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The CKM matrix

At LHCb very challenging due to the missing neutrino:

Using semileptonic decays of b-baryons:
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The CKM matrix

[Nature Physics 10 (2015) 1038]
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B mixing and CP violation

Mixing of neutral B mesons governed by

Mass eigenstates:

BLu)=p[B°)+q|B)

p and q represent the amount of state mixing
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B mixing and CP violation

Decay amplitudes of flavour states decaying to the same final state f

B’
=(f|H[B%) A =(f|H|B") (S
- e
q A A
One can define A = EA— O 1=1/T
f X=Am/T
Time dependence of decay rate for initially pure flavour states: y =AI/2I

I, = ‘<f \H‘ Bo(t)>‘2 = ﬂ‘Af ‘ze“/’[coshyt/r+ A, sinhyt/z+C, cosxt/z - S, sinxt/r]

t/r

[coshyt/r+ . sinhyt/z —C, cosxt/7 + S sinxt/r]

_2ima, . :M

: A +S2+C? =1
1+‘/1f‘
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B mixing and CP violation

CP Violation — T, # T

Three types:
A
. — - —| =1
eCPVinDecay: B° > f # B » f f
e CPV in Mixing: B° — B® % B° - B ‘3 #1| |Im 1“1*2|\/|12}¢o
p

e CPV in Interference between mixing and decay:

A=1 Im{i,}=0

(t) -C,cos(Amt)+S,sin(Amt) | [go] A;=——

CP rf (t)_lj
ATO=1 OeT

((t)  cosh(ALt/2)+ A, . sinh(ATt/2) L W



B mixing and CP violation

e Experimental effects:

Dilution of the oscillation (lost of sensitivity of the oscillation parameters)
due to reconstruction effects

o
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B mixing and CP violation

Measuring the 3 angle of the CKM triangle piyamssnasssy ¥ AARARERRE
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Measured wrong tag prob. w

B mixing and CP violation

Count number of tagged signal events reconstructed as function of time
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B mixing and CP violation

sin(2p) = sin(2¢,) 22

PRELIMINARY
BaBar ’ : ; 0.69 +0.03 + 0.01
PRD 79 (2909) ;072009 . :
BaBar y § , . 0.69+0.52+0.04+0.07
PRD 80 (ﬁ'ﬁm&‘j 112001 —
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OPAL : i T i 3.20 500+ 0.50,
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B mixing and CP violation
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Measuring the other side of the CKM triangle ' E,Ma,,iw,m* TR
Y
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- Through the mass difference Amg, Am,
in the box diagrams: ~sin2p

fi 3 sol. weas2h=0
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The time-dependent asymmetry A(t) of By, events that -1 Lo b b b bimos
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B mixing and CP violation
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B mixing and CP violation
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Rare decays

e Processes very suppressed, go through loop diagrams: branching fractions (BR) 10> — 1010

e Highly sensitive to New Physics: if one finds more events than expected — new particles

leptonic semileptonic radiative _
B o 0 "
W,
t
= r- W
BR~ 107 BR~ 107 BR~ 107

Experimentally — leptons/photons with high transverse momenta
Theoretically — observables can be calculated in terms of Wilson coefficients

G2 2 .
Ex: F(B? —> /,l-'_jll_) ~ 6270;% mfz?sz:

2 S P
vV [2m,C,

Hadronic uncertainties in decay constants or form factors



Rare decays: leptonic

One of the most relevant channels:

B, »uty

— FCNC + helicity supressed — Very Rare decay:

— Standard Model prediction:
[PRL 112 101801 (2014)]

B(B? — up) = (3.65 4+ 0.23) x 107
B(B° — up) = (1.06 £0.09) x 10~

— Enhanced by New Physics models

(e.g. SUSY ~ tgbB/m?,)

— First evidence by LHCb in 2012!

[LHCb, PRL110 (2013)021801] (2fb™)
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Weighted candidates per 40 MeV/c?
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Rare decays:

eptonic

CMS and LHCb (LHC run I)
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Nature 522, 68—72 (2015)
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e Known as “the New Physics killer”:

BB = ) =390 x 10710

AR

Pl

2.0

MSSM-LL

[D.M. Straub, arXiv:1205.6094,

arXiv:1308.1501]
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Candidates / ( 50 MeV/c?)

Rare decays: leptonic

Updated results:

4.4 fb1 [PRL 118 (2017) 191801]

T T —— T -
35 - Toml =
,;0: LHCb — = B! 5 pu” =
g BDT > 0.5 =B ]
2564 wemee Combinatorial 3
= v Bpy — h*h" =
205 = B&—)T{(K)p vy _E
IS e B" — Pt =
3 N A
10 = B — J/\|rp+vll i
= _{. =

0 : — RN= SM = = ———
’3000 5200 5400 5600 5800 6000

.- [MeV/c?]

B(BY — pru=) = (3.0+£0.67035)x107°

B(BY = utpu~) < 3.4 x10719 at 95%

e B.—>1t*t also searched for at LHCb:
B(B? — 7777) < 6.8x 1073 at 95%
[arXiv:1703.02508 [hep-ex]]

— In agreement with the SM
— Theoretical uncertainties (fB(S), Vo)
well below statistical uncertainty
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Rare decays: semileptonic

Differential branching fraction: dI"/dg?
Each g2 region probes different processes

/
q% = (p + p,)?
charmonium ¢
resonances
Jh (1S cc o> 0r* ¢ )
ohoton /") // ) ¢
pole Z7

SM values (u=m,): C, ~-0.33
Cy ~4.27
Cyp~-4.17

(Everything else small or negligible)

T - i (Gev?) C = CM+ CNP

(Primed C’; — right handed currents:
suppressed in SM)



Rare decays: semileptonic

e Differential decay width as function of g2= m?
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Rare decays: semileptonic

e Angular distribution in B— K*/-¢*: g and three angles

1 a‘T 9 [3 1 |
= — 1 — ;_'- 2 ;2 — ]_ — in? H S 2
dI'/dg? dcos by dcos i do dg? 327 [-1( @) SIn” B +@00b O + 4( @) sin” ¢ cos 26,

— @0052 O cos 20, +@sil12 Ok sin? B cos 2¢ +@in 20K sin 26, cos ¢

—1—111 205 sin 6y cos o —I—'1112 O cos by —|—in 20k sin by sin o

K
* h +in 20K sin 26 sin ¢ +@in? 05 sin? @ sin 20 ]

« JHEP 02 (2016) 104
\ Z)' * PRL 118 (2017) 111801
\ — Deviation from SM ~ 3¢ ﬁﬂfi:::::(i?o%?
'.;}‘ + - - . : ; : : ; - - - - -
. T Q‘ 1 | I I ]
« LHCbdata © ATLAS data ]
? = Belledata < CMS data i
pr  Sj=4578 0.5 ! [ SM from DHMV ]
i=4,5,6,8 — . 7 -
; \/FL (1 — FL) - V] SM from ASZB ]
0p | -
Functions of g2 and Wilson coef. C, [ ’ }
Optimized observables: -0.5F 72 %m
cancellation of form factor [ — 1 3 l T3
dependencies: P’ -1 -
0 15

[Descotes-Genon et al, JHEP 05 (2013) 137]



Rare decays: semileptonic

e In the SM all leptons are expected to behave in the same way:

B(BT — K utu™)

Ry = =1.000 + O(m_ ?/m2) (SM)
B(Bt — Ktete™) g
, L 40F LHCD
e Experimentally, use the B*—K*J/y(—e*e’) and < f + ]
B*—K* J/y(—p*w) to perform a double ratio g 305_ % E
> 20E g
e Precise theory prediction due to R \ B* —>K'e’e’
cancellation of hadronic form factor uncertainties 3 10 + E
Ci O N D D o o N = B =
A DARSRRRNMUNNMEE R 5000 5200 5400 5600
R :—.—LHCb -m-BaBar -a—Belle LLHCDb . (K eve™) [MeV/e?]
| _
1GeV<q2<6GeV [PRL113(2014)151601]
SM

i Ry = 0.74515 020 (stat) £ 0.036 (syst)

R : — Consistent, but lower, than the SM at 2.6c

g2 [GeVZ/ 4]



R0 =

Rare decays:

semileptonic

B(BO—> K*OMJrM—)

Pulls Candidates per 34 MeV/c2

B(B"— K*¢te™)

0.045 GeV < g?< 1.1 GeV

l]_

I Combinatorial 3
B—Xe'*e =

0.045<4<1.1 [GeV3/e?]

r:l—d"'" _"-zr'—ﬂ-:,-— A

5000 —3500 6000
m(K*mete) [MeV/c?]

0.2

0.0 b

v
B EOS ]
® flav.ioc
*

o — Consistent, but lower than the SM at

3 I 5 6
¢* [GeV?/c']

[arXiv:1705.05802 [hep-ex]]

1.1 GeV<g?<6 GeV

................

e W

§ LHCb 3
= } ------ B"—K Yete _;
pe I Combinatorial
p] B—>X(’:_+_c" 3
7 BB =K Ty 3
-; 1.1<4%<6.0 [GeV?/ ¢+] _:
5 .

C‘

£

0 5000 5500 6000 -
m(K*mete) [MeV/c?)

Low g2: SM =0.922(22)
Ry = 0.66 © gé% (stat) £ 0.03 (syst)

Central g2: SM =1.000(6)
Rys0o = 0.69 T 8{1)% (stat) £ 0.05 (syst)

2.1-2.36 (low g?) and 2.4-2.5¢c (central g?)
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Rare decays

Quick note on experimental issues:

e LHCb is far better with muons than electrons

e Trigger, reconstruction, selection and particle
identification are harder with electrons

e Mass resolution affected by e bremsstrahlung

LOIndep.
of signal

LOElectron

o | LHCIb ] LOHadron
— need energy recovery 2 10r ]
- B°— K*0J/) -
e Mass shape modelled according to the 3 5 Jfp—ete~
number of bremsstrahlung recovered =N ]
8 [ | s s i 1 " s s 1 "
U500 5200 54005600,
ECAL m(K*ete ) [MeV/c?]
Magnet
’ Data-MC for the number of y recovered by trigger category
= 60: T T T T T T ] g 80 T T T
Y E, b; sof 2 70
s £ Oy s @
S < YF 2 50
< - <
P = 30F = 40
. 2 8
2 20 g 0
E, ‘ = T 20
E, 10 0

LOE LOoH LOI LOE LOH Lol LOE LOH Lo

B— K*J/VY (— ete)

LOE LOH Lol LOE LOH LOI

B— K*y(— e'e)



Rare decays: radiative

Probing the spin structure of the photon: | B, =>¢y

- In the Standard Model photons emitted in b — sy transitions are left-handed polarized

- New particles in the loop could add right-handed contributions

H, %8 %°.

- The polarization of the photon can be inferred from the time evolution of the B, decay

ALt ATt
['po(t) = [A[? e (cosh 2 sinh 2 )

Related to the ratio of right to left handed amplitudes
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Candidates / (25 MeV/c?)

Rare decays: radiative

This sensitivity comes from the effect of the mixing of B, —>¢y and _Bs —>Qy
with ¢—K*K

Use a control channel with no sensitivity to the photon polarization
(ex: a flavor specific channel B—>K*y, with K*—>Krt*)

=
9%}

LHCDb —+ Data

- : e —— :
500~ = = N 3 — E
- — Model . ;‘ 0.25 - :
400 - B?%Qﬁ}’ . Signal B _5 0o 3 + E
C Peaking . = E ~ + —; :
. 3 \\ ||| Missing kaon < 015 -_%ﬁ_,{
: i\ 1] Combinatorial] “5 - + H :
200 - - - s 01f . :
] S : —Fit 3

100 g #T3 E ~ 0.05F oM E
1

i X .;.....g.a(j;)-q"'.' R ,5500 e NS ,6000 00 |§ 0
m(¢y) [MeV/c?] t [ps]
A® = —0.98 7055 T35 | [PRL118(2017) 021801]

A= 0.047 7503 — Compatible with the SM within 26 71



Rare decays

Global fits (some cases with more than 100 observables)

ST T T B
SO 1 15| Straubetal 1704. / !
4 N — ] A ; R
H § T § ' ] 109 - =
i i i = Bee] _ / 2 Pra Rx
@ H
[ . 15 1 il /
S off : @ O 3% _— >
CY B S ¥ z g %
: : 0 —SM
-1 e e R S S . I
I === s Ak
[ : : : : 1 —0.5 )/,/// ——— LFU observables BS = HH
_2__ ---------- ‘-J ------------------ ---J --------- __ - b‘}S‘H'H globﬁl ﬁt 2
! : g : : ] | — all a
3: Matl;as et aII 170405340 ] 1o ——-all, fivefold non-FF hadr. uncert. Gr‘instein et al' 170405446
i | N R R B B B . | _ . . . ‘ ‘
-3 -2 -1 0 1 2 3 —20 —15 —10 —05 00 05 10 15 914 -3 -2 -1 0 1 2 3
cy Re (%) 6Ck

New Physics hypothesis preferred over SM by more than 4 - 56
Main effect on the Cs. coefficient: 4.275M -1.1NP

Triggered models with Z’, leptoquarks (LQ), and composite Higgs



Lepton flavour universality

e Another test of lepton universality (now at tree level):

Ratio of semi-tauonic and semi-muonic branching fractions: _
-
W—/H—“"é ET
S b= (%)
B{. 3§ 9. °}D

Sensitive to charged Higgs bosons and leptoquarks

B(B' - D* "t 1,)
BB - D*"up,)

R(D*) =

SM predictions very precise : (V, and form factors (partially) cancel)

R(D).,,=0.299 + 0.003
R(D*),,,=0.252 + 0.003

& BaBar measured an excess of E"—)D(*)r'vT (30 away from SM) [PRD 88 (2013) 072012]

' Nature 546(2017)227
o LHCb has performed two analyses: [Nature 546(2017)227]

/; ” = BO>D**t°v,, with T—>pV,v, [PRL 115 (2015) 111803]
m BO—D*1t*v, with Tt ntnl® v [JHEP 08 (2017) 055]



Candidates / (0.3 GeV'/c! )

Lepton flavour universality

o Using|T >V, Vv,

¢ Information from the missing mass squared m

miss

?=(Pg-Pp«-P,)* and muon energy

in several g2 bins

R(D*) = 0.336 + 0.027(stat) + 0.030(syst)

4000 035 <q? < 12.60 GeV/e* LHCb ]

H H - Data
normalization B E D'

I B — D*H.(— X)X
I B - D"

Il B - D'uv
Combinatorial
Misidentified 1

3000
signal

2000

1000

m2. (GeV*/cH)

miss

e New analysis by LHCb: using|t*—>n*nt v,

e Information from the position of the three pions

e Normalized to BO—>D* rt*rrrtt

R(D*) = 0.285 £ 0.019 + 0.025 & 0.014

[JHEP 08 (2017) 055]

[PRL 115 (2015) 111803]

Events / ( 0.00025 nsec )

0.0005

0.001

LHCb Preliminary

e Data
—— Total model

0.0015

37 decay time

0.00:
T [nsec]



R(D*)

e Global picture of R and Ry«

Lepton flavour universality

0.35

I

BaBar, PRL109,101802(2012)
Belle, PRD92,072014(2015)
LHCb, PRLI115,111803(2015)
Belle, PRD94,072007(2016)
Belle, arXiv:1612.00529

Average

Ay? = 1.0 contours

== SM Predictions
R(D)=0.300(8) HPQCD (2015)
R(D)=0.299(11) FNAL/MILC (2015)
R(D*)=0.252(3) S. Fajfer ct al. (2012)
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R(D)

— About 4o deviation from SM

BaBar had tag

PRD 88 (2013) 072012
0332+ 0024+ 0018
Belle had tag

PRD 92 (2015) 072014
0.293+0.038=0015
Belle SL tag

PRD 94 (2016) 072007
0.302+0.030= 0011
Belle 1-prong

PRL 118 (2017) 211801
0.270 = 0.035 = 0.027
LHCDb muonic

PRL 115 (2015) 111803
0.336 = 0.027 = 0.030
LHCD 3-prong
LHCb-PAPER-2017-017
0.285+ 0.019 = 0.029

LHCD average

0.306 =+ 0.016 = 0.022
Fajfer et al. (SM)
PRD 85 (2012) 094025
0.252 £ 0.003

0.1



Future plans

Belle Il LHCb Upgrade

e+e- asymmetric collider (SuperKEK) Improved trigger, improved detector
at the Y(4S) energy in Tsukuba, Japan

Starting now ! Starting in 2019
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Future plans

- At present we did not find evidence for New Phyiscs, but some “anomalies”
(let’s cross fingers!!)

- Standard Model deviations are expected to be small
- Most of the measurements are limited by the statisticall precision _

| iHCera

ATLAS & CMS 25 fb- 100 fb- 300 b — 3000 fb-
LHCb 3 fb 8 fb-" 23 fb! 46 b 100 fb-"
Belle 11 0.5 ab’ 25 ab! 50 ab"! -

Remember that we have 10! bb pairs/fb !
(At Belle II: 10° BB pairs/ab)
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Complementarity:

Future plans

LHCDb

Rare decays: By — uu
B, system
b-baryons

Spectroscopy

CKM phases (3, v)
Gluonic penguins
EW penguins ]‘
Charm physics
Semileptonics: Mixing, Ag,

Some only Lk
some only Be

e
16

On-going

Belle |l

oemileptonics: V,,

B—1v| Dy,
B—o>K*vv

T-physics

ATLAS & CMS
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