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Why are we interested in charm physics?

In the Standard Model (SM), the known value of CP violation (CPV) is too small
to explain the observed size of matter domination over antimatter in the universe

At LHCDb, we very precisely test known CPV in the SM
— finding disagreement will be indirect indication of new phenomena existence

The new particles can appear in the loops

Standard Model New physics
C EW idE T EY rB box diagrams =3
b tucti g b X 9
T e £y
. ',’ e t\\. . 3 l,’ y ™ . penguin diagrams —‘%.,

Charm sector is very promising since the background from the SM is very small,
expected CPVisonly < 104 -10"° (much smaller than we measure in beauty

meson decays)
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2

1. In the mixing (only neutral particles)

[)U ﬁil 2 ]—)'li 1)()

PO — anti-P% # anti-P° — PO f !
2. In the amplitudes of direct decays o S 2
(neutral and charge particles) —( f‘ = [I= f

P - f # anti-P*¥ — anti-f

2
-

3. In the interference between Do N, P P D Db 1k
direct decays and decays via |_’.<f+ a4 ""(/ + M
mixing (only neutral particles)

% Federico’s & Jolanta’s talks

PO = KO B0 BO_ DO DO
P+ = K=, B*, B*, D*, D* A%, A*  Z*, ...

\Y4

This talk
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Charm-ing and beauti-ful experiment (LHCb)

The single-arm forward spectrometer (a new concept for HEP experiments)

o(bb) = 75.3 £5.4+£13.0 ub 10 <0 <300 mrad (2<n<5)

Phys.Lett.B694 (2010) 209-216

o(ce) = 1419+ 12+ 116 pb ~ 20 x o (bb) Int. J. Mod. Phys. A 30 (2015) 1530022
Nucl.Phys.B871 (2013) 1
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CP violation in direct decays

Singly Cabibbo-suppressed decays (SCS):

« the only place for CP violation in the Standard Model
« both: tree and penguin diagrams

U__ New physics

At 1 d P c—alsba

A=0.22 ¢ * S k- G
= e g

=c W d - ¢ u
S A g , P g i "

u u S S

A= VsV Ar + VgV7eq Py + VisVes Ps + ViV Py

~ ~ o~ ~\8
Asymeop ~ |A1]|Az|sin(¢p1 — ¢2)sin(o; — 05)
=Ar =P weak phases strong phases !!!

To observe CP violation, at least two amplitudes must interfere with different
weak phases AND DIFFERENT STRONG PHASES
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The binned S.; method ek

- In each bin a significance of a difference — charm ranﬂcharm,,ﬁ
between Z. and Z; is calculated N N
( ( ;‘ \\\ \\ :4 \‘\.\\ X
S i —  Nyi—aN_ Nt o e— e
VGRS A
« To cancel global asymmetries (production N — T
asymmetry etc.) the Dalitz plots are normalized RN

* |f no CPV (only statistical fluctuations)

then S¢p is Gaussian distribution (u=0, c=1) Bod Ca
ediaga et al.

102 Phys.Rev.D80(2009)096006

« The y? = ZSi-p? test is calculated to obtain 3 e 310
B P1 123.4 £ 11.11

p-value for the null hypothesis (no CPV)
to testif £F and Z; distributions
are statistically compatible 10

Monte Carlg

—

f asymmetry

p-value « 1 in case of CPV

HH‘
[y —
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M3(pK ") [GeV?/c*]

M?(pK ") [GeV?/c4]

Eur. Phys. J. C80 (2020) 986
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| 4=0.06+0.19

p-value: 0.32
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L e e s e B e e e e
p-value: 0.72 A

N of bins: 111 1
LHCb

CPV in charmed baryons at LHCb

Uniform and adaptive
binning schemes with
different bin numbers
are tested

The Scp distributions
agree with Gaussian

The measured p-values
are greater than 32%

Results are consistent
with no observation
of CP asymmetry
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The unbinned k-nearest neighbour method

 More difficult to use but can be more sensitive for small statistics

« To compare “+ and “-” a test statistic T is defined,
which is based on the counting particles with
the same sign to each event for a given number
of the nearest neighbour events

ny—+n_ n .
T — nk(n:+n_) Zzz—i_l kil I(Z, k)

I(i,k) =1 if i eventandits k" nearest neighbour
have the same charge (++, —-)

I(i,k) = 0 if pair has opposite charge (+ -)

T is the mean fraction of like pairs in the pooled sample of the two datasets

The expected distribution can be calculated using mean ut and variance ot

ny(ny—1)+n_(n_—1)

KT = n(n—1)
. 2 1 nimn_ ’I’Li_’ﬂ?_
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The first searches for local CPVin =} - pKn*

« Data collected in Run 1,+/s =7 TeV and 8 TeV, L ~ 3 fb-’

« The k-nearest neighbour method is used in regions of the Dalitz plot

Eur. Phys. J. C80 (2020) 986
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(3 . E = | | Lo o | T
= = 2F 1 [ - S I o ® | @ I
&< 200 I [ Il © I o [ (I
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i b orF 1® ol |1 (0! ® o | Lo
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Regions Regions

» Results are consistent with CP symmetry but in one region of the Dalitz plot the local
effect corresponds to 2.70

 To be continued with Run 2 data
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CP asymmetry difference between A} - pK~K* and prn—n?

+ The A} candidates are reconstructed from A) — Afu~X decays JHEP03 (2018) 182

_ I'(f) - I'(f) _ N(fp™) = N(fu)
LAY+ ™ N(fu) + N(fut)

Ava(F) = Ace(F) + Ap* (Fu) + A (1) + AD(F)

« Kinematics of the pK~K* and pr~n™* are and equal and data are weighted

AAVC“/%t:ACP(PK_K+)_ Wgt(pﬂ 7T+)N Araw(PK™ K+) Aggvﬁ(Pﬂ_WjL)

8000

30009 LHCb Dat ] LHCb Data

S : + aaf G | + 1fi Run 1 3fb-1
E 20005 —====-Signal E ] ====-Signal
= ] ======= Background = _ * Background Total yleldS:
= ] = 4000 - — 17+
3 E ] —_
= 1000 g ~187k pr~m*
g ] £ 2000 1 R
© 500 © ' ; \ ™

] 2 / \

] | J \\

0 - ' ' P - ' 0 . — - - . .
2240 2260 228() 2300 2320 2340 2240 2260 2280 2300 2320 2340
m(pK~=K*) [MeV/c?] m(pr~n") [MeV/c?]
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CP asymmetry difference between A} - pK~K* and prn—n?

Araw(pK~KT) = (3.72 4 0.78)%

A8 (pr 7 t) = (3.42 £ 0.47)% 8-
AATE =(0.30+£0.91+061)% & 4
::
Central value is measured to be
consistent with zero

The first measurement of the CP

violation parameter in A} decays
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CPV in charmed baryons at LHCb

JHEPO3 (2018) 182

1 LHCb

—— Weighted average
¢ Data

e

7TeV

7TeV 8TeV 8 TeV
Down Up Down
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Amplitude analysis of A7 —» pK~nt

Phys.Rev. D108 (2023) 012023

« Af from semileptonic beauty hadron
decays A) = AFI™v

J
p—
)

& 2F - %
" 1 E
« A} - pK~m* has a complex resonant 8 18F = 5
structure with multiple overlapping = 16F =i -
states inthe K~ n*, pk~ and pn* & o14f 377 5
systems N 12F E 2 ;%
T OE E
« A full amplitude analysis determines sk El N
the composition of the decay amplitude 06E El E
TE 18512
« The knowledge of the resonant g'zi E &
structure is useful in searches for CP Ty 0
symmetry violation, which is still m2(pK-) [GeV?]

unobserved in baryon decays
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Amplitude analysis of A7 —» pK~nt

Phys.Rev. D108 (2023) 012023

x10°
° L) -1 ] ] ] I ] ] ] ] I ] ] ] ] I
LHCb 2016: ~1.7 fb 140 . Data ,\ LHCb
— Full fit
 The signal region chosen within 120 S;lgnall 1.7 fo!
15 MeV of the known A} mass, Background

containing about 95% of the
signal candidates

Candidates / (2 MeV)
© o
S S

D
S

« ~400 000 candidates

40
« The fraction of background in the 20 \
signal region is 1.69% 0 ! .

2.25 2.3 2.35
m(pK 7*) [GeV]
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Amplitude analysis of A7 —» pK~nt

Phys.Rev. D108 (2023) 012023

The Dalitz plot displays a rich structure with resonant contributions from all possible
pairs of final state particles: 4 > pK~, K*> K nt, AT™ - pn™

Resonance  JP  Mass (MeV) Width (MeV)

C\’]— 2 LI | ] ] 10 &
>k o B A(1405) 127 1405.1 50.5
L 1.8F - -
CI: g = A(1520)  3/27 15151523 10 — 20
~ Lop . A(1600) 1/2+ 1630 250
& 14F $ E A(1670) 1/2- 1670 30
X 12F 2 A@6%0)  3/2 1690 70
T b > A(2000)  1/27 1900 — 2100 20 — 400
08F : A(1232)T+  3/2+ 1232 117
065 , A(1600)*+  3/2* 1640 300
04F ) A(1700)T+  3/2- 1690 380
02k 0 K (700) 0t 824 478
K*(892) 1- 895.5 47.3
m2(pK~) [GeV?] K;(1430)  OF 1375 190

12 resonances
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Amplitude analysis of A7 —» pK~nt

Phys.Rev. D108 (2023) 012023
The amplitude model is written in the helicity formalism

x10° %10°
R LIMARA B B BRI BURLLIL I o SRR I IR IR IR IR AR AR )
> 10F > f >
L o r o 12 v 8
o I &}
[se) i 00 r vy 7
S 3 = 10} aQ
S S f s °
& or > N
s [ 2 3
=i - g ¢
= E 23
Q 3 < <

3 Q O 2

2r , b

: ‘.-‘fw A\v';‘ : ! = —T

0 e e - iL s - -~

2 25 3 35 4 45 1 15 2 25 3 Yar

m2(pK)[GeV’] m2(p wH)[GeV?]
[} o o
S g g
= o o ~ A~ ~
g F: 2 K plane P(p) x (24 x p(p))
g g :
&) O

p
zp plane
cos O(p) ()
— Data —— Model — A(1232)"* — A(1600)™*
— A(1700)* — K'(892) K,(1430) — K,(700)
— A(1405) — A(1520) A(1600) — A(1670)
— A(1690) — A(2000) — Background

A significant contribution from a resonant in m(pK)~2GeV region (A(2000)), where clear
resonances have not been previously been reported
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A} baryon polarization measurement rHch

Phys.Rev. D108 (2023) 012023

The A} - pK~n* amplitude model can be employed to measure the polarization
of the A} baryon

x10° x10°
T T T T T T ] )

12F |
105— “
sk ‘
of

o

ot 2 -

—_
(=)
T

Candidates/ (0.03 GeV?)
Candidates/ (0.018 GeV?)

—~
o
>
v
O
v
I
<
=
S
=
2}
Q
]
<
ks
=
3
=
]
O

i
|

A large averaged polarization is
measured 65% with absolute
uncertainty of order 1% with
dominating transverse
component 60% and a smaller
longitudinal component -25%

P

2 25 3 35 4 45
m2(pK)[GeV?]

x10°
F T

Candidates/ 0.02
Candidates/ 0.063
Candidates/ 0.063

— Data —— Model — A(1232)" —— A(1600)**
— A(1700)** — K'(892) K,(1430) — K,(700)
— A(1405) — A(1520) A(1600) — A(1670)
— A(1690) — A(2000) — Background

Including polarization component in the laboratory

A.Ukleja (LHCD) CPV in charmed baryons at LHCb September 2023




Measuring polarimeter vector field in A7 - pK~ 7" decays

The averaged squared matrix element: LHCb-PAPER-2022-044, JHEP 2023(2023) 228

M(6,0,x,K)|* = Io(k) (1 + Y PiRi;(9,90, X)Oéj(ff)>
i.j
Io(x) — the unpolarized A Yprod

. : A rest frame
Intensity

x denotes
the kinematic
variables which

the aligned
reaction amplitude N _— '
n n X pp /
depends o PiQ oAt X p e
. . A B D Zprod
P — polarization s Br O A rest frame ’

R;(¢,0,x) — three-dimensional rotation matrix implementing the Euler transformation to
a physical vector that describe the orientation of the decay products in space

ajx) polarimeter vector
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Measuring polarimeter vector field in A7 - pK~ 7" decays

LHCb-PAPER-2022-044, JHEP 2023(2023) 228

@ — polarimeter vector with respect to the decay plane
it gives a model-agnostic representation for polarization dependence
of the decay rate

Ity

R

, is alignment ratio: who is z axis (the sum of the pion and kaon momenta defines

the positive z direction)
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The length of the polarimeter 4.51

vector (shown by the color)
changes from point to point

4.0
It is greater than 0.5 for most &
of the kinematic domain -

> 3.5

The structures are drivenby £
resonances in different Q
subsystems and their £ 3.0
interferences b=
The & field gives information 2:51
needed to determine the A}
polarization in future analyses )0
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« Charm physics measurements are providing a wealth of interesting results over the
last few years

« Sofar, CP violation in the charm sector is confirmed in mesons only
* |In all other charm decays, results are consistent with CP symmetry
= statistical uncertainties dominate
* increasing data statistics will allow to test the SM in more details

 We are running Run 3

« The goal is to reach ~23 fb-! (Run 3) and ~50 fb-" (Run 4)
(Run 1+2: ~9 fb'1)
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LHCD

Back up
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Lifetime measurement of 29 and £¢

LHCb 2016-2018 dataset at 13TeV and 5.4 fb-! (Prompt production)
Two-dimensional unbinned extended maximum likelihood fits are performed to the mass

sional ul
and log x* distributions Sci.Bull.67 (2022) 479

T T E o T T 7 1(103 N
2 ggg e - Das E 120F Loy + Data E 25F LHCb ]
> 1soF 200" —Toalft 3§ = j00F 200" —Total fit 7 - 54f7 ]
> 160F 069<1<0.75ps —pomp 3§ 3 E 0.69<1<0.75ps — Prompt ] g 20 E
ﬁ 140 Secondary —; §- 80 Secondary ': o +Dala
O 2 120 -+ Background = 2] L -+ Background g 15F —Fit
2 E = r 1 ) = i =]
C' _5 80 Bl o TRt T g af 3 - 10; A = pKKx ]
el 60 E O - R L ]
5 40 3 20E ] 5t ]
O 20 3 o o\ ] " 1
0 1 A T 1 13 0 . it A o T, . A oL 1 ]
2660 2680 2700 2720 2740 -4 -2 0 2 4 5%10~ 1 »
m(pK K x*) (MeV/c2) log = X0 t (ps)
L 0 B i Itk o Rt e | T T TR T ] x10’ . .
% SOF Loy 4 Data ] 160 F Liico +Data E 100+ LHCb
= P L 20! —Towlfit ] = 140F 20" —Total fit
> _ 069<1<075ps ~— Prompt E ? 120F 069<1<075ps — Prompt ] 2
E 300 - Secondary §- 100 2 - Secondary —
HO 8, B - Background ] % 80-— -+ Background _E ‘g—‘
(o By 8 200f - E -
B c . _g . ] E 60E E _§
- e ] . 3 =
E 100 |- © 405 3
@] - g m s AN 1 20 : 3
0 i 1 e [T RGN | 0 E " e & A B
2440 2460 2480 2500 2520 -4 -2 0 2 4
mpK K% (MeV/c?) log X2,
Tab =208 =134 +4:4 £0.71s
28 T:'+ > TQO > d A+ > T=8
—cC c c “c

Tzo = 148.0 £ 2.3+ 2.2+ 0.21s

The results confirm the charmed-hadron lifetime hierarchy, improve the precision
of the previous (2, lifetime by a factor of two
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