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Introduction



Direct CP violation in Charm decays

CP violation (CPV) is the non-invariance of Nature under Parity (P) and Charge conjugation (C)

— f)
charm

CPV in the decay (direct CPV) present when |A(D°— £)|* # | A(D

@
o

Studying Charm CPV is challenging:

o

top

A, expected size 0(107-10)

But also extremely interesting:

QUARKS

0,

small SM CPV provides excellent probe to test New Physics influence " Slnes botEm

only up-type quark allowing CP asymmetry measurements
— complementary to Band K
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Measuring A at LHCD

The presence of CPV can be measured through the observable:

N(D°— f) — N(D°— f)

Arewlf) = N(D°—= f)+ N(D°— f)

~ Acp(f) + Ap(f) + Ap(f)

0 _I(D°—s f
A, is the physical asymmetry Acr(f) = Eggo: g n 11:220: g

A, is the flavour asymmetry at production

A, is the asymmetry induced by the detector different acceptance for opposite sign particles

A, and A, disentangled from A, exploiting calibration samples (large samples with known A,,.)
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Discovery of direct CPV in Charm decays

LHCb has the perfect environment to study charm decays

—  o(pp = Xc) - Lig ~ 1MHz

+precision vertexing + large bandwidth trigger system

Thanks to the huge collected statistics it was possible to reach ac-significance on AA:
AAcp = Acp(KTK™) — Agp(ntn™) = (—=15.44+2.9) x 107*

This is only the starting point!
|s this in agreement with the theory?

Measurement of other decay channel
can help constrain theory

Additional measurements are needed!
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https://inspirehep.net/literature/1726338

Search for CP violation in
D[S]*—> fr 2" and D(S]*—>h*77
(=" K)
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https://arxiv.org/abs/2103.11058
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Mativations

Eight different decays, most interesting are Singly-Cabibbo-suppressed (SCS) ones:
- D' K'2" D" a'nand D— K"y decays
— CPV allowed at tree level, V/_V "and V_ V" contributions

— expected size of A, 0(107-10) PRD 86 (2012) 036012

- D' a'7%decay is of particular interest — SM prediction for Aspis z6r0

u d
d «f d d = d d < d d < d
Not allowed in SM due to EW penguin decay,

Same weak phase for the two tree-level contributions AI=3/2 gluon transition suppressed by a factor «
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.036012
https://arxiv.org/abs/2103.11058
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Decay chain reconstruction

First ACP(D[S]*—> h*hY) measurement at an hadronic collider ﬂ
=

Challenging neutral mesons final state Rt tay
— |arge combinatorial background

[ vertex reconstruction impossible with >3

one single charged track g
e’ey final state for neutral meson exploited
— h— p(—e'e)y ‘&/// .
with one converted photon D' /
— 3-body % — e’ey decay p Y s p
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(andidate selection

Combinatorial is the most abundant background:
- random tracks (pure combinatorial)

- random " and tracks — rejected by

Candidates dominated by the h% — 7 decay:
- hV— (= e"e )y 86% of the sample
- hV= ye'e 14% of the sample

Decay Branching fraction
70— v 98.8 4+ 0.03%
m— ete ™y 1.17 £ 0.04%
n— vy 39.41 + 0.20%
n— ete 0.68 & 0.04%
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Track quality and displacement
Candidates p; and vertex quality

Z,. [mm]

ete”
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Yield extraction

6131200 N 'Lﬁc{, | II Data -
% r 9 fb! — Total ]
+ + R 1000 [~ ---D*5K*
Dy — h"2" RunTand Run 2 (9 ) - b — bt 3
o h 1 = O " ket comb.
D[S) —>.h 7 R.un2(.6 fb) g ook Real " comb. 3
(no dedicated trigger in Run 1) 1= ;
= [
PP — _____________
Fitted invariant masses: 100 PE D) MoV
- mfe‘e"y) | A, andyields extracted through % 800 ' |
_ m(h+ h(]) RAW . . . ) % 700
2D maximum likelihood fit S| o
= 500
& 400
. . < £ &£ =
2D PDFs taken from MC simulation B 300E T
, . " S 200F, g
—s fine-tuning parameters allowed fitting real data S 100l

to account for possible data-simulation differences NI =
100 120 140 160 180
m(e*e™y) [MeV/c?]
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[

o
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l'I'P

Control sample

D(S]+ — KSUh+ samples exploited to subtract A, and A,
— A, measured with high precision

CEEA B N R |
$ Data LHCb ;
— Total 6 b

-- D*—KK* 5
— D —KK* 3
----Background

[

(e)
[=,)

|

Candidates / (1.1 MeV/c?)

—s control sample reweighted to match 10°
0 v pOp
Ayl D — KO and Ay (D, V ’
Asymmetries and yields extracted with same strategy of s '1;‘00' — 190 5000 .
published analysis (PRL122 (2019). 191803) m(KK*) [MeV/c?]
Subtraction between raw asymmetries allows A, extraction:
Fit to signal sample Input from previous measurements
f f
+ hOpt 0 0 + WO
ACP(D(S] —h°h") = ARAW(D —h°h) - ARAW(D —K )+ A P(D(S] —K h") +

! !

Fit to control sample
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.191803
https://arxiv.org/abs/2103.11058

Results

Measured CP asymmetries are:
Acp(DY = 777%) = (=1.3+£0.94+0.6)%
Acp(Dt— KT7%) = (=32 +4.7+2.1)%
Acp(DT — 7)) = (—0.2 £ 0.8 £ 0.4)%
Acp(DT— Ktn) = (-6 +£10 +4 )
Acp(Df — Kt7°) = (-0.8 £3.9 £ 1.2)
Acp(DF — 7mn) = ( 0.8+0.7+£0.5)%
Acp(DF = K ™) =( 09+3.7+1.1)%

X X

Main systematics:
- fitting model

LHCB-PAPER-2021-001

- CLEO
(2.
[Phys. Rev. D 81 (2010) 052013]

9+2:9+0.3)%

A - ’ Belle
(2314124 +0.23)%

[Phys. Rev. D 97 (2018) 011101]

— LHCb

(-1.3£0.9 £0.6)%
[LHCb-PAPER-2021-001]
Average
(0.4 +0.8)%

I 1 1 1 1 I 1 I 1

0 5 10

+
A p(DY>rtn’) [%]

- all results compatible with CP symmetry

- first five represent the

most precise measurements to date

- control mode in case of [’ —.z"7 (DS*—>KS%+ has the lowest statistics)
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Measurement of CP asymmetry
inD"— K. K. decays

LHCB-PAPER-2020-041



https://arxiv.org/abs/2105.01565
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Mativations

The search for CP violation in 0% — KSUKS0 decays is interesting because:
it has been proposed that A, can be large up to 1%
d — PA'loop suppressed

5d 5
m gs U ;s — Ecanhave similar size
_ (SU(3) suppressed)
13 ds
C C
d Penguin sd PRD 92 (2015) 054036
Exchange (E) ’ Anniilation (PA) PRD 92 (2015) 014004

—s candidate for Charm CPV confirmation
decay sensitive to different amplitude mix w.rt. 00— K*K-and D° - 77

Run 2 sample analyzed (6 fb')
— 2015 - 2016 data reanalyzed (JHEP 11 (2018) 048) — ~ 30% sensitivity improvement
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https://link.springer.com/article/10.1007%2FJHEP11%282018%29048
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.054036
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Decay chain and different categories

Complete decay chain: | | 0
L L — 1, Sign exploited to tag the ° flavor
T
T Q?’klﬂ %' .
“‘7 0 ,,:’_-_S-——L”- — K can decay outside the vertex detector (VELO)
[f :"/
p P magnet___ 1 stations

Three “categories” are identified: VELo 1T

LL — both KSO dre Long upstream track
LD — one KSU is Long and the other is Downstream

0 VELO track
DD — hoth KS are Downstream

Different resolution — separately analyzed
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Ba ( kg roun d SOUTCeS LHCB-PAPER-2020-047

Main background sources:
pno— Ks%*n' — mostly removed by cut on KS0 flight distance, then disentangled in the fit

combinatorial — partially rejected by a multivariate kinematics/vertex quality cut (kNN)
—s disentangled in the fit

i ] e B
* . . - .
D" coming from a Beauty hadron decay present in the sample = . Py E
* g . DYD® - K%kY 1

:'g =+ LL sample
0 + , : =+ LD sample A

D D - =< n.tag \@’,’7(0 5 03 -+ DD sample
PR . S E

0y /l% "* “’/’

IP(07) 4 D — E

20 30
G,.(D°) [mm]

Difficult to discriminate prompt/from-B candidates

AP and AD removed with a dedicated calibration channel /

— same mixture as for signal sample Their rejection would cause significant statistics loss
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Nuisance asymmetries cancellation

LHCB-PAPER-2020-041

Calibration sample: large sample of D% — K"K~ w/o cuts on variables with different resolution (vertices)

Selections equalized between signal and calibration sample when possible

Nuisance asymmetries eliminated by reweighting signal sample:

Calibration sample

local density Z 800

/ \ % 700

n—{— D 1 nz D § 600

wt(p) = "R PL I P) gy g ()]
l 2nKK(p) / = 300

200

DO three-momentum Taken from 100 f
PLB 167 (2017) 171-181 oE
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Local density numerically

estimated through kNN
T
E— ILL PV-compatible I LHKCb - —g
- MagUp 1553 3

weight
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FIt Strategy

F T T
c DD’ — KK

T T T

N
(=3
S

: . e Srmb /s KK LHCb 1 5. LHCb E
Sample splitted to maximize sensitivity: Zwfo T N I e T e 3
- |_|_ LD DD ;80(); PV-compatible f?iﬁ; é 22505— PV-compatible — Total =
! ! § 600 :_ medium-purity ----Background 51_3 zooi_ medium-purity ""BaCkgr(1$nd +}§
- 2015-2016, 2017-2018 2wk S L 1

O it © 10
(different trigger selections) SO, s 7
_ purlty |eve| 0 140 14‘12 ]4Il4 14I16 14‘18 ISIXm [11\/3126\//612?4 ]4I10 14‘12 14I14 14‘16 14I18 légm [ll\f[iv/clz?

. A *
- compatibility for D to come
from PV Long Downstream

o | e 3 T
_ . Z 10f LD 2 b’ 4 Z160Fp 2 fb! E
Asymmetries and yields extracted S 0 ot g (i S +has 3
through 30 ML fit o [ R RS g NS S
5 0 a4 5 = =
- Am=m(KKLT) - m(KOKD)  © o * G 8a
b it a3 bt F lllln, 1 wf - , =
- twom (ﬂ: T ] distributions 960470 480 490 500 510 520 530 540 960 430 490 500 510 520 530 540
m(K9) [MeV/c?] m(K9) [MeV/c?]

LHCB-PAPER-2020-047
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Results

Combined result is:
ACP(DOHKSUKSU] =(-3.1+1.2 (stat) « 0.4 (syst.) = 0.2 [ACP[DU—>K 'K7)) )%

— systematic dominated by knowledge on fitting model

s = _ LT CLED: (23:19)%
Most precise measurement to date LHGb Runl: (-2.9+5.2:2.2)% i PRD 63(2001) 071101
4= JHEP10 (2015) 055 ——
Compatible with zero within 2.4 & s g
2| LHCh Run2: (-31:1.2:05 :0.2)% -
WA is approaching for the first time upperend |- New WA: (-1.9:1.0)% 4
of SM predictions
T w2 o0 o0z

ATKL KD
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Conclusions

LHCh collected the largest samples of 0° decays to date, leading to first CPV observation in Charm decays

Efforts now focused on confirming and expanding this result
LHCb producing world-best measurements in different channels
— decays with neutral mesons (°, , K) in the final state included!

No further observations of CPV yet
new data from next year with LHC Run 3
LHCb will work at higher luminosity, with upgraded detector and trigger system
— expecting increased trigger efficiency for hadronic modes

Latest addition: work ongoing to bring KSU//\U identification and selection at first trigger level (HLT1), to enhance
efficiency of these interesting modes in Run 3

Stay tuned!
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Backup slides



Direct CP violation

CP violation (CPV) is the non-invariance of laws of Nature under Parity (P) and Charge conjugation (C)
— matter and antimatter does not always behave the same when weak interaction is involved

|t can manifest in three different ways:
- GPV in the decay (direct CPV)

JA(D®— f)I* # |A(D°— f)[
CPV in the mixing
P(D°— D°) # P(D°— DY)
CPVin the interference between decay and mixing
JA(D®— D° — f)]* # |A(D*— D° — f)|*

Lorenzo Pica - Direct CPV in Charm decays at LHCb CHARM 2020 - 3 June 2021
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Decay amplitudes definition

Decay amplitudes are defined as:

A(DP = f) = AT [1 4 ryeirtsn)

D) r —igT i(6f—
A(D°— f) =ncpAFe s [1+rpe'r0)]
A As the magnitude of the dominant SM amplitudes (tree level)

¢’ is an unobservable weak phase

n o=+ 118 the GP eigenvalue of f
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(PV size

ACP can be expressed as:
Relative magnitude of subleading amplitudes w.r.t dominant ones

. .
Acp(f) >~ —2 r¢sindy sin ¢y
Relative strong and weak phases between subleading and dominant amplitudes

To have CPV at least two different processes have to contribute to the decay amplitude, with different strong
and weak phases

— |eading order term usually defined as tree amplitude

—> second successive order terms usually defined as penguin amplitude

ACP in charm decays expected size is 0 (10 - 104), because of:
suppression factor is due to involved CKM matrix elements in Charm decays

* * \ ~u —4
Im(V, V% V., Vi) ~ —6 x 10
additional loop factor 0 (10)
Lorenzo Pica - Direct CPV in Charm decays at LHCb CHARM 2020 - 3 June 2021
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Decays phenomenology

Eight different decays are considered, with different phenomenology:
D* — '=" — highly suppressed

D" — 7'y — Cabibbo-favored (CF)

D*— K7V -

g% ] ., Doubly-Cabibbo-suppressed (DCS)
D'— x'n
D+S—> K'n

0
D — K+77] — Singly-Cabibbo-suppressed (SCS)

D= 7'l
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Main hackground sources

LHCB-PAPER-2021-001

Random combination of real
0 and random tracks

Random combination of
tracks and photons

Rejected applying selections on:

h*, e*, e track quality and displacement
h? and D(S)+ candidates invariant mass
h? and D(s)+ candidates transverse momentum
D(s)+ quality vertex

Signal decays where a z*
track has been incorrectly
assigned the K* mass
hypothesis (or vice versa)

Charm mesons decays to
h*h X final states
(Xis unreconstructed)

MVA-based particle
identification (PID) variables D" candidate momentum

— looser on z*, e°, € pointing toward the primary
— tighter on K* vertex
(more abundant z* mode)

Selections are applied in different steps: by the trigger during data taking and offline during analysis

Lorenzo Pica - Direct CPV in Charm decays at LHCb
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Sample splitting during fit

Sample is split into multiple categories and simultaneously fitted:
data taking period (only for 0" — h*#Y)
— different data taking period
number of bremsstrahlung photons (0 or 1, 2+ events are rejected due to poor resolution)
— different resolution
charged-hadron type (=" or K)
— allow signal yield in each category to determine misidentification background yields
candidate charge
— extract raw asymmetry
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Control sample reweighting

Rewmghtmg is applied to equalize:
kinematic distributions (p, n and ¢ of D and /")
— 2D reweighting is performed on this vanables (e.g p[D(S)*]—p[h*]], to take into account correlations
equalize relative fraction of different trigger categories population
—> gach category passed different selection criteria that differently affected A
equalize impact parameter (IP, distance of closest approach between PV and D(S]* flight direction)
distributions
— equalize prompt/from B decays relative fraction candidates, that have different A,

Lorenzo Pica - Direct CPV in Charm decays at LHCb CHARM 2020 - 3 June 2021
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Raw asymmetries correlation

Raw asymmetries are correlated
— fitted variable m (h* h°) = m (h*e*e ) - m(e*e” y) + M (h°)yq

—s reduce correlation between fitted dimensions

Correlations between raw asymmetries are present due to J* and D(S)+ signal distributions overlap

Dt — rtn® Dt — K*tx® Df— Ktr°

Dt — gtg0 1.00
Dt— K70 —0.01 1.00
Df = K+tn®  —0.09 0.10 1.00

Dt*—xtn Dt— K™n Df—atn Df— K'n

D*— 7ty 1.00
D*— K*p  —0.00 1.00

DY — 1ty 0.01 0.00 1.00

Df > K*n  —0.06 0.10 —0.00 1.00
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D, — 2% mass distributions

T —— — -
LHCb I Data =

9 fb! — Total ]

) S

— Dintn® ]

---- Pure comb.

Real-n’ comb. 7

-----

= 2(;00 2100
m(m*n®) [MeV/c?]

& ]
2 1200 LHCb I Daa 7
% - 9fb!  — Total .
E 1000 [- ---D*=K*n"
> — Di—K*n®
~ 800 ---- Pure comb.  —
; - Real-n’ comb.
Q = -
2 600 .
o C
5 400 -
-
O 200z e
] 1800 1900 ] 2000 2100

m(K*n®) [MeV/c?]
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2500
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g
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—T T

léll() 16IO 1
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800
700

500
400
300
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100 E

200,

1
100

20

" 1 " "
140
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Dy — fim mass distributions

o= —T— ———— 7
§ 3500 - LHCb | Data

[ 6 fb — Total

= 3000

L2500 F
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E 1000F-...
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&~1000 ARG
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> i 6 b N
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=} T DK ]
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LHCb A

Candidates / (2 MeV/c?)

S0 S50 600
m(etey) [MeV/c?]

Candidates / (2 MeV/c?)

S0 550 600
m(etey) [MeV/c?]
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Signal sample complete fit results

Mode Yield ARaw (%)
2011 2012 Run 2

Dt — ntr® 740 £60 22404120 25750+430 —1.64+ 0.93
Df—»ntn®  204+30 —50=+50 450 £+ 120 -

Dt*— K*tn® 10+13 90 = 30 2440110 —-2.33 £ 4.75
Df— Ktn® 54+13 150430 258090 —0.25+ 3.87

Dt — 7ty - 32760 =380 —0.95+ 0.76
D — wty - - 37950 340  0.75% 0.65
Dt— K*n - - 88070 —5.39£10.40
Df— K*n - - 252070 1.28 = 3.67
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Control sample complete fit results

Mode Aweighted(D(t,) — KJh*) | MC binning syst.

Raw

D¥ = a0 —0.446 % 0.021 0.008
D+ — K+n0 0.577 + 0.081 0.008
D+ — K+n" 0.595 = 0.068 0.008
D= —0.458 + 0.043 -
D+ — ntn —0.018 4 0.365 '
Dt — K*p 0.331 = 0.100 0.082

D — K+n 0.357 + 0.099 .
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Main background sources 0’ — KK°

: 0
ng;:"g ::%c;:]: tr#f]trﬁdnq Main contributor is With the ="~ pair identified
e D — KK as a K" it mimics signal

Random association of tracks,
K and D°, forming fake

eg. D' KK " candidates
Treated with:
. . . : Selection on K. flight Selection on the output of a
Effectively suppressed accepting only DUU candidates with m(0°) distanceI all]]d disgntalﬁgled k-nearelst-neighboul: ([:)Il::lssiﬁer
around the known D~ mass from signal in the fit (kNN)
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Fitted mass distributions examples
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Subsamples results

First uncertainty is statistical

/ Second uncertainty is systematic
/

Sample 2015 + 2016 (2 fb™1) 2017 + 2018 (4 fb~')
Yield AP %] Yield A (%]

LL PV-comp. 1388 41 03+ 25+£06 | 405677 —43+ 16+04
LL PV-incomp. | 178 £31 —11 £17 £2 43041 —-3.0%£ 79=x1.1
LD PV-comp. 411+25 —-724+ 58+1.1|1145+49 —-29+ 3.8£0.7
LD PV-incomp. 8+18 —10 *£31 =£4 349+64 -5 £17 £2
DD —_ = 8728 —35 47 +£6
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