∣0⟩ =

[(pη(′) − pK)µ +
∆K−η(′)

s
qµ]CVKη(′)F

K−η(′)
+ (s) + ∆Kπ

s
qµCSKη(′)F

K−η(′)
0 (s) (4)
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Back-up

τ− → π−η(′)ντ : Decay amplitude

ha
dr

on
iz
at
io
n

τ− ντ

W−

ū

d′ = Vudd + Vuss

π−,K−

η, η′

↪ (Escribano, González-Solís and Roig JHEP 1310 (2013) 039)
(Escribano, González-Solís, Jamin and Roig JHEP 1409 (2014) 042)

Ð→

this work

The decays proceed through the not yet
evidenced second class current:

G −Parity ∶ G∣X⟩ = eiπIyC∣X⟩ = (−1)IC∣X⟩

G∣d̄γµu⟩ = +∣d̄γµu⟩ ≠ G∣π−η⟩ = −∣π−η⟩

G-Parity violation

M
q2<<M2

W= GF√
2
Vudū(pντ )γµ(1 − γ5)u(pτ)⟨π−η(′)∣d̄γµ(1 −��@@γ5

¯
0−,1+↛0+,1−

)u∣0⟩

The hadronic matrix element is generally parametrized as

⟨π−η(′)∣d̄γµu∣0⟩ = CV
π−η(′)

[(pη(′) − pπ−)µF
π−η(′)

+ (s) − (pη(′) + pπ−)µF
π−η(′)

− (s)]

with CV
π−η(′)

=
√

2
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Back-up

Predictions for the τ− →K−η(′)ντ decays

τ− →KSπ
−ντ Fit results (Boito-Escribano-Jamin Eur.Phys.J. C59 (2009))

Our Kπ system is K−π0 instead of KSπ
−

Mass difference (∼ 10 MeV) strongly correlated with λ′+ and λ′′+
No τ− →K−π0ντ data available. We fit τ− →KSπ

−ντ data using K−π0 masses

Parameter Best fit with K−π0 masses Best fit
λ′+ × 103 22.2 ± 0.9 24.7 ± 0.8

λ′′+ × 104 10.3 ± 0.2 12.0 ± 0.2
MK⋆ (MeV) 892.1 ± 0.6 892.0 ± 0.9
ΓK⋆ (MeV) 46.2 ± 0.5 46.2 ± 0.4
MK⋆′ (GeV) 1.28 ± 0.07 1.28 ± 0.07

ΓK⋆′ (GeV) 0.16+0.10−0.07 0.20+0.06−0.09
γ −0.03 ± 0.02 −0.04 ± 0.02
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Back-up

Predictions for the τ− →K−ηντ decay

Decay dominated by the vector Form Factor (∼ 96% of the BR)
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BaBar Data
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1Σ JPP

JPP

1Σ Breit-Wigner

Breit-Wigner
a

Source Branchig ratio χ2/dof

Breit-Wigner (0.78+0.17−0.10) ⋅ 10−4 8.3

Exponential representation (1.47+0.14−0.08) ⋅ 10−4 1.9

Dispersion relation (1.49 ± 0.05) ⋅ 10−4 1.5

Experimental value (1.52 ± 0.08) ⋅ 10−4 -
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Back-up

Vector Form Factor: Dispersive representation

Analyticity and elastic unitarity through a dispersion relation

FKπ+ (s) = 1

π
∫

∞

sth
ds′

ImFKπ+ (s′)
s′ − s − iε

=

K

π

K

π

K

π

TIm

ImFKπ+ (s) = σKπ(s)FKπ+ T ∗(s) = FKπ+ sin δKπ(s)e−iδ
Kπ(s)

Watson theorem: phase of FKπ+ (s) is δKπ(s) in the elastic approx.

Omnès solution (Omnès ’58)

FKπ+ (s) = P (s) exp
⎡⎢⎢⎢⎣

s − s0

π
∫

∞

sth
ds′

δ
Kπ(s′)

(s′ − s0)(s′ − s − iε)
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Back-up

Fits to the τ− →K−ηντ BaBar and Belle data
Decay dominated by the vector Form Factor (∼ 96% of the BR)

Escribano, Gonzàlez-Solís,
Roig, JHEP 1310 (2013) 039
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Breit-Wigner

a

Source Branchig ratio⋅104 χ2/dof K⋆(1410) Mass K⋆(1410) Width γ

Breit-Wigner (0.96+0.21−0.15) 5.0 −0.174 ± 0.007

Exponential representation (1.42 ± 0.04) 1.4 1332+16−18 MeV 220+26−24 MeV −0.078+0.012−0.014
Dispersion relation (1.55 ± 0.08) 0.8 1327+30−38 MeV 213+72−118 MeV −0.051+0.012−0.036
Experimental value (1.52 ± 0.08) -

Channel K⋆(1410) Mass K⋆(1410)Width γ

Kπ mode 1277+35
−41 MeV 218+95

−66 MeV −0.049+0.019
−0.016

Kη mode (this work) 1330+27
−41 MeV 217+68

−122 MeV −0.065+0.025
−0.050
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Back-up

Scalar Form Factor

Central unitarity relation

ImFi(s) = σj(s)F j(s)T i→j(s)∗

Coupled channels dispersion relations (Jamin, Oller, Pich Nucl.Phys.B622

(2002))

FKπ0 (s) =
1

π
∫

∞

sKπ
ds′

σKπ(s
′)FKπ0 (s′)T ∗Kπ→Kπ(s

′)

s′ − s − iε
+

1

π
∫

∞

sKη
ds′

σKη(s
′)FKη0 (s′)T ∗Kη→Kπ(s

′)

s′ − s − iε

FKη0 (s) =
1

π
∫

∞

sKπ
ds′

σKπ(s
′)FKπ0 (s′)T ∗Kπ→Kη(s

′)

s′ − s − iε
+

1

π
∫

∞

sKη
ds′

σKη(s
′)FKη0 (s′)T ∗Kη→Kη(s

′)

s′ − s − iε
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Back-up

τ− →K−η(′)ντ : Amplitude and decay width

τ−

ντ

W− K−

η(′)

q2≪M2
W= GF√

2
Vusū(pντ )γµ(1 − γ5)u(pτ)⟨K−η(′)∣s̄γµ(1 −��@@γ

5

¯
0−,1+↛0+,1−

)u∣0⟩

⟨K−η(′)∣s̄γµu∣0⟩ = [(pη(′) − pK)µ +
∆
K−η(′)
s

qµ]CV
Kη(′)F

K−η(′)
+ (s) + ∆Kπ

s
qµCS

Kη(′)F
K−η(′)
0 (s)

FK
−η

+ (0) = FK
−π

+ (0)cosθP , F
K−η′
+ (0) = FK

−π
+ (0)sinθP , θP = (−13.3 ± 0.5)○

Vus ⋅ FK
−π

+ (0) = 0.2163(5) , K`3

dΓ (τ− →K−η(′)ντ)
d
√
s

=
G2
FM

3
τ

32π3s
SEW ∣Vus

±
suppression

FK
−η(′)

+ (0)∣2 (1 − s

M2
τ

)
2

⎧⎪⎪⎨⎪⎪⎩
(1 + 2s

M2
τ

) q3Kη(′)(s)∣F̃
K−η(′)
+ (s)∣2 +

3∆2
Kη(′)

4s
qKη(′)(s)∣F̃

K−η(′)
0 (s)∣2

⎫⎪⎪⎬⎪⎪⎭

S.Gonzàlez-Solís CEPC workshop 12 november 2018 47 / 35



Back-up

Scalar Form Factor: Closed expression

F πη
(′)

0 (s) =∏
i,j

(1 − s/spi)
(1 − s/szj)

D(s)−1D(s0)F0(s0)

sp and sz: poles and zeros of D(s)−1 = (1 + g(s)N(s))−1 Iwamura, Kurihara, Takahashi ’77
Kamal ’79, Kamal, Cooper ’80
Jamin, Oller, Pich ’01

s0 = 0

F0(s0) = F π
−η′,BW

0 (0) = 0.05

sz1 = 1.397 GeV

N(s) = Nπη′→πη′
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Back-up

π−η(′) Form Factors: recapitulate
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Vector Form Factor:

Driven by the π−π0 vector form factor

Scalar Form Factor
1 Breit-Wigner: with a0(980) and a0(1450) resonances
2 Omnès solution: analyticity+elastic final state interactions
3 Closed Form: coupled-channels
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Back-up

Scalar Form Factor: Coupled channels case (closed expression)

F πη
(′)

0 (s) =∏
i,j

(1 − s/spi)
(1 − s/szj)

D(s)−1D(s0)F0(s0)

sp and sz: poles and zeros of detD(s)−1 Iwamura, Kurihara, Takahashi PTF 58 (1977)
Kamal ’79, Kamal, Cooper ’80

sz1 = 1.397 GeV
F0(s0) = F

BW
0 (0)

F0(s) = (
F πη0 (s)
F πη

′

0 (s)
) ,

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

g(s) = (gπη 0
0 gπη′

) ,

N(s) = (Nπη→πη Nπη→πη′

Nπη′→πη Nπη′→πη′
) ,
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Back-up

Scalar Form Factor: Coupled channels case

←ÐOther cuts (KK̄,πη′...)

F i0(s) =
1

π

2

∑
j=1
∫

∞

si

ds′
Σj(s′)F j0 (s′)T

i→j
0 (s′)⋆

(s′ − s − iε)

=Im
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η

π−

η

π−

η, η′
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Fπη0 (s) =
1

π
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σπη(s′)F
πη
0 (s
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+

1
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Back-up

Branching Ratio estimates: η(′) → π+`−ν̄` (` = e, µ)

dΓ

d
√
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=
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F ∣VudF+(0)∣2(C

πη
V )2(s −m2

l )
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24π3M3
η s
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`)q

3
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3
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Decay Descotes-Genon, Moussallam ’14 Our estimate
η → π+e−ν̄e + c.c. ∼ 1.40 ⋅ 10−13 0.6 ⋅ 10−13

η → π+µ−ν̄µ + c.c. 1.02 ⋅ 10−13 0.4 ⋅ 10−13

η′ → π+e−ν̄µ + c.c. 1.7 ⋅ 10−17

η′ → π+µ−ν̄µ + c.c. 1.7 ⋅ 10−17
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Back-up

τ− →K−η(′)ντ : Amplitude and decay width

τ−

ντ

W− K−

η(′)

q2≪M2
W= GF√

2
Vudū(pντ )γµ(1 − γ5)u(pτ)⟨π−η(′)∣d̄γµ(1 −��@@γ5¯

0−,1+↛0+,1−

)u∣0⟩

↩∆PQ =M2
P −M2

Q

⟨π−η(′)∣d̄γµu∣0⟩ = [(pη(′) − pπ)
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∆π−η(′)

s
qµ]CVπη(′)F

πη(′)
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s
qµCSπ−η(′)F
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4s
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⎫⎪⎪⎬⎪⎪⎭
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+,0 (s) =
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+,0 (s)
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Back-up

Scalar Form Factor: Breit-Wigner

Resonance Chiral Theory imposing 1/s fall-off for s→∞

F π
−η(′)

S (s) = cπ
−η(′)

0

M2
S+∆

π−η(′)

M2
S−s−iMSΓS(s)

Breit-Wigner with 2 resonances: a0(980) and a0(1450)
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Back-up

Scalar Form Factor: Coupled channels case (closed expression)

F πη
(′)

0 (s) =∏
i,j

(1 − s/spi)
(1 − s/szj)

D(s)−1D(s0)F0(s0)

sp and sz: poles and zeros of detD(s)−1 Iwamura, Kurihara, Takahashi PTF 58 (1977)
Kamal ’79, Kamal, Cooper ’80

sz1 = 1.397 GeV
F0(s0) = F

BW
0 (0)

F0(s) = (
F πη0 (s)
F πη

′

0 (s)
) ,

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

g(s) = (gπη 0
0 gπη′

) ,

N(s) = (Nπη→πη Nπη→πη′
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Back-up

τ− → π−η′ντ : Invariant mass distribution and Branching Ratio
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Full: vector + B. Wigner H2 resL
Full: vector + 3 coupled channels
Full: vector + elastic scalar

T
H
I
S

W
O
R
K

BRV BRS BR Reference
< 10−7 [0.2,1.3] ⋅ 10−6 [0.2,1.4] ⋅ 10−6 Nussinov, Soffer ’99
[0.14,3.4] ⋅ 10−8 [0.6,1.8] ⋅ 10−7 [0.61,2.1] ⋅ 10−7 Paver, Riazuddin ’11
1.11 ⋅ 10−8 2.63 ⋅ 10−8 3.74 ⋅ 10−8 Volkov, Kostunin ’12
[0.3,5.7] ⋅ 10−10 [2 ⋅ 10−11,7 ⋅ 10−10] [0.5 ⋅ 10−10,1.3 ⋅ 10−9] Breit-Wigner (1 res)
[0.3,5.7] ⋅ 10−10 [5 ⋅ 10−11,2 ⋅ 10−9] [0.8 ⋅ 10−10,2.6 ⋅ 10−9] Breit-Wigner (2 res)
[0.3,5.7] ⋅ 10−10 [2 ⋅ 10−9,4 ⋅ 10−8] [2.6 ⋅ 10−9,4 ⋅ 10−8] Elastic Omnès solution
[0.3,5.7] ⋅ 10−10 [2 ⋅ 10−7,2 ⋅ 10−6] [2 ⋅ 10−7,2 ⋅ 10−6] 2 cc (π−η′ to π−η)
[0.3,5.7] ⋅ 10−10 [3 ⋅ 10−7,3 ⋅ 10−6] [3 ⋅ 10−7,3 ⋅ 10−6] 2 cc (π−η′ to K−K0)
[0.3,5.7] ⋅ 10−10 [1 ⋅ 10−7,1 ⋅ 10−6] [1 ⋅ 10−7,1 ⋅ 10−6] 3 coupled channels

BRBaBarexp < 4 ⋅ 10−6 (90%CL) , BRCLEOexp < 7.4 ⋅ 10−5 (90%CL)
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