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FCCC.: flavour-changing charged currents

Electroweak symmetry breaking
@ Yukawa interactions not necessarily diagonal in flavour space
@ Difference between interaction and mass eigenstate bases
Charged currents at tree level in SM
@ diagonal in quark flavour space in interaction basis
@ but mixing among generations in mass basis

" W \g@ [0, Vi d] Wi+ Viytul W, ]
d unitary Cabibbo-Kobayashi-Maskawa matrix

(linked to electroweak symmetry breaking)

@ Conjugate CKM matrix for CP-conjugate transitions
@ CP-violation in quark sector if CKM matrix contains imaginary part
@ Depends on the number of physical parameters of the matrix
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CKM matrix and CP violation

For two generations, 1 modulus, no
phase, no CP violation (Cabbibo)

V— Ve Vs _ cosf sind
Vea  Ves —sing cosf

For three generations, 3 moduli and 1 phase,
a unique source of CP violation in quark sector (Kobayashi-Maskawa)
Ve Vus Vo - X A A5 — i)
V=| Vg Ves Voo | = A _ AN + 0\
AXY(

2
Ve Vi Vo 1—p—if) —AN 1

Wolfenstein params exploiting observed hierarchy of matrix elements
=—>extremely predictive model for CP violation embedded in SM
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SM unitarity friangles

Many unitarity relations, e.g., related to 4 neutral mesons (no top)

@ Bymeson (bd) 1 VgV, + Ve Vi, + VigVi, =0 (A3,03,03)
@ B meson (bs) : Vs Viip + Ves Vi + Vis Vi =0 (A*,)02,)2)
@ K meson (sd) : Vg Viis + Vog Vis + VigVis =0 (A0, N0
@ D meson (cu) : ViaViy + VusVis + Vip Vi, =0 (AN, N9)

Representation of CKM parameters through rescaled triangles

(8]

Via Vi
Vea Vi

B 0
0.0) (L0 0,00 1,00

(small but non squashed) (large but squashed)
Bp-meson triangle (bd) D-meson triangle (cu)

* * * *
Vua Vip n Via Vi, t1-0 Vid Va n Vb Ve
Ved Vi Vea VY, VusVes Vs Vis
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“The” unitarity triangle

In practice, rescaled By unitarity triangle often used as representation

@.1)

‘/ud ‘/u[;
*
‘/L'(/ ‘/L'h

(0.0) (1.0)

@ good representation of CP-violation (small but non-squashed)
@ CKM matrix elements involved in interpretation of B decays
@ apex yields two of the four Wolfenstein parameters

)\2 _ ‘VUS‘Z A2)\4 _ |VCb‘2

_ N Yusl _ 1 Ycbl VudV:b
‘Vud‘2+|vus|2 ’ |Vud|2+|\/us|2 ’

pri = =
VCd Vcb

defined in a convention-independent manner
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A handle on the CKM matrix

Measurements in terms of hadrons, not of quarks !

s d - s = b [7\ d s b
e 4
P o s
u ne= %, Ke==! BQ;T/ u m .
- - A
V = c D‘-___\éﬂ_v DZ&LI? Blég c B . ™
_ _ w
¢ BB B | B, = B,| '™ t - B
- b _J

@ d — u: Nuclear physics (superallowed g decays)

@ s — u: Kaon physics (KLOE, KTeV, NA62)

@ c — d, s: Charm physics (CLEO-c, Babar, Belle, BESIII)

@ b— u,cand t — d, s: B physics (Babar, Belle, CDF, DG, LHCDb)
@ t — b: Top physics (CDF/DY, ATLAS, CMS)

How to determine the structure of CKM matrix ?
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| V| from AF =1
+
A
| P |
\J

Ee]

@ Leptonic, with f, decay constant

GZmym? m
FTMZ (1 _ m;) |Vawag 2 Tomm(1 + o?)
M

@ Semileptonic, with 2 form factors f, and fo

B[M — EVg]SM =

dr(M — Pty)  G2|Vyyq,l? (@ — M)

dg? 2473 q* m,%,

m? 3m?
[(1 + 5) (BB — ) 1. () -+ g (ks — mR)P ()

@ Hadronic quantities, determined from lattice QCD simulations

(01quyuv59aIM) o< fy  (PlQuvuQalM) o £y, fo
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A few decays of interest

s d s b N
Ae; 4_4 Z:
L o K i_\\‘;rj B = 7?
IS I I
V=|° p=57 |p==7|p==]
t B(IMEO BSME‘S t\\<‘\/V
- b _J
Leptonic Semileptonic Others
Vgl 7= tve,7 = mv, 7t — 1%etve  nuclear 3 decays, n lifetime
[Vus| K — lvg, 7 — Ky K — mlv inclusive T decays
| Ved| Dt — fy, D — 7wty u production by v beams
| Vis| Ds — vy D — Kly, W — cs
[ Vil B— v B — iy, B — Xyl (incl)
[Vep] (Bs — Tv7) B — D(*)tv B — Xty (incl)
t— Wb

Vel - -

@ No direct handle on Vi, Vis through tree processes
@ Some processes not competitive theo/exp accuracy
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arg(Vj) from CP-asymmetries
Take processes conjugate under CP

b—u : AB’ =t ) o Vyp x Fa,r

b—u : AB = atv)oc Vi x Fp.,

where Fz_,. form factor encoding hadronisation of quarks into hadrons

General feature : flavour processes with
@ weak part : odd under CP (phase from CKM)
@ strong part : even under CP (phase from strong interaction)

@ |Vj| via CP-conserving quantity (|A[%)
from rates where hadronic quantities are crucial

@ arg Vj; via CP-violating quantity (Re(A1A3), Im(A1A3))
from asymmetries where hadronic quantities may cancel out
—CP-viol. from relative phases between conjugate proc.
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CKM elements from AF =2
b uot ’ Loops allow AF =2 FCNC

_ : —>neutral-meson mixing
2 ,d<|/\_/I(t))):(M_ir>(]M(t)>)

d uct b ’a |M( t)>

Sébastien Descotes-Genon (LPT-Orsay) CKM beyond B-triangle WHEPP XVI, 7/12/19 10



CKM elements from AF =2
b ot ’ Loops allow AF =2 FCNC

_ : —>neutral-meson mixing
S )

Diagonalisation: physical My ;) of masses My ;, widths 'y,
ML) = pIM) +qlM),  [My) =pIM) —qlM)  |pP +[q* =1

Sébastien Descotes-Genon (LPT-Orsay) CKM beyond B-triangle WHEPP XVI, 7/12/19 10



CKM elements from AF =2
b ot ’ Loops allow AF =2 FCNC

_ : —>neutral-meson mixing
iy )= (=20 (i) )

Diagonalisation: physical My ;) of masses My ;, widths 'y,
ML) = pIM) +qlM),  [My) =pIM) —qlM)  |pP +[q* =1

For By and Bs dominated by top boxes

g'm o (Bl (B, 1B +

Anp—2 x (Vj vtq)216 o

@ mass difference Amyg through hadronic contrib (Bg|(b.v,.01)?|By)
(bag parameter Bg,)

@ mixing involve single weak phase: q/p = exp[iarg[(V}; Vig)?]

@ similar but more complicated for K (charm and top)
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A few modes of interest

Exp. uncertainties \ (Controlled) th. uncertainties

B—rmpp B(b) — D(c)fv | V| vs form factor (OPE)

B — DK vy B(b) — m(u)lv  |V| vs form factor (OPE)
M — tu(v) |Vup| vs fi (decay cst)

B—-J/VKs 8B €K (p,77) vs Bk (bag parameter)

Bs = J/V¢  Bs ByBy, BsBs mix | VipVig| vs 15B5 (bag param)

@ braching ratios of leptonic/semileptonic decays (moduli)
@ CP-asymmetries (angles of unitarity triangles(s))
@ neutral-meson mixing (product of CKM matrix elements)
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Inputs for Summer 19 global fit

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

data = weak @ QCD

| Vud|
[Vus]

[Vus/ Vial
€K
‘Vcd|
[ Ves|
‘ Vub|
|Vcb|
B—r1v

| Vub/ Vcb ‘
Amy
Amg

B

07
'Y
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superallowed 8 decays

K3 PDG

K — ¢v, 7 — Kv, PDG

K—=tv/nm — v,m — Kvr [T — vr
PDG

D— pv,D— v, D — wlv

Ds — pv, Ds — tv, D — Klv
inclusive and exclusive B semileptonic
inclusive and exclusive B semileptonic
(1.09+£0.24) - 10~

NAp semileptonic decays
last WA By-B, mixing
last WA Bs-Bs mixing
last WA (ct) K(*)

last WA 7o, pmr, pp

last WA B — D(*)K(*)

CKM beyond B-triangle

—Need for hadronic inputs (mostly lattice)

Towner and Hardy
f+(0) = 0.9681 + 0.0014 + 0.0022
fx = 155.6 £ 0.2 + 0.6 MeV
fx/fr = 1.1973 £+ 0.0008 + 0.0014
Bk = 0.7567 + 0.0021 + 0.0123
fp./fp = 1.175 £ 0.001 & 0.004, 27 (0)
fp, = 249.2 £ 0.3 + 0.7 MeV, fP=K(0)
|Vip| - 103 = 3.91 £ 0.08 = 0.21
|Vep| - 108 =411 £03+£05
fss /T, = 1.205 £ 0.003 £ 0.006
fg, = 228.8 £ 0.7 £ 1.9 MeV
integrals of A, form factors
BBS/BBd =1.007 £0.013 £0.014
Bg, = 1.327 £0.016 + 0.030
no penguin pollution
isospin
GLW/ADS/GGSZ
as well as inputs on m;, me, as(Mz)
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The current status of CKM

1.5\\\\‘\\\\‘\\\\0‘\\\\\\\\\\\\

[” | excluded area has CL > 0.95 }% N
i Y 1 [Vuals [Vusl, [Veol, | Vsl st
1.0~ 3 -
L 3 AM, & Am ]
- d s 1 B—1v,| Vub‘/\b
05 A -
B My ] Amg, Amg, ex
= o0o0f == i )
r 1 a, sin2f, v
L o J
05 - -
- L A=0.82310011
1.0~ v K 9 _ +0.00025
: i sol. w/cos 2B < 0 : )\ - 0‘22484;0000100006
I Summer 19 (excl. atCL > 0.95) — - ___ .
.1_5 L I I | ‘ I I ‘ | ‘ | ) ‘ | '} ] p - 0.1 57 78'888
1.0 -0.5 0.0 05 1.0 15 20 i = 0.350 1‘0:007
P (68% CL)
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Two decades of CKM

2006 2009 2015
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Consistency of the KM mechanism

&

ol

CP-violating only

i
wf E
E [ B e
s T T e e [ T B T Y TR ¥ C— o
P P
Tree only Loop only

Validity of Kobayashi-Maskawa picture of CP violation
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Pulls

@ Pulls for various

s gy observables (included in

@ 0.9 : .

v i the fit or not)

sin2p 0 %

w08 |1 @ For 1D, pull obs =

am, 17 2 _ 2

] Xmin; with obs — Xmin; w/o obs

st 13 @ If Gaussian errors,

353“)’) ¥ uncorrelated, random vars
= 1.5 .

Fv‘fjr‘ ™o of mean 0 and variance 1

Vol 04 ,

80 5 @ Here correlations, and

B(K) 1.

) 13 some pulls = 0 due to the

Rfit model for syst

No significant deviations from CKM picture
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Other friangles: (tu), (tc)

15 [T T T T T T 010 [ o T
| [excluded area has CL > 0.95 ] |- [ excluded area has CL > 0.95 SK 4
1ol Amy & Amg ¥ B E ]
- SK 4 L 4
L ] 0.05 — sin.2B =
05 [ i [ ]
r o ‘Vub‘ ] L ol AMs B
. L o] e, | { X N
= 00 . =" 0.00 %
E S, E r \VM o 1
o5 o 3 [ i
L Am 4
L d ) ] 0.05 — Am, & Am W
1ol % sin2p 4 r Y % ]
F I pr g‘? ] r % & ION
[ semmerts v ] | “Simmerts o
s Do Lo AREERGE 7 S R IRRA
40 05 00 05 10 15 20 -0.15 -0.10 -0.05 -0.00 0.05
P P

- P VgV — f VgV

+ I — ud _'_ I — cd

Ptu Ntu Vis Vi, Ptc Ntc Vis V2

(A3, 23, 23) (X422, 02)
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Ofher triangles: Bs

010 I —— T
L% ¢ | excluded area has CL > 0.95 | |
2 K :
F & . R
) :
L Q : 4
0.05 = Amg&am, | 7
£ AMy o o 4
3 L il
= 0.00 L éé ]
-0.05 — B —
r Y o sin 2B 4
. A SK ‘ -
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CKM beyond B-triangle

VeV
® pp, + 1IN, = — VCS\/Z*b

provides the Bs Unitarity
Triangle (\*, )2, \?)

@ Information on Bs mixing
angle g from
Bs — J/v¢

@ Not relevant for SM
determination of CKM
parameters, but
interesting test of NP

0.00034
= —0.00840 ;8'8883?
—0.01863 "y 00039

ﬁBs
NBs =
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CKM and Bs meson

HFLAV
P0G 20

19
68% CL contours
(Alog £ =1.15)

ATLAS 19.2 fb~!

04 02 0.0 02 04
6% [rad]

@ B mixing angle ¢s

@ measured through CP-asymmetry in Bs — J/v¢

e potentially affected by penguin pollution (different CKM structure)

e estimated as small, in principle constrained through SU(3)

symmetry (Bs — J/pr, Bs — J/’(pK* . ) [Fleischer et al, Jung, Nierste]

@ Alg

o Challenging computation through Operator Product Expansion

@ Additional matrix elements compared to Am; (lattice QCD)

@ Several contributions at LO + 1/mb corrections  [Buras, Beneke, Nierste, Lenz]
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Ofther triangles: D

0.003 [

0.002 |~ sin 28 %a —
r - Amg ] . Vb VR
oom [ ) E ® ap =arg (‘ ViV, ) =
- ?7’\ ] Vb V*d
‘s__:’%.ooo: ) . arg <_ Vo ngd =7
[ & ]
[ \Vubw o ] VgV 4
- e p—arg () = O
-0.002 d Amy & Amy E Vs V&
r v ] o =ar (—70*5) =
- ! ! ! LKA oo i Yo Voo 4
OO eer 09w 0998 ‘1‘7.002)‘ oot 00z 1008 T—ap—7Yp=7"+7+ O()\ )
pCU
_ o VgV
Pecu + Meu = — Ves Vi
(A, A, N9)
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CKM and D and Ds mesons

Measurements difficult to interpret
@ CP-violation in D decays
@ DD mixing
because of
@ long-distance contributions from soft gluons/hadronic physics

@ non-local matrix elements (DD mixing) or meson rescattering
(D — 7m, KK)

@ size of mg = O(Aqep) and CKM hierarchy (light quarks favoured)
@ so difficult to separate scales (no expansion for EFT...)

Measurements easy to interpret
@ vN scattering and W — cs decay
@ Leptonic and semileptonic decays
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Direct non-laftice constraints on |Vq| and | V|

@ |V,y|: deep-inelastic scattering of v, & on nucleons
dBo(vN — ptu=X)  d?o(v,N — cX)
dédydx N déay

Dc%hadron(z)BC(C — M+X)

D hadronisation of ¢, B; weighted average of
cross-sections of charm mesons

dQO'Lo(VMN — CX)

2 2

vN vs vN: s cancel and |Vy| up to modelling of d parton distribution
@ |Vis|: charmed-tagged W decays W — cs

[Veg| = 0.230 +0.011 o(|Veal)/ | Vea| = 5%
|Ves| = 0.947038 +0.13 o (| Ves|)/ | Ves| = 34% (1)
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Direct (non-lattice) vs indirect measurements

B 0L o o B
vl o ] @ K and nucleon: not so
i B physics ] constraining Vg ~ Vs
. 0s6 - Direct ] and VC ~ Vs Only at
. ] first non trivial order in A
094 - 8 (need b-sector to fix the
i ] higher orders)
0.92 — Nucleon & Kaon *
e ]
Ly Soueeeapes 0y 0%, ]
0.90.19 0.20 0.21 0.22 0.23 0.24 0.25 0.26
v
cd
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Direct (non-lattice) vs indirect measurements

B 0L o o B
vl o ] @ K and nucleon: not so

i B physics ] constraining Vg ~ Vs
0s6 - Direct ] and VC ~ Vs Only at

S8 0 ] first non trivial order in A

094 - 8 (need b-sector to fix the

I ] higher orders)
0.92 — Nucleon & Kaon *

" oy ] @ B alone: rather
oso Liieulin oL,y | ociedareaasCLa0S5 || constraining

0.19 0.20 0.21 0.22V 0|.23 0.24 0.25 0.26
cd
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Direct (non-lattice) vs indirect measurements

B 0L o o B
vl o ] @ K and nucleon: not so

i B physics ] constraining Vg ~ Vs
0s6 - Direct ] and VC ~ Vs Only at

S8 0 ] first non trivial order in A

094 - 8 (need b-sector to fix the

I ] higher orders)
0.92 — Nucleon & Kaon *

" oy ] @ B alone: rather
oso Liieulin oL,y | ociedareaasCLa0S5 || constraining

0.19 0.20 0.21 0.22V 0|.23 0.24 0.25 0.26
cd

@ Indirect (combination of the two above): already quite well
determined
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Direct (non-lattice) vs indirect measurements

0 o e e
vl o ] @ K and nucleon: not so
i B physics ] constraining Vg ~ Vs
wssl it ] and V.4 ~ Vys only at
S8 0 ] first non trivial order in
eml . (need b-sector to fix the
i ] higher orders)
0.92 — Nucleon & Kaon *
| rozem ] @ B alone: rather
I vt vl constraining

0.90
019 020 0.21 022 023 024 025 0.26

cd

@ Indirect (combination of the two above): already quite well
determined

@ Direct (no lattice inputs): poorly known
(ellipse deformed by | Veg|? 4 | Ves|? < 1)
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Leptonic and semileptonic decays

Leptonic Semileptonic

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

Exp 1.5% 25% 1.2% 0.4%
Lattice 0.3% 0.4% 35% 2.0%

NB: no rad corr included

L e O B B T o e o o e o e O LIS B e
0.98 — Indirect — 0.98 — Indirect —
S B physics B L W physics B
0.96 — Direct 7 0.96 — Direct I
—n L 1 —n L 4
o L B S L 4
E 1 = | i
0.94 — 1 0.94 — I
0.92 — Nucleon & Kaon T 0.92 — Nucleon & Kaon =
[ [Summerto excluded area has CL>0.95 | 4 k excluded area has CL>0.95 | 4
o bev e b b P B Ty P J T O A
019 020 021 022 023 024 025 026 7019 020 021 022 023 024 025 026
\' v
v | ol
D— 7v,D— uv D — wtv
Ds — v, Dg — uv D — Kiv
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Altogether

L e e
0.98 — Indirect —
L thysics 4
0.96 — Direct —
—n L 4
o L 4
> ]
0.94 — —
0.92 — Nucleon & Kaon =
[ Summerts excluded area has CL> 0.95 |

g0 b b b b B e L

0.19 0.20 0.21 0.22 0.23 0.24 0.25 0.26

v

@ Direct: | Vg = 0.2219133932, | Ves| = 0.9747 755012
@ Indirect: |Vqq| = 0.2247 T5.0093, |Vys| = 0.97850:0952
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The importance of being a ratio

[Ves|

Forbidden by unitarity

@ Unitarity powerful 1D constraint
|Vcd|2 + |Vcs|2 =1- ’Vcb"?
[even if discrepancy between incl.
and excl. determination of | V]

Ratio of

|Vcd|
D.JD decays @ orthogonal constraint from Vo

VI D —tv) T(D— mev)
ca + Y
e | [(Ds — (v)' T(D — Kev)

@ reduced systematics reduced both exp and theo
fo./fp U-spin breaking, F7(0)/FX(0)...
@ vector modes ? for instance, take ratio of D — w¢v with
Ds — ¢lv, very narrow ss state, good control on lattice
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Ofher triangles: K

0.003 [ e e
: excluded area has CL > 0.95
0.002 - % Amy & Am ¥ 4
o f %
r %
0.001 — Vol
[ o gy ]
%ooo L ‘ ]
Sl j ]
L o=
-0.001 |~ i
r Amy q
r sin 2B
-0.002 i
PP TR D
0.997 0998 0999 1000 1.001 1.002  1.003
pds
— . Vg Vi
+ / — — u lis
Pds Nds Vog Vis
(A, \0)
) 9

Sébastien Descotes-Genon (LPT-Orsay)

Measurements difficult to exploit

Amg: large long-distance
contribution

¢’ /e: measurement of direct
CP-violation in K — =,
several different
long-distance contributions
cancelling partially, some
lattice estimates hinting at
deviation from SM. ..

... but difficulties to get =7
strong phases

[RBC/UKQCD, Buras et al, Pich et al.]
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Ofher triangles: K

0.003
0.002 f— EK%% Amy & Amg v é
0.001 f— A c {Vub\é .
i 1 Measurements easy to exploit
. =] .
i : ] @ Leptonic decays
C o ]
o001 i, . @ Semileptonic decays
E sin 23 =
o002 ] @ KK mixing from e
o | g rom ek
Y N N M S A A
0.997 0.998 0.999 1.000 1.001 1.002 1.003
§ds
- . Vg Vi
Pds + 1Mds = — VZZ Vgi
(A0, N0
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‘ Vud| and | Vus‘

0.230 [T T T T T T T T T T T

0.225 All (yellow) —

=
&

3
=.70.220 [~ K/, and e->Kv/e->mv _

0.215 B decays -

Indirect

10
s

excluded area has CL>0.95 |
oLl b b T T T

0.2
0.950 0.955 0.960 0.965 0.970 0.975 0.980 0.985 0.990

udl

Sébastien Descotes-Genon (LPT-Orsay)

CKM beyond B-triangle

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

@ (| Viugl, | Vus|): nuclear g +
leptonic K, = and 7 decays

@ Same level of accuracy for exp
and lattice inputs

Leptonic Semilep
[Vus| | Vus/ Vi | Vus|
Exp 01%  0.1% 0.2%
Lattice 0.4% 0.1% 0.3%

@ |V,q| from superallowed 5
decays is 10 times more
accurate. ..
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Current controversies on | V4|

| Vud | [Towner, Hardy]
@ From superallowed 0" — 01 nuclear decays
@ 15 different transitions considered
@ Only vector current of weak interaction concerned

@ Good control of radiative and isospin symmetry breaking
corrections (claimed to be 0.05 to 0.10%)

Recent re-estimation of the radative corrections

@ Towner and Hardy: | Vgl = 0.97418 + 0.00021
@ Gorchtein and Ramsey-Musolf: |Vug|l = 0.97371 + 0.00033
@ Czarnecki et al: | Vgl = 0.97390 + 0.00035
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Unitarity of the 1st row and global fit

@ Towner and Hardy: | V,g|? + | Vus|2 + | Vip[2 — 1 = —0.0008213:33084
@ Gorchtein and Ramsey-Musolf:

[Vial® + [Vus|® + [ Vip|® — 1 = ~0.0019870:005)
@ Czarneckietal:  [Vyqg[? +|Visl? + | Vip[? — 1 = —0.001621 33072

Lo e L L L B B I (U e L R B L R L
0.225 Al (yellow) — 4

0.225 — Al (yellow) —
r Ke E Ky 1

) 1
>:’O.220 |- K/m, and t->Kv/t->mv |

- L
>:’o.zzo E K/, and t->Kv/t->nv

0.215 [~ B decays — 0.215 B p decays 7
S Indirect = Indirect
[ e excluded area has CL>0.95 | | [ Summeris exc\uded area has CL>095 4
0210 Lo Lo b b D e d e PP S I IO OO s e Ao o
0950 0.955 0.960 0.965 0.970 0.975 0.980 0.985 0.990 210950 0955 0960 0.965 0970 0975 ogao ogas 0.990
u vV,
Gorchtein, Ramsey-Musolf Czarnecki et al
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Other sources of information on | V4|

[Towner]

o800r [v,, =0.97418 + 0.00021] ]
Vud
9750 = . ‘ } I -
.9700 1 1 L 1
nuclear neutron nuclear pion
0+ 0t mirrors

@ neutron lifetime (V, A): discrepancy between the various methods
of measurements

@ nuclear mirror transitions (V, A): 5-decay transitions between
isobaric analogue states within an isospin double (same spin and
parity), dominated by experimental uncertainties

@ 7t — 10eTu, (V): not accurate enough, dominated by
experimental uncertainties
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K — ev, K — uv, 7 — Kv and rad corr

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

B = By xshort — 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.]
B(K — tv) = GEVesl® 2 . e (1 _m"?>2<1 +2%10 MZ)
gr KT T e =9,

(1 S Fmgme) 1+ O )

2 2
B(r — Kv,) = GFJ(‘:“S' f2mycm? <1 _mK> <1 +29|og MZ>
s ™

(1+ 2 Glme/m.)) (1 + Ola, mg — m))

T

NB: First estimates of radiative corrections from lattice QCD (K¢v /x/lv)
in very good agreement with these estimates [D. Giusti et al]
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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 !

0.650 | E— — T T p:value 0.650 I —— T T p:valueLO
F ] 0.9 0.9
0.645 £ 3 0.645 £ 3
r 1 [Hos 5 1 fHos
F ] 0.7 F ] 0.7
Ty 0.640 - - Ty 0.640 - -
2 F i 0.6 = r 1 0.6
T oesp + 4 0.5 T ooesp /+ 4 05
X C ] X L ]
& C / ] 0.4 ¥ r 1 0.4
0 0630 — 0 0630 [ —
r 1 Fjos 5 1 Bjos
E ] 0.2 E ] 0.2
0.625 g - 0.625 I =
e 1 Bo: - I 1 Bo:
0620 Ly 0.0 0620 L v ] 0.0
1.50 155 1.60 1.65 170 1.50 155 1.60 1.65 170
BR(K — ev,) 10° BR(K — ev,) 10°
No radiative corrections Radiative corrections

NB: No such corrections available (yet) for semileptonic decays
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€K

@ Measurement of indirect CP-violation in K — 7w decays
@ Comparing 77~ and 7970
@ |ex| = (2.2284+0.011) x 1073

lex| = KeCeBK[Im[( Vis ;1)2]77”3()(1) + 2Im[(Ves Vg Vis Vig)Imet S(Xe, Xt)
+Im{(Ves Vig)Inee S(xe)]

@ Inami-Lim Sy(xq = m2/m2,)

@ C. normalisation
@ k. correcting factor for some basic hypotheses of the computation
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ex af NNLO

QCD short-distance corrections computed up to NNLO
@ Unitarity used to eliminate one CKM structure

@ Known for quite a while for ft, ct, cc, but bad convergence of
perturbative series for Tee [Buras, Jamin, Weisz; Brod, Gorbahn]

lex] = kG BK [Im[(Vis tZ)z]nttS(Xt) + 2Im[( Vs Vg Viis Vi) 11et S(Xe, Xt)
HIm[(Ves Vig)Imee S(Xc)]

@ Recently for tt, ut, uu with far better convergence for ut (and uu
negligible) [Brod, Gorbahn]

le| = e CeBr[Im[(Vis Vi)InuwS'(xt) + 20m(Vis Viig Vs Vig) e S' (X, x1)
HIm[(Vis Vi) S' (X))
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ex at NNLO

L e B B o e e 15 JBLIS B oy e e e e
g v : g :
o %, Amy & Am; 1o 7
0.5; Amd *: 0.5; *:
F . I= oo B
; « ] ; ]
0.5 P 05 i
1.0:— v £« { -1.0:— Y & {
+ Titler sol wicos2<0 = solwcos2B<0
[ e {erc GL> 0551 ] [ s (@ciaicL095)
P A AN AV AR AU P S T A A B S
"0 -0.5 0.0 05 1.0 15 20 10 -0.5 0.0 05 1.0 15 20
P P

tt, ut, uu tt, ct, cc
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€K

From time to time, question about 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, |: inclusive, exclusive or average

1.0

0.8

0.6

p-value

0.4

0.2

A --- Gaussian
simmerts . 3 Rfit
e Experiment

@ Rfit versus Gaussian
treatment of theoretical
uncertainties

@ agreement of prediction
with experiment in both
cases

e R
Hi

P B A2 | P R

0.0
0.0010

. LN P
0.0015 0.0020 0.0025 0.0030 0.0035
lexl
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| Vcb| and | Vub‘

@ | V| and |V, from
exclusive and inclusive
measurements b — clv

0.0050 [Val _@asned | B 08 and b — ugV (E = e, /L)

%7 @ Global fit of CKM

0.6 favours excl. |V p|s. but
0.5 incl. |Vcb|SL

04 @ |Vyp| from Br(B — 7v)
%3 @ |Vyp/ Vep| from

°2  [(Ap— puv)/
0.1 I(Ap — Acuv) (large
uncertainties)

-value
P 1.0

LA L L
V,

bl el

AL ‘ excluded area has CL>0.95
L

P BRI |

0 032 0.034 0.036 0.038 0.040 0.042 0 044 0.046 0.048

0.002

cbI
Ongoing work to understand theoretical uncertainties better
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Exclusive versus inclusive for ex

X ==+ V4 excl gauss —— Experiment K ==+ V,, incl gauss ~— Experiment
% V,, excl % V, incl
3 V,, combined =3 V,, combined
L e L - L N R ‘-0,““\““\‘-‘\‘ L
08 |- i B 08 ]
g os F 4 g s ]
o 04 - - o 04 |
02 |- ] 02| B
00 L | ‘— / P L | 00 L L LA L |
0.0010 0.0015 0.0020 0.0025 0.0030 0.0035 0.0010 0.0015 0.0020 0.0025 0.0030 0.0035
Il feul
| Vip| exclusive only | Vi | inclusive only
@ Exclusive slightly off compared to inclusive
@ But good agreement in all cases
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K — oo

@ s — dvi transitions
@ relatively clean or very clean probes of the SM

ImX 2 Re\ Re) 2
B[/‘(+ — 7T+V77]SM = Ry (1 —|— Aem) |:<A51‘X> + ( )\ c (PC + 6PC,U) + Ttxt> :|
2
B[KL — 7T0Vﬂ]5M = KL (Imi?txt> )
A [Buras et al.; Brod, Gorbahn; Mescia, Smith]

@ isospin-breaking parameter ~ ;| from semileptonic K decays
@ Agmy electromagnetic correction,
@ X; top-quark contributions, P; and §P. , light-quark contributions
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K — oo

Recent results
@ NAB2 : bound B[KT — nTvi] < 2.44 x 10-10 at 95% CL

@ KOTO : no measurement of B(K; — 7%v7) yet, but unexpected
excess in signal region

Predictions from the global fit

UM g E787+E949

Erss Bl CKM prediction for K~ 1w

33 Em CKM prediction for K —1€vv

L0 e T

p-value
p-value

0.0 0.1 0.2 03 04 05 0.6
10" BR(K "~ TeVv) 10"x BR(K_~10v0)

Br(K* — 7tvi) = (0.89799%) x 1071° Br(K, — 7°vp) = (0.3173%) x 1071°
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Prospective for rare decays

@ NA62 : Br(K™ — nvi) at 10% accuracy
@ KOTO : Phase 1 ~ 3¢ constraint on the branching ratio (SM),
Phase 2 stage with Br(K; — %) at 10% accuracy

B ) e
L excluded area has CL > 0.95 h K+4.T['VV (NA62) :
.
= (th. uncertainty) : .
sl ~ Phase 2 1 @ NA62: in grey the role
TF *@ﬁ—nﬁm;‘rw v N played by theoretical
L /V, . .
= 00 N BN Phase1 — ] uncertainties
- 1 @ KOTO : phases 1 and 2
= S j indicated
‘ :
[ % Prospective study on rare Kaons |
= 7\ L1l ‘ ) i L1 ‘ I | ‘ s ‘ L1 \7
l'§1.0 -0.5 0.0 0.5 1.0 15 2.0

D
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Bs mixing: Bs — J/v¢

Interference between BsBs mixing and b — ¢s5 decay

b § b s
\YYJ ot ot
tree c,t penguins u penguins
Vcb Véks Vcb Vgs and th Vf; Vub V:js
O()?) real O(as)?) real O(as\*)
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Bs mixing: Bs — J/v¢

Interference between BsBs mixing and b — ¢s5 decay

b § b s
tree c,t penguins u penguins
Vcb Vgs Vcb Vgs and th Vf; Vub Vﬁs
O()?) real O(as)?) real O(as\*)

Time-dependent asymmetry yields S = sin(¢g,)
@ ¢p, = 285 = O(\?), and thus very small in SM
@ Very strong constraint on NP
@ J/¢¢ not CP-eigenstate
@ 3 possible helicity states (same for J/¢ and ¢)

e three amplitudes A, A, Aj; with definite CP-parity
@ ang. analysis to separate Ay | ||, determine relative strong phases
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AB = 2 observables

Eff. Hamiltonian %~ %~ .
integrating out N
heavy W, Z, t - — ’ S

_ _ 1 = _ -
Ans-2 = (BIHG?|B) - 5 / d*xa’y (BITHG ™ ()G (V)IB)

@ M7, dominated by dispersive part of top boxes [Re[loops]]

e related to heavy virtual states (tt...)
o casily affected by NP, e.g., if heavy new particles in the box

-] rﬁ’z dominated by absorptive part of charm boxes [Im[loops]]

e common B and B decay channels into final states with ¢ pair
e affected by NP if changes in (constrained) tree-level decays
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Frequentist approach

p= (A7)‘7ﬁ777]) = (q7r)
@ g parameters of interest (CKM), r nuisance parameters (hadronic)
@ Onmeas T 0o experimental values of observables
@ O (p) theoretical description in a given model

Oth(p) - Omeas > 2
@)

g

£ =[Tco)  T(p)=-2mc(e) =3 (

o @]
¥2() = min T(q. r)

@ Central value: estimator § max likelihood  x2(g) = ming x(q)
@ Range: confidence level (p-value) for o computed from
Ax?(q0) = x2(qo) — ming x2(q), assuming x? law with N = dim(q)
@ Specific (Rfit) treatment of theoretical uncertainties modifying L,
and impacting the procedure to average measurements
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Theoretical uncertainties

@ Observable = CKM ® hadronic

@ hadronic input often from lattice QCD simulations: X = Xo+o + A
@ o statistical, scales with size of sampling, Gaussian model
@ A theoretical, dominant for lattice, modelling with no consensus

@ CKMifitter: Rfit approach
e modify likelihood

of £ = exp(—2/2)
e 2 with flat bottom
6f (theo/syst) and parabolic
walls (stat)
4 o all values within range of

syst treated on same footing
@ averaging procedure
designed consistently

@ Other approaches: Gaussian (combined in quadrature with
statistics), adaptive. .. [Charles etal]

Sébastien Descotes-Genon (LPT-Orsay) CKM beyond B-triangle WHEPP XVI, 7/12/19 48



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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