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T Data Samples

ALEPH: 3.3-10° reconstructed t decays
BaBar/Belle: 1.4-10° t*t pairs

Belle-ll: 4.6-10"0 11t~ pairs

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

Luminosity (10°° cm=2 s-) is important. Systematics also!

Advantages of the threshold regién:

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

= Single-Tagging mm)  Precise measurement of absolute branching fractions
» Monochromatic spectra for two-body decays (m, K)

A. Pich T Physics 3
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LEPTONIC DECAYS

) v, _ G2
r [(tov,1v) = oy f(m,z/m ) (14 8xc)
w ¢t
v, 7, f(x)=1-8x+8x" —x* —12x"logx
E— B, - B - T
¢ 0.972564+0.000003 (1632.3J_r0.5)><10‘lss
Tr (Belle) m, (BesIII BelleII)
(B,/B.) = 0.9762+0.0028
: | H € Jexp
% 17.85— | Non-BF: 0.9725 + 0.0039
o BaBar ‘“10: 0.9796 + 0.0039
17.6; | IZéSl . ‘2é9‘ - I2E‘)0‘ - l2é1‘ - ‘252‘ - I2é3‘ | 7 ‘ Bgniv — (17'812 i 0'022) %
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Preliminary Belle-ll measurement of m_

PDG Average (2022)
1776.86+0.12

BES (1996)

1776.96 7.7 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 07

Belle Il Preliminary (2023)
1777.09+ 0.08 + 0.11

L ]

1776 1776.5 1777

m. [MeV/c?]

E— m,_ = (1776.96 + 0.09) MeV
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Lepton Universality
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Lepton Universality

2,/8
B,.,,/B.,. |1.001940.0014
B,,,/B:s. [1.001040.0009
By ,,/Bxe 0.997840.0018
By s/ Bk s ze |1.001040.0025
By /By, | 1.00140.003
g /g
B,,,7,/t. |1.0027+0.0014
By . /By .| 1.007£0.010

A. Pich

T_)._gr‘/l/:;—fvt . gr—/ Vq
> P
Ly, T % n K
g v
—_— = " T, K gi/“
T % /e —W .
ge \vc ’
g./g,|
B, ,, 7,/t. | 1.0009+0.0014
U /T, | 0.9959+0.0038
Uoox/Trs, | 0.98640.008
By /By, | 1.001£0.010
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Lepton Universality in W decays

2201.07861 35.9f  (13TeV)
CMS - CMS
[ CMS LFU (68%,95% CL)
W—ev, | * LEP 2007.14040
E LEP LFU (68% CL) T T T ‘ T T T I T T T I T T T I T T T I T T T I T T T I
W LFU ATLAS —a— LEP .(Phys.Rept. 532 119)
B(W—*f\}) = (10 89+ 0 08)% ’ ATLAS - this result
B(W — qq) = (67.32 + 0.23)% Vs =13 TeV, 139 fo Statistical Uncertainty
— : [ Systematic Uncertainty
i —e— Total Uncertainty
W v, 1
=
o
—

098 1 1.02 1.04 1.06 1.08 1.
R(t/u)=B(W—>1v)/B(W—-uv)

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

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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Lorentz Structure:

Effective Hamiltonian:

H =4

G

>

0~ — U~ Upuy

> gk [ we),] |

n,e,w

(yg),\rnew]

Normalization: T « 1 (\Q%RV +lgRpl? + l92r* + |9€L’2) +3 (|Q£L|2 + |9ER|2) + (|9g3|2 +lghol® + l9Lr)* + |9¥L\2) =1

H—)eljel/y‘

’T_>’,L17'u1/7-

T — elVelr

ew %qfw yiw V3 gl | |ew %gfw 9l V3gl, ||ew 9}';;; V3 0
olelo X0
u o0

Y] > 0.960

A. Pich

(90% CL)

High-precision T data needed!
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u- Longitudinal Polarization in t™>pv v,

Probability to decay into a right-handed muon:

1 1 ,
= O+ O = 5 (1€ [ +1 80 ')+ 31 i [+ g P+ g [ = 2 (1-67)

0, 5

R

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 11



Bounds on Lepton Flavour Violation

t Decays (90% CL)

2 y IP° 1S° \Ya Il Ihh Ah T
(0] _
8 10 5=? ............. -.--l ....................... . ..... .. ......i............... .......................-......... ..... i.. ..................... .. ..... ... ............ ?=
o — . " " - n E = m =
; 6_ " mmm, " “ = m ]
o 10* E_I .................... T R L R P PP PP PRI P PP PPPPEPRE _E
— — v =
B [ v . vVy v v v v — =« CLEO
= B v, Y Y Yoy M v | vBaBar
0 10—7?.4 ........ 2 RO L S EPEPPEPPEPPREPREPRY Y 7 CLLTRTTTDETPT I Lo CECCPTPETTLPPPRELY FECTTPPIIILY —]
= — v A X A v v =
£ = X NSRRI A A A g N A, A NN A 3 1 Belle
ol = A R N R i o R (N R 44 % T .LHCb
% 10—8=? .................................................................................................................................................... — s ATLAS
5 E . = «Belle Il
i - . . . | xLHC-HL
O 10_9=?..... ........ .............. ........ ;.... ............ .. ......’ ........ ....... ......... *................ ..... ;--6.--.---.---.- ........ .. ..;............ ....... .. ..;.?=
Zé: E e® o oo ... i o.o...o. ° 6o E
10—10 1 1 L 1 1 1 1 L 1 1 1 1 1 1 1 L L 1 1 1 1 1 1 1 1 1 1 1 1 L 1 1 1 L 1 1 1 1 1 1 1 1 1 1 1 1 1 1
R R R R S AR 1 R A CR R R Gl R o S RVIVRVER & AN S - ALV Re:
® 30 30 30 3 'p's o '3 0 = % ﬁ- B R k'
Br(n— ey) <4.2 x 10713 (MEG, 90% CL) , Br(n— 3e) < 1.0 x 1012 (SINDRUM, 90% CL)
Br(K; —» pe) <4.7 x 10712 (BNL-E871, 90% CL) , Br(K*— mute”) < 1.3 x 107! (BNL-E865, 90% CL)
Br(B®— epn) < 1.0 x 107 (LHCb, 90% CL) , Br(D%— ep) < 1.3 x 1078 (LHCb, 90% CL)
Br(Z°— ep) < 7.5 x 107 (ATLAS, 95% CL) , Br(H— ep) < 6.1 x 10 (ATLAS, 95% CL)
Br(Z°— e1) <5.0 x 107 (ATLAS, 95% CL) , Br(H— e1) <2.2 x 1073 (CMS, 95% CL)
Br(Z°— p1) <6.5 x 107 (ATLAS, 95% CL) , Br(H— pt) <1.5x 107 (CMS, 95% CL)
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? CP Asymmetry

4 = r(z'+ —)7Z'+KS‘71')_F(T_—)7T_KSVT) _ (_3 642341 1).10_3 BaBar’11
‘ F(r+—>7z+ SVT)-I-F(T_—)E_KSVT) R (>07°)

AEM (T+ — 7T+KSD7_) = <36 + 0. 1> . 10_3 Bigi-Sanda, Grossman-Nir 2.80 discrepancy

Ly >
¥s») Belle does not see any asymmetry at the 102 level
) - +
COR [P (b) AP > (cos B cos ¢>T —(cos 3 cos ¢>T
0.02f; - data ! :
| —— control sample bins (i) of W = \/E

0.01H +
i B = K direction in hadronic rest frame

S e -
E 1 = 7 direction
-0.01

.02} BaBar signal incompatible (with EFT)

L with other sets of flavour data
-0.03 0.8 1 1.2 14 1.6
W (GeVic?)

Cirigliano-Crivellin-Hoferichter, 1712.06595

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



HADRONIC TAU DECAY

Hadrons

I

=

—

a’ngudd—l—VuSS

Only lepton massive enough to decay into hadrons

F(r‘ —> v, + Hadrons) 1-B,-B,
R, = ~ N. R, = . =3.6381%0.0075
I't-> v, ev B™
T e e
1 Br(z" —> Vv, + Hadrons)
R, = i —1.972564 =3.6417 = 0.0070 ; R, = Zu =3.6343 + 0.0082

A. Pich T Physics 14
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Invariant Mass Spectra

e Belle data (2008)
--- Fita
——Fitb
— Fite

TV, T

s [GeV?]

Jamin-Pich-Portolés, 0803.1786
L L e I B

TS
Belle data ]

Gonzalez-Solis — Roig, 1902.02273

100+ e BaBar (2018) -
[ e ... Fita
80+ ——Fitb
s ~ Fitc
Z 60
g U
z |
z 40
20}
0 1.2 14 1.6

Useful tests of QCD Dynamics
Form Factors
Non-perturbative parameters

Resonance Chiral Theory (RyT)

T Physics 15



A.P., Prog. Part. Nucl. Phys. 117 (2021) 103846

4 o(e’e”—had)
X ole’'e —>u u)

=127z ImII__ (s)

M (q) = i [d'x &% (0| T[J4(x) 5 (0]]0) = (-g"¢*+4"q") Ten(d’)

I ~ Im

T—v,+had

2
. .
g L@z ovithad) .0 | s El—izj Kuzn‘;j Im 1" (s) + Im 1 (s)

TT(r o v,ev) m; ;

Y (s) = |V,,[ [T () + 115 ()| +

Vus ’ [Hgti,)l/(s) + H;QA(S)]

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

Davier et al, 1312.1501 0 C 0 r
= 3| e ALEPH s L ® ALEPH
L — Perturbative QCD (massless) 12 — Perturbative QCD (massless)
25 :— === Parton model prediction ] ... Parton model prediction
N = =’ C Jwﬁ n2n’,3n
2 = 731 3nn® 6r(MC) 05 3# % n4n° 3027° 5
o’ kk’(MC) i :f *+++ nkk-bar(MC)
15 B
(0+1) - nkk-bar(MC) 06 - “\hr
v (s)=2xImIL  (s) g 1 i !
1 I/ld,V N » ’ """""""" +'_;_.;' ————%— | """
'F 04 ]
C _+_ L ¢
C ot e, B :
05 [ ¢ = Q "rmmeeemeesseggeesmmsssmsmmm e 02 *
_ (0+1) C - 3
a,(s)=27ImIIL ;" /(s) ; - ;
’ 0_ pa L by PRI R I 0__|_|__|_J|||||||||||||||||||||||||||
0 05 1 1.5 2 25 3 3.5 0 0.5 1 1.5 2 25 3 3.5
s (GeV?) s (GeV?)
0 [ 0 .
= 3 [ e ALEPH = 3 r e ALEPH
e C ) ¢ E P
3': r ’ — Perturbative QCD (massless) .Z‘: 2.5 :— *° = Perturbative QCD/parton model
2.5 C +. === Parton model prediction r N
B [ 2 .
5 C L *
N + ¢ 15 | LI
Bett : T -
- o L]
e er 1.5 C L 1 - . .
C o ° + L .
- 244 ¢ | 05 - &
data IRV J st
- . 0 ;/ ; Pl =
0.5 2 N : N .-f
needed ¥ E S
0jllllII|IIIIIIIIIIIIIIIIIIIIIIII 1:IIIIIIIIIIIIIIIIIIIIIIII|IIIIIIIII
0 0.5 1 15 2 25 3 35 0 0.5 1 1.5 2 25 3 3.5
s (GeV?) s (GeV?)

A. Pich T Physics 17



QC D P re d i Cti O n Of R,c Braaten-Narison-Pich’92

_I'(z_ > v, thad)
Tt >v,eV)

x=s/m?
'Tm(s) l

R, = 6ri <J5 dx (1= x)’ [ (14 2x) 1O (em}) = 2x 1 (xm}) |

R

T

= 127 [ dx (1= 2)*[ (14 20) In T (xm?) + Im T (xm?) |

N N

Re(s)
H(J)(S) _ z CI(DJ)(SHU) <OD(/U)>

& (9" OPE

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

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

Baikov-Chetyrkin-Kiihn

A. Pich T Physics 18




Spectral Function Distribution

= 3k e ALEPH

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

25 - ¢

=== Parton medel prediction

> [

k / _
RY(s,) = j:‘)ds (1_ij ( Szj dff b J
So ny; S 1 - : .‘.vf'q“fs;”f++' ........

» [ ]
05 F e

Sensitivity to power corrections (k,l) ' S o

0 0.5 1 1.5 2 25 3 35

k3

¢
.
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)

A. Pich T Physics 19



Exhaustive Analysis of ALEPH Data

Rodriguez-Sanchez, Pich, 1605.06830

s (m2)
Method (V + A)
CIPT FOPT Average
ALEPH moments 0.339 70913 | 0.319 F301% 0.329 9920
Mod. ALEPH moments? || 0.338 F 201 0.319 5913 0.329 " 993¢
A moments3 0.336 “oore | 0317 £037013 0.326 ~ ¢'0re
so dependence® 0.3354+0.014 | 0.32340.012 || 0.32940.013
Borel transform® 0.328 * 5013 0.318 T 901 0.323 T 0 ona
Combined value 0.335+0.013 | 0.320 +0.012 || 0.328 £ 0.013
— as(M2) = 0.1197 4 0.0015

1) wylx) = (1+2x) (1 — x)*Tx! (k. 1) =(0,0), (1,0), (1,1), (1,2), (1,3)
2) Gpi(x) = (1= x)77F (k. 1) =(0,0), (1,0), (1,1), (1,2), (1,3)
3) WM = (1 =Xk +1)x* =1 — (m+2)x™ + (m+ 1)x™F2 , 1<m<5
4) w(2:m) (x) 0 < m<2 , 1single moment in each fit
5)  w{"(x) = (1 - xT) e 0<m<6

A. Pich T Physics 20



a, at N°LO from 1t and Z

Rodriguez-Sanchez, Pich, 1605.06830 a,(m2)=0.328+0.013

NLO | 1
051 o, (M2)=0.1197 £0.0015
0.4f
&) a,(M2),. . =0.1199+0.0029
S 03
[ , Very precise test of
0.2} ] Asymptotic Freedom
| aj(M})-al(M}) =
TS50 20 50 100 200 0.0002 £0.0015. +0.0029,
E (GeV)

A. Pich T Physics 21



,E; 3 F e ALEPH |
é: 25 i— :o = Perturbative QCD/parton model C h I ral S u m Ru Ies
E D [I(s) = My (s)-I,, (s) Pure non-perturbative quantity
TS | O, O
NV . lim szl_[(s) =0 —> %% (s) = =% +—F—-
E “ 'o’. §—> 0 S S
- “
Iy - 2F? e
1oo|51|1|5£2|5é35 . — —QJr 2 B _—S " 2 i
o (V) XPT (S—)O). I(s) = P 8Ly (1) + 1672 [3 In ’uz +16Cy7 (1 )F2 +
S0 1
/ ds w(s) = ImII(s) + o ds w(s)TI(s) = 2 f2w(m?) + Res[w(s)II(s), s = 0]
Sth T T |s|=s0
Statistical an a|ysi S: Gonzalez-Pich-Rodriguez, 1602.06112
Cl = (8.40 £ 0.18) - 107> Ge V2 Os = (=3.6+0.7)- 107 GeV®
L = (-6.48 +0.05) - 1077 . Os = (=1.0£0.4)- 107> GeV*
kAl i S .- e ‘- .............
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Anomalous N B

FNALg2 +— @+

Magnetic Momen L

Aoyama et al, 2006.04822

— +——+
2 2 . Standard Model Experiment
HVP,LO « m}_t - dS » Average
9 = 02 2 K(s) R(s) W Gw ! 175 160 185 190 195 200 205 210 215
!
Sth 4 " / a,x10° - 1165900

Dominated (75%) by 21 02

' s -I e'e’ AlveryageI rr
015 I © Average
aHVP,LO % 1 01 0

®
e
5
2
B = 01
[=
3
Aubin 2022 e — T o005
LM 2020 o 8 o
]
0
o
BMW-2020 - —— § 008
ETM-18/19 . A—— 0.1
Mainz/CLS-19 S —— 0.15
Z. Zhang, 1302.1896
FHM-19 _._ Y S S S (S S
Lattice 0.4 0.6 0.8 1 1.2 1.4
PACS-19 = —Y—————— — \s [GeV]
RBC/UKQCD-18 + zdecays —r—r ZB5e.|2|$t0.01i039
BMW-17 —_— > gsl.'Ego.uiou
_ I
e 95%9'1%.10 +0.09
Mainz/CLS-17 o —e—i B o014
HPQCD-16 —_— —_— 53600352050
ETM=13 o = 205€1p6\|£0.171029
e T average
RM-20 . 25.42+0.10
T e's"CVC e GMD2 03 (0.61-0.96)
Davier et al-09 = 25.03%022%0.2
e th CMD2 08 (037 37 0.52, 0.6-1.38)
KNT-19 SND 06 073 9-0,97)
HT———H 24.810+0.33+0.22
DHMZ-19 e o O KLOE 08 (0.59.0.97)
BDJ-19 H—e—i  BABARDO.QZm) M. Davier
i e KLOE 10/037,092) Tau 10
——o—— e'e ave
RBC/UKQCD-18 e Ll mm.\‘.‘mm\2484\%1402‘2““”\‘
<{» NoNew Physics 235 24 245 25 255 26 265 27 275
620 640 660 680 700 720 740

Bt »van’) (%)
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a(Mz*)

2.9

280

2.7

2.6

2.5

2.4

2.3

013

0.12

0.11

0.10

Euclidean Adler Function (Q=-¢?

Lattice __g

a ] A. Pich, A. Rodriguez-Sanchez,
E Z. Zhang, 2302.01359
g E 20 discrepancy
: between

C 2 B +A—
L do ]
T .

@*(GeV?)

N Lattice
FLAG average @ — ———

FLAG average:  «a,(M;)=0.1184+0.0008

ete- (DHMZ)

] 12y 01136200025 (e data)
' 0.1179+0.0025 (Lattice)

T

| 1 L L L 1 L I I L 1

2 3 4 5

. Pich T Physics 24

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



2023 CMD-3 efe” 7w ™

Data

2302.08834
o
N EE— = 0.2¢
Y Vs _fion . ~owa
s . CLEO18 ,80.15F - SND
(Y —— KLOE10 = o
& * —— KLOE12 v 04E —— SND2k |
$ s - AE i
4 * E
10 ra s, 0.05F | |
p, % ) =
] [ 1 B 0_
e 5 ; E i H] § |
F) X —0.05F
.a'." . A —0.1E I [
8 . -0.15F
03704 05 06 07 08 09 1 11 1.2 08304 05 06 07 08 09 1 14 12 063704 05 06 07 08 09 1 11 12
s, GeV Vs, GeV /s, GeV

T—2nv, & e"e” — 2w Spectral Functions

Masjuan-Miranda-Roig 2305.20005

CMD-3
0.10+ 1
0.05
—
4ul
%  0.00
N I
~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 L ‘ T 1 T \: — T I T T T T T T T T ‘ T T T T B
6 .« TSV, ALEPH - Foas b + OPAL 3
- % 1 Kn . ~ E -+ (K) from PDG 3
5S¢ mm K2n ] 3 b E (Kn+Kn)™ E
= : == K3m + K™ (MC) ] 25 | (Knr+Knm) E
(2] [ — _ o C ]
:w * - = l_(4n (MC) 1 - ) ! ﬁllfl'l?:'zn)arton model
< g 1 K51 (MC) ] 2 P
+ 3 C
z i 15 F
1 -
05
| 1 | | | | | | | | 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

A. Pich T Physics 26



Vu S D ete rm i n ati O n Gamiz-Jamin-Pich-Prades-Schwab

2 2
mg (mz)
2 RT,MS 5RT,th ~ 24 szz- A (aS)
Vus = R T
rud _ sp SR_. = 0.1544 (37)+ 0.084(33) = 0.238 (33)
2 7,th oth RN J
I/Z/ld Y Y
J=0 my(2 GeV) = 93.0 (8.5) MeV
R, ., = F(z'_ —> vfﬁq)/l“(r_ —> VT17ee_)
HFLAV 2022:

Br(r” —viis) = (2.908+0.048)%
Br(r~ > v.itd)=(61.83+0.10)%
_=(17.81240.022)%
V,; =0.97373+0.00031

Vis| =0.2184£0.0018,, ) +0.0011,,

Br(z'_ —>VT17€e_) P
Kj5:  [Vus|=0.2232£0.0006 [/1(0)=0.9698+0.0017] FLAG 2021

Sizeable discrepancy. Improvements needed

A. Pich T Physics 27



Vs & V,y Cabibbo Anomaly

FLAG2023
. Vys Ka, N, = 24141, 2021 update 5
0.2231+ 0.00086 0.228
"V Vs Kz, N| =2+1+1, PDG 2020 '
0.2252 + 0.0005
—e— CKMunitarity &V _ &V, 0.226 A
0.2277+ 0.0013
—e— T — KE'\-'
0.2184 % 0.0021 P D
' a 3

—— T = Kv /1=y N e I

0.2229+ 0.0019 0.222 - :
—e— T — Kv [ lattice results for £, (0), Npj=2+1+1
0.2219+ 0.0017 I lattice results for f=/fr+, N, =2 +1+1
- 0.220 - \ lattice results for £, (0), N, =2 +1
—e— 1 exclusive average ) lattice results for fi=/fp=, N,.=2 +1
0.2222 + 0.0017 [ lattice results for N, =2 + 1 4+ 1 combined
' - [ lattice results for N,=2 + 1 combined
[— — T average i I nuclear B decay, PDG 20
I I I 0.2507 + 0.0014 0.218 nuclear B decay, Hardy 2.0
e o235 o023 0.955 0.960 0.965 0.970 0.975 0.980

Sizeable violation of CKM unitarity
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SgR "

Hadronic T Decay & New Physics

GpV, L
Lot ——Zj/_d |:(1+€])7"y#(1 Y5 )Vr - uY* (1 — v5)d + € TYvu(l — vs)vr - av" (1 + v5)d
+ 7(1 —v5)vr - @ [eg — 6}575] d + ep7ou,(1 —vs)ve - ac™” (1 — ’75)d:| + h.c.
0.040 Cirigliano, Falkowski, Gonzalez-Alonso, Rodriguez-Sanchez, 1809.01161
‘ . . 1 .
€7 — €5 =389 — gy — [cé‘;)]ﬁ—n -+ [cg)]ccll €s,.p — _§[Clequ =+ Credql7r11
1 1
0.02+ = 5JWq ’ €r = _5[01(2;“,]7'7'11 )
000" T - 7tv vs. B decay
Hadronic 7 + LHC EWPO+LHC T TV VS, €t Tt T s -
+Hadronic 1 2
=0.02; 7-inclusive (V+A) vs. 8 decay %
EWPO+LHC r-inclusive (V-A) vs. fdecay
-0.041.
~0.06 O 04 O 02 O. OO 0. 02 0. 04 0. 06 r(t > mnv) b
69)V"-6g)"® rim - ev) |
Mt > pvv) :
95% CL 107 units T > ew) T
Coefficient |ATLAS 7v| 7 decays |7 and 7w decays FW > )
[]rr11 | [0.0,1.6] | [-12.6,0.2] | [-7.6,2.1] MW > ev) —
[Cfequ]TTll [_5-67 5-6] [_8.4, 4.1] [_5.67 2.3] !
[Cﬂedq]wll [—5.6,5.6] | [-3.5,9.0] [—2.1,5.8] _0.06  -004  -002 000 002 0.4
[Ceequ]TTll [—3.3,3.3] [[-10.4, —0.2] [—8.6,0.7] 5gVT_ 59"
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SUMMARY e
B

Many interesting 1 topics @
[ 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

Improving systematics brings a great reward

Clean threshold environment at the STCF
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LORENTZ STRUCTURE

Glll — —
n I ™n

H=4_5 > gl [T ()] |)A T ]

2 n,e,w

90% CL Fetscher-Gerber, PDG2020

w—evr, vy
|97Rl < 0.035 |gkrl <0.017  [ghp| =0
197 p] < 0.050 lgY Rl <0.023  |gFn| < 0.015
97| < 0.420 b, | <0.105  |gh,| < 0.105
l972] < 0.550 97z >0.960  |gf,|=0

g7 R + 691 n| < 0.143
97R + 291 5| < 0.108
97 R — 291 gl < 0.070

g5, + 69k, | < 0.418
g5, + 295, | <0.417
9% — 295, | < 0.418

Qrr+ Qrr < 8.2 X 1074

A. Pich

T Physics

95% CL Stahl, PDG2020
T—ev,V.
’915:;1—2’ < 0.70 ’gl‘;R’ < 0.17 ’gZ;R’ =0
9751 <0.99  |gVul <013 gl <0.082
9o, | <2.01  |gh,| <052 gk | <0.51
grel <2.01 g/, | <1.005 |g{,[=0
T— WV, UV,
’915:;1—2’ < 0.72 ’gl‘;R’ < 0.18 ’gZ;R’ =0
97, <0.95 gVl <012 gl <0.079
gl <201 Jgp,| <052 |gh| <051
lgrnl <200 gy, | <1.005  [gf,|=0
T— TV,
gy | < 0.15  |gV| > 0.992
T—pU,
gy | < 0.10  |gY| > 0.995
T — al VT
lgh| < 0.16 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|dyy*(1=y5)ul0)

Hadrons

_<

=

etfe— HY probes the hadronic electromagnetic current

e q —

Hadrons

I'c >v, V") _ 3cos’d
I'(z>v, eV, 2ra

Isospin:

A. Pich T Physics

(H'|>. 0, 7r“q|0)
q

C Sy [ dx (1=xP (1 +20) x 0L (rm)
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Perturbative (mq=0) s Lo = Ly k, [as(—s)j”

ds 4= = T

Ky=K =1 , K,=163982 , K,=637101 , K,=49.07570 Baikov-Chetyrkin-Kiihn *08

m) 5= K, A"(e,) = a,+520a2+264}+ 1274} + -

Le Diberder- Pich ‘92

A" (a) = % e 1%(1 2x+2x7 —x )( ;_S)j = a; + - ; a, =a,(m,)/
Power Corrections o) =~ L 3 CulOn)

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

C, (02n> L G(0g) . C(Og)
Onp ® Sy gSM_ dx (1-3x"+2x7) ’; T —3—mg _2—m§
Suppressed by m.  [additional chiral suppression in C,(O,) ]
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Electron Anomalous Magnetic Moment

Washington 1987 {  ——@——— a, Morel et al, Nature 588 (2020) 61
Stanford 2002 h/m('33Cs) | ® | N t f
ew measurement or «
LKB 2011 h/m(*"Rb) I'.'l : ® : h/mERb)
Harvard 2008 | a, @ a, —g— a_l(Rb) f— 137.035 999 206 (11)
RIKEN 2019
h/m(*33Cs) —gg—|
Berkeley 2018 - h/m(*%3Cs) @ _
e HmERb) e 8.1 x 1071 accuracy
This work h/m(Rb) @ 8% 90 o o2
8 0 10 1 12 5.8 o discrepancy with Cs experiment
(- 137.035990) x 10°
— .€exp SM
Aa, = a."P — a;

-1
10 (my/m ) x 3a,,

(—8.8+£3.6)-107 " (Cs, —2.40)

Contributions to 8a, (x107"?)

©
I
v >
g 3
— 13 § £ AME 2016 § RIKEN 2019
(+4.84+3.0)- 10~ (Rb, +1.60) 2 15
L = £ 3
102 = I =
Qg oxp h/m m m,
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T Anomalous Magnetic Moment
Difficult to measure! a;’’ = (-0.018+£0.017) DELPHI

—0007 < afew Phys < 0005 Gonzalez-Springer, Santamaria, Vidal ‘00 (LEP/SLD data)

Eidelman, Passera

108 - a;h: 117324 + 2 QED Enhanced sensitivity to2
+ 474 £05 EW new physics:  (m /m,) = 283
+ 337.5 £ 3.7 hvp
+ 7.6 £02 th NLO. Electron Muon Tau
R light-by-light | Fcwgam 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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e PT Parameters:

Lo = 17, — 0.00126 + O(p°®)

10

eff

CST -

o c) /ey

(&'x/ & )yp = (—4.5£1.8)-107

A. Pich

LS8 = 1,537 +0.263 L) — 0.00179
1
-3 (ch+cp)+0(p°)

8
Cg7 4+ 0.296 L§ + 0.00155 + O(p”)

Gonzélez-Alonso, Pich, Rodriguez-Sanchez, 1602.06112

e O(p*) analysis:

* O(p®) analysis:

0.010; \ \\:\ A
mmf 1 M(0) + AN(0)
o w 11(0) + CYeRAT L 1N, [GPP08, updated]
o0 m 1(0) + ATT(0) + 1/N;
i m 11(0) + AMT(0) + M) [Boito'15]
-0iof "
4:.015; ’ ‘\
r _ —3
LI (M,) = —(5.224 0.05) - 10
r _ —3
r — —3 12
r(M,) = (5.10 £0.22) - 103 Ge\

Os = ((77)1-2|Qs|K®)

1=2

T Physics

=» c.m. penguin contribution

Pich-Rodriguez, 2102.09308
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0.8Ff

EFT analysis of 1—>v_Kn

Rendon-Roig-Toledo, 1902.08143

GF Vus

Lee = Vol (1+ €L +€r) [f’m(l — ¥ ve - u[y" — (1 — 2€p)7"s]s

T+ F(1 — ys)ve - @lés — pysls + 280 Fom (1 — 5w - Got s} T hee.

Best fit values és ér % \? in the SM
Excluding i = 5,6, 7 bins | (1.3 £0.9) x 10 2 | (0.7 £1.0) x 10 2| [72.73] | [74,77]
Tncluding 7 = 5.6, 7 bins | (0.0 £1.0) x 102 | (L7 £1.7) x 10-2 | [83,86] | [01,95]

..............................

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

€s

A. Pich

—

T Physics

Ay 2

2-5TeV

Complementary to kaon and hyperon data analyses
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’ LHC >
P
T’S i
- - 6
0 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 °
3]
T . . . o
O Low multiplicity. Good tagging efficiency
O Heaviest lepton coupling to the Higgs (4t H Br)
O Polarization information &
=60
5 P_=-1.05£0.07
50 7 % 1001_ , ' ATLAS B
40 _ E E E \s=7TeV E
arasl B I CIEE
%0 1s= 13 TeV, 36.1 fb" ] 60 ® Data 2010
hMSSM scenario i — Fit i
20 H" — 1v 95% CL limits | 4008 - g Left-handed ]
777) Observed exclusion Ci- '*: - - - Right-handed ]
7 2015 result - Expected exclusion ] 20F ", A
10 [CJObserved M+ 1o E 4 ]
i ---- Expected [ ]*2c ] g
A RN SRR B PRI R "5 0 05 1 15 T 20 25 03
200 00 600 800 1000 1200 1400

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

1F =
- CMS Wz,
- my=125.38 GeV .7
-1 . |
107 p-value = 44% . ]
-2 K -’ _
10 ‘:C?r T E
N el ¢ Vector bosons ]
107¢ B 7 $ 3" generation fermions 3
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 II| II|
I — . —— .
0.5:||| | 1 1 ||||||| |||
10~ 1 10 102
Particle mass (GeV)
_I T | LI | LI | LI | T T 7T I T 17T LI | LI | LI | LI | I_
2:_'\1{7-,7?? V,245-79.8 " * Bestfit =
C Vs= eV, 24.5-79. ]
1.8m, =12509GeV, ly |<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__11 1 | 11 | | 11 | | 11 | I 1 1 1 I 1 1 1 I 11 1 I 11 | I 11 | | 11 | Il__
0 02 04 06 08 1 12 14 16 18 2
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Flavour-Violating Higgs Couplings

£ = —H {Yell é.f_)uR + YeT é,'_TR + YM,T ﬁLTR + - }

Br(H —>,ur) < 0.15% (95% CL)

CMS 137 o' (13 TeV)

T — M Tt Celis et al., 1409.4439

In
=, “h
l_) \‘ —
> 10—1 . q
GI g
g
1072
1077
Excluded by t—umr bounds
107
_3 =
10 7 P o :
& M,=125 GeV
______________ 5 107 Total
- I [ faesmedated ———
\ ! ¥ 1n-10_ oton mediated — —
1074 F \‘ | @107
- z 3 107
- 2 2 £
—5 Ll |°\°E| ! |i|i vl _1a|
10 10712
—5 - —3 — _ 0.004
10 10% 10 102 10
Y | Yal® + 15
ut
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Flavour Anomaly 2

3.2 ¢ discrepancy

0.4

0.35

Prelim._2023

I L] L]
Ay* = 1.0 contours

BaBarl2

Bellel5

Br(B— D"t v,

R(D(*)) —

Br(B — DOl

0,

03

0.25

0.2

LHCDH23 *

Bellel7

4 HFLAV SM Prediction
R(D) = 0.298 +0.004
R(D¥*) = 0.254 £ 0.005

PRD 94 (2016) 094008

PRD 95 (2017) 115008 World Average =
JHEP 1712 (2017) 060 R(D)=0.356 £ 0. 029 . —_—
PLB 795 (2019) 386 R(D*)= 0284 £0013 _

PRL 123 (2019) 091801
EPJC 80 (2020) 2, 74

p=-0.37
P(y%) = 25%

PRD 105 (:OS:' 034503
1 L L I '] L L L I 1 1 1 I L '] L L L 1 L L I L L '] L L L 1 L L L L '] I L L
0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
5 Belle, 1612.00529 BaBar 2012, had. tag § | BaBar 2012, had tag i :
~ 15p 4o, 0.440 +0.058 + 0,042 : b — 0.332+0.024 +0.018 | :
by E 4 ' : Belle 2015, had ta ! :
= 0375 2006425038 ————— SRR ;
E Belle 2019, sl. ta : : elle onic tau o .
05 0307 £0037 4 0016 —ae— I(iil((:)b+200023%5 + Od: : ;
= LHCb 2022 : ; ) LHCb 2023, (hadronic tas) ____ E
0 0.441 £0.060 + 0.066 i : = Belle 2019, <] ta i i
E Average : ; 0283 +0.018 £0.014 'm0 B
051 — T LICh 2022 ; ;
F SM Average i ' 0.281+0.018 +0.024 R O
-1 0.298 0.004 ‘!. I Average : :
c PRD 94 (2016) 094008 : ; 0284 £0013 P ——
150 0.299 +0.003 .. _ SM Average ! :
“F BRD 95 (2017) 115008 : ; 0.254 0.005 - |
2F 0299 £0 | E PRD 95 (2017) 115008 Lo
3 -, mreone L HEPIOnes L
01 043 EPIC 80 (2020) 2, 74 i E 0257 :£0 - E
R(D*) 0.207 £0.003 L] ; PLB 795 (2019) 386 - :
PRD 105 (2022) 034503 5 i 0.254:£ 0007 ! 5
0.296 +0.008 - g’l%} 1+23 (2019)9,091801 2
B(Be — J/y7ir FNALMILC (2015) ; | EPJC 80 2020 2,74 ] ]
RJ/UJ = ( /d) ) =0.71 +0.17 +0.18 (1.70) ”-‘)f)f””‘fl _lp— : 0247 +0 ( ) —-— '
B(Be — J/yuv,,) HPQCD (2015) ; ; EPIC 82( : 22) 12,1141 i ;
0.300 +0.008 i : HFLAV 0265 tnuls —r— | HFLAV
FP™ = 0.60 + 0.08 + 0.04 (1.60) é é i i
| | :I I: | | 1 | | | | | : 1 L : | | | |
SM * 0.2 04 02 0.3
R/, = 0.26 —0.28 FPqyp = 0.455 4 0.003
/% . R(D) R(D¥)
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Effective Field Theory Analysis

M = % o | (14 Cv,) Oy, + Cy Oy, + C5, Os, + Cs, Os, + CrO7] +hc.
Ov, p = (E7" by r) (Cevpver) , Os, p = (Ebrr) (CrveL) Or = (Eo""by) (lropver)
b | b | b B b B
| T~ T~ |
- T H* < T “w‘\".‘ ¢ Vi, ¢
Cy, Cs, Cs,,  (Cr) Cv,, Cs,, Cr Cy,, 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
= 0
(q? distributions included) i 000 333 | 0ser 0O | Pl TS
3, 0.007 242 | —1.10F 98 FP™ included
Murgui-Pefiuelas-Jung-Pich, 1904.09311 7, —0.14+t 922 | —0.30 " 911
A e A R
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