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First observation of
CP violation in charm

PRL 122, 211803 (2019)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.211803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.211803

CP violation timeline
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Cronihet al. Belle & BaBar LHCDb
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LHCDb is a flavour factory:
I (pp! c@X)=(2940 £ 3+ 180+ 160) ub

for Pr<8 GeV, 2<!1<45  s=13TeV
JHEP 03 (2016) 159

| 1
21— : 0O(10%) reconstructed decays

JHEP 06 (2018) 100

Analysis combine Run 1 + Run 2 datasets— L! 9fb !
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https://link.springer.com/article/10.1007/JHEP03(2016)159
https://link.springer.com/article/10.1007/JHEP06(2018)100

Wilkinson and Lenz, arXiv:2011.04443

The smallness of mixing and CPV in charm

Heavy mesons decays are described by effective Hamiltonians. For charm,

He = P—g L a[C1(W)QY + Co(W)QI]+ ! s[C1(WQS + C2(WQ3]+ s Ci(WQ
> 2
with g = VgV and!g=10.21874! i25" 10 °, !,=! 15" 10 *+i264" 10 °
| . =+0.21890' i0.13" 10 °

Assuming unitarity of CKM matrix! g+ g+ !1p =0 — 14+ 1451 O
: 2

Mixing and CPV involves loops, which depend on the quaRijty I\T—q
W
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Severe GIM cancellation in the charm sector!
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Direct CP violation 2 _ 2
P P _
. . f m 7
In this analysis:

f =K K*, 1"1°?
Time-dependent CP (DOt " fY# I (D (t)" f
asymmetry between statesAce (T ;1) ! (D0 - ) (_O( ) - )
produced as@° (Do) " f)+ (D ()" f)
The time-integrated | (t(f)) — |mean
asymmetry, to first order Acp(f) ~ agp(f) — Ar(f)T(DO) dﬁgay
in D°! D~ mixing me

AssumingA; tobe , ARY P!
independent of the Ace ' Ace (KTKT) ™ Ace (H717)
g | #$

final state
L acp " A I (DO)

U-spin: CP asymmetries | | |
expected to have opposite signs! al, | adL, (K*K*' )" ad, (1+1")

PLB 492 (2000) 297
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Two independent data sets (Run 2 data, 519db13 TeV)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.211803

The measured quantities are the charge asymmetries

Htag(f)l N(D""‘" Do(f)|+)# N(D"! " SO(f)Il)
raw N(D"+" Do(f)!+)+ N(D"! " Bo(f)! !)

N(B" DO(f)u' X)# N(B" D (f)u* X)
N(B" DO(f)u! X)+ N(B" D (f)u* X)

ARLI9(F) |

raw

Asymmetries in production and Araw 2(f) 1 Acp (f)+ Ap (1) + Ap(D )

detection efficiencies are small: AL B8 ()1 Acp (f)+ Ap (M) + Ap(B)

Reweighting procedure matches kinematics of both final states
and ensures cancellation of nuisance asymmetries

Araw(KK)! Araw(!! ):(ACP (KK)+AD(tag)+A P)'
(Acp (I )+Ap(tag)+A p)

AraW(KK)! Araw(” ): ACP (KK)! ACP (!! )

A. Reis, Charm CPV and mixing at LHCDb ! COMHEP 2020



Results

Systematic uncertainties (x-20

Source rr tagged u tagged
Fit model 0.6 2
Mistag EE 4
Weighting 0.2 1
Secondary decays 0.3 :
Peaking background 0.5 R

B fractions R 1

B reco. efficiency E 2
Total 0.9 5

| Anp® =(! 182+ 32+ 09)" 10 *
A“' 0 = (1 9+ 8+ 5)" 10 *

Combining results from the two samples and from Run 1,

| Acp =(! 154+ 29)" 10 4

First observation of CP
violation in charm 5.3!
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This analysis:

! !t"! I tag .
ooy - 0-135% 0.0
L 0.003+ 0.00]
— +
1 (DY) T

LHCDb average:
A =(!28+28" 10 *

JHEP 04 (2015) 043, PRL 118, 261803 (2017)

Results
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LHCb prompt =m

CDF
LHCb SL

LHCb prompt
LHCb SL2

- LHCb prompt2

O no CPV
BaBar
CDF

~ | LHCDb
Belle

Contours contain 68%, 99.7¢

—0.010-0.008-0.006—0.004—-0.002 0.000 0.002 0.004 0.006

acp

| dir

dcp =

(! 157+ 29)" 10 *

further measurements and theoretica

SM predictions in the ramg10 3! 10 4 improvements needed for a correct
Interpretation of CPV in charm.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.261803
https://link.springer.com/article/10.1007/JHEP04(2015)043

CP violation search In
+ I+
! - I pK* !

LHCb-PAPER-2019-026
arXiv:2006.03145
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https://cds.cern.ch/record/2720229
https://arxiv.org/abs/2006.03145

e Analysis based on Run 1 data (~3 1@ 7 and 8 TeV)

e Direct comparison betwedn, and! _ Dalitz plots (total yield ~ 190Kk)

C

using two model-independent techniques

o Procedures tested on control chanhél ! pK' 1 * (total yield ~ 1.9M)
before applied to the signal

10° LHCb-PAPER-2019-026(arXiv:2006.03145)
&'2\ I I I I | I | I I 4 cg | | I I I |
3 - LHCDb %
= 200 2012 SO I
) sample u i
~ ~ 20000
Q 1501 + - % I
|
o ©
S 100 + * - g :
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50— —
I--"'I'f """ [ |”"Tml-- OI T B |.»+:.| | |““Y~.| TN R B
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M(pK ! *) [MeV/c?] M(pK !/ *) [MeV/c?]
A. Reis, Charm CPV and mixing at LHCDb 1 COMHEP 2020


arXiv:2006.03145
https://arxiv.org/abs/2006.03145
arXiv:2006.03145

Binned method

e Dalitz plot divided into bins; for each bin compute the observable

| i i
SL, = | n. ' N o= - accounts for global asymmetries

(n, +nj) D

o Ap-value from' 2! (Stp)? : test if! © and! | are statistically compatib

Unbinned method (kNN)

e Dalitz plot divided into regions around expected resonances. In each regio
compute the test statistic

1
T = | (1, k N, =50 in this analysis

1(1,k) = 1 If theith candidate and itgh nearest neighbour have the same charg

g+ N ny

e For two statistically compatible samples, the distributiom fafllows a normal
distribution with known mean and widtitt,! 1)

o Comparerl distribution with that for null CPV hypothesis

c
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LHCb-PAPER-2019-026(arXiv:2006.03145)

Results
CPV would be established wifhvalues < X 107 (5! )
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No evidence of CP violation
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https://arxiv.org/abs/2006.03145

Measurement of the mass difference
between neutrdD mesons

PRL 122 231802 (2019)

A. Reis, Charm CPV and mixing at LHCDb 14 COMHEP 2020


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.231802

Flavoured neutral-meson systems have both virtual and real transitions
common to particle and antiparticlte> mixing

Mass eigenstates are linear combination

" —0
of states with definite flavour Dio!" p|D°l+ gD

" mo 4 l 5 i qu ”
PA;

Mixing Is governed mj
X | ! , y! T

|
by four parameters , ¢! arg

The most sensitive mode for measuring mixing parameté®<is K2!' 17

e ontaa Ay =(la/pl! Ip/al)ycos! ! (jalp+ lp/al) xsin!_

IS not expected In —
Cabibbo-favoured CPV in mixing: |g/p| E 1 CPV in interferencet £ 0
decays:!'s ! |

A transformation of variables increases the sensitivityjpo

z!" "ix), (g/p)tz! zx ! z CP violating
v | ). () _—"" parameters
X, ¥, (@p),t " Xcp, yer, ! X Ty
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https://hflav-eos.web.cern.ch/hflav-eos/charm/ICHEP20/results_mix_cpv.html
https://hflav-eos.web.cern.ch/hflav-eos/charm/ICHEP20/results_mix_cpv.html

The bin-flip method PrD99, 012007 (2019)
PRL122 231802 (2019)

+ —

m2 [GeV¥/ct]

— _ T E T A
Slrmloar Dalitz plot | : :
forD ! K21 1" | & 25F "’ s
with 53 1 6
ms ! m 2F s
150 1 a
16 bins symmetrig__y | | E
about principal i3 1
e bisectorm? = my ose/ TSl
0.5 1 1.5 2 2.5 , 3 0.5 1 1.5 7 2. 3
m2 [GeV¥c*] m2 [GeV?/c4]
m2 1 m2(K21 %) for DO m2(KQ')for D"
e Dataset divided into bins of decay time; Dalitz plot divided into bins of nearly
constant strong-phase difference betwBén Dand decay amplitudes
e In each decay time and Dalitz plot bin, fit th& ind iInvariant-mass distribut

e The mixing parameters are obtained from the ratios (details in backup slides)

Nib(ti) = N b(t)
Np(tj) Rolly) N p(t;)

Ro(tj) =
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https://hflav-eos.web.cern.ch/hflav-eos/charm/ICHEP20/results_mix_cpv.html
https://hflav-eos.web.cern.ch/hflav-eos/charm/ICHEP20/results_mix_cpv.html
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.231802

¢ Analysis based on Run 1 dataset (Run 2 results to appear soon)

Two Independent samples:
D°(! K2l 1 ") * (2fb)
K 1:yu X (3 fb)

D'* |

B!

¢ Strong-phase differences are external
iInput from CLEO PRD82, 112006 (2010)
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https://hflav-eos.web.cern.ch/hflav-eos/charm/ICHEP20/results_mix_cpv.html
https://hflav-eos.web.cern.ch/hflav-eos/charm/ICHEP20/results_mix_cpv.html
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.231802

Results PRL 122 231802 (2019)

The measured quantities are:

Xcp = ! Im(zcp) = %-Xcos' ﬁq#+ ﬁg# + ysin! %_g%l %_Z%F
' x="1Im(! z) = :—2L X COs! %%l %3%7 + ysin! %%Jr %%Y
ycp = ! Re(zcp) = % y cos! %%Jr %g%r | xsin| %%I %g%,

Systematic uncertainties dominated by CLEO input,
Do from B decays (prompt), and unrelatp® ° combinations (semileptonic

Values [167]
Xcp =2.7+ 1.7+ 0.4 | x =1 053+ 070+ 0.22 |[No evidence fo
ycp = 7.4+ 3.6% 1.1 l y=0.6% 1.6+ 0.3 indirect CPV
A. Reis, Charm CPV and mixing at LHCDb 18
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https://hflav-eos.web.cern.ch/hflav-eos/charm/ICHEP20/results_mix_cpv.html
https://hflav-eos.web.cern.ch/hflav-eos/charm/ICHEP20/results_mix_cpv.html
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.231802

Results

A likelihood Is formed to yield the usual mixing parameters:

(6T0Z) 208TEZ 221 14d

— 0.17 | 2 _ 0.22
x=(0.277y15) ! 10 la/p| =1.05717
y =(0.74+ 0.37)! 10 ° | =1 0.09"% 15 rad
—/ N IEL L I B L DL L - - r - 1 - 1 T T T 1T T T T T ]
g 1 __ Currc.ant world average LHCH __ 05l Currf:nt world average LHCH )
N 0.9 + this measurement - - + this measurement
0.8 — - ]
0.7 — 0l |
0.6 - i _
20 " 0.5 -
0.4 [~  contours hold 68%, 95% CL ] contours hold 68%. 95% CL
L L1 - B | 1 L | (.”. -l ) ] | ] | I | I | B
-02 0 02 04 06 08 1 03 02 01 0 01 02 03
x [107] 9/p| = 1
HFLAV ,
—~ + | 2 X =0 excluded by 2.96!
average: | X =(0.37£ 0.12)! 10 ? — y

https://hflav-eos.web.cern.ch/hflav-eos/charm/ICHEP20/results_mix_cpv.html
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https://hflav-eos.web.cern.ch/hflav-eos/charm/ICHEP20/results_mix_cpv.html
https://hflav-eos.web.cern.ch/hflav-eos/charm/ICHEP20/results_mix_cpv.html
https://hflav-eos.web.cern.ch/hflav-eos/charm/ICHEP20/results_mix_cpv.html
https://hflav-eos.web.cern.ch/hflav-eos/charm/ICHEP20/results_mix_cpv.html
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.231802

Time-dependent CP asymmetries
inD% K*K' andD®! 1*1'

PRD 101, 012005 (2020)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.012005

Mixing-induced CP violation has not been observed in charm yet
The time evolution of an initially pure beam P(ﬁo) decaying to a final state
L (DO°t) ! f)= € "YAf|°[1" |a/p|(ycos! s " xsin!)! ]
DM f)= ¢ "AP[1" Ip/al(ycos! ¢ + xsin! ()l t]

| . _— l'm "
for xt, yt ! ' ! and with the usual definitiong ! ——, !

The effective rates, due to-ﬁ(DO L 1) =![1+]a/p|(ycosts ™ xsinly)

the smallness of andy

0D ! f)=![1+|p/q|(ycos! ¢ + xsin!y)

The asymmetry between effective decay rates is sensitive to indirect CP viola

_T(D° — f) — f(DO — f) di
A — ~ T — 1) — yaFt
r(f) f( 0 f) +f(_0 f) be JF?J(‘CI/Z?’ ) ?J CP(f)

O(10' )
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The measured quantity Is the time-dependent charge asymmetry
N(B — D°(f)u~X) = N(B = D (f)u* X)

Araw DO 1) = — —_
O ) G DO (fuX) + N(B = D ()X

AraW(DO — fat) ~ AC’P(DO — fat) _|_Adet _|_AP

AN

The time-dependent CP asymmetry: \
_Lem! Hr @ 1), adi:/.. A ()L
L(DO(ty! f)+ 1 (D) fy

time independer

Acp (D°1 f:1)

The time-dependent charge asymmetry Ry
IS computed for 20 bins of decay time Araw (1) = Araw (0) + Ar< )i
and fitted to a linear function T
Neglecting " OA; g
CPVin decay:! ¢ = arg larg — =1 1 Ap(KK)=Ar(nm)

pA: p
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Analysis based on Run 2 data (5.4 {@13 TeV)

=% ! + 1! + E5) — —
B! D% X, D% K*K'/!"I B—-D%u X, D°K nt"
%300:1'03' r 1 1 " 1 g 3-5I_I1'06| — 1 r 1
S 250__LHCb 13TeV Data ] S 3__LHCb 13TeV Data E
S [D¥% KK — Fit : 0 - QO fp%KIT — Fit :
= © 200F Bl Comb. backg: D"l K| = 2:30 B comb. backg
) i o C ]
N2 - | channel g 2 E
© ¢ 1500 3 control channel g : :
S g | 9M - $ s ~ T6M _-
LO S N i = C ]
© = 100 °T
Q& S f Expected £ if
c O f
S O s0f A =0 0.5F
FI‘ -
o 0 O | " 5 N
1 1840 1860 1880 1900 1800 1850 1900
@ m(K'K') [MeV/c7 m(K' ! *) [MeV/c?]
R 1111 (L A— |
i.) ? —0.5 = T T T T T I ' // //
E —- Data S -06F  LHCb 13TeV —— Data
— Fi < 07F
o Ft = s DK — Fit
2 . Comb. backg. < 09 E
& -1 §_+
g ] A, e e .
= ~ 3M TR —
o -13 E =
é)% ~14 E =
) 5 zlt — / 10
—4 /T
0 1850 1900 AF — (16 T 1.2) X 10
m(ztw) [MeV/c?]
23

A. Reis, Charm CPV and mixing at LHCDb

COMHEP 2020


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.012005

Ara(t) [P]

D1 K*K'
- T T T | T T | / // -
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'E DKk — Fit E
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05 E _H_ + ++. 1 1 1 _;
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15 E_ \ \ l \ \ \ l \ / / _E
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A =(! 43+ 36+ 05" 10 *"*

Dominant systematic uncertainties
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"15E
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PRD 101, 012005 (2020)

Source of uncertainty

Ap(KTK™) [1074]

Ap(zTz™) [107%]

1,1 127 fe [Decay—time resolution
and acceptance

Mistag probability

Mass-fit model

Total

0.3

0.3
0.3
0.5

0.4

0.6
0.3
0.8

Combining with Runl results and

assumind,

to be universal

A =(!29+ 20+ 06)" 10 *

No indication of indirect CPV
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.012005

Summary and prospects

N
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No evidence for

Indirect CPV

https://hflav-eos.web.cern.ch/hflav-eos/charm/ICHEP20/results_mix_cpv.html

¢ Ongoing searches for CPV Iy and charm baryons

¢ New results with full Runl1+Run2 data to appear soon

¢ Warming up for Run 3, already looking forward to Upgrade |l
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https://hflav-eos.web.cern.ch/hflav-eos/charm/ICHEP20/results_mix_cpv.html
https://hflav-eos.web.cern.ch/hflav-eos/charm/ICHEP20/results_mix_cpv.html

Backup slides
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https://hflav-eos.web.cern.ch/hflav-eos/charm/ICHEP20/results_mix_cpv.html
https://hflav-eos.web.cern.ch/hflav-eos/charm/ICHEP20/results_mix_cpv.html

The decay amplitude foP® ! K 2! *1' (similar expression fdd ! K21 +1'!

At (M2, m?) = a (M2, m?2)e!ms.mi)

Defining g4 (t) = O(t)e~™™tet/2 csh(2¢/2) | the decay rate at decay timne

sinh
2

i q
om0 = | Ay ) 9.0) + Ay, ) T (9

With g — /dmidmz_ }Af(mi,mQ_)‘2 and
b

s /dm+dm A7 (m+7 )Af(m—7 m+)
b

~ VEF

the yield in binb is

Ny(t) = /dmidmz |Tf(mi,m2_;t)|2
b

2
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Information regarding the strong phase difference taken from CLEO

1
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The yield at Dalitz plot bit and decay-time binis
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In case of CP symmetry, the test statistic T follows a normal distribution witl
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Table 6.4: Extrapolated signal yields, and statistical precision on indirect CP violation from Ar.

Sample (L) Tag | Yield KTK~ o(Ar) | Yield ntn~  o(Ar)

Run 1-2 (9 fb~1) Prompt 60M 0.013% 18M 0.024%
Run 1-3 (23 fb~!)  Prompt 310M 0.0056% 92M 0.0104 %
Run 1-4 (50 fb=!)  Prompt 793M 0.0035% 236M 0.0065 %
Run 1-5 (300 fb=1) Prompt 5.3G 0.0014% 1.6G 0.0025 %

Table 6.5: Extrapolated signal yields and statistical precision on direct CP violation observables for the
promptly produced samples.

Sample (L) Tag Yield Yield d(AAcp) o(Acp(hh))
D° KKt D% sq gt (%) %]
Run 1-2 (9 fb™") Prompt 52M 17T 0.03 0.07
Run 1-3 (23 fb™!)  Prompt 280M 94M 0.013 0.03
Run 14 (50 fb!)  Prompt 1G 305M 0.01 0.03
Run 1-5 (300 fb~') Prompt 4.9G 1.6G 0.003 0.007

LHCB-PUB-2018-009
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Table 6.3: Extrapolated signal yields, and statistical precision on the mixing and CP violation
parameters, for the analysis of the decay D° — KJw"7n~. Candidates tagged by semileptonic B
decay (SL) and those from prompt charm meson production are shown separately.

Sample (lumi £) Tag Yield o(x) o(y) o(lg/p|) (o)
SL 10M 0.07%  0.05% 0.07 4.6°
Prompt 36M  0.05%  0.05% 0.04 1.8°
SL 33M  0.036% 0.030%  0.036 2.5°
Prompt 200M 0.020% 0.020%  0.017  0.77°
SL 78M  0.024% 0.019%  0.024 1.7°
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°

Run 1-2 (9 fb~1)
Run 1-3 (23 fb™1)
Run 1-4 (50 fb~1)

Run 1-5 (300 fb~1)

LHCB-PUB-2018-009
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