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CP-violation in the charm sector ﬂﬂ

 The charm sector encompasses the only up-type quark decays of neutral mesons in K° - By
which CP-violation (CPV) can be probed. ﬂ

e CPVinSMis predicted to be small (~1073 — 10™%).
=== RooOm for new physics enhancements.

 These predictions are dominated by long distance contributions.

= Experimental measurements are crucial to improve theoretical predictions.

Short Distance Contributions: Long Distance Contributions:
\ Heavily suppressed! / Large theoretical uncertainties!

e Charm data samples are huge: ~ a few billion D? decays to be analysed at LHCb with Run 1 + Run 2 data.
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CP-violation in the charm sector
e DIRECT I

CPV in the decay

2 _ 2
DY DY — observed at 5.3¢
Decay f + f by the LHCb
|Ar| # 1471 collaboration in

March 2019! *§

\ [PhysRevLett.122.211803] /
THIS TALK!

INDIRECT
Mixing

lq| # |p] |
Still no

Interference - 5 evidence of

mixing-decay
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.211803

The LHCb dete

RICH System Gl Sl T e N\

VErtex LOcator (VELO):
" g(t) = 45fs
= g(IP) = 20um

Particle misidentification:

pp collision point: s (> K) ~ 3%

=  Charm quarks produced at Tracking System:

low-n at LHC U e
= o(pp > c€)~20 o(pp - bb) e -
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Search for time-dependent CPV in D° - KtK~
and D° - *tm~ decays

arXiv:2105.09889
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https://arxiv.org/abs/2105.09889

Search for time-dependent CPV in D® - K*K~ and D® - ™ decays

» Search for indirect CPV using the slope of the time-dependent D? — D° asymmetry AY; ~ —Ar:

_ND° - f,t) =N(D° > f,1)
f=K*K~,n*tmn~ ATaW(f’ t) B N(DO — f, t) + N(EO - f, t)

T decay(f)MYf =+ AV TS0 + 4 ()

|

0
D f Time-dependent nuisance asymmetries which need to be carefully dealt

'\\ / with (biggest challenge of the analysis!)
ix == D S decay
AY; ~x¢,1f—y —1 +yAcp 7 (f)

e N

CPV in the mixing-decay interference CPV in the mixing CPV in the decay (< 1x107°)

* If AYs #+ 0 = CP violation in charm decays!
* SM expectation: 0(2><10‘5) Kagan, Silvestrini (2020), Li, Umeeda, Xu, Yu (2020)
e Current best experimental precision: ~2x10~% HFLAV
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https://inspirehep.net/literature/1776611
https://inspirehep.net/literature/1775245
https://hflav-eos.web.cern.ch/hflav-eos/charm/ICHEP20/results_mixing.html

arXiv:2105.09889

Measurement of AYr: Analysis strategy

e Analysis performed using the full Run 2 data (2015-2018, 6fb™1). K*,m*
« D% - f candidates obtained from prompt D** — Don;—rag ‘ /
candidates. The charge of n;—rag tags the flavour of the D® meson.
DO DO /
* Combinatorial background present in the m(DOﬂtiag) /‘\ it
distribution removed with a sideband subtraction procedure. @
P

 Time-dependent nuisance asymmetries removed by equalising the kinematics of D® and D° candidates.

* Significant background contribution from D** candidates coming from B-mesons (called secondary decays):
treated by studying and then subtracting their corresponding asymmetry.

* The analogue of AY; for D® — K~m™* decays is known to be < 0.3x10™% at 90% CL (from experimental
results) and is used to cross-check the analysis method (benefiting from huge D® —» K~ % yields!)
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https://arxiv.org/abs/2105.09889

Removal of the m(D%n7; ) background

Candidates / (0.1 MeV/c?)

arXiv:2105.09889

* The small combinatorial background present in the m(Donmg) distribution comes mainly from the

association of a D with a random mE from the pp interactions.

* This background source is removed with a sideband subtraction procedure by fitting in each bin of D°
decay time the background and the signal of the m(Dontiag) distribution.

o D’ > K™m*:519M
x10
OFT —— 1 '
- LHCb
80F 2015-2018 (6 fb™")
T0F E
60 F —+ Data E
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40 Background 3
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2020

Candidates / (0.1 MeV/c?)
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arXiv:2105.09889

Treatment of the time-dependent nuisance asymmetries

* The LHCb dipole magnet can point upwards (MagUp) or downwards (MagDown). < 005; - LHCb
— > . C *
«  For a given magnet polarity, this induces large D® — D® momentum-dependent detection & 0045_ o 20?%‘1?% ;
asymmetries alongside the horizontal plane (especially from the n;—;g that have low momenta). & 0'035 . D .
SAaa3 . R0
*  These asymmetries (+ D** production asymmetries) reflect into D® momentum asymmetries. = omE ¢D
o TR, ", ]
«  Trigger requirements correlate D° kinematics and D decay time, these nuisance asymmetries é 0.01F " E
becomes time-dependent. This biases the measurement. A . k ]
: . : = : : : . S 2 ' ' g
«  Strategy: equalise the kinematics of D? and D° decays with a kinematic weighting procedure. i g_ Nmﬁmﬁ____._._.__._‘_,_o_ttf{f_}_}#* “
s o + ﬂ
§ 0.5¢ ! ; < 0 5 10 0 15
E\ 0 Attt g — e After kinematic weighting: P, (D) [GeVie]
S F ] AY o~ -+ = 0 (as expected S T
g-05 - id trol le) = 0.045¢ . LHCb 7
= : Raw E inside control sample). CRYI 2016 MagUp |
7 —1F —%— Weighted . 0 0.035} Dok
S - 2016 MagUp ] = 0.025} E
B D'>Kzt 2 002F Hight -
C - ] i i i | . g E =
F P, ot 1. Before kinematic weighting: [ 0015}
e ) e . AY -+ =0 0.01F E
L T - K 1 r
: S 0.005F E
_3 I | | I IR R | O:H“‘H\‘ .
0 2 4 6 /8 024681012141618
17T pT(D ) [GeV/c]
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arXiv:2105.09889

Cross-check: Measurement of AY,-_+ using full Run 2 data

Year and magnet polarity Quality of individual fits
* Before the kinematic weighting (raw condition):
AY -+ # 0 with poor fit qualities and a bad
compatibility among all years and magnet v LHCb 6fb™ v2/ndf
polarities. 15 Upt . e 24/19  19/19
* After the kinematic weighting: time- 15 Dw . i+ 19/19  15/19
depe.r?dent asymmetries are r.e.moved. Good fit 16 Up |- —— L 61/19 13/19
qualitites and good compatibility among each L
year and magnet polarity. 16 Dw - i U9 23/19
17 UpF = Raw e 67/19 17/19
AY -+ = (=04 + 0.5+ 0.2)x10~* 17 Dw |- = Weighted __ —o— 29/1915/19
(includes correction from secondary B decays + systematics presented in next slides) 18 Up - —{r— E E 118/19 23/19
« An extremely precise and powerful cross-check 18 Dw - e 40719 24/19
measurement! Avg.— | s | 124/7  8/7
—-10 -5 0 5 )
AY . [107]
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https://arxiv.org/abs/2105.09889

AY measurement — Contamination from B decays

Candidates per 5 pm

Important nuisance from D** candidates produced from B? or BT mesons (secondary decays).

These secondary D have large impact parameters (IP), unlike prompt D® where IP(D?) = 0.

We apply IP(D?) < 60um to remove a large fraction of secondary decays.

Atot(t) = Aprompt(t) + fsec(t) |Asec(®) — Aprompt(t)]

By measuring the fraction of secondary decays fsec(t) and the difference
Agec(t) — Aprompt(t), we can subtract the secondary contribution.

fsec(t) is measured in each bin of D? decay time by fitting real data to templates

obtained from Monte Carlo samples of prompt and secondary candidates.
Measured fraction in each

6 First bin of D? decay time

P 10
i LHCb
20152018 (6 fb™)

D’ >K 7+
17, € [0.45,0.65]

—— Data
—+— Fit
Signal

D™ from B mesons ]

PRI R
100
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* Asec(t) — Aprompt(t) is measured

from data with IP(D%) > 100pum:
Asec(t) = Aprompt (t) = (2.2 £ 0.4)x1073
(and seen to be independent of decay time)

e Subtracted secondary contribution:

AA = 0.26x10~%
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Final results using D° - K*K~ and D° — ™~ decays

AY 4 - = (=23 + 1.5+ 0.3)x10~*

|| ' ! T T T T T T T T T T
S D'—>K*K~ LHCb ]
— Y.JIL 20152018 (6 fb ™)
e N .
= 0 % N } )
= , 1 -
g X Pl ]
=, 03¢ ¥2ndf = 15/19 7
< 0 2 4 6 8
11T
Systematic uncertainties (units of 10™%)
Source AYpig- AY -
Subtraction of the m(D°x} ) background 0.2 0.3
Flavour-dependent shift of m(D*") peak 0.1 0.1
D** from B-meson decays 0.1 0.1
m(h*h~) background 0.1 <0.1
Kinematic weighting 0.1 0.1
Total systematic 0.3 0.4
Statistical 1.5 2.8
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arXiv:2105.09889

AY + - =(—4.0+28+0.4)x10~*

I
in
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wn O

L DV st
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2015-2018 (6 fb™h)

|

2 %/ndf =21/19 1

_h_

6 8
t/TDO

* AYp+g- and AY +,- agree with each other within
0.50 and are compatible with zero within 2o.

» Systematic uncertainties are at the level of a few
107>: less than 20% of the statistical uncertainty.
Very promising for future LHCb measurements!
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Search for time-dependent CPV in D® - K*K~ and D® — n*m~ decays — Results combinations

' BaBar 201

: 2 . o .
U ] H T84 955 458 Previous world average value: AY = (+3.1+ 2.0 £ 0.5) x 10

HFLAV

i CDF 2014
+12.0 £ 12.0

RO e 6D Our estimated new world average value:
HEe R AY = (-09+1.14+0.3)x107%

Belle 2016

4130 4200+ 7.0 Compatible with CP conservation hypothesis

|"°-| LHCb 2017 D** tag (3 fb~1)
| +13+£28=+10

Standard Model prediction:

LHCD 2020 p~ tag (5.4 fh=1)

- _
1429432405 AY =~ 0(2 X 10 5)
H Lfgi?? fg; tag (6 fb™") Kagan & Silvestrini 2020

Li, Umeeda, Xu, Yu 2020

Iii World average
; -09+11+03

40 —90 0 20 A0 60 30 This measurement!
AY [1074
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https://arxiv.org/abs/2001.07207
https://arxiv.org/abs/2001.04079
https://arxiv.org/abs/2105.09889
https://hflav-eos.web.cern.ch/hflav-eos/charm/ICHEP20/results_mixing.html

Projected sensitivities for LHCb Run 1+2 charm mixing measurements

Parameter(s)/observable(s) Channel(s) Current public results Projected sensitivities with full Run
1+2 (9fb~1)
x'? = (394 2.7)x107° o(x'?)~2x1075
Charm mixing parameters from two- D° > K r*t y' = (5.28 +£ 0.52)x1073 a(y')~0.3x1073
body RS/WS decay time ratios D° - K*n~ Rp = (3.454 4+ 0.031)x1073 d(Rp)~0.02x1073
Ap = (—0.14+9.1))x1073 o(Ap)~6%x1073

Prompt D? (Run 1 + 2015-2016 (5fb~1))
Phys. Rev. D 97, 031101(R)

x = (0.27%311)x1072 o (x)~0.05x102
y = (0.74 + 0.37)x1072 o(y)~1.5x1072
Charm mixing parameters from bin- D° -» Kdn*tm~ lq/p| = 1.0515:22 a(|lq/p|)~0.04
flip analysis [arXiv:1811.01032] ¢ = —0.097511 o(¢)~0.04

Prompt D° (2012, 2fb™1) and D° from
semileptonic B decays (Run 1, 3fb™1)
Phys. Rev. Lett. 122, 231802

Charm mixing parameter yp D° > K r*t yep = (0.57 £ 0.16)x1072 o (ycp)~0.02x1072
D° - KtK~ D° from semileptonic B decays (Run 1, 3fb™1) Using prompt D° + D from
D° > mntm™ Phys. Rev. Lett. 122, 011802 semileptonic B decays
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.031101
https://arxiv.org/abs/1811.01032
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.231802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.011802

arXiv:1808.08865

Charm mixing and indirect CPV: prospects for future LHCb measurements

Prospects for Run 4 and Run 5 at LHCb

Sample (L) Tag | Yield KTK~ o(Ar) | Yield 77~  o(Ar)
Run 1-2 (9 fb~1) Prompt 60M 0.013% 18M 0.024%
current LHCb ——» Upgrade | ———» Upgrade IIl—» Run 1-3 (23 fb~!)  Prompt 310M 0.0056% 92M 0.0104 %
% 20 SRR A Run 14 (50 fb=')  Prompt 793M 0.0035% 236M 0.0065 %
L 18] z Run 1-5 (300 fb~!) Prompt 5.3G 0.0014% 1.6G 0.0025 %
o - —
=16 [Has0 £ 1 — : _5
2 1 E 300fb™" predictions reach the SM expectations of Ay = 0(2 X 107>)
— 1.3
3.3 0 ® 1 5 Charm mixing parameters
é 10—: - -l _:150 é’
8— . Sample (lumi £) Tag Yield o(z) o(y) o(lg/p]) o(9)
= —100 Run 1.2 (9 1) SL 10M  0.07% 0.05%  0.07 4.6
4> ] Prompt 36M  0.05% 0.05%  0.04  1.8°
. —50 o
2 ] : Run 1.3 (23 fo-1) SL 33M  0.036% 0.030%  0.036 2.5o
e el R I A Prompt 200M  0.020% 0.020%  0.017  0.77
2010 2015 2020 2025 2030 2035 L M .024 .01 .024 1.7°
8 Run 1.4 (50 fo-1) S 78 0.024% 0.019% 0.0 7

Prompt 520M 0.012% 0.013%  0.011  0.48°
SL 490M  0.009% 0.008%  0.009  0.69°
Prompt 3500M 0.005% 0.005%  0.004  0.18°

*Current plan shifted by a year due to Covid-19
Run 1-5 (300 fb~1)
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https://arxiv.org/abs/1808.08865

Summary

* The AY measurement reaches an impressive precision of ~1x10~%! But still no sign of
indirect CPV in charm decays.

* We are working hard to finalise other charm measurements with the full Run 2 dataset.
* All results are limited by statistics: room for improvement in the next data-taking periods.

* Tune in tomorrow to Angelo Carbone’s plenary talk CPV and Oscillations in the Charm
Sector at LHCb @&
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https://indico.nucleares.unam.mx/event/1488/session/17/?slotId=0
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Charm-mixing and CP-violation

* Flavour-mixing leads to a distinction between mass eigenstates and flavour eigenstates:

Charm mixing is well-established: no-mixing

hypothesis excluded at > 50!

|D1,2> = P|DO> T CI|50)

The oscillations depend on parameters x and y:

M, — M,
X =2
I[L+15

y:

I -1
L+

The following CP-violating mixing parameters probe indirect CPV:

S CPV allowed
> V[ icHEP 2020 | :
0.8
0.6 -
i B
0.4+
0.2 |
| B0
0‘ \ 20
i X1 W30
02 No mixing 3¢
4_» | I — I I — I — 1 1 11 ‘. 5 o
02 0 02 04 06 08 1
HFLAV x (%)
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Xcp = % [xcosqb <‘%‘ + |§D + ysing <|g‘ — ‘SD]
Ax=%:xcos¢(% - §)+ysinqb(% + §>
ver = peoss ([ + [7]) = xsn (5 - 7).
sy = 3lyeoss (5] = [¢]) = wins (5] + o)
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Xcp = X
Ax =20
Yep =Y
Ay =
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https://hflav-eos.web.cern.ch/hflav-eos/charm/Moriond19/results_mix_cpv.html

AY measurement: Theoretical parametrisation

. o M,—M r,—T A
The phenomenological parametrisation depends on: x = ZF Ly = 221“ =, Ap = 77

We can also use the theoretical parametrisation depending on:

T 2|My,| _ 2|T5| M _ My, & L [1 Iﬁ
12 r Y12 r f |M12|Af' f Tyl A,
* With the theoretical parametrisation, one can write AYf as
AY; ~ ingX 2 (1 4+ 222 o8, cospM
= —X128In¢; + yi20f +ECOt FCOSPr
Universal part (independent of final state) Dependent on final state

Since ylza]’il < 0.13%10~* and that our current experimental precision is ~1x10~%, we have

AY; =~ AY = —xq,singy’
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AY measurement: Nuisance asymmetries

* We study the topological quantities:
Qx(y) = arCtan(px(y)/pz)

k=1/ |px +py
e (Left) sum and (right) asymmetry of the 03

k(ﬂ;g) [c/GeV]
@)
N
k(ﬂ;g) [c/GeV]

|
>
Asymmetry [%]

distributions of the momentum of nfag 10

candidates, projected on the (top) k vs 8, and
(bottom) 6,, vs 6, planes, for the D° - K rt
candidates collected in 2017 with the MagUp
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polarity. E 02 HCh LHCb' T S

* The asymmetries during the other data-taking . 10* 17° &
years are similar, and opposite in sign for the g; 011 o . _;0 é
data collected with the MagDown polarity. The 0 0 5
regions of the distributions with asymmetries ol 10° s
whose magnitude is larger than 20% are 0 0
discarded from the data sample after the —02 15
kinematic weighting. o2 o oz 1 —

Oulrrig) lrad | 0,(5) irad]
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AY measurement — results for each year and magnet polarity

e AY fits for years 2015-2018 and MagUp-MagDown magnet polarities.

* Raw values in red and kinematically reweighted (to remove time-dependent experimental

Cross check with D° — Km decays

15 Up
15 Dw
16 Up
16 Dw
17 Up

17 Dw -

18 Up
18 Dw

Avg.

LHCb
T

20152018 (6 fb )

—

-=- Raw
—— Weighted

I(ZAIL/ 1I9)

(19/19)
(19/19)
(15/19)
(61/19)
(13/19)
(30/19)
(23/19)
(67/19)
(17/19)
(29/19)
(15/19)
(118/19)
(23/19)

(40/19)
(24/19)

4 (124/7)
LI

-10
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-5

5 10
AY, . [107]

15 Up
15 Dw
16 Up
16 Dw
17 Up

17 Dw -

18 Up
18 Dw

Avg.

asymmetries) + secondary decays substracted values in black.

Measurements of AY j+ -

LHCb 2015-2018 (6 fb'™)
L (14/19)
: (16/19)
| At (13/19)
: (15/19)
| o b (25/19)
2 (21/19)
| Ly (34/19)
; (34/19)
- —_ (17/19)
Raw e (15/19)
- Weighted o (32/19)
—e (22/19)
| : (19/19)
—e—t (12/19)
B o (24/19)
n—e— (19/19)
v —14+13 (32/7)
- £ 21415 (1)
50 0 .
AY op [107]
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15 Up
15 Dw
16 Up
16 Dw
17 Up

17 Dw -

18 Up
18 Dw

Avg.

LHCb

Measurements of AY _+_-

20152018 (6 fb )

[

. T (9/19)
(22/19)
- i (17/19)
(16/19)
(16/19)
(17/19)
(17/19)
(13/19)
(20/19)
(19/19)
(26/19)
(28/19)
(33/19)
(29/19)

(15/19)
(20/19)

-=- Raw
- Weighted

2824 (267])
-38+28 (10/7)

—50 0
AY . [107]
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AY measurement —m(h™h™) background (systematic uncertainty)

 There is a small background in the m(h*h™) distribution coming from partially or misreconstructed D** —
(D° - h*h™)mf,, candidates.

 The background fractions amount to 1073 — 10~* for the different decay channels.

* The corresponding systematic uncertainties are d(AY g-,+) = 0.00x10™*, g (AY g+,-) = 0.06x10~* and
o(AY +.-) = 0.03x107*.

x10°
o C U B a [T T T T T S 160F Tl T
S LHCb 2 350F i LHCb RSN LHCb -
> 500k 6fb" 3 > 4 Data | 6fb 3 > 1401 6fb -
S | : L 300y ; = 2 ok ]
o~ 400k ~+ Data . N 2S0E K T ~  f .
- I — Fit X e 5 ~ 100E ~+-Data .
2 a00f — DK xS 2200 gk ) PEN: —Fit 3
5 300+ D'>K*K~ ] b WD K ey, O 80f | — D't
- i 0 - - 7AD" >K 1| ! - C ! 0 .
< L [ D ">t~ < 150 E + + ! < [ e b D">K nt
v-d C 0 "O D —>K'K™ 77.' ! "O 60 3 : 0
S 200¢ DK S 100 5 ERR L o
53 : 'K e § : 5 40f E- MDD —>re e ]
- 50F ;| R : ]
100 £ 20k | -
; | 0fF— e X | % ]
O i i T o l O' S gl _
1750 1800 1850 1900 1950 2000 1750 1800 1850 1900 1950 2000 1750 1800 1850 1900 1950 2000
m(K %) [MeV/c?] m(K*K™) [MeV/c?] m(z*) [MeV/c?]
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Improvements of ¢3! and ¢

- World average (Prob)

I-CL
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T T T

World average + this measurement (Prob)
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1
World average

World average + this measurement

| contours hold 68%, 95% CL
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