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Predicted by SM: Standard Model of Elementary Particles
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Predicted by SM: Standard Model of Elementary Particles

three generations of matter

° W, Z boson I [fern;:ons} III
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* Matter-antimatter asymmetry \ \ \ J
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New Physics phenomena
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Standard Model of Elementary Particles

three generations of matter
(fermions)
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Flavour neutral mesons

K, (ds) B, (db) B, (sb) D, (cu)
e m~=05GeV/c2 °* M~=5GeV/c? e m~=5.4GeV/ic2 * m~=1.9GeV/c?

Charming physics
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Flavour mixing
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Flavour neutral mesons mixing

Weak interactions do not conserve the flavour
d,s.b
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Flavour neutral mesons mixing

Weak interactions do not conserve the flavour
d,s.b

dspb
Flavour states are not eigenvectors of the full Hamiltonian

8]
— P >= H|P >
(‘91“ ‘
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Flavour neutral mesons mixing

Weak interactions do not conserve the flavour
d,s.b

dspb
Flavour states are not eigenvectors of the full Hamiltonian

8,
Ot
Mass eigenstates expressed as a superposition of flavour eigenstates :

Dy 2) = p|D°) + q|D°) p2+1|q2=1  p, gare complex
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Flavour neutral mesons mixing

W. Krzemien, Krakow 2022
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Weisskopf-Wignher approach

& >= a(t)|P® > +b(t)|P° > (1)
J
— P >= H|] >. ?

m effective 2x2 Hamiltonian,
m time-independent,
m non-diagonal elements change flavour,

m non-Hermitian since decays outside of the |[P? >, |P9 > subspace,

H:M—%F (3)

M and T are hermitian matrices (mass and decay matrix, respectively).
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Weisskopf-Wigner approach Il

|PL) = p|P°) + q|P°)
|Pr) = p|P%) — q|P°) , (4)

2 *_i*’
q _M12 5112

= . (5)
P> M — 5T

m Conservation of CP or T: |g| =1
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Flavour neutral mesons mixing I

Al =T1—-1>

Probabilities of mixing: Mixing parameters:
Pr[P° - P°]~e" (cosh(yIt) + cos(xIt)) x = Aam
Pr[P° . P°]~e™ |g/p|? (cosh(yIt) - cos(xIt)) AT

Y = 57

W. Krzemien, Krakow 2022
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Intensity

Intensity

Flavour neutral mesons mixing I
Mixing parameters:

Probabilities of mixing:
x—Am AT =T -T;

Pr[P° . P°]~e" (cosh(yIt) + cos(xIt))

e _
Pr[P°- P°]~e"™ |g/p|? (cosh(yrI't) - cos(xIt)) y =2l Am = mi — my

[ i  D%very slow:
: (a) K° (b) D° 310 X =0.001, y=0.001
0.5
_ ?;”*‘ K° slow:
_ /—\E =-0.95, y=0.99
0 10°
s ' B°fast:
! A 1 x=0.78, y<0.01
- (c) B’ A (d) B
o5~ s BY the fastest:
m“ | x=26.1, y=0.15
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Symmetries
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Symmetries in physics

Role of symmetries:
m Simplify the description of phenomena,

m Relation between symmetries and conservation of laws (e.g. Noether
theorem),

m Symmetry as a methodological indication,
B Symmetries constraining dynamical laws,

m Symmetry breaking e.g. chiral fields, origin of mass, flavour physics

It is only slightly overstating the case to say that physics is the study of
symmetry

P.W. Anderson, Science, New Series, Vol.177,no.4047 (1972) 393-396
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C, P and T transformations

Discrete symmetries:

m Charge conjugation (particle — antiparticle)
Clr,t.q >=e'“1|r, t,—q >

m Parity (spatial reflection)
PIr.t,qg >=¢e'*?|—T,t,qg >

m [ ime reversal
T|F, t,qg >=¢e'™ < F,—t.q]

(1, (ip, (v3 are real phases.
]
All laws of physics seem to be unchanged under CPT transformation.

* C,P, CP, T symmetries broken by the weak interactions

* CP symmetry violation needed to explain matter-antimatter puzzle
W. Krzemien, Krakow 2022 17



History of CP violation discoveries

1964 2001

Strange particles: Beauty particles:
CP violation in K CP violation in B°
meson decays meson decays

J. W. Cronin, BaBar and Belle

V. L. Fitch et al. collaborations

2019

1963 1973 .
Cabibbo Mixing The CKM matrix Charm particles:

CP violation in D°
meson decays
LHCDb collaboration

N. Cabibbo M. Kobayashi and
T. Maskawa

“Today” ~ presented 21.03 2019 at Moriond conference.
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CP violation in Standard Model

m In SM, CPV is accommodated

in weak interactions

Vud Vus Vub
Vervr = | Vea Ves Vb
Viae Vis Va
(0,0) (1,0) Re
1— A2 A AN3(p —in)
o A —1)2 AN +O(\Y)
AN (1 —p—in) —AN? 1

Unitarity Triangle

(1st and 3rd CKM columns)
B The 7 is the only source of CPV in the SM.

ViaV3 + Vea V3 + VgV, = 0
Over-constrain unitarity triangle apex coordinates for a stringent test of SM:

B CP violation measurements give angles

B CP conserving measurements give sides

W. Krzemien, Krakow 2022 19



CP violation in decay

A =|A| e e

A =IAI eie ei5
w  CP
:H_/_ﬁi q >
C - - ( | c =
2 u

u U

* O — strong phase
* 0 — weak phase

|AI>-|A>=0
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CP violation in decay
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CP violation in decay

u

A

u u

Al =IA1I eiel ei51

CP

N

A, +A2-|A +A[2=4 A ||A,|sin@®, -8)) sin(d, -3,)
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CP violation in mixing

[(PO—P0) £ [(PO9—PY)

| |

lalp|# 1

W. Krzemien, Krakow 2022
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CP violation in interference between
mixing and decays

[(P°—PO—fcp) #
r(PD—>PU—>fcp)

|

T
\/
g

Relative phase 0% 0

A =qlp A IA =|alp A A ] e® e®

W. Krzemien, Krakow 2022
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CP violation and its types

C — charge conjugation (particle — antiparticle) C|7, t,q >= e'®|F.t, —q >

P — partity (spatial D7 t ~— o] _F - ~
reflection) 7.t.q ‘ b

The CP discrete symmetry is broken if: A =qlp Kf IA£1

CP violation in decay CP violation in mixing CP violation in
Interference between

mixing and decay
[(PO—f) # T(PO—F)  T(PO=PO) £T(PO—PO)  [(PO—PO—fep) #

- r(PD%PU—}fcp)
A_lAJ#1 Ip|#1 —
* Depends on decay mode * Does not depend on decay mode

 only for neutral mesons
W. Krzemien, Krakow 2022 25




Mixing and CP symmetry
searches In
the charm sector

W. Krzemien, Krakow 2022
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O UTAWN P

General experimental idea

*‘PD-‘PHL

decay time

determine flavour in the initial state

. determine decay time
. determine flavour in the final state
. construct (time-dependent) asymmetry A(t)

reduce/control nuisance asymmetries by exploiting control channels
extract (mixing/CP/CPT) parameters from the fit

W. Krzemien, Krakow 2022
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Mixing and CPV in charm

Standard Model predictions (PDG2016): > perturbative QCD valid for >> 1GeV

> Predictions for mixing very imprecise > Chiral perturbation theory valid: 0.1 to 1 GeV

X, y: 0(102)- O(107) > m(D°) = 1.864 GeV

W]

— — D i
u‘ - 1C \IS/
§

long-range contributions dominates — hard to calculate

> Almost no CPV effects expected ~ O(10+)

W. Krzemien, Krakow 2022 28



Mixing and CPV in charm

Standard Model predictions (PDG2016): > perturbative QCD valid for >> 1GeV

> Predictions for mixing very imprecise > Chiral perturbation theory valid: 0.1 to 1 GeV

X, y: 0(102)- O(107) > m(D°) = 1.864 GeV

W]

— — D i
u‘ - 1C \IS/
§

long-range contributions dominates — hard to calculate

> Almost no CPV effects expected ~ O(10+)

Experimental status:
> Mixing established ( > 11 o effect)

> First evidence Babar, Belle, CDF: PRL 98 (2007) 211802, PRL 98 (2007) 211803, PRL 100
(2008) 121802

> Recent LHCb measurement: PRL 113 (2013) 231802, PRD 95 (2017) 052004 PRD 96
(2017) 099907, PRD97 (2018) 031101, Phys. Rev. Lett. 122 (2019) 211803, ...

> CPV discovered in 2019 ( 5,3 o effect)
W. Krzemien, Krakow 2022 29



Charm in Standard Model

A~ (0.22 g s b
2 .
Vud Vus Vub 1 — )\7 A A>\3 (IO o ZT})
2?2 2
Vcd Vcs Vcb —)\ 1 - ? A)\
th Vts th A)‘S(l —p —1n) _A)\Z 1
u t
d S b
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|
|
|
c

Cabbibo Favoured (CF) Singly Cabbibo Suppresed (SCS)

Doubly Cabbibo Suppresed (DCS)

SCS are only processes in which CP in decays can be included in SM
W. Krzemien, Krakow 2022
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CP violation

beaut
3 ’ ( v;dvgg) 23°
0 = ar — ~
AN S
_/ Precise tests of SM

V. .V*
Bs = arg | ——= Cb)mlo
| f‘-”( ViV

charm vy
L o cd el ~ a0
Be = arg ( V. Vx ) 0.03 jy Search for New Physics effects

Experimental challenge:

> High statistics

> - 0
Small systematics ( <0.1%) Krzemien, Krakéw 2022 32



Mixing and CPV in charm

x=A4m =4l D1 2) = p|D°) £ q[D°)
CPV allowed g - . u ; °
o 2081 30
______ ﬁ 10: .gz
a I
E_ L
5 7
< |
0
............ _5:
B0 .
B 20 I
0.2/ ‘ 3o -10;
H o
:_'llll"llllll!%II"I"EI"E""I"EE-.50 e S — —
0-01°02 03 04 05 06 07 08 09 0.1 -0.05 0 0.05 0.1
X (%) la/pl-1
xory#0 - mixing la/p|#1 — CPV in mixing
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Charming players
Belle-2

il N
-
¥ ;

R
N

> Good reconstruction for neutral particles

> High cross-sections: N
> Known initial state:

> Decays in charged final states yield of 9 fb*

] > Better separation between prompt and secondaries
@LHCb compares with 50 ab*@Belle-2

production (in B decays)

> baryon production (e.g. A) > Clean environment:

»> Good decay-time resolution (~45 fs ~ 0.1 1(D?)) > Milder efficiency variation

> i . .
Busy environment > Easier control of systematics

> non-trivial triggers > Absolute asymmetry measurement possible

> non-trivial efficiency corrections

BES-III

> Background-free charm

> No time measurement since charm not boosted

> Quantum entangled pairs ¥(3370) - DD

> Complementary measurements to LHCb and Belle-2 34

e.g. measurement of strong phases




B° - . G.Ciezarek et al.,
Nature 546(2017)227

D'+ _D° mt
W. Krzemien, Krakow 2022 35
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Large Hadron Collider beauty detector

JINST 3 (2008) S08005

Calorimeters
ECAL/HCAL

HEAL

| Tracking System ECA
Momentum measurement SPD/PS M3
¥ Magnet =

M4 M5

)
Dipole magnet | . 8
'/|4Tm bending /T (

Systems

Iy
|~ Y
AN 1L

#Muon Systems ; ;

===

> Single-arm forward spectrometer covering range 2 < n <5 (10 < 6 <300 mrad)
> Momentum resolution Ap/p =0.4-0.6 % @ 5 GeV/cto @ 100 GeV/c
(~8 MeV/c? mass resolution for two-body charm decay)
> Impact parameter resolution: 20 ym from high p_ tracks (decay lifetime ~45 fs ~ 0.1 t(D°) )

W. Krzemien, Krakow 2022
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Integrated Recorded Luminosity (1/fb)

LHCDb Integrated Recorded Luminosity in pp, 2010-2018

. 2018 (6.5 TeV): 2.19 /b : :
. 2017 (6.5+2.51 TeV): 1.71 b + 0.10 fb ................................... 2018201
. 2016 (6.5 TeV): 1.67 /b :
2015 (6.5 TeV): 0.33 /fb
. 2012 (4.0 TeV): 2.08 /fb
2011 (3.5 TeV): 1.1 ifb
2010 (3.5 TeV): 0.04 ifb

N
no

M

R R R L e R R R R e EEREED

1.8
1.6
1.4
1.2
1
0.8
0.6
04l £

025

%Iar May Jul Sep Nov

Month of year

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

Run | (2011-2012): 3 fb* @7 and @8 TeV
Run Il (2015-2018): 6 fb? @13 TeV

Total sample collected: 9 fb
W. Krzemien, Krakow 2022
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LHCDb is also charming...
LHCb-CONF-2016-005

6
N ?10- LA L A B R R 16 >i|106l | S
< - LHCb Preliminary . (&) 0or -
> b muan I el
g 5 E 153111311(6;58 million R u n 1 'gd) . E D*(2010)" — D'm* :
: : : 1.2 :_ R u n 1 Signal: 131 million _:
8 4F DO K-TT+ = a8 1F -
3 3 E s F ]
2 of ] = 06F =
= .. 630 M i 3o 131 M
< o Q" 04 =
@ 1 O C
u 0.2F
0 - 1 ‘ 2 . n - 0 N
1850 1900 , 140 145 150 155
K 7" mass [MeV/c’] K+t -K7 mass [MeV/c?]

slow

Charm produced copiously in pp collisions:
> o(pp —cc)~ 1419 ub @ 7 TeV  Nucl.Phys.B871(2016) 1
> g(pp —cc) ~ 2840 ub @ 13 TeV JHEP03(2017) 74

Few billions of D° -, K1t* events reconstructed from the collected sample.

W. Krzemien, Krakow 2022 38



Tagging of initial flavour

Prompt charm (Double-tagged) secondary charm

\DO/V

Pv\g

D™ - D°mt*
B- D*p X
D* - D°mt*
Decay time acceptance limits All decay time available

« D™ -, Dt* (largest yield, high purity, o(t) = 0.1 1)
« B D"p X (1/6 * yield, lower purity, o(t) = 0.3 1)
« B D*p'X D* - D°rt* (1/40 * yield, highest purity o(t) =0.3 1)

W. Krzemien, Krakow 2022 39



Tagging of initial flavour

Prompt charm (Double-tagged) secondary charm

\DO/'

Pv\g

pp - D
D* - Dt*
pp — B- D*p'X
D* _. DOmt*
> Large cross-section > Smaller cross-section
> Decay time acceptance limits > All decay time available

W. Krzemien, Krakow 2022 40



Mass difference between
Neutral charm-meson
eigenstates

W. Krzemien, Krakow 2022
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Phys. Rev. Lett.

127 (2021) 111801

Golden channel:D° - (K_1t* 1) (Runll 5.4 fbr

DCS~(V_,V,) Ko -

)

mixing B CF I
S| £ ™ L B B B =
= F LHC b
CF §2.5  | 7 WS 54 1032
K* n™ o I
RS 10{%
1.5} %
il 10 Eo
L PR |‘\ \\\\\\\\\\ C 1
0.5 1 15 2 503
[GeV¥ct]

> For CF and DCS modes CP symmetry violation strongly suppressed
> 3-body decay can be described by 2 parameters (Dalitz plot analysis)

W. Krzemien, Krakow 2022
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Phys. Rev. Lett. 127 (2021) 111801

‘Bin-flip” method for searches of CPV with multi-body charm decays:

Phys. Rev. D 97, 031101 (2018)

[ %]
|_

; I E A —_— T
N:J“ B i E ?r:: Ly 3_| T T T T T -
s pcs+ BT o & "3
g | - A _— T L B _b 7 =
e mixing 1402 S 25F =
B _ E = e 6 O
L 19 z = L +b s =
[ % =
- CF 10 5 s : 8
[0 k= sk J |4
1.5 ¥ E 15: i <
| E
B b '__'E 1_
I 10 5 ' 1 |2
: 0.5F —:"1
B i e oy by e ey by sy s |
0.5 05 1 15 2 25 3
I T T T T T ST N A S O A A ] 2 G VZI{ 4
0.5 I 45 B2 25 B my [GeV7/cf]
m2 [GeV?¥ 4]
2/ 70+ 0 0+, ~
: m (K;7") for D" — K n'w
> ~31 M event candidates mi={ L, L g
m*(Kn') for D' —» K n'm

> Charm tagged with the soft pion charge
W. Krzemien, Krakow 2022 43



Phys. Rev. Lett. 127 (2021) 111801

g 3-_|||||| 9 ...:2
N> B % i
B b =
8 25F TE 0.3+ g
r~§:l _ 6 1-5 :
= 2 +b 2 -
i 5 %Qéﬂ i
L (78]
B - o L
1.5:— 1 4 = 0'29_
& ‘
1E =
N 1 |2 il
: ] 0'28_ i 1 . . . 1 : 2 2 1 " : . 1
0.5F -11 S o S S S
A ISR BT R ETE B ETET R BT BT | t/T

0.5 | 1.5 2 2. R 3
m? [GeV~/c4]

Strong phases taken from CLEO and BES-IlIIl measurements

> Measure yield ratio R, between b and -b in bins j of decay time

> R, are functions of x _,,, y.., AX, Ay candidates

CP?

> Resolutions: decay-time~ 60 fs, mass squared ~0.006 GeV?
W. Krzemien, Krakow 2022 44



Phys. Rev. Lett. 127 (2021) 111801

¢ Data — Fit
e ———— Fit (x,=0) <0225 ¢ Data — Fit
- ] 0.005F ]
0.0962 0.2 |~ {. % LHCDb 35005 1
> P & = % l 54f'f =
0.0933 ] 10215 o0 ts¢ + I ) ERL
- ] 4-0.005 =<
0.61F 7021 —0.005- . . . . . . ]
r 102 0.02 ' ' ' ' 0.0
] I Joon
n : ] © >4 i % ; ] e
0.6 10195 o oS I 114 ] <
] 0 SO Jo
7] +ie i ] +o
_ Jf | it -
- 0.19 i 1
0.59F ] L J-0.01
- : 002k , . . : - -
03¢ 10.6 - | | | | | | | —H0.05
. g 1 - L~ 0.01F % ! ] L
I 029f 064 _g oF % 0
] +| n 'y +|
- 0.62 by : % % } -+
r ] ~0.01F
0.28 ] . i
0.465F 10.265 c , , , . . . . 17005
L ] 0.01F Yoot
" E 1 = {]_ Iz ; I;I; I Jdo
0.455 ] | C T : 1= ] |
- 10.255 + o~ %* + t ¢ t } ] o
0.45E . ] : 4-0.01
2 4 6 8 2 4 6 8 N
T 2 4 6 8 2 4 6 8

zep + Az = —(q/p)*1(y + ix) e

Xcp =% Yep =Y Ay is more often
Xcp = _Im(ZCP)r Ycp = _Re(ZCP) j>\ Ax = Ay =0 re}-jferred to as A
. r
Ax = —Im(Az), Ay = —Re(A2) if CP conserved

> R, are functions of x AX, Ay candidates

cpr Yepr

> Resolutions: decay-time~ 60 fs, mass squared ~0.006 GeV?
W. Krzemien, Krakow 2022 45



Phys. Rev. Lett. 127 (2021) 111801

7= (3.08700) x 10 ° x = Am
y = 46% 73 ) K10

lq/p| = 0.996 £ 0.052, y = %
¢ = 0.0561 2047

* Consistent with CP symmetry conservation
* Result statistically limited

* Mixing phenomena confirmed

The first evidence of charm eigenstates mass difference
(more than 7 o effect)
Oscillation period ~630 ps (compared 0.4 ps of DO lifetime)
m,-m, = 6.4x10° eV ~ (1x10°°g)

W. Krzemien, Krakow 2022
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Phys. Rev. Lett. 127 (2021) 111801

- T . 0.4 - | ' | ' T '

0.01 D Current world avg. LLHCD - || Current world avg. ILHCb |

I .| Current world avg. + this paper ] - | | Current world avg. + this paper
0.008 (- g i ]
I ] Un -
0.006 - — . il
i 1 -02f -
0.004 - | - ! ]
™ ¢ ::.--I_|i|~ll‘.'-l!u:'.'\"-.*;'?“': ; | | , | | | , , | | =1 B it "’I"' id r\I E I I | | | _

0 0.002  0.004  0.006 0493 01 0 01 0.2

X l/p| - 1

W. Krzemien, Krakow 2022 47



Also y dominated by recent LHCb result of y__

using two-body DO decays

=T ° 7 T
E791 1999 i = H 7.32 +28.90 = 10.30
FOCUS 2000 H—— 3420 + 13.90 = 7.40
CLE02002| H " H - 1 1-12.00 = 25.00 = 14.00
Belle 2009 H—=—H | 1.45 £ 6.10 = 5.20
LHCb 2011 H—H — 550 = 6.30 = 4.10
BaBar 2012 ' h——H 720 = 1.80 = 1.24
BESII 2015 |  f—— F—— || -19.65 = 13.00 = 7.00
Belle 2016 M L 11.10 £ 2.20 = 0.92
LHCb 2019 H 566 +1.33 =094
Belle 2020 A 10.30 = 9.10 = 6.43
LHCb 2022 4 Sy 107 6.96 = 0.26 + 0.13
World average f 697 +0.25+0.13
" " " " 1 " " " " 1 N L " "
=50 0 50 100
Y., = YT [107]
CP CP

1-CL

0.8

0.6

04

0.2
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Discovery of CP violation
(in decays) in charm

W. Krzemien, Krakow 2022
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Observation of CP violation in charm decays

> DO e ((KYKD)

> Runll,L=61fb! @13 TeV

> Initial charm tagged with 1t (M) charge

N(D°— f) — N(D°— f)
N(D°— f) + N(D°= f)

L - ( f ) ==

W. Krzemien, Krakow 2022 50
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Observation of CP violation in charm decays

> DO e ((KYKD)
> Runll,L=61fb! @13 TeV
> Initial charm tagged with 1t (M) charge

N(D°= f) = N(D"= f)
N(D°= f) + N(D'= f)

Araw () =[Acp(f)+ ADKE) +|Ap(w ) +|Ap(D*T)
| o

Should be the same for

'1 raw ( f )

Symmetric final state
't and K*K if the

kinematics are the same

W. Krzemien, Krakow 2022 51
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Observation of CP violation in charm decays

> DO e ((KYKD)
> Runll,L=61fb! @13 TeV
> Initial charm tagged with 1t (M) charge

A f) = N(D— f) - N(D’— f)
YT N(DP— f) + N(D°— f)

A (f) =[Acr(F)+ ADK) + +{Ap(D*H)

| -

Should be the same for

0

f
f.

—
el

Symmetric final state
't and K*K if the

kinematics are the same

A‘40!'3’ = Araw(KK) - Araw(jwr) — ACP (KK) - ACP(jwr)



Phys. Rev. Lett. 122 (2019) 211803

Combined Run I and Run Il (9 fb?)

AA_, = (-15.4 + 2.9) x 10

Effect 5.3 o from zero

First observation of CP violation in the decays of

charm mesons

W. Krzemien, Krakow 2022 53



Summary

Mixing and discrete symmetry violation studies as tests of SM and probes of NP effects,
Charm sector attractive due to the suppressed CP effects from SM

In some of the channels LHCb has reached the sensitivity of SM expectation O(10%)
CP violation and mixing in the charm confirmed

For the first time the mass difference of the charm eigenstates was measured
Results are limited statistically:

> Many analysis ongoing

»> LHC Run 3 has started and Belle-2 is taking data

- HL-LHC era

Run 1 Run 2 Run 3 Run 4 Run 5+
(2010-12) | (2015-18) | (2021-24) | (2027-30) (2031+)
ATLAS, CMS 25 fb?! 100 fb! 300 fb1 3000 fb1

LHCb 3 fb! -1 25 fb1 50 fb *300 fb!
* assumes a future LHCb upgrade to raise the instantaneous luminosity to 2 x 1034 cm-2

W. Krzemien, Krakow 2022 54



Thank you for your attention

W. Krzemien, Krakow 2022
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