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GIM suppression
m; —myg

Why charm is charming? vv(£> o

My complete cancellation in the
U-spin limit (mqg=ms)

CKM suppression

(SM asymmetries ~0.1% or below)

e CP violation (CPV) and mixing are suppressed in charm
e Room for new physics enhancements

® Predictions are difficult due to low-energy
strong interaction effects [Phys.Lett. B222 (1989) 501]

® Experimental measurements are crucial

g(pp ? cCc X)E=131ev= 2.4 mb
[JHEP 03 (2016) 159]

e 2013, first observation™ of D2 mixing in D= K+t

e 2019, first observation of direct CPV in D0—h+h

*from a single measurement

o LHCb is one of the main players:
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http://inspirehep.net/record/277142
http://dx.doi.org/10.1007/JHEP05(2017)074.

Direct CP violation measurements

® Measurement of Acp(D°— K-K+) [arXiv:2209.03179

e Search for CPV in Dg)t =7 K-K+K+ [arXiv:2303.04062]

e Search for CPV in D°= rr-rt+r10 [LHCB-PAPER-2023-005] in preparation


https://arxiv.org/abs/2209.03179
https://arxiv.org/abs/2303.04062
http://NONE

Direct CP violation

e Corresponds to

ACP:

strong phases  weak phases
AP = |Af]> = =2 | Al|Ay] sin(6; — 6;) sin(é; — ¢;)
(%]

® Most prdmising channels are Cabibbo-suppressed (CS) decays

Tree

W Penguin

(dominant) | c—» W — g (subleading)
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How can you measure Acp?

e Choose a flavour-specific decay such as D*+— DOrr+ (prompt) to
determine whether the meson is a D° or DY

® The raw asymmetry (A) in D? = K-K+ decays

_ N(D=/)=N(D=])
AWD = 1) = XD N DD ’

iIncludes both physics and detector effects:

D*"' n+tag
/ NUISANCE ASYMMETRIES:
CPV Production asymmetry Detection asymmetry
parameter of D™ Of IM+tag

o(pp = D™*X) # o(pp — D"™X) e(n™) # e(n”)
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[arXiv:2209.03179]

Strategy for Acp(DO— K-K+)

® Prompt D= KK+ collected during Run-2

particles with same

, color must have
e [wo methods to cancel NUISANCE asymmetries: Se@Elael Al

- D+ decays, same used in Run-1 analysis (Cps) distributions!
- Ds* decays, new! (Cpss+)

e Correct raw asymmetry A using samples of Cabibbo-favoured (CF)
DO, D+and D)+ decays (where CPV can be neglected):

Cps+ AcpD’ = K KN =+AD " - (D’ - K KHr! )—AD " = (D> K 2] )

+A(D" > K 7t at) — [ADT > K° 7h) — AKY)|

Cpss® AcsD’ = KK*) =+A(D " > (D° = KKz ) =AD" > (D° > £ ) 7))

soft

+A(D] > ¢r") — |[A(D] - K° ) — A(KY)]
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https://doi.org/10.1016/j.physletb.2017.01.061
https://arxiv.org/abs/2209.03179

AAcp = Acp(DY— K"K) - Acp(DY—= i)
R | = (—15.4 + 2.9)x104
esults [Phys. Rev. Lett. 122, 211803]

® The combination of the two approaches yields:

Acp(K~K™1) = [6.8 & 5.4 (stat) £ 1.6 (syst)] x 107,

e Run1+Run2 measurements are combined and CP violation in

DOo— rt-rt+ is extracted considering the observed CPV in AAcp

0.01 ! ! ! T i T T T T T T T T i

- — LHCb combination, 8.7 fb™!
—— X 0.008F LHCb +

o — — U-spin symmetry
il

e = (T
al__, =(232+6.1) x 1074
with p(aKK,a ) = 88% |

[ con to rs hold 68.3%, 99.7%, 99.9999% CL

! ! ! ! | ! ! ! | y
—O 002 0 O 002 0.004

d
Ak

e First evidence for CPV in DO—=rr-rrt! [3.80] [arXiv:i2209.03179)
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https://doi.org/10.1103/PhysRevLett.122.211803
https://arxiv.org/abs/2209.03179

[Af|? —

Search for local CP violation

[Apl* = —22 | Asl[A;| sin(0;

0;) sin(¢i — ¢;)

strong phases weak phases

e 3-body decays have unique features for CPV searches:
due to the variation of the strong-phase a different size
of GPV can be found across the Dalitz plane

CPV in the interference with ¢z

m2.,.. (GeV?/c?)

1.5

LHCh &)

simulation

————— 15%
b n
LHCb (b) 10

simulation

[Phys. Rev. D 84, 112008]
T

“local CPV estimator”
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—-1 15
—-2 i 1 10
- D= KK -
L ] R T
m2. . (GeV%/c?) mZ. . (GeV?/c?)
g Ni(D(J;)) _@Ni(D(_s)) D Ni(Dz;))
CP — 5 5 a = T —
\/@(5N'(D(+S)) T 5Ni(D(—))) 2 V(D)
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https://doi.org/10.1103/PhysRevD.84.112008

Si Ni<Dz;)) - O‘Ni<D(_s)> N Zz Ni(D(E))
P — 2 2 - Ni(D~
\/Oz((SN’(DEE)) + 5NZ(D(_5))) Zz (s))

Search for CPV in D)t 7> K-K+K+

e Study local CPV in CS (D+) and doubly-CS (Ds*) decays using Run?2

data, for the first time

physically motivated binning scheme

o Strategy: o
x? test of Scp

| S~ GO1) e

XQ(SCP) — Z(Sép)z "

d.o.f. =# bins -1

1.2
I S S ST | B S | R S S

validated with CF Dst—=K-K+rrt decays

N

e Results: ?
p-value(Ds*) = 13.3%
p-value(D+) = 31.6% p

— 2.2

1.4r

e No evidence of local CPV

Serena Maccolini Charm: CPV and mixing

p—
S
w

Candidates / (25 MeV*

—_
o
©

~22

\%

Suign [GEV
[\®]

2

[arXiv:2303.04062]

30 May 2023

—
S
©

Candidates / (25 MeV*)



https://arxiv.org/abs/2303.04062

[LHCB-PAPER-2023-005] in preparation

Search for CPV in DO rr-rr+mf

10°

$93|GeV /c?)?

102

e Underlying physics similar to the “CP-violating”
D°—- rt-rt+ but enriched with resonances

10

0.0
0.0 05 1.0 1.5 20 25 30 35

s13]GeV/c??

e Strategy: Energy test (unbinned)
- use a test statistic ‘T’ sensitive both to local and global asymmetries
- p-value by comparing the T value observed in data to a distribution
of T values obtained from permutation samples
(flavour randomly assigned)

CPV with 1° strong-phase

2% global CPV
°9 in the p™ resonance

e Run-1 analysis returned a %j;lLﬁcglsir}lﬁlgti;n """"" @ ‘ %:lﬁc@ smulgtion | ) —
p-value of 2.6% 3 R L

a 4%— _ 0 4:_ “

° New results using prompt I
decays collected in Run 2 1 »LL 1t Jﬂ M\”
N3 N N— A0 1118 S|

T value [10°] T value [10°]

[PhysLettB 2014 11 043]
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https://doi.org/10.1016/j.physletb.2014.11.043
http://NONE

[LHCB-PAPER-2023-005] in preparation

Energy test and results

® T is used to compare average distances dijjin phase space, based on a
metric function, gjj , of pairs of events ij belonging to two samples of

opposite flavour e
— —dijz-/ 26> 4 : Permuted T-values 1
l/jl] =€ ';(' sl 61 T e Data T-value E
2 2, ] T
dl] = | (m J m12 21, m23] m223’, m — m12 ?”l) | g - IgfIng Preliminary
=40 o
e 2 I ]
, S [ ]
T Z %g Z ww N E : u = |
J>Z ]>’L 3 ] ,] :
_ — 1.0 ]
R average distance of events 0 T T T
average distance of events with with the opposite flavour =050 —0.25 0.00 025 050 0.75  1.00
6
the same flavour (11 or 71) e X100

e Method applied to the 2.7M collected signal candidates
and validated with CF D= K-r+19 decays

e Results: p-value = 62% no evidence for CPV in this decay mode
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http://NONE

Conclusions

e Millions of “rare” (CS) decays have been reconstructed by LHCb in Run-2
allowing high-precision CPV searches

e A precision of 6x10-4 has been obtained in Acp(D°— K-K+*) combining D+
and Ds*+ decays to cancel nuisance asymmetries

e From combination with AAcp, first evidence for direct CP violation in
D9%—- rt-rt+ decays

e Statistics tests are powerful tools to localise CPV in 3-body decays

® No evidence for CPV found with statistic tests in Dg)* K"K K" and
DO—- rt-rt+r©

.

¢ Run-3 data-taking has started, early results will come soon -
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Mixing of neutral mesons -
® Mass eigenstates are not flavour eigenstates:
D) =p|D”) +q|D%) L —m
® This causes D9 « DO transitions described by r E r,
T

4 o6t

S
(o))
T T T 1 T

4 o4t
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: 0.2 :f-

o
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of
0
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| (PO(O)\F_’O(t» > oc e "*[cosh(yTt) + cos(xTt)]
| <PO(O)]PO(t)> % o e_rt[cosh(yl_t) — cos(xIt)]
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CP violation

e CPV in the decay
oceurs if |A,|” # | A’

e CPV in mixing
occurs if |g/p| # 1

W % d
i

. - . B
ISR A ) g v

SRR 4 s b, b/

(i F e . il -
\ niselh HE HR
* g oot T 4 5 AY
- g b $% 3%
" S s e
rg, ] g
o g ih i
- -3
R ¢ R ¢
3 3

® [ndirect CPV in interference
between mixing and decay
OCCUrs if ¢ = arg(qﬁf/pAf) * 0
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[LHCB-PUB-2018-009]

Conclusions

®* Run 1: ® Run 2:
- observation of D9 mixing - observation of x > 0O
- observation of CP violation
® Run3: ”
Sample (lumi £) Tag ield  o(z) o(y) o(lg/pl) o(9)
Sample (£) Tag J(A[;]CP) Run 1.2 (9 fo-1) SL %0 007% 0.05% 007  46°
0 e Prompt B#OM  0.05% 005% 004  1.8°
Run 1-2 (9 fb™ ) Prompt 0.03 Run 18 (23 f-1) 5L paldm0R—tro00R—t006= 25
Run 1-3 (23 fb™')  Prompt  0.013 PO O020% 0020% 0017 0
Run 14 (50 fb~!)  Prompt  0.007 Run 14 (G0 pompt 520M  0.012% 0013%  0.011  0.48°
Run 1-5 (300 fb~') Prompt  0.003 Run 15 (300 1) U 490M 0009% 0.008% 0009  0.69°

Prompt 3500M 0.005% 0.005%  0.004 0.18°

® Era of increasing precisions in charm measurements.

JQ lots of work to keep under control

? . L
are we ready": sources of systematic uncertainties. ..
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https://arxiv.org/abs/1808.08865

