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The name of the game
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Why flavour ?

»CSM = ﬁgauge(Aaa Wj) + 'cHiggs(¢a Aa; Wj)
Gauge part Lgauge(Aa, V)
@ Highly symmetric (gauge symmetry, flavour symmetry)
@ Well-tested experimentally (electroweak precision tests)
@ Stable with respect to quantum corrections

Higgs part Lyjggs(), Aa, V))
@ Ad hoc potential
@ Dynamics not fully tested (more room for NP)
@ Not stable w.r.t quantum corrections
@ Origin of flavour structure of the Standard Model

Flavour structure: Quark masses and CKM matrix from
diagonalisation of Yukawa couplings after EWSB
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Quark flavours, SM and NP

v W Z
1 — —> Gauge

> Higgs

o — — } t —> Fermions
vieud u s cT b t

Important, unexplained hierarchy among 10 of 19 params of SM,, o
@ Mass (6 params, a lot of small ratios of scales)
@ CP violation (4 params, strong hierarchy between generations)

With interesting phenomenological consequences
@ Hierarchy of CP asymmetries according to generations
@ Quantum sensitivity (via loops) to large range of scales
@ GIM suppression of Flavour-Changing Neutral Currents
@ Potential to unravel patterns of deviations from NP
(in a time where direct searches have not succeeded)
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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
P e -
u nt\\.;)’ K=<V Bé; u . - .
o <5 -5
V=l =57 |p==0 5] cm [l -
s
_ w
¢ BB |BE—aB,| t - = [
N [ | 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 | V| vs form factor (OPE)
Tree B — DK vy B(b) — w(u)tv | Vub| vs form factor (OPE)
M — tv |Vup| vs fi (decay cst)
Loop | B— J/VKs ex (K mixing) (p,7) vs Bk (bag parameter)
B—ampp o« | Amy, Ams (By, Bs mixings) | VipVig| vs 15B5s (bag param)
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The inputs

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

data = weak ® QCD —>Need for hadronic inputs (mostly lattice)

Vil superallowed 3 decays
[ Vus| K3 (Flavianet)
K — v, 7 — Ku;
[Vus/ Vgl K—tv/m— v, — Kvr /T — Ttvr

€K PDG
| Vgl D — pv, D — wtv
| Ves| Ds — pv, Ds — tv, D — wlv
[Vipl inclusive and exclusive B semileptonic
[ Ves| inclusive and exclusive B semileptonic

B—rv (1.2440.22)-10~*

[Vub/Ven|  Ap semileptonic decays

Amy last WA By-B, mixing
Ams last WA Bs-Bs mixing
Jé] last WA J /K )
@ last WA 7o, pmr, pp
y last WA B — D(*) K(*)
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PRC79, 055502 (2009)

f,(0) = 0.9645 + 0.0015 + 0.0045

fx = 155.2+ 0.2 & 0.6 MeV

fi/fr = 1.1952 4+ 0.0007 + 0.0029

Bx = 0.7615 + 0.0027 + 0.0137
fp./fp = 1.175 £ 0.001 & 0.004, f2—7(0)
fp, = 248.2 4+ 0.3 + 1.9 MeV, fP—K(0)
|Vyp| - 10% = 4.01 +0.08 + 0.22

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

fg, = 224.0 + 1.0 + 2.0 MeV

integrals of A, form factors

Bg,/Bg, = 1.023 £0.013 £ 0.014

Bp, = 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,1...)to be determined
@ Omeas = 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

g0

£(@) =] cola)  x*@)=-2mL(q) =Y
@

(@]

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

AX?(q0) = x*(qo) — min X?(q)
assumed to obey x? law with N = dim(q) to yield Cls
@ Pull: comparison of y2. with and without one measurement
pPo = \/minq ngith meas(q) - minq ngithout meas(q)
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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

[More in Jérome Charles’ talk on Wednesday]
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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 1210 0.006 0.024
HPQCD/UKQCDO7  2+1  1.189  0.002  0.014
MILC10 2+1  1.197 0.002  *39%
BMW10 2+1  1.192 0.007 0.013
LVdW11 2+1  1.202  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 *39932
ETMC14 2+1+1  1.188 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 (N; = 3 FLAG). ..

@ Results for QCD decay constants (further corrections in BRs)

@ Used for decay constants, bag parameters, form factors. ..

@ Some assumptions on correlations for B, and Bg, /Bg, since
some collaborations quote only fzv/B
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Two decades of CKM

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

2009 2015
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Where we are now

S. Descotes-Genon (LPT-Orsay) CKMfitter MITP15 - 31/8/15 13



EPS-HEP 2015
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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
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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
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01 I o1 |- 3
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h T o o o 5 o T 2 T o2 R o8 To
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Tree only Loop only
Validity of Kobayashi-Maskawa picture of CP violation
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Pulls

Bi—un
L3

o
sin 2
£

Am,

Amy
B(B—w)
IV,
Veoliemep
B(D—>uv)
B(D,—~uv)
B(D,—~t v)
B(D—KIV)
B(D— alv)

semilep

Voot atice

B(r,)

Weghotaice

0.91
0.65
091
0.84
1.66
0.05
121
1.29
1.22
0.89
0.88
1.83
1.08
1.64
0.01
0.04
0.00
0.43
222
0.03
1.44
0.00
0.04

-

1 @ Pulls for various observables
(included in the fit or not)

@ For 1D, pull obs =

\/sznin; with obs X12nin; w/o obs
@ If Gaussian errors,
uncorrelated, random vars of
mean 0 and variance 1
@ Here correlations, and some
pulls = 0 due to the Rfit model

Pull (o)

0 0E T 5 T 55 5 ss  fOr syst

No indication of significant deviations from CKM picture

S. Descotes-Genon (LPT-Orsay)

CKMfitter MITP15 - 31/8/15 16



| 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 DOOO(;ZS 0.0‘030 O‘OV‘JS; = DYO(‘)M;\L ‘\V‘JOLJAS 00(‘]56 0.0;355
v,
@ systematics combined
using Educated Rfit
- . _ +0.15
Indirect det. from global fit: | Vs = 3.577 14 (4%)
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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%)
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@ 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
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/ B 4 00025 Lovir L | | | | | | 00
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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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‘ Vud| and | Vus‘

@ “Direct” (semi- and leptonic) vs
“indirect” (other sectors)

0280 [T @ (|Viugl, | Vus|): nuclear g +
_ ] leptonic K, = and T decays
E Direct (light green) -

ozzs o e | @ Same level of accuracy for exp
i ] and lattice inputs

g()_220 ; KiJ/m, and t->Kv/t->v —

= r Leptonic Semilep

[ ] | Vus| | Vus/ Vud| ‘ Vus|

0.215 C p decays b EXp 0.1% 0.1% 0.2%
: % Indirect : Lattlce 04% 030/0 0.50/0

oo Lo L 1y, ouedaeanasciooss ) @ | V4| from superallowed

0.950 0.955 0.960 0.965 0.970 0.975 0.980 0.985 0.990

decays is 10 times more
accurate. . .

v,
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‘ Vcd‘ and ‘ Vcs‘

L Indirect B physics
r Direct
0.95 — -
0.90 — =
— L
4 L
= I
0.85 — =
r Nucleon & Kaon
0.80 — =
[ eesis excluded area has CL > 0.95 | |
0.75 P S N N AT e A At
018 019 020 021 022 023 024 025 0.26
V.
cd
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@ “Direct” (semi- and leptonic) vs
“indirect” (other sectors)

® (|Veol,|Ves|): D — mlv,
D — K/tv, leptonic decays

@ Direct constraint mostly from
leptonic decays

Leptonic Semileptonic

[Vea|  |Ves|  [Veo| | Ves]

Exp 22% 21% 27% 1.0%
Lattice 0.8% 0.8% 7.8% 4.8%
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Hadronic inputs from lattice

@ Possibility to compare input and fit result (without including the
inputs)

@ Fit results consistent, but mostly not competitive om accuracy, with
lattice results

Input Fit [input not included]

f 1552+ 0.2+ 0.6 (0.4%) | 156.570%  (0.3%)
fi/f: | 1.194 £0.001 £0.003 (0.3%) | 1.191790%  (0.4%)
B« | 0.762+£0.003+0.014 (1.9%) | 0.70*32%  (24%)
fa, 2256+1.1+54  (24%) | 2259757  (2.9%)
fs,/fs, | 1.205+0.003 +0.006 (0.6%) | 1.242735%%  (2.3%)
Bg, | 1.320+0.016+0.030 (2.6%) | 1.31373%%%  (6.3%)
Bg,/Bg, | 1.023+0.013+0.014 (1.9%) | 1.12879%%  (5.4%)
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B triangle
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VsV,
® pp, + B, = VcsV

provides the Bs Unltarlty
Triangle (\*, )2, \2)

@ Information on Bg mixing
angle s from
Bs — J/¢¢

@ Not relevant for SM
determination of CKM

parameters
f1gs = —0. 01 897*0 00036

MITP15 - 31/8/15
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FCNC now and in the future
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@ AF =1 FCNC sensitive to

T pseudo/scalar contributions,
. . measured by LHCb and CMS
ow " @ Theoretical progress
_ @ Inclusion of Bs mixing in
ST 7T | B experimental time-integrated rate
]/ RG] (Br(Bs — pu)) ~ 1.1Bri_g
T obl | O\ e NLO QCD + LO EW — NNLO
s R QCD + NLO EW
‘Ln “ \‘ : “ 1d.,. [Fleischer et al., Bobeth et al.]
500 ;) 1 B> @ SM (and MFV) correlation between
DN g e K. Br(By — pp) and Br(Bs — ppu),
AN N T / 1 8,, driven by Amy/Amg:

0 1 3

Bzr(Bsﬁuu) [410'9] ) ) Br(Bd — /,(,/,[,)t:o/Br(Bs — /’LM)T:O
- 00298 0%
@ Further test of pseudo/scalar operators provided by
Br(By — 77)1—0 x 108 =2.05701%  Br(Bs — 77)1—0 x 107 = 6.98793%
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AF=1. K — mvv

@ K — mvw rare decays

15 11— Very clean probes of Z
T Korwee) T penguins and boxes
O | 1 @ Br(K* — ntvp) =
: T ez | (0.8879:9%) % 10710 and
o5 P— o) ] Br(K, — 7TOV,j) —
e 00| B e (0.311002) 1010
i j 1 @ NA62 and KOTO
05 N —  expected to provide
E 1 measurements at 10%
T e _— 1 accuracy for charged
o Ty e 1 and neutral modes
e s 0.0 1.0 15 2.0 respectively

0.5
p
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AF = 2: observables

Neutral-meson mixing described by

|Bq(1)) |Bq(1))
M9 — ,rq q
a8y )= (07 =2) (i )
@ Non-hermitian Hamiltonian (only 2 states) but M and I hermitian
@ Mixing due to non-diagonal terms My, — il'J, /2

—Diagonalisation: physical |B}, ) = p|Bq) ¥ q|By)
of masses M}, , widths '}, ,

In terms of M{, and I'{,
@ Mass difference Amg = Mﬁ, _ Mﬁ
@ Width difference Al'y = rq _ rq

@ Semileptonic asymmetry aZ, = E

@ Mixing phase in time-dep analysis

(By(t)—LtvX)—T(Bg(t)—L~ v X)
Bq(t)— £+ v X)+T (Bg(t)—£—vX)

Accessible for By and Bs at Babar, Belle, CDF, DG, LHCb. ..
CKMfitter MITP15-31/8/15 28



AF = 2: New Physics potential

uct s b s

Eff. Hamiltonian %"
integrating out _
heavy W, Z. t . S

@ My, dominated by (virtual) top boxes

(invoIves Q= E’L'YubLaL'YubL)
[affected by NP, e.g., if heavy new particles in the box]

@ > dominated by tree decays into (real) charm states
(involves Q and Qs = g¢'bAa; b)

[affected by NP if changes in (constrained) tree-level decays]

Model-independent parametrisation assuming NP affects My, only

LA o
M‘IqQ = (M‘?Z)SM X Aq Aq = |Aq|e’¢q — (1 4 hquI q)

affects Amg (< |Aql), @, (< Ag), ATq and g, (< ¢5)

Can use Amy, Amg, 3, ¢s, agL, ag, , Al's to constrain Ay and Ag
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AF = 2: By mixing

[Constraints @ 68% CL]
@ Dominant constraint
from 5 and Amy

@ Good agreement with
other constraints (a,
d,s
ag;)
@ Compatible with SM
@ Still room for NP in Ay

Re A,

Ag=0.94"018 /. (-01170 1)  2DSMhyp. (Ag=1+i-0):09¢
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AF = 2; Bs mixing

[Constraints @ 68% CL]
@ Dominant constraints from
Amg and ¢g
@ ¢ favours SM situation

@ Ag;, combining a%, and
ag,, measured by D@ not
included

@ still room for NP in Ag
As =1.05T31% +i-(-0.03752)
2DSMhyp (As=1+i-0): 03¢0

Ly
| ['excluded area has CL > 0.68

AT, &T55 &1 (K'K) & ‘ES(J/I]JfO)

Im A

mmmmm

Re A
Bounds/prospects for New Physics in future
@ Stage I: 7fb~! LHCb data + 5ab~" Belle II
@ Stage Il: 50fb~" LHCb data + 50 ab~" Belle Il
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AF = 2:; Inputs for prospective

2003 2013 Stage | Stage Il
[Vid] 0.9738 £ 0.0004 0.97425 £ 0 £ 0.00022 id id
[Vis| (Kea) 0.2228 + 0.0039 + 0.0018  0.2258 - 0.0008 4 0.0010  0.22494 + 0.0006 id
lex| (2.282 £ 0.017) x 1072 (2.228 + 0.011) x 103 id id
Amg [ps~ ] 0.502 + 0.006 0.507 = 0.004 id id
Amg [ps— "] > 14.5[95% CL] 17.768 + 0.024 id id
[Vep| x 10° 41.6 +0.58 + 0.8 41.15 4 0.33 + 0.59 423+ 0.4 42.3+0.3
[Vypl| x 10° 3.90 4 0.08 + 0.68 3.75 4+ 0.14 £ 0.26 3.56 + 0.10 3.56 + 0.08
sin28 0.726 £ 0.037 0.679 £ 0.020 0.679 £ 0.016 0.679 £ 0.008
a (mod ) — (85.4140)° (91.5 £ 2)° (91.5 £ 1)°
~ (mod =) - (68.0180)° (67.1 & 4)° (67.1 £ 1)°
Bs — —0.005 + 0.035 0.0178 £ 0.012  0.0178 + 0.004
B(B — Tv) x 10* — 1.15+£0.23 0.83 + 0.10 0.83 4 0.05
B(B — pv) x 107 — — 3.740.9 3.740.2
Ag x 10t 10 £ 140 23 + 26 -7+15 —7+£10
Ay x 10 — —22£52 0.3+6.0 0.3+2.0
e T2f0£02 7.286 £ 0.013 £ 0.040 7.286 £ 0.020 7.286 £ 0.010
g 167.0 £ 5.0 165.8 + 0.54 + 0.72 id id
as(mz) 0.1172 4 0 =+ 0.0020 0.1184 + 0 + 0.0007 id id
By 0.86 4 0.06 + 0.14 0.7615 + 0.0026 + 0.0137 0.774 + 0.007 0.774 + 0.004
fg, [GeV] 0.217 £ 0.012 4 0.011 0.2256 + 0.0012 + 0.0054 0.232 + 0.002 0.232 4 0.001
B, 1.37 + 0.14 1.326 + 0.016 + 0.040 1.214 + 0.060 1.214 +0.010
a5 /T, 1.21 4 0.05 + 0.01 1.198 £ 0.008 + 0.025 1.205 + 0.010 1.205 = 0.005
Bg, /Bg, 1.00 + 0.02 1.036 + 0.013 + 0.023 1.055 + 0.010 1.055 + 0.005
BBS/éBd — 1.01 4 0 + 0.03 1.03 £ 0.02 id
Bg — 0.91 £ 0.03 £ 0.12 0.87 - 0.06 id
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AF = 2; bounds on energy scale
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Outlook

Flavour physics
@ Connection between Higgs and fermion sectors
@ Potential to unravel NP patterns in absence of direct production
@ Analysis of flavour processes crucial

Determination of CKM matrix
@ Mature field, with lattice accuracy often compteing with exp
@ No significant deviations in the global fit
@ Other processes to include ?
@ |Vip| and [Voy| ?

Study of FCNC and NP
@ AF=1:Bs — uu, K — wvo
@ AF = 2: bounds for NP in mixing
@ Prospectives for new processes studied/better inputs from lattice ?
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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)
)

S. Descotes-Genon (LI

More on http://ckmfitter.in2p3.fr
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