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Mini-overview of hadronic tau decays and

Resonance Chiral Theory



>‘;tfu\.< y exchange dominates at tau-charm factory.
Z exchange dominates at CEPC.
tau production

Number of taus produced at e*e- colliders:
ALEPH: ~3X105 BaBar /Belle: ~1 X10°
Belle-II: ~5 X1010 CEPC (Tera-Z factory): ~ 3 X101

STCF: ~4 X101 (around 10% at threshold)

Tau provides broad interests for particle physics:

v" Precision tests for electroweak sector: V4, lepton universality, g-2, ... ...
v Stong interactions: o, hadron resonances, chiral symmetry, ... ...

v’ Discoveries for new physics: cLFV, CPV, ... ..

v’ Possible way to study massive neutrinos: T—nnay,, ... ...



Sketch for hadronic tau decays (similar for leptonic decays by dropping QCD part)
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Hadronic decays: a unique feature for tau lepton

(df) = Vudd+ Vuss )

Hadrons

I

-
o e =
T iy
o ) ~ T ——— S
E g o —
o —— ———
oy " = - el S
- " - T—
S i o ——

—

Valuable laboratory to study:
fundamental parameters &

rich hadron phenomenologies

But also challenging in theory:
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Strong coupling of QCD:

Baikov 2008
Davier 2014
Boito 2015
Pich 2016
Boito 2018
PDG 2018
Mateu 2018
Peset 2018

-------------------------------------
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Invariant-mass spectra for exclusive decays
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» Charged lepton flavor violation in tau decays
90% C.L. upper limits for LFV t decays
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e_y : LI IIIIIll 1 l:Iliflll I :IHIIII LI IIIIIlI I.Illlll'l] LI
H_Y — @ « . =i =
e il |- e « L ° o
i B - _ * Not only statistic but also
o | — ™ 5 - | = ° ] L]
5:% - - k- systematic uncertainties are
Y g . _ importantint — [y
e_]f?, = s %)
g_ p° = e = : - @ -
wpll o - ®
e WL i . | ¢ Clean backgroud makes t — [1’]”
ﬁﬁ - L~ = one of the best channels to search
caf o & : for LFV signals.
e e e ® - =]
Ty e: e e > =
e i p = E] -« ] — .
e o . * 1T — [+ hadrons provides a
pwewlh- e - o .
A . B . different laboratory to probe
T K: — L < = . o o .
W K . | - = different LFV origins, comparing
v ﬁ+ 2‘ [ .. T ) « - @ . .
CKIKE e e |6 - _ with the pure leptonic processes.
3 S = | F
unf 3: nS_ — e - =
o Tl i & -« =
e K- ° - =
nuK - & « @
KeKpE o “ ® = CLEO
AT - * - v BaBar
ZAC = > | + Belle
EAlE o8 o i) = | * LHCb
- ilIIIIlI 1 1 110l 1 II!]IJII L1 IIIII[I 1 1 Iil[u! L1 L Be"e "




Proposal to search for massive neutrino in tau decay

TNV,
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Strong interaction of the nan

[Kobach, Dobbs, PRD'15]

[dominated by a,(1260)] system will

greatly affect the final results!
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Chiral symmetry is RELEVANT to tau decays

Example: t— v ann transition amplitudes in the low energy region
VMD models do not automatically respect chiral symmetry.

2./2
Lk d 2 . '
J.;c = —1 3f BWa (Q }(Bp(si)ylm -+ Bp(SI)VEux) [Kuhn, Santamaria, ZPC'90]
"
Wy, structure function W . structure function (neutral channel
D SA
0.02 O L L L L i
: VMD ( h d t 1) ::.‘ ". E 0 - {][}08 _I ] l | [ T T I [ | | | | ] ] I I l I | ] I
0.015 [~ charged, neutra £ — — .
o \;’3’ = = a
0.01 | f o 0.0006 = =
- & L - - =
9002 F,.;-/ O(p%): neutral welans - =
- e 3 - ] O(p?)
o F ~ - 0.0002 s o
0.005 | 4\\; - —— vwmp
AT N ST TS T N S SNV N A O R IR 0] I T [ Al I =S
0.2 0.25 0.3 0.35 0.4 02 0.25 0.3 0.35 0.4

O(p*): charged
[Colangelo, et al., PRD'96]

» Resonance chiral theory implements the constraint of chiral symmetry
from the very beginning in the construction of the Lagrangians.
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Resonance chiral theory (RyT)
Chiral group: G = SU(3). x SU(3)r, H=SU(3)v, u(¢) = G/H

Resonances : R== hR h', heH

pNGB and external sources : X = u,, x+, fL , h.

Operators P C;- h.c. | chiral order Operators p c =
u ut u u' 1 : =
M N B R p Vi v ~Viw | Vi
u, —u* uy uy p AL — A AZV A
X+ Ex+ ¥ Ex+ p? & g g7 S
fPWi :tf:f;u :Ffui f,uu:t P2 g
- —h* | hl, By p? P —P P P
Operators beyond minimal
Minimal RxT Lagrangian |Ecker, et al., "89] [Cirigliano, et al., '04]:
F Lo iG Lvap =  AAV*, A=) + ...,
fov = sVl + 225Vl ) ans S Al
[Ruiz-Femenia, Pich and Portolés, '03]
£2A = FA < pr/ff[}) v 6" o
2\f EVVP — dlguupcr({vlu *Vp }v u >
— I
£25 = Cd< SU‘LLU ) T Cm( 5X+ ) 5 EVJP — A(/:,l .lLV,OJ({ Viatd fpa}v U >
Lop = idm(Px—). v

dfig;uzpo' ({vg dat s Pe }“«1}



QCD dynamics in RyT
@ Low energy QCD: implemented from the construction of Ry T

@ Intermediate energy: explicit resonance states

@ High energy information: to match the same physical objects
in RxT and QCD, { J(x,) - -J(0)Y®XT = ( J(x,) - -J(0) ) QP

For example: wm vector form factor

RxT FV GV q2
Frix(a%) = 1+ ,
[ } F2 ME; . qz
(FY(qH)] 0, for ¢® — o0
This leads to

[Fre (@)™ = [Fra(@®)]¥P = FvGy = F?
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Phenomenologies in t — mmyv,
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Why to focus on 1 — mmyv,

» Relevance to precise determination of a,

SM uncertainty dominated by

HyP HLbL -

FAT AN
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[Masjuan et al., '23]
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“%| Hadrons

< Key problem in the matching: isospin breaking (IB) effects

IB corrections to a, [Cirigliano et al., JHEP'02]
1 tmax K t dl—‘ﬂﬂ_ R t
Aa:;acpol _ dtK(t) CT( ) [] > IB( ) -1
471'3 4M?r KF (t) dt SEW
L 2 (O N
Rip(t) = L vt
GEM (t) ﬁw+,ﬁ(] f+ (t)
EM corrections Kinematics IB effects in Form Factors
Gpyv(t) ~ virtual photon + real photon
P ~
Photon loops Radiative decays:

intT— v, T — ATYV,
15



[Miranda,Roig, PRD'20]

1.06}
1041\

Loz} \

Grm(8s)

0.98}

{)95— Gy [ O(p"y ] with Fv=Af3
[ Gem [ 511
L L RS Ggn [ O(p®) ] only SD constraints
T o5 10 15 20 25 30
s[Gesz

TABLE IV. Contributions to Aay, """ in units of 107" using the dispersive representation of the form factor. From the two
evaluations labeled (Q(p“‘), the left (right) one corresponds to Fy = V2F (Fy = V3F).

SAY) gV J\ - - J\
['?I . ‘*’-2] ﬁaIIVP._L[] .ﬂﬂ”\ P.LO .&(II“ P.LO A HVP.LO &HI{VP.L() Aall\ P.LO

G st wlO(pY)] wlo(p*)] u.[SD) wO(p%)]
[4m?, 1 GeV?] +17.8 ~11.0 ~11.3 -17.0 -324 —-74.8 +44.0
[4m3,2 GeV?] +18.3 -10.1 —-10.3 -16.0 -31.9 —75.9+455
[4m37,3 GeV?] +18.4 -10.0 -10.2 -15.9 -31.9 —75.9 £ 45.6
[4m2, m?] +18.4 -10.0 -10.2 -15.9 -31.9 —75.9£456

Referenced value using the tau data to calculate a,

Aa, = a®P —afl = (12.54+6.0) x 1071°
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» CP violation in tau decays

I'(r~ = v.H)—T(rt = v, H)

Acp =

Intensive discussions on tau -> K pi nu

Nt~ =2 v:H)+T(" = v H)

1‘(7:+ — aw*K;FT)— 1“(7:‘ —> x‘KS“vT)

4= 1"(1r+ — n*KgFT)+ 1"(’:‘ — x'KS“vT)
~(0.360.01)% (-0.36£0.23  +0.11_ )%
SM prediction BaBar

[Bigi et al., PLB'O5] [Grossman et al., JHEP'12]

[Cirigliano et al., PRL'18] [Rendo et al., PRD'19]

[Lees et al., PRD'12]

[Chen et al., PRD'19 JHEP'20]
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Other types of CPV observables: T-odd triple-product asymmety
A typical T-odd kinematical variable:

—

rest frame 7
EE Buppell 0 €00 ——— b-(Cxd)mg/sq
of particle a

a, b, c, d: either momentum or spin
T transformation  (t — —t,p— —p,--- ): & — —¢

“* When spin is involved, measurement of polarization is needed.
[Nelson, et al., PRD'94] [Tsai, PRD'95] [Datta, PRD'07] ...

** When focusing on the situation with four momenta, i.e.

. Ly p o rest frame
§ = EuwpoP) P2P3P4

2+ (P3 X Pa) My
of particle 1 P ( P )

In this case, there should be at least four particles in the final state!

» Pro: Strong phase is not necessary for a CPV phenomenon using TPA.
Con: TPA could also be caused by the final-state interactions!

T — anyv,: good place to probe T-odd triple-product asymmety

18



Minimal RChT contributions to © — wryv,
[Cirigliano et al., JHEP'02]

Y iv 5
r\fé T T uvu(n/\=-=<
VWNANN—> + - )
W- - \ A W p . pD
0 0 T
T T Y

Contributions from VVP and VJP operators in RChT
[Chen, Duan, ZHG , JHEP'22]

e & NAAN T
w v &/ e
T T (VT(’)
(vh)
| T | T | 0 [ | 0 I 50 | T
} t } } t { + f
e e AVAVAVAVAY, —— — NN ' — NN VA
v T ™ P 2] vr l n / : %}\W H l ’ :
T (Aq) = (An) r*f (Ae) | (Aa)
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High energy contraints to the resonance couplings
f d*x f d*yel P (0| TV (x) VE(y) P<(0)]]0) fim [y [(Ap)%, (A0)*, (Ap + Aq)’]
= lim TI[(Ap)°, (Ag)?, (Ap + Aq)’]

v 2 2 4 2
— (P p +26]2 42- r (1 + O(ag)] + O(Alﬁ)

- d”bcf#vaﬁpﬂqﬁ[l VVP(p?-’ q?.’ rz)s

2% poqr
des = 0 + 0 YoMy
5 == Ci1 — C G =3 Cy — Cg —
N.M?2 F? N_M? F?
di+8dy = ——SV_ dg—= =—2= ¥ _ 4. ____
SR T LY 3= T @nFy)? | 8FZ

Other constraints from scattering and form factors
Fo=F;, Fy=vV2F,, Gy=F/V2.

Or
Fa=V2F,, Fy=V3F, Gy=F:/V3

20



Differential decay widths as a function of photon energies

Structure independent terms ; | S| Gy =F./N2,...,d, =— 0.12
114 / ----- CEN /’
[Cirigliano et al., JHEP'02] & |77 Our-1AlY 5 Gy =Fo/V3,...,dy == 0.12
01 : Our-2A
s Gy =F/V2,...,d, = 0.82
0.01
NG = F B, d, = 082
_ 1E3
% 1E-4
Q,
W qEs :
2 ey determined by I'(0—nmy)
o 1E6 dFT—}?T?TUT":H ¢
z %
1E-7 FT—:-fr:«wT quf '
:
1E-8 =
1E-8 - T - ]
0.0 0.5 1.0

Ev[GeV]

** When the photon energy cutoff is around 300 MeV, the absolute branching
ratio is predicted to be around 104 and it has a good chance to be well
measured at Belle-11, STCF, CEPC, ... ....
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Invariant-mass distributions
of the nn/my systems
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Predicitons of the T-odd asymmetry distribution in T — nwmyv,

—sl [Chen,Duan,ZHG,THEP'22]
00054 e CEN
g L | Qur-1A
0.004-_ =« = Qur-2A
0.003 gur-;E
555 S = T~ (P) — 7 (p1) 7" (p2)v-()v(k)
o 0.001 -
E i
g 0.000
= - . ' 4 restframe 7 - = 3
Ty faaty § = epvpe PHEVpIPS fmz ===k - (P1 x p2)/m
-0.002
10.003 1
10.004 1
10.005 1 . : | - .
-0.01 0.00 0.01
Ny—N_ /
£ Ag = with Ny = dr’
SN TN i -
P2 A¢(Our-1A) Ag(Our-2A) Ag(Our-1B) Ag(Our-2B)
100 MeV ~ 1.2/1.7/1.0/1.6 1.3/1.8/0.98/1.4  1.6/1.7/1.4/1.6 1.7/1.8/1.3/1.4 ( numbers are
300 MeV  1.5/2.6/1.0/2.2 1.6/2.5/0.73/1.6  2.3/2.6/2.0/2.2 2.4/2.5/1.7/1.6

multiplied by 10-2)

500 MeV  0.98/1.4/0.58/0.88  0.91/1.4/0.68/0.43 2.1/1.4/1.8/8.8 2.1/1.4/1.5/4.3

* The magnitudes of A; for T — @yv, are around two orders larger than
those in Kj;,. It has the good chance to be measured in Belle-II. STCF.
CEPC ... ....

23



Prospects of revealing the genuine CPV signals

CPV signals can be probed by taking the differences of A; in T — a-a'yv, and " — w*alyv,

£ = AE = = —
T, +T_ s Ty +4T_
Iy 1 J— — & 1 La— L—
T = (;”T) /_ dd (Mg +EM,), .= (‘ZW_) [ dd (Mo +EM,)
Mmr Jg>o 2mr Jg<o

M = e G Ve (k) {(1 + gv) Fig)r” (1 — 7)(mr + P — F)yuu(P)

H[(1+ vV — (1 - 8a) A (9" (1 - ".rs)'u-{P)}

Ae = A¢ — Az D Im(gy,ga )Re[Fy (t/u)* A;], Im(gy,ga)Re(V*A;)

* Generally speaking, sizable hadronic contributions are also expected to
enhance the CPV signals in T — amyv,.

 TPA in other types of T decays could be also possible.
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Other predictions:
c T n/Kyv,

* polarization effect in T — @nv, (preliminary)
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Predictions to t — n/K yv, [ZHG, Roig,PRD ' 10]

m T
vector currents: ~ P oy
axial-vector " !
currents: 4 | e Y a; a |
E~=50 MeV —  E,=400MeV S —— . .
nnls
IB 13.09 X 1073 1.48 X 1073
IB -V 0.02 x 1077 0.04 x 10~ _
IB - A 0.34 X 1073 0.29 X 1073 3
4% 0.99 X 1077 0.73 X 107 5 [
VA ~() 0.02 x 1073 5 oo0s |
AA 0.15 X 1073 0.14 X 1073 '
ALL 14.59 x 1073 2.70 X 1077 N
.00
& . i 2 U_ L L L
in units of Br(I';_,, ) ~ 11% 06

Exp measurement is still absent.
It has a good chance to be measured at BelleII, STCF, CEPC.
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vector currents:

axial-vector
currents:

EY='50 MeV ¢ = —0.07 EY“=50 MeV & =0 Ey=4QOMeV o= —007 Ey=4QpMeV e =0

|64 = 58°(37°) |e4] = 58°(37°) |84] = 58°(37°) |#;] = 58"(37°)

IB 3.64 X 1073 3.64 X 1073 0.31 % 1073 0.31 %1073
IB—V 0.69 % 1073 0.10 x 1073 0.83 X 1073 0.12 % 1073
IB — A 0.22(0.25) X 1073 0.22(0.25) X 1073 0.15(0.18) X 1073 0.15(0.18) x 103
747 58.55 X 1073 1.30 X 1073 20.04 % 1073 0.66 X 1073
VA ~0(~0) ~0(~0) 0.09(0.09) x 1073 0.01(0.01) x 1073
AA 0.13(0.16) % 1073 0.13(0.16) x 1073 0.12(0.15) x 1073 0.12(0.15) x 1073
ALL

63.23(63.29) X 1073

5.39(5.45) x 1073
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number with spin up — number with spin down
total number

Polarized taus:
polarized beams are planned at .

furture ete- machines.
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Summary

Tau offers a laboratory for a broad range of interesting topics:

» Precision tests of SM: CKM, a,, m_, lepton universality, ... ...

» Hadron interactions: light-flavor resonances, chiral
symmetry, form factors, second-class currents, ... ...

> BSM tests:
CPV (rate asym., triple-product asym.)
LFV (lepton/radiative decays, hadron decays)

Neutrino properties

» Resonance chiral theory offers a systematical tool to sudy the
tau decays.

Thanks for your patience!

29



