Overview of the CP violation
and mixing in the charm sector

Evelina Gersabeck

Ruprecht-Karls-Universitat
Heidelberg

on behalf of the LHCDb collaboration
with results from BELLE, BESIII,
BaBar and CLEO-c legacy data

FPCP, Prague

June 2017
UNIVERSITAT C
HEIDELBERG
ZUKUNFT
SEIT 1386




Outline

® Mixing and CP violation basics

® Flavour factories

® Mixing and CPV in D?—K*TT- decays

® |ndirect CPV in charm (Arand ycp with DO—=h*h())

® Direct CPV searches in two-body D°—h*h- charm decays

® Direct CPV searches in other two- or three-body charm
decays

® Direct CPV searches in multi-body charm decays
(DO m)

® Conclusions and prospects

UNIVERSITAT

EEEEEEEEEE

Qo E.Gersabeck, Overview of the CP violation and mixing in the charm sector

Lt



Outline

® Mixing and CP violation basics

® Flavour factories

® Mixing and CPV in D= K*TT- decays

® |ndirect CPV in charm (Arand ycp with DO—=h*h()-)

® Direct CPV searches in two-body D°—h*h- charm decays

® Direct CPV searches in other two- or three-body charm
decays

® Direct CPV searches in multi-body charm decays
(D=t )

® Conclusions and prospects

3
UNIVERSITAT
DR E.Gersabeck, Overview of the CP violation and mixing in the charm sector



Mixing parameters

Mass eigenstates Flavour eigenstates
Assuming CPT symmetry, the physical J & S
eigenstates can be expressed as a M1 2) = p|]\/[0> + q|MO>

superposition of the flavour eigenstates

with complex coefficients p,q satisfying p|I*+|q|* =1

The transition probability

2
e " (cosh(yI't) — cos(zI't))

_ 1 q
0 /.0 — _|L
P(M° = M, t) = lp

dimensionless

AFEFQ—Fl' AmEmg—ml

Width difference Mass difference
. — Lifetime difference — Oscillation .
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CPV in K,B,D mesons

CP symmetry applies to processes invariant under the
combined transformation of

charge conjugation (C): exchange of particle and anti-particle
and parity (P): spatial inversion

CP symmetry conserved in the strong and the EM interaction

® CPV discovered in weak decays of .. oo i oo
strange and beauty mesons charge—| %5 U % C % t
containing quarks from the down "% & &

name- up charm top
sector
4.8 MeV 104 MeV 4.2 GeV

® _ ? v -1/3d -/3 -3 b
What about the up-sector! ¥ i v, S v,

8 down strange bottom

e . L L ch
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Charm

® Charm is unique: only bound up-type quark system
where mixing and CP violation can occur

d S b
S ( Vo s oy
No CP violation at -= A AZ(p-in)
first order: - P
imaginary part ow S 14
V4 very small AX(1=p-ing) - AX -idd'n |

\

® Making precise SM predictions in the D-meson sector is
difficult
e Perturbative QCD valid at energies >> | GeV
e Chiral perturbation theory valid between 0.1 GeV

and | GeV
e D%mass = 1.864 GeV |,
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Types of CPV

The symmetry under CP transformation can be violated
in different ways: Present if As is not equal to |

- gA7 q||Ar| i
f = A T _nCP o 14_ €
pPAf PliAf
A7/Ap| # 1 lq/p| # 1
direct CPV CPV in mixing CPV in the interference
depends on the The transition probability of @, the CP-violating relative

particles to anti-particles compared phase between g/p and Kf/Af is

decay mode :
4 to the reverse process differs.

non-zero

The indirect CP violation is independent of the decay mode.

It involves neutral particles

! b
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Nucl. Instrum. Methods Phys. Res.
Sect.A 479, 117 (2002)
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Mixing in doubly-tagged D%—K*TT- decays (3 fb-')
P\/ﬁ B
ratio of WS X :N';X

Measure the decay rates of to RS decays

. N /2 12 t
WS to RS events: two paths R(H) ws(t) Rd‘|‘ Rt + +y . )2
to reach the final state Nrs(t)

mterference mlxmg
mix RS/K nqlc;( W%

Phys. Rev. D 95,052004 (2017)

~ 70000 o =
L ElHeb 2 OF
> 60000 @ > E
S = S 600 -
[ V) —
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n a L
~— : ﬁ B
§ 30000 - S 300
M - ) -
20000 200
10000 — 100 -
4E = 4E =
2E : : — 2E . : =
©TE N T 255 N e i © TE PRSI s S v
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4_2; : — "' = <_2: °* . = =
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How do we identify the flavour of the neutral D mesons?

h h =TTt or K*
Prompt charm:
PV D points to primary vertex
i\g,\ Daughters of D don’t in general
soft T h

The flavour of the initial state (D°,D°)
is tagged by the charge of the h
soft pion or the muon

Secondary charm: /

D doesn’t point to PV > |

B
If B—D**(—=DO11*)pu*V: PV ﬁ | cm -
doubly-tagged decays P
low mistag rate
lower statistics

non-zero impact .,
parameter

) 12 Vi
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Prompt vs secondary decays

Reconstructed prompt D? decays = 3x muon -tagged D° decays
More efficient triggering for secondary decays

Small IP parameter for prompt decays; larger for muon-tagged
decays

Smaller flight distance for prompt decays; larger for the muon-
tagged decays

Different decay-time acceptances

—~ 1

T TP TR LI SRR
E o ?LHCb simulation — IB,ro'nzt o Convolution of (decay time x
2 08F ~ 4 :

£ -k { i time resolution) and acceptance

N Decay Time (ps)
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Combined LHCDb results Pvi\:?\ +
soft "

® Combined fit using two independent data PV B
samples (no CPV, no direct CPV, ) % N
A + ]
® Double-tagged (DT) sample 6 I LI _:“
e Prompt sample PRL | 11,251801 (2013) ik :
= a5 =
® Precision improves by 10-20% when adding DT % & t Prompt =
data (25% of signal) 32;_ t Doubly Tagged :;
All CPV allowed o E
R}[1077] 3.474 +£0.081  3.545 4 0.095 55E E
(2't)*[1074]  0.114+0.65  0.49 + 0.70 P * E
y' (103 5.97 £ 1.25 5.1+ 1.4 ~ F ey E
R;[1073 3.591 +0.081  3.591 + 0.090 3‘5‘;‘ .- No Direct CPV 3
(/-)°[10~4]  0.61 +£0.61 0.60 & 0.68 £ AlLCPV allowed 73
y'~[1073 4.50 +1.21 4.5+ 1.4 08" 5
X2 /ndf 95.0/108 85.9/98 A ;
— 0.2F =
. . v, OF -
® Gain from complementary decay-time coverage, -0z :
and higher signal purity. “:8;;‘;
No evidence for CPV in mixing or decay A s Do
14 Phys. Rev. D 95, 052004 (2017)
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Mixing parameters with D%—hoT1T* 1T

C e
DO— 11017+ 17- BaBar U

PhysRevD 93 (2016) 112014 -yl

- Time-dependent Dalitz plot analysis:
unbinned logL fit to (¢, s(TT"TT9), s(TT*11°))
x = (1.5%£1.2+0.6)%

y = (0.2+0.9+0.5)%

DO— KsTr* 11" LHCb (1) ({6
JHEP 04 (2016) 033

- Model independent technique: uses
info from Cleo-c:yields Tiand strong
phase differences Adp, in Dalitz bins
x = (-0.86%0.53+0.17)%

y = (0.03+0.460.13)%

- The way to go in the future!

Dalitz modelling adds irreducible
systematics!

BESIT

DY— Kstr*11- BESIII
preliminary at CHARM & others
« Quantum correlations in
P(3370) to tag D flavour and CP
- Obtain ¢i = cos(A0D;) and

si = sin(AdD;)

 4x Cleo-c statistics

- Fundamental for the GGSZ
method for Y - uncertainty due
to cj, sican be halved with the
existing statistics

2.93 fb! @3.773GeV @ Mocel predictio
. 15 = ® BESIII

B ¥ CLEO-C

(R lfl.l‘ l:L- ZIL c‘.b ‘ ‘3.0 .
m? (GeVeY
BaBar 2008 optimal binning
CLEO, PRD 82 (2010) 112006

|5
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Outline

® Indirect CPV in charm (Arand ycp with D—=h*h()")
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Ar: Indirect CPV in D°—h*h- decays

PV
Comprises CPV in mixing and in the interference i\g\soff m

Ar = Ncpr[1/2(Am +Aq)y cos® + x sind] = -acp™

Am - CPV from mixing  Aq4- direct CPV  CPV phase ¢  x,y - mixing parameters

Time dependent: Measure asymmetries of effective lifetimes of decays
to CP eigenstates

IAr=[T(D° = h* h") = T(D® = h* h™)] / [T(D° = h* h") + T(D° = h* h™)] |

Universal: does not depend on the decay mode
SM predicts Ar< 10* Enhancements up to | order of magnitude are

possible in BSM models
Large Ar or final state dependence will indicate NP

2 independent analyses using different approaches

Pseudo Ar (using CF DO—KTT decays) is a null test of the methodology
|7
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Indirect CP violation in D°—h*h- (1fb-!+2fb-')(unbinned)

Measurements use prompt D?—=K*K- and D= T1*1T- decays (| fb-'+2 fb-)

Fit the asymmetries between the decay times in 2 two-stages fit involving
m(D%) and Am (= m(D™) - m(D9)); then fit D° decay time and In(IPy?*c°)

Ar(K*K) = (-0.14£0.37£0.10)x 1 0-3

Largest source of systematic

Ar(Tl'+Tl") — (0 14+0.63+0 | S)X 103 uncertainty: modelling of

secondary backgrounds

PRL 112 (2014) 041801

Lt LHCb

".""L | o Z002f
O_— Prompt signal M + t\+ O_ Prompt signal

Asymmetry between D°/D° data overlaid by the

total unbinned maximum likelihood fit
‘ OnT E.Gersabeck, Overview of the CP violation and mixing in the charm sector 18 @gbﬂ
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Indirect CP violation in D°—h*h- (3 fb-')(binned)

® Correct for detector non-uniformities and presence of

secondary decays

e Split data in bins of D° decay time; extract yield by fitting

Am (=m(D™) - m(D?%)

® Extract Arvia a linear fit for background subtracted events

dN(t,DP ) — dN(t, Drec)

11!)9ec(:t) 115?“(75)
 dN(t,DY) +dN(t,D...)

Ppe, () +Tpo (2)

A-.c.w (t) =

® Direct CPVY, production and detection
asymmetry are not time-dependent

Largest source of systematic
uncertainty: peaking backgrounds

Ar(K+K~) = (-0.80+0.32+0.10)x103

Ap(m+77) = ( 0.46+0.58+0.12)x1073

UNIVERSITAT I 9
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Overview of Ar

HFAG-“h-"rrn Illllllllllllllllll

CKM 2016

Belle 2012 i} * }I

Combination with
statistically independent
muon-tagged charm decays
results on 3fb-! available in

JHEP 04 (2015) 043 LHCD 2015 g | o]

AF — ( _029i028)X1 0 LHCh 2016 D** tag )—'—‘

BaBar 2012 ‘ o

World average H

Best precision asymmetry measured in B S e
the charm system done by LHCDb! AL (%)

20
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-0.030 = 0.200 = 0.080 %

0.088 = 0.255 = 0.058 %

-0.120 + 0.120 %

-0.125 = 0.073 %

-0.013 = 0.028 = 0.010 %

-0.032 = 0.026 %
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Arand ycp from BELLE and BESII]

BES Il PLB 744 (2015) 339 BESTI Belle PLB 753 (2016) 412 @

Quantum-entangled pairs Final data set
CP-tagging technique: Simultaneous fit to Do = K-TT+,
» CP tags(K*K-, T0*11-, Ks 0110, K5 TT%, K51, Do—K-K+and De— TT- 1T+
Ksw) vs flavour tags Kev and Kpv Fits in bins of cosO*

CocriCon. Toen Teps yee = (1.11£0.2210.09)%
Yer ® i(r;;g oo " Trer +FZ:_) A = (-0.03+0.20+0.07)%

Assuming no direct CP violation,
yer = (-2.0£1.3+£0.7)%

New preliminary results
CP tags(K.11% KsT1°) Vs flavour tags Kev

yer = (-0.98%2.43(stat.))% 3 4 65 o s k
cos 0 CoS

See the talk of 0* polar angle of Doin CMS with respect to the direction of e+
Xiaokang Zhou for details ) in case of no CPV y—YCP

. e E.Gersabeck, Overview of the CP violation and mixing in the charm sector %bg
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Outline

® Direct CPV searches in two-body D°—h*h- charm decays
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The CP asymmetries

Measure the time integrated asymmetry in the SCS
decays DY—hh decays (h=K or T1T)

r(D°— f)-1(D° - f)

(
A U= (o7 = f)er(5 = 7)

But Acp this is not what we measure.VVe measure

) f=f=KK

o (M= D ()N =D ()
T N(DT =D (f)m )+ N(D” = D°(f) ;) f=f=na

where N(X) refers to the number of reconstructed events of

decay X after background subtraction

We measure the physical CP asymmetry plus asymmetries due to detection effects and production

Araw =IA\CP + Aproduction + Adetection

23
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AAcp

Main experimental challenge: separate the asymmetries
nuisance asymmetries ~O(1%)

Araw =IA\CP T Aproduction T Adetection

if we take the raw asymmetry difference:
experimentally more robust

ISt

order

A=A, (KK)-A,, (7r)= A (KK)-Acp (7o)

AACP muon-tagged = (+0.14 £ 0.16 + 0.08)% % - ,<

JHEP 1407 (2014) 041 "

PV D** DO
AACP prompt - ('0. I 0 i 0.08 i 0.03) % ‘ ;:;SOH‘ m
s Phys. Rev. Lett. [ 16, 191601 (2016)
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Individual asymmetries: use CF decay control
channels

Araw(KTK™) = Acp(KTK™) + Ap(ws) + Ap(D*)

D** DO

PV
i §< ;soft m

K—

_&_ - e 7T+
Dt

xt

*— <
D+ =5

— Ap(KTK™) = Aaw(KTK™) — Araw(K—7%) + Araw(K 7t 7t) — Araw (K7 ) + Ap(K?)
. Phys. Lett. B 767 177-187

OnT E.Gersabeck, Overview of the CP violation and mixing in the charm sector %%



Acp(h™h™) results with LHCb Run | data

AcePompt(K-K*) = (0.14 + 0.15(stat) + 0.10(syst))% D*+ DO

PV
Combination with the prompt AAcp measurement i §:;soft m

AACP — ACP(K'K+) - ACP(TI"1T+)
~Aacpd(1+ycplt)/T) + acp™A(t)/T Phys. Lett. B 767 177-187

— I I I I | I I

AcpPomPHTTTTY) = (0.24 + 0.15(stat) £ 0.1 (syst))% =05 EALHCD, 1 iagges  LHCb _

LHCb

comb

D*+

| | | | | | | | I
Most precise measurement of charm time-integrated . 0 0.5

CP asymmetry Acp(r ) [ %]

E.Gersabeck, Overview of the CP violation and mixing in the charm sector %bg



HFLAV averages including the latest results
Compatible with no-CPV in the charm sector at 9.3% CL

0.015
A BaBar O no CPV
Summer 16 Belle | BaBar
0.010 k- CDF KK+7m Belle
LHCb SL KK+77m - - - CDF
LHCb prompt KK 1 LHCb
LHCb prompt #r
0.005
S0
<O
3
-0.005 F = _
o
o £
o
o
—0.010 O
T
-
Eontours coﬁ
—0.015

—0.015 —0.010 —0.005 0.000 0.005 0.010

nd :
Acp acpind = (0.030 + 0.026)%
Aacpdr = (-0.134 + 0.070)%

2(KK) - Acp(rtm)
N1 +yep 0 /t) + acpP™ A v /1

- 27
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Outline

® Direct CPV searches in other two- or three-body charm
decays
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Direct CPV search in D* o —=n'n* (3fb')

arXiv: 1701.0187 | submitted to PLB Data sample: 63k D* and 152k D*

L 8000~ LHCh ) 1 % 80001 Lhch © (b) ] Control
E . Dgy—onm ] g Dy,—n=x \ ]
o1 6(XX) = o~ 6000 - D+_’K 0n+
- [ 1 < I | S
£ 4000 1 2 4000} L,n+n—
v > . c -
5 . | 3 |
O 2000¢ O 20001 D_*— ¢
[ . i
> . 1 = —tr B _: L K+K_
0 . : _
1850 1900 1950 2000 1850 1900 1950 2000 1
m(n' 7 [MeV/c?] m(M ® ) [MeV/c? Yes, we carn dO Y .

® Usual strategy: Subtract detector asymmetries using control channels

s
ACP(I)I - 77'" | ) = Araw(Dl - Tf"" )—Araw(D' — Ks?.’ } )"'ACP(I)| - Kgﬂ'* )+Amu:(K2)

ACP(D: — 77'7"_) = Ara.w (D:- — 17’71’—) - Araw{D.: — MT) + AC’P(D: — W+)

Fit m(n‘m*) to extract Control channel External input
raw asymmetry asymmetry (DO, Belle)

(-0.61+0.72+0.55+£0.12) % Consistent with CP conservation
(-0.82 +0.36 + 0.24 + 0.27) %

Most precise measurements to date of these variables
. :E'KDEQL;B;ERG E.Gersabeck, Overview of the CP violation and mixing in the charm sector %bg



Complementary searches in two- or three-body decays
D** DO

PV
ot B D* = Ky e*Ve

D%— KsKs Belle PRD 92 (2015) 112008 BESII
CONF-1609 ArXiv 1609.06393 Acp(D*) = (-0.59 £0.60 =1 48)%

- Interference with NP amplitudes could

lead to large nonzero CPV. Upper SM limit See the talk of
|.1% @ Nierste & Schach Phys. Rev. D92, Xiaokang Zhou for details

054036 (2015) D* — Ks K*(T1%) BESIII

Acp = (-0.02 +1.53 £0.17)% arXiv:1611.01256

- To be compared to the recent LHCb Acp (%)

JHEP 10 (2015) 055 _

Acp= (29 £52222)% P EETNERTRY S 1528+ 1.6
1.4+40+24

D%—=Vy Belle Vafrghzsi |$Iabu
Phys. Rev. Lett. 118,051801 (2017) Il

-Radiative decays sensitive to NP
(chromomagnetic dipole operators)

3032412
-09 =41+L 1.6

Most uncertainties still O (%)
Acr(D°—K*y)= (- 0.3 2.0 £0. 0)% Still room for NP

Acp(D°— pY)= (5.6 £15.2 +0.6)%

. e E.Gersabeck, Overview of the CP violation and mixing in the charm sector %bg




Outline

® Direct CPV searches in multi-body charm decays
(DA | 4 | 4 1 48 1 9
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Multi-body decays and local asymmetries

® Many ways to reach multi-body final states through
intermediate resonances

® | ocal asymmetries potentially larger than the phase space
integrated ones

® Model-independent: Discover CPV

Look for asymmetries in regions of phase space by “counting”

® binned (X? difference method)

Stat. Comp. Simul. 75, Issue 2 109-119 (2004),
Nucl. Instrum. Methods A537, 626-636 (2005)

® unbinned (Energy test, KNN)

® Model-dependent: Origin of CPV

Fit all contributing amplitudes and look for differences in fit

pa rameters 3
:E'KDEQEB;ERG E.Gersabeck, Overview of the CP violation and mixing in the charm sector %bg




LHCDb signal sample of D°—=mt*mn*m- decays

PV
i\g\‘soft m

® Pion tagged D decays
s Phys. Lett. B 769 345-356

° D*+_’D0Tl's+ 180_ l E
(g 160 - LHCb ‘H 2012 _
. . Z 140 F . 3
® ~|M signal candidates 2 ok t o Sigml
— : lr B Background :
. < 100 L -
® Purity ~96% = sl |~ :
g 6of :
® Use all LHCb Run | sample 2 a0f
< 20k
e 2011+2012 0k
140 145 150 155

Am [MeV/c?]

® Previous LHCb DO— Tr*TT~TT*1T- analysis using 201 | data, with
binned approach, and P-even observables PLB/726 (2013) 623

33
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http://www.sciencedirect.com/science/article/pii/S0370269313007284

Unbinned method: Energy test

Energy test: unbinned sample comparison used to assign
p-value for hypothesis of identical distributions (= no CPV)

(nl_ - Z W (AT;;) + (n 5 Z W (AZ;) — 'rin Z b (AT)

i,7>>1 i,7>1

Test statistic T ~

® Compare average pair-wise distance in Dalitz plot between: all D°
events; all DY events; all D? to D events

® no CP violation = T=0 First application of the method for a CPV search

in DO—TT-Tr*T1° PLB 740 (2015) 158-167

® CPasymmetry = T>0

e For 4-body decays, introduce triple product C; as parity sensitive
variable

C, = p(,) - [ p(m,) x p(7,)]

e Analyse different flavours and signs of C+ regions

34
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Direct CPV searches in D= t*trt*t decays (LHCDb)

@ gzg LHCb o)
P-even 70 {1 P-odd
- 60 E
= 50F =
p-value: o { p-value:
(4.610.5)% i 1 (0.6x0.2)%
\\\\\\\\é 1(0) A w\\\\\\\\é 2.70
4 6 -2 0 2 4 6
Tvalue [10°] Tvalue [10°]
x10° PR x1|03| : ———
& [T 7 T T ] — R ] i2)
=16 @172 3" @373
P-even test S 14f ps O 22 P-odd test only marginall
S 12 S
. . S 12} s 2 2 . .
consistent with CP S ok g Sy (1)53 consistent with no-CPV
B 0.5 & gf o .
symmetry £ - I G hypothesis
S Of ) =R
g 4 ) § 4 -2
2 3 2 3
ot 0
05 1 15 0.5 1 1.5
m(m,7,7,)[GeV/ 2] m(m,,7)[GeV/ 2]
@18?}0'3| T T AL B —
Z @ |TE z ® 475
0] ] ]
2 14; 1.4 c% g 14; _ 2 %
S 12t 12 2% b=
= 10} WE 3% 12
2 8 e =8 1 &
3 o W =9 i B
(C.)% 4; 182 S 4 182
- 3 2r 7
p | & | 4. ... .il® Phys.Lett. B 769 345-356
04 0.6 0.8 1 1.2 04 0.6 0.8 1 1.2
m(mm,)[GeV/c?] m(,m,)[GeV/c?]
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D —411 and D= KKT1T1T With CLEOc legacy data

® Quantum-entangled states e*e =Y (3770)—D.Ds

® Tagging: K* e.g. Dy—K-e*V then D, = D°

CLEO-c legacy data

® 7k flavoured tagged Dpy—4TT candidates

T | ) - ‘é -~ 0.(3:— AL B R B L L L R B B L B '_;

/C@ 16 amplitudes selected E gi _ E oanf :

— Y Do ay(1260)F  fu I

L - — ' 2 0o @ F ;

o |¥(3770) - @ ‘ ’ 0m 22:_ :

— « ./ TagasD D — 7~ a1(1640)™ wf ok f

others eolp/ 7/ M anif- E

e P48 T ey PR, Sy ok E
& 0 Implied by K Xsp/v =1.4

b st
%" | 2 (o e — e 2
m{x* %) (GeVicY) min[m¥x* 1] (GeVicY) max [m¥x* 7] (GeVich)
P.d’Argent,... EG et al. arXiv:1703.08505

| 36 accepted for publication by |HEP
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Amplitude model and CPV search (CLEO-c legacy data)

£ [laiAiPde o= %
I ELIEE A
Decay channel i (%) Deca i (o . .
4 vy channel A ” Significance (o
D° — 7= [a1(1260)" — 7+ p(770)7] 381+23=32+17 . o cp (%) = (=)
0 =y 7— '21(I?60]+ —)‘r“”r.’] 02+14—-21425 NV — o— 31(l260) +47+26+43+24 0.G
00 s mt [2,(1260)— — == p(770) 31+06=05+00 D% — & 2;(1260) +1371138.08158 0.8
gg — 7t ?1(113206:): —+ 7~ ql g-g f 8-3 + (1); i g-‘f DY 3y x— x{1300)* 1.6+ 12.0 + 5.0 + 4.4 0.1
— T — . 1. A1 : \
00 o mt ‘;:((1303))— I 3.0+ 0.6 = 2.0+ 2.0 P? = m~ m(1300)~ —SE 1195256 1S 0.2
N° — 7~ [a,(1640)+[N] — =+ A(T70)°]  42+06—-09+1.8 N = r x(1640)" +8.6 1 17.8 1 16.0 | 10.8 0.3
83 — 7~ [a1(1640)F — w:c;] 24£07=11+13 DY 3y x #2(1670) 17.3+15.1+8.0+6.6 0.4
s [m(1670)F - 1270 2.7+0.6=0.7+0.9 . - i . .
00 o n- ':§§1570::+ gt cf]( ) 3510.6_0.8109 D% > & fo(1370) 1405403 59.3 5 1.3 0.8
D° — o fp(1370) 21.2+1.8=4.2+5.2 P% — o p(770)° +2.5+ 168+ 138+ 14.6 0.1
D° — o p(7T70)° 66+1.0=12+3.0 D% — p(770)° p(770)° 56150122110 1.0
DO[S] — p(110)? p(770)° 24=0.7/=11+10 DY 3 £(1270) (1270 28.3+12.3+18.5+0.7 1.2
DO[P] » p(770)° p(770)° 70+05=16+0.3  2(1270) £{1270) ’ : cE '
D[D] — p{770)Y p(770)" 82+1.0=17+35
0 ) e —
D" — £(1270) £(1270) 21+05=03x23 ar |’(D°—>7r+1r—1r+7r—)—l'(D°—>1r+1r— 1r+1r_)
Sim 1220+40—64+76 -ACP =

P.d’Argent,... EG et al. arXiv:1703.08505
accepted for publication by JHEP

Check the backup for D—=KKTTTT

(DO a+a—ata—)+N(DO—ata—atm—)

Npo—Np
= F2y2 = [+0.54 +1.04 + 0.51]%

AKKT™™ — [11.84 +1.74 + 0.30]1%

amplitude model and CP fractions results CLEO-c legacy data
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Outline

® Mixing and CP violation basics

® Flavour factories

® Mixing and CPV in D= K*TT- decays

® |ndirect CPV in charm (Arand ycp with DO—=h*h()-)

® Direct CPV searches in two-body D°—h*h- charm decays

® Direct CPV searches in other two- or three-body charm
decays

® Direct CPV searches in multi-body charm decays
(D= e 1r)

® Conclusions and prospects

38
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Conclusions

® |atest precision measurements in the charm sector at LHCb, BELLE,
BESIII, BaBar, CLEO-c legacy data presented

® CPVin charm not yet observed: All searches consistent with no
direct or indirect CPV - some only marginally

e |03 precision reached in direct CPV searches and 104 in the
indirect CPV searches

® no-mixing hypothesis excluded at >100 already with LHCb Run |
prompt data; different results agree well

® measurement of the mixing parameters x and y is urgent: BESIII
input is critical for precision measurements

® The key measurements are still statistically limited; systematics
reduces with statistics
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What comes next!?

® Several key LHCb Run | analyses still ongoing; LHCb Run Il
analyses ongoing

® Factor two gain in statistics seen with Run || LHCb data due to
trigger optimisation, and even more with the upgraded LHCb
experiment is expected

® More data from LHCDb and BESIII

e BELLE2 will start taking data soon

~
S
I

- :::lmtmana 1200 Fipcp LHCb ‘LHCb

: " : 2
. . . Complata datactor design toadasel — Phase-l Phase-ll )
Pro ect t|mellne | commissioning — o= 60—
j ceartructin bunmer2® S 1000 Upgrade Upgrade/ £ CE o o Bele 8 Goal
A w
=
- ~——— Collision rate § 40 2 2
. ~ 800 4 Production cross-section T sk & =
RED and = —— + Hadronic selection efficiency §‘"€ 205
detector design % 600 | £ 9
2012 = x10°% 105_ (| otal Bagpr+Belle Luminosity
Initial proposal @ 400} > g: , _
% § 6: SuperkKEKB Goa
© = -
o 200 §= 4
-4 =T
= ~ -§ € "L , KEXH Parform
oL L 1 oL — [ ————
2010 2015 2020 2025 2030 203 2018 2020 2022 2024
upgrade of inner tracker plan 40 ‘O
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CP violation

CP symmetry applies to processes invariant under the
combined transformation of

charge conjugation (C): exchange of particle and anti-particle

and parity (P): spatial inversion

S N

u

CP violation discovered in 1964 in weak interactions of neutral
Kaon decays by Cronin and Fitch

o

CP symmetry conserved in the strong and the EM interaction

The symmetry under CP transformation can be violated in
different ways 2
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Types of CPV: direct CPV

The decay rate of a particle to a final state f, Ay, is
different to the rate of the anti-particle decay to the
CP conjugate final state f, Az

Aj/Ar| # 1
Direct CPV occurs for non-zero Ad
Aa = (|Af? = Af1%)/(|Ag* + |Ag )
This type of CPV depends on decay mode.

UNIVERSITAT
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Types of CPV:indirect CPV

CPV in mixing (involves neutral particles)

The transition probability of particles to anti-
particles compared to the reverse process differs.

P(M°(t)— M°) £ P(M°(t)— M")

q/p| # 1

Occurs if;

Where p,q - complex coefficients relating the mass
and the flavour eigenstates

[Mi,2) = p|M°) £4q|MP)

44
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Types of CPV:indirect CPV

CPV in interference (mixing and
decay amplitudes can interfere)

Present if the imaginary part of As is non-zero

4A; q||Ar| ;
Af = =—Nep || || €
/ PAy pP||Af

p is the CP violating relative phase between q/p and Af/A,

It involves neutral particles

The indirect CP violation is independent of the decay mode.

y 45
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Neutral D mesons

The neutral mesons can mix into each other via:

d,s,b C u
C > S > p) 7 u \ /
o K 3 v / @\ g

(_l,g,F) u C

Short distance process Long distance process

® Mixing box contains down-type quarks
® No dominance of top mass as in B sector
® CKM-suppression balances the GIM suppression

= [ ong-distance effects are important (but difficult to calculate)

For neutral mesons, the mass eigenstates, i.e. the physical particles, do not a

priori coincide with the flavour eigenstates
46
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The mass and width differences for the neutral

A
-0.02-0.015 -0.01-0.005 0 0.005 0.01 0.015 002 -10 8 6 -4 2 0 2 4 6 8 10
Am ps’

Bs,L Bs,H
-3 -2 -1 0 1 2 3 -15 -10 -5 0 5 10 15
ps ps
N 47
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® Over 1000 lifetimes for | full oscillation
® Difficult to measure

= CP violation even more tricky to discover

48
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Mixing in D°—= K*TT- decays

Measure the decay rates of WS to RS events:

two paths to reach the final state

interference . \) /
N t t x + t

m|X|ng

ratio of WS
to RS decays

Mixing parameters

(:I!,) = ( cosh‘ Slllh‘) (:I?) A(}_)n >1{+ ) A(i)“ _> A-’-+-;_l—} — \/R_Dc—n‘i

—sind cosod Y
delta is the strong phase
between CF and DCS
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Yield extraction of doubly-tagged D%— K*TT- decays

® Use Run | data

® Doubly-tagged candidates
® |./M RS and 6.7k DCS candidates

® Fit m(D*) in 5 different decay-time bins

0 - ~ 70000 .
O — N, .
> n 2 LHCb ]
> = = 60000 () e Data =
= - = - .
o - '\ 50000 - — Fit —
= - S - ]
= - — 40000 - Background
g - 5 - [ . ]
E _F S 30000 - : -
> n > [ .
88 — [a [ b .
n 20000 - -
= 10000 F- 3
- . J, L_._,__. -
4E = 4E =
— : ] = 7 E _ . — : .. .:
o E e G e e 2 E RN S X %
— A TN, Ter 2= = TR PR YA 3
4_2 ; ..l 4 _.a. ; 4_2 = - : F) " : ;
-4 E 3 -4 E ) ) ) ) =

2000 2005 2010 2015 2020 2025 2000 2005 2010 2015 2020 2025
m(D’n,) [MeV/c?] m(D"m,) [MeV/c]

- 50 Phys. Rev. D 95,052004 (2017)

OnT E.Gersabeck, Overview of the CP violation and mixing in the charm sector

Lt



Mixing in doubly-tagged i
DO%— K*TT- decays

® Measure R(t) in bins of decay time:(*separate
signal and background) 3

o
b

| LLRN ALY LY LR LR LR
—

R*[107]
N

o 1

® flat: no mixing

® non-flat: mixing

: ST —NoCPV
® Efficiency-corrected data fitted to extract 34 ---No Direct CPV

under three hypotheses: 2 e Al CPV allowed

N
~
N LLRY RN LR LARY LLRY LAY o) LRl e

RT107]

e No CPV 0.6

v 0 S :
02 Eet . TLI'

+

0.4 ‘

-0.6

[V
IIIIIIIIIIIIII__IIIIIIIIIIII I

® No direct CPV (Rp* = Rp")

———
L,
—

® No evidence for CPV in mixing or decay I

(- L
?_h IIIIIIIIIIIIIIII Ll

L. L . Parameter Value
® Statistical uncertainties dominate No CPV

. . . . Rp[1077] 3.48£0.10£0.01
® Inconsistent with no-mixing hypothesis at 4.60 /2(10-1] 0.298 -3.10 £ 0.11

: _ : y'[10 3 4,60 +3.70 £ 0.18
(Reminder: Results exclude the no-mixing hypothesis ?le/ndfl : 6.3/7

at 9.10 already with 201 | LHCb prompt data)

) Phys. Rev. D 95, 052004 (2017)
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LHC & LHCDb
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Forward spectrometer at LHC

LHCDb is optimised for heavy flavour physics

e bb (and c€) production angles

- strongly correlated: heavily
e boosted in the forward or
backward direction

JINST 3(2008) S08005
Int. ]. Mod. Phys.A 30 1530022

= . B, [rad]

Forward acceptance 2<n<5
Precise vertex reconstruction )

RICH2Z pqg

Precise & efficient tracking
Excellent decay time
resolution ~0.1TD

Hadron identification: RICHes
Dipole magnet with reversible
polarity o
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Instantanecus Luminosity [10% cm? 51

—
o
=3

LHC Fill 2651

Run | performance

:\%lrlitantaneous

"j
>
= LHCb: Displacement of beams

- to optimize luminosity

I~ LHCb
[y S W"“\\

Beam 2 = _5:)
I @AL%MH
1 | I 1 | I VI 1 | p Bl

0 5 10 15 20

® |n total:

. 2010:37 pb' @ 7 TeV
.+ 2011:1 fb' @ 7 TeV
. 2012:2fb"'@ 8 TeV

Fill duration [h]
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Luminosity levelling unlike
ATLAS and CMS: uniform
operating conditions
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Charm production cross-sections @ 7TeV
in LHCb acceptance

All ¢ species produced at LHCb S}
o(D°) =1661+129 ub =
o(DT) = 645+ 74pub
o(D**)= 677+ 83 ub
o (D: = 197+ 31 |J.b m.};':tgﬁtl)fata T digl,
o(AF) = 233+ 77ub O e
pp1GeViel

® Cross section for cc in LHCb acceptance

2010 data
‘ 0(CC)pp<8CGaV/e,2.0<y<as = 1419 £ 12 (stat) £ 116 (syst) & 65 (frag) ub‘ Nucl.Phys. B871 (2013) 1-20

e ~5x10'2 D% mesons produced in LHCb acceptance in runl

® Huge statistics of prompt and secondary charm: worlds’ best

sensitivity to very small CP asymmetries

UNIVERSITAT 5 5
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Direct CPV

® Condition for direct CPV: IA/A|=
® Need A and A to consist of (at least) two parts: with
different weak (¢) and strong (0) phases

® Divide amplitudes into leading and sub-leading parts:

A(D—f) = C(1+rel®+®) ® C is the leading amplitude

A(D— f) = C(a+re®-4)) ® ris the ratio of sub-leading
over leading amplitude

® (P violation requires difference in strong (0) and weak

phase (P): B B
ace = (|A]>-| AP)/ (| A2+ AJ]?) = 2 r sin(d) sin(})

56
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CPV in decay: SCS D°—h*h- decays

Often realised by “tree” and “penguin” diagrams

Tree-level weak decay amplitude.
® involves the CKM matrix
elements
® Vi and Vs for DY = K*K-
® V,sandVcifor D° = TTPTT

One-loop amplitude (“penguin’)
® b-loop involves Vb Veb : tiny

® s and d loops: similar magnitude,

opposite sign

‘ OnT E.Gersabeck, Overview of the CP violation and mixing in the charm sector

DO

\

Vus ® -Ved = 0.22 gives the Cabbibo suppression

57
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What to expect!

Individual asymmetries are expected to have opposite sigh due
to CKM structure

(Ves Vit = VeaVi) (1 88) = Vip Vi (P T 30P) .

| =

A= xls  K'K )= T

Direct CP violation depends on the decay mode: can be
different for different final states

Expect non-zero AAcp = Acp(KK)-Acp(TTTT) result in presence
of direct CP violation

58
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AAcp

I'cp+

T T

Mostly a measure of direct CPV

The indirect CPV is expected to cancel but a small
amount could be present due to the different decay

time acceptance of the two decays

59
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Theoretical expectations

N

X 0.002

< 0.000!
T o002

(-

Q _o.00

SN’

.*.:%

- —0.006+
-

0.004

acpd’™ <102 within the SM

Enhancements up to |
order of magnitude
possible in some BSM
models

SU3 limit

~0.004

dir

-0.002  0.000 0.002 0.004 0.006

aCP(DO — )

Global fit of D->hh branching ratios to topological amplitudes
including linear SU(3)r breaking and |/Nc-counting

Muller, Nieste, Schacht, Phys. Rev. Lett. | 15,251802 (2015)
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Production asymmetries

Production rates of B® and B? (or D°and D) are not the

Same

gluon fusion, quarks combine with valence quark from the beam protons,

—_—

valence quark scattering, etc.

Example mechanism
\ g ¥
—
U

< .
Expected to be around 1%

b
b
u

*‘#\‘

o(pp — B) —o(pp — B)

ap = =
o(pp — B) + o(pp — B)

61

E.Gersabeck, Overview of the CP violation and mixing in the charm sector

Lt



Detection asymmetries ()

® Detector asymmetries

T (f ) t (7) Reversed magnet polarity
Ti field Tl-h 5
Negatively Positively
charged muon n—-&% charged muon
Positively Negatively
charged muon charged muon

]IDI

® Cancel left-right asymmetries by swapping dipole field

® But do not rely only on it (detectors move, alighment
changes etc. )

_A 62
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Detection asymmetries (| |)

® |nteraction asymmetries: e.g. K™ cross-section for
interaction with matter differs from K- cross-section

3 80 T T LI L L l_._l7t+p _;
= PDG —=+TDP -
—  70F -7t d
= “d -
2 -
15} N
L Z
s —_
2 -
) -
® .
—_ -
Q Z

g

10 10°

lab momentum [GeV/c]
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Cancellation of nuisance asymmetries

The detection asymmetries as well as the production
asymmetries depend on the kinematics of the decay

-

A (KT*)

.E,i'l"'l"'l"'l:l"'

||||||||||||||iih?‘il||n|m|||||||||||||

< —_
0-2E"\HEP 1407 (2014) 041 LHCb
0.8
1.6
Kaon p [GeV/c

0 T T T T ' v ' T
S 04

y: | [

EEEERY Y

1.4

1.8

_2 1 1 i 20 1 i 1 40 i i i 60

Ap,Ar (~1%) cancel to Ist order but it the decays are kinematically
very different there would be a residual nuisance asymmetry:
equalise the KK and TTTT kinematical distributions by re-weighting

n 64 b
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Strategy D*+ DO

PV
i §< ;soft ot

® 2 independent analyses using different approaches
® Binned analysis using 3fb-!

® Unbinned analysis using 2fb-'@ 8TeV, and a statistical

combination with the previous measurement using |fb-!
@ 7TeV

® Both analyses use pion-tagged D°
® Both methods have different systematic uncertainties

® Both methods have been validated by measuring a value
for pseudo Ar compatible with O

® Muon-tagged charm decays results on 3fb-! available in
JHEP 04 (2015) 043

65
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Unbined method: strategy

Analyse 2012 data only, 201 | data have been
analysed using the same approach Pru 112 2014) 041801

Blind analysis

Measure the effective lifetimes of D and D° decays

Empirically evaluating the per-event proper-time
acceptance

Two stage fit: first fit m(D°) and Am (= m(D™) -
m(D?)); then fit D° decay time and In(IPy?%p°)

66
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Example of the two-staged fit using D°— TTTT decays

PRL 112 (2014) 041801

W
S
=)
=)

4000

2000

Candidates / ( 0.33 MeV/c?)

—_
o]
=)
S

m(DVY)

I T T T I T T T I T T T I
e Data

— Fit

— Signal
— Random
---Comb. bkg

1840

IR |
1860 1880 1900
m(wt ) [MeV/c?]

DO decay time

—~ XIQ3 T T T T T T T
é 8 ;_ e Data
gg 7 é_ :[Jfl(jt) Fit
g 6E —— Prompt Signal
‘g 5 = e Secondary
= -
2 g o —— Prompt random
S 4 a R Sec. random g
3E - - -- Comb. bkg
2
L/ o T
O e - B R wEEE im=~ —— .
1 2 3
t [ps]
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Am

(9,
S
(=]
(=]

4000

3000

2000

Candidates / ( 0.04 MeV/c?)

—_
(e
(e}
(=)

LHCb

140 145 150
A m [MeV/c?]
In(IPy2p°)
g F | — 1 T T I E
S} N LHCDb ]
% 10° & E
3 - .
g i .
U - -
10° F E
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Example of the two-staged fit using D°— TTTT decays

PRL 112 (2014) 041801 -

Candidates / (0.02 ps )

Separation between signal, random slow pion
| background and combinatoric/specific backgrounds _5

m(DVY) Am

el e T, ittt A ST
1840 1860 1880 1900 150
m(mtt ) [MeV/c?] A m[MeV/c?]
DO decay time In(IP¥?n?)

x10° —_— .
8E | ol Data

= LHCb i .
E A Separation between prompt
6E —— Prompt Signal

- = Seconda:
sk o Seeondn and secondary decays

- rompt random It
4 ; —e Sec. random g
3E --- Comb. bkg
2P
1 PP T Illl
0 NPT = ] " - ] | 3

1 2 3 -5 0 5
‘Ips] InG, (D%)
E.Gersabeck, Overview of the CP violation and mixing in the charm sector %



Indirect CP violation in D°—h*h- (3 fb"')(binned)
® Analyse 201 1+2012 data, blind analysis

® Flavour tagged using the sign of the pion in the strong decay D™ —DOTr

® Split data in bins of DY decay time; extract yield by fitting Am (=
m(D™) - m(D%)

® Correct for detector non-uniformities and presence of secondary

decays PRL 112 (2014) 041801
35000~
| -+ Data LHCb :
. . o 230000 F — Fit (y2naf = 22) D0 > Kt
Assuming only |nq|rect contribution  g,5000 - Promp E
assumed to be universal, the average -S540k
o n
< |
Ar = (-0.13+0.28+0.10)x103 515000
10000
5000F

O:
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Candidates / (0.06 MeV/c?)

Pull

X“’)q I | | | | i 10"
. N B LR R [ s T T
i 1 L o100
2505 — Fil u( 2mdl = 1.40) f = R0 -
o N S !
200 C . Random pions ] = o0 i
150F t . A 5
i : i = 40
100[ : : il =
- 5 1 5 0
50:_ : H{ © i
0 , . . - 0 :
140 142 144 146 148 150 152 154 140 142 144

A measurement

Ami | MeV/c?]

Voo b ;

Tit (x2/ndf = 0.88)]
= Signal -
t B Rundom Pions

146

148 150 152 154

Pull

Am | MeV/c2|
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e Mixing parameter, if no CPV
Ycp=Y

E791 1999

CLEO 2002
I(D“ —>K':r*) | Ly Ly
Yop = =1=VCOSQ + —: N VCOSQ —— X Sin Jle 2
cp T(DO _}}l_h+) (p 8 m ()D 2 m ¢ Belle 2009

LHCb 2012

Belle 2012

Ballar 2012

BESIII 2015

World average

HEIDELBERG

IIIIIIIIIIIIIIIIIIIIIIIIIIIIII

I 0.732 = 2.890 + 1.030 %

3420 = 1.390 = 0.740 %

| | ~ -1.200 + 2.500 + 1400 %

|| ® F O0.110 = 0.610 = 0.520 %
ol 0.550 = 0.630 = 0.410 %
}.4 1.110 = 0.220 = 0.110 %

0.720 = 0.180 + 0.124 %

- | -2.000 = 1.300 + 0.700 %

—r—

0835 = 0.155 %

J_llllllllllIllllllIII|IIIHIIII|IIII|IIII|IIIIJJ
4 -3 -2 -1 0 1 2 3 4 5

Yop (%)
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Category

Systematic uncertainty|%)]

Determination of raw asymmetries:

Fit model 0.025

Peaking background 0.015
Cancellation of nuisance asymmetries:

Additional fiducial cuts 0.040

Weighting configuration 0.062

Weighting simulation 0.054

Secondary charm meson 0.039
Neutral kaon asymmetry 0.014
Total 0.10

Phys. Lett. B 767 177-187
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Direct CPV search in D* ,\=@n'm”

No CPV yet observed in any charm decays

Can strongly depend on final state

=> investigate more channels

CP asymmetries in decays to N’ poorly constrained — not yet measured
at hadron collider.

Small (<0.1%) in SM
Usual strategy: Subtract detector asymmetries using control channels

Main challenge: Background modelling.Main physics BG from D(s)*—=T11*
(1T 1T 1Y)
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Direct CPV search in D* ;= 1n't*: Method

r
ACP(I)| - 77'7’ | ) = Araw(l)l - ’7'7' )—Amw(l)I - Ks%’* )+ACP(D{ - Kg‘l‘l" )+Amu(K2)

Acp(D7 = 0'17) = A (D7 = 0'17) = Argu(D7 = 677) + Acp(D] — ¢17)

Y
Fit m(n‘m*) to Control channel External input
extract raw asymmetry (DO, Belle)
arXiv:1701.01871 asymmetry
submitted to PLB Data sample: 63k D* and 152k D*,
8000 T.IICh S — 9 8000— TIICh A g -
i ) - - bh) -
- Df_}_,—} n T A () - , D(g)—> nmx P b) -

600

Separate by magnet
polarity and collision
energy.

4000

Candidates / (2 .\1(:\’/(:2)
|

2000

Bin in N(TT), pt(17) to
improve cancellation of 2
detector asymmetries -2

1830 1900 1950 2000
mi(n ) [MeV/c?|
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Direct CPV search in D* ,\=@n'm”

® Main challenge: Background Bin in n(TT), pT(TT) to improve
modelling. Main physics BG from cancellation of detector asymmetries
D(s)* 1T (o211 117 T19)
arXiv:1701.01871 submitted to PLB

® Also gives largest systematic Source §[AAcr(DT)] S[AAcr(D,)
. Non-prompt charm 0.03 0.03
uncertainty Trigger 0.09 0.00
Background model 0.50 0.19
® Statistically limited Fit procedure 0.16 0.09
Sideband subtraction 0.03 0.02

.. . K asymmetry 0.08 =

e Additional Uncel’talnt)’ from Dé;) production asymmetry 0.07 0.02
external Acp(control) inputs Total .55 0.24

(-0.61+0.72+0.55+0.12)% Consistent with CP
(-0.82+0.36+0.24 +0.27) % conservation

Acp(D* = /™)
-ACP(Dsi — U'Wi)

Most precise measurements to date of these variables
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Multi-body decays and local asymmetries

® Many ways to reach multi-body final states through
intermediate resonances

® Resonances interfere and can carry different strong phases:
Superb playground for CP violation

Local asymmetries

e potentially larger than the phase space
integrated ones

e may change sign across the phase space

e additional information about the dynamics
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RG

Energy test

Compare two
distributions statistically

|ldea comes from the
calculation of electric
potential energy

+g and —g equally distributed,

e @00 © @ @ )

® o o ° @

oo .0 ®°0°% o
e @

¢ T, 0 e

- ® 9090 6

\Q GQQQ GJ

electric potential energy = 0
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Energy test

e Compare two e e ® o
distributions statistically e © @
o © @
® |dea comes from the ® -
calculation of electric - ® - -
potential energy \ @ © 9

+q and —q distributions different,
electric potential energy > 0
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Energy test

System — phase space (@ o ©® g ¢ A B
+q/-q — opposite o0 0o °® : B
flavoured decays ® © oo ®
G o - @

a8t . , , O -
Y(d;) = e %*°" - interaction potential G ¢ G ©0 @

—_— _O .
n, n:number of D°, D candidates

d; : distance in phase space

tunable parameter:

®_ =
\9/6 i 4

DO-DO 50 50 DO-DO
o ] 25
Test statistic: T— S d.
UEJM ”E:M ) m;jw )

UNIVERSITAT
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Energy test p-value

Phys. Lett. B 769 345-356
® C(Calculate p-value for no CPV

I LI I BRI I

' E60F LHCb prelimi -

hypothesis 5605 prelminary :

® Compare T-value from tested I :

sample (T;,) with T-values from no- 4F ;

: T

CPV samples 0 ° ;

® No-CPV sample from permutation iy :

of data: randomly assign flavour 10 .

tags OH.J.|."'ﬂ“m...|”

| | 1001 46

e p-value: fraction of permutation Tvalue [107]
T-values above T Large p-value, no-CPV
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New P-odd observables

In decays to four or more pseudo-scalars, there is the possibility
of using P-parity-odd observables for CP violation searches

® Four-body-decay kinematics cannot be described unambiguously
using only invariant-mass-squared variables, as these are all
parity even

e Introduce triple product C; as parity sensitive variable
C; = p(r) [ p(m,)x p(w,)]

e Analyse different flavours and signs of C; regions

8l
e , o L ch
Qo E.Gersabeck, Overview of the CP violation and mixing in the charm sector
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Detection / tracking / production asymmetries

® C(Cancellations occur due to method

® Verified with a control sample of Cabibbo-favoured
DO— K-TT*TT*TT- decays

® Split into ten sub-samples equal in size to signal mode

® Sensitive with neither P-even nor P-odd tests

® pH-value distributions for reference sample
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Sensitivity tests with Monte Carlo

® Performed for both P-even and P-odd tests

® Insert CP violation to simulated samples™, apply energy

test, determine the sensitivity

® Visualise significance of asymmetries by assigning per-

event T-values

® Highlight those >1,2,30

blue
. XIO3. R _ R
pti | | 14T
> | 6FLHCb © 3%
O _ fsimulation -2 2
o 14f <
S f Q
=) 12 1;5
N =
2 10 0.0
s 8f »
= 1
O 4 )

2k 3

of

1.5
m(7,m,7,)[GeV/ c?]

UNIVERSITAT

Candidates / (0.02 GeV/c?)

— e e e

Phys. Lett. B 769 345-356

R (partial wave) (AA, A¢)

p-value (fit)

ai — pow (S) (5%, 0°)

2.6777 x 1071

04 0.6

*Amplitude model taken from P. d’Argent, N. Skidmore ...
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0.8 1 1.2
m(,m,)[GeV/c?]
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a1—> ,0 7 (S) (0%, 3°) 1.2755 x 1076
p’ p° (D) (5%,0°) 3.81779 x 1073
p° po (D) (0%, 4°) 9. 6+72 x 10~
p’ p° (P) (4%,0°) 305'22’1 x 10-?l
, negative in p’ p° (P) (0%,3°) 9.8 35 X 107
ST -
6f 130
L LHCb © 1<
* simulation 192 8
2t 1. S E :
: 1412 xample:
i 1o, 5 3° phase difference
8 . on .
j ' 1” in D9—a,(1260)*TT
45 E( R Amplitude
of | | (P-even test)
: | X
0' P T T T N B I TR

E.Gersabeck et al. arXiv:1703.08505
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D — KKTTTT amplitude model and CPV search

Dacay channel

F (%)

D° K~ [Ki(1270)*

n" — H(1020) (2 F 2~ )g

NV = (K*K—)g(uts—)sg

v K (892)"]
D° K~ [Ki(1270)F » == K™(1430)7]
D° — K~ [Ki(1270)F — Kt p(770)9]
D° — K+ [Ky(1270)~ — K~ p(770)?]
D" — K- [K1(1270)* — K+ w(782)]
N° — K- [Ky(1400)+ — «— K*(892)7]
N° — K- [K*(1680)* — 7+ K*(302)"]
DO[S] — K +(802)% K+ (802)°

D°[P] — K*(802)° K~ (892)°

DP[D] » K~({392)° K-(892)°

DO[S] + #(L020) p(770)°

D°11°] = @(1020) p(770)°

DP|D] — &{1020) 6(770)°

D° — K*(€92)° (K—r*)s

55 =14 £ 2720
61 =12+13=13
91 =15+19=01
54 =0.7 £ 1.1 = 0.7
06=03 0402
124 —-26 +30+50
36—08+10+03
45=08x+11=17
36=0T7+14=05
10=06 £ 0.7 = 0.2
281 =13 £ 1.7 =03
1.6 .03 1L06_L03
1.7 0410402
5812121100
40—-06 +13+17
M1—-=12+21+07

Decay channel

NY — K~ K (1270)~

D° » K+ Ki(1270)—

N — K- Ky(1400)~

D° » K K-(1680)

D" — K*(802)0K*(ru2)"
N¥ — »(1020) o(770)"

D® — K*(802)° (K—=t)s
N% — $(1020) (r=7=)s
D° » (KK )s(m*a~)s

Acp (%)
+253+07+92+R8
5014 £12.0+159+ 2.4
492 1 151 2031 1.1
1IT1+£218+18.0+14.2
—46 1L90_98157
+15+46—-80+05
—131+17.86+20.7+04
—40+180—446+1.2
182+10.0=169+2.7

Significance (o)
1.6
2.5
04
0.6
0.3
0.1
04
0.1
0.1

Sum

1060 =45 £ 6.9=6.1

F+ — Nep..

Necp+Nep_

UNIVERSITAT
HEIDELBERG
ZUKUNFT
SEIT 1386

P.d’Argent,... EG et al. arXiv:1703.08505
accepted for publication by JHEP

=3 (1+ % [ |Ap| |Ap] cos(ép) doa)

o Fi™(flavour-tagged, model-dependent) =
(729+09+1.5+1.0)%

o F}™(CP-tagged, model-independent) = (73.7 +2.8)%
[Malde et al., PLB 747 (2015) 9]

o FXK=™(flavour-tagged, model-dependent) = (75.3+1.84+3.3+3.5)%
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but before that

Prospects
Runl | and beyond



Improved trigger strategies for Run| |

® TJurbo stream of the trigger:
® Data are ready for analysis directly after the trigger
® Smaller size of raw events: reduce pre-scaling

® More efficient exclusive charm triggers
® Split high level trigger in 2 stages: gain CPU power

® Events from lower trigger levels can be buffered on
disk while performing real-time alignment and
calibration

® |mproved speed of the algorithms

UNIVERSITAT
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Run 2 cross-sections & estimated integrated

luminosity

® More data!!! Higher cross-sections in LHCb

acceptance x2 @ 13TeV
JHEP03(2016) 1 59;JHEP09(2016)01 3;JHEP05(2017)074

‘ U(pp —> CEX)pT <8 GeV/c,2.0<y<4.5 = 2369 £ 3+ 152 =118 pb‘

compare to Run | @ 7TeV

2010 data

‘ 0(CC)pp<8CaV/e,2.0<y<as = 1419 £ 12 (stat) £ 116 (syst) & 65 (frag) pb‘ Nucl.Phys. B871 (2013) 1-20

3fb-! 8fb! (23 fb"! | 46 fb"! 100

fb-!
‘ : Aacp: uncertainty 10-4 at 50
fb-!
upgrade; gain more data by

removing the LO thresholds
n 87
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