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CKM Matrix

V-A interaction via W-exchange with quarks have V;;

N N\

)---

2 ~ SUSY, Z'
X charged
- — - _
. Higgs,
—_———— leptoquark,

e ><

Gr ~ g2Vi/Mu? ~1/v2 | /\?
Standard New
Model Physics

Ackm ~ (V/A)? sensitive to new physics in large class of models

CKM Unitarity violation: |Vud|*> + |Vus|* + |Vw|* =1 + Ackm
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The |Vys| element of CKM Matrix

Vii: Mixing between Weak and Mass Eigenstates

Via @ Vi W »
V = ‘rc d ‘rcs ‘rcb ™~ i - ¥
‘;‘ d ‘rz‘s ‘;b (SN S .
2 , |2 r |2
I,-"‘ud T I US T Iﬁub - 1

® |Vug|=0.97417 £ 0.00021 (from nuclear B decays)
J.C.Hardy & |.S.Towner, PRC 91 (2015) 025501

® V| =(4.09+0.39) x 103 (from B — Xy £ v decays)
Particle Data Group 2016

= |Vys|“¥M=0.22582 + 0.00091

Precision measurement of IVysl is a test of CKM unitarity

V| Swagato Uo
from t decays 3 Banerjee iL




from t decays Banerjee

Approaches to |V

KI3 decays: ) )
o+ -+
KOZ X Zq— K+§‘_§'Z U = |Vu8‘f—|—(0)
Kl2 decays:

S vV a 7 |V | I
+ + U S K
K UM+ s UM+ = Vol T

Hyperon decays:

1%
a
z.——qg - = |Vus|f1(0)
T decays:
T d' = Vyqd + Viss
>’\.¢Q = Mg, |Vas|
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T decays

Naive prediction:
U

T

20% 20% 60%

€ UL u u

Ue UM d' dv
|ld’> = Vud|d> + Vus|s>

V|
from t decays

Including QED &
QCD corrections:

174

ﬂ 3.0
Cabibbo

suppressed

Cabibbo allowed

61.8
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Hadronic Width of t

Parton model:

QCD: R =R +R=|V,[ N +,['N,

( OCI\/udI2 OCIVusIZ\
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Hadronic Width of t

QCD corrections : R, =|V,,|' N+ ()

ud C
Spectral Moments: Rk — fol dz(1 — z)fpldle o, — 4

; 2
dz m=

Zeroth order moments are simply the T branching fractions

Finite energy sum rules = SU(3) breaking sensitive to mi;:

ki ki 2

. R . R SRY,, = 0.1544 (37) + 9.3 (3.4) m

r = L 7 I + 0.0034 (28) = 0.242(32)
= us ms = 95.00 +5.00MeV  [PDG2015]

E.Gamiz, M.Jamin, A.Pich, J.Prades & F. Schwab, arXiv 0709.0282 [hep-ph]

Truncation errors studied with QCD lattice inputs 1n terms of weights:

Ry ‘U (80) w _
Vis| = \/ Yy asus(80)/ | —5 ORYV A (S0)

Vial?

K.Maltman, R.J.Hudspith, R.Lewis, C.E.Wolfe, J.Zanott1, arXiv 1511.08514 [hep-ph]
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Non-Strange Spectral Functions

R, => 7T -V +h

v,s=0

(even number of pions)

RT,A — z"—>vr+hA,s=0

(odd number of pions)

T s F * ALEPH vector = [ ¢ ALEPH axial
— Perturbative QCD (massless) 12 [ — Perturbative QCD (massless)
25 --- Parton model prediction 1 - --- Parton model prediction
[ i ¢#¢+ n2n0,3ﬂ:
2 - n3n0,3mc0,6n(MC) 0.8 B & +** n4n0,3n2n0,5n
wmmmr’,kk’(MC) i ¢ +++ rikk-bar(MC)
15 i ¢
nkk-bar(MC) 06 — ) |
S I S Y PO Y -
i ¢ {+_
1 04 |
+ S
[ *tety [ J
05 - ¢ T W 02 - S
B | ®
O IIIIIIIIIIIII O-|||__|!|IIIIIIIIIIIIIIIIIIIIIIIIIIII
0 0.5 1 1.5 2 2.5 3 3.5 0 0.5 1 1.5 2 2.5 3 3.5
s (GeV?) s (GeV?)

Originally published 1n 2005, Revised calculations in 2014
M.Davier, A.Hoeker, B.Malaescu, C.Z.Yuan & Z.Zhang, EPCJ 74 (2014) 2803
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Non-Strange Spectral Functions

R’Z’,V :> T_ _>V'r+hv,s=0
(even number of pions)
R, ., = 7 -5v,+h,,
(odd number of pions)
/a3_ '|""|'_/c—n\3_"" | !
> | . OPAL vector < . OPAL axial
25 +'| R 1 a5 L 1 3m, 20 -
T M 3nx’,x 37 — M 3n2x
5 l B MC corr. 5 [ B MC corr. 1
B | _ B _
- — perturbative QCD (massless) - - — perturbative QCD (massless) | |
| -- naive parton model I [ -- naive parton model
1.5 T 1 15+ .
1 "
i AT,
Fal |
0.5 _:'——f ----------------
0 0.5 1

V|
from T decays

OPAL Collaboration, EPCJ 7 (1999) xxxx
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Strange Spectral Functions

Strange Spectral Functions from ALEPH & OPAL are not so precise

& -~ :l T | T T 1 | T 11 | 1T 11 1 11 T T |:
6L + ALEPH T + OPAL -
: Ve ~ e + (K) from PDG :
ST R St [ (KneKn)™ -
: Kt : B (KunKnn) :
4 N I_{3 K~ MC 3 r I B Kun) B
[ _ T+ ( ) ) s — = naive parton model [
3L =] Kdw (MC) : T |
: | | [ F
Lr j : 05 -
0:""'|" e il //-\- L b
05 1 15 2 25 3 .
Mass" (GeV/cz)2
ALEPH, Phys. Rep. 421 (2005) 191 OPAL, EPJC 7 (1999)
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Strange Spectral Functions

measurements from B-Factories are available

3

(e)

BABAR
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Ryu [Belle] Nucl.Phys.Proc.Suppl. 253-255 (2014) 33

Vs

Nugent, Nucl.Phys.Proc.Suppl. 253-255 (2014) 38.
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T Branching Fractions are well measured

» Most of the branching fractions are highly correlated.
» Sources of correlation between the same experiment:
» Track reconstruction ~ 1% for 1-vs-1 topology
» Secondary vertex reconstruction ~ 1.5% for Ks
s Calorimeter bump reconstruction ~ 3% for 7’
» Particle 1dentification ~ 2-4 %
» Luminosity uncertainty ~ 1%

Sources of correlation between different experiments:
» Tau-pair cross-section uncertainty ~ 0.36%
» Uncertainty on Branching Fractions of backgrounds

= Simultaneous averaging of all branching fractions

Vs 19 Swagato UofL
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Heavy Flavor Averaging Group (HFAG)

» Global fit to 170 measurements of T Branching Fractions:
»39 from ALEPH

¢35 from CLEO HFAG tries to take into account correlations
»23 from BaBar between measurements, as well as dependence
219 from OPAL on common external parameters such as tau-
»15 from Belle pai.r crpss—section and backgroqnd

¢14 from DELPHI normalization errors between experiments.
<11 from L3 As much as possible, HFAG tries to avoid
»6 from CLEO3 inflating measured uncertainties using old
3 from TPC PDG-style scale factors to account for spread
2 from ARGUS between the different measurements. Instead, a

¢2 from HRS confidence level (CL) for the average 1s quoted.
¢ trom CELLO
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Special handling of ALEPH 1nputs

242 ALFPH Collaboration / Physics Reports 421 (2005) 191 -284
Table 15
Cormrelation mamix of the staistcal errors on the branching fractions
—— —_— —
U h hn® h270 h3x0 hdn? 3h 3hn? 30270 34320 Sh Shr? —
e 021 015 -025 —009 -001 000 -015 —010 0.03 —0.06 0.00 0.01
U 100 -013 -021 —-007 —006 000 009 —007 0.00 002 000 004
h 100 -031 002 001 006 -012 -006 —002 0.01 -001 0.02
h? 100 -040 0.05 000 -011 —006 —002 0.00 004 004
h270 100 -051 026 —009 001 —007 0.06 -001 0.03
h3x? 100 075 001 —003 0.05 ~0.02 001 0.01
haz? 100 002 -002 —003 0.01 002 —003
3h 100 -033 0.08 —005 —0.04 0.00
3hn? 100 045 0.19 002 002
34270 1.00 —065 0.03 0.02
34370 1.00 001 -004
5h 100 -024
Shr? 1.00

ALEPH quotes the correlation matrix for hadronic modes,
but PDG used to translate the matrix into pion modes,
which were obtained by subtracting the kaon contribution.
HFAG uses hadronic branching ratios from ALEPH paper.
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HFAG tau fits in PDG

From 2016, HFAG-style fits have been adopted by PDG.
Chin.Phys. C40 (2016) no.10, 100001.

According to PDG naming convention,
4’7 basis nodes are fitted to 170 measurement
with constraint that linear sum of basis nodes add up to unity

= 170 -47 + 1 = 124 degrees of freedom

In HFAG notation, 135 quantities consisting of 47 basis nodes
and 88 linear combinations or ratios of linear combinations
are expressed as constraints.

Both the methods are equivalent.

V| Swagato
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Error Scaling

Measurements’ pulls Measurements’ pulls probability

24
. 5 - ; 14 -

"GC'J' 20 - "GEJ 12 -

5 1o- 5 10-

® 14- § g

8 12 Q

E 10 E 6 -

o 8 o

2 6 g 4

E 4 E 5.

=20 akh . c

6 5 4 -3 2 -1 0 1 2 3 4 5 00 01 02 03 04 05 06 07 08 09 1.0
Pull [n. of Gaussian o] Probability
e two outliers: BABAR and Belle B(7 — K~ K~ K" v,) results

fos = K K KTu, (2.174 £0.800) - 10~ ° HFAG Summer 2016 fit
(1.578 £0.130 £0.123) - 10 BaBar PRL 100 (2008) 011801
(3.290 4 0.17079:22%) . 10~® Belle PRD 81 (2010) 113007

No automatic error scaling, but only 1n this case, a scale factor of 5.44 1s applied,
which improves CL on non-unity constrained fit from 1.1% to 17.8%.
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HFAG basis modes

HFAG 2016 prelim.

=
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o

S $
o
X
PN
L

h™h h v

“n wtu, (ex. K2, w)

“a w7, (ex. KO, w)
“hmh 27%, (ex. K°,w,n)

PN
o

> 3 3

17.3917 £+ 0.0396
17.8162 £+ 0.0410
10.8103 £ 0.0526
0.6960 4 0.0096
25.5023 4 0.0918
0.4327 4= 0.0149
9.2424 4 0.0997
0.0640 4 0.0220
1.0287 + 0.0749
0.0428 + 0.0216
0.1099 + 0.0391
0.8386 + 0.0141
0.1479 + 0.0053
0.3812 4 0.0129
0.1502 4 0.0071
0.0234 £ 0.0231
0.0233 + 0.0007
0.1047 £ 0.0247
0.0018 + 0.0002
0.0318 + 0.0119
0.0222 4 0.0202
8.9704 4 0.0515
2.7694 £ 0.0711
0.0976 + 0.0355

B(r—...) HFAG 2016 prelim.
K K. 0.1434 4+ 0.0027
7K K 7, 0.0061 + 0.0018
I 0.1386 + 0.0072
K nu, 0.0155 =+ 0.0008
K n°nu. 0.0048 + 0.0012
7 Konu. 0.0094 + 0.0015
 ntr gu. (ex. K%) 0.0218 + 0.0013
K wr, 0.0410 =+ 0.0092
h™ mlwu. 0.4058 + 0.0419
K™ du.. 0.0044 + 0.0016
T Wy, 1.9544 + 0.0647

K n n v, (ex. KO w)

K n w7, (ex. K°, w,n)
a (=7 v,

7w 27°%wr, (ex. K°)
27T_7T+37T0V7_ (ex. K°. n, w, f1)
3n 27 v, (ex. K2, w, fy)

K 2r 2n v, (ex. K°)

27 7wl wr, (ex. K°)
37T_27T+7T0V7_ (ex. K°. n, w, f1)
K 2r 2n 7%, (ex. K°)

n fhv, (R = 2r 277)
7r_27ro771/T

1 —T

0.2923 + 0.0067
0.0410 + 0.0143
0.0400 + 0.0200
0.0071 £ 0.0016
0.0013 £ 0.0027
0.0768 + 0.0030
0.0001 + 0.0001
0.0084 + 0.0006
0.0038 + 0.0009
0.0001 + 0.0001
0.0052 4 0.0004

0.0193 + 0.0038
0.0355 + 0.1031

note: a linear combination sums up to 1
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'Vus| from 1nclusive strange decays

[Preliminary]

Branching fraction

HFAG Summer 2016 fit (%)

K v,

K~ 7%,

K21, (ex. K°)

K~ 37%, (ex. Ko,n)
W_VOWOVT

K %71, (ex. K°)
K'h™h™ htw,

K nu,

K_7TO’I71/7-

W_VOW/T

K wr,

K ov: (¢ — KTK™)
K=gvs (6 — KIKP)

K n ntu, (ex. KO w)
K n ntn%, (ex. K° w,n)
K 2n 2n%v, (ex. K°)

K 2r 2nt 10, (ex. K°)

0.6960 £ 0.0096
0.4327 = 0.0149
0.0640 = 0.0220
0.0428 £ 0.0216
0.8386 = 0.0141
0.3812 £ 0.0129
0.0234 = 0.0231
0.0222 £ 0.0202
0.0155 =+ 0.0008
0.0048 = 0.0012
0.0094 + 0.0015
0.0410 = 0.0092
0.0022 += 0.0008
0.0015 == 0.0006
0.2923 = 0.0067
0.0410 £ 0.0143
0.0001 += 0.0001
0.0001 += 0.0001

Xs Vs

2.9087 = 0.0482

Vs

E—

Rva
‘VUS"TS — \/Rs/ |Vud’2 — 5Rtheory:|
Bs = (2.909 =+ 0.048)%

Bhadrons = Ball - Be - BM — (64
BvA = Bhadrons - Bs = (61

76 + 0.10)%
85 + 0.10)%

To get R, we normalize by

B.=(17.816 = 0.041)%

However, the error on Be
can be improved using
lepton universality and
improved measurements

of mass (my) and

lifetime (7).
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Tau Mass

IIIIIIIIIIIIIIIIIIIIIIII
- PDG 2015 average
1776.86 = 0.12 _
BES 2014 e most precise measurements by
1776.91= 0.12 * 0-19 ete™ colliders at 777~ threshold
—t+o+— O s+ 041 » few events but very significant
H—e—H KEDR 29%725
1776.81 7 53 = 0.15
—+--+— Belle 2007
1776.61+ 0.13 + 0.35
: OPAL 2000
1775.10 = 1.60 = 1.00
: CLEO 1997
1778.20 = 0.80 = 1.20
H—@— BES 1996
1776.96 +0-18 +0.25
77 _0.21-0.17
o ARGUS 1992
1776.30 = 2.40 = 1.40
DELCO 1978
1783.00 "%
IIIIIIIIIIIIIIIIIIIIIIII _4.00
1776 1776.5 1777 1777.5 1778
2
m, [MeV/c?] PDG 2015
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HFAG Summer 2014

290.29 + 0.52
PDG 2014 average
290.30 = 0.50 e LEP experiments, many methods

P y
Belle 2013 » impact parameter sum (IPS)
29017 059 = 0.99 » momentum dependent impact
Delphi 2004 um dep P
290.90 = 1.40 = 1.00 parameter sum (MIPS
L3 2000 » 3D impact parameter sum (3DIP)
293.20 + 2.00 = 1.50 » impact parameter difference (IPD)
ALEPH 1997 » decay length (DL)
290.10 =+ 1.50 =+ 1.10

o Belle

OPAL 1996
289.20 + 1.70 + 1.20 > 3-prong vs. 3-prong decay length
CLEO 1996 > largest syst. error: alignment

289.00 = 2.80 + 4.00
L

285 290 295
-15 m
T [X 10 S] Summer 2014
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Lepton Universality from leptonic decays

Standard Model for leptons A, p = e, u, 7 (Marciano 1988)

MA=wvpv,(V] = Ty, =

5y
M\By, = AT A —

A 3my A a(my) (25 >
rw — +EM—2 I',Y—].—|— o (T—ﬂ-
w

Tests of lepton universality from ratios of above partial widths:

5
f e

g\ _ | Bre TpnlneW™ _ 4,0010 4 0.0015 = th‘j,

g, \ Be T.,.m.,.f.,.erﬂ-vr,;- Bre
(g_f> = | =z TnMetnewy 4 9029 4 0.0015 = , | —Z2

8e \ B, Tﬂ.m.,.f.,.urlq,-vr; ot

B_. f

(g_u> _ e _ 1.0019 4+ 0.0014

8e B‘re fﬂ-p,

e precision: 0.20—0.23% pre-B-Factories = 0.14—0.15% today

2
m
A A
Pl == || my .
T 1927° mi K
2

thanks essentially to the Belle tau lifetime measurement, PRL 112 (2014) 031801
Lepton universality tests limited by precision of Bey, not any more by 1

Vs
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Lepton Universality from hadronic decays

B(rm™ — 77 v;) Tl 2 B(tm — K v;)
v B(E™ — pmmy)

B(r= — p=7u)

Standard Model:
g 2 B(T — hv ) 2mhm27'h 1 — m2/mi °
(4) _ - : ! (h= 1 or K)

g,u B B(h — /'LDIUJ) (1 —‘r 5h)m37} 1 — my/ m.,
rad. corr. 6, = (0.16 + 0.12)%, J&x = (0.90 £ 0.22)% (Decker 1994)

(g_f) — 0.9961 & 0.0027 , (g_f) — 0.9860 = 0.0070 .
8L Tt Ep K

(electron tests less precise because hadron two body decays to electrons are
helicity-suppressed)
Averaging the three g, /g, ratios:

gu

[recent useful contribution from BABAR

(g_.,.) = 1.0000 £ 0.0014 , (accounting for statistical correlations)
T+7m+K

A measurement, PRL 105 (2010) 051602]

€ Vels

from t decays
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Lepton Universality improved B¢

Universality improved B(T — evp)

e (M. Davier, 2005): assume SM lepton universality to improve B, = B(T — ev v, )
fit B, using three determinations:
> Be p— Be
> B. =B, f(m2/m2)/f(m},/m?)
> B, = B(u — evev,) - (m-/7,) - (me/m,)° - f(mZ/m3)/f(me/m}) - (870w)/ (6561
labove we have: B(yu — evev,) = 1]

o Bi™ = (17.815 4 0.023)%  HFAG-PDG 2016 prelim. fit

= improvement by almost a factor of 2 from the value of B. = (17.816 = 0.041)%

V| Swagato Uo
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Lepton Universality improved |V

A(— r(T — hadrons)/l'uni\,(T — el/lj)

[(7 — hadrons)  Bihadrons 1 — B _ f(mi/mf)/f(mg/mf)-Bgniv
runiv(T s euﬂ) - Buniv - B:niv

S

¢ Rhad —

» two different determinations, second one not “contaminated” by hadronic BFs
 Ri.qg = 3.6349 == 0.0082 HFAG-PDG 2016 prelim. fit
® Ri.q4(leptonic BFs only) = 3.6397 4 0.0070 HFAG-PDG 2016 prelim. fit

= |[Vus| = (0.2186 + 0.0021) [Preliminary]

The measured |Vys| values & errors are numerically almost identical using
e measured Bhad = Bnon-strange + Bs from unity non-constrained t BR fit, OR
o Bhada=1 - (1 + fi/fc) Be"™Y from unity constrained t BR fit
This 1s because error on Rhad feeds to error on Ruon-strange In calculation of | Vs
In both cases, Rhaq is normalized using B¢

Dominant contribution to error on |Vys| comes from error on the measured Rsrange.
ORtheory contributes to 47% of the relative error on |Vys|.

Vs 24 Swagato UofL
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V| from exclusive t decays

gt Vq 2 (2 > 3 2\ 2
_— Blr K1) = GEfg| Vus|“mZ7; ( N m_f2<> Sew
T % K 167h mz
| ]
: : v
g /VT T / T 2

W\ Ve B(t — K~ v;) _ f2|Vius|? (1 — my/m2) Rorc/on
_}n- _}K- B(r = mvr) — P2|Vig e (1 m2 jm2 )’
u

* Independent of convergence of OPE, as electroweak corrections cancel
* Radiative corrections Sgw=1.02010 £+ 0.00030 [Erler 2004]

* | ong Distance effects (Rrk/rr) known [Decker & Finkmeier 1995, Marciano 2004]

*All non-perturbative QCD effects encapsulated as ratio of meson decay constants:
f/fn=1.193 £0.003, fx = 155.6 = 0.4 MeV [FLAG 2016 Lattice Averages]
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Summary of |Vus| determinations

from kaon decays

sz5 - 2 - 2
o (K — mtig]) = 25 Cit Stiw (IVuslFE7(0)) ¢ (1 + 0Fiha + 0852) )
1927
MKE = 050) | Vi|? 2 me(1 — m3/m%)?
° T T — > 2 5235 (1 +dgm)
r(ﬂ- _>€ V) |Vud| fT(‘ mﬂ'(l_mﬁ/mﬂ')

from tau decays

R(T — Xstrange) - R(T — Xnon-strange)
| Vus |2 | Vud |2
[R(7 — X) =T (7 = X)/T (7 — evv)]

o = OR. su3 breaking' tau inclusive

_ _ - > (1 _ 2/ 22 - B
B(T — K I/T) L fK|Vus| MK [ M rLD(T — K VT)

B(r~ = n v) £ |Vl (1—m2/m2)? (7™ = 7 vs)

® B(t — K v,)

2
—

L Glgfi?lvus|2mi7_7' 1 m}2< ° STK
B 16mh EW
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Summary of |Vys| results

-—rrrr T
-0 K,, PDG 2016
0.2237 + 0.0010
o K,, PDG 2016

0.2254 £ 0.0007

- CKM unitarity, PDG 2016
0.2258 + 0.0009

—— T — s incl., Maltman, Mainz 2016
0.2228 + 0.0023 + 0.0005
———i t — sincl.,, HFAG 2016
0.2186 + 0.0021
——i 1t > Kv/1t - nv, HFAG 2016
0.2231+ 0.0018
—— 1 — Kv, HFAG 2016
0.2223 + 0.0016
——i t average, HFAG 2016
0.2212 + 0.0014
R T T S T T T S T T
. 22
° 22|V | 0225 HFAG-Tau
us Summer 2016

[Preliminary]
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* [Vus| has been measured using inclusive and exclusive tau decays.

 HFAG-PDG fit to branching ratio are being finalized for 2016.

* Improved |Vus| will require strange spectral functions.

» Lattice calculations providing stable QCD results.

» Long standing discrepancy from CKM unitarity resolved using
Lattice calculations in formulation using weighted strange

spectral moments. Updated |Vys| from this method using HFAG
2016 fit inputs are currently under progress.
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