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T Data Samples

ALEPH: 3.3-10° reconstructed t decays

BaBar / Belle: 1.4-10° 711t pairs

Belle-Il: 4.6-10" 1t~ pairs

stcF: 2.1-10" t*t~pairs  (10° near threshold)
Tera-Z: 1.7-10" 1t pairs

Luminosity is important. Systematics & backgrounds also!

Different experimental conditions at different energies
(t*t~ threshold, v, Y, Z)
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LEPTONIC DECAYS

) v, _ G2
T [(z—>v. lv) = 977 f(mlz/m ) (1+5RC)
w ¢ H
V.V, f(x)=1-8x+8x"—x*—12x"log x
E— B, - B — T
©0.972564+0.000003  (1632.3£0.5)x10"s
Tr (Belle) m, (BesIII BelleII)
(B,/B,) = 0.9762+0.0028
: 7 H € Jexp
:\’\\Z 17.8:— Non-BF: 0.9725 + 0.0039
T BaBar “10: 0.9796 + 0.0039
17.6; | IZéSI - ‘259‘ - I2S‘)0l - I2é1‘ - ‘2é2l - I2£L)3l | 7 ‘ B;lniv — (17'812 i O°022)%
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Preliminary Belle-ll measurement of m_

PDG Average (2022)
1776.86+ 0.12
BES (1996) o
1776.96 7.7 % .

BELLE (2007)
1776.61+ 0.13+ 0.35

KEDR (2007)
1776.81 )2 +0.15

BaBar (2009)
1776.68+ 0.12+ 0.41

BES Il (2014)

1776.91+0.12 )7

Belle Il Preliminary (2023)
1777.09+ 0.08 + 0.11

[ ]

[ ]

1776 1776.5 1777

m. [MeV/c?]

— m_ = (1776.96  0.09) MeV
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Lepton Universality
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Lepton Universality

g’t VT
‘gu/ge T, u I
qug’u<vu L 3
B.,,/B.,. [1.0019+0.0014 T
- T &wgyu
Byou/Bese  [100104£0.0009 | T 7
g V.
By ,,/Bx,e 0.997840.0018
By s/ B s ze [1.001040.0025
By /Byse | 1.00140.003 g/ gy\
B, ,, 7,/t. | 1.0009+0.0014
8 /2. Coor/Tas, | 0.995920.0038
B,,,7,/t, [1.0027+0.0014 Foox/Tisn | 0.986+0.008
By /Bye| 1.007£0.010 By e /By, | 1.001£0.010

A. Pich

T Physics




Lepton Universality in W decays

2201.07861 35.9f  (13TeV)
CMS * CMS
B CMSLFU (68%,95% CL)
W—ev, - *+ LEP 2007.14040
E LEP LFU (68% CL) Tt | ¢ | ¢ [ Tt [ Tt Tt T [ T T T [ T T T ]
AN ATLAS A—-’;-;SLE;:.(PhyS.:?ept. 532 119)
- - this resu
gﬁw:22-)_=(2g%§§2i¢06(.)§£/3/0 Vs =13 TeV, 139 fb’ Statistical Uncertainty
— : [ Systematic Uncertainty
: —e— Total Uncertainty
W—pv, 1
=
=
—r

098 1 1.02 1.04 106 .08 1.
R(t/w)=B(W—1v)/B(W—-uv)

W —1v_1

0.100 0.105 0.110 0.115 0.120 0.125 0.130 0.135 0.140
B(W — tv)

CMS LEP ATLAS LHCb CDF DO
R,/ 1.009+0.009 09930019 1.003+0.010 0.980=0.012 0.991-£0.012 0.886 =+ 0.121
Reje 099440021 1.063+ 0.027 — — — —
Ry, 09850020 1.070-+£0.026 0.992+0.013 — — —
Reye  1.00240.019 1.066 + 0.025 — — — —
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Flavour Anomaly 2

3.2 ¢ discrepancy

Br(B > D"t v,

R(D(*)) —

Belle, 1612.00529

— 1.5
a F
D.P 12—
05
=
_osf-
pa
.
S

01 0.45

R(D*)

B(B J -
Ry = BBe 2 IUTP) _ 7140174 0.18

B(Be = J/¢uv,.)
FP" =0.60 + 0.08 £ 0.04

SM

RJ/Q/;

~ 0.26 — 0.28
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(1.6 0)

Br(B — DOl

0

Vi)

Ay?

(1.7 0)

FD = 0.455 + 0.003
Lrsm =0 :

0.4

0.35

03

0.25

0.2

Prelim. 2023

Bellel5s

Ay*=1.0 contours -

BaBar12

LHCbH23 *

Bellel7 PRD 94 (2016) 094008
PRD 95 (2017) 115008
4 HFLAV SM Prediction  1HEP 1712 (2017) 060

PLB 795 (2019) 386
PRL 123 (2019) 091801
EPIC 80 (2020) 2, 74

R(D)=0.298 £ 0.004
R(D*) =0.254 £ 0.005

World Average

R(D) = 0336 £0.029, ,
R(D*)= 0284 + 0,013,
p=-037

P(x3) = 25%

PRD 103 (2022 034503
1 L L I L L L L I 1 1 1 I '] L L L 1 1 1 L I L '] L L L 1 1 1 L L '] L I L L
0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55

BaBar 2012, had. tag § i BaBar 2012, had. tag | §
0.440 +0.058 +0.042 ! — 0.332+0024 +0018 : :

: : Belle 2015, had ta i E
Egl'lg f%.loﬁézuhi%.ég% f—t—————— 0.293 %0038 +0.01 ; :
Belle 2019, sl. tag : : Belle 2017, (hadronic tau) | o
0.307 +0.037 £ 0.016 —ne— i;g;zooo;; + Od: ) : ;
%14{4(%2%002620 +0.066 : . 02570012 Shgo %mc " :
Average o DS 20015 £ 5814 | —

8 B + + | r—————e—
0.356 £0.029 (e L.HCbiz('Jzz o : :
SM Average : i 02381+0.018 +0.024 R T
0.298 0.004 ‘!. 1 Average : :
PRD 94 (2016) 094008 : : 0.284 £0.013 N
0.299 +0.003 n SM Average ! !
PRD 95 (2017) 115008 : ' 0.254 +0.005 - ;
0.299 +0 n ; PRD 95 (2017) 115008 . 5
JHEP 1712(2017) 060 : : 0.257+0.003 : :
0.299 +0.004 - ! IHEP 1712 (2017) 060 B ;
EPIC 80 (2020) 2, 74 : ; 0.257 0 : E
0297 £0.003 n : 512421193 0(3919) 386 # '
PRD 105 (2022) 034303 _._ PRI, 123 (2019) 9091801 ___ §
FNAL/MILC (2015) g : : :
0.299 £0.011 e ' ](;II;{SJEO (2020) 2,74 . i
HPQCD (2015) : b EPIC 82(2022) 12,1141 : I
0300 +0.008 = : HFLAV 0265 + ‘,‘,13 —r— | HFLAV

é : i i

| | :I 1o | | 1 | | | | : 1 L : I | | |
02 04 0.2 0.3
R(D) R(D*)
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Lorentz Structure: £¢— — ¢ vpuy

Effective Hamiltonian: H = 4GM

> gl e (ve),] [anéw]

n,e,w

N

Normalization: T o 1 (loral® + lgacl? + 192 rl* +192L1) +3 (l9ke)* + 191 rl*) + (l9rel” + [9k® + l9ral* +l9rL?) = 1

,u—)eﬁeuﬂ T = pyvr T — € Ve Ut
ew| 592 9 VBgl, |lew| 590 9l V3l | |ew 9 V3 gl
RR 1 + RR |- RR |-
LR J L+ LR 1~ LR |-
RL 1 L RIL RL I
LL J LL |- LL |-
V - L] -
lgY | >0.960 (90% CL) High-precision T data needed!
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u- Longitudinal Polarization in t>p v v,

Probability to decay into a right-handed muon:

1 1 ,
O = Ora*+ Q= 7 (1&ka I +1 & ) +31 gk [+ e 1 g [ = (1-87)

Belle, 2303.10570

Tiny probability of muon decaying inside the
detector compensated by huge statistics

E'=0.22+0.94+0.42

MC T'T™ event

0, <123 (90%CL)

Not yet constraining. Error dominated by statistics...

A. Pich T Physics
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Bounds on Lepton Flavour Violation

T Decays (90% CL)

@ — Wy 1P° 1S° V0 1] Ihh Ah T
[0 _
8 10 5=? ............. -.--l ....................... . ..... . ......i............... ................................. ..... i.... ..................... . ..... . ............ E=
o =S - " - = = " =
[ od - u mmE .. | | u ™ ] —
E 10—6_?..... .................... B R R PR P PP PPN P PP EPPE P E_
— — - v =
§ [ v v v v vVy v v v v vV . = CLEO
v v v
:.2 10—7_?.4 ..... V'V ........................ A ..... x ..... a B Y. TGRLREEEE V ..... A e ' ....................... v?_ VBaBar
& va A Layv " I Y A a ] . A, A AAAAAva = 1 Belle
= — RS I, N ¥ o T { PO . N A4 4 T LLHCb
8 10—8 .................................................................................................................................................... — s ATLAS
o f—
> . 3 ¢ Belle I }
- o ° o | *LHC-HL
o 10—9 ..... ........ .............. ........................ .. ..... ’ ........ ... .... ......... a*i................ ........ 6 ..... .’..... ........ .. ..... . ..... ... ....... .. ...._.E t
N e® oo °os°° e ¢ o o o, ¢ o © . ® ©° oo o I prospects
o b o o ©® —]
D ® —]
10—10 1 1 L 1 1 1 L L 1 1 1 L 1 1 1 L L 1 1 1 L 1 1 1 1 L 1 1 1 1 L 1 1 1 1 L 1 1 1 L 1 1 1 1 L 1 1 1
AR R S AT B 1 TR D g iR SR ot oR ot ofi S, S AL =RV
© 30 30 30 3 93 o3y s © = R R BR R ¥ X
Br(un— ey) <4.2 x 10713 (MEG, 90% CL) , Br(n— 3e) < 1.0 x 10712 (SINDRUM, 90% CL)
Br(K; —» pe) <4.7 x 10712 (BNL-E871, 90% CL) Br(K*— mtute™) < 1.3 x 10711 (BNL-E865, 90% CL)
Br(B®— epn) < 1.0 x 10 (LHCb, 90% CL) , Br(D°— ep) < 1.3 x 10=® (LHCb, 90% CL)
Br(Z°— en) < 7.5 x 107 (ATLAS, 95% CL) , Br(H— ep) <6.1 x 10 (ATLAS, 95% CL)
Br(Z°— e€1) <5.0 x 107® (ATLAS, 95% CL) , Br(H— e1) <2.2 x 1073 (CMS, 95% CL)
Br(Z°— ut) <6.5 x 107% (ATLAS, 95% CL) , Br(H— put) <1.5 x 1073 (CMS, 95% CL)
A. Pich T Physics 12



? CP Asymmetry

4, = F(T: - E:KS‘?) il ) = (-3.6+23+1.1)-107 BaBar 11
F(T —> 7T SVT)-I-F(T —> 7T KSVT) (ZOW())
A7S_M (’7’+ — 7T+KSI77_) = <36 + 0. 1> . 10_3 Bigi-Sanda, Grossman-Nir 2,8 (9) discrepancy

D
¥ Belle does not see any asymmetry at the 10-2 level
o 0.03 T T
R [P (b) AP ~ <cos (3 cos ¢>. — <cos (3 cos ¢>.
0.02|| - data ! i ]
0-01:F+ control sample bins (i) of W — \/E
0 | —— B = K direction in hadronic rest frame
S ™ 1 = 7 direction
-0.01F
002} BaBar signal incompatible (with EFT)
L with other sets of flavour data
00333 1 12 14 16

Cirigliano-Crivellin-Hoferichter, 1712.06595

Rendon-Roig-Toledo, 1902.08143
A. Pich T Physics 13
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HADRONIC TAU DECAY

Hadrons

I

=

—

dngudd—l—VuSS

Only lepton massive enough to decay into hadrons

F(T_ — Vv, + Hadrons) 1-B,-B,
R, = ~ N. R, = . =3.6381+0.0075
[(z7—> v eV B™
T e e
1 Br(z" —> Vv, + Hadrons)
R, = S —1.972564 =3.6417 £ 0.0070 ; R, = Zu =3.6343 £ 0.0082
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Invariant Mass Spectra

e Belle data (2008)
... Fita
—— Fitb
_ Fite

0.01}
T Vv, T 7’
0.001+¢ ‘ ‘ ‘ ‘ . .
0.0 0.5 1.0 1.5 2.0 2.5 3.0

s [GeV?]

Jamin-Pich-Portolés, 0803.1786
2O L~ L B B

T
Belle data |

Gonzalez-Solis — Roig, 1902.02273

100} e BaBar (2018) |
, T ... Fita
80! ——Fitb
Sl — Fite
260
3 L
Z I
Z 40r
20! _ _
: > v. K Kg
07 ""'-ﬂ‘..-.,.

1.0 12 1.4 1.6
mgg, [GeV]

Useful tests of QCD Dynamics
Form Factors
Non-perturbative parameters

Resonance Chiral Theory (RyT)
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A.P., Prog. Part. Nucl. Phys. 117 (2021) 103846

o(e’e”—had)

- — =127 ImII_(s)
o(e’e >u 1)

[ (q) = i [d'x &% (0| T[J4(x) I (0][0) = (-g"'d" +4"q") en(d’)

-
rr—)vf +had ~ Im

g =L 2vethad) )0 jomfﬁ (1—12] Kuzn‘;j ImH(l)(S)nLImH(O)(S)}

v ['(z >v.ev,) mi T

0(s) = [V [+ T 0 ] + Vi [T () + T150(9) |

us,A

My, (q) =i [d'x €% (0| T[4 (x) J5(0)1]0) = (-g"'q” + q"q" ) 1 ,(¢°) + ¢ T ,(q")
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SPECTRAL FUNCTIONS

Davier et al, 1312.1501

v,(s) = 27 Im 157 (s)

2,(9) = 22 Im 10 (s)

Better
data
heeded

A. Pich

(V1+a1)(3)
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e ALEPH

— Perturbative QCD (massless)

=== Parton model prediction
= o’
73", 3nn’,6m(MC)
(OTE,I]ETEO,kkO(MC)

nkk-bar(MC)
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0.6
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[ e ALEPH

— Perturbative QCD (massless)

- === Parton model prediction

i Jwﬁ rt27t0,3n:
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QC D P re d i Cti O n Of RT Braaten-Narison-Pich’92

_I'(z_ > v, thad)

1
R = =127 | dx(1-=x)*| A+2x) ImIIP(xm?) + Im TP (x m?
T DT | dx(-x7[(1+2%) (xm;) (xm;)]
xzs/mf
'Tm(s) l
. R, = 67i 95x|:1 dx (1-x)’ [ (14+2x) T (xm?) = 2x 1 (xm}) |
T
e
Re(s)

H(J)(S) _ z CJ()J)(Saﬂ) <OD(ﬂ)>

— OPE

D=2n
1

R, = NeSpy (140, +0y,) = Ry +R_ 4+ R

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

Baikov-Chetyrkin-Kiihn
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Spectral Function Distribution

= 3k e ALEPH

M o m e n ts : E"Ur E ¢ — Perturbative QCD (massless)

2.5 C *

=== Parton medel prediction

> [

k l :
RY(s,) = j(j“ds (1_ij [ Szj djf b J
So ny; s 1 - : .'.v}“q“‘s..‘”*++' ........

- .
05 | e

Sensitivity to power corrections (k,l) 0 Lo

0 0.5 1 1.5 2 25 3 3.5

-

.
.
L]

The non-perturbative contribution to R can be obtained
from the invariant-mass distribution of the final hadrons

Detailed analyses by ALEPH, CLEO and OPAL

Onp = —0.0064 +0.0013 |
Davier et al., 1312.1501
a,(m?)=0.332+£0.005, +0.011, (ALEPH data
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a; at N°LO from t and Z

Rodriguez-Sanchez, Pich, 1605.06830

N3LO |
0.5k -
0.4}

)
S 03l
0.2}
0.1k L R —
1 2 5 10 20 50 100 200

E (GeV)

a,(m?)=0.328+0.013

2

a,(M;)=0.1197+0.0015

a,(M?2), ... =0.1199+0.0029

Very precise test of
Asymptotic Freedom

a; (M) —af (M) =
0.0002+0.0015, +0.0029,

Improved spectral function data # Better control of non-perturbative contributions

Rodriguez-Sanchez, Pich, 2205.07587

Better theoretical understanding of higher-order perturbative corrections needed

(CIPT / FOPT, Kg, renormalons...)

A. Pich T Physics

Hoang et al, Golterman et al...
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Anomalous
Magnetic Momen

aEVP’LO = m / (s) R(s) <> w;S ljw

Dominated (75%) by 27

HVP,LO x 1010

a,

Aubin 2022 —
LM 2020 ®
BMW-2020 WP cutdft —o-
ETM-18/19 ——
Mainz/CLS-19 —
FHM-19 —
Lattice ——
PACS-19 7
RBC/UKQCD-18 o
BMW-17 —_—
Mainz/CLS-17 @
HPQCD-16 —_—
ETM-13 o

RM-20

¢ ¢

Davier et al-09
KNT-19
DHMZ-19
BDJ-19

FJ-17

RBC/UKQCD-18 L

-«i» No New Physics

620 640 660 680 700 720 740
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BNLg-2 —————@——+

FNAL Q-2 +—@—+
Muon g-2, 2104.03281

A

4 4.20
Aoyama et al, 2006.04822
— +——+
Standard Model Experiment

Average

175 180 185 190 195 200 205 21.0 215

a,x10° - 1165900

Cross section(exp) / Average - 1

T —— — T
I e'e Average
I © Average

Z. Zhang, 1302.1896

T T T T T T T T S SO AN SO S

0.4 0.6 0.8 1 1.2 1.4
N \5 [GeV]

L L s e s

—

—

—

Belle
2524+0.01+0.39
CLEO
2544+0.12+0.42
ALEPH
2549+0.10+0.09
DELPHI
2531+0.20+0.14
L3
24.62+0.35+0.50
OPAL
25.46£0.17+0.29

T average
25.42+0.10

CMD2 03 (0 61 -0.96)
25.03+0.22
D2 0

+0
CM 6(037052 0.6-1.38)
24.82+0.22+0.

SND 06 (0.39-0.97)
24.810+0.33+0.22

KLOE 08 (0.50.0.97)

24.47+0.22'+0.
BABAR 09 +(gzg m.) M. Davier
K08 19,05%;092 Tau 10
e e ave

24.84+0. 14 022

25.5 26 26.5 27 275

B(t — vtn"no) (%)
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D(Q%)

ay(Mz®)

Euclidean Adler Function

291

2.8\

26+
25F

24 ' 2 ]
: 2y 2 2 AI(OQ)em -
sl D(Q*) =127 0* == P

1 2 3 4 5
Q*(GeV?)

T

013}

~__ Llattice (Mainz)
012 L FLAG average

e*e- (DHMZ)

T

0.10

A. Pich T Physics

FLAG average:

as(Mé):{

(@=-q?)

M. Davier, D. Diaz-Calderdn, B. Malaescu,

A. Pich, A. Rodriguez-Sanchez,
Z. Zhang, 2302.01359

20 discrepancy
between
ete- data & QCD

a, (M?2)=0.1184+0.0008

0.1136+0.0025  (e'e” data)
0.1179+0.0025 (Lattice)
22



2023 CMD-3 efe —>mtm™

Data

2302.08834
o - - 0.2
- %% = 4 F ~—owp2
s . CLEO18 .°0.15 - - SND
p) % e T E - SND2k |
‘.. .. KLOEEIZ 0-1_
-' ‘o E i 1
10 .! s 0.05E I
| E
& —frg OF
(4 % - E fi +
’l' .‘. —005: 1 HH;] | I]
b G muikAL T
.a'.'_ . i —0.1E | K
3t . ~0.15F
0304 05 06 07 08 09 1 11 12 06304 05 06 07 08 09 1 11 12 063704 05 06 07 08 09 1 11 12
s, GeV Vs, GeV Vs, GeV
T —27 & ete —2w S | F '
UV, e'e pectral Functions
Masjuan-Miranda-Roig 2305.20005
. CMD-3
0.10F 1
0.05
— — L
| |
o © L
% % 0.00}
i b
~0.05]
— KLOE — RHO2013
— BaBar — RHO2018
-0.10 ~0.10¢
0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95
\/; [GeV] \/; [GeV]
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Strange Spectral Function

:\ L L T T T ‘ T T T \: — T | T T T T T T T T I T T T T B
6 . TSy,  ALEPH  F 35 L + OPAL E
- ? 1 Kn | ~ E + (K)from PDG 1
5| o= R 2r g 3 F 0 ek E
C K — ] n (Knn+Knm) 1
m o = |’_<375+KT](MC) R 25 _ —
) 4 r — P_<475 (MC) ] - ; ! ;Izil:zn)arton model :
S 50 — K51 (MC) ] 2 F P T -
= : 15 F
1 -
0.5 [
| | | | | | | | | | | | | 1 1
0.5 1 1.5 2 2.5 3
s (GeV?

Very low statistics. Large experimental uncertainties

Sensitive to SU(3) breaking: m_, V
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Vus D ete rm i n ati O n Gamiz-Jamin-Pich-Prades-Schwab 03

2 2
mg (myz)
i R: u SR,y = 24 szf Alay)
Vil == r
nud _ sp SR_, = 0.1544(37) + 0.084(33) = 0.238(33)
2 7,th LN U J
Vd Y Y
" J=0  m(2GeV)=93.0(8.5) MeV
R, ., :F(z'_ —> vrﬁq)/l“(r_ —> VTVee_)
HFLAV 2022:
Br(z” — v.ifs) = (2.908+0.048)%
Br(z™ > v,iid)=(61.83+0.10)°
(e o veid)=( Ve m) |V,[=0.2184+0.0018,,+0.0011,
Br(r” > viie ) =(17.812+0.022)%
Vg =0.97373+0.00031
K50 [Vus| =0.223240.0006 [/,(0)=0.9698+0.0017] FLAG 2021

Sizeable discrepancy. Improvements needed
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Vs & V,4 Cabibbo Anomaly

F[AG2023
. Vys Ka, N, = 24141, 2021 update 5
0.2231+ 0.0006 0.228
T Vs Kz, N| =2+1+1, PDG 2020 '
0.2252 + 0.0005
—e— CKM unitarity &V _ &V, 0.226 A
0.2277+0.0013
—e— T — XE'\-'
0.2184 % 0.0021 0 P D
- ; S

—e— T2 Kv/1—=mvy N B i

0.2229+ 0.0019 0.222 - :
—e— T — Kv [ lattice results for £, (0), N,.=2+1+1
0.2219+ 0.0017 [ Iattice results for fg=/fr=, N, =2+ 1+1
. 0.220 - lattice results for f, (0), N,.=2.+1
—e— 1 exclusive average : lattice results for fi=/fr=, N, =2 +1
0.22924 0.0017 [ lattice results for N,.=2 + 1 + 1 combined
‘ - [ lattice results for N,=2 + 1 combined
—e T average i I nuclear B decay, PDG 20
I I I 0.2507 + 0.0014 0.218 nuclear B decay, Hardy 210
e o2 o3 0.955 0.960 0.965 0.970 0.975 0.980

Sizeable violation of CKM unitarity
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Hadronic T Decay & New Physics

GpV, s
ﬁeﬁ—%{(1+ﬁ>7%(l Vs )vr - ayt (1 — vs5)d + €n Tyvu(l — vs5)vr - ay" (1 + v5)d
+ 7(1 —~vs)vr - @ [eg — 6;’75j| d + epTou, (1 —vs)ve - ao” (1 — 75)d:| + h.c.
0.040 Cirigliano, Falkowski, Gonzalez-Alonso, Rodriguez-Sanchez, 1809.01161
‘ ) . 1 .
€, — €7, =097 T — Sgp ¢ — [C§2)]TT11 + [Cé‘;)]ccu €s.p = _5[016‘1“ + Credqlrr11
0.02F R = 5‘1qu’ er = _§[Cl(fgu];k—7—11 >
g .Bd
;Lgng 0.00- T 7v vs. B decay
Hadronic 7 + LHC EWPO+LHC T v vs. e'e ot T | =
+Hadronic 1 | Z
—0.02/ t-inclusive (V+A) vs. B decay 9;}
EWPO+LHC 1-inclusive (V-A) vs. 8 decay |
-0.04:. .
-0.06 004 002 000 002 004 006 M(t > mv) __._l_
69)'"-5g)' rir - ev) !
Mt > pvv)
95% CL 107 units T ew) T
Coefficient |ATLAS 7v| 7 decays |7 and 7 decays FW - ) !
[c]rr11 | [0.0,1.6] | [-12.6,0.2] | [-7.6,2.1] MW = ev) —
[Cfequ]TTll [_5-6, 5-6] [_8.4, 4.1] [_5.6,2.3] !
[Ceedq]wll [—5.6,5.6] | [-3.5,9.0] [—2.1,5.8] ~0.06  -004  -0.02 000 002  0.04
[c%qu]wll [—3.3,3.3] [[-10.4, —0.2] [—8.6,0.7] 5gr-sgWe
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SUMMARY -~
e

Many interesting T topics o
1 Tests of QCD and the Electroweak Theory

1 Looking for Signals of New Phenomena

d Superb Tool for New Physics Searches
Better data samples needed

Lots of data will be produced @ Belle-ll & stcF
& TeraZ...

Improving systematics brings a great reward
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LORENTZ STRUCTURE

Glll — —

H =4 n l/ (v v M1
% 5 o [ o] [
90% CL Fetscher-Gerber, PDG2020
nw—ev, Yy

93| < 0.035
g7 p| < 0.050
g, | < 0.420
977 ] < 0.550
97 + 697 5| < 0.143
975 + 297 5| < 0.108
955 — 2% 5| < 0.070

lg%R| < 0.017
19¥ pl < 0.023
gk, | < 0.105
lg¥ 1| > 0.960
g5y + 6ghy | < 0.418
g3, + 205, | < 0.417
g3, — 29k, < 0.418

Qrr+Qrr < 8.2 X 1074

l9hrl =0
lgFn] < 0.015
gk, | < 0.105

|9%L| =0

A. Pich
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95% CL Stahl, PDG2020
T—ev, U,
garl <0.70 |gpe| <017 |ghgl =0
1971 <0.99  |gV.] <013  |gl.] < 0.082
gnl <2.01 |gp | <052 |gf,| <051
g7l <201 gy, | <1.005 |gf|=0
T— ,Ley_u V.
gnel <072 |gppl <018 [ghy =0
97| <0.95 gV, <012  |gl.| <0.079
gnl <2.01  |gp| <052 |gf,| <051
g7l <201 gy, | <1.005 |gf,[=0
T — 7TI/T
gVl <015 |gY| > 0.992
T—pU.
g1 <010 |g¥] > 0.995
T — al VT
gk <016 |g¥| > 0.987
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Only Lepton Massive Enough to Decay into Hadrons

T —> v, H probes the

hadronic V=A current

(H|dyr*(1=75)ul0)

Hadrons

_<

=

etfe— HY probes the hadronic electromagnetic current

e q

Hadrons

[(z">v, V")  3cos’6,
I >v,ev,) 2rxa

Isospin:

A. Pich T Physics

(H'|>. 0, 7r“q|0)
q

Sew [ dv (1=xP(1+2x0)x oL o(xm?)
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Perturbative (m =0) L peng - Ly g, (as(—s)j”

ds 4r° = T

Ky,=K, =1 , K,=163982 , K,;=6.37101 , K,=49.07570 Baikov-Chetyrkin-Kiihn *08

m) 5 =D K, A"a,) = a,+520a+264}+ 127 a}+ ---

Le Diberder- Pich ‘92

(”)(a ) = % m 1%(1 2x+2x> —x )( ;_S)j = a; + - ; a,=a,(m.)/x
Power Corrections ne(s) =~y Caa{0a)

2 n
4 n>2 (_S )
Braaten-Narison-Pich ‘92

Cy,(0y,) ., Ce{Og) . Cg{Oy)
O 9S|x|_ dx (1=3x"+2x7) ,;2 e
Suppressed by m.  [additional chiral suppression in C,(0,) ]
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Exhaustive Analysis of ALEPH Data

Rodriguez-Sanchez, Pich, 1605.06830

as(m3)
Method (V + A)
CIPT FOPT Average
ALEPH moments 0.339 70017 | 0.319F301% 0.329 9920
Mod. ALEPH moments? || 0.338 © 914 0.319 F 9213 0.329 F 9010
AZ™) moments? 0.336 “goe | 0-317 107013 0.326 © ('o1e
so dependence* 0.33540.014 | 0.323+0.012 || 0.329+0.013
Borel transform® 0.328 * 013 0.318 T 901 0.323 7 0o
Combined value 0.335+0.013 | 0.320 +£0.012 || 0.328 £+ 0.013
— as(M2) = 0.1197 4 0.0015

1) wk!(x):(1+2x) (1 _X)z_‘_kx’ (k:[) :(010): (1:0): (111)1 (1:2)7 (113)
2) (:"k!(x) - (1 - X)Q_H(X! (k: [) - (0? 0): (1: O): (1: 1)’ (1? 2)? (1? 3)
3) WM = (1= x)?M(k+1)xK =1 — (m+2)x™ + (m+ 1)xMF? , 1<m<5
4) w (™) (x) 0<m<2 | 1single moment in each fit
5) wI™M(x) = (1 = xMHy e # 0<m<6
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g; 3 F o ALEPH
@ E P
Z 25 : . = Perturbative QCD/parton model
: .
2 r )
C .
15 F LI
F. I(s)
TE .,
0.5 S '-.
F . oy +
0 :/ " .’0‘ 4
2 Y -
05 “, -
4 [P I PP T PP IR
0.5 1 15 2 2.5 3 35
s (GeV?) XPT
EN) 1
/ ds w(s) —ImIl(s) + —
™ 271 |s|=s0

ds w(s)TI(s) = 2 f2w(m?) + Res[w(s)II(s), s

Chiral Sum Rules

= Il (s)-1,, (s) Pure non-perturbative quantity
lim szl_[(s) =0 — HOPE(S) =—%6+Qf—---
§—> 0 Ky S
2F?

, I |5 —s . S
(s—0): I(s)= . —8L10(M2)+W[§—1ﬂ?]+16C87(M2)F+---

Statistical analysis:

Gonzalez-Pich-Rodriguez, 1602.06112

Cl = (8.40+0.18)- 107" GeV™* Os = (=3.6+0.7)-107° GeV®
LT = (—-6.48 +0.05) - 1077 . Og = (-1.0+0.4)- 107> GeV®
a0 [ 400 T
300 | 3ol + - a00[
ETECCI— gzca- g 3001
100 L 100 ook N ‘
o 100F
| ol | N | .. | i
-B.6i -6.50 B.4 838 8.39 8.40 B4 842 843 10 8 =1 4 2 8] 2 30 20 10 4] 10 20
ofa0? cif10® jgevd) 0510° (GeV®) 05-10° (Gev®)
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e YPT Parameters:

10

Gonzélez-Alonso, Pich, Rodriguez-Sanchez, 1602.06112

Lo = 1) —0.00126 + O(p°®) ook N
eff r r Omsé \ ]
LS5 — 1537 +0.263 L) — 0.00179 sl oo
Lo r 8 o ooy 1(0) + G5 4 1IN, [GPPOB
[ + + , updated]
-3 (Co+C) +0O(p) . ] :n(0)+an(0)+w\e i
B RN m 11(0) +AM(0) + M¥s)ar [Boito'15]
st = ¢f, +0.206 L] + 0.00155 + O(p°) ooch
-001sF \ ‘\\
il iy R
G
A . : _ —3
®* O(p") analysis: Lio,(My) = —(5.22£0.05) - 10
) 6 - - _ —3
* O(p°) analysis: L1,(M,) = —(4.1£0.4)-10
r _ —3 1.\ —2
T (M,) = (5.10 £0.22) - 1073 GeV

O E;(/&‘K: O¢ = ((77)-2|Qs|K’) = e.m. penguin contribution

1=2

(&'x/ & )yp = (—4.5£1.8)-107

A. Pich

Pich-Rodriguez, 2102.09308
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Electron Anomalous Magnetic Moment

Washington 1967 1 o a, Morel et al, Nature 588 (2020) 61
Stanford 2002 1 h/m(**°Cs) | ® l N t f
ew measurement ol «
LKB 2011 A h/m('Rb) @ | ® | h/m(Rb)
Harvard 2008 | . a, —e—| o~ *(Rb) = 137.035999 206 (11)
RIKEN 2019
him(1%Cs) f—gg—|
Berkeley 2018 1 him(%Cs) @ —
e himERb) 1@ 8.1 x 10~ accuracy
This work - h/m(Ro) @ 8.9 9.0 9.1 9.2
8 5 0 11 12 5.8 o discrepancy with Cs experiment
(" - 137.035990) x 10°
— .€exXp SM
Aae. = a.""P — a;

10774 2
(mg/m,)* x da,

AME 2016 RIKEN 2019

{ (—8.8+£3.6)- 107"  (Cs, —2.40)
(+4.8+3.0)-107"  (Rb, +1.60)

Contributions to 8a, (x10~1?)

<
T
o
N
X
[
=

h/m@7Rb) LKB 2011
h/m(133Cs) Berkeley 2018

10th order
Hadronic

10-2-

g oxp h/m m mg
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T Anomalous Magnetic Moment
Difficult to measure! a;’’ = (-0.018+£0.017) DELPHI

—0.007 < afewphys < 0.005 Gonzalez-Springer, Santamaria, Vidal ‘00 (LEP/SLD data)

Eidelman, Passera

10% - a;h= 117324 + 2 QED Enhanced sensitivity to2
+ 474 £ 05 EW new physics:  (m /m,) = 283
+3375 +37  hvwp
+ 76 £02 th NLO. Electron Muon Tau
oy E3 light-by-light | e 1/56 1/45 177
= 17721 £ 5 aEW/5aHAD 16 3 10

Essentially unknown

May be accessible at BFs through ;
radiative leptonic decays (Fael et al) Or
with a polarized e~ beam (crivellin et al)
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0.8f

EFT analysis of 1—>v_Kn

Rendon-Roig-Toledo, 1902.08143

G rViys . .
Loe = =52 (1 e+ en) [Tou(1 = 3) - aly = (1= 26w)7" 3]s

+ T(1 — v5)ve - w[és — €pys)s + 26rTo (1 — vs5)ve - aa’“/s} + h.c.

Best fit values és ér Y2 \? in the SM
Excluding i = 5,06, 7 bins | (1.3 £0.9) x 102 | (0.7 £1.0) x 1072 | [72.73] | [74,77]
Tncluding i = 5.6, 7 bins | (0.0 £ 1.0) x 102 | (L7 £1.7) x 102 | [83,86] | [OL,95]

m) A, >2-5TeV

||||||||||||||||||||||||||||||

-08 -06 -04 -02 00 02 04 06

A. Pich T Physics

Complementary to kaon and hyperon data analyses
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’ LHC >
P
T’S <t
- - 6
L Excellent signature to probe New Physics £
Difficult to identify light objects (Z,W*) with only Jets
QCD Jets orders of magnitude larger
Must rely on leptons
0 LHC produces high-momenta T’s
Tightly collimated decay products (mini-jet like) >
. . S
Momentum reconstruction possible o
3]
- - - . . . m
O Low multiplicity. Good tagging efficiency
O Heaviest lepton coupling to the Higgs (4" H Br)
O Polarization information &
=60
5 P =-1.05:0.07
%0 B % : : ATLAS ]
g 100~ 7]
40 J4 Fo \s=7Tev ]
Boi_i “: JLdt=24pb'1 B
30 \5=13'ﬂe{’;6'ﬁ‘§1f eo}:f ® Data 2010
hMSSM scenario o — Fit A
20 H" — 1v 95% CL limits ] 4049 - ML Left-handed ]
[77) Observed exclusion ] C. -/ --- Right-handed 7]
7 2015 result - Expected exclusion ] 20-' :-. 7
1003 [CJObserved M= 1o 7 4 :
----Expected [ ]*20 -
o T R RS AR SR B "5 0 05 1 15 T 20 25 03
200 400 600 800 1000 1200 1400

m, [GeV]
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35.9-137 fo' (13 TeV)

15_ t "ﬂ—
- CMS w2,
- my=125.38 GeV .7
-1 . |
107 p-value = 44% . ]
-2 K -’ _
10 ‘:C?r T
N el ¢ Vector bosons ]
107¢ B 7 $ 3" generation fermions J
L % Muons ]
104 T SM Higgs boson
I 1 1 I 1 1 11 IIII| 1 1 111 III|
1.5 :III T T I T T L | T T |
IS R— S — ..
0.5 :III I 1 1 L1 IIII| 1 1 III|
10~ 1 10 102
Particle mass (GeV)
_I T T | L | LI | L | LI I LI l L I LI I LI | L I I_
2:_'\{{”??? V,245-798 " + Bestfit
C Vs= eV,245-79. .
1.8m, =12509GeV, |y | <25 —68%CL 3
= p,, =M% " ----95% CL 1
161 « SM E
1.4 —
1.2 —
3 E
0.8 —
0 6:— — Combined — H—yy _Z
0 45_ —H-=2Z H-ww _E
E ~—H-—bb —H-o11r E
0.2:1 1 | 11 | I 11 | | 11 | I 1 1 1 I 1 1 |1 I 111 I 1 1 |1 I 11 | | 11 | II_—
0O 02 04 06 08 1 12 14 16 18 2

Ky
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Flavour-Violating Higgs Couplings

'C — _H {Ye;u éLMR + YeT é,'_TR —|— YMT ﬁLTR + v }

Br(H —>,ur) < 0.15% (95% CL)

137 ™" (13 TeV)

T— pwtw

Celis et al., 1409.4439

1
= Q
P \‘ —
> 107" “[—q
q
1072
1077
107°-
1 0—3 ________________________ . g
& B M,=125 GeV
+ -9
_____________ ) 107 Total
- = [~ Higgsmediated ———
4] \ ! E 10_15: Photon mediated — —
107 E | ! o E
: g 2 01
- g 3 :
10_5 1 11 IIII| IO\QEI Ll ili 4 10_127
—5 — —3 — _ 0.004
10 10* 10 102 10"
Y | Yl + 1Y
ut
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Effective Field Theory Analysis

e = % o | (14 Cv,) Oy, + Cy Oy, + C5, Os, + Cs, Os, + CrO7] +hc.
Oy, p = (E7"bLr) (Cevpven) , Os, p = (Eber) (CrveL) Or = (Ea""by) (lropvveL)
b , b , b . b _
r T~ T~
- T H* < T “m\'\‘ ¢ Vi, ¢
cy, Cs,. Cs, (Cr) Cy,, Cs,, Cr Cv, . Cs,

Many analyses  (usually with single operator/mediator and partial data information)
Freytsis et al, Bardhan et al, Cai et al, Hu et al, Celis et al, Datta et al, Bhattacharya et al, Alonso et al, ...

D* . .
FL , B1o Min 1 Min 2
Global fit to all data x2 /d.of. 37.4/54 40.4 /54
ey 0

(g2 distributions included) i 0.0 L0 15 0.3¢ L 007 S

c3, 0.09 7912 | 1107028 FP™ included

Murgui-Pefiuelas-Jung-Pich, 1904.09311 Ci_SL —0.14 T %%27 —0.30 T %%
c/ 0.008 " 9-920 | 0.003 T 0-02
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B—o>D*/v Observables with different FFs

Fedele et al 2305.15457

HQET HQET HQET HQET HQET
gl gl g Ll : —e—
BGL BGL ~ BGL | BGL BGL
F/M F/M F/M F/M F/M
| b - ]
DM = DM B = - DM = - DM DM 5
3 3 7 e o 5 3 — 2
S o & A = 5 @ @ o
044 046 0.48 050 052 054 044 046 048 050 0.52 054 020 0.22 024 026 0.28 020 022 024 026 028  0.24 0.25 0.26 0.27 0.28 0.29 0.30
e H e H *
Fr F Afp Afp R(D")

Smaller [larger] discrepancy on R(D*) [R(D)] would bring back
a possible new-physics scalar explanation
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T Data Samples

ALEPH: 3.3-10° reconstructed t decays

BaBar / Belle: 1.4-10° 1t~ pairs

Belle-ll: 4.6-10"° 1ttt pairs

stcF: 2.1-10" t*t~pairs  (10° near threshold)

Luminosity (10°° cm2s-) is important. Systematics also!

Advantages of the threshold region:

= Ability to measure backgrounds (running below threshold)
* Free of heavy quark backgrounds

= Single-Tagging m=mp  Precise measurement of absolute branching fractions
= Monochromatic spectra for two-body decays (m, K)
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2
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- \ | ‘ ‘ \ \ |
: J/¢ ¢(2S) ¢4IGO C :
— A Mark-I | ]
i Mark-T + LGW ' ]
- ® Mark-11 oo | Y E
: o PLUTO ¢3770 "ﬁ’&%\ lT | t ‘ :
B # Crystal Ball | | ! ‘%%U %} J ! .
= * BES o AR , ]
- / | t‘ Lt
: o KEDR L _—
; T‘ j 1 l ‘ ‘ | a -0 7:
oo "0 o [ M I{ .
- = .
| \ ! ! | ! \ \ .
3 3.5 4 4.5

Calibration [ Measure

T backgr.

vt~ Highest o(t™1)

Thr.
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T Physics

|
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