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The CKM matrix

In SM, flavour dynamics related to weak charged transitions
which mix quarks of different generations

Vud Vus Vub
Encoded in unitary CKM matrix Vexyy = | Veg Ves Vb
_ Vie Vis Vi

(P.n)

@ 3 generations = 1 phase, only
source of CP-violation in SM

@ Wolfenstein parametrisation,
defined to hold to all orders in A
and rephasing invariant

Vi Vi
Vea Vi

(0.0 (1.0)

V, 2 V4 2
[V gt — Vol B =

|Vud|2+ |Vus|2 B |Vud‘2+ |Vus|2
—> 4 parameters describing the CKM matrix
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Extracting the CKM parameters

e d - s - b [7\ d s b
Z 5 L3 ]
u 71,E\\.;; K=<V BQ; u . - .
IS o 0
V = c Dt\éf DC&L[V( Blég c B . ™
_ _| ¢t w
t B(]. 'BU Bs. 'Bs t " | | .
N g B B, \-ij

@ CP-invariance of QCD to build hadronic-indep. CP-violating asym.
or to determine hadronic inputs from data

@ Statistical framework to combine data and assess uncertainties

Exp. uncert. Theoretical uncertainties
B(b) — D(c)tv | Veo| vs form factor F5—P (OPE)
Tree B — DK 5y B(b) — w(u)tv | Vub| vs form factor F5~™ (OPE)
M — ¢, M — Nty |Vup| vs fu (decay cst), FM—N
Loop | B— J/VKs ex (K mix) (p,7) vs Bk (bag parameter)
B—ampp o« | Amy,Ams (By, Bs mix) |VypVig| vs f2Bg (bag param)
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The inputs

% frequentist (~ x? minim.) + Rfit scheme for theory uncert.

data = weak ® QCD

IVud|
| Vus|

‘ Vus/Vud‘
€K
‘Vcd|
[ Ves|
‘ Vub|
|Vcb|

B— T1v

| Vub/ Vcb ‘
Amy

Ams

B

«
Y
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superallowed 3 decays

Kez

K — v, 7 — Ku;

K —tv/n — tv,m — Kvr [T — musr
PDG

D — pv, D — wlv

Ds — pv, Ds — tv, D — wlv
inclusive and exclusive B semileptonic
inclusive and exclusive B semileptonic
(1.24£0.22) - 10—*

NAp semileptonic decays
last WA By-B, mixing
last WA Bs-Bs mixing
last WA J/uK(*)

last WA 7, pmr, pp

last WA B — D(*) K(*)

CKMfitter

=—Need for hadronic inputs (mostly lattice)

PRC79, 055502 (2009)

f1(0) = 0.9645 4 0.0015 & 0.0045

fx = 155.2 4+ 0.2 & 0.6 MeV

f/fx = 1.1952 + 0.0007 + 0.0029

By = 0.7615 + 0.0027 + 0.0137
fp./fp = 1.175 £ 0.001 £ 0.004, fP—7(0;
fp, =248.2+£ 0.3 1.9 MeV, ff—j((O)
|Vyp| - 108 = 4.01 £ 0.08 £ 0.22

|Vgp| - 10% = 41.00 + 0.33 £ 0.74
fa,/fg, = 1.205 4 0.003 + 0.006

fg, = 224.0 + 1.0 £ 2.0 MeV

integrals of Ay, form factors

Bg,/Bg, = 1.023 +:0.013 +0.014

Bg, = 1.320 4 0.016 + 0.030

isospin
GLW/ADS/GGSZ
as well as m;, me, as(Mz) !
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Statistical framework

qg= (A \p,17...)to be determined
@ Onmeas T 0o experimental values of observables
@ Ou(q) theoretical description in a given model

In case of statistical uncertainties o0, likelihoods and y?

(Oth(q) — Omeas > 2

0o

£(q) =[] Lol@) x*a)=-2InL@ =Y.
@

(@]

@ Central value: estimator § max likelihood:  x2(§) = ming x(q)
@ Range: confidence level for each qg (p-value for g = qp) by:

AxP(qo) = Xx*(qo) — mqin X?(9)

assumed to obey x? law with N = dim(q) to yield Cls
@ Pull: comparison of 2. with and without one measurement
_ i A2 2
Po = \/mlnq Xwith meas(q) — MiNg Xithout meas(q)
= Specific scheme to treat theoretical uncertains (currently Rfit)
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Averaging latfice results

Collecting lattice results
@ follow FLAG to exclude limited results
@ supplement with more recent published results with error budget

Splitting error estimates into stat and syst
@ Stat : essentially related to size of gauge conf
@ Syst : fermion action, a — 0, L — oo, mass extrapolations. ..
added linearly using error budget

“Educated Rfit” used to combine the results
@ no correlations assumed
@ product of (Gaussian + Rfit) likelihoods for central value
@ product of Gaussian (stat) likelihoods for stat uncertainty
@ syst uncertainty of the combination = most precise method

o the present state of art cannot allow us to reach a better theoretical
accuracy than the best of all estimates
@ best estimate should not be penalized by less precise methods
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lllustration for fx /f.

Reference N; Mean Stat Syst

ETMCO09 2 1.210  0.006  0.024
HPQCD/UKQCDO7  2+1  1.189 0.002 0.014
MILC10 2+1 1197 0.002 *F39%
BMW10 2+1 1192 0.007 0.013
LVdW11 2+1 1202 0.011 0.024
RBC-UKQCD12 2+1  1.1991 0.0116 0.0185
HPQCD13 2+1+1 1.1938 0.0015 0.0032
FNAL-MILC14 2+1+1 11956 0.0010 139932
ETMC14 2+1+1 1188 0.011  0.020
Our average 1.1952 0.0007 0.0029

@ Other values proposed: 1.194 + 0.005 (N; = 2 FLAG),
1.192 £+ 0.005 (Nf = 3 FLAG). ..

@ Results for QCD decay constants (further etm corrections in BRs)
@ Strange for absolute reference + ratio of non-strange and strange

@ Used for decay constants, bag parameters, form factors. . .
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Two decades of CKM

[LEP, KTeV, NA48, Babar, Belle, CDF, D@, LHCb, CMS...]

2009 2015
CKMfitter MITP15-19/1/16 9




EPS-HEP 2015

1.57\ T T T T ‘ L L T T T T T T |Vud|, |VUS|
excluded area has CL > 0.95 |i % 7
i L,k ] | Vebls [ Vbl st
1ol k) g A B—tv
L koS 4 i
5 ° ] | Vub/ Vcb|A,J
05 N Amg, Ams
r A Amy 1 €Kk
. ) ] in2
IS 00 £ sin2
r / ] a
05 i 4 j ’y
- . A=0.823"000"
-1.0 Y K :
o, s 1 A =0.2254700000
r EPSIB‘ | | (ech.thL>0.95) ] f_) — 01 501»882)2
"o 05 o0 05 10 15 20 i = 0.354739%¢
p (68% CL)
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Pulls

B oo 5 """l Pulls for various observables
s 0.65 : . . .
! 091 ] i (included in the fit or not)
sin 2f ]
o §§§ : @ For 1D, pull obs =
Am, 120 2 2
Ry \/Xmin; with obs — Xmin; w/o obs
Volo . .
LSRN @ If Gaussian errors,
LT uncorrelated, random vars of
Mo 00 1 mean 0 and variance 1
Veshooauee  0.43 I | .
S ; - @ Here correlations, and some
S — ‘ pulls = 0 due to the Rfit model
Vo 0.04 |

0 05 J‘L 15 2 25 3 35 for SySt

Pull (o)

No indication of significant deviations from CKM picture
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Leptonic and semileptonic decays
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Leptonic and semileptonic kaon decays

Two type of constraints in the global fit from kaons

@ tree-level decays: leptonic and semileptonic decays

@ kaon mixing

Vil £7(0)
Br(K~— — e ve)
Br(K~— — p~ o)
Br(r— — K™ ;)
Br(K™ — p~,)/Br(z™ — p~ )
Br(r— — K 0;)/Br(v— — 7~ .)

0.21664 + 0.00048
(1.581 +0.008) x 10~°
0.6355 + 0.0011
(0.6955 + 0.0096) x 1072
1.3365 + 0.0032
(6.43+0.09) x 102

[PDG]
[PDG]
[PDG]

[HFAG]
[PDG]

[HFAG]

=7 (0)
fx
fK/f‘Il'
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0.9645 £ 0.0015 £+ 0.0045
(155.24+ 0.2+ 0.6) MeV
1.1952 4+ 0.0007 4 0.0029

CKMfitter

[our average]
[our average]

[our average]
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‘ Vud| and | Vus‘

0.230 [T T[T T T T T

Direct (light green)

0.225 Al (yellow)

K

>30‘220 K Jm, and t->Kv/t->mv

0.215

B decays
Indirect

EPss excluded area has CL>0.95 |

S8 I P IO WO s S B e

0.2
0.950 0.955 0.960 0.965 0.970 0.975 0.980 0.985 0.990

IV,
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“Direct” (semi- and leptonic) vs
“indirect” (other sectors)
(IVudl, | Vus|): nuclear 3 +
leptonic K, = and 7 decays

Same level of accuracy for exp
and lattice inputs

Leptonic Semilep
[Vus|  |Vus/ V] | Vus|
Exp 0.1%  0.1% 0.2%
Lattice 0.4% 0.3% 0.5%

| V| from superallowed
decays is 10 times more
accurate. ..
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Radiative corrections for K — ev, K — uv, 7 — Kv

[Marciano-Sirlin, Decker-Finkemeier, Cirigliano-Rosell]

B = By x short — dist. ew corr xlong — dist. ew corr x struct — dep.corr

@ Short. dist. expressing W exchanges in terms of Gg [universal]
@ Long. dist. using a point-like meson [universal]
@ Struct. dep. probing the structure of the meson [process-dep.]

2

GZ| Vys|? m?
B(K — tv) = FSW“S f2mycm? <1Mé> <1+2| gM>

(1+ SF(me/mi) ) (1 + Of))
2 2 2

B(r — Kv;) = Gﬁ'g;sl 2mym? (1 - rlC,’;) 1+ 2% log AI\ZZ>
(14 ZGlmy/m.) ) (1 + O(a))
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The importance of radiative corrections

Comparing the indirect fit results with the measurement for Br(K — (v)
=—Good test of radiative corrections and lattice QCD !

p-value
0650 —— — 1.0
F 1 Fos
0.645 — —
[ 1 17°8
E 1 |Ho
X 0640 B
Z F 1 |Hos
1 oess -+ J Hos
X C ]
<
o r 1 04
0 0630 — —
r 1 03
F 1 Moz
0.625 — —
P I 1 WMoz
[ s ]
0.620 L L L 0.0
1.50 155 1.60 1.65 170

BR(K — ev,) 10°

No radiative corrections

NB: Struct-dep corr not incuded but much smaller than the two others
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b

r L
FEesns

-value
— p’ 1.0

50 155 1.60 1.65 1.70

BR(K — ev,) 10°

Radiative corrections
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... but notin all cases

Ratios of K and 7 leptonic decays into i or 7 less sensitivity to the
issue (part of radiative corrections cancel + heavy leptons)

0.070 —r—r—

BR(t — Kv)/BR(t — nv)

o
9
K
Q8

o
=
1
8

0.066

0.064

-value
P 1.0

r

3

0.060 L L L L

e b e b b b
C . o
2

1.30 132 134 1.36 1.38

BR(K — u v)/BR(t — uv)

1.40

No radiative corrections

BR(t — Kv)/BR(t = nv)

0.070 ———

o
o
2
3

0.066

0.064

o
=
K
R

0.060
1

-value
P 1.0

0.9
- 0.8
] 0.7
- 0.6
] 0.5
; 0.4
] 0.3
; 0.2

0.1

L 0.0

30

1.38 1.40

BR(K = u v)/BR(t = uv)

Radiative corrections

Radiative corrections needed in the global fit to get a decent fit

2
Xmin

= 58 (naive p-value 0.002%) — anin = 20 (naive p-value 49.3%)
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Kaon mixing
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€K

Two type of constraints in the global fit from kaons
@ tree-level decays
@ kaon mixing: ex

le| = keCeBx[Im[(Vis Vig)Plme S(xe) + 2Im[( Vs Vig Vis Vi) Inet S(Xo. Xe)
+Im((Ves Vig)?Imee S(xe)]

@ Inami-Lim Sy(xq = m2/m2,)
@ C. normalisation
@ . correcting factor (determination of Qg, higher order OPE)

lex|  (2.22840.011) x 1073 PDG
Bx 0.761540.0027 + 0.0137 [our average]
Nec 1.87+0+0.76 [Brod-Gorbahn]
Net 0.497 £ 0+ 0.047 [Brod-Gorbahn]
Nit 0.5765 + 0 £ 0.0065 [Nierste]

Ke 0.940 +£0.013 £0.023 [Buras, Guadagnoli, Isidori]
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€K

From time to time, issues with the compatibility of e, with the rest of
the fit, related to the fact that ex has a strong dependence on

@ By : role of theoretical uncertainties
@ |V,p|: inclusive, exclusive or average

1.0

EPS 15

-+ Gaussian
O Rfit
~— Experiment

@ Rfit versus Gaussian

0.8 —

06 [

p-value

0.4 —

02

treatment of theoretical
uncertainties

@ agreement of prediction
with experiment in both
cases

00 Lo
0.0010

0.0015 0.0020

&I

S. Descotes-Genon (LPT-Orsay)

0.0025 0.0030 0.0035
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| Vep| from semileptonic B decays

Two ways of getting |V |:
@ Inclusive : b — cfv + OPE for moments [HFAG, Gambino and Schwanda]
@ Exclusive : B — D(*){v + Form factors [J. A. Bailey et al., Fermilab-MILC]

\Vepline = 42.42+0.44+0.74
| VCb|eXC = 3899 + 049 +1.17 % - semilept. aver. = wo |V,

sssss --- excl.

incl.
§
!

‘ Vcb‘ave = 41 00 + 033 + 074 o.s;

with all values x10~3 [N ]
@ HFAG, with theory errors E FY A 1
added Iinearly D‘(?0;%6 ‘DTO‘:W DvO‘SS 00‘39 '0‘0‘40 (O‘D‘APIL LO‘D‘A‘Z‘\ 0.0‘43 004;4 DD‘AS Dl’MB

Al
@ systematics combined
using Educated Rfit

: . _ +0.4
Indirect det. from global fit: | Vip st = 43.0777, (4%)
CKMfitter MITP15-19/1/16 21



Exclusive versus inclusive for ex

-V, excl e Experiment -+ Vy incl e Experiment
EPS 15 V,, excl gauss EPS 15 V,, incl gauss
=3 V,, combined 3 V,, combined
Lo TR T T T 10 — T
08 |- f 08 |- 4
@ 06 ] o 06 4
] [ : ]
© B ©
z [ z
o 04 = o 04 —
[ A
02 - ; 4 02 | 4
00 L ‘ IS | oo L B B R 2 SIS
0.0010 0.0015 0.0020 0.0025 0.0030 0.0035 0.0010 0.0015 0.0020 0.0025 0.0030 0.0035
= ISI

| Vio| exclusive only | Vio| inclusive only

@ Exclusive slightly off compared to inclusive
@ But good agreement in all cases
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ex af NNLO

QCD short-distance corrections computed up to NNLO

(] T]tt: 05765 + 00065 — 05765 + 00065 [Buras, Jamin, Weisz]
(] 770f: 0.47 £0.04 — 0.496 £+ 0.047 [Brod, Gorbahn]
. ncc: (1 46 :t 600) [1 - 12 (12?%)] [1 + 52(0{5(’\/’2) - 01 18)] bl (SCC =~ 022
— 1 87 + 076 [Brod, Gorbahn]
g T LT
Y % n Y ?
0= % Ag&Am, 1o % Amg&.Am, |
Esin2ﬁ ] Esin2ﬁ :
0.5:7 Sty { Am, 7: 0.5; - 7 Am, 7:
= o.of : { - L f (= o.of : — - f
e\ T (» .\ 5
|o—% , § ;K ]* -1.05—% , A m:K :
1.0 0.5 0.0 ILS 1.0 15 20 -1.0 -0.5 0.0 07p§ 1.0 15 20
n at NLO (Rfit) n at NNLO (Rfit)

S. Descotes-Genon (LPT-Orsay) CKMfitter MITP15 - 19/1/16 23



The role of laftice inputs

@ Compare input and fit result (without including the inputs)

@ Fit results consistent, but not always competitive in accuracy, with
lattice results

| Input | Fit [input not included]

fx 1552+ 0.2+0.6 (0.4%) | 1565701  (0.3%)
fic /f 1.194 +£0.001 £0.003  (0.3%) | 1.191799% 4%
( )
( )

. (0.4%)
fK=7(0) | 0.9645 £+ 0.0015 £ 0.0045 (0.5%) | 0.9594799%%8  (0.3%)
By 0.762 4+ 0.003 £ 0.014 1.9% 0.707928  (24%)

Similarly for ., we have

| Input | Fit [input not included]
ke | 0.940 £0.013£0.023 (2.8%) | 0.87570%  (22%)
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K — mvp
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K — v

Imxe ,\> [ Rex Re\
BIK" - afublsy = k4 (14 Aem) {( ’;75 tx,) + < € (Ps+ 6Psu) + tX,) ]
0 — Im)\[ 2
B[KL - T VV]SM = kKL 6 Xt ), [Buras et al.; Brod, Gorbahn; Mescia, Smith]

@ isospin-breaking parameter . ; from semileptonic K decays
@ Ay electromagnetic correction,
@ X; top-quark contributions, P and § P, , light-quark contributions

@ E787+E949 »
EPS15 Bl CKM prediction for K* - vy EPS 15 @l CKM prediction for KLAT\"W

p-value
p-value

0.0 0.1 0.2 03 0.4 05
10x BR(K" - T¢Wv) 10" BR(K _-T€W9)

Br(K* — 7tvi) = (0.89799%) x 101° Br(K, — °vi) = (0.31759%) x 101°
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Prospective

@ NA62 : Br(K™ — wmvi) at 10% accuracy
@ KOTO : Phase 1 ~ 30 constraint on the branching ratio (SM),
Phase 2 stage with Br(K, — 7%v) at 10% accuracy

15 L L L o e o o o B
[ [excluded area has CL>095 | K TPVT (NAG2) 1
10 N
: (th. uncertainty) j : i
sl \ Phase 2 1 @ NAG62: in grey the role
L e KemwikoTol %1 played by theoretical
[ i /V, . .
e ool [ 3 meei— 1 uncertainties
i 1 @ KOTO : phases 1 and 2
05 N N indicated
o | .
[ % Prospective study on rare Kaons |
S S I = Y
Yo s 0.0 05 1.0 15 2.0
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More information

CKM -
[ (e I

CKME Tt

[Observable| _Centrai £ 10

o [osziroomes
RYTECH
22543 (70,0004

p2zsao000s [0z o000l |
fo.00054) 0.00087]

o150 v0020 0013 [o.150 (0057 -0019)

[bservable| _Gentraiz 1o

[en2a_Jo0ns1-005 ooril

i20 i3

5015 (-0069 01681 _|[001 (0.1 022)
)
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More on http://ckmfitter.in2p3.fr

J. Charles, Theory

0. Deschamps, LHCb
SDG, Theory

H. Lacker, ATLAS/BaBar
A. Menzel, ATLAS

S. Monteil, LHCb

V. Niess, LHCb

J. Ocariz, ATLAS/BaBar
J. Orloff, Theory

A. Perez, Babar

W. Qian, LHCb

V. Tisserand, BaBar/LHCb
K. Trabelsi, Belle/LHCb
P. Urquijo, Belle/Belle Il
L. Vale Silva, Theory
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Spares
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Rfit scheme

% : Treatment of systematics within the Rfit scheme

@ modify likelihood £ = exp(—x?/2) to get a x? with flat bottom
(syst) and parabolic walls (stat)

@ all values within range of syst treated on the same footing

X2

sl

6L

S. Descotes-Genon (LPT-Orsay) CKMfitter MITP15 - 19/1/16
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| Vup| from semileptonic B decays

Two ways of getting | V|
@ Inclusive : b — ufv + Operator Product Expansion [HFAG BLNP]
@ Exclusive : B — wfv + Form factors [J. A. Bailey et al., Fermilab-MILC]

|Vubline = 4.45+0.18 £0.31
| VUb|eXC = 372 :l: 009 :l: 022 % --- semilept. aver. — wlo ‘Vubl

sssss --- excl.
incl.
10 [ BRI § G T T T

\Viplave = 4.01+0.08+0.22

p-value

with all values x10—3

@ HFAG, with theory errors AV o
added Iinearly Dboo(;ZS 0.0‘030 O‘OV‘JS; = DD(‘)M;\L ‘\1‘302345 00(‘]56 0.0;355
v,
@ systematics combined
using Educated Rfit
- . _ +0.15
Indirect det. from global fit: | Vs = 3.577 14 (4%)
CKMfitter MITP15-19/1/16 31




| VUb|7 | VCb’

0.0060 T

0.0055

0.0050

[TITT[IrrrrrrT

0.0045

5,
.0040
>

00035 -y )

0.0030 [
EVaolVeol,

0.0025 [— Sk

00020 el v Ly 1
0.032 0.034 0.036 0038 0.040 0.042 0.044 0.046 0.048
(N
cb
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p— excluded area has CL > 0.95 |
T

I T

CKMfitter

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

@ Information on |V
from Br(B — 1v)

@ New LHCb result on
|Vub/ Vb from
[(As — puv)/
I(Ap — Acuv) at
high g?

[Detmold, Lehner and Meinel]

@ Global fit favours
exclusive |V p|s. but
inclusive |Vgp|sL
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From 2014 to 2015

p-value
0.0050 10
0.9
07 T T T T J 0.0045 |~ = 0.8
3 H Al B | F ]
25 ’ E 000 [~ + J Hos
05 / = 0
g %/ sl E -2
3 > (o B 3 05
04 23 i 3 > [ ]
1= i 3 0.0035 |— — 0.4
- a 3 r 1
03 € = 03
o = [ ]
02 - — 0.0030 — — 0.2
01 | = [ % 01
/ B 4 00025 Lovir L | | | | | | 00
00 & I J 050 055 060 065 070 075 080 085 090
0.4 0.2 00 02 04 06 08 10 sin 2
P

@ Increase in the average
used as input for |V p|s1

@ slight tension between
| Vub|s. and sin(2)
(1.5 o for 2D hyp)

@ reducing uncertainty on
CKM params (mostly 7)
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Consistency of the KM mechanism

07 T T T 3 07 T
g Amg & Am, . EE
os Amy et 3 o6 =3 v o
% E B
05 g — 05 Fig sy
g 3 Eg sin2p
H 3 Z§
o4 7 = 04 F 2
= Z 3 = E s &
03 4 03 [ « 3
02 E| 02 3
01 E| ry=n =i
¥ » E b E
L J ¢ ! =)
00 00
o. oz 00 oz 04 05 o8 1o . 0z 0 0z . 05 08 1o
P 3

CP-allowed only CP-violating only

07 T T - 07 T

£ .
< EE Amy& Am,
o5 () =g os =7 amy
i El E:
os Eg - 0s £¢ sin2f
o 7 3 04 2
= “ER % = EX
o E =
02 E = E
01 I o1 |- 3
B v » |
00 L 00 L =
h T o o o 5 o T 2 T o2 R o8 To
P P

Tree only Loop only
Validity of Kobayashi-Maskawa picture of CP violation
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