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Outline
e The past (since ~2000)

- the e"e” asymmetric B factories, and the Belle and Babar
detectors

- omitting the discovery of CP violation (1964), the CKM vs
super-weak force, and the observation of direct CP violation in
kaon decays (&’/¢)

e The recent past and the present
- the contribution from LHCb
e The planned future
- Belle II (from 2019) and LHCb upgrade (2021)

e The unplanned future
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The CKM matrix

e Rotation between mass and weak eigenstate parametrised by
unitary 3! 3 matrix (CKM matrix)

Vud Vus Vub
VCKM — Vcd Vcs Vcb
Via Vise Vi

e Vckw 1s fully described with 3 real parameters and one
complex phase ! CP violation 1f complex phase non-zero

o Unitarity ! VekmVTeckm=1"! visualise the CKM matrix
with triangle relations

- 6 triangles, among which 2 have sides of similar size
Vud Vb + VedVeb + Via Vip = 0
ViaVia + Vs Vs + Vip Vi = 0
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“The” unitarity triangle (UT)
(p.M)

VudVab T VedVeb + Vig Vio = 0

Vea Vi

(0,0) (1,0)
e Normalise to VegV'eb ! one side real and of unit length

* Angles are measured in CP asymmetries:
- time-dependent asymmetries ! a, 3, 2p+y
- charge asymmetries ! vy

e Sides are determined from decay rates or mixing frequencies
- semileptonic decays! Vb, Vb

- oscillation frequencies ! Vig, Vis
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Evolution of the constraints on UT
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e 2003: first constraints on the Unitarity Triangle ! CKM picture is correct

e 2010: precision measurements from B factories
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Evolution of the constraints on UT
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e 2003: first constraints on the Unitarity Triangle !

e 2010: precision measurements from B factories
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e 2015: added precision measurements from LHCb (y, Vi, ...)
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Belle and Babar

:{

Belle Detector™F ro vexexs oy

e Asymmetric ¢’ e colliders at the Y(4S): KEK-B and PEP-II

+0 . . .
- B™" mesons produced at known energy ! kinematic constraints!
I possibility for recoil B meson reconstruction

Lorentz boost — B flight distance ~200-300um ! need good vertexing!
!

B Factory € beam energy e" beam energy Lorentz factor crossing angle

I E: (GeV) E. (GeV) g $ (mrad)
PEP-II 9.0 3.1 0.56 0
KEKB 8.0 35 0.425 22

excellent particle ID and calorimetry

efficient flavour tagging: 30.1% (Belle) and 33.1% (Babar)

“The physics of the B factories”
arXiv:1406.6311

F.Blanc, CP violation and CKM, SHWEPPS 2016



LY

0§ . .
Measurements of sin23 in

N

(O
) )
~
dominant di >
ominan lagramme ()
=
b > c b > S =
~ =~ ~
C 0
-
cC
C 2
cc c 99 .
penguin” pollution! i
. 2
(suppressed: ~A?)
5.2 5.22 5.24 5.26 5.28
Mee (GeV/A®)
A R —
- . BABAR(ggﬁS — 0.1240.370.09 (a)
A B & 4001 E Belle (2000
o - - +0.43 +0.07
< 400 *B" tags S 300 E (6.2/f |0 ®
S r = E = Belle (2001 0.58/0:320.0%(¢)
= = é 200 — (11 M BB) 99,034-0.10
§ 200 — L% 100 = = BAB(AZZ (,\i(g)é) —o—r] 0.34+0.200.05 (d)
RL - 3 BABAR (2001
= s < s OB i 0.59+0.14+0.05 (e)
g 3'25 - g 0.2E 3 Bgf,\(dzg% f—e—{ | 0.99+0.140.06 (f)
g Yo - g 02 =
%‘ 0 =~ 3 %‘ ok \ L BAB(‘;F; (,\i%%z) Fod 0.741+0.067+0.034 ()
E = N 2: E
il N il — = Belle (2002
E, 0.2F ; 02F Lo A - Vs o 0.719+0.074£0.035 (h)
04 . ‘ = 04 e 0 Sles = ‘(3165”5,5/'2%% bo 0.728+0.056+0.023 (i)
2 300 ' 3 = N ]
S VRN . f; - ° B tags =+1 ] BA?ZAZF; (’\ioé)é‘) el 0.722+0.040£0.023 (j)
© 200~ /5N - S200 * B tags ¥ = Belle (2005
N 4 1 = - o, (386 M BB) fof 0.652£0.039:0.020 (K)
2 C g 1 £ C B2asred BN -
g — £ - 2100~ YA EAR = BABAR (2006 0.710+0.034+0.019 (|
é’ 100F P L o a ok background “ia.” s ] (348 M BB) I+ " #0019 0
- P B s nd - subtracted ! = ?;3”;"\(/'2‘;%? 0.642+0.031£0.017 (m)
E 04F = 04F E BABAR (2008
L C Q r .
E 02k E é sk = 16 @ BB, o 0.687+0.028+0.012 (n)
Z 0; [ W T2 of 4 - : o veob) 0.667£0.023:0.012 (0)
2 _ - — ~ o .
&s gj E_ B_ > J/\PKL —4- _E _gi ;:}ﬁ B_)J/\PKL _E Current Average | | . ‘ 0.677+0.020
5 0 5 ‘ 5 0 . 0 05 1
At (ps) t(ps) sin 29,
“The physics of the B factories”
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Measurement of sin2a

e Time-dependent analysis of B mesons (mixing! V! 2PB)

decaying predominantly via b—u transitions (Vw ! y) ;  Tree

: . . : Tree 4
- B'—>a'n : isospin analysis to disentangle! - fd w :{u
tree (Vuw) and loop (Vi) contributions! b . q
[Gronau and London, PRL 65 (1990) 3381] g
@T (b) C

- BO—>a'nn : time-dependent Dalitz analysis

- BY%—p*p~: isospin analysis (idem B’—n*n)

increasing difficulty?
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Measurement of sin2a

e Time-dependent analysis of B mesons (mixing! V! 2PB)
decaying predominantly via b—u transitions (Vuw ! 7)

%‘ - B%—>ntn : isospin analysis to disentangle! BO— 7070 branching!
2 tree (Vuw) and loop (Vid) contributions! < fraction larger!
S [Gronau and London, PRL 65 (1990) 3381] than expected
en
% - BO—>a'nn : time-dependent Dalitz analysis
- BO—soto - i in analysis (idem B'—n'1") < B%—p%p? branching!
3= i PP ISOSPIL allalysis Uk T fraction small
O/ -- - Bopp (WA) 3 Combined |
—mett . Boynr (WA) et CKM fit
Bopn (WA)
1.0 "'l"ll""'""':,"""lfl';"'l'l"j
: e 0 'y v :',1
CKMFitter (Summer 2015):

p-value

| =(90.4,77

0 20 40 60 80 100 120 140 160 180
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A hadron machine 1s a B factory — LHCb

EcAL HCAL
SPDPS M2
Magnet RICH2 yq M2

M4 M3

dreas sy e e b

e'e@" Y(4S)" bb " bbX (Is = 14TeV)

Cross section 1 nb 500 pb : ..
I high statistics
bb rate ~10Hz ~500 kHz
Flavour content B+]i-(50%), B+(40%), B%(40%), Bs(10%), ! access to all flavours!
BYB9(50%) B(<1%), b-baryons (10%) (allows to measure ¢s)
poost ~0.5 large I good time resolution
=i efelefbeilejgl\icdisvd|  not reconstructed reconstructed

BONB © mixing coherent incoherent I tagging dilution

F.Blanc, CP violation and CKM, SHWEPPS 2016 11



Analysis conditions at LHCb

8(9(33 »( S0

e Flavour tagging: Same (SS) and Opposite (OS) Side taggers

- few percent effective tagging power, compensated by large statistics

 Excellent proper time resolution: 44 fs 3 New . Phys. 15 (2013) 053021
— ¢+ o Tagged mixed
. ) e s S A o Tagged unmixed
- resolve fast B% oscillations 2 400 B\ —_ Fitmixed
] kS| i AR P Fit unmixed
e PID: K/n (/p/p/e) separation N
e Photon reconstruction: ;
. O . . . l . . . . l . . . . l . . . .
- not as effective as Belle and Babar 0 1 2 3 4

decay time [ps]
F.Blanc, CP violation and CKM, SHWEPPS 2016 12



N
o Measurement of @s
® . .
&60\6 e Time-dependent CP asymmetry in B% — JApe ! g "
| (
M¢asure the /\\
interfefence between le=1Im —2I'p o && "
mixirlg and decay N T
! N
!
! 3 :t- u K J/ J/
!:'_.' 1% B B° B
New Physicsl - . .
might enter here - - > b l

(dominant) (suppressed)

e (s predicted to be small!
| | + CKMFitter
os = ! 0.0363 = 0.0016rad PRD 84 (2011) 033005

e Sensitive to New Physics contributions in Bs—Bs mixing

e Analysis involves time-dependent and angular analysis, to
disentangle CP-even and CP-odd contributions

F.Blanc, CP violation and CKM, SHWEPPS 2016 13



Measurement of Ps (results)

~ PRL 114 (2015) 041801 2 10 —
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Measurement of UT angle vy

e [cast constrained UT parameters

e Theoretically clean [6y/y < O(1077)], from interference
between b—c and b—u tree-level amplitudes

e Experimentally, measure branching fractions for B—>D’K

DYK x rp - ep

/

| BES [floKE = r2+r2+ 2 rprecosly+"pt!)

e
B~ [fIpK™
N

\

g eis=1) D0 K— rg! 0.1
- Final state [f]p may be:
- CP eigenstate: (e.g. K'K-, n"'n") > mp=1 [GLW method] FFB3 223 (1991) 483

PLB 265 (1991) 172
- charge specific: favoured D—K-—rn* & suppressed D*—K*r!
— ID " 005 [ADS methOd] PRL 78 (1997) 257!

PRD 63 (2001) 036005

e Other methods: Dalitz analysis, >3-body D decays

F.Blanc, CP violation and CKM, SHWEPPS 2016 15



Y measurements

LHCb-PAPER-2016-003
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e Significant improvement on!
the determination of the!
angle vy with the LHCb data

e Several complementary!
approaches ! ~different!

systematics

e After Run2: can expect +4°
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LHCb, PRD 90 (2014) 112004

Direct CP violation in BE—h*h"h-

e Measure charge asymmetries in regions of phase space

3

-

e Observe large asymmetries!

- Model
v B KK

(due to final state rescattering?)! 038 1 - Combinatorial
in low mass regions: positive for! 0.6 T Bt body

. . -«B"-K'K'K
pions and negative for kaons 0.4} —B-KTT

(stat) (syst) (norm)

Candidates / (0.01 GeV/¢?)

Ace(BX > K=1*1') = +0 025+ 0.004+ 0004+ 0.007(2.8!) = "% \ |
A (B* —> K* K K ) = —0.036+ 0.004+ 0.002+ 0.007(4.3!) e
Acp(B* - !*K*K') = —0.123+ 0.017+ 0.012+ 0.007(5.6!)

ra T Trrrrrrrrrrrrrrr—r-r- 1 é Cran 25_ T 1
- - -
i’ 25F LHCb 0.8°< i" : LHCb
- + ! 0.6 20 — £
8 0 K*IH1 o 3F K*K ™!
< f ! 2 ok
s 10F 0.2 T f
Tk -0.4 R
SF 0.6 SE
- 0.8 -
O'-n : 2 8 2 2 a2 2 B 2 32 a2 o0 2 a2 2 % . 2 -1 0_..“1----1.A
5 10 15 20 0 10 _20
mA(n'n) [GeVi/ct) m*(K*K") [GeV?*/¢?)
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Vub with Ap decays (and V)

e The magnitude of Vb 1s measured!

in semileptonic decays (same for V) @ § @
0
>

e Two approaches: - Vb
u
- exclusive decays (needs form factor;!
reasonably easy experimentally)! W!

Vub lexclusive = (3.72% 0.09(exp.) = 0.22(theory)) ! 10 3

- inclusive decays (clean theoretically; difficult experimentally)!
!

IVub linciusie = (4 .45+ 0.18(exp.) £ 0.31(theory)) ! 1073
I

[numbers from CKMFitter; dominated by Babar and Belle]!

e Poor agreement between the exclusive and inclusive results

F.Blanc, CP violation and CKM, SHWEPPS 2016
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LHCb, Nature Physics 11 (2015) 743

Vu/Veb using Ap decays

e The ratio of the magnitude of Vu, and Vb 1s measured with

semileptonic Ap decays

Rrr = ratio of!

|Vub|2 _ B($8" pl.l' H_u) R form factors

e Measure the relative decay rates IVep2 B($9" $:p' ™) -
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B Combinatorial ] r
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= 7 z [ B& %$ n
- - & pus (LHCD)
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5
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PRD 90 (2014) 094003
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CP violation 1n the charm sector

I(D°" h*h' ,t)#1(B°" h*h',t)
(1) ! -
AW BT R )+ B0 henl T

e Ar depends on both direct and indirect CP asymmetries

e Ar <107 in the Standard Model; up to 10~? in BSM

| AAAd RAAd hAAd AAAd RAAE RAAE RAM

¥ v 1 — v ' 2 v v | v v v . g ] Y T Y T ' T T v T T v v v v p
LHCb ~ Data & I5F LHCb +Data
—Total fit 2 0 .+ — Linear fit ;
D' —K K =5 10p D=KK i+ 1o band]

Comb. bkg.

2.34M signal events

.

e .

: - N -~ } - - .."~=,.. ! - : Sk - PSS SV TV VW VP W NN :
!"’lf’}r‘/‘r’u‘*‘h‘"r" . hA-ﬁ-‘-u'-“‘!‘.l"'H 2 "E‘nm‘w‘-“‘a-lr“-——_ 3
L 3 5 1 1 1 1
1850 1900 0 1000 2000 3000 4000 5000
MK K*) [MeV/c?)] t [fs]

* No indirect CP asymmetry! A, (K *K')=(1 0.134+ 0.077+ [2-926)0

I 0.034
- 1 I | +

JHEP 04 (2015) 043
e Other studies include multi-body decay modes, Dalitz analyses
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What about kaon physics?

e CKM matrix can be constrained with rare kaon decays

branching fraction (SM) CKM constraint
K" — vy (0.9+0.1)! 10°10 effective measure of |V|
K9 — mlyy (0.31£0.02)! 10-10 measure of UT parameter 1

e K channel under study at NA62 (previous studies at BNL-E787, and
BNL-E949) 15

1 I LI ' I 'O B L I

) Yo e L K'—-,x‘vv (NABZ)
- expect ~100 signal by 2017 x
1.0 .
0 : [ (th. UNCAMANtY) :
e K" channel studied at KOTO (J-PARC)! [ uncensny)—~__ 3/
i Phase 2 -
T 00— s TN .4 0.5 :
oy M [ S R 5 <Y
2, 400
N S S e e = 0o} 1
G 300D f o 25 A
250 = —t— 2 KOTO: 05 —
DOCE- 3 Tt [l £ 1 | ]
150? .--' | 1 1 Slgnal event seen - - Assume 10% uncertainty on -
100 Lz —_:-'-—- 05 0.18+0.15 eXpeCted -1.0 - o both measurements .
58” 0' background i Bg'm Prospective study on rare Kaons
2000 3000 4000 5000 6000 R 1 e ! PRTETT IS i o B O O L1
arXiv-1411.4250  Rec. z [mmi 10 05 00 05 1.0 15 2.0
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Belle II and the LHCb upgrade

W' I(DD(MI$I#$8.%

23(4'5678&' (B!$1#$8%8
91/0/$0:1(;" 43! (<&7'$1%()=4%06!"-

LHCDb upgrade

UB(<4"8%06!${%8 — - )
</DF“T(L4:IE&%6(/46,/01G 7 |2 Magaet - -
7%!/02 (L4 E&%6(/46.10!C | Tracker
D5!'SOE0#4$0&: ( RICHI \¥ ¥ 3
&4GAS0& HRT'SI%()=4%% ~ *crrre UT ‘
¥ / ~ ra ¥ .
WI%6V"076(=146(.qQ.! 2 || ey = I "
R#6(5046!$1% 7 : e
,!%$!H(M!$!#$&% - vy . Locasor /|
R("4V!%/(MU: AUF ({12 \\ : 4 ; wsaonr. V)TN
F X . . ‘ .. . o ' +-T
K1)OPQ-84<)OPQF (>64" (#
"1:196(4%6 T ((E4/$S(!"HSH& O#/
Ay 3, S
upgrade

Belle 1T LHCb
Linst 8! 103 cm s 21 10 cm—2s7!
Lint 50 ab~! 50 fb!

Start from 2019 2021
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Projections for LHCb

EPJ C73 (2013)2373

Type Observable Current LHCb Upgrade Theory
precision 2018 (50fh')  uncertainty
B2 mixing 21 (BYT J"#) 0.10 [138] 25 Q008 " 0.003
21 (BO1 J" £0(980)) 017 [214] 0045 0014 " 0.01
a8 6.4# 103[43] 06# 103 02# 103 0.03# 10 3
Gluonic T (BOT #H) 5 Q17 003 002
penguins CZ ¢ (B! K'OW'9) b Q13 Q02 < 0.02 )
20 (BO1 #K)) 0.17 [43] 030 005 002
Unitarity $(B! DOKO) " 10D12 [244,258] ] 0.9% negligible
triangle $(B2! DK) 1) 17 2.0 negligible
angles (" B! " KQ) 0.8" [43] Q6" 02" ) negligible
Charm A 2.3# 10 ~ |45 040# 10> 007/# 10 ° b
CP violation ' Acp 2.1# 10 % [18] Q65# 10 3 0.12# 10 3 b

50 ab-! (Belle IT) + 50 fb-! (LHCb)

1_5[_ —7— -- ‘, ..... T T T T T T T —_—
| acaed wea haa L » 085 Y ”, |
) ° o | ‘_'1'5.“:"'*
Projections for sin2f3 1@
at Belle 11
Statistical Systematic Total I= o0
reducible | irreducible
Sypro (492 fb1) | 0.031 0.012 0.036 o5l Y&Y)& [V,
(sin2!' 1) (5ab1) 0.010 0.004 0.012 0.016
(50 ab™1) 0.003 0.001 0.012 )
Ajpro (492 1) | 0.021 0.006 0.025 0 1(@)
(5 ab~1) 0.007 0.002 0.013 0.015 Y
(50 ab™1) 0.002 0.001 0.013 R T I IR P
<1.0 0.5 0.0 0.5 1.0 1.5
p

F.Blanc, CP violation and CKM, SHWEPPS 2016
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Long term options (>20307?)
e Tests of CKM physics

- further improve precision
- need more statistics

- add decay modes!
| improve neutral detection efficiency for modes with vy, 7t°

- 1n case deviations have been observed, may need optimised
detector to study specific process(es)

e Other CP violation searches
- strong CP
- CP violation 1n the lepton sector

- what about Dark Matter?

F.Blanc, CP violation and CKM, SHWEPPS 2016
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