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Some theoretical aspects of hadronic T decays
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Overview

e T
>vf’\/z\l\< Z exchange dominates at CEPC.
e’ 7

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 X1010

Tau provides broad interests for particle physics:
v" Precision tests for electroweak sector: V,, lepton universality, g-2, ... ...
v’ Stong interactions: a,, hadron resonances, chiral symmetry, ... ...

v" Possible discoveries for new physics: cLFV, CPV, ......



Sketch for hadronic tau decays (similar for leptonic decays by dropping QCD part)
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Theoretical tools: SM EFT + Chiral EFT

SM EFT — LEFT [Cirigliano et al, '10]
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&x parameterize various new physics at high energy scale

Chiral EFT

O(p): [Gasser,Leutwyler,'83 '84]
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Hadronic decays: a unique feature for tau lepton
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Strong coupling of QCD: ¢
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[Bratten,Narison,Pich, '92]
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[Bratten et al., '92] ! Im(s)

a(m,) from spectral functions
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R: = f|§¢ —swy(s) I (s) e

OPE Cp(s,as(p), n){Op(p))
2.

(o)DP2

R = NuS (1+5P+5NP) = Ry +R ,+R g

S, =1.0201 (3) : 5 = —0.0064 £0.0013
Marciano-Sirlin, Braaten-Li, Erler Fitted from data (Davier et al)
Op=a.+520a:+26a, +127 a; +... = 20% : a.=a,(m.)/x

Baikov-Chetyrkin-Kiihn

Precision limited by FOPT vs CIPT discrepancy: Duality violation issue:

qu(n},f) = 0.3194+0.014 oas(m?) = 0.3414+0.013 Boito et al., Pich et al., ......



Invariant-mass spectra for exclusive decays
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Inclusive decays: spectral functions
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VT

V. from tau decays C T
.......................... . _0Odd
: Inclusive case : . number
e S [ . Of kaons
Gamiz-Jamin-Pich-Prades-Schwab
1/2 ARRRERARSN RAREE S SEERE RARRS RARAE ARRESEEEEs R EEALE
R 6r .1 —)S v, ALEPH 3 4 OPAL
|V | — dad i % — P_(E ] Lt o + (K) from PDG
ST Revaa g 5¢ = K2 113 0 (k)
Voal2 7,th o K3n+ K (MC) i = Eﬁﬁiﬁ‘“’”
:é“: 3 EI Eg: %8 ) _ == naive parton model
m (m ) + 8 i
LY SRy e 5 dic = G Oy s | 5t
7,th ol :
mf i I E
1F i
L 05 ¢
§Rmh 5\0‘1544 (37)+ 0.084 (33) = 0.238(33) . im

FR Y J =
& 2 " 0
=0 my(2 GeV) = 93.0 (8.5) MeV

[Davier et al.,'08]

B(i~ > Kv,) _ fralVisl® (mZ —mi)?
1+ 6R »
B(T_ == ﬂ'_f/f) :l:lvud|2 ( - mz)z ( + TKX‘TE) > [Arroyo-Urena

et al.,'21 '22]

m’\ 2
f]{:t'vus| T m; (1 _m_> Sew (1 + 6R k)

T
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B = Bl =g
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Vi Ky N = 24141, 2021 update

“Tension” of V from various determinations

Precision limited by lattice

0.2231+ 0.0006
Vis Ky N = 241+1, PDG 2020
0.2252+ 0.0005

CKM unitarity & Vdd &V,

0zomzooos © - 0-00
kv 395 —
02184+ 0.0021

13Kv/tsy —2. 1o
02229+ 0.0019

T— Ky = s

0.2219+ 0.0017
1 exclusive average — 2 54
0.2222+ 0.0017

T average — 3.5
0.2207+ 0.0014 ]
HFLAVY
2021

> inputs : £, K7(0)

[\/ = |V, |2 = |V, |2(CKM unitarity)}

Precision limited mainly by
—— BF uncertainties
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Beyond SM tests in tau physics
> Lepton Universality (LU) test

£

W- I=e,u, 1 LU assumption: g, equal for all the three leptons

S : L. \/ B(t— — ﬂ—fxﬂvT(y))T—“ m’; corr{{T, M) (m? appears here !)
: LU test via Je Tr my Feorrlime, my)
 leptonic decays :
............................... & _ B — e,y (y))T—# mf; Fcorr(mﬂe Me)

[HFLAV,2021] I U Feon(me, my)

(&) — 1.0009 + 0.0014. (%) = 1.0027 £ 0.0014,
q, Ye T
He T

LUtestV1a """""""" (91’) 2 _ B(r — hv,) 2mnm5ﬂ;— (l — mﬁ/mﬁ) : e
- hadronic decays 9u)n  Blh = pup,) (1+6R, ) )mit, \1 — mj/mg -

[HFLAV,21] [Arroyo-Urena, et al.,’'21'22]

(g_’f) —0.9959 +0.0038 (%) ={0.9853=20.0075
Qi 9/ ¥

7— Kv, BF uncertainty dominated 12




» Relevance to precise determination of a,

SM uncertainty dominated by

[Muon g-2, '23]
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Significance will likely decrease
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/N/ bl /}\/ o 3 r _ o _ 'I“—wl i Winke Paper (200 SW: Latfice HVP
” - - BMW Collab
(2020)
—.—
SM: e+e- HVP
. IR0 i ly CMD-3
Dominated by niw (> ~75%) = fom ey o
175 18.0 18.5 19.0 19.5 20.0 20.5 21.0
. ' a,*10° - 1165900
auHVP,LO [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,
14



[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'(t— = v,H)-T(" = v.H)
AOP = — —
Nt~ —v:H)+T'(tt > v, H)

Intensive discussions on tau -> Ks pi nu

1‘(7:+ - n*Kgﬂ)— 1“(7:‘ - x‘KS“vT)

A= 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] [Lees et al., PRD'12]

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

rest frame

— —

p2 - (P53 X pa) my

w v _p o
==">
5 uvpoP1P2P3Pa of particle 1

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!

17



Predicitons of the T-odd asymmetry distribution in T — nwmyv,

—S| [Chen,Duan,ZHG,THEP'22]
0.0054 e CEN
b L sesene Our.']A
0.004 - -« = Qur-2A
0.003 - Our-1B
1 : 9 i Our-2B
0.002 - e
ap  0.001-
E B
1§ 0.000 =
o 1 = e 0 A1
%c -0.001 - 7 (P) = 7 (p1)7 (p2)vr(q)v(k)
Z .
-0.002 -
- s b : 4 restframe 3 — = 3
-0.003 = Epupdpﬂkupi)pg/m'r T ofr k- (pl X pQ)/m"r
-0.004 -
'0005 T T T T T
-0.01 0.00 0.01
g
Variant predictions for the branching ratios (%10-4):
E‘:}“t SI CEN Our-1A Our-2A Our-1B QOur-2B
100MeV 7.9 83 8.7/9.6/8.6/9.4 9.5/10/9.2/9.7 13/9.6/12/9.4 14/10/13/9.7
300MeV 1.5 1.8 2.4/3.0/2.3/2.8 2.9/3.3/2.6/3.0 5.6/3.0/5.2/2.8  6.3/3.3/5.5/3.0

500MeV  0.26  0.40  0.73/1.0/0.68/0.90 0.93/1.1/0.81/0.91 2.6/1.0/2.4/0.90 2.9/1.1/2.4/0.91

It has the good chance to be measured in STCF.
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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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» Charged lepton flavor violation in tau decays
90% C.L. upper limits for LFV t decays

= > & = = 25 [Belle-II, '22]
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?, = 5 %)
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 . I I 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 ol = | * LHCb
- ilIIIIlI 1 1 110l 1 II!]IJII L1 IIIII[I 1 1 Iil[u! L1 o Be"e " 20



> Proposals to search for second-class currents in tau decays

First class of hadron currents : J*¢= 0+, 0—, 1+, 1-*

Second class of hadron currents : J*6= 0*, 0-*, 1**, 1, which are usually
suppressed at the level of 10 ~ 105 and are not observed yet in EXP.

10
_ i .q == Full: vector + elastic scalar
1k T — ﬂ_”v‘r !ll _ 1E ‘l'lt == Full: vector + 3 coupled channels | |
!" ’.--’ ‘\ == Full: vector + B. Wigner (2 res)
I E = Vector
w i 'y » 0.01} - .
B \ I> >
< S
= 0.01F 5 1074y
> B oe——— s S e
= 0.001 Full: vector + elastic < 10°°F
== Full: vector + 3 coupled channels
10_4 == Full: vector + B. Wigner (2 res) ]0—8 L
= Vector
-5 P O R (NS U (TS S LA SRS S S 10—1{3 . . 1 . . . 1 . i : 1 . i i | i i i
10%.6 0.8 1.0 12 1.4 L6 L8 1.0 12 14 L6 1.8 2.0
Vs (GeV) Vs (GeV)
BR: (0.3~2.0) x10- BR: 109 ~ 10-6

[Escribano et al., PRD'16]
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> Powerful tool to constrain new physics: combination of hadronic tau data + LHC data

GV, e _ = _
Lo = =722 (1 ) Byt = ) 09 (1 = 30D + B! Pyl = t5)e - 57(1+ 3D
_ 1 .
+ (1 —ys)ve - ﬁ{fgé = EEE%} o o iggf €o,(1 — y5)ve - 4™ (1 —v5)D| + hec.,
[Cirigliano et al., PRL'18]
0.04} - i B - ' , i
T 71v vs. 5 decay v—-i——-
0.02 T ruTv vs. e T i
r-inclusive (V+A) vs. 5 decay 1
% U O'U r-inclusive (V-A) vs. B decay ;
Hadronic t + LHC : :EWF’O+LHC M -—44-
+Hadronic 1 e
—U 02 {t = pvv) i
! My = evy) im
W - v
EWPO+LHC Mt
-0.04! . . -0.06 -0.04 -0.02 udiuu_ 0.02 0.04
-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06 56"~ 5g™e

ég['a'.!_égt"u'e
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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:
CPYV (rate asym., triple-product asym.)
LFV (lepton/radiative decays, hadron decays)

Thanks for your patience!

23



