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CP Violation

* The non-invariance of the weak interactions with respect to the combined
charge-conjugation (C) and parity (P) dates back to year 1964

- discovered through the observahon of KL=m'm decays, which exhibit
a branching ratio at 10" level (the famous €k parameter),

- it was the first manifestation of (indirect) CP violation.

* Ever since the understanding of CPV has become a crucial goal in HEP:
- 1o study and test reliability and robustness of the SM,
- 1o probe physics beyond the SM,

- to shed light on cosmology issues. CPV present in the SM not sufficient
to explain the observed baryonic asymmetry O(1O )



The CKM mechanism

o CP-violating effects originate in the SM from
the charged-current interactions of quarks

dr,

.
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Ve matrix connects the electroweak
states (d’,s’,b’) of the down, strange and
bottom quarks with their mass eigenstates
(d,s,b) through an unitary transformation.

* This feature ensures the absence of flavour-

changing neutral-current (FCNC)
processes at the tree level in the SM, and is
hence at the basis of the famous Glashow—
lliopoulos—Maiani (GIM) mechanism.
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CPV accommodated in the SM through a
single complex phase in the CKM matrix.
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o All direct measurements of elementary particle phenomena
to date support the CKM phase, within the current theoretical
and experimental uncertainties, being the dominant source
of CP violation observed in quark transitions.

 However, widely accepted theoretical arguments and
cosmological observations suggest that the SM might be a
lower-energy approximation of more fundamental theories
which are likely to possess a ditterent CP structure and

therefore should manifest themselves as deviations from the
CKM scheme.

e Essential to measure CP-violating asymmetries in Nature.
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The role of charm physics

« Charm transitions are a unigue portal (complementarity wrt B and K
mesons) for obtaining a novel access to flavor dynamics with the
experimental situation being a priori favorable (“low SM background”).

 Charm is the only up-type quark allowing full range of probes for
mixing and CPV:

- top quark decays too fast (no hadronization),

- m9-m® oscillations not possible (particle and anti-particle are
identical).

 CPV not yet observed in charm and predicted to be “small” within SM.



Charm Mixing
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First hints from Babar/Belle in 2007 .
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CPV in the charm sector

Only transitions of ¢ quark to lighter quarks involved in charm meson decays, mixing
and relevant amplitudes are therefore described, to an excellent approximation, by
the physics of the first two generations only.
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EXperiments and theory

Predictions affected by “large uncertainties” due to the difficulties in the computation of the long-
distance contributions.

- non perturbative calculation (approximations holding in the B and K cases do not apply for
charm)

- the available computational power is not yet enough for lattice QCD.

Only very recently experiments able to collect large samples of charm decays. High precision
measurements already have been impacting theory and vice-versa.

- The widely accepted statement “measuring CPV with the current experimental sensitivity is a
clear sign of NP” has been disavowed and, as a consequence, accuracy on calculations
tremendously increased to account for experimental inputs.

Predictive power of the theory is (and will be) strictly related to the precision and the variety of the
inputs that experiments will be able to provide in the near and far future.

An extensive and precise study of the charm decays, and in general of the heavy flavour physics, at
much higher precision than today is fundamental to over-constrain the theory parameters, and in
particular the CKM scheme, that is a crucial ingredient for the SM and for any new exotic theory,
which must include the flavour structure.



The intensity frontier

* Unprecedented huge and pure samples of charm decays
are therefore needed for probing CPV and mixing.

o Slow mixing rate ask for large samples enriched at higher
ifetime values.

» Measuring CP-violating asymmetries below the level of 10
(10 requires samples with >10° (10%) charm decays.

- note, in absence of background: o(Acp)~1/sqrt(N)



The ‘charming beauty experiment

The LHC detector at LHC, JINST 3 (2008) SO8005
RICH detectors Weight: 5600t
VErtex LOcator K. . —_— — Height: 10m
~(15+29/pT1) um IP resold tadtf [/ | Long: 21m
~45 fs decay time resold 3 | ' : -

Muons System

0p/P~0.5-1%@5-200 GeV/c Calorimeters
Tracking system

Excellent trigger capabilities (Level-0 of custom electronics + HLT of commercial CPUs) to handle 11MHz of
visible physics collisions. Events written on tape extremely fast at 5KHz, where typical event size is 60KBytes in
Run 1 (2011-2012). In Run 2 (2015-2016) performances are even better. [LHCb-PROC-2015-011].
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Charm Physics with LHCD

JHEPO3(2016)159, Erratum: JHEP 1609 (2016) 013

All c-hadrons produced in pp collisions. o

Copious production of prompt (and secondary) o]

charm at 13 TeV: o)
olpp — DOX) = 207242+ 124pb S
olpp— DTX) = 834+2+ 78ub 0]
olpp - DFfX) = 353+£9+ 76pb 107
olpp— D*TX) = 784444+ 87pb

Produced ~5x10'* DY and ~2x10' D** mesons in
only 3fb™ (Run 1) of data at L, = 4x10% cm™s ™.

Final Run 1 (2011-2012) sample about factor of

30 larger than samples collected by past
experiments.
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A plenty of charm
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2018, collecting about a total of 8fb-1 of data with the same efficiency and purity (yield
per luminosity in 2015-16 increased by a factor of ~4 wrt Run 1).
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Two-body DY—h*h~ decays

SCS: D0—K+K-

D —h'h” decays, where h=K,m, are experimentally BR~4x10-3 v
clean channels allowing the study of the CP violation _,_L,g%"“(
INn the charm system. . :

 » «l o

SCS: DO—r+71- .
o . 0 . - | BR~1.4x103 - Vufdf .
D —-K K and D = mm Singly-Cabibbo-Suppressed . e .
decays. Final states are CP-eigenstates and allow a R —r——
full probe of all types of CP-violation.
DO—>K_7T+ Cabibbo-Favored decays. They are CF: DOoKemr S
flavour-specific and are used as a formidable control BR~3.93% Vi, W:ém d
channel, being much more abundant than the SCS ¢ s
modes. T,
— - [0 +77—
DO—>K+7T Doubly-Cabibbo-Suppressed decays. Bgfi .aﬁoﬁﬂ .
Essential to measure mixing parameters. ZM ]
P — e d
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Time-dependent CPV in D’—h*h-

Because of the slow mixing rate of charm mesons (x,y~10-2) the time-dependent asymmetry is
approximated at first order as the sum of two terms:

1—WD0—>f(t) - FD0—>f(t) di d t
Acp(fit) = ~ ATL(f)+ A
CP(f ) FD0—>f<t) . FD0—>f<t) (f) (f) P
Alnd nCP[ (g_z_?D B <g+]_7> : }
(f) 9 Yy 7 . COSpYf — - q SIN Q¢
CPV in the mixing |a/p| = 1 CPV in the interference ¢+ 0,m
In the limit of small CP violation in the decay:
(D" — (D — . tT(t)dt
D(DY — f) + r(DO I [T(t)dt

where Ar defined as the asymmetry between D9 and antiDP effective lifetimes

Ar #0 clearly indicates CPV in the charm sector. Sensitive to CPV in both mixing and interference.
14



A golden observable: Ar

N

e The coefficient —Acpi ‘ CanO’ootentially be measured with greater precision
than the constant term Agp because it is less affected by instrumental
asymmetries that are to a large extent time-independent.

* [he current experimental precision on Acpi”d s at the level of ~0.5x107°, i.e.
it has reached sensitivity where it becomes possible to test SM predictions,
and where further improvements are expected to be particularly valuable.

- Neglecting subleading amplitudes Ar is independent of the final state f.

Furthermore, in the absence of CP violation in mixing, it can be found
that Ar = —x sing —> |Arl<|x|<5x10.

- Latest SM prediction: Ar=10"* [Bobrowski et al. JHEP 03 (2010) 009].
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Flavour

K+K-and it are C
cannot be inferred f
Production mechan

[dentification

P-eigenstates —> DO flavour
'om Its decay products.

Ism is exploited.

D*-tag (or prompt) tag Semileptonic tag

p(h")

D*+—>DO[—> h+h,_]7[+

p(h7)

. p(h) B9

p(X)

PO Ng”
pv

B— D[ h" W10 Vv,X
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Ar state-of-the-art

Belle 2012 F

Babar 2012

LHCb 2013 D** tag, KK

LHCb 2013 D** tag, 7w

CDF 2014
LHCDb 2015 ptag

World average

—0.30 = 2.00 £ 0.80

0.88 £ 2.55 = 0.58

—0.35 = 0.62 = 0.12

0.33 £1.06 &= 0.14

—1.20 = 1.20

—0.99 = 0.40

D*-tag 1fb-"
[PRL 121 041801 (2013)]

semileptonic-tag 3fb-
[JHEP 04 (2015) 043]

LHCb already dominates the world average, but more precision is needed...
Beyond the intrinsic goal of looking for first hints of CPV in the charm sector, the aim is an
unprecedented reduction of systematic uncertainties to demonstrate the feasibility of the

measurement at much higher precision.
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| HCb D "-tagged Ar measurement
Full Run 1 data sample

e Sample: 1fb™" at 7TeV + 2fb™ ' at 8TeV.
e D*-tag used to infer the flavor of the D° meson at production
e Ar measured through a linear fit to the Acp(t).

High statistics CF decay D° = K" used as control channel

- |Ar(DO - K1) < 5 x 10™°, undetectable with current experimental
sensitivity.

- Analysis strategy, checks, and systematic uncertainties entirely

developed and accurately stuohed usmg the high statistics control
channel. Ar(D —K "K") and Ar(D —711'11) blinded until the approval.

18



Trigger (and stripping)
selection

Selection details on P. Marino, CERN-THESIS-2017-007

_ _ Candidate Quantity Requirement Unit
!_oglcal OR. of all Level-0 (erjergy deposit Derth) 5000 _
in the calorimeter system) triggers pr(h) > 800 MeV ¢

p(h) >5 GeV/c
accepted ' track y?/ndf(h) <3 -
0 h Xo(h) >9
Two body D™ HLT lines (plus stripping (D’ = K”7") DLLy (1), DLLicr (K) - <0, >5
) ) , (D¥— K"K™) DLLg,(K) >0
preselection) apply mainly requirements (D°— * 1) DLLg () <0 :
on momentum and lifetime-related pr (DY) >2 GeVic
quantities. p(D°) >5 GeVic
DV y2-distance from PV > 40 -
_ o DIRA > 0.9999 -
Moderate PID requirements (DLL). DOCA <0.07 mm
pr of at least one daughters > 1.5 GeV/c
. fit vertex (D) /ndf <10 -
Signals already very pure and abundant at m(D°) € [1765,2065]  MeV/ c?
the trigger level, but not for free (see later). s track y?/ndf <5
D fit vertex y*(D*)/ndf <100 -
Am=m(D°n") — m(D°) < 160 MeV/ ¢?

19



Further offline requirements

PID of DO daughters to further improve purity
and reduce physics backgrounds (DLL).

: : 0
VELO fiducial cut to remove D produced from
interactions with detector material (R,,).

Suppression of secondary decays (;(2|P of DO).

DO mass window (30 around the peak);

Quantity = Requirement Unit

DLLg,(K) >5 _
DLLg, (1) <-=5 _
1D <9 :
Ryy <4 mm
m(D?) € [1840.84,1888.84] MeV/c?

20
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1840 1860 1880 1900
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Events

The data sample is split into four
iIndependent subsamples by the magnet
polarity (Up, Down) and by the center-of-
mass energy (2011 at 7TeV, 2012 at 8TeV).
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Analysis approach

« Approaching a unprecedented level of precision (<107°) by
handling huge data samples requires new methodologies.
Analysis choices must be driven by “simplicity” criteria.

- Time needed to make plots and numbers, once data are ready
for users, greatly impacts the game.

- For a fruitful review each requested check should be run in a
human time scale with finite resources.

- Systematic uncertainties and subtle effects are difficult to keep
under control, it analysis is not transparent and rapidly
reproducible.
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Analysis strategy (Ar)

Sideband subtraction of the random pions background using 4Am = m(hhm) - m(hh).

Split sample in 30 approximately equally populated bins of D’ decay time.
Determination of the raw asymmetry in each bin of decay time.

Correct for detection-induced charge asymmetries.

Extract Ar- through a linear fit to raw asymmetry as function of D’ decay time.

Determination of systematic uncertainties on assumptions and approximations
done, in previous steps.

23



Raw yields extraction

Signal PDF g WgT——— T
S L , :
2 A0cor) = (Am| 5 )+ G (Am| )+ "8 106 L Ly . Signal region _
sgn( ml Sgh _f]j MO0 Y] fl mifh, 01 8 E Background region g
+ G (Am|u,02) + (1 - f7— fi— [2)9(Am|uz,03), N .
10° & ~
L exp[ - 3l +osinn ! (57 ] : / ;
j(x|M)0)6}Y) :I_ ’ 4 L & —
! L+(55H)° E:
1 1(x— 2 - ¢ ]
G (x|u,o)=—exp|—= ) L
e [ 2( g H 140 145 150 155
Am [MeV/c?]
Background PDF Mass fit only to extract time-integrated

sighal-over-background normalization

Am— my Am . .
—] +b( )) factor for sideband subtraction.

— 1l
C

1
Poig(Am|Opig) = E(l —exp [ = o

Small residual random pions background subtracted using the sideband [149,154]MeV/c2.
Signal region [144.45,146.45] MeV/c2 about 50 around the peak
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Events / (0.06 MeV/c?)
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Signal yields (in millions)

sample D= Kat D'-K'K- D'—natn~
2011 Up 10.7 1.2 0.36
2011 Down 15.5 1.7 0.53
2012 Up 30.0 3.3 1.02
2012 Down 31.3 3.4 1.07
Total 87.5 9.6 2.98

The data sample is split into four independent subsamples by the magnet polarity (Up,
Down) and by the center-of-mass energy (2011 at 7TeV, 2012 at 8TeV).

Ar independently measured in the four subsamples. The convergence of all values to a
common value provides a cross-check of the validity and robustness of the measurement.
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Raw asymmetry

N(t, D** — D7) — N(t, D*~ — D°r~)

Araw t) = — ~ A A A L
(t) N(t, D** — DOx+) — N(t, D*~ — DOr~) |P + Ap +der(?)
/ Adir A t
Production asymmetry, time- G F%

independent by definition.
Ar slope iIs our

Detector induced charge
J physics observable

asymmetry. It can be time-
dependent mimicking a fake
slope. Very dangerous.
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All values should be compatible with
each other and compatible with zero,
however, results are incompatible with
hypothesis of no slope, and are
significantly different depending on the
subsample. Not even straight lines.



Time-depenadent detector
charge asymmetries

* The presence of significant deviations from zero for the
control channel indicates the existence of non-negligible
time-dependent residual detector asymmetries.

* They partially cancel in the combination of the MagUp and
MagDown samples, but not completely, yielding an overall
average that is incompatible with zero.

 [hese residual biases arise due to correlations between the
decay time and other kinematic variables that affect the
efficiency, most notably the momentum of the soft pion.

29



Momentum charge
asymmetries

Soft pions charge asymmetries are notoriously Bending plane
sizeable and strongly momentum-dependent.

A pion with a p, = 5 GeV/c and p,~100 + 200 MeV/c T (pe)
changes its direction, due to the magnetic field, of a —
quantity of ~ 250 mrad, which is comparable to the

entire LHCb acceptance of 300 mrad; this generates

large differences in acceptance for positively and

negatively charged pions,

Even particles hitting the same location on a given
detector layer, will intersect different sub-detectors
with different trajectories according to their charge
and momentum.

—_—
S
S
)

500

p,(my) [MeV/c]

-

Averaging the two magnet polarities does not
necessarily eliminated the effect with the degree of ~500
precision needed, because of variation of run and

detector conditions over time. —1000

0 5000 10000 15000 20000
30 p () [MeV/c]



Momentum-time correlation

« Momentum and proper decay time should be
iIndependent by definition, however,

e capability of collecting unprecedented pure and
huge samples of charm (and beauty) decays at
hadron collisions has a price. It is not for free!

 Requirements on traokd'mpaot parameter of DO
decays products, on D flight distance, on transverse
momentum, and in general on kinematics of the
decay do introduce correlations.

- Note, this Iis unavoidable. Extremely important to
keep this correlation as much as possible “small”
and “simple”, in order to correct for the effect.

low p1(D9): higher decay time —> lower asymmetry
high pt(D%): lower decay time —> higher asymmetry
31
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How does it work”?

Events

Events
[O%)
(@)
(@)

T T T T T T T T T T T
—a— positive pions
—e— negative pions
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~ 0.02
20015
< 001

0.005

-0.005
-0.01
-0.015
-0.02

2011Down sample

o AKT = (-0.11+0.25) x 1073,
0 x?/ndf=13/27.

-0.025

@)

5 10
T

~ 002
20015
< 001

0.005

-0.005
-0.01
-0.015
-0.02

J
+
<‘.

I T T T T I
%% / ndf 52.78 /27
const  —0.006489 + 0.0005708
0.001183 = 0.0002479

-0.025
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5 10
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Remove the source

« LHCb detector nearly L/R symmetric by design. Bending plane

e Departures from the nominal geometry and variations of
the efficiency produce small residual deviations from an g
ideally symmetric detector acceptance (mm =711 o). i~

(pz)

- Variations of detector efficiency over the space, mis-
alignments, matter effects, non homogeneous
magnetic field, ...

* Need to correct these residual asymmetries is actually desirable.

: \ 4
tum-de t Correlation Time-dependent
C 3Symrmetcies p(DY) — (DY) charge asymmetries
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k [c/GeV]

How do we correct”?

Using more natural variables to ko= 1/\/193; + 1,
parametrize soft pion kinematics 0, = arctan(p,/p.)
l’l+(k, Hx, Hy) — n_(k, _Hx, Hy) Hy p— arctan(py/pz)
n_(k) Hx)
., 5 08— T R = 0-85._
0' 5 gk : 8 07k
.S osf S 06f
10 2 - 2 -
0.5F 0.5F
e 04F o3 0.4F
03F . 0.3
N 0.2F 0.2;'
0.1F 0.1;'r
0, [rad]

Reweigh of soft pion kinematics in the time-integrated (k,qs6fx,8y)

distribution in order to have n+*(k,0«,0y) = n—(K,—6x,6y).
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k [c/GeV]

Asymmetry in (K,qs0y,6,) space

Raw asymmetry

—0.1
—0.08
—0.06

IIIIIIIIIIIIIIIIII.ITIILIIIIIIIIIIIIIII

q. éx [rad]
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11D

12U

12D

avg. F

7
Z
ZI—H
o
_.22 D’ — K-+
e e s
% o i ||
1 2
14F[1O_3]

Ar(DCHK—W) results

11Ut

1.65+0
056:|:03

0.11+£0

04:|:025

0.77£0
OOl:I:Ol

O23:|:01
1

041 +£0

016:I:010

30 (36/27
20/27

)
(20/27)
25 (13/27)
(12/27)
18 (57/27)
(29/27)
17 (29/27)
(30/27)
) (33/3)

(30/3>

Results now compatible with zero.
A2 improves by 30 units.

Individual fits are now compatible
with the hypothesis of straight line.
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s Ar affected by the correction”

* The correction directly impacts the momentum charge asymmetry, and it may
affect also physical asymmetry, as Ar. However It can be demonstrated that
neglecting third-order asymmetry terms (ACpcS 5 ), Ar remains unchanged.

Pseudo-experiments produced by injecting different fake values for Ar

— 0.02
20,015
< 0.01

0.005

)

—0.005
—-0.01
—-0.015
—-0.02
—0.025

F %/ ndf 17.18/27  %*/ndf 17.49/27 3
E const  0.0001928 + 0.0004039  const  0.005992 + 0.0004045 3
C slope  —0.003009 + 0.000175  slope  —0.00295 + 0.0001753 3
E ey —— no CP-symm -
— 7\" ‘*" ‘\‘ =
L Tty —t+— CP-symm =
C ~\¢ ! K *J‘*Y .
= 9“% i . =
— o ol L~ ]
T ., ]
= ’?*’*&‘ | 7++ =
ul e > =
F A true .l .
E AN = 0,003 = =
0 5 10

t/T

Se;E“O.OO3
0.002
0.001

0
—0.001
—0.002
—0.003

xZ / ndf

pO
pl

3.795/3
2.069e—05 £ 7.739e—-06
0.994 + 0.004267

D’ - K'K
charge rand samples

" ] "
—0.002

0

" ] "
0.002

true
AF

The measured value accurately tracks the input, and no bias is present in the procedure
(checked up to a level of precision of 3% of the quoted statistical uncertainty).
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+ Results on
Arin D’=K'K™ and D°—=m*m decays

Same procedure used for the high statistics CF DO—=Km+

control sample. Correction weights are independently
extracted from its own data sample.

Ar(DO—=K +K-) and Ar(D°—m+m1-) blinded until the approval.
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Results: Ar(DO—K+K-

i T T e 223+ 0.89
11U ’ O 0.46 + 0.90

y (3

41U 4+ 1D 3 7 2
- % ).29 4 0.74 (19/27

" 5 5 (

L w—m

/27
8/27

D — K K+

)

)

)

g ] —054i07 )
19U /% i 1.13 & 0.54 (63/27)
__ILII{(I?bI L B l+_ 12U|-+—12D E i % —0.86 4 0.54 (40/27)
” )

)

3 w&"rﬂfﬂ.’_' * ] 7 : 0.61 0 ( )/>
—— - - L S—— A K
g (”’0--’.00-0-.’_ ________ : 12D f/’/é" ! - §A£>> 010:|:O53( 0/2
3 - - -3 i, A |
L, e 93 + 0.31 (3/3)
0 2 an'_”_%”T”T”F”_03Oi032(2 5/3)
—1 0 1 2 3
Ar [10_3]

Ar(DV’— KTK™) =(-0.30+0.32) x 1073

(stat. only)
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Results: Ar(DY—11+711-

, e 101 £ 162 (21/27)
"0+ 11D g LU ? —0—— 3.80 + 1.65 (21,/27)
B % ).71 +1.35 (14/27

11D [ p———

5 (14/27)
—1 76+ 137 (14/27)

% 3.54 4 0.98 (17/27)
i 7 s o |
12U // o— 142 4 0.99 (20/27)
v DO + =
// — T o ( %/?
70 (Ar) .
7 (At —0 50 i 0 96 (35/27)
o A B
%/gg/. - Ar?aw 1. TT :|: 5 1)/0
I//
0

0.46 & 0.58 (8.7/3)

12D}

avg.

Ar(DP—> atn7) =( 0.46+0.58) x 1073

(stat. only)
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Systematic uncertainties
(in 107° units)

D’— KYK~
source DKk~ D'->gatn
Secondary decays 0.08 0.12
Correction discretization 0.02 0.02
Background subtraction 0.01 0.01 @ Secondary decays
Peaking background 0.05 : S

O Peaking background

Total 0.10 0.12 s

Secondary decays: Bias due to the residual contamination of secondary decays.

Correction discretization: A- variations as a function of the number of bins of the
correction (assumed to be constant over the bin).

Background subtraction: uncertainty on Am sideband subtraction procedure.

Peaking background: impact of residual contaminations of part|a| and mis-

reconstructed D decays peaking in Am. Assessed using D’ mass sideband.
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Secondary decays

Prompt decays: signal Secondary decays: backg.
p(h)  B(DY

p(h) B

what we measure  prompt decays asym.  relative fraction of sec.  sec. decays asym.

Araw(t) = (1 - fsec(t))Appt(t) + fsec(t)AseC(t)

Reconstructed decay times of charm mesons that originate from weak decays

of b hadrons (secondary decays) are biased towards positive values.
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The challenge of secondaries

» Bias due to the presence of D’ decays generated in secondary decay
vertices of bottom hadrons needs to be accurately accounted for.

- even if the contammatlon IS reduced to a few percent by requmong the
reconstructed D momentum to point back to the PV and x p(D ) < 9.

e The relative contribution of secondary component grows with the observed
decay time of the charm meson, and it may have an intrinsic production
asymmetry different from promptly produced D particles, leading to a potential

bias on the Ar measurement.

 The complexity and tightness of the data selection makes it difficult to obtain
absolute estimates of f..(t) and A...(t) purely from Monte Carlo simulations with
the required precision, while a purely data-driven extraction is also subject to
significant uncertainties. Therefore, a mixed approach was adopted.
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Model of secondary decays

* The absolute number of secondary decays ng..(t), as a function of proper
decay time, can be determined with a good level of approximation just using a
simple analytical approach, with some reasonable assumptions:

- B=2>DX— [DOH]X decay occurs linearly along the z-direction (b-hadrons
decays have a large boost in the z);

- “same” acceptance function on proper decay time both for prompt and

secondary decays, that can be extracted from data sculpting at lower
values of proper time;

« Absolute normalizations come from ;(2|p(DO) fit of the last four higher time bins,
: : : 2 0
removing the analysis requirement log[y (D )] <2.2 cut.

o A.c(t) extracted from an almost pure sample of secondary decays, obtained

by inverting the cut on ;(2|p(DO), requiring Iog[;(2|p(DO)]>4.
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Analytical model for fsec(t)

Prompt model:

Secondary model:

Absolute normalizations
from data, using bins at
higher proper time

Ngec * A1) Pgec (1)

1 t
Popt (1) = Ppo() = —exp| - — |  (£20),
T o T o
Psec(l) = (QZB * DO)(t) =
© 1 t—t'y 1 t'
:f —exp[— ] exp[— ]dt'
0 TB B T po T po
N _
- il B Bl (= 0);
T —Tpno
Acceptance from data, e
assuming to be the same for % SOE_—fmtzlgo
prompt and secondaries. TR €

OF — fir =10%
40

20

fsec(t) —

Nppt - A(£) Pppt (1) + Nsec + A1) Psec (1) 3
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Absolute normalization fgec(t)

Model of prompt component determined from
the first bin of the proper decay time distributi
Expected negligible contamination there.
Assumed to be the same in each time bin.

on.

Fit to the last four bins (higher decay
time), where the measurement of
fsec(t)=Nsec(t)/Niot(t) is Much more reliable,
being the relative fraction of secondary
decays large and the two separate
peaks are clearly visible (red bumps).

While quality of the fits is not excellent, it

& s0000F-D°
160000FD" — Krt

50000 E 4 Data

40000 — Fit (y%/ndf = 19.56)

Bin026[3.4416, 3.8192[ ©

10
log(x2,(D%)

Bin028[4.3904, 5.5528] t

F 2012 Up

s totally satisfactory for the purpose of ool
assessing a systematic uncertainty. e U
o B i ” logi (0)
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fsec(t) model

e o2 (D0)<9 (datay  LHCb
2 (D )<9 (model)

—o— No Xz (D) requirement (data)

—— No Xz (DO) requirement (model)

\J

£ [%]

%

»
"

i

6 8 10
/T,

Empirical approximation of fsec(t) (red curve). It does intersect black
dots (data) at higher decay time values and tends to the normalized
analytical model (blue triangles) at lower decay time, where sculpting

due to x2p(DY) cut disappears.

-
-
N -
N
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Secondary decays syst.

1000 pseudo-experiments by varying Araw(ti) within their Gaussian statistical
uncertainties, in order to determine prompt asymmetry in each time bins. Account for
uncertainties on fsec(t) model, Asec(t) determination, and contribution for a nonzero Ar.

Ap pt (t;) = (Araw (i) — ]gec (i) Asec (7))
1 _f;ec (£;)
in unit of 10-3
sample A A OApe O fie \/ A% + 0124r +05 + 0?
D’— K-zt | 0.094 0.008 0.012 0.035 0.101
D’— K*K~ | 0.065 0.022 0.012 0.041 0.081
D’—nm*tn~ | 0.113 0.041 0.012 0.026 0.123

Assessed the full size of the effect (~104) as systematic uncertainty (syst. << stat.).

It may be reduced (already today) by a factor greater than 2, applying the correction
instead of taking the full size of the effect. A factor of 10 of reduction is clearly
achievable by increasing the statistics (see4[8)0—>K—ﬂ+ line).



Final results

Final word of LHCb on Ar with Run 1 data sample (3fb™!):

Ar(D’— K*K)=(-0.30+0.32+0.10) x 103,
Ar(D’— 7t77)=( 0.46+0.58+0.12) x 1073,
Ar(KK + 7tm) = (—0.13+0.28 +0.10) x 10>,

Most precise measurement of CPV in the charm sector.
Most precise measurement of the LHCb experiment.

Measurement of the CP violation parameter Ar in D’ — KTK~ and D°— 777~ decays

LHCb collaboration
Authors are listed at the end of this Letter.
(Dated: April 21, 2017)

Asymmetries in the time-dependent rates of D° - K™K~ and D° — ntn~ decays are measured
in a pp collision data sample collected with the LHCb detector during LHC Run 1, corresponding
to an integrated luminosity of 3fb~'. The asymmetries in effective decay widths between D° and
D° decays, sensitive to indirect CP violation, are measured to be Ar(KTK~) = (—0.30 £ 0.32 £
0.10) x 1072 and Ar(r"7~) = (0.46 & 0.58 & 0.12) x 10~?, where the first uncertainty is statistical
and the second systematic. These measurements show no evidence for CP violation and improve on
the precision of the previous best measurements by nearly a factor of two.

Accepted for publication to PRL arXiv:1702.06490 [hep-ex]
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Final results

Belle 2012 L:':""""”/ﬁf"' —H | —0.30 £2.00 £ 0.80
o
7
Babar 2012 | # —o | 0.88 4 2.554 0.58
4
/\
CDF 2014 }p—e /ﬁ —1.20 £1.20
éﬁ
LHCb 2015 ptag f / —1.25£0.73
LHCb 2016 D** tag | %1 —0.13 £0.28 £0.10 ‘
World average | %I —0.32 £ 0.26
-2 -1 0 1 2 3
Ar [10_3]

~
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+
~—
<

N
—
o
~——
=<

arXiv:1702.06490 [hep-ex].
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| Ly ¢ n

8 20

t/TD

No sign of indirect CP violation at the level of 2.6x10-4.
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The LHCb-Pisa role

CERN-THESIS-2017-007

Measurement of the CP violation parameter Ar in
D°— K*K~ and D°— it~ decays

CLASSE DI SCIENZE MATEMATICHE E NATURALI
Corso di Perfezionamento in Fisica

PhD Thesis

SCUOLA
NORMALE
SUPERIORE

Pietro Marino

Advisor: Dr. Michael J. Morello

Main authors:
P. Marino, MJM, and G. Punzi
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Direct CPV: AAcp(D°—h*h-)

« Effects of “direct” CP violation can be |so|ated by taklng the difference between the
time-integrated CP asymmetries in the K'K™ and i*m~ modes:

AAdcp = Acp(D' - KTK™) — Acp(D° = nhn7)

. (t) At
~ AA <1+yCP<j>+A8§ i

* where a residual experiment-dependent contribution from indirect CP violation can be
present, due to the fact that there may, be a decay time dependent acceptance
function that can be different for the K'K™ and n*n~ channels.

« Well suited for LHCb because of cancellation of instrumental and production
asymmetries. I\/Ieasurement performed using both D*-tag [PRL 116, 191601 (2016)]
and semi-leptonic B—D" uX [JHEP 07 (2014) 041] decays.

D*-tag: AAcp = (—0.10 + 0.08 (stat) +0.03 (syst)) % _-'CP dominates the world

average with systematics well

u-tag: AAep = .(—I—O.14 + 0.16 (Stat) + (.08 (Syst))% below statistical uncertainty.

52



The |mpact on L HCb on CP Violation
of D—h'h” decays in Run 1

From HFAG 2016 the world average values are:

HFAG 2016 arXiv:1612.07233 [hep-ex]

d 3 0-01> BaBarl jl ‘| | O no CPV
AZS = ( 0.30£0.26) x 10~ AUtUMN 16 |  Belle ” ;‘ BaBar
AASE — (21.3440.70) x 1073 0,010 ¢ st CoF
LHCb prompt KK LHCb
Consistent with the hypothesis of CP 0.005 | HHED promESe
symmetry with a p-value of 9.3% (1.70) L
=P 0000 L B
<
My “unofficial” LHCb-only average: —0.005 3
Amd = 0.29+0.28) x 1073 oow0| 32
AALL = (—0.56 4+ 0.76) x 1073 -
Consistent with the hypothesis of CP SO0 015 0010 —0005 0000 0005  0.010
symmetry with a p-value of 79%. a}?g

LHCb dominates the world average and much more data are coming.
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| HCb & Charm today

 LHC is a super-duper charm-factory, and LHCb is doing an excellent job collecting the
largest ever charm samples.

o Already achieved statistical precision well below 107°, and systematic uncertainties better
than 107 (especially for two-body golden modes)

 LHCb covers a broad program, with many world leading measurements

- on multi-body charm decays where CPV can be studied through the phase space
(local asymmetries larger than integrated ones),

0 + - 0 — o+ - o+ 1 + + - 0
- andonrare decays (D »p'p,D =»nmpyy D —=mppy,D ey, etc..)where
limits from other experiments were already improved by orders of magnitude with only
Run 1 data,

- promising results with neutrals (D+(S)—>n’n+) and with long-lived particles (K¢, K. ,A) in the
final state.

« No hints of CP-violation found so far, just started to barely approach SM expectations.
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Future perspectives

* The Run 2 (2015-2018, ~8fb") is currently
ongoing and the size of LHCb samples
already increased more than proportionally to
the integrated luminosity.

* Phasel LHCb-Upgrade at L = 2x1033 cm=s™".
(2020-29, ~50fb1) is behind the corner.

£00-£10c-O0H I-NH40

Opportunities in flavour physics,
and beyond, in the HL-LHC era

Expression of Interest

e A proposal of a Phase 2 LHCb-Upgrade at
L >10%* cm=s~'(2031-7?, >300fb1 ) is http://agenda.infn.it/event/LHCb-FU
currently under discussion.

>300 fb-! of data implies Ostat(Ar) < 3 x 105,
| hope | convinced you that no systematic
walls are in front of us to get such a precision.

5% La Biodola
2 lsola d’Elba (ltaly)
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Abstract

Charm hadrons provide the only sector involving up-type quarks where CP
violation effects are expected to be observable. This uniqueness makes CP
violation in charm particularly important to study, as it might be sensitive
to effects beyond the Standard Model, which could leave other quarks unaf-
fected. Asymmetry in the time-dependent rates of singly Cabibbo-suppressed
DY - KTK~ and D' — 77~ decays, the so called Ar parameter, is one of
the most sensitive probe for indirect C'P violation in the charm sector and can
potentially be measured with great precision. The recent measurement of the
Ar parameter with pp collision data collected by LHCb experiment in Run 1,
corresponding to an integrated luminosity of 3 fb=!, is presented here. This
is the most precise measurement of a C’P asymmetry in the charm sector,
with a statistical uncertainty reaching the sub-permille level and systematic
uncertainties below the unprecedented level of 107*. Innovative experimental
methodologies and new data analysis techniques have been used to achieve
such a result, with the aim of allowing measurements of C'P violation at even
better precision in the near and far future experiments. Perspectives for C'P
violation searches in the charm sector with Run 2 data and beyond are also
discussed.
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CKM Matrix

|b)
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MiXIng phenomenology

meson system  AM/I' AI'/(2I)
KY-_K?9 —~0.95 0.99
DO-pO 0.005 0.006
BY-RB0 0.77 —0.001
BY-BY 26.7 0.06

9 - . o C s
o L0} —— Prob(K" — K") ] O 10", E
o A -0\ 1 a . b T 1
0.8 E\ — Prob(K“ — K ) b 10 =TT 3
RN e exp(—T't) 1 0728 T E
E A\ 1 F —— Prob(D" — D")
0.6 - \ — 0
04F N . OF
L N 0k
02F — = oL
()0 L ~....| ---- rd PUTRTR ) . ) . [
0 3 ) 6
I't
Ql [ T | | T | T | | ] -QI [ T | L | L | L | L | L ]
o 1.0 —— Prob(B" — B') o 1.0 —— Prob(B! — BY) 1
R —prob3' = B) ] % B — Prob(B! — B)) ]
0.8 B\ ] 0.8 I -~
N exp(—I't) 1 ifl
06F % ] 0.6
04F % . 0.4 H|
02 F AN i 0.2 |
OU B 1 PRI |~l : bl iy ] 00 Li RN
0 1 2 3 4 5 6 0

Figure 1.6 — Flavour-changing and flavour-unchanging PDFs for the four neutral meson
systems (from left to right and from top to bottom): K°-K°, D°-D° (note the logarithmic
scale), B°~B®, BY-BY. The single exponential function, black-dashed line, it is also drawn.
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SM predictions

* Affected by “large uncertainties” due to the difficulties in the
computation of the long-distance contributions:

- non perturbative calculation (approximations holding in the B
and K cases do not apply for charm)

- the available computational power is not yet enough for
lattice QCD.

* Inclusive approaches (i.e. Heavy Quark Effective Field Theory)
rely on expansions in powers of O(1/m.), which are of limited

validity because the intermediate value of the charm quark mass.

* Exclusive approaches rely on explicitly accounting for all
possible intermediate states, which may be modeled or fitted

directly to experimental data.

- However, the D meson is not light enough to have few final
states, and in absence of sufficiently precise measurements
of amplitudes and strong phases of many decays, several
assumptions are made limiting the predictions.
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Short distance

intermediate state massive off-shell W
mainly contributing to Am = 2M»
strongly suppressed
X,y predicted to be ~10-6 (very far from %)

Long distance

nt,K*,...
u C
1 ,K,...
intermediate state on—shell light quarks
can travel from interaction point

mainly contributing to Al'=2[ 12
precise calculations are difficult



EXperiments and theory

o Only very recently experiments able to collect large and pure samples of charm decays.
High precision measurements already have been impacting theory and vice-versa.

0 .. . . .
- D -mixing rate is slow, but not so slow to be “unmeasurable” as believed in the
recent past.

- The widely accepted statement “measuring CPV with the current experimental
sensitivity is a clear sign of NP” has been disavowed and, as a consequence,
accuracy on calculations tremendously increased to account for experimental inputs.

e Predictive power of the theory is (and will be) strictly related to the precision and the
variety of the inputs that experiments will be able to provide in the near and far future.

* An extensive and precise study of the charm decays, and in general of the heavy flavour
physics, at much higher precision than today is fundamental to over-constrain the theory
parameters, and in particular the CKM scheme, that is a crucial ingredient for the SM
and for any new exotic theory, which must include the flavour structure.
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Acp(t)(DO—h+h-) h=K,m

Because of the slow mixing rate of charm mesons (x,y~10-2) the time-dependent asymmetry is
approximated at first order as the sum of two terms:

Acp(h™h™3 1) = AL (Wt h™) + Amd(h+h )

1 ' |

i ind (7,+ _Tlcp a1_1»P
A%ler(thh_) = Acp(t = 0) A¢p(h™h~ [ ( ‘p ‘ ‘ )Cosgo
_NAD@ = )P = |AMD — kTR )P —X( g|+ I” )smso]
|AMD° — hth >+ |AD° — hth)|? D q ‘

The time-integrated asymmetry is then the time integral of Acp(t) over the experimental observed
distribution of proper decay time D(t):

Acp(h*h™) = ASE (R h™) + AS(h* 1) j L (i

{t)

= AL (" hT) + AR RO,
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Decay time bins

s 2000 £ T
'S 1800 F =
5 1600 =
1400 E =
1200 F 3
1000 :
800 F =
600 - 3
400 _; d
200 E t(D”) = — =1d| :

30 approximately equally populated bins in the range
[0.6Tp,201p]. Events in the region [0,0.6Tp] removed to
avoid large asymmetries due to the very low efficiency.
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DY K-t correction weights

nt(k,0.,0,)
n~(k,—0,,0,)
0y vs. Oy 0y vs. k

0 010203040506 0.7 038 0.

k [c/GeV]

Weights of 2012 Down subsample.
Note: Ar independently measured in each subsample and weights

are separately extracted by its own subsample.
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Time-dependent CPV in D°—h*h-

AP(K+K_) = (—0.30 &= 0.32 4 0.10) x 10~3 arXiv:1702.06490 [hep-ex]. Submitted to PRL.
+o—) —3 .

AF(TF 7 ) = (0.46 + 0.58 £ 0.12) x 10 < 2 LHCII) D0|—> K*[I(_ |_+_ Data ]

= 1k — Fit 2

Precision approaches the level of 10-4. No evidence for R - b 4 —
CP violation and improve on the precision of the 0= ¥ & SRR s = B
previous best measurements by nearly a factor of 2. I S T R
0 2 1 6 3 20

Assuming that only indirect CP violation contributes to Ar, — 22— ,,f/TD
the two values, can be averaged to yield a single value: % { E LHCh D' — nfm +- ?ata E
s — Fit .

Ar = (—0.13£0.28 +0.10) % 107 R + + R EREEEEES =

b Ty -t * _C

Consistent with the result obtained by LHCb in a muon- : :
tagged sample [JHEP 1504 (2015) 043], which is T T T T
statistically independent. The two results are therefore t/7p

combined to yield an overall LHCb Run 1 value: _
Most precise measurement of

Ap = (-0.29 £0.28) x 107 CPV in the charm sector.
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Time-integrated Acp(DY—K*K")

Full Run 1 data sample (3fb-1).
DO flavor inferred with strong D**—=D®1" decay chain. Phys.Lett. B/67 (2017) 177-187

O\ 1
CPV in calibration channels assumed negligible =os- Auncv. . LHCH |
{ . semileptonic .
Acp(D°® — K~K™) X LHCb, ...~
= Araw(D® > K"KT) — Aaw(D® > K~ ™) ‘Mg LHCD
=

+Aaw(DT = K wtat) — Apaw(DT — Ko7 )

+ Ap(KY).

Acp(K~K™) = (0.14 + 0.15 (stat) £ 0.10 (syst))%

A combination with other LHCb measurements yields |
—0.51 : ~
I 1 1 1 1 I 1 1 1 1 I

Acp(mr~ ") = (0.07 £ 0.14 (stat) = 0.11 (syst))% —0.5 0 0.5
& A cp(7m ) %]

Acp(K~K™) = (0.04 +0.12 (stat) & 0.10 (syst))%

Most precise measurements from a single experiment. No evidence of CP asymmetry.
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Time-dependent CPV in D’—h*h-

Because of the slow mixing rate of charm mesons (x,y~10-2) the time-dependent asymmetry is
approximated at first order as the sum of two terms:

Acp(hTh™; 1) = AYL (Wt h™) + ALS(fohe) Al — e
Aind (j* Mcp ga1_|» q p . defined as the asymmetry
p(h™h™) = > [y( D q )COSQ"_ x( > ‘ E ‘5 )Sm90] between DO and antiD®
CPV in the mixing |a/p| = 1 CPV in the interference @+ 0,1 effective lifetimes

Neglecting subleading amplitudes Ar is

independent of the final state f. Furthermore, in arXiv:1702.06490 [hep-ex]. Submitted to PRL.

. MagDown 2012

g . MagDown 20121
100F N

DO flavor inferred with strong D**—=D%1* decay.

: . . _ : <103 10°
the absence of CP violation in mixing, it canbe ¢ F————"——— ~:mof+D_
. > 300F  LHCb — Data e % i LHCb ata
found that Al_ = _X S|n¢ _> |Ar|£|X|<5X1O_3. é) 250:_ _Fit(XZ/ndf=1.40)_: E 80:_ _Flt(Xz/ndf 088)_
g 200§D0 SKK[D Signal 1 8 onn || Signal
52 3 I Random pions S 60 -Random Pions
Full Run 1 data sample (3fb-1). 3 150f P
@)

s0F
Subsample [106] D= K 7ot D' KTK~ D= n'trn :

ok

2011 MagUp 10.7 1.2 0.4 012 14 e s 130 182 1S 0% 142 144 146 148 150 152 154
2011 MagDown 15.5 1.7 0.5 i e 4’" [MGV/C,_?
2012 MagUp 30.0 3.3 1.0 3 %WWtW% = 2F
2012 MagDown 31.3 3.4 1.1 13 £ oF" H b ot
Total 87.5 9.6 3.0
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Charm mixing and CPV in
DY Kt (WS/RS

Time-dependent measurement of the R(t)=WS/RS(t)

'+y2 '+32 2
/ t X —|— t
N~~~ ~ T J/ (- 4 T J
DCS . g Y
interference mixing
x' = xcos kx4 Yy sin Ok y' = ycosdkr — XSin dkn

Full Run 1 data sample (3fb") .

Use Doubly-Tagged (DT) D* decays
(B=D* 'y X—=[D°n'JuX,D° —Km) resulting in
a very pure sample.

Much lower statistics than “prompt” decays
(D**-D°",.D° —Km), but it covers a
complementary region in decay time.

Events / ( 0.05 MeV/c?

)

~
(=
S
(=
(=]

Wrong Sign
DCS

DO

Mix CF
ljo./

arXiv:1611.06143v1 [hep-ex]. Submitted to PRD.

60000 E— LHCb
- (a)

T T T

® Data _;

— Fit —]

' . Background = —
1.7x106 RS -

r

N OB
TTTITTITITT T

[T .ﬁlllll bl
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700

600

500 F
400 F

300 F
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Right Sign

CF

Right Sign CF dominates K_ +
the Right Sign decay amplitude T

Mix DCS

;_ LHCb
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Charm mixing and CPV in
DY K*rt(WS/RS)

« R'(t) and R{(t) for initially produced D° and antiD® mesons. R(* = RE +\[REy* (L) + (X/i)QZ(yHE)2

DCS ~~ 7N ~~

interference mixing

* Direct CPV occurs if Ry # Ry -

6F =

. CPV in mixing and interference occurs if X "#x’~ and y’ =y’ . 5 =
T sE E

Parameter = DT + Prompt Prompt-only ~ 4 t Prompt =

All CPV allowed S t Doubly Tagged

RE[1077] 3.474 + 0.081 3.545 + 0.095 S * E

(T)°[1074]  0.11+£0.65  0.49+0.70 ssE- 3

/' T[1073] 5.97 £1.25 5.1+1.4 o S E

R;[1079] 3.591 4 0.081  3.591 4 0.090 = 4sE E

. B — No CPV E

(z'7)7[1074]  0.6140.61 0.60 & 0.68 0% ol No Direct CPV 3

Y~ [10-] 4.50 £ 1.21 45+14 vEr AILCPV allowed 3

X2 /ndf 95.0/108 85.9/98 ~ 0oE Dol_ﬁlo | :

% 04F e

P g 02 % {'frl } _{_ e —E

World best measurement of charm mixing parameters. Results ST .
consistent with conservation of CP symmetry. Precision improves od—oié—% f 3
by 10-20% wrt prompt-only data sample. . 181226 g | :10
t/T

‘44 01 paniugns “[xe-dey] [AS190°L L9L AlXIE



Still on CPV hunting: D*g—n'm*

Y
First time measurement of CPV in charm with neutrals at LHCb. T+
TI'+
Full Run 1 data sample, N(D*)=63k and N(Ds")=152k. o
Measurement with respect to reference channels in D" .-
order to cancel production and detection asymmetries. W\ ..
* bachelor pion
Acp(D* — n/'n) =~ AAcp(DF — /7)) + Acp(DF — Kl77%). anti-p

ACP(D;E — 77/7'(:':) ~ A.ACP(D;t — 77/7Tj:) + ./4(]]]3(D;t — qbﬂ'i).
arxXiv:1701.01871v1 [hep-ex]

% 8000 % 8000
c >
= =
Acp(D*F — n/'n®) = (—0.61 £ 0.72 £ 0.55 £ 0.12)%, 6000 S 6000F
Acp(DE — n/'n%) = (—0.8240.36 = 0.24 £ 0.27)%, £ 4000 £ 4000
e e
. L S 2000 S 2000
Most precise measurement of CP asymmetries in X
D+s—n' T+ decays to date. Previous measurements 2?- NS
. 0 OFf
at ete- machines error>1%. 2 _ 2f
1850 1900 1950 2000 1850 1900 1950 2000
m(M 7 [MeV/c?] mM 7 ) [MeV/c?]
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| HCDb Trigger (Run 1

40 MHz bunch crossing rate

~> >, <>

L0 Hardware Trigger : 1 MHZ

readout, high Er/Pr signatures

rSoftware High Level Trigger
29000 Logical CPU cores

Offline reconstruction tuned to
trigger time constraints

Mixture of exclusive and inclusive
\___sSelection algorithms -

> O I

5 kHZ Rate to storage

2 kHz
Inclusive/
Exclusive

1 kH=z
Muon and

2 kHz

Inclusive
Topological DiMuon

A
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