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Leptons

Nwyemy = +l1

Ngpety = —1
ANy, =0

Br(p™ —ety) <42 x 1071
90%CL, MEG [
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Leptons | - AN, =0
f = e, U, T Br(p™ —ety) <42 x 1071
90%CL, MEG [

Discovery of the tau lepton | maARK 1 (sLAC,1975), PLUTO (DESY,1976)

“anomalous” e u events —> 6+6_ — ,u$ei
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Discovery of the tau lepton

MARK | (SLAC,1975), PLUTO (DESY,1976)

“anomalous” e u events
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, Nweey =+l
Ly = ( ¢ ) U Nz = -1
E L’ R (ngg—'_) -

Leptons | - AN, =0

f =e,u, T Br(pt —ety) <4.2x 10713
90%CL, MEG [

Discovery of the tau lepton | maARK 1 (sLAC,1975), PLUTO (DESY,1976)

“anomalous” e u events —> 6+6_ — ,u$ei
ete” = 77 = d
LL_FVuvT(—I 100
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' " | Nweey = A1
LE — ( /- ) ) ER N(geﬁg—I—) = —1
L
Leptons | - AN, =0
E =e,u, T Br(ut —ety) <4.2x 1071
] 90%CL, MEG [

Discovery of the tau lepton

MARK | (SLAC,1975), PLUTO (DESY,1976)

“anomalous” e u events —> 6+6_ — ,u$ei

ete” =TT

,u+ Vufqi—l

€ Veol<

R B e SR

N a2

Momentumofeoruy —

[2] 1990

v — DONuUT (Direct Observation of Nu Tau), 2000
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GV . Decay spectrum

1 [1.77686(12)]
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Decay spectrum
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Decay spectrum

AB =0
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Decay spectrum
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(GeV)

1 [1.77686(12)]

Decay spectrum

T — (P,PP,...) v,

P = Pseudoscalar meson
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Process Estimate Experiment
B, = Br(r — evv)

B, = Br(7 — uov)

Br(7 — non-strange hadrons)

Br(r — strange hadrons)
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2 e
d; Vug + 5: V,
l,...N¢
Process Estimate Experiment
B. = Br(r — emv) ! (17.82 4+ 0.04)%
2+ N (|Vual? + [ Vius|?)
B, = Br(7 — uov) ~ 20% (17.39 + 0.04)%

Br(7 — non-strange hadrons)

Br(r — strange hadrons)
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Process
B, = Br(r — evv)

B, = Br(7 — uov)

Br(7 — non-strange hadrons)

Br(r — strange hadrons)

Estimate

1

2+ N (|Vual? + [ Vius|?)
~ 20 %

Ne | Vial?

2+ Neo (|Vud|? + | Vius|?)
~ 58 %

=

Experiment
(17.82 + 0.04)%

(17.39 £ 0.04)%

(62 + )%
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=

Process Estimate Experiment
B. = Br(r — emv) ! (17.82 4+ 0.04)%
2+ N (|Vual? + [ Vius|?)
B, = Br(r — uvv) ~ 920 % (17.39 + 0.04)%
Ne|Vial?
Br(r — non-strange hadrons) 2+ No (|Vudl® + [Vus|?) (62 4+ 4)%
~ 58 %
NC|Vus|2
Br(r — strange hadrons) 2+ Ne (|Vual? + [Vus|?) (2.6 £ 0.7)%
~ 2%
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Leptonic decays

Hadron decays

l.  Inclusive tau decays: ag(M.)

Il. Exclusive tau decays: Hadronization of QCD currents

E.9. T — TV, TMTTVr

Breaking the SM rules

Messages
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1. Lepton decays

[F(T%Eﬁgl&-) =

G%.M?
192 7r3 (MEQ/M2) "“Ew]

flx)=1-8x+8x® —z* —122°Inx

M.2 M2
f( ) —0.999999, f ( e ) — 0.972559

T

v = ( e ) { a(zj\f) (245 —w2)] = 0.9960
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1. Lepton decays

[F(T%f?el@-) —

G%.M?
oy 5 | (M7 /M?) "“Ew]

flx)=1-8x+8x® —z* —122°Inx

M,? M2
f ( ) = 0.999999, f ( ]\;2 ) = 0.972559

M2
3 M?2 a(M;) (25 L\
Few = (HgM%/) {1+ - (4 —w)] — 0.9960
Charged current universality g = gy = Je (v~ — e Tery) ~ 100 %

BT ) B

L /Thume 1.0028(15) Troe/Thume 1.0011(14) Trmy/Trse 1.0017(16)

[yor/Tose 1.022(12) Tyyr/Tossy 1.004(16) Ty, /Ty 0.998(4)

[4] IFIC - Instituto de Fisica Corpuscular




1. Lepton decays

Michel parameters

v, [3]
T ,j RL
" > g5 (LT (W) ) {((Pr)m | Ta | 75)
W- a=S,V.,T
{=e,
7 Ez,u,e FS:L FV:’Y'M, FT:O-,UI//\/§

[SM — 91 =1L, gijQEZQKR:gEL:gXR:O]
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1. Lepton decays

Michel parameters

vy [3]
— 1,J=R,L
" > 95 (LT (wo)n) {(Zr)m | Tal75)
W= a=S,V,T
{=e,
7 €:M7€ FS:L FV:’Y'M, FT:O-,UI//\/§

[SM — 91 =1L, g%ZQ?}ZQKR:gKL:gXR:O]

6] T — W UyuVr (95 % CL)
9%R| < 0.72 975l <095  |gR 1 <2 97,1 <2
9% k| < 0.18 gVe| <012 |g¥%.] < 0.52 g1l <1
9rRI =0 91| < 0.08 lg&7| < 0.51 g1, | =0
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2. Hadron decays

=

mesons\

V, — A,) ettacr )
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2. Hadron decays

di I/ud + 85 Vus

diVud+3i I/;J,S %
W~ _
i=1,..N¢ W -

mesons\

=

= 25 Verau T, 7" (1= 3 ur (H] (V= A,) ¢ilacr |

form factors
]

(H| (V,—A,) elacn | ) = Z (Lorentz structure)’ LF(Q%s, )

()
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2. Hadron decays

di I/ud + 85 Vus

diVud+3i I/;J,S %
W~ _
i=1,..N¢ W -

mesons\

=

= 25 Verau T, 7" (1= 3 ur (H] (V= A,) ¢ilacr |

form factors
]

(H| (V,—A,) elacn | ) = Z (Lorentz structure)’ LF(Q%s, )

()

[7]
G2 L ,/H‘uy = LxWx
dT (7 = veH) = 3 Vool Ly H* dPS { " %:

Wy = structure functions
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{ What can we get? }

1. Inclusive decays: full hadron spectra.

T — vy (ud, us)

==> Study of Standard Model parameters : ag(M.), |V,|, Mg

2. Exclusive decays: specific hadron spectrum.

7-— — VT (PP) PPP’ ) P = pseudoscalar

meson

== Study of form factors, resonance parameters (Mg, I'r),

hadronization of QCD currents.

IFIC - Instituto de Fisica Corpuscular



{ What can we get? }

1. Inclusive decays: full hadron spectra. Precision physics.

T — vy (ud, us)

==> Study of Standard Model parameters : ag(M.), |V |, Mg

Non-precision
physics

7'— — VT (PP) PPP7 ) P = pseudoscalar

meson

2. Exclusive decays: specific hadron spectrum.

== Study of form factors, resonance parameters (Mg, I'r),

hadronization of QCD currents.
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2.1 Inclusive hadron decays

2 3 2

Z T d; Vg + 8; Vis
W=

IMesoI1lsS mesons
/
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2.1 Inclusive hadron decays

h
2 1—
Jﬂ:V?’—l——V8 = gﬂ%u—gd%d—

1 _
gsq/”s

2 2
1M esSO11S 7 mesons
/
D\ -
Ve=1a%m5 4 q=(u,d,s)

D (2m)' (pr—q) (| J,,(0) |1} (R] J,,(0) | )

F< My,
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2.1 Inclusive hadron decays

5 y, 2
i— ,fNO 11Meso1ns - MesONS
=
— ‘ S .
leTe” — hadrons Vi=@msa  a=(uds)
2 64 Nz 4 ¢4
Ooto—nad(q”) = 2—q6L Z(Zﬂ) 0" (prn—q) (| J,(0) |R)(R| J,(0) |Q)
h
1 2 1 — 1
Jﬂ:Vi—F%Vf = gu’)/u gd d — gS E < Mg
S @) 16" (pr—g) (] 1, (0) 1) (B[ T, (0)[€24) = / (] T (2) T (0)]2)
h
/ 2 (| [Tu(), J,(0)] |
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[t e gl ), 2,0)] i99) = 21 [ [tz QT @),/

0 / d*z €' (Qp|T T, (2)1,(0)|%) = (940 — ¢ guw) v (¢7)
r A
167202

q2
. J

Im Hv(qz)

Oete——had ((]2) —
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[t e gl ), 2,0)] i99) = 21 [ [tz QT @),/

0 / d*z " (Qp|T T (2) 1, (0)|%) = (9,90 — ¢ g) TV (¢7)

4 )
167202

q2
. J

e
Y
o
hadrons
€+

=

Im Hv(q2)

Oete——had (q2) —

w2
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[t e gl ), 2,0)] i99) = 21 [ [tz QT @),/

0 / d*z " (Qp|T T (2) 1, (0)|%) = (9,90 — ¢ g) TV (¢7)

(- )
1672
O'e+e_—>had(q2) — qz Im HV(QQ)

\ J

. 2
>< 0.4
hadrons
% _— .
B 471-@2 R P — O-€+6_ —rhadrons _ 12 - Im H 2
O'€+e——>‘u+pb_ T 3q2 (q ) O_e+e—_>u}—|—p}— Vv (q )
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Im Ty (¢°) = = mz Q7
) q 10 11
R(q2) _ O'e‘l'e —hadrons — 127TImHV(q2) _ NC ZQZZ _ 2,3,?
Octe——ptu— p A
Np = 3, 4, 5
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v i N,
ImIly(q°) = - éz Qi
B 10 11
R(q2) _ Ue"’e —>hadrons _ 127TImHV(q2) — NC ZQ? — 2,3,?
Oecte——ptp— i r A 4
R = o(hadrons)/o(utp™) Np =3, 4, 5
7T L ' '

T/ p(285) T(15,25,35)

6 (| _

:

A O || bk d ] ..

d+u-+s é

1 ! ! ! ! TR | ] ] ] PD
3 4 5 6 7 8 910 20 30 40 G
Eon (GeV)

s
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10

10

= I =
- R u, d, s |
B 3 loop pQCD |
= ; = ========= Naive quark model —
- P : ¢ -
B ! B e e Ty oy s SO SO
2 Inclusive: 2
- ¢ KEDR :
?H:‘ Sum of exclusive * BES E
E HH measurements ]
B L L ‘ L L L L ‘ L L ‘ L 1 | 1 1 L ‘ L ]

0.5 1 1.5 2 2.5 3
B 1 ‘ 1 ‘ 1 1 ‘ 1 ‘ 1 ]
- T/ ¥ (29) Do G g
— A Mark-1 ]
- Mark-I + LGW ' ]
- B Mark-1T N
- ® PLUTO .
- # Crystal Ball :
- * BES =
B ¢ KEDR ]

|| =
Wik
* * + |

= S R F
- I

3 3.5 5
: 1 I ‘ I ]
T(15)
} ‘ .hda)
Py i e R S e e i A
a2 * ARGUS A CLEO
= * MD-1
- ¢ Crystal Ball A CLEO T1
B 1 ‘ | l | | | | | l

9.5 10

Vs [GeV]
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[T — v, mesons|

['(r — v-mesons)

['(7~ — v, mesons)
['(t— — e vevy)

]
2

R,
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[T — v, mesons|

['(r — v-mesons)

['(7~ — v, mesons)
RT — X +
(= = e D,) Vv v A A

S 0 S=1

N¢

N,
R _RTV+RTA+RTS£—|V’UJOI‘2+ <

’Vud‘Q + NC’V’U,S|2
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[T — v, mesons|

['(r — v-mesons)

['(7~ — v, mesons)
['(t— — e vevy)

R,

]
2

S 0 S=1

N
R —RTv+RTA+RTs ~ —O|Vud\2+

[RT a NC]




\

Y T(1 = vhy) N
= = — = 3.6355 £ 0.0081
D= = ve7)
1 B, - B,
= = 3.6370 = 0.0075

/
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4 N

T(1 = vh “
oo = LT 2 vehe) g eane 60081
D= = ve7)
Ro® = Lo Bé —Bu _ 36370 + 0.0075
\_ - /
/ /

['(7~ — v, mesons)
R, — X +
['(t— = e Tery) Vv v A A
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4 N

T(1 = v;h; .
oo = LT 2 vehe) g eane 60081
D= = ve7)
Ro® = Lo Bé —Bu _ 36370 + 0.0075
\§ ) J
[' (7~ — v, mesons) @ @
R, =
(= — e Vervr)
I (0) = i [ e @uTVE@VEO! %) V= 5%

v . 1qx v Ag' - w Y 751’&%
H%,A(Q) — z/d4;c6 a <Qh|TA§Lj($)Aij(O)T Q) g :jﬂavoir  dices
/ T

H%TV/A(Q) — (quq q lw) ng)v/A( ) + q"q HEJ)V/A(QZ)
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M? 2

™ d

R, =127 ﬁi (1 . ]\;2> [(1 + 2&2) i1 (s) + ImH(O)(S)]
0 T T

T

J J J J
1) (5) = [Vaal? (52 (5) + 1574 (5) ) + Va2 (1152 (5) + 11524 (5) )
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M?2 2

™ d

R, =127 ﬁi (1 . Ajz) [(1 + 2&2) i1 (s) + ImH(O)(s)]
0 T T T

J J J J
1) (5) = [Vaal? (52 (5) + 1574 (5) ) + Va2 (1152 (5) + 11524 (5) )

spectral functions

1
Tl = —
1 ud(s),U o ug

UIV,A—>UJ=’UJ,ELJ

RT,V = 1.783 (11)€$p(2)V/A
R a = 1.695 (11)65619(2)V/A
R.s = 0.1615(40)

[10,11]

[7]
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M? 2

T d

R, =12m Mi (1 - %) [(1 + QM) ImITY (s) + ImH(O)(s)]
0 T T

T (s) = Vg |2( ud)V( )+HQ(L'2A( )) + |Vus|2( u?v( )"‘HE;?A( ))

spectral functions 3 pr ey 3 T
1 ool IV, ALEPH - :’, . T 5 Vv, (ALEPH)
’ m '’ r T = Vv (OPAL)
F = n 3, 2 n*n’, (Bm)” |
IIIlH(J) = — U O = on, nwn’, (KK(m)~ ]
wd(®),U = 9 0 e } | B 1
UZV,A—>UJ=’UJ,8J . E

Rry = 1.783(11)exp(2)v/a ot

35
1.4 T T . T 1.4 L R a
RT,A = 1.095 (].].)e:r:p (2)V/A 12 __ S;Er?rriing" . _):tEPH _ sal " 1::—>2v ESII;EAT;) E
R.s = 0.1615(40) 1 o -
= 08f = 08f E
[10,11] S o6 T osl ]
04 04
0-2; 02 -
o o Lo
0 0 35
[10]
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R, =127

1) (s) = [Vaal? (5], (5) + 10

72
0 M‘T

spectral functions

ImH(J)ud(s),U —

1

ug
27T

UZV,A—>UJ=’UJ,8J

RT,V
RT,A
RT,S

[10,11]

1.783 (11) ezp(2) v/ a
1.695 (11)ep(2)v/a
0.1615 (40)

o :

1 — —

M ds S
M?

(/)

T

() + [Vas? (10

ud, A
3 T S S
: . TSV, ALEPH
25 =
. [ = 3, 2rc71t+rrul (6m)”
b f N O o, nn:_na, (KK(m))~
g b ! — QCD prediction
SIE | - parton model ‘i
’

— QCD prediction

Parton model

vy(s)

)2 [(1 + QM) ImIT™ (s) + ImH(O)(s)]

(J
us)V (S) +

i . T 5 Vv, (ALEPH)
v — Vv _(OPAL)

. T A, (ALEPH) B
© —Av_ (OPAL)

[10]
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[Working on the theoretical prediction of /7 .... to get ag (M) ,|Vius| ... ]

M? 2
R, =127 % (1 - %) [(1 + 2%) ImIT (s) + ImH(O)(s)]
0 T T T
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[Working on the theoretical prediction of /7 .... to get ag (M) ,|Vius| ... ]

M? 2
R, =12x % (1 - %) [(1 + 2%) ImIT (s) + ImH(O)(S)]
0 T T T

- Cauchy’s Theorem

1 H( ) analytic everywhere except
on the positive real axis

i f(S) analytic

21 ds s \° S (0+1) 28 (0
RT = 67 A2 W 1— W 1 + QW II (S) — WH (S)

Re(s)
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[Working on the theoretical prediction of /7 .... to get ag (M) ,|Vius| ... ]

M? 2
R, =127 % (1 - %) [(1 + 2%) ImIT (s) + ImH(O)(S)]
0 T T T

- Cauchy’s Theorem

1 H( ) analytic everywhere except
on the positive real axis

i f(S) analytic

21 ds s \° S (0+1) 28 (0
R’r = 67 A2 W 1— W 1 + QW II (S) — WH (8)

- T T T T
Im(s) Operator Product Expansion (OPE)
1 J
OPE )= > —em 2 O (sm) (Opw)
N\ D=0,24,... dim 0=D

(e

Re(s) N D =0 — perturbative (expansion inag(p))
D >0 — non-perturbative
(expansion in condensates)
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[Working on the theoretical prediction of /7 .... to get ag (M),

Vis| oo ]

R,

M2 s s \° S
R, =127 — (1 — —) [(1 + 2—) ImIT (s) + ImH(O)(S)]

, M\ e
- Cauchy’s Theorem

analytic everywhere except

il /SO ds f(s)ImIl(s) = —L, ds f(s)II(s) = H(S) on the positive real axis
0

i f(S) analytic

[1_2] . ds S 2 S (0+1) 28 (0)
— 67T?, |S‘:M2 W 1 — W 1 + QW I1 (S) — WH (8)
Im(s) Operator Product Expansion (OPE)
1
[H@(s) = X T 2 OB (On(k) ]
N\ D=0,24,... dim 0=D
( ,,,,,,,,,,,,,,

D =0 — perturbative (expansion inag(p))
\ D >0 — mnon-perturbative

(expansion in condensates)

Quark-Hadron duality violation




vy(s)

(v, +a,)(s)

(V—A) ‘x x non-perturbative

(V+ A)

[ \ T T ]
- e T Vv AL[EF;-oI;'] 1
25 -0 T N
r [l A ]
o[ = n73a%, 2nn*nd, (6m)” E
C — @n, mt'r:o, {(KK-bar(n))~ 1
. o —— QCD prediction E
’ S B parton mode| ]
1F .
05 R e =
0 5 o by L1 L by \:

g 0.5 1 1.5 2 25 3

s (Gev?)

3 L rTTTTT L L L rTTTT T
r : ]
25 E ii - T (V,A) v, ALEPH E
s *, — QCD prediction 1
> 3 . parton model B
r H 1
15 : -
1F . 3
o5 -
0 :Jd‘\...'l T T R AT T T T A T T NN S O IR | \1| Lt ]

o 0.5 1 1.5 2 25 3

s (Gev)

w
tn

X

L]

o
n

a,(s)

(V1 - a1)(s)

OKS(MT)

e o o o = =
[ S R L

(=

. M
- &N oo oW

, © )
- o o O

perturbative +

L B B B T
 — QCD prediction AL[EI:OI;! ]
L ‘mod-081 —|
S Parton model . T ATV
b L o b P b v b bl a g 1
0 0.5 1 1.5 2 25 3 3.5
s (Gev®)
FrorroroTrTT rrrTTrT T T T T T rTTTT T
F E 1
E it e T > {(V,A) v, AI[':EE(::l] E
g . —— QCD pred. = parton model ]
G %
g S Y S N T O O B N B 3
0 0.5 1 15 2 25 3 3.5
s (Gev®

(My = mg = M

M

[10]

0)

non-perturbative
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(Revia = Ne |Vaal Sow {1+ 05 +6xp} |

Sew = LO201(3) w1452 (5E) [§-52

47 M?

[3,13]




[RT,V+A = N¢ ‘Vud|2 Sew {1 + op "|'5NP}]

Spw = 1.0201 (3)

[3,13]

Perturbative contribution

mg =0

[11,14,15]

5]3 — ZKnA(n)(aS) -
n=1

a, = ag(M,)/m

M2

3« 4  «g
Sew >~ 1+ —1 - — —
sw =T ”(M?) [3 37r]
) = Y —n 3 () (On(w)
D=0,2/4,... ( ) dim ©O=D
(n) _ 1 ds Oés(—S))n ( s st )
A (as) = 21 Jjs)=pa2 S ( T J\J2 MS M3
(Ky=K, =1
Ko =1.63982

K, known up to O (es”) — Np =3 ¢ 155 _ ¢ 97101
Mg,

K1 = 49.07570
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[RT,V+A = N¢ ‘Vud|2 Sew {1 + op "|'5NP}]

SEW[3?3]1.0201 (3) Sow ~ 14 i_: In (ﬁ) E - g—ﬂ

1
1) _ C(J) O
Perturbative contribution (#) Z (—s)P/2 Z (1) (Op ()

D=0,2,4, dim ©=D
mg = 0 [11,14,15]
1 ds (as(—s)\" 53 st
(n) - = = S
A (as) = 21 Jjs)=pa2 S ( T ) ( 1\42 MS Mj?)
op = ) KnA™(as) - (Ko=K; =1
_ Ky = 1.63982
4 _ 2 ~
I K,, known up to O (o:s ) — Np =3 | KI® — 6.37101

a, = ag(M,)/m

Fixed-order perturbation theory (FOPT)
Expansion of A™ (ag) in powers of ag(M?)

K1 = 49.07570

\

op =ar +52a% +26.4a> +127.1a*

Contour-improved perturbation theory (CIPT) §p = 1.4a,+25a>
Using the exact solution for ag(s) given by the 19.7d + 64.3 a*

RG g-function equation _



Non-perturbative contributions

—1 ds s \2 S 1

5NP‘CD:constant T M?2
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Non-perturbative contributions

~1 d ’ 1
e = b (1-5) (14255) 5 oy Colen) (00 (0)
|s|=M2 V7 T T/ D>9 S)
1 3 2
INP|e, —constant = 372 02(02) = 775 C6 {O6) — 775 Cs (Os)
[12,16] i ' !
C2(00) x [1+ 3 S (2 0r) 4 m300) | () 2GeV) =
— (283(2) MeV)” [Lattice] 117)
M)\’ y
Cy (Oy) (QS(W )) ((as/m)G L, G*) ( (16) MeV) [Pheno][18]
<muEu¢u + md@dwcﬁ g oee Qg
2 (7GWG“”) ~
M
Co (Og) osMy) (T ath gTpu) oo 0.012 GeV* [Sum Rules] [16]
Cs (0s) o ((as/m)Gu,G")?
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(l’S(M

) Analyses

rReterence L Method L 0p Lo p L as(Molas(Mz)

Baikov et al. [15]

Davier et al. [11] CIPT
Beneke-Jamin [19] BSR + FOPT
Maltman-Yavin [20] PWM + CIPT
Narison [21] CIPT, FOPT
Caprini-Fischer [22] BSR + CIPT
Abbas et al. [23] IFOPT
Cvetic et al. [24] Bexp T CIPT
Boito et al. [25] FOPT, DV
Pich-Rodriguez [26]  CIPT, FOPT
C. Ayala et al. [27] FOPT, PV

CIPT : Contour-improved perturbation theory
FOPT : Fixed-order perturbation theory

BSR : Borel summation of renormalon series
IFOPT: Improved FOPT

CIPT, FOPT 0.1998 (43)

0.332 (16)
0.2066 (70) -0.0059 (14)  0.344 (09)
0.2042 (50) -0.007 (03)  0.316 (06)
- +0.012 (18)  0.321 (13)
_ ) 0.324 (08)
0.2037 (54) - 0.322 (16)
0.2037 (54) - 0.338 (10)
0.2040 (40) - 0.341 (08)

- - 0.308 (8)
- - 0.328 (13)

) i 0.312 (7)

Bey:  Expansion in derivatives of o,

PWM : Pinched-weight moments
DV: Duality violation
PV : Principal Value of Borel summation
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0.1202 (19
0.1212 (11)

0.1180 (08)
0.1187 (16)
0.1192 (10)

0.1211 (10)

0.1171 (10)
0.1197 (15)

(
(
(
0.1176 (10)



0.35
0.3

0.25

0,,(Q%)

0.15
0.1

0.05

0.2

1ot —
T decay (N°LO) Ho+
low Q? cont. (N°LO) Fe— -
DIS jets (NLO) H+ ]

Heavy Quarkonia (NLO)
e'e” jets/shapes (NNLO-+res) H= ]
pp/pp (Jets NLO) +=+ -
EW precision fit (N°LO}-e— ]
pp (top, NNLO) Fv— 4

= o (Mz?) = 0.1179 £ 0.0010

| 10 100 1000
Q [GeV]
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2.2 Exclusive hadron decays

00
MESONS a1 0260) »(1020)

hadron resonances

M7 = veH) = -5 Voo T, 7" (1= 35 ur (H] (Vi = Au) €102 |
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2.2 Exclusive hadron decays

MESONS a1 (1260) »(1020)

hadron resonances

G .
M7 = vH) = T Voo T, 97 (1= 39 ur (H] (V, = 4,) 2o |0
(H| (V, —A,) etlacn | ) = Z (Lorentz structure)’ L F(Q7 s, )\
‘ form factors
G2 H‘uu Z LxWx
dl' (1 »> v, H) = —£ 2L, H" dPS
( ) 4 M T CKM‘ : {WX = Structure functions

IFIC - Instituto de Fisica Corpuscular



Examples

H=PP P=m K1
1 q,.9v v
(PLPy|V, el |0, = Fy(e?) (gw— gg )m—pz) + Fs(@®) g
d=pAp OV, o (ms—my) T,
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Examples

H=PP P=m K1

1 q,.9v v
(PLPy|V, el |0, = Fy(e?) (gw— gg )m—pz) T Fo(d?) q

¢=p1+p 0"V, o< (mi —my) G; g

<7T_7TO‘V/L eiLQCD”Qh) — \/iFV(QQ) (p_ — pO)u Vector form factor
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Examples

H = PP P=mKmnn
(P P3|V, ehocr)| Q) = Fy () (Qw - ng,,) (p1 — p2)” + Fs(d®) qu
q=p1+Dp2 o'V, o« (m; —m;) ;g
(r= 0V, e'leen)| Q) = VAR (¢?) (p- —po)u Vector form factor
H = PPP

(PT Py Py |(V, — A,) ellacmyq,) =

= p1t+p2+ps (Q,U,VQ“—C;?V> [Fl(QQ,S,t) (pl—p3)y—|-F2(Q2’87t) (pQ—pS)y]
= (p2+p3)° Q
— (p1+ps)? FF5(Q%, 5,1) Qu + iF4(Q2, 5,1) £papy PSDHD]
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Examples

H=PP P=m K1

1 q,.9v v
(PLPy|V, el |0, = Fy(e?) (gw— gg )m—pz) T Fo(d?) q

q = Pp1+ P2 OV, o< (my —my) G; gy
<7T_7T0‘V/L eiLQCD”Qh) — \/ﬁFV(qg) (p_ — pO)u Vector form factor
H = PPP

(PT Py Py |(V, — A,) ellacmyq,) =

— pLtp2tps (g,uv - QM_%) F1(Q%s,t) (p1 — pa)” 4 Fa(Q%, ,1) (p2 — p3)" ]
= (p2+p3)° @

= (p1+p3)° —|—F3(f2/‘{,s,t) Qu + z‘F4(G‘2//,8;t) Epiady PSDP]

nrm, KK7,m,; =0 mrm, SU(2)1
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Examples

H=PP P=m K1

1 q,.9v v
(PLPy|V, el |0, = Fy(e?) (gw— gg )<p1—pz> T Fo(d?) q

q = Pp1+ P2 OV, o< (my —my) G; gy
<7T_7TO‘V/L eiLQCD”Qh) — \/iFV(qg) (p_ — pO)u Vector form factor
H = PPP

(PT Py Py |(V, — A,) ellacmyq,) =

— pLtp2tps (g,uv - QM_%) F1(Q%s,t) (p1 — pa)” 4 Fa(Q%, ,1) (p2 — p3)" ]
= (p2+p3)° @

= (p1+p3)? +Fy (?/‘{, s,1)Qu + iF4(C%s, t) €pasy nggpiy
mrm, KKm,m, =0 mrm, SU(2)r
\

(T =TT,

FQ(Q27S:t) — Fl(sztvs)

Bose symmetry, Axial-Vector only

J

\.
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Examples

H=PP P=m K1

1 q,.9v v
(PLPy|V, el |0, = Fy(e?) (gw— gg )<p1—pz> T Fo(d?) q

q = Pp1+ P2 OV, o< (my —my) G; gy
<7T_7TO‘V/L eiLQCD”Qh) — \/ﬁFV(qg) (p_ — pO)u Vector form factor
H = PPP

(PT Py Py |(V, — A,) ellacmyq,) =

— pLtp2tps (g,uv - QM_%) F1(Q%s,t) (p1 — pa)” 4 Fa(Q%, ,1) (p2 — p3)" ]
= (p2+p3)° @

= (p1+p3)? +Fy (?/‘{, s,1)Qu + iF4(C%s, t) €pasy nggpiy
mrm, KKm,m, =0 mrm, SU(2)r
\

(

T — MTTTUV~
FQ(Q27S:t) :Fl(sztvs)

Bose symmetry, Axial-Vector only

J

Vector and Axial-Vector

[ T— KKmu, ]

\.
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Phenomenological Lagrangians : Tree Level

F? 7 B
Ei = T <u”u“ + x+) Chiral Perturbation Theory
Resonance Chiral Theory

Lrp= Z A O%( R, ) RyT Resonance Fields

[28,29] Lal“ge - NC

L% (kinetic)
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Phenomenological Lagrangians : Tree Level

—

FQ -
Ei = T <u#u” + x+) Chiral Perturbation Theory
o Z \ OL (R, & -Resonance Chiral Theory_< Resonance Fiolds
i TR RxT
’ Large — N¢
L% (kinetic) 12629

u, =i ul (8, —iry)u—u(d, —il,)u'] ;
u = eXp( H(Cb))
X+ =uxul +uxTu, x=2By(s+ip) Fv2
F' = decay constant of the pion B F = — ()
Fyv Gy Fa

Lr=—=V, ") +i—(V, u'u")y + ——=(A,, ") + ...

R 2\/§<M+) \/§<,u >2\/§<Mf>

fy = UF‘L%V’LLT + uTFﬁu, ny =0, l, — 0, —il,,1,)]
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0

[ T — T T Vr ] [29,30,31]

(m= 70V, elacm)| ) = V2 Ry (¢?) (n- = po),

Fy(q®) = +
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0

[ T — T T Vr ] [30,31,32]

(m= 70V, elacm)| ) = V2 Ry (¢?) (n- = po),

2\ Fy Gy 6_12
Fy(q®) = + =1+ —0 M = g
7TO 7TO
1— Short-distance constraints
1
Fy(¢®) — — —— Fy Gy = F?
¢ — oo 4
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0

[ T — T T Vr ] [29,30,31]

(m= 70V, elacm)| ) = V2 Ry (¢?) (n- = po),

2\ Fy Gy QQ
Fy(q®) = * =1+ — M2 — 2
7TO 7TO
1— Short-distance constraints
1
Fy(¢®) — — —— Fy Gy = F?
¢ — oo 4

2— Off-shell widths of resonances
ME — ME —iMyTy(¢?)



0

[ T — T T Vr ] [29,30,31]

(m= 70V, elacm)| ) = V2 Ry (¢?) (n- = po),

%) = FyGy ¢

Fold) = ' =1+ = M2 — ¢?
7T0 7r0

. . :_’E_—Ht_lnov | IP&LIEI:E‘)I—III_E
1— Short-distance constraints SN ’ g
1 b . -~
1 A
FV q2 S - S F G — F2 4 F - . 3
( 2]2 5 00 q2 Vv 10 ? \\ﬂ —§
0L i :
2— Off-shell widths of resonances Lt Hﬂ» i
Aol | ;

ME — ME - iMyTy () R
Mass” (Ge\//c2)2
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[32]
-~ n
(¥ ['7 m 0
o
m
mn
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[7'_ — 7r_7r_7r+1/,r] 32]

_m n
k—]’x m = " m
. .
2
Fl(Q ,S,t) =
m m m
m
m 2 m m
m
2 )= — L‘rrzr r T " A )\f )\H
H(Q", ) )\()QQ +)\Q2 + A 0 3
242 2Fy G 3s 203 202 — 25 — u u— s
R(QR s = —22, VAVGy (v ) (2o s
3F 3/3  |s—MZ  \ Iy s—MZ | t— M2
4F Gy Q2 , PR s 2Q°+s—u 9 uU— s
—(A" 4+ A H H t
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[7'_ — 7r_7r_7r+1/,r] 32]

om m
@]’7 m o " m
. .
2
Fl(Q ,S,t) =
m m m
m
m 2 m m
m
2 )= — L‘rrzr r T " A )\f )\H
H(Q", ) )\()QQ +)\Q2 + A 0 3
242 2Fy G 3s 203 202 — 25 — u u— s
Fi(Q%s,t) = _W2 | VRRVGy (v ) (Ao .
3F 38 S_MV Fyv S—MV t—MV
4F Gy Q2 , PR s 2Q°+s—u 9 uU— s
—(A A H H t
4 N

Short-distance constraints

ImIls(¢g*) — 0O
¢* — o<
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[7'_ — 7r_7r_7r+1/,r] [33]

om m
|'}{I::JH m = " n
- mn
2
F1 (Q , S, t) =
m m m
m
m 2 m m
m
H(Q2,5L‘) _ )\U]C";;Qr +)\r§ +)\// AO, )\f’ )\H
2v2 2FvG 3 2G 202 — 25 — —
R@sy = D2V ] S (B ) (M okt e
31 373 |s— Mz \ Iy s—MZ | t— MZ
4F Gy Q2 , PR s 2Q°+s—u 9 uU— s
—(A"+ A H H t
4 ) B N = _Ma
Short-distance constraints 2/ 2 My
M2 — 2M?
2 - )\” _ A Vv
ImIT4(q%) 2—>_} OO0 NeITBT7
N i y, o o= (VN4

—
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[33]

2.5e-13 T T I T
Set 1
- e ALEPH data -
— Set 1 (p’ included)
2e-13 —-—- Set 2 {p’ not included) — FV = 0.180 GBV, FA = 0.149 GeV
i | My =0775GeV, M4 =1.120GeV
T 15e-13 1 —
< I |
% le-13 - Set 2
- . Fy =0.206 GeV, Faq =0.145 GeV
5e-14 - — MV = 0.775 GeV, MA = 1.115GeV
0 |

1 2 3
@ (GeV) R e— A B
N§ 0.065— “. ALEPH_E
\é_), 0.05 ? i * T WAV, e
_13 8 0.04 i_ X =} ’E_—H'C_ZTCD v, _i
D(1 — mrmwe)| ., = 2.09 x 10712 GeV Sl = Voo mores
= r ]
Z omf 3
[(r — mrmv,)| =2.11(02) x 10719 GeV ~ ~oaf ;
exXp C
= I

0 0.5 1 1.5 2 2.5 3 3.5
Mass® (Gercz)2
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[ Deviations from the Standard Model]

G _ _
Loo = —T;Vw[(1+€E)Wu(1—%)v¢uv“(1—75)D
. +ep TVl —y5)vr uy"(1 4+ 75) D
+7 (1 =) vrules — epys) D
D=d,s +erTou(l—s) I/TI_LO"UJV(l—’)%)D} + h.c.
SM — €], =€ =¢€g =¢€p =¢ep =0
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[ Deviations from the Standard Model]

G _ _
Loo = —TgVuD[(1+€E)Wu(1—%)v¢uv“(1—75)D
. +er Tyl —y5)vr uy"(14+75) D
+7(L—s)vru(es — eps) D
D=d,s +erTou(l—s) I/TZ_LO"UJV(l—’)%)D} + h.c.
SM — €, = €p =¢€g =¢cp =¢cp =0

T = P v,
P=mnK
T—> PP,

(P17P2) - (ﬂ-aﬂ-)’ (K’ﬂ-)7 (K7 77)
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[ Deviations from the Standard Model]

G _ _
Loo = _TgV“D [ (I+ep) Ty =) vruy*(1 —v5) D
[34] +en Tyu(l —y5)vr uy* (1 +v5) D
+7 (L =) vra(es — epys) D
D=d,s +8%f0uu(1—V5)VTﬂa“”(1—%)D} + h.c.
SM — e = ep =¢€g =¢cp=¢€p =10
T~ = P v, Y\ [ - ek [ 0.029%0.014
P=rK €T, 0.071 £ 0.411
> e = | —0.076 + 0.540
T — PPy, el 0.050 =+ 0.016
\ eT J\ —0.005+0.012 /

(P17P2) - (ﬂ-’ﬂ-)’ (K’ﬂ-)7 (K7 77) 7
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3. Breaking the SM rules

SM } . {U(l)B RUM)e@U1), & U(l)T}

global




3. Breaking the SM rules

SM } . {U(l)B RUM)e@U1), & U(l)T}

LFV is large in the neutrino sector :

(

\

global

Oscillations
6,~30°, 6,=45, 6,=0"

Solar neutrinos

v, = vy, )
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3. Breaking the SM rules

SM } . {U(l)B RUM)e@U1), & U(l)T}

(

global

Oscillations
6,~30°, 6,=45, 6,=0"

LFV is large in the neutrino sector :

Solar neutrinos
]

v, = g(ve +vﬂ+vr)

SM+VR \

Vm“
2

W %W Bz > pvy,) 1287\ m}
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BSM |
some SUSY models can bring up to

v
T /_\ u Be=>pp) 0(10°~107")

B(t > puv,yv,)

5 ® Touy

07 o Models T— wy T — b
o BTN "MSUGRA + scosaw | 10 10"
2 EO A THHEL S SUSY + 80(10) s 10
a2 . SM + seesaw 107" 1010
8 10 E . B factories NOH- l_]ni\-’el‘sal Z? -10_0 ]0_8
< Belle, BaBar) SUSY + Higgs TO R 1)
LHCDb - 2018|
10 . ;
' mSUGRA+seesaw
SUSY+SO(10) &
8
10 o ; Y. Kwon, SUSY08
SM+seesaw \f& m
| SUSY+Higgs Super B-factory
CMS|
07 107 10" 10

Luminosity (ab1)




An interesting feature...involving baryons

U(1) B+L} T = 0 = 00
A(B—L)=0

anomalous
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An interesting feature...involving baryons

U(1) B+L} T = 0 = 00
A(B—L)=0

anomalous

AB = AL = +1

Br(t~ — pptp”) <18 <23
Br(t™ = pu p) <4.0 <44
Br(t~ — pete”) <3.0
Br(t™ — pee”) <3.0
Br(t— — petu™) <20
Br(t™ — pe p™) <1.8
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1
101

Limit
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109
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® p,—>36
s uN —eN
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A. Rostomyan, TAU2018
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[9]

90% CL upper limits on t LFV decays
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90% C.L. upper limits for LFV t decays
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(Model-independent analysis in SMEFT (37,

Loweer = Lo + 3 ( e P o >

D>4 [38,39]

Al = [E] { Field content of SM
o)
SUB)c@SU12)L @U(1)y
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[ Model-independent analysis in SMEFT| (37,

Lowprr = Low + Y ( e P o )

New Physics scale b>4 i [38,39]
Al = [E] Field content of SM
(D) D 0}
;7] = [E7] SUB)e @ SU2)L @ U(1)y
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(Model-independent analysis in SMEFT (37,

Loweer = Lo + 3 ( e P o >

New Physics scale

D>4 T [38,39]

A] =
o] =

12

T— (P
T—>€P1P2:
T— LV

INAZ)—=1X:

D) { Field content of SM
O,
SUB)c@SUR2)L U((1)y

P= WO,KOﬂ%U/
PPy=n"7" ,K'K', KTK~ ntK~.K*Tr~
V = p°(770),w(782), $(1020), K*"(892), K*"(892)

N(A, Z) = Fe(56,26), Pb(208, 82)
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(Model-independent analysis in SMEFT (37,

Lowprr = Low + Y ( e P o >

New Physics scale b>4 T [38,39]
Al = [E] (D) { Field content of SM
o)
o7 = [BP] " SUB)e @ SU2), @ U(1)y
Belle data
T—>{P: P=7" K’ n1
T (P P PPy=n"7" ,K'K', KTK~ ntK~.K*Tr~

YA V = p°(770),w(782), $(1020), K*"(892), K*°(892

IN(A,Z)—7X : N(A, Z) = Fe(56,26), Ph(208, 82)
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(Model-independent analysis in SMEFT (37,

Loweer = Lo + 3 ( e P o >

New Physics scale

D>4 T [38,39]

Al = [E] (D) { Field content of SM
'9)
o7 = [BP] " SUB)e @ SU2), @ U(1)y
T—LP: P=n"K%nn
T (P P PPy=n"7" ,K'K', KTK~ ntK~.K*Tr~
TV V = p°(770),w(782), $(1020), K*"(892), K*"(892)
IN(A,Z) = 7X : N(A, Z) = Fe(56,26), Pb(208, 82)

NAG4 input
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D=6 AL =1 operators

A% x Coupling

Operator

A% x Coupling

Operator

i
o

3
5.5

(LomuLe) (Qsv#Qs)
(Lovuo'Ly) (Qev o Q)
)
)

(#'¢) (Lpery)
(¢1iDup) (eprver
(w*igw) (Zpy“Ly)

(wTiBm@ (LporyLs)
(Eyve,) ngW,

(ffpa””eT) wB,,
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Tau decays

Bounds on Acppy [TeV]

WC Belle | Belle Il | WC Belle | Belle 11
¢ | z85] 22 |CcU | z065| 218
k|2 2o (e, | 212 | B2
Cow |277| 222 | CY)' | 263 | 217
Cog, Crg | 210 | 226 | C,e | 288 | 226
Cr. |265] 220 | ¢, | 2120 =330
Coe | 211 | 228 | €z |z010| =21
Clog |229| 279 | Cp 2054 215
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Physics of the tau lepton has many interesting aspects:

= To explore QCD, both at perturbative level (inclusive processes) and in the
non-perturbative energy region (study of hadronization).

= |f we look for violation of Universality in the lepton families we will have to
pay close attention to the processes that involve the tau lepton in
comparison with those involving the lighter leptons.

= \We already have seen neutral lepton flavour violation: the neutrinos mix.

There seems to be no reason why charged lepton flavour violation should
not happen in Nature: the quest on the experimental side is a major task.
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EXERCISE

Within Resonance Chiral Theory, using the antisymmetric formulation to
describe the vector resonances, determine the vector form factor of the pion
F.(¢?) defined by

(7~ (p— )7 (po) |V, 0) = V2Fx(¢%) (p— — po)u
where V! = q‘m%q and ¢ = (u, d, s)!

1) Obtain information on the couplings of the vector resonance to the pions,
Fv and Gv by imposing the proper high-energy behaviour of the form
factor.

2) In some extensions of the Standard Model it is suggested an extra
contribution to the pion form factor, given by the following lagrangian

L = igpsum :Vu“u’/)_

What do you think? Is that posible for all values of g\, ?
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Additional Topics
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mgand |V | from inclusive tau data decays

M2 k [
T S S dli,
Rﬁl — \/0 dS (1 — W) (W) ds = RE?V—FA ‘I‘ Rifs

moments
(notice that R’ = R..)
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mgand |V | from inclusive tau data decays

M2 k [
T S S dli,
Rﬁl — \/0 dS (1 — W) (W) ds = Rﬁfv+A ‘I‘ Rifs

moments
(notice that R’ = R..)

kl kl
SRF = RT,V+A RT,S
-

L A S )
|Vud|2 ‘Vu8|2 CoEW Z ud e

D>2

The most relevant contributions come from D=2.4 :
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mgand |V | from inclusive tau data decays

M? k !
Bl T s S di;
= ds (1 — — —
7= ( MQ) (ME) & = vt fins

moments
(notice that R’ = R..)

R V4 A Rle Ll(D
SRM = ZmVt S5 _ NAS (5 ( )_5kl(D))
Vaa? Va2~ TCTEY 2 (ua — 0
D>2
2
The most relevant contributions come from D=2,4: §®? _]\77/7,[27 5 m]&qf)

5R§l‘theo — f (|Vud|7 |VUS|9 mS)
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mgand |V | from inclusive tau data decays

M? k !
Bl T s S di;
= ds (1 — — —
7= ( MQ) (ME) & = vt fins

moments
(notice that R’ = R..)

R¥! R¥
Rl —mV4+A TS kI(D)  ¢kl(D)
Qi Va2 Vis2 NeSew Z (5ud Os )
ud s D>2
2
The most relevant contributions come from D=2,4: §®? %, 5 m]&qf)
kl -
5RT ‘theo T f(|VUd|7|VUS|)mS)
Joint fit

ms(2GeV) =~ T76MeV
Vs 0.2196

2
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mgand |V | from inclusive tau data decays

M2 k [
T S S dli,
Rﬁl — \/0 dS (1 — W) (W) ds = Rﬁfv+A ‘I‘ Rﬁfs

moments
(notice that R’ = R..)

kl kl
SRF = RT,V+A RT,S
-

L A S )
|Vud|2 ‘Vus|2 CoEW Z ud e

D>2

The most relevant contributions come from D=2.4 :

5R§l‘theo — f (|Vud|7 |VUS|9 mS)

- Joint fit

00

ORP | 0.240(32)

R, ., = 3.4671(84) ms(2GeV) ~ 76MeV
i L [Vis| = 0.2173(20) 00 (10

RY, = 0.162(28) Vus (20)eap(10)eh Vus| =~ 0.2196
1Vudl = 0.97425(22) (A1, A2]
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7715(23(3f§\[)‘averagxg:::(})5 :t 2(1)]&16‘/

LA RLN BB BN NN L B L LA LA R B LR BN LN R R L L B R B B L R R
t | 1SR [Gamiz, 05]
I () i TSR [Gamiz 03]
} @ ] Scalar SR [Jamin 02]
I @ | PScalar [Maltman 02]
I @ { Phi SR [Narison 99]
I L i Lattice [Wittig 02]
—a— Lattice [Aubin 04]
HlH Lattice [Schierholz 04]
: ¢ : Average
PR TR S DR NE S A BN SN N TN N TN SN U T NN NN U TN NN NN U AT NN AT U AN TN AU BTN N N OO N N NN A AN AN A N AN AN AN AN BN AN A A AN A A
60 70 80 90 100 110 120 130 140 150
m. (2 GeV) MeV
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0t— Ot Unitarity

| RBC/UK (2005) J
0.23 ¢ T _ (2009)
Expts QCD, 06
' ¥ GIPPS = Gamiz-Jamin-Pich-
0.2275 | ‘/ ] ] amiz-Jamm-Pich
Prades Schwab  (2009)
V 0.225 | ! . ¢ - Vi) : MW=Maltman-Wolfe (2007)
us _ CEﬁl + T M = Maltman (2009)
0.2225 | B MW
JOP 1 " o P = Pich (2013)
0.22 | ® L4 P SEE—
FM CSW=Cabibbo-Swallow-Wmston (2004
BT o GJPPS f—Tlrae
0.2175 | CHPT+_L i ] F-M=Flores Mendieta (2004)
N, P M MP=Mateu-Pich (2005)
K3 AZ. L
LR = Leutwyler-Roos (1984) BT = Bijnens-Talavera (2003) Expts = FLAVIAnet WG (2010)
JOP = Jamin-Oller-Pich (2004) CHPT+N = Cirigliano et al (2006) B = A. Bazavov et al. (2012)
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