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Discovery of the tau lepton
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vr — DONUT (Direct Observation of Nu Tau), 2000
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(GeV)

t [1.77682(16)]

Decay spectrum

Vr

r~ = (P,PP,..) v,
P =Pseudoscalar meson

IFIC - Instituto de Fisica Corpuscular



> >
diVud+ sV
Ly d¥
Process Estimate Experiment
B, = Br(r — evv) L (17.83 £ 0.04)%
2+ No (|Vual? + [Vus|?)
B, = Br(r — pvv) ~ 20 % (17.41 £ 0.04)%
NC|Vud|2
Br(7 — non-strange hadrons) 2+ N¢ (IVual? + [Vus|?) (62 +4)%
~ 58 %
NC|V’U,S‘2
Br(7 — strange hadrons) 24 Nc (|Vua]? + [Vus|?) (2.6 £ 0.7)%
~ 2%
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] Leptonic decays

 Hadron decays

l. Inclusive tau decays: ag(M,) and |V

usl|

Il. Exclusive tau decays: Hadronization of QCD currents

E.Q. T — TV, TTTTV+
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1. Lepton decays

G4 M?
) |

flx)=1-8z+82” —z* —122%°Inx

M, ? M,,?
/ ( ) = 0.999999, f ( J\JHQ ) = 0.972559

[F(T—>€7EVT) =

JVE 2
3 M? alM;) (25 L,\]

Pow = (1+5M%/) {1+ > (4 w)] = 0.9960

Charged current universality 9 = 9y = Je (4 = e Tory) =~ 100%

BRI B N

Broy 7u/7r 1.0024(21) Broeu/7r 1.0006(21) Broyu/Broe 1.0018(14)

Byor/Busse 1.023(11) Buor/Busy, 1.032(12) Buou/Buse 0.991(9)
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2. Hadron decays

d,’_ %d + 5 Vus

S >
d; Vi + 8V, —
W 1N, W __
. mesons
U;
M (T — v H) = Gr

= 75 Vera 7" (1= 75 ur (H] (Vi = A) /19| )

form factors

|
I 1
(H| (V, —A,) ¢ Laen |0 ) = Z (Lorentz structure)’ L F(Q% s, )

1

(4]
G2 L ,/H'uy = LXWX
dl' (1 = v.H) = 4]\?[ Vx| Ly HM dPS { ' ;

W = structure functions
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1. Inclusive decays: full hadron spectra. Precision physics.

T — v, (ud, us)

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

Approximate
physics

7-_ — V’T’ (PP’ PPP’ ] 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 . 2
1IMeso1ns N MesSons
i N T
Vlu:qfYLLECL q:(u,d,s)
2 e* % 44
ocrema(d’) = 5.5 L > (2m)* (pn—q) (] J,.(0) [R)Y(h] J,(0) |S)
h
1 2 j - 1_
Jﬂ:vj’_'_ﬁvf = gu%u—gd%d SV S
> (2m) 5 (i) (O (1 ,(0)1%) = [ ' ™ (241,(2) 1, (0) %)

h

/ e (O] [,(2), S, (0)] 1)
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[ e @l 1@, 2,00 I) = 20 [ [z (@I, @) 10l

j / diz e (O TJ,(2) Jy (0)0) = (g — ¢2g) Ty (6%)

4 )
1672
2 2
Ue+e——>had(q ) — C]2 Im HV(q )
_ Y,
. 2
> o
q, — .
4o 5 Oete— —shad
- e — ere arons:12 I H 2
Oete——sptp 342 R(q*) Tt e st e mIm Iy (¢7)
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[T — v; mesons|

(T — v, mesons)

)

T~ — - INEesons

(

-

G

y

4
w

-
-
-
-

-

-

.

1

AT RT,S

=0

v + R

N¢ N¢
—‘Vud‘Q + —‘Vud‘Q + NC‘VuS|2

T,

T,

. =R

—
L.
=
Q
(2]
3
a
—
o
o
«Q
L
L
e
©
°
o
o
2
=
L)
=
L]
o
*=




N

£ T h,
2 DT 2 vrhi) B g eo0 4 0.009

RZP =
" [(t— = ve 7,)

1-B.—B
R = £ = 3.632 £ 0.011

N B.

['(7~ — v; mesons)

R, =
['(r— — e vDev,)
11557 (9) = i/d433 e (Qp| TV (2)V1:(0) Q) VE =
. AM — o)y ~AM p
", (q) = i / dia €97 (Q | TAY () AY(0)T |95) i = Vi
I J J i,j = flavour indices

) T
U 17 1Y 1 v/ 0
H%,V/A(q) = (q“q —q’g" ) H?(lj,V/A(QQ) + d"q Hz('j,)V/A(QZ)
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2
Mz ds

IVE

L5

R, =127 e

(

()
ud,V

0
1) (s) = |Viyal? (H

spectral functions

1

ImH(J)ft»Ld(S),U — o 2
U = V,A — Ujg =Vj,a;
Rrv = 1.783(11)cap(2)v/a
Rea = 1.695 (11)ea:p(2)V/A
Rrs = 0.1615(40) )
N¢
fUl — a’l = — UO ~ 0 ao

) [(

(J)

(S) + Hud,A

(5))

25 ﬂ . t__—o) Viv,
BT
& ‘ = n3n°, 2n'r:*1t°l(6n)'
I 1 = on, N n, (KK(m))~
150 —— QCD prediction

parton

model

ALEPH

1.4 T T
—— QCD prediction ALEPH
G -
Parton model . T oA,
1 Py m r2nl, 2n
2 = (51
08 1 (KKm)™
0.6 / b I
04 r » e
£ R\
0.2 - ‘l \1"\ H -
0 A_Xf‘n ol Lay | I :‘?’:";‘11
0 0.5 1 1.5 2 25 3 35
s (GeV?)
2
x 8 (s — M

v,(s)

ay(s)

us,V (S) + Hus,A (S))
3
s { £ ¥ Vv, (ALEPH)

i t T — Vv, (OPAL)

14
12 « T > A’v, (ALEPH)
— T = Ay, (OPAL)
1
08| B
0.6 | |
0.4 N
02| 4 ]
o b ]
0 o5 1 15 2 25 3 35
s (GeV?)
[7]
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[Working on the theoretical prediction of /7 .... to get ag (M) ,|Vius] ... ]

M? 2
™ ds S s ] 0
R, =12 Ve (1 — m) {(1 + QMQ) ImIT™) () 4 ImII¢ )(s)}

T

- Cauchy’s Theorem

1 11 ( 8) analytic everywhere except
on the positive real axis

i f(s) analytic

R [9] 6 Z% dS 1 S 2 . 4 9 S H(0+1)(S) 28 H(O) (S)
r — 07 DS YD) T — 5
s|=ar2 M2 E: M? M?

T T
Im(s) Operator Product Expansion (OPE)
1
OPE , (J) (o) — (J)
" [H D= Y mem X O em©On) ]
D=0,24,... dim O=D

Vo

Re(s) N D =0 — perturbative (expansion in ag(p))
\ D >0 — non-perturbative
(expansion in condensates)

Quark-Hadron duality violation
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r TS\ y AL[EF;QI;I] ] I —— QCD prediction AI_[EE’UI;Il ]

L . ] 12 . reet0Rl —

25 - BUSrS | N ] . Parton model . oAV, 1

ab = 773x°, 2nx*n’, (6n)” ] 10 m w2n’, 2n° ]

C = on”, N n’, (KK-bar(n))™ C — (6n)” ) ]

) 15 a —— QCD prediction 3 K2 o8 - —1 (KK-barn) ]
= T B e parton model o gl .
10 3 :

E 04 - -

M = E 02 ]
0:.."...r...‘.|'.'...r T oL A D P D L
0] 0.5 1 1.5 2 25 3 35 0 0.5 1 15 2 25 3 3.5
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Bt K T I e B A SR

5 ] 1 g : ]

osb . T (VLA)YY, ALEPH 258 - T (V,A)Y, A -

I ! —— QCD prediction 1 o[ . ' —— QCD pred. = parton model ]

o b . parton model ] 15 b ot E

2 é " ‘ ]
) ] - 1F " 3
© 1.5 - ! ] © E % E
:" L i ;" 05;_ ; % _;
= 1F ., 1 T o ; :
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Eos ] : -1F =

o:fw’1 vl e b v by v e b by Bl oy 0] TUTETETEN ETSTEET SYSTETET AYEUAE AFSATATE AR M
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6
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C)JS(MT)

1
(V + A) x | perturbative + 776 non-perturbative
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[RT,V—I—A = N¢ ‘Vud‘QSEW {1+ 0p +5NP}]

Spw = 1.0201 (3)

[3,10]

Perturbative contribution
mg =0

[8,11,12]

5p = 3 K A (a) -

n=1

M.)/m

Ar = OZS(

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

Contour-improved perturbation theory (CIPT)
Using the exact solution for ag(s) given by the

RG S-function equation

M2
M2

Sow 14 2%m
47

(37

1Y (s) =
D=0,2,4,... ( dim ©O=D
1 ds
A(”)(ag) = — —
20 J|s|=p2 S

K,, known up to O (a54) — Np =3

op

)l

S e X O o)

r

\

4 as
3 37

ags(—s)\" B 53 B st
(=) (2525 - )

Ko=Ki =1
Ky = 1.63982
KIS = 6.37101
K} = 49.07570

op =ar +5.2a2 +26.4a> +127.1a>

l.da, +2.5a7
+9.7a2 +64.3a

‘\‘)&
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Non-perturbative contributions

5 -1 ds s \~°
NP_27TZ ||M2M2 M,?

~

5NP|CD:constant — M2 <02> MG

[9, 13]

16 aS(MT)
3 7

Oy (05) [1 +

} (m2(M,) +m2(M,)) | (;0;)(2GeV) =
( ( ) MGV)S [Lattice] [14]
— (26

as(M.)\" y
C4(O4) (S( )> ((as/m)G GM) 7(16) MeV)? [Pheno] s

<muau¢u T mdadw@ yones o
2 (256,,Gm) =
M
Cs (Op) as(M7) (Y TPt Tiby) . 0.012 GeV* [Sum Ruled]

Cs (Og)  ((as/m)GuG™)? | ..



Odg(

M) Analyses

| Reence L wenoo | by L op | os() LasOlz)

Baikov et al. [12] CIPT, FOPT
Davier et al. [8] CIPT
Beneke-Jamin [16] BSR + FOPT
Maltman-Yavin [17] PWM + CIPT
Menke [18] CIPT, FOPT
Narison [19] CIPT, FOPT
Caprini-Fischer [20] BSR + CIPT
Abbas et al. [21] IFOPT
Cvetic et al. [22] Bexp T CIPT
Boito et al. [23] CIPT, DV
FOPT, DV
Pich [24] CIPT, FOPT

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

BSR : Borel summation of renormalon series
IFOPT: Improved 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)
i +0.012 (18)  0.321 (13)
0.2042 (50) . 0.342 (11)
. . 0.324 (08)
0.2037 (54) . 0.322 (16)
0.2037 (54) . 0.338 (10)
0.2040 (40) . 0.341 (08)
. -0.002 (12)  0.347 (25)
i -0.004 (12)  0.325 (18)
0.1995 (33) -0.0059 (14)  0.329 (13)
Beyo:  Expansion in derivatives of ag
PWM :  Pinched-weight moments

DV : Duality violation
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0.1202 (19)
0.1212 (11)

0.1180 (08)
0.1187 (16)
0.1213 (12)
0.1192 (10)

0.1211 (10)

0.1216 (27)
0.1191 (22)

0.1198 (15)
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mg and |V | from inclusive tau data decays

M?2 k l
T S S dR..
Rﬁl — /(; d (1 — W) (W) ds = Rklv_|_A ‘|‘ R

moments
(notice that RV = RT)

RE RE
5Rkl rv4A  flrs — N~S (5kl(D) 5kl(p))
‘VudP ‘Vus‘ C EW 1)2232 us

The most relevant contributions come from D=24: 6% x —, % m{gq)
M?2 M*
kl L
5RT ‘theo T f (’V’de|? ‘Vu3|3 mS)
i Joint fit

00
ORY | 1o 0.240(32)
R, ., = 3.4671(84) ms(2GeV) =~ 76MeV

" L Vis| = 0.2173(20) pap (10

RY = 0.162(28) Vs (20)eap (10)en [Vus|  ~ 0.2196

| Vaud| = 0.97425(22) (25, 26]
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ms(2 G@V) ‘average — (95 :l: 20) Mev

I () 1 1SR [Gamiz, 05]

tSR [Gamiz 03]

I @ ] Scalar SR [Jamin 02]

PScalar [Maltman 02]

I @ { Phi SR [Narison 99]

Lattice [Wittig 02]
—— Lattice [Aubin 04]
HlH Lattice [Schierholz 04]

4

Average

60 70 80 90 100 110 120 130 140 150
m (2 GeV) MeV
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us

0+ — 0-!- Unitarity

LR = Leutwyler-Roos (1984)
JOP = Jamin-Oller-Pich (2004)

(2005) ]
RBC/UK
0.2275 |
V 0.225 |
us
0.2225 |
0.22
F-M
0.2175 | cHPT+.l BT GIFP
NC, P . _M
Kiz AZ T

BT = Bijnens-Talavera (2003)
CHPT+N = Cirigliano et al (2006)

(2009)

GJPPS = Gamiz-Jamin-Pich-
Prades Schwah  (2005)

MW=Maltman-Wolfe (2007)
M = Maltman (2009)
P = Pich (2013)

CSW=Cabibbo-Swallow-Wmston (2004)
F-M=Flores Mendieta (2004)
MP=Mateu-Pich (2005)

Expts = FLAVIAnet WG (2010)
B = A. Bazavov et al. (2012)
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2.2 Exclusive hadron decays

f 782)
- /\ T
T i Yoa 83 Ve
2., 70(980)

60/ @%Q\

a0
MESONS a1 1260) $(1020)

hadron resonances

G _ i
M(r = 1) = 25 Voo, 7% (1= 35) ur (H] (Vi — 4,) e H0ov(0,)
H| (V, — A,) etlacr|q) = Lorentz structure)’ , F;(Q?, s, ...
(H| (V, L) e 124) Z(orenzsrucure)u (Q*, s, )\
’ form factors
G2 L/M/H'uy — ZLXWX
dU (1 — v, H) = —2 Vo |* Ly H" dPS X
4 M W = structure functions
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Examples

H = PP P=m Ky
(PLPy|V, ehae) () = Fy(g?) (qu - q,;gy) (p1 —p2)” + Fs(¢*) qu
q=p1+p2 oMV, «< (m; —mj)q;q;
(= |V, eiLQCD)\Qh) = Fv(q®) (p— —po), Vector form factor
H = PPP

(Py Py Pf|(V, — A,) e'acv)|,) =

— pit+petps (QW - QM—?V) [F1(Q%,s.1) (p1 — p3)” + F2(Q%, s, t) (p2 — p3)”]
(p2 + p3)? Q

= (p1+p3)” —I—Fg(?é,sﬂf) Qu + iF4(Q?%37t) Euaﬁvpgpgpiy
mrm, KKm,m,; =0 mrm, SU(2) 1

=YYy

FQ(Qza Sat) = Fl(antﬂ S)

Bose symmetry, Axial-Vector only

\ J

T — KK7v;
Vector and Axial-Vector
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Phenomenological Lagrangians : Tree Level

F? 7 B
Ei = — (u,u” + x4) Chiral Perturbation Theory
Resonance Chiral Theory :
i _ - R Field
Lp= Z \; OR(R, ?) RyT esonance Fields
Large — NV
L% (kinetic) 27.2] ¢
=i [ul (0, —ir,)u—u(d, —il,)u] i
U = exp ( I1( ))
X+ Txuhruxu X = 2By (s +ip) Fv2
F' = decay constant of the pion B F = —(uu)
F Gy Fp
L MY Fi—=(Vipuru”) + —= (A, 7)) +
o =uF o ul Ul F Fr, = 0ul, — 0yl —ill,, 0]
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— —_0
[T — T T VT] [29,30,31]

(= 70|V, eilace)|,) = V2 Fy(¢®) (0- — po),

p
Fy Gy ¢

Fv(q®) = + =1+

F?2 M7 — g2
']TO WO

e ALERRS
1— Short-distance constraints = ._-:n t
1 = .- o =
1 E o N E
Fv(®) — 5  —— FyGy=F> a5 :
q2 — 00 (]2 vV 10 §_" \ —g
af ﬂﬂ. I
10 E— —E
2— Off-shell widths of resonances Lt T T -
ME — ME—iMyTy(g") R

Mass” (GeV/cz)2
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[7'_ — 7T_7T_7T+I/7-] [32]

)

=V _q

— 72
sMV

n
n
b n
)
Fl(Q y S, t) _
n
P
i 2 -
n
H(Q? z) = —/\[,% + x% A
24/2 2Fv G 3
F(Q%s,t) = - \/_‘F\/_ A4 - 5
3F 3F3 |5 — M2
4FAGV Q2 / 1"
—(A A
3 oo | )
4 )
Short-distance constraints
ImIl,(qg*) — 0
q° — o0
\_ %

n
n
k n
n mn
“.’\:, P -
a S
n X t\ n
{_1_‘)
/\0’ )\I’ )\H
)(2@2—28—u u—s)]
2 + 2
s — My, t — My,
+H(Q2 S)2Q2+s—u —I—H(Q2 £) u— 8
’ s — M7 Tt — M
N _Ma
22 My
\ Mi — 2M3—
22 My M4
o (N + \") /4
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2.5e-13 T T T T

Set 1
- e ALEPH data .
— Set 1 (p” included)
2e-13 ——- Set 2 (p’ not included) — Fyv = 0.180 GeV, F4 =0.149 GeV
L i MV = 0.775 GeV, MA = 1.120 GeV
#; 1.5¢-13 .
g I ]
©
2 enl Set 2
L . Fy =0.206 GeV, F4 =0.145 GeV
Se-14 — — MV =0.775 GeV, MA = 1.115 GeV
0lee oloe
1 2 3
QZ(GEVQ) o R LRI IR L E R IR AN L NN LN L
IS 008 F ~ ALEPH
B 005 ;_ - ¢ T STV E
_13 2 0.04 i_ ,© T o’ v, _
[(r — mrmy;) ‘ theo = 2:09 X 10777 GeV S oo f = Weishedavrge
g 0.02 — —
I(r — nrmvy))| exp = 2.11(02) x 1072 GeV  ~out .
oL ol

0 0.5 1 1.5 2 2.5 3 3.5
Mass® (GeV!(:Z)2
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1. Inclusive decays: full hadron spectra. Precision physics.
T — v, (ud, us)

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

2. Exclusive decays: specific hadron spectrum. Approximate
physics

_ \
T % VT (PP) PPP? ) P = pseudoscalar

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

hadronization of QCD currents.
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