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Why CP violation in Charm?

D is the only flavoured neutral meson 0
containing up-type quarks /

o In SM due to CKM suppression CP » ‘ ‘

violation is predicted to be small ~ 1072

e CP violation could be enhanced by BSM
couplings which ignhnore down-type quarks

How can we measure this CP violation? K O)BS{
B
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Experimental observables

Experimentally, we can only measure the asymmetry of yields
To assign the flavour of the neutral DY meson exploit D*(2010) decays

K+

ND" - K¥K™) = N(D" - KTK"™)

A, (DY — KTK™) = -
N(DY - KtK-) + N(DY - KtK~)

2T



Experimental observables

Experimentally, we can only measure the asymmetry of yields

To assign the flavour of the neutral DY meson exploit D*(2010) decays

K+

ND" - K¥K™) = N(D" - KTK"™)
N(D? - K+K-) + N(DV - K+tK")

The tagging process introduces o 0D —a(D) _ elmge) = ()
Ap(D*) = —— — Ap(Tae) = .
o(D" ")+ o(D7) €(7,) + €(775,)

2T

Aobs(DO — K+K—) — — ACP(K+K_) + AP(D*) + AD(ﬂtag)

nuisance asymmetries ~ 1 %



The golden observable: AA p o iz2ousos

Consider two Cabibbo-suppressed CP-even DY decays (CPV # 0):
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.211803

The golden observable: AA p o220

Consider two Cabibbo-suppressed CP-even DY decays (CPV # 0):

The difference of observed asymmetries cancels the nuisance asymmetries

A, (K*K™)— A, (nt77) = Acp(KTK™) — App(mtn™) = AAgp

obs

3/T


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

The golden observable: AA p o220

Consider two Cabibbo-suppressed CP-even DY decays (CPV # 0):

A, (KYK™) = A, (nt77) = Acp(KTK™) — App(ntn™) = AAp

CP violation in the decay
Time dependent CP violation

3/T

obs


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

The golden observable: AA -

Combining LHCb Run 1+ Run 2 data
(3 fb~1+5.9 fb_l) and AY prb 104.0720101:
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First observation of CP violation in Charm sector in 2019!

Theory uncertainties do not allow to claim if this observation is SM or not

According to SU(3) flavour symmetry

d d

Uppw =— — U - How much iIs SU(3) violated? ipro 75.036008, JHEP12(2019)1041
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.75.036008
https://link.springer.com/article/10.1007/JHEP12(2019)104
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.072010
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.211803

CP violation in a single decay channel: A (K"K ")

To remove nuisance asymmetries use several Cabibbo-favoured
decays as calibration channels (no CPV because no penguins) 'PRL 131.091802]

LHCb Run 2 data (5.9 fb™1):

Acp(KTK™) = (6.8 5.4+ 1.6)x 107

Stat Syst

of T


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.091802

CP violation in a single decay channel: A (K"K ")

To remove nuisance asymmetries use several Cabibbo-favoured

decays as calibration channels (no CPV because no penguins) 'PRL 131.091802]
LHCb Run 2 data (5.9 fb™1): £ 60
Ao(KYK™) = (6.8 + 5.4+ 1.6)x 10~ w 40
CP( ) o ( "7 T Stat  Syst
20
Combining with Run 1 pLs 2017.01.061, AACP [PRL 122.211803],

and AY (prb 104.0720101: 0

== =

_20 " —— RUN 142 (68.3% CL)
: RUN 1+2 (95.5% CL)

at,=(77+57)x107*

: = RUN 1 (68.3% CL)
e Y P M RUN 1 (95.5% CL)

23.6+6.1)x 107 §

First evidence of CP violation in a single decay

channel at 3.8¢ ! ad, [107]

of T


https://www.sciencedirect.com/science/article/pii/S0370269317300795
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.211803
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.072010
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.091802

CP violation in a single decay channel: A (K"K ")

To remove nuisance asymmetries use several Cabibbo-favoured
decays as calibration channels (no CPV because no penguins) 'PRL 131.091802]

LHCb Run 2 data (5.9 fb™1):

Acp(KTK™) = (6.8 5.4+ 1.6)x 107

Stat Syst

Combining with Run 1 pLs 2017.01.061, AACP [PRL 122.211803],

and AY (prb 104.0720101:

== =

- RUN 1+2 (68.3% CL)
RUN 1+2 (95.5% CL)

— RUN 1 (68.3% CL)
RUN 1 (95.5% CL)

agy=(1.7%57)x 107 23.6+6.1)x 107 |

First evidence of CP violation in a single decay 50 o -
channel at 3.8¢! ag, [107]

The statistical uncertainty is dominated by the size of calibration samples

of T


https://www.sciencedirect.com/science/article/pii/S0370269317300795
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.211803
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.072010
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.091802

New method to measure A (K"K ™)

My PhD thesis

Signal decay Calibration decay

Apps(D "= D(= K*K) 7, ) = Acp(KTK™) +Ap(D D) +A ()
Apps(D "= DU = Kon'n ) miy ) = Acp(ROntn™) + A (D )+ Ap(nh,) + +Ap(K?)

o/ 7



New method to measure A (K"K ™)

My PhD thesis

Signal decay Calibration decay

E————

Apps(D "= D(— K*K™) Mg ) = Acp(KTK™)
— Apps(D "> D= Kn*27) 1l ) = Acp(ROm*a )+ A (D )+ Ap(rh)l +Ap(K?)

I
N = —
= = S e ———
= ——— B — - — ~——— — - - ——

Usual cancellation of nuisance asymmetries
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New method to measure A (K"K ™)

My PhD thesis

Signal decay Calibration decay

obS(D — DO( — K7K~™ )ﬂtag) —
(D "= D - K’z*n) m),) _'

N\

_ % )
MU tag
A )ﬂ(ﬂ+A wo) T +Ap(K")

Cabibbo-favoured (or DCS) de‘cay -no CP violation in the decay
- time-dependent contribution <1x 10~

obs
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New method to measure A (K"K ™)

My PhD thesis

Signal decay Calibration decay

D™, .~ +
- o
P P J P

Ay(D "= D (= KK 7},) = Acp(KTK™) +A}% )+A/?{;c;g
— Ap(D "= D= K°nn ) ml,) = Acp(RA 77 +A¢ )+ Apftag) + |
| —

Generated by time dependent CP violation and material regeneration of neutral kaons

These physical effects are well understood and can be estimated as in previous analyses (pre 131.0918021
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.091802

New method to measure A (K"K ™)

My PhD thesis

Signal decay Calibrato decay

Apps(D "= D(— K*K") T ) = Acp(K¥K™) +A}%) +A M)
= Agps(D "= D= Kztn ) n),) = App(RA 77) +A¢)+A

In DY - K%z~ three-body decay the kinematics of the z7z~ pair is non symmetric
Weight candidates to make the kinematics symmetric under charge exchange

o/ 7



New method to measure A (K"K ™)

My PhD thesis

Signal decay Calibration decay

% ? A )ﬂ( )+%g
obs(D*Jr DO( — K'n*m )”tag) = ACP(KOJF”_)_I_A%(JF)""A tag)+ / +W)

In the end only the quantity of interest is left!
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What we expect for the near future

e The uncertainty on this Run 2 measurement should be dominated by the calibration sample:

e Number of D? - K*K~ candidates ~ 40 M (paL 1310018021

e Number of D® > K% 7z~ candidates < 10M (only K° with short flight distance) pre 127111801

[l


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.091802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.111801

What we expect for the near future

« The uncertainty on this Run 2 measurement should be dominated by the calibration sample:

e Number of D? - K*K~ candidates ~ 40 M (paL 1310018021

* Number of D? - K% "7~ candidates < 10 M (only K° with short flight distance) erL 1oz1msgo1

« We expect an uncertainty almost independent and in the same ballpark of published methods:

Reminder of PRL 131.091802 : al, = (1757 x107*  ad =(23.6+6.1)x 107

[l


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.091802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.111801

What we expect for the near future

e The uncertainty on this Run 2 measurement should be dominated by the calibration sample:

* Number of DY - KK~ candidates ~ 40 M iprL 1310018021

e Number of D® > K% 7z~ candidates < 10M (only K° with short flight distance) pre 127111801

e We expect an uncertainty almost independent and in the same ballpark of publlshed methods

Reminder of PRL 131.091802 : at,=(77+57)x10™*

If we are lucky, we could get closer to first
observation of CP violation in a single

Stay tuned!

decay channel 3.80 — Jo
1T
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.111801




Published strategy for A (K"K ")

[PRL 131.091802]

% — . .
Use D't - (DY > K nh)ng, decays to cancel nuisance asymmetries

No CPV because they are Cabibbo-favoured (no penguins)

Acp(K*KT) = A, (D "= D= K*K) 7}h,) — Ay(D "= D (= K n")ml,) + Ap(K ™)

New asymmetry due to non symmetric final state

obs obs

Two methods to estimate it with other Cabibbo-favoured decays:

Method 1: Ap(K 7)) =A , (DY =K ntn™)y — [A,(DT— K’z") — A(K") ]
(Df= ¢ ") = [Ay(Df = K°K7) — A(KKY) ]

obs

Method 2: A (K 77) =A

obs obs

Kinematic distributions of particles with the same color are equalised for an exact cancellation

After the kinematic equalisation, statistical uncertainties are dominated by calibration channels:
the two methods are almost independent


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.091802

CP violationin Charm

D" decays in f=K"K ,z7n~ (singly Cabibbo-suppressed CP-even):

(D’ = f.1)—T(D° - f.t r {"
( f ) (_ f ) A~ Cl]ﬁi + AY — | Time dependent CPV '
(DY - f,1) + T(D° - f. 1)

TpHo
@l o—»e\

| J

Acp(f, 1) =

_ —_— = ~——

——— e — — —_— = - — = ——— —




LHCb, a Charm factory

x10°
PID: <R L L L | |
c(r = K) = 3% S & Run 2 LHO
= QO 12F :e
> : s+ [PRD 104.072010]
S .
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o(t) ~ 45 fs (t;0 = 410f5) Tracking: O 2r ’
o(IP) ~ 20 — 30 um : 1

o(p)lp ~05—-1%
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o(pp — cc) ~200(pp — cC) ~ 2.4 mb



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.072010

