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Assessing the CKM paradigm in the SM
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CP-violation : the four parameters

In SM weak charged transitions mix quarks of different generations

Vud Vus Vub
Encoded in unitary CKM matrix Vexyy = | Veg Ves Vep
Viek Vis Vi

(Gl

. @ 3 generations = 1 phase, only
Via Vf’?, source of CP-violation in SM

Via Vi , .
Vo o Wolfenstein parametrisation,

defined to hold to all orders in A
and rephasing invariant

‘/lld ‘/Lt[;
‘/cc/ ‘/L/;

(0,0) (1.0
Vas|? | Vo2 o ViV
)\ZZL A4 1Yebl 51 i — —ud ub
Va2 + [Ves]? VaaP+ Va2 77T T VgV,
—> 4 parameters describing the CKM matrix,

to determine from data under the SM hypothesis
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Extracting the CKM parameters

e d - s - b [7\ d s b
<% A 7

u nt\\.;)’ K=<V Bé; u . - .
I I T

V = c Dt\é: Diéé}/( B'I_‘__Qég c B . ™
_ w

¢ BB B |BE—aB,| | A

N g Dmc Pz \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 — v |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

fitter

data = weak ® QCD

| Vud|
| Vis|

| Vus/ Vud|
€K
| Vub|
| Vcb‘
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S. Descotes-Genon (LPT-Orsay)

superallowed 3 decays
K3 (Flavianet)

K — v, 7 — Kv,
K—t/nm —v,m1 — Kv. /T — v,
PDG

inclusive and exclusive
inclusive and exclusive
last WA By-By mixing
last WA Bs-Bs mixing
last WA J/ypK™)

last WA nrr, pmr, pp

last WA B — DX K)
(1.244+0.22)-107*

CKMfitter

CKM matrix within a frequentist framework (~ x? minim.)
+ specific scheme for theory uncertainties (Rfit)

—Need for hadronic inputs (mostly lattice)

PRC79, 055502 (2009)

f.(0) = 0.9641 + 0.0015 + 0.0045
fx =155.2 4+ 0.2 + 0.6 MeV

fix/f- = 1.194 +0.001 & 0.003

By = 0.7615 4+ 0.0027 + 0.0137
|Vip| - 10° = 3.70 +£0.12 4+ 0.26
|Veo| - 10° = 41.00 + 0.33 £ 0.74
Bg,/Bg, = 1.023 +0.013 + 0.014
Bg, = 1.320 + 0.017 & 0.030

isospin

GLW/ADS/GGSZ

fss /T8, = 1.205 £+ 0.004 &+ 0.007
fg, =225.6 £ 1.1 £ 5.4 MeV
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Two decades of CKM

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

2009 2014
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Consistency of the KM mechanism
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Tree only Loop only

Validity of Kobayashi-Maskawa picture of CP violation
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| V| semileptonic

Two ways of getting | Vp|:
@ Inclusive : b — ufv + Operator Product Expansion
@ Exclusive : B — w/v + Form factors

|Vipline = 4.36+0.18+0.44

| Vub|exc = 3.284+0.15+0.26 % -~ semilept. aver.

Winter 14~~~ €Xcl.
incl.

03 wio |V, |

|Viplave = 3.70+0.12+£0.25

g 0.6 — —

with all values x 103 [ ]

@ HFAG, with theory errors SV ]
added Iinearly 06‘-’0‘;25 : 0.0(‘)30 : 0.0(;;5 \0.0;41‘) 1”‘8‘0‘04; — 0‘:0t5§; - L;.O;)SS

v,
@ systematics combined

using Educated Rfit
Indirect det. from global fit: | Vs = 3.
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431325 (4.8%)
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| Vep| semileptonic

Two ways of getting | Vyp!:
@ Inclusive : b — cfv + Operator Product Expansion for moments
@ Exclusive : B — D(*)¢v + Form factors

|Vepline = 42.42+0.44+0.74
| Vcb|exo = 38.994+049+1.17 EZM --- semilept aver. T3 wio |V |

Winer14 | --- eXcl.

incl.
5

|Voplave = 41.00+£0.33+0.74 o'

@
T

with all values x10~3 ;
@ HFAG, with theory errors S ARV ]
add ed I i n early O-g.D;S ;).rl)‘37 0.0‘35 0.0‘39 ‘0111‘4‘0‘ ’0‘0‘4‘? :]‘0‘4‘2‘\ 0.0‘43 0.0‘44 0.0‘45 0.\;46

IVl

b

@ systematics combined
using Educated Rfit
Indirect det. from global fit: | Vp|s = 41.472% (4.6%)
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The upper-left square: |Vql, | Vus| and |Viq|, | Ves|
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@ “Direct” (semi- and leptonic) vs “indirect” (other sectors)
@ (|Vial, | Vus|): nuclear g + leptonic K, = and 7 decays
Leptonic Semileptonic
| Vcd| | Vcs‘ | Vcd| | Vcs‘
Expinput 3% 4-5% 27% 1.0%
Lattice 0.9% 1.9% 7.8% 4.8%
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a and the legacy of the B-factories

@ Combined analysis of B — nwr, B — pm, B — pp
@ Using isospin to separate penguin and tree contributions
@ Similar accuracy of direct and indirect determinations

A - Bopp (WA) 3 Combined X -+ nn/pp/pn (BABAR)
Fropia | --- Bomm (WA) — CKM fit FPCP 13 -- nn/pp/pn (Belle)  +— CKM fit
B—pn (WA) 3 nn/pp/pm (WA)
10 P e T T AT T 10 e e T T ey
£ N B!
08 5—“ 0.8 :— ,"._:
g o8 :—““, g o8 :' .
g R s |
& 0ap ) & oaf
02
1 L 0.0 i 1 LA N et L
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a (deg) o (deg)
Winter 09 Winter 12 Spring 13

afcomb] = (89.074%)°
afind] = (95.6753)°
alfit] = (90.6738)°
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afcomb] = (88.774%)°
afind] = (95.97%%)°
affit] = (91.1743)°
CKMfitter

afcomb] = (85.47%%)°
afind] = (94.978)°
aoffit] = (88.572%)°
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~v and a little help from LHCb

@ B~ — DMOKH)— ys DHOK()— with 3 different D° decay modes
@ Similar accuracy from Babar, Belle, LHCb (starts dominating)
@ Charm inputs from CLEO. BES. Babar. Belle. CDF. LHCb

% --- GLW+ADS
e --- GGSZ

Winter 14,

3 Combined

p-value

--- Belle 3 Combined
--- LHCb

p-value

Summer 10
Y[comb] = (7175})°
~lind] = (67.2759)°
~[fit] = (67.273%)°

S. Descotes-Genon (LPT-Orsay)

BaBar

Y | ! !

140 160 180 0 20

Winter 12
y[comb] = (66113)°
lind] = (67.275%)°
ylfit] = (67.17%3)°

CKMfitter

100 120 140 160 180

Winter 14
ylcomb] = (70+8)°
ylind] = (66.413)°
ylfit] = (66.5753)°
For CKM14 update, see K. Trabelsi’s talk
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Hadronic inputs from lattice

@ Lattice results usually dominated by systematic uncertainties

@ Only published papers, with error budgets, using Flavour Lattice
Averaging Group report as a guide to sort results

@ Educated Rfit for averages : usual average for stat errors, smallest
of systematics for syst (with linear addition of syst)

Input Fit [input not included]
fx 1552+ 0.2+ 0.6 (0.4%) | 156.57%9%  (0.4%)
fi/f: | 1.194 £0.001 £0.003 (0.3%) | 1.19079:0%  (0.5%)
By 0.762+£0.003 +£0.014 (1.9%) | 0.847948 (22%)
fa, 2256 +1.1+54  (24%) | 237.2"5,  (4.0%)
fs,/fs, | 1.205+0.004 +0.007 (0.7%) | 1.25873:5%¢  (3.2%)
Bs, 1.320+0.017 +£0.030 (2.6%) | 1.250%%:132  (6.7%)
Bg,/Bg, | 1.023+£0.013+0.014 (1.9%) | 1.16373%%%  (6.1%)

Fit results consistent, but mostly not competitive, with lattice results
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Ofher triangles: Bs
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CKMfitter

L VeV
@ pp, +InNg, = — VCSvZ*b

provides the Bs Unitarity
Triangle (\*, A2, \?)

@ Information on Bs mixing
angle gs from
Bs — J/¢¢

@ Not relevant for SM
determination of CKM

parameters
_ 4+0.00046
7lgs — —0.0183273.000%0

CKM14-11/09/14
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Other friangles: K, D
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Other triangles: (tu), (tfc)
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Pulls

BT 0.00
s 0.26
v 0.41
“« 1.56
sin 2f 1.96
£k 0.00
Amg 1.25
Amy 1.66
=) ]
WV olsemiep  0.00

co'semiep  0.00
B(D—uv) 0.56
B~ 0.94
B(D,~tv) 115
B(D—Kv) 0.00
B(D—alv) .00
Wedhotiatics  0.00

canotiatice  0.42

(ti) 1.77
B(K,,) 0.56
B(K,) 1.39
B(K,)) 0.00
IVu ﬂI 0.00

S. Descotes-Genon (LPT-Orsay)

Il i Il Il i
0 05115 2 25 3 35
Pull (o)

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

@ For 1D, pull obs =

\/Xilin; with obs sznin; 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
for syst

@ sin243, Br(B — Tv)
discrepancy softened (recent
Belle result)

No indication of significant deviations from CKM picture

CKMfitter CKM14-11/09/14 18



Probing New Physics via FCNC
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Winter 14 NNLO w/o A mg
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3 NNLO pred
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02

00 L L L

B(B, ) [107]

- PRI
3.0

AF =1 FCNC sensitive to
pseudo/scalar contributions

LHCb+CMS: (Br(Bs — pup)) =
(2.8154) x 1079

@ Theoretical progress

@ Inclusion of Bg mixing in
time-integrated rate from
LHCb and CMS:

(Br(Bs — pyt)) ~ 1.1Br—

e NLOQCD + LOEW —
NNLO QCD + NLO EW

Fleischer et al., Bobeth et al.

see E. Stamou’s talk

@ Correlation with Amg: Br(Bs — uu)/Ams is free from CKM factors

(| Vi Vis|? cancels) and from input on fa,

Buras et al.

@ Fit: Bry.o =0 x 10° = 3.6575:38 — Brynio—0 x 10° = 3.3473 12

S. Descotes-Genon (LPT-Orsay)

CKMfitter
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AF =1:Bys — uup

@ e s
: 1B, @ Br(Bys— pp) also within reach
50 F 1 |Hos see F. Archilli's talk
e 1. @ Correlation in SM between
ESN 1 Hos Br(By — pp) and Br(Bs — ),
i 1 B driven by Amg/Ams:
a =f ] - Br(By — pp)i=o/Br(Bs — p)i=o
N J—" = 0.029819-:9%08
B | | | L 0.0 .
* o @ Holds alsp in MFV (but not
necessarily with same absolute
R NG madicton values)
r— LHCb+CMS
i AR AR AR AR AR @ Further test of pseudo/scalar
] operators provided by
] Br(By — 77)i—0 x 10® = 2051313
e Br(Bs — 7)o x 107 = 6.987938

BI(B,>41)/BH(B, >hK)

S. Descotes-Genon (LPT-Orsay) CKMfitter CKM14-11/09/14



AF = 2: observables

(50 - m- 3 )

@ Non-hermitian Hamiltonian (only 2 states) but M and I' hermitian
@ Mixing due to non-diagonal terms My, — il'{,/2

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

q
In terms of M{,, |I{,| and ¢q = arg (—%) [using |M{,| < [ML]]
12

@ Mass difference Amg = MJ, — M} ~ 2|MJ,|
@ Width difference AT =T} — '}, ~ 2|I{,| cos(¢q)

[(Bg(t) = vX)—T(Bg(t) =L~ vX) |r12\ Alq

q _
@ A5 = T By() S uX) 1T (By(t) - 0X) — M| Sin¢q ~ xp, tan ¢q
@ Mixing in time-dep analysis q/p ~ —Mf’;/yM | = —e %8

Accessible for By and Bs at Babar, Belle, CDF, DG, LHCb. ..
CKMfitter CKM14-11/09/14 22



AF = 2: computation of the observables

Eff. Hamiltonian %~ %~ WS
integrating out R
heavy W, Z, t - —— . S

= _ 1 = _ _
Ans-2 = (BIHG{*B) - 5 / d*xd*y (B THgE " ()HGE ™ (v)|B)

° Mfz dominated by dispersive part_of top boxes [Re[loops]]
o related to heavy virtual states (tt...)
@ one operator at LO: Q = qv,.b.quy"br
e arg(M{,) CKM phase: ¢g, = 23, ¢5, = —20s

° I'f’z dominated by absorptive part of charm boxes [Im[loops]]
e common B and B decay channels into final states with c¢ pair
@ non local contribution, computed assuming quark-hadron duality

and expanded in 1/m, and a5 series of local operators

e two operators at LO: Q and Qs = g{"bag, b

M. Beneke et al., M. Ciuchini et al., U. Nierste, A. Lenz; see A. Lenz’s talk
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AF = 2: New Physics

@ M;, dominated by (virtual) top boxes
[affected by NP, e.g., if heavy new particles in the box]

@ 1o dominated by tree decays into (real) charm states
[affected by NP if changes in (constrained) tree-level decays]

@ Tree level (4 diff flavours) processes not affected by New Physics

Model-independent parametrisation under the assumption that NP
only changes modulus and phase of M1d2 and M7,

M‘IqQ = (M‘?Z)SM X Aq Aq = ‘Aq’ef‘i’qA — (1 + hquia'q)
affects Amg (< |Aq)), @}, (< Ag), ATg and ¢g, (< ¢5)

Use Amy, Ams, B, ¢s, a%,, a5,, Al's to constrain Ay and Ag
s> st

A. Lenz, U. Nierste, CKMfitter
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AF = 2: Current constraints

oxcluded area has CL > 0.68

AT, 8188 & 1,(K'K) & 1,y )

Am,
g o
A 1
Ag andag (B) &3 ( ]
2 - New Physics in B, - B, mixing E
T S N T NS SO N O
2 -1 0 1 2 3
ReAd Re A
+0.27 +0.07 +0.20 +0.09
Ay =0.801927 4. (~0.117997) As = 0971920 1 . (~0.0110%

Bounds/prospects for New Physics at
@ Stage I: 7fb~! LHCb data + 5ab~" Belle Il
@ Stage I1: 50fb~" LHCb data + 50 ab~" Belle I

Lattice QCD at the Intensity Frontier, Implications of LHCb measurements and future prospects, Physics at Super B Factory
S. Descotes-Genon (LPT-Orsay) CKMfitter CKM14-11/09/14 25




AF = 2: Inputs

2003 2013 Stage | Stage Il
Vil 0.9738 £ 0.0004 0.97425 £ 0 & 0.00022 id id
[Vus| (Kes) 0.2228 4 0.0039 4 0.0018  0.2258 = 0.0008 4 0.0010  0.22494 = 0.0006 id
lek| (2.282 £ 0.017) x 1072 (2.228 + 0.011) x 103 id id
Amg [ps~ ] 0.502 + 0.006 0.507 4 0.004 id id
Amg [ps— 1] > 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 42.3+0.4 42.340.3
[Vip| x 10° 3.90 + 0.08 + 0.68 3.75 + 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
« (mod ) — (85.4145)° (91.5 £ 2)° (91.5 £ 1)°
~ (mod =) — (68.018%)° (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 4+ 0.23 0.83 £ 0.10 0.83 +0.05
B(B — pv) x 107 — — 3.740.9 3.740.2
Ag x 10* 10 £ 140 23+ 26 —7+15 —7+10
Ay x 10t — —22 4 52 0.3+6.0 0.3 +2.0
e T2£0+£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 = 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
g, [GeV] 0.217 £ 0.012 4 0.011 0.2256 + 0.0012 + 0.0054 0.232 + 0.002 0.232 + 0.001
B, 1.37 4 0.14 1.326 + 0.016 + 0.040 1.214 + 0.060 1.214 £ 0.010
fag /15, 1.21 +0.05 + 0.01 1.198 + 0.008 + 0.025 1.205 + 0.010 1.205 + 0.005
Bg, /Bg, 1.00 4 0.02 1.036 + 0.013 + 0.023 1.055 + 0.010 1.055 + 0.005
1.01 40+ 0.03 1.03 £ 0.02 id
0.91 £ 0.03 £ 0.12 0.87 - 0.06 id

CKMfitter

Z. Ligeti, M. Pappuci, CKMfitter
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AF = 2: CKM projections

Observables not affected by NP, used to fix CKM :
|Vudls [Vusls [Vubls [ Vel v and (o) = 7 — a — 3 (é8, cancels)

15 : - : 15 —r : A
[ (encuced sea e res has CL> 095 ]
[ ¥ % ]
L v S Sageh |
10— v(a) — 1.0 — y(a) b
o5 [Vao| 7 s Vi 7

o5 v &Y(@) & [V a5 7 &Y(@) & [Vl

-1.0; y(a) 1.0 — Y(a)
Eoa o
Y Y | L |
-1.0 -0.5 0.0 -1.0 0.5 0.0 0.5 1.0 15 20
p P
Stage | Stage Il

Z. Ligeti, M. Pappuci, CKMfitter
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AF = 2; bounds on energy scale
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AF =2: EK

@ K, By and Bs mixings in general not related
@ ¢, not enough to bound NP in K mixing, even if NP only in #t box
@ But in the case of MFV, possible to exploit all neutral mesons
h = hye®?d = hge?'7s = hye?“x with o; = 0 (mod 7 /2)
Z. Ligeti, M. Pappuci, CKMfitter
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More on http://ckmfitter.in2p3.fr
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