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[Rev. Mod. Phys. 88, 015004 (2016)]

Sakharov Conditions

[A. D, Sakharon JETP Lete5, 24 (1967 | © Baryon asymmetry of the Universe: 1, /n,~10710

o JEem Nl Viie) e o CP violation in the SM does not account for it

2. C and CP violation o There must be New Physics and new sources of CP

3. Interactions out of thermal equilibrium violation
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How to tind New Physics at the LHC

High energy frontier _ Precision frontier
b B - 5
W+
B uc,th | NP? | Y5t B3
W
. — - > b

Direct observation: require E>mc? for direct
production = few TeV

o Most HEP direct discoveries have been preceeded by indirect evidence first!

o If we don’t see New Physics directly at the LHC can indirect evidence guide us where to look (or what to
build) next?
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Flavour physics: a history of success

NA48 and KTeV collaborations

Parity Strange particles:
violation CP violation in K
T.D. Lee meson degays M. Kobayashi and
C. 1. Yang and J) Cromn, T. Maskawa
C.S. Wu et al. V. L. Fitch et al.
Cabibbo mixing ~Branching ratio of

K° —» pp and
prediction of the

N. Cabibbo

charm quark
Glashow et al.

Argus collaboration

CDF collaboration

2001 2006 2019 °

Observation of CP
violation in D°
meson decays

Babar and Belle LHCDb collaboration

collaborations
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Quark transitions

In the SM quarks can change flavour by emission of a W= boson
* So must also change charge

(i.e. from up-type to down-type or vice-versa)

®© O O s
Down-type (D €D O

o The probability for such a transition is governed by the
elements of the 3X3 unitary CKM matrix

Up-type
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V d
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Cabibbo-Kobayashi-Maskawa Matrix (V)
3x3 unitary complex matrix
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Quark transitions 11

In the SM quarks can change flavour by emission of a W= boson
* So must also change charge
(i.e. from up-type to down-type or vice-versa)

®© © O
Down-type (D O @

o The probability for such a transition is governed by the
elements of the 3X3 unitary CKM matrix

Up-type

o It exhibits a clear hierarchy
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Cabibbo-Kobayashi-Maskawa Matrix (V)
3x3 unitary complex matrix
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CP wviolation in the Standard Model

o Wolfenstein parameterisation: CKM matrix described by 4 parameters 4, 4, p,n

Vid Vs Vub | Vid | | Vs | |Vuble™ il
Vekm = Veo Vs Voo | = —|Veal [Ves| | Vep|
Vid Vis Vib |th|e—:ﬁ —|Vis|e'?s | Vib |
1—2%2/2—)2\%/8 A AX3(p — in)
_ A+ AN —2(p +in)] /2 1 — A%/2 — 241 +4A%)/8 AN? O(\°
+O(X7)
AN3 [1 —(p+in)(1 — >\2/2)] —ANZ L ANT[L —2(p+in)] /21— A%N%)2

N >
N

Wolfenstein parametrisation

A =sin(6c) = 0.22, n~0.3

* 3 quark generations allow for a CP violating phase: 17 is the only CPV source in the SM
* But7 is small — where did the anti-matter go?
* Test the consistency of CKM picture within SM experimentally
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Unitarity triangle

Unitarity Vegu - V(TKM = [ imposes several conditions which give rise to “unitarity” triangles

V [CKM Fitter]
ud VUS Vub
V - V V V 0.10 o T T T [ T T T T [ T T T T I T T T T
CKM - Cd CS Cb : 0%) EK : ¥ exc area has CL > 0. :
Vid Vis Vib Yy - 1
0.05 —— Amd&AmS —_
[ 1 ; Amy o !@gw - :
. . .. o - - u
Unitarity condition from 2nd and 3rd columns: = 000 \g ‘/‘ (B, ]
* * * L AT
V;is Vub + Vcs Vcb + Vts th =0 . ]
(0,0) NOT TO SCALE (1,0) 0.05 F B, _
3 v sin 2B 4
ViusVip Bs pm :
‘/CS C>.l<) V % | Summer 18 S : i
ts tb ’ -0.10 T S ST (TR S WA SN SR SO T N S R S
V * -0.10 -0.05 0.00 0.05 0.10
csVep pr

)
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The CKM fit: a lot

[CKM Fitter]
°-‘°_%;K' T e of room for NP
[ A ‘ {

0.05 — § _
: o The SM works so remarkably well that we
1 have to make more and more precise

measurements

2
= 0.00

. ° O(20%) NP contributions to most loop-
-0.05 — B S level processes (FCNC) are still allowed
o See e.g J. Chatles at al arXiv:1309.2293 [hep-ph]

1 | 1 | l 1 1 1 1 l 1 | 1 | I 1 | 1 | . .
-0.10 i}
%10 0.05 0.00 .10 ° Ir'lterestmg comparison of tree-level vs
P higher-order observables. In the latter,
unknown particles could contribute.
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B flavour mixing

o Neutral BY mesons can oscillate between their particle and anti-particle states

b - - - 5 b -« - ——————— -
U, G, 1

vy

=
H_
=
H_
=
O
~
o
-}
<l
Ol
~I

B, >=p|B) > +q|B5 >
|By >=p|B) >—q|BJ >

The physical mass eigenstates (L,H) are admixtures of the weak eigenstates:

with mass difference Am = my — m;, and decay-width difference AI' = [} — [y
tlavor at production (t=0) could be different from flavour at decay time t
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CP violation

° Must have two interfering amplitudes with different strong (6) and weak (i) phases

o For a B decay to a CP eigenstate f, CP-violating effects depend on Ar = %j—;
¢dec CPV in d
in decay
B? " fep
=% - * P(BY - f)# P(B - f)

mix —2 ec
CPYV in mixing & 2 . |1‘Tf/Af|¢1
« P(B? - BY) # P(B? - BY) Dmix — Pdec
* lg/p|#1

RO
B (| CPV in the interference between decay and mixing

+ P(BY~f)#P(BY - BY - f)
« arg(df) # 0
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CP violation

o Must have two interfering amplitudes with different strong (3) and weak () phases

A
o For a BY decay to a CP eigenstate f, CP-violating effects depend on Af = 121

pAf
¢dec

BY " fcp

S
CPV in mixing &=tz
« P(B? - B?) # P(B? - B?) Prmix
* la/p|#1
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CPV in decay

* P(BS —>f)#P(BS > f)




[Fleischer, PRD 60 (1999) 073008]
[Ciuchini et al., PRL 95 (2005) 221804|
° O ° * [Faller et al., PRD 79 (2009) 014005, 014030]
CPV in Bg mixing and decays e
S [Jung, Schacht, PRD 91 (2015) 034027]
[De Bruyn, Fleischer, JHEP 03 (2015) 145]

colour-suppressed . Cabibbo-suppressed .
b—ccs tree 7/ penguin <:O.I/p

+ smaller weak exchange (E) and

. RO
Golden mode: Bs = J /Y (= pp)¢p(— KK) penguin annthilation (PA) diagrams

B ———t ¢ LBl SR SILIE, IRl GLOBAL FIT PREDICTION
CPV due to mixing-decay interference

@M= —0.036861) 0028 rad
% 50 As @s = arg(Arcesy) = @M + Al + Apl'P [CKMFitter]
\_Y_J

_Zﬁs
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AFS[ps_l]

0.14
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0.10

0.08

0.06

@, before Winter 2019

HFLAV

Status before DO 8 fb !

Winter ‘19 68% CL contours
(Alog £ =1.15)

CMS 19.7 fb!
LHCb 3 fb!
04 02 00 02 04
¢, [rad]
GLOBAL FIT PREDICTION
@M= —0.03686) 00045 rad
[CKMFitter]

> Golden channel exploited by LHCb, ATLAS, CMS: B? - ] /{¢

o LHCDb also measured many other channels

World average (dominated by LHCb) consistent with predictions;
Exp. uncertainty (31 mrad) almost a factor of 30 larger than uncert. of

indirect determination when penguin pollution is ignored.

0 = —0.021 + 0.031 rad

AT, = 0.090 4+ 0.005 ps~?
[HFLAV 2018]
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The LHCb detector

IC LHﬂCbRetector Electromagnetic —
Single arm spectrometer % Longih: 20 m Calorimeter :
designed for high ~—
precision flavour RICHT g
physics measurements

Pseudorapidity range \L/gge?t)(() r o TR &

n e [2,5] —_— -

Tracking RICH2
tation
Dipole

Tracking

Magnet Stations
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Hadronic
Calorimeter

Muon
Stations

LHCb Detector Performance
Int. J. Mod. Phys. A30 (2015)1530022
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(

The tracker upstream the magnet

Vs ~\
The VErtex LOcator \ y

Decay time res ~45 fs
IP res ~20 um

42 silicon micro-
strip stations with SPD/PS

[ ECAL HCAL
M1

RICH2

R-® sensors
2 retractable halves,
7 mm from beam.

/ Tracker Turicensis (TT) \

* Four planes (0°,+5°,-5°,0°) of
silicon micro-strip sensor

* Total silicon area of 8 m?

* Already sensitive to the

magnetic field

TTa

llllllll

1 1 | 1 ] 1 1 1 1 1 1 1 1 1 1 1
erformance of the LHCb Vertex Locato 5m 10m 15m 20m

JINST 9 (2014) 09007

LHCb Detector Performance
zht J. Mod

Phys. A30 (2015) 1530022
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The tracker downstream the magnet
/ Outer Tracker (OT) \

Three stations each with four
planes (0°,+5°-5°, 0°) of straw
tubes

* Gas Mixture Ar/CO,/0O,
(70/28.5/1.5)

N\
[ The Inner Tracker (IT) \

\

SPD/PS M
ECAL HCAL M2
M1

Three stations each with four

planes of silicon micro-strip

sensors around the beam pipe
* Total silicon area of 4.2 m?

Performance of the LHCb Outer Tracker; N~ F Dordei - Precisi ¢ the CP-violati b ﬁICb -
JINST 9 (2014) PO1002 rancesca Dordei - Precision measurement of the CP-violating phase s at




RICH 1

* Upstream of the
magnet
 (C,F, radiator

Photon

Magnetic Detectors

Shield

Aerogel

\ .77CV4F10

VELO
exit window

~F—_Carbol

Plane
Mirror

—_—
g0 @l
-4~ _ spherical
- & Mirror

N\

Particle identification

Performance of the LHCb RICH detector ad the LHC

Eur.Phys J. C73 (2013) 2431

¢ 2<p<40 GeV/c

Beam pipe

> Track

n Fiber

Exit Window

\

/

magnet

RICH 2
Downstream of the magnet
CF10 radiator
15<p<100 GeV/c
15-120 mrad

~N

¥
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Electromagnetic CAL and
Hadronic CAL
Scintillator planes + absorber

material planes

* Used in the hardware trigger
(LO) selection

N
o

Particle identification

/ Muon Chambers
5 stations, each equipped
with 276 multi-wire

™~
\

magnet

proportional chambers

* Inner part of the first
station equipped with 12
GEM detectors

* Used heavily in t

- ——

Performance of thel Muon Identification system
JINST 8 (2013) P10020

1 | 1 1 ' 1 1 1 1

LHCb Detector Performance |
Int. J. Mod. Phys. A30 (2015) 1530022

5m iOm i5m
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Electromagnetic CAL and

Hadronic CAL
Scintillator planes + absorber
material planes

* Used in the hardware trigger
(LO) selectio

47
o4

Particle identification

/ Muon Chambers
5 stations, each equipped
with 276 multi-wire

™~
\

magnet

proportional chambers

* Inner part of the first

station equipped with 12
GEM detectors

E‘:F IH”l | !
Tt

LR
!

Performance of thel Muon Identification system
JINST 8 (2013) P10020

LHCb Detector Performance !
Int. J. Mod. Phys. A30 (2015) 1530022

5m 10m 15m

v
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Trigger principles

BEAUTY SIGNATURES

e Mass m(BT) = 5.28 GeV/c?
*  Daughter pr O(1 GeV/c)

* Lifetime T(B)~1.5 ps

* Flight distance ~1 cm

* Detached secondary vertex

Since Run II the detector is calibrated and

aligned online:

* Same reconstruction online and
offline

* No need of offline data processing

Francesca Dordei - Precision measurement of the CP-violating phase ¢s at LHCb

LHCb 2015 Trigger Diagram

40 MHz bunch crossing rate

~~ b I

LO Hardware Trigger : 1 MHz
readout, high Er/Pt signatures

[ Y Y ]
— L

. Software High Level Trigger

Partial event reconstruction, select
displaced tracks/vertices and dimuons

Buffer events to disk, perform online

detector calibration and alignment

Full offline-like event selection, mixture
of inclusive and exclusive triggers

o O T
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b)

Integrated Recorded Luminosity (1/f

_L_LNN
o o u W

1.4
1.1
0.9
0.7
0.5
0.2

— - 2018 (6.5 TeV): 2.19 /b : 5 2—01 8

- 2017 (6.5+2.51 TeV): 1.71 /fb + 0.10 /fb 2
--— & 2016 (6.5 Tev) 1.67 ."fb , .................................... . ..............................
2015 (6.5 TeV): 0.33 /b

--— - 2012 (4.0 TeV)' 2_08 l:'fb \ .................................... . 201

- 2011 (3.5 TeV): 1.11 /b

_ omsTo00m [ ................................. ......... 20 16

)12
7

Month of year
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INTEGRATED
RECORDED
LUMINOSITY

The full LHCDb data set is
about 9fb-!

2015: 0.3 fb-1
2016: 1.6 fb-!
2017: 1.7 bt
2018: 2.1 fb!

Large number of beauty hadrons:
opp (7 TeV) =720+ 0.3+ 6.8 ub

0,5(13 TeV) = 154.3 £ 1.5 + 14.3 ub
[PRL 118 (2017) 052002
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Decay channels discussed today

B - J/Y(— ptu)mtn”

In B - J/WKK the final state is a mixture of CP-even
(L =0, 2) and CP-odd (L =1 + S-wave) components:

Rich resonant and non-resonant structure in the w7~
mass spectrum.
o = 0 RO = —

Vo >=p s > alEy = L Mainly CP-odd: requires an amplitude analysis to check
o |By >=p|Bd>—-q|Bd> =~ CP—odd the effect of the small CP-even component and it allows

Requires an angular analysis and allows to obtain Ay and I @Sum Iy /

23
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Measuring @q

[(Bs—f)-T(Bs~f) _

Definition of time-dependent CP asymmetry: Aqp(t) = F(BOo )T (BO>f) Ny sin @ sin(Am t)
. —lAmZJZ . .
it becomes: Acp(t) = np-e 27 °7F - (1 — 2w) - sin @+ sin(Amg t)

Critical requirements:

o CP eigenvalue of the final state 77 = angular analysis

o Excellent decay-time resolution 0;~45 fs

o Tagging of meson flavour (@ production: probability of getting the wrong tag w

+ in the fit need to model decay-time efficiency £(t) (due to selection and reconstruction) and angular efficiency £(£2)

Francesca Dordei - Precision measurement of the CP-violating phase ¢s at LHCb
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(e}

(e}

(e}

(e}

First harvest of LHCb Run 2 data

New results obtained analysing 2015 (0.3 tb'!) and 2016 (1.6 fb'!) data presented at Moriond EW ‘19

BY — J/WK* K~ [LHCb-PAPER-2019-013] and B? — J/Ym™ i~ [arXiv:1903.05530]

Not just an update: Run I strategy duly rediscussed and various methods carefully scrutinized and validated

Simultaneous fit to the signal decay time and 3 helicity angles

in 6 bins in m(K*K™)

Weighted cands. / (0.6 MeV/c?)

10000

8000

6000

4000

W]
=
=)
o

|! T !

B | + I' ]
- | '{ | E
:_ @ contribution I’ I. I Prgiil;lncir?ary _
i | ) [ )
S A :
y | R I 7
- | || e I -
— | ! | .
- [ R -
[ I B I .
i I e SO
T T
1000 1020 1040

m(K*K~) [MeV/c?]

and m(mw* )

—
]
w

T llllllll T llllllll mTTT

15 MeV)

Yields/ (
2,

" 'LHCb

—o— Data and fit

10 §

fo(l980)
— f£,(1500)

£,(1790)
— £,1270)
— £(1525)

L1 11

11 lIllllI

l 1 llllllll

B
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Selection and mass fit

New: Boosted decision tree is trained to select signal candidates

% 18000 |- Y .
% 16000 ;— n LHCb Preliminary - —e— RS data and fit
g E‘ 140001 — Total E — — B/~ Jlyax
2 <12000F - B sty
8’ : 10000 5_ —_— Slgnal _E Physicts bacl.(ground
o~ E 8 O O O :_ _: = Combinatorial background
E S - ---- Background —e:+ WS data and fit
= B 6000f =
- 4000F E
@) o = Nsig~117k . ~34k
S B 2000F -
F:. ! N " e I ————— ._
5200 5300 5400 5500
m(J/ yK*K™) [MeV/c?] m(J /1y ) [MeV]
Injected negative weighted MC to subtract A, = J/{pK *  Use the wrong sign (WS) combination (T*m¥) to
Signal width is a function of per-candidate mass error to determine the shape of the combinatorial background

account for correlation with cos(6,,)

Francesca Dordei - Precision measurement of the CP-violating phase ¢s at LHCb

[arXiv:1903.05530]
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Decay-time resolution

OIHIHHZHI3HH4
decay time [ps]

3 L-m .
D =0 e U t = —— decay time
Fundamental to resolve fast By — Bg oscillations: ut p
S @ decay-time resolution
% 3 b o Tagged mixed
g S - o Tagged unmixed DV 2 2
o < 400 N Fit mixed G.~200um m t
(\:C_;/ éﬁ Q" Fit unmixed “ ‘ll O'tz = (—) 0'5 + (—) O'Ig
2§ 200 A J & . p T p \
i 7 Mime, PV oY X ap [P~ 0.4%
5 | G o,~20um ~200um
£

The first contribution is ~20 times larger than the second,
they become comparable only at several B lifetimes

How to determine 0y in datar

o Since the resolution of the secondary vertex is dominating, we reconstruct fake B — pphh with all tracks coming
from the PV (prompt J /Y + 2 random PV kaons or pions) and without using selections on decay time

o By definition for these candidates t = 0 + g,

°© Method validated in MC comparing prompt and signal resolutions
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Decay-time resolution

OIHIHHZHI3HH4
decay time [ps]

L-m :
D =0 e t = —— decay time
Fundamental to resolve fast By — Bg oscillations: p
= @ decay-time resolution
% 8, b o Tagged mixed
3 S - % o Tagged unmixed
o \\; 400? B ‘lf Fit mixed 2 m 2 2 t 2 2
= 5:-3 2R Lo Fit unmixed g — - o _I_ — o
S 3 PV=DV : (p) L (p) vp\
0§ 200 0,~200um T
s i A " ‘ ap [P~ 0.4%
<
~ | ~200um
g
4.

The first contribution is ~20 times larger than the second,
they become comparable only at several B lifetimes

How to determine oy in data?

o Since the resolution of the secondary vertex is dominating, we reconstruct fake B — puhh with all tracks coming
from the PV (prompt J /Y + 2 random PV kaons or pions) and without using selections on decay time

o By definition for these candidates t = 0 + g,

°© Method validated in MC comparing prompt and signal resolutions
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[LHCb-PAPER-2019-013]

Decay-time resolution

/c-,)\ B I I T T T I I | 1 T ] r;‘ . . T T I T T T T I
- 10° = LHCD t Data = % - LHCb Preliminary
& Preliminary — Total fit . o 01F
= | . i )
S 100 xS Resolution - .. : =
Z T F i | Fitting 0,¢¢ in =
g S . Wrong PV ] ' g eff 2
IZI : 1| diff. bin of the S
S 10tk -~ Long lived1 o
> - , i | event-by-event 0.05 =
m - --- Long lived2  J : A
S 1| decay-time =
10 { | uncertainty &; O
. > !i
102 T T T .:\\ s | 0
05 0 05 0 0.05 0.1 0.15
1 [ps] 0, [ps]

Ocff = \/(—Z/Amg)lnD, with D = Z?_lfie—dizAmg/z

Oppf= 455 fs B > J/YWKTK™ Oppr= 41.5 fs B - J/yntn
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Decay-time etficiency

Use ~550k B® = J/WK*(892)0 as a data control channel — o =
5 T y
(thanks to its well known lifetime Tgo = r‘i = 1.520 £ 0.004 ps). St LHCb Preliminary
¢ w5 5157 .
W
Efficiency obtained fitting simultaneously BY data and B® — BY
data-corrected simulations fixing known lifetimes and resolutions:
Small correction to account Ot i ' '1'0
for differences between t [ps]

signal and control channels
By product: measure directly [y — Ty in Bd— J/YWK+*K~and Ty — Ty in B = J /Y™~ being independent
on the value and uncertainty of I'4

|:> Interesting for compatrisons with HQE where I's/ I’y is precisely predicted.

Francesca Dordei - Precision measurement of the CP-violating phase ¢s at LHCb

[LHCb-PAPER-2019-013]
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Decay-time etficiency 11

Strategy validated using B® — J/YK*(892)0 and
B* — J/WK™ data control channels

E.g. BT - J/YK™

* Determine the B lifetime using B® - J/YK*0 as
control channel

* Replace the B MC in the efficiency determination
with BT MC and determine the efficiency

* Fit B* decay time distribution in data with this
etfficiency

[, —T; =—0.0478 £ 0.0013 ps—! (stat only)
vs ([,—T;)FPC = —0.0474 + 0.0023 ps~?!

Candidates / (0.21 ps)

¢ B'— Jy K data
Fit

LHCDb
Preliminary

E =
E . . , g
5 10 15

! [ps]
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[LHCb-PAPER-2019-013]
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Angular efficiency

LHCb simulation

[ LHCb simulation

Helicity angles formalism y

LH(I:b simulati(l)n
1« angular distribution in MC/
expected without acceptance effect

o Kinematic selection and detector acceptance are causing non uniform bttt
efficiency as function of decay angles

— fourth-order polynomial
parameterisation

) 0 >
@, [rad]
o Efficiency taken from MC after iterative reweighting

Checks done in control data:
o Measurement of B = | /{WK*0 polarisation amplitudes in agreement with world average

o Correctly retrieved muon helicity distribution (expected 1 — cos*6,, dependence) in B* — /K™ decays

Francesca Dordei - Precision measurement of the CP-violating phase ¢s at LHCDb

[LHCb-PAPER-2019-013]
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Flavour tagging

o Two tagging algorithms are used: opposite
side and same side. For each algorithm true
mistag probability is calibrated assuming
linear dependency with estimated one

w=po+pi(m—<n>)

o Tagging power is given as tagging efficiency
times dilution squared é‘tagDz
with D = (1 — 2w)

5 ; Runl was

B - J/WK K~

gtagDZZ 5.06 + 0.38 % Run1 was
=~ 3.89 %
B) - J/ymtm

SAME SIDE
° SS Elr(c))?on
SS kaon

[LHCb-PAPER-2019-013]
[arX1v:1903.05530]

same side

OS vertex charge
0S charm

OPPOSITE SIDE

~30% relative improvement of tagging power

opposite side

6 0S kaon

0S muon
OS electron

* More tagging power = better exploitation of data!

Francesca Dordei - Precision measurement of the CP-violating phase ¢s at LHCDb
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Flavour tagging

° Two tagging algorithms are used:

[LHCb-PAPER-2019-013]
[arXiv:1903.05530]

Courtesy of S. Akar

% + Road Map (MC)

Run 1

analyses

-

——
—h—

|

3fb~!

A published
O preliminary

and same side. For each algorithm true & [
mistag probability is calibrated assuming 2 i
linear dependency with estimated one ol
W =po+p1(N —<n>) i
o Tagging power is given as tagging efficiency N
times dilution squared EtagDz i
with D = (1 — 2w) A
- o ; Runl was ]
EtagD — 473 1 034 /0 ~ 373 0/0 2__
ols

£ragD?=5.06 + 038 % | Runl was

- ~ 3.89 %
B - J/YynTm .

Francesca Dordei - Precision measurement of the CP-violating phase ¢s at LHCDb

12 2014

BY — Jhb¢
BY — Dymt
BY — J/¢K*O
See backup for
1 1 | I 1
5052 references

More tagging power = better exploitation of data!
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Systematics for B? > J/YWKtK~

@ mainly affected by Time res. & Ang. Acc., A5 (|A]) by Mass factorisation (& Ang. Acc.), I's — I'y by Time eff.

[LHCb-PAPER-2019-013]

Source |Aol*  |AL]*> ¢s[rad] || dL—do[rad] )y —do[rad] Ty—Ty4[ps™'] AL, [ps™'] Amg [ps™!]
Mass width parametrisation 0.0006 0.0005 - - 0.05 0.009 - 0.0002 0.001
Mass factorisation 0.0002 0.0004  0.004 [0.0037 0.01 0.004 0.0007 0.0022 0.016
Multiple candidates 0.0006 0.0001 0.0011 0.0011 0.01 0.002 0.0003 0.0001 0.001
Fit bias 0.0001 0.0006  0.001 - 0.02 0.033 - 0.0003 0.001
Csp factors - 0.0001  0.001  0.0010 0.01 0.005 - 0.0001 0.002
Time res.: applicability of prompt - - - - - 0.001 - - 0.001
Time res.: t bias - - 0.0032) 0.0010 0.08 0.001 0.0002 0.0003 0.005
Time res.: wrong PV - - - - - 0.001 - - 0.001
Ang. acc.: MC sample size 0.0003 0.0004 }0.0011§ §0.0018 - 0.004 - - 0.001
Ang. acc.: BDT correction 0.0020 0.0011 0.0022] 10.0043 0.01 0.008 0.0001 0.0002 0.001
Ang. acc.: low-quality tracks 0.0002 0.0001 §0.0005f §0.0014 - 0.002 0.0002 0.0001 -
Ang. acc.: t & o, dependence 0.0008 0.0012 0.0012) §0.0007 0.03 0.006 0.0002 0.0010 0.003
Dec.-time eff.: statistical 0.0002 0.0003 - - - - 0.0012 0.0008 -
Dec.-time eff.: kin. weighting - - - - - - 0.0002 - -
Dec.-time eff.: p.d.f. weighting - - - - - - 0.0001 0.0001 -
Dec.-time eff.: AT'g = 0 sim. 0.0001 0.0002 - - - - 0.0003 0.0005 -
Length scale - - - - - - - - 0.004
Quadratic sum of syst. 0.0024 0.0019 0.0061  0.0064 0.10 0.037 0.0015 0.0026 0.018

Francesca Dordei - Precision measurement of the CP-violating phase @s at LHCb
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Systematics for BY — J/ymtm™

Iy — Iy mainly affected by , s and |A] by
Source FH — rBO |/\| Dy
[fs7] (x1073]  [mrad]
t acceptance 2.0 0.0 0.3
7RO 0.2 0.5 0.0
Efficiency (my, €2) 0.2 0.1 0.0
t resolution width 0.0 4.3 4.0
t resolution mean 0.3 1.2 0.3
Backeround 3.0 2.7 0.6
Flavour tagging 0.0 2.2 2.3
Amg 0.3 4.6 2.5
Ny 0.3 0.4 0.4
Br 0.5 - -
Resonance parameters 0.6 1.9 0.8
Resonance modelling 0.5 28.9 9.0
Production asymmetry 0.3 0.6 3.4
Total 3.8 29.9 11.0 |

Francesca Dotdei - Precision measurement of the CP-violating phase s at LHCb

[arX1v:1903.05530]

1) Using reweighted WS samples in the fit
2) Vary the background yields by +10

1)
2)
3)
)

Vary Barrier factor
Replace NR by f,(500)
Solution II

Add p(770)
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[LHCb-PAPER-2019-013]
[arX1v:1903.05530]

Results using 2015-2016 data

By - J/yrtn”

@s = —0.057 + 0.060 + 0.011 rad
1Al = 1.0179%8 +0.03

Iy —[; = —0.050 + 0.004 + 0.004 ps~!

@s = —0.083 £ 0.041 + 0.006 rad
|A| = 1.012 + 0.016 + 0.006
I, — T, = —0.0041 + 0.0024 + 0.0015 ps~*
/ AT, = 0.0773 + 0.0077 + 0.0026 ps~*

I, = 0.6538 + 0.0024 + 0.0015 + 0.0017 (input Ty) ps~*
Combining the above + Run 1: B - J/YKK, B? - J/ynr, B? - J/3PKK high mass, B > D,Dg, BY - ¥(25)¢

¢s = —0.041 + 0.025 rad
|A| = 0.993 + 0.010

Correlations between the
parameters and between the

I, = 0.6562 + 0.0021 ps~*
AT, = 0.0816 + 0.0048 ps~!

systematic uncertainties are
taken into account.

Francesca Dordei - Precision measurement of the CP-violating phase ¢s at LHCb
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Overview of LHCb combination

Combination of all LHCb (Runl and 2) results

—
—
|

@5 = —0.041 + 0.025 rad 'z 0.14] e
1] = 0.993 + 0.010 5 bre e
I, = 0.6562 + 0.0021 ps~! ] Jmtn 491! i

ATy = 0.0816 + 0.0048 ps~1

| ¥(28)¢ 3 fb~!
@4 0.1 6 away from SM 0.10;

consistent with Standard Model _
0081 j/pK+*K- 4.9

@5 1.6 0 away from 0
consistent with no CPV in interference 0.06. < 3 fp-!
| M| consistent with 1 -0.4 -0.2 -0.0 0.2 0.4

¢s[rad]
[LHCb-PAPER-2019-013]

consistent with no direct CPV

I's — I' ; consistent with HQE prediction
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New HFLLAV

combination

HFLAV

=
2 0.14 -

X DO 8 fb!

5 68% CL contours At Moriond EW ‘19 also ATLAS presented preliminary

(Alog £ =1.15)

results exploiting 2015-2017 data using B — J /YK K ™.
CMS 19.7 fb !

ATLAS combination with Run 1 results is:

‘ s = —0.076 £ 0.034 £+ 0.019 rad

0.08 Pake _ I, = 0.669 + 0.001 + 0.001 ps~?!

Al = 0.068 £+ 0.004 £+ 0.003 ps_1
[ATL.AS-CONF-2019-009]

0.10

CDF 9.6 fb !

0.06

04 02 00 02 04
¢5“* [rad]

The preliminary HFLLAV combination is:

Qs = —0.055 + 0.021 rad

AT, = 0.076413:393% ps~1

[HFLAV PRELIMINARY]
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https://cds.cern.ch/record/2668482/files/ATLAS-CONF-2019-009.pdf

Some considerations on the combination

2z o 14

L¢
o Entering in a regime where constraints are similar to the 0121
precision of the combination ‘
o Strength of LHCb: Versatlhty and possibility to measure @4 also with 0.10
many other channels, in particular B — | /ymtm™ '
0.08

0.061

The value of I'g shows tension between LHCb and ATLAS:
o HFLAV (not including Run 2): [fFL4V = 0.6629 + 0.0018 ps~1
o LHCb Run 2: THP = 0,6538 4+ 0.0033 ps~! = —2.4 o from WA
o ATLAS Run 2: TATEAS = 0,669 + 0.0014 ps™! > +2.7 o from WA

HFLAV

> Tension between ATLAS and I.LHCb of >4 o

Francesca Dordei - Precision measurement of the CP-violating phase ¢s at LHCb

DO 8 fb! [ spring 2019 |
68% CL contours
(Alog £ =1.15)
( © D\ CMS 19.7 fb !
j/ Cb4.9fb!
| ATLAS 99.7 fb !
0.2 ‘ o.‘_4
6 [rad]
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LHC ERA -
> HL-LHC ERA -
3 fb-1 + 6 fb-1 50 fb-1 300 fb-1
2011-2012 2015-2018 9 2021-2023 2027-2029 2031-...
Run1 Run 2 Run3 Run 4 Run5...
We are
Current LHCb HERE  LHCb Upgrade 1(a) LHCb Upgrade 1(b) LHCb Upgrade 2
> >
— 1000
<
=
- LHCb .
— i X L
—~ 100 < |
(SJA) v
= X====== S i
~— o
+ v °
8 X
& 104 . B = ¢@s)e o X -
x B! — D;D! y
+ BY— J/YKTK™ high mass b
1 | v Bl — J/ymm i
x Bl J/ve '
e Blallces
—-—= ¢s central value [CKMFitter Summer 2016]

Integrated Luminosity [fb™]
[LHCB-PUB-2018-009]
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Prospects tor the
future

Include gain in trigger for BY — Dy D&t after Upgrade 1

Same performances as in Run I

* Assumed tagging power 4%

Additional modes planned: / /Y — ee, n - p° or,
N — NI or Yy as cross cheks

300/fb: 74T () ~ 4 mrad from B — J /YKK only

o Vital FT performance maintains or improves

° @ expected to be statistically limited

Impact of Upgrade I and II very important for ¢!
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Control of penguin pollution

o U-spin or SU(3) flavour symmetry to constrain size of penguin with b—ccd (related by s-d spectator exchange)
o Penguin pollution and/or CP violation could be different for each polarisation state, f € (0, L, I, S)

— no sign yet of dependence in B — J /i KK (also in Run 2) so penguins are small

PLEASE BE AWARE OF US!

Aqﬁ‘” Y% = 0.000+99% (stat) 999 (syst)rad

Ag7? = 0.001+9919 (stat) 0.008 (syst) rad

A¢!Y? = 0.00355919 (stat) £0.008 (syst) rad

[JHEP 11 (2015) 082]

Precision of ~10 mrad
To be compared with the current precision of HFLLAV of 21 mrad

Fundamental to , expected sensitivity at 300/fb is 1.5 mrad (statistically limited)
+ adding BY — J /1w and B® — ] /1@ (E + PA diagrams only)

Francesca Dordei - Precision measurement of the CP-violating phase ¢s at LHCb
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Conclusions and remarks

o Interest in precision flavour measurements is stronger than ever
:> If no direct evidence of NP pops out of the LHC,

flavour physics can play a key role.

o All results in this sector in good agreement with SM, need to go to
even higher precision: x2 statitics already available in Run 2.

o

phase of LHCb. Considering all modes:

300/fb: a5TAT (@) ~ 3 mrad

statistically limited.

Francesca Dordei - Precision measurement of the CP-violating phase ¢s at LHCb

Run 2
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"And if someone dares to yawn during your presentation,
this pointer easily transforms from a laser to a taser!"

Francesca Dordei - Precision measurement of the CP-violating phase ¢s at LHCb

BACKUP
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Historical record of indirect discoveries

GIM Mechanism d cos O W~

- - j

Observed branching ratio K® — uu
BR(K, » p*u™)
BR(K; — all)

= (7.2+0.5)-107° KO

In contradiction with theoretical expectation in

the 3-Quark Model

g sinfc \\*+

Prediction of a 2nd up-type quark (1972),
additional Feynman graph cancels the «u box

Glashow, Iliopoulos, Maiani (1970): % d —sinbc W™

0 v,
graph» K <Y AV
_+_
But also e.g. CPV K° — 77 that brought to CKM and 3rd ? cosfc W+ - H
generation, B mixing that brought to top mass extrapolation M ~ - sinf¢ cosO,
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Flavour tagging - references

2

= 10

(]

w
8
6
4
2
0

Courtesy of S. Akar

. A published
O Run 1 Run 2 .
= analyses analyses O preliminary
ey
L (v}

=
- T 7 0
L & o e + B% — Jhpo
[ > e BY — D-rt

TINST 11 P05010
Bl i J BY — J/wK*O
r < PRL 115, 172001 LHCb-PAPER-2019-013
= ) 2010-

r Yo % _é .
L + o
O 3 PRDSS 052002 PRD 87112010 _, #
r % ‘ PRI 114 0411801
= 0 PRL 115 031601 PRB 162 253
— =
— &) Eur. Phys. J. 2022
-

—]

| 1 | 1 | l | 1 | l | 1 | 1 | | l || 1 | | | | I 1
2010 2012 2014 2016 2018 2020 2022
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Fit projections B9 — J/YKK

Weighted cands. / (0.3 ps)

- 3500 -
10* i E & B
e LHCb 3 <3000
103 E - ~~~“~\\ = (/5 E
Fe \\\\ E < 2500 [~
C e TN 1 g N
10° e NS E © 2000 - -
s NN 3 = o :
i T R 1 21500} s
og E - ]
F : g 1000 # -~ __ ot
o S . G =
—1 [ n L L L | | N‘N'."w 0 E pempmim R T Iy ]
10 5 10 15 -1 05 0 05 1
Decay time [ps] cos,
4500 ‘ - = 3500 — — —
4000 - LHCb g 3000 £ LHCb
3500 | - v %WW
o \ 1 S 2500 -
3000 |- = S : ]
- m ~ r —_— -_~ ]
2500 | = ~ 2000 7 S ad NG
2000 |- N P E 2 1500 F E
1500 |- N s = S E
- N i ] = 1000 [~ T e
1000 ST e = g g . o . o 1
500f .- R - B E
0 RO LT frmimimimimymige e el ke e el frmipimmieym. S QLo [mimimmm  iakiaabiakietfubeet ket kit it
-1 —0.5 0 0.5 1 B -2 0 2
cos O ¢, [rad]
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Table 4: Parameter estimates for the nominal fit. The first uncertainty is statistical and the
second systematic.

Parameter Value

o [rad | —0.080 £ 0.041 £+ 0.006

[A| 1.006 +0.016 + 0.006
[e—T4[ps™'] —0.0041 £ 0.0024 +0.0015
AT, [ps!] 0.0772 = 0.0077 = 0.0026

Sl et FULL LIST
ita daianien™™ OF FITTED

VARIABLES
By — J/WKK

Table 5: The correlation matrix including the statistical and systematic correlations between
the parameters.

¢ N T.—Tyq AT, Am, |AL |A®? 6. §
s 100 016 -0.05 002 001 -003 000 004 -0.01
A 100 006 -0.09 007 005 -0.02 0.09 0.02
I, — Ty 100 -046 007 035 -024 004 0.05
AT, 100 -0.06 -0.65 0.46 -0.10 -0.02
Am, 100 001 001 0.61 -0.00
1AL 2 100 -064 0.07 0.09
| Aof2 1.00 -0.03 -0.02
5y 100 0.24
5 1.00
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LLHCDb in the ¢4 game

LHCb optimised with @y as a key goal. In particular it brings to the game:

High signal yields and high purity Excellent decay-time resolution 7

g

i

o T 2 : e
% ;u 15000 LHCH - 3 . iagged rmxe'd ’U
A D = - o Tagged unmixed o
= s - I 4001 1 ) — Fit mixed o

G 2 10000 — 96k decays § i -« Fit unmixed .
~ 5] [N
= = (c.f. 6.5k at CDF) | ‘ on
a 5 ] £ 200 | )
= % 5000 - © | =
— O [ &)
=1 S @)
é 50300 5350 5400 C() 1 2 3 4 o
=] m(J/y K'K) [MeV/c?] decay time [ps] S
—_

~ 2000 ; = - r —— T -
E 1800 1 LHCb - > 2000 3 A 3
2 o] n Inclusion of J/Ymm decays: 5 1600 \ e ;
Inclusion of J/YKK 3 mf I Simo] o O3k E
= 1000 £ — - tass T 1200 -
decays above the ¢ =~ & st ey impler analysis wrt J/1b¢ g : E
600 .\ — £,(1270) E E
=\ _ 3 800 F =
JHEP 08 (2017) 037] s N /) \ s 3 [PLB 713 (2012) 378] A\ :
_. ST E 400F \ ¥
’ En ‘T“ﬁnn‘mﬂmﬂ‘ﬁlﬂ n_u_mmmﬁ_u_rmunljn-.umnﬂn_l?ﬂﬁ l?ru-lJl-n: 0 E_ \\ j' ““““““
i. . 3 :_5 0 Eoi- -\ ------ i'%',"';v/-. \L‘ L
. 5300 5400 5500

My [GeV] m(JApr) (MeV)
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LLHCDb entered the game

LHCb optimised with @y as a key goal. In particular it brings to the game:

Enormous signal yields

Excellent proper time resolution

.1 ps)

i B

o Tagged mixed
o Taseed ynmixed

494 6 mrad [PRL 114 (2
7+ 34 mrad [JHEP 08
70 £+ 68 4+ 8 mrad 1

= Sisooof T T T o T T T T ]

2 N r )

= > A LHCb

(>}

= LHCb Run I results:

AN

i

5 J/OKTK™ in ¢ region -58 &

~| J/YKTK™ in high mass KK~ region 119 + 10
J/prta~

015) 041801]
(2017) 037]
(

[PLB 713 (2012) 378]

And in add Overall

1+ 37 mrad

: (2S5) ¢
Inclusion of J /Y DiD-
decays above the T

Other measurements:

230739 4+ 20 mrad  [PRL B762 (2016) 253

20 £+ 170 4= 20 mrad

[PRL 113 (2014) 211801]

d

xed

[120¢50 (€102) ST "s&yq [ 4oN]

= S ) analysis a0 ‘:'J‘ \ f/
Ep u_Lr“hnI'I mmw_l'lnu_n.un_ Wmunumumum_vﬂ_uunihu 0 E \ ;.' ;-, .
1IL i 15 3 a 00 = 53roo = 5\4‘30 5500
[JHEP 08 (2017) 037] My [GeV] [PLB 713 (2012) 378] M) (MeV)
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ATLAS systematics

Table 5: Summary of systematic uncertainties assigned to the physical parameters of interest.

¢s AT Ts 1410 40 [As©F 6. s  6.-6s

[rad] [ps!'1  [ps7'] [rad] [rad] [rad]
Tagging 1.7 %1072 0.4x1073 03 %1073 0.2x1073 0.2x1073 23x1073 1.9x1072 22x1072 2.2 x1073
Acceptance 0.7 x1073  <107* <107*  0.8x1073 0.7x1073 24 x1073 33x1072 1.4x1072 2.6x1073
ID alignment 0.7x1073 0.1 x1073 0.5x1073 <107 <107 <107*  1.0x107%2 72x1073 <1074
S—wave phase 02x1073 <10*  <10* 03x103 <10* 03x1073 1.1x1072 2.1 x1072 83 %1073

Background angles model:
Choice of fit function 1.8 x10™3 0.8 x10™3 <10™% 14 x1073 0.7x1073 02x1073 8.5x10%2 1.9x10"! 1.8x1073

Choice of pr bins 1.3x1073 05x103  <10% 04x103 0.5x1073 1.2x1073 1.5x1073 7.2x1073 1.0x1073

Choice of mass interval 0.4 x1073 0.1 x1073 0.1 x10™3 0.3 x1073 0.3 x1073 1.3 x1073 44 x10™3 7.4x1073 2.3 x1073
Dedicated backgrounds:

BY 23%1073 1.1x1073  <107%  02x1073 3.1x1073 1.4x1073 1.0x1072 23 x107% 2.1 x1073

Ap 1.6 x1073 0.4 x1073 0.2x1073 0.5x1073 1.2x1073 1.8x1073 14x1072 29x107% 0.8 x1073
Fit model:

Time res. sig frac 14x1073 1.1x1073  <107* 05x1073 0.6x1072 0.6x1073 12x1072 3.0x1072 0.4 x1073

Time res. pr bins 3.3%x1073 14x1073 0.1x1072 <10% <10* 0.5x103 6.2x1073 52x1073 1.1 x1073
Total 1.8x1072 0.2 %1072 0.1 x1072 0.2x107%2 0.4 x1072 0.4 x107%2 9.7x1072 2.0x10"! 0.1 x107!
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Penguin pollution roadmap

o With increasing precision crucial to understand penguin pollution

o Can use U-spin and SU(3) related modes, where penguin not suppressed, to determine its size [S. Faller, R. Fleischer, M. Jung,

T. Mannel, arXiv:0809.0842]

Golden modes: b = c¢cs amplitude (i = 0, |, 1)

2 ol ' i6. . .. _
A;(b N CES) — (1 _ /\7) .A; {1 + Ea;elﬁ ew] a;e'” : Penguin/Tree ratio in b 71)2ccs
where A = V| = 0.226,¢€ = T

0.054, y unitarity triangle angle.

Control modes: b = c¢cd amplitude

)

Ai(b — CEd) = —\A; []_ + a,-em e"“/} alew’: Penguin/Tree ratio in b = ccd

Overall A factor, BF is suppressed Absence of €, penguin effects are magnified.

SU(3): a;- = qa;, 9; = 0;. Extract A@""9 (a;, 8;) and ABP"I (a;, 0;) from t to CP parameters and BE
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De Bruyn, Fleischer, JHEP 03 (2015) 145

Penguin pollution roadmap @

Tree

—_
(=)

0 =—(85"R)°
i— 68 % C.L.
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o N ©
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e o o o9
— N W

‘ < x
[ T e -
09180 —150 —120 —-90 —-60 —30
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¢ Penguin

e

Penguin-
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.- J/

c
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, I/ d
olour S (’L,',

||||||||||||||||||||||||||||||

== C)(B° = J/¢p")
== SY(B° = J/vp’)
e AJ(BY = J/vK")
= H|(B® = J/1°)
Hy(B? — J/$K")

L

~~~~~

30 60 90

Studied at LHCb with 3 fb!:
o B® — J/p (BF, Cand S) [JHEP11(2015)082]

o BY - J/YK*® (BF and C), has no PA and E
[PLB742(2015)38-49]

Measure penguin phase shift for each polarisation state,f € (0, L, |, S)
JHEP 11 (2015) 082]

J | |
A¢Jy? = 0000753 (stat) *§355 (syst)rad|  §mall penguin shife ~0.06°
A‘b;],/lllw = 0.00179014 (stat) £0.008 (syst)rad| wrt experimental precision
A¢T? = 0.003+351 (stat) £0.008 (syst)rad|  F(Ps)~1.7°! }




=015
= 0.1

b 0.051

stat

Side note: @¢ from
penguin decays

Include gain in trigger after Upgrade 1

300/fb: °TAT (@) ~ 11 mrad from B? — ¢¢
300/fb: 3TAT (@) ~ 9 mrad from BY —» KnKn

o LHCb
v
) v
By — J/v¢ x
By — ¢¢
B, - K'n K«
5 23 300

Integrated Luminosity [fb™}]
[LHCB-PUB-2018-009]

Bd - ¢¢ will remain stat. limited

Limiting syst for B = KmKm <30 mrad from MC
(important to exploit rapid MC production) and
modelling resonances.
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Immediately after the Big Bang, /
the matter and'antimatter... S =N\ : R T
‘ were exactly equal -~ " Ry
c and the rest: -~ '

7 s 2 of the Universe, =< -

3

Matter o b
10 000 000 001 e
The Great Annihiltion e S
followed ........... . and that ’ k
All the . tiny . y
10 000 000 007
: and all but a Do
i tinypartofthe e e : _.
. matterwere S e AR R AL
Feiml o gonen. S

[Rev. Mod. Phys. 88, 015004 (2016)]

Sakharov Conditions

; . _ —10
[A. D. Sakhatov, JETP Lett5, 24 (1967)] | ° Baryon asymmetry of the Universe: 1y, /n,,~10

Lo o Nl i bier o CP violation in the SM does not account for it

2. C and CP violation

° There must be New Physics and new sources of CP
3. Interactions out of thermal equilibrium violation
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