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e CKM mechanism introduces CP violation and
neutral meson mixing phenomena

» The presence of new heavy particles exchanged in virtual
loops could introduce additional phases altering the
corresponding measurements

» Constraining these phases put stringent limits on a large
range of NP models

e CPviolation is needed to explain baryon
asymmetry in the Universe

» Discovered in 1964 in the kaons, 2004 in the B and
each time awarded with Nobel Prizes

» Still missing 10 orders of magnitudes!

o Experimentally, CP violation observables accessed
through ratios of measured quantities
» Cancelation of many experimental systematics

» Flagship measurements for LHCb and Belle II

I= 00+

o
o

L
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Experimental context

[ )
LHC era > HL-LHC era >
SE= 3 fb-1 8 fb-1 23 fb-! 50fb-! 300 fb-!

2010-2012 | LS1 | 2015-2018 LS2 2021-2023 LS3 2026-2029 | LS4 2031-...
Runl Run2 - Run3 Run4 Run5 ... >
¥ =4x1032cm-2s-1 % = 2x10335 cm-2s-1
Current LHCb Today LHCb upgrade 1a LHCb upgrade 1b LHCb upgrade 2
g Belle 2 _J

o LHCDb is currently the main actor in flavour physics
e Belle 2 is entering the game

« LHCb may be the only large-scale flavour physics experiment
operating in the HL-LHC era

Simon Akar
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LHCb apparatus

[JINST 3 (2008) S08005]

( )
e Forward General-Purpose Detector at the LHC
e ~30 % of heavy quark production cross-section with just 4% of solid angle
g J
— TRACKING SYSTEM
momentum resolution
VERTEX DETE_CTOR Aplp = [0.4% ; 0.6%]
reconstruct vertices
decay time resolution: ~ 45 fs
IP reconstruction: ~ 20 um
(nPVS) ~ 2 |
(nTRACKS) ~ 200 |
DIPOLE MAGNET
4 Tm
normal condt_Jcting
Ne9Ray Bolanty MUON SYSTEM
CALORIMETERS
RICH DETECTORS — energy measurement
K/1r/p separation particle identification

Simon Akar CKM 18’ - sin2beta @ LHCb


https://arxiv.org/abs/1503.07089
https://cds.cern.ch/record/1129809?ln=en

colour-suppressed

b =ccs tree
b
M.
I)'{"H H P _

Measurable CPV if

Cabibbo-suppressed .
penguin

+ smaller weak exchange (E) and
penguin annihilation (PA) diagrams

_ ViaVi
b =arg (Vchc’Z)

26T = (47.48%330)°

[CKMFitter]

SM prediction from global fit
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http://ckmfitter.in2p3.fr/

» Mixing parameters:

Am = myg — my,

— T (BJ(t) — f) _

Sy sin (Amt) — Cr cos (Amt)

Al' =11, — I'y
» CP observables:
5. — 280 e LYl _2R(N)
ARSI VER RS R WER L+ ]2
A(BY(t) — .

cosh (Agt) - AArsinh (%)
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[ (BY(t) ~ £) T (BY(H) — 1) _ S sin(Amd)

» Measurement ingredients: For B — Jip K2

— Cy cos (Amt)

[ (BYt) — f) +T (BYt) — f) WI
1

» Mixing parameters:

Am = — = 0. +0.0019 ps~!
m = my — myp, = 0.5065 4 0.0019 ps HFLAV]

AT =T, —Tg o (—0.002 £ 0.010) x T'y
» CP observables:

g — 20 L _ 1= 2RO
U R W R W 1+ [Ag]?
A(BY(t) — b

AMEmh(\AT”\)A

0
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http://www.slac.stanford.edu/xorg/hfag/

» Measurement ingredients:

Ameas(t) — AC’P(t) X Dres X Dtag

- Adet/prod

Simon Akar
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Time-dependent CP violation

» Measurement ingredients:

Ameas(t) — AC’P(t) X Dres X Dtag L Adet/prod

» Decay time resolution: ~45 fs

A’I’TLQO'_%
—tr= 2
Dyes = €

Simon Akar CKM 18’ - sin2beta @ LHCb



Time-dependent CP violation

» Measurement ingredients:

Aneas(t) Acp(t) X

» Decay time resolution: ~45 fs

A’I’TLQO'_%

Dres = 2

» Tagging dilution:
Dtag (1 — 2&))

- Initial B flavor efficiency: €tag
- Wrong tag rate: W
— Effective tagging power:
— 2w)?
1

Eeff

Ceff — etag(l
o5 (CPV)

Dres X Dtag L

Adet/prod

Same side (SS): exploit the charge of the fragmentation particles

SS Kaon
SS Proton
SS Pion

S|gna Decay

Same Side

0OS Muon

OS Vertex Charge
OS Electron

0S Charm

Opposite side (OS): exploit the charge of the particles produced
from the other b-hadron

Simon Akar CKM 18’

- sin2beta @ LHCDb




Time-dependent CP violation

» Measurement ingredients:

[Ameas(t) — AC’P(t) X Dres X Dtag L Adet/prod ]

Decay time resolution: ~45 {s

Am?2 0%
D res — € 2
Tagging dilution:

Dtag — (1 — 2&))

- Initial B flavor efficiency: €tag
- Wrong tag rate: W

— Effective tagging power:
€off = €rag(l — 2W)°~0(%) @ LHCb
P (CPV) o —

Eeff

o D |
Belle sin(2¢,) LHCb B°—D * D -
-0.9
[ ]
A
0.8- g BaBar B —ccK*0 - -0.8

]
g LHCb B0
'\’

0.6-

Vo}°
0.4-

[ ]
LHCb B°— JW K

0.2- °
ATLAS B?— Jhpo

0.0 LHCb unofficial ST
0.0 0.1 0.2 0.3 0.4 0.5

[CERN-THESIS-2016-152]
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» Measurement ingredients:

Ameas(t) — AC’P(t) X Dres X Dtag L Adet/prod

» Decay time resolution: ~45 fs

A’I’TLQO'_%
LHCb B D+t D~

Dres — 6— 2 ” -0.9

0.8-

1.0- -1.0

-0.8

» Tagging dilution:

Diag = (1 — 2w) 0. 4 K LHCb B> o
- Initial B flavor efficiency: €tag H
of
- Wrong tag rate: W 0.4- ¥
- Effective tagging power: ol
0.2- °
Coff = etag(]- — 2w)2~o(%) @ LHCb ATLAS B
1

o5 (CPV)

LHCb unofficial 0
0.0 1%

Eeff 0.0 0.1 0.2 0.3 0.4 0.5
w

» Also need to account for detection/production asymmetries, acceptance effects on

time and angular variables (P — VV), ...

[CERN-THESIS-2016-152]
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transitions

AI'=0

Sczs = sin(2[3) if no direct CPV
and neglecting higher order
contributions

» B is the most precisely measured
angle of the Unitarity triangle

» CPV measurement in time- -
dependent decay rates of b — ccs

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

-0.4

Acp(t) &~ Sczs sin (Amgt) — Cezs cos (Amg t)

C.z = 0 if no direct CPV
(good enough approx. given
current precision)

5 E Amy& Am . g
2 | Tam, ek % =
é Sln 2[3 E sol. w/ cos 26 <0 _:
% -—: (exa tCLEO.QS) E
: e o
AN ]
: :
Y B _g
| ] ] ] ) ] ] ] ] ] ] ] ] ] ] ] ] ] ~
-0.2 0.0 0.2 0.4 0.6 0.8 1.0
p
. SMy +0.020 .
sin(26, ) = 0.7407 5555 [CKMFitter]

sin(26°M) = 0.724 £ 0.028 [UTFi
sin(26,.z,) = 0.691 &+ 0.017 [HFLAV]

cés)

e New physics contributions, if present, will be small!
e Controlling contributions from penguin topologies becomes mandatory

Simon Akar
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http://www.slac.stanford.edu/xorg/hfag/
http://ckmfitter.in2p3.fr/
http://www.utfit.org/UTfit/WebHome

Measurement of 5 @ LHCb

[PRL 115, 031601 (2015)]

» B’ Jhp [utu] KQ: (golden mode)
long tracks:

» Using 2011+2012 (3 tb-1) data hits in velo
» Cut-based selection

. magnet T stations
» DD & LL reconstructed Kg — m1'm" i T track
VELO
- (o (t)DD> > (o (t)LL> upstream track :_.-—-—
- long track

» OS and SSw taggers: &efr ~ 3%
» ~42000 tagged candidates

VELO track B

downstream track

downstream tracks:

. .l o . NO hits in velo
» Simultaneous fit in 24 categories:

- (2011,2012) x (SSm,0S,0S &SSm) x (DD,LL) x (AU,EB)
- signal & background components

— CP parameters S and C free
- Am constraint to 0.5100 + 0.0030 ps

Simon Akar CKM 18’ - sin2beta @ LHCb


https://arxiv.org/abs/1503.07089

Measurement of 5 @ LHCb

[PRL 115, 031601 (2015)]

» B'— Jip [utu] KQ: (golden mode)

» Fitresults: © ¥0Fgong 4o 1 2 10th

= 3000 F ER :

> 2500;backglrouurld . (a) S

= " total | ER

= 2000 g el

2 1500 =

£ 1000¢ \ -

'g 500 - ol eI o RPN S - S I o E

8 :._1_._._-.—1'/...|...\|\ ..... L 1§

5240 5260 5280 5300 5320
m (MeV /c?)
L 0.4:""|""|""|"':
S = 0.731 £0.035(stat) 4+ 0.020(syst) % 03 LHOb |
C' = —0.038+0.032(stat) £0.005(syst) & 02F =
= 01% IS
. . p(S,C) = 0.483 7 Uy 2 7 S
» Main systematics: 0 =Sy v :
- 8: Background Tagging Asymmetry 2 —0.1F X<}r/ E
— expect to scale with more data E _gg_ 3
. EO —VU. :_ 1
- C:4Am B AF
5 10 15
t (ps)
Close to precision of B-Factories and statistically limited
y
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https://arxiv.org/abs/1503.07089

Measurement of 5 @ LHCb

[JHEP 11 (2017) 170]

» B’ Jip[ere] K§ & B'— P(28) [urp] Ks:

» Using 2011+2012 (3 fb-1) data
» BDT in selection
» DD & LL reconstructed K3
» OS and SS7BDT + SSp taggers:
~ sett~ 6% (B’ /P [ete ] KY) A T Y A A S e
5200 5300 5400 5500 5600
— gett ~ 3.4% (B> Y(2S) [u*u] KI) m(Jfp K) [MeV /]
» ~10600 + 8000 tagged candidates

BY— Jh) K?
-w=w= Comb. background

EaliL TTT TR LTI TTT TIPS = mlmm
iy
.y,
Ve, b
T

. S
.
b ‘e
.
.
‘e
.
10 o
G
= L
= »
.
- »
.
- a

]
]
“,

L]
",
.,
"

Candidates / (4.5 MeV /c?)

10° £ LHCh  f\ B p(2S)K0
: B — 1(25) K ]
-w=w= Comb. background

» Fit strategy:
— first fit invariant mass (obtain sWeights)

- simultaneously fit decay time of both samples
(next slide)

- CP parameters S and C + acceptance parameters free

—_
)
LI

a .
a .
IIIII | 1 1 1 1 | L 1 |

C : , AP TETE B
5200 5250 5300 5350 5400 5450
m((25)Ky) [MeV /]

Candidates / (2.5 MeV/c?)
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https://arxiv.org/abs/1709.03944

Measurement of 5 @ LHCb

[JHEP 11 (2017) 170]

» B’ i [ere] K§ & B'— P(28) [urp] Ks:

» Decay-time fit results

B o LHCb
S 10 : 0~2:- T N
Siwre = 0.83%0.08(stat) £ 0.01(syst) | = o | /
Cipro = 0.12+0.07(stat) £0.02(syst) 2 v ER
= T 2k 0 0 .
8. O = 048 i # e :
’ Dlgcay time [ps]15 ’ Dlgcay time [ps]15
_ B LHOb £  LHOb I
Sypes)ky = 0.84+0.10(stat) & 0.01(syst) 2102 B9 $(25) K0 = o2p A ‘ .
Cyesyxy = —0.05+0.10(stat) & 0.01(syst) | — ; i | an
p(S, C)¢(2S)Kg = 0.48 f; . ii i -
g < _ - -
S . ”H l } C%o “T o (28K
5 . 10 15 — é - 1IO — 15
Decay time [ps] Decay time [ps]
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https://arxiv.org/abs/1709.03944

Measurement of 5 @ LHCb

[JHEP 11 (2017) 170]

» B’ Jip[ere] K§ & B'— P(28) [urp] Ks:

» Combination + golden mode (B°— JAp [u*u-] K?) results

0.4 ' ' '
O b BYs p(28) KO —
[ B (e )k —
L0 B— Jp (ptpm ) K -
092 H Combination e —
e 1| Clagxo = —0.017 £ 0.029
02 F -
- CL for the inner (outer) colntour is 39% (5?7%) I ]

| I
0.5 0.6 0.7 0.8 0.9

s

JIp [ete ] & PY(2S) [utu~] modes provide additional ~15%
on the overall LHCb precision
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https://arxiv.org/abs/1709.03944

[

Measurement of [ -

Status & prospects

sin(2p)

= sm(2¢1) ik

PRELIMINARY

o (S(J/WKS)) now  50ab~!
Belle/I| 0.029 0.005

now 50fb~" 300fb~
LHCb 0.035 0.006  0.003

BaBar : 0.69 = 0.03 + 0.01
PRD 79 (2009) 1072009 o

BaBar y . . 0.69+0.52=0.04+0.07
PRD 80 %00093 112001 .

BaBar J/y (hadronic) Kg | 1,56  0.42 = 0.21
PRD 69 (2004):052001 : ;

Belle - 0.67 + 0.02 = 0.01
PRL 108 (2012) 171802

ALEPH ; R 0.84 98 .0.16
PLB 492, 259 (2000) e

OPAL ’ i 3.20 *18% + 0.50,
EPJ C5, 379 (1998) : *
CDF - n 0.79 54
PRD 61, 072005 (2000) ™

LHCb . " 0.76 = 0.03
JHEP 11 (2017) 170

Belle5S N 0.57 = 0.58 = 0.06
PRL 108 (2012) 171801 x

Average : 0.70 + 0.02
HFLAV

-2 -1 0 2 3

» LHCDb achieves similar precision wrt B-Factories

» Belle 2 and LHCb Upgrades target significantly improved sensitivities

with mostly uncorrelated systematics
— mandatory to control penguin pollution!

Simon Akar

CKM 18’

- sin2beta @ LHCDb




Controlling penguin topologies for £

» Strategy:

- use U-spin and SU(3) related modes, where penguin not suppressed
[S. Faller, R. Fleischer, M. Jung, T. Mannel, PRD79:014030,2009]

- the decay mode BY— J/p KJ can be used to control A¢q oc ASPS:

Penguin Enhanced Mode Penguin Suppressed Mode

aix(B, = J/YKQ) = fet(a, 0,7, ds)
AZE(Bs = J/YKS) = fet(a,6,7)
External Input: v, ¢,

&p'(Ba — J/YKg) = fet(a’,0',7, 6a)
Adiz(By — J/YKQ) = fet(d', 0/, 7)

Y

Fit for (a, )

\

SU(3) Symmetry: a=a' & 6 = ¢’

Y

A¢y = fet(a’,0', ) eff

Y

®d

1 Quantity is Theoretically Clean 1 Affected by SU(3)-Breaking Effects

Simon Akar CKM 18’ - sin2beta @ LHCb


http://arxiv.org/abs/0809.0842

» B Jhp K2:

- same topology as B’— JiY KY

(0
B(I( s)

- LHCDb performed first flavor-tagged
time-dependent analysis: [LHCb, JHEP 06 (2015) 131]

translates into penguin shift on £: 0|

AP = (110D

same order of uncertainties on 27

H(Bsjay = J/YK)

Anr(BY = JKY) = +0.497% 77 (stat) & 0.06(syst)
0 0
C(B; — JAWKg) = —0.28 4+ 0.41(stat) &+ 0.08(syst) — Successful proof of concept
S(BY — JKY) = —0.08 & 0.40(stat) & 0.08(syst) waiting for more statistics
- Using information from B°— J/p n° (Belle, PRL 93, 2618011 i T s
° ° 0.9¢ = R .0)° Agli’x(Bd — J/1/1W0)
together with inputs from B*— J/4p K" and ety By J0n/ )|
+ + e 39 % C.L. = AlL(BE 5 J/yn)
B — J t" [LHCb JHEP 03 (2017) 036] [LHCb, PRD 95 (2017) 052005]  o1{|= s8%C.L A (By > JJUK)
CI2290%C.L. - A%%,(Bi—}J/wKi)

— needs to be improved with more data!

110 130 150 170 190
0 [deg]

210 230 250

[De Bruyn, Fleischer, JHEP 1503 (2015) 145] )
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https://arxiv.org/abs/hep-ex/0408105
https://arxiv.org/abs/1612.06116
https://arxiv.org/abs/1701.05501
http://arxiv.org/abs/1503.07055
http://arxiv.org/abs/1412.6834

Summary & prospects

e B is and will remain the most precisely measured angle
of the unitarity triangle

e Controlling higher order corrections becomes mandatory:

- penguin pollution to be determined with increased precision
in U-spin and SU(3)-related modes both by LHCb and Belle II

e For the future:

- Measurements statistically dominated
— look forward to Run-2 updates (and LHCb-upgrade)

Simon Akar CKM 18’ - sin2beta @ LHCb



Additional material
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Measurement of 5 @ LHCb

[JHEP 11 (2017) 170]

» B’—Jhp[eve’] K§ & B°— (28) [urp] Ks:

» Systematics

B JWp KO BY— (28)K?

Source Og oc Og oc
AT 0.003 0.007 0.007 0.003
Am 0.004 0.004 0.004 0.004

Production asymmetry 0.004 0.009 0.007 0.005
Tagging calibration 0.002 0.0065 0.006 0.002

Decay-time bias 0.006 0.006 0.006 0.004

o scaling 0.003 0.005 0.002 0.002

Decay-time efficiency 0.006 0.004 0.006 0.004

Total 0.011 0.016 0.014 0.010
SJ/szg = 0.83 & OOS(Stat) 1 OOl(SYSt) S¢(25)Kg = 0.84 £+ O.lO(Stat) + 0.0l(syst)
CJ/ng = 0.12 £ OO?(St&t) 1 OO2(SYSt) C¢(25)Kg = —0.05 &% OlO(Stat) + OOl(SySt)
p(S,C) o = 0.46 p(S, C)ysyks = 048
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https://arxiv.org/abs/1709.03944

» Tagging Efficiency: fraction of tagged events

c L Nwrong T Ncorrect
tag —
Nwrong + Ncorrect + Nuntagged

— Correlated with the transverse momentum of the signal B

N. wrong
Nwrong =+ Ncorrect

— Dilution: D = (1-2w) of asymmetries and decay rates.

- Predicted mistag, », computed by taggers needs calibration
w(n) to provide unbiased estimate of w

W =

» Tagging power: statistical degradation of CP asym.

Eeff — cC’:taLgIDQ — Etag <(]— T 2w)2>

1
vV €effN

o5 (CP asym) o

[Journal of Ins

» Mistag fraction: fraction of events with wrong tag decision

trumentation 11 (2016) P05010]

T

‘ T T ‘ T T I

e F —
5 O BY - D;at
E B LHCb

= 021 ]

2, - - Data 1

s 0.1F — Fit projection B

Op

a7 : N i
—0.1F =
—02; Nunmixed (t) — Nmixed (t) é

- Nunmixed (t) 4+ Nmixed (t) ]
—0.3F 1 L L
0 0.1 0.2 0.3

(t-t,) modulo(2m/Amy) [ps]

o - 1 T T T T T ]

5 03¢ BS — Dyt =

QE’ . LHCb ]

g L - Data

>

3 AF — Fit projection

= . :

av]

Qﬁ B | -
—0.1F + + ]
02} + + ;

- < 1
o3 . T <035 |
0 0.1 0.2 0.3

(t—tO) modulo(27/Amy) [ps]
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https://arxiv.org/abs/1602.07252

Same side (SS): exploit the charge of the fragmentation particle (pion, kaon, proton)
produced next to the signal b-hadron in the hadronisation process to infer its initial flavour (£=0)

SS Kaon _
SS Proton 5'8__?‘_?[ D,ei(f?y
PV SS Pion

Same Side
Opposite Side
/’. 0S Kaon
E @
0S Vertex Charge OS Muon
OS Charm OS Electron

Opposite side (OS): exploit the charge of the particle (lepton, kaon, charm decays) or of the
reconstructed secondary vertex produced from the other b-hadron in the event to infer

signal b-hadron initial flavour (t=0)

Simon Akar CKM 18’ - sin2beta @ LHCb



Typical performances

CERN-THESIS-2016-152

LHCb unofficial

, o LHCD taggers .o LHCD vs others

Belle sin(2¢,)

' - 1.0
- .

LHCb B'—»D* D -
- ~ 0.9

BaBar B"—ceK*0 - -0.8
( ]
-0.7

o 0
g LHCb BI - Jjpo 06

0.5 °

-0.4

LHCb B JKQ 0.3

-0.2
ATLAS B?—Jhbo
-0.1
I LHCb unofficial
.0 -

0.0-

K -0.0
0.0 0.1

w

» OS taggers: good mistag but low decision rate
» SS taggers: modest mistag but high decision rate  5%t(CpP asym) o

1
vV €eﬂfN

» Tagging performances are channel dependent

Simon Akar CKM 18’ - sin2beta @ LHCb 27


https://cds.cern.ch/record/2229990?ln=en

Developing FT algorithms

o Tagging tracks identification

» pp collisions harsh environment Vertex

» few tracks among O(102) Kinematic

» FT algorithms based on MVA classifiers barticle 1D MVA :>
designed to isolate specific physical process
(SS tracks, OS tracks divided by categories) Topology

o Taggers calibration

W = Po -+ D1 (77 — <77>) [Eur. Phys. J. C (2012) 72:2022]
/ t o

measured estimated estimated
ev-by-ev mistag ev-by-ev mistag mean mistag

» Calibration performed on control channels:

- Charged modes: B*— J/WK', B*—»Dm*
No oscillation, large samples

- Neutral B> modes: B J/y K* B> D™ n*
large samples

- Neutral B)modes: B) - D, "
only control decay for data SSK, statistically limited
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https://arxiv.org/abs/1202.4979

