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Small CKM contribution

e CPVis expected to be small in the charm sector since tree-level topology dominates

the decay at scales m¢ < <my
C > > S

New Physics

* May enhance this amplitude through the introduction of
new processes and partlcles

| —— ] ) (a) Tree diagram. S
|, CPV in Charm is a clean probe for NPI ﬂ

Recent results

* Experiments have recorded enough statistics to probe CPV with <
sensitivities approaching 10-

 [f any NP effect is out there we should start to be able to see it

Va]]

(b) Penguin diagram.
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Multibody Charm de

P

Interesting probes for CPV

* Allow to access a wide range of decays within the same final state that may have
different contributing processes
e drawback: final state interactions introduce strong phase differences

Interpreting the results

e Many amplitudes can contribute to the same phase space region

—> Amplitude analysis is needed to clearly separate contributing amplitudes
* Other techniques are sensitive to CPV but are not able to identify its source
* Need to approach the topic from various sides

Techniques applied on LHCb data

* Energy Test: D'—m*mm?

e Scp: D'—>mmmt, D'—mmrmm D'-KK'mm } — Discovery tools

* KkNN: D*->m*mnt

e Amplitude analysis: D'—K%sK*m* ——  Complete description
 Triple-product correlations: D'—K*K'm*m Alternative observables

)
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Energy Test on D°—m'mn® LHCb, Phys. Lett. B740 (2015) 158
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Many first’s S 4o LHCD @
* First Charm analysis in LHCb using m”s % ig E
* First analysis using “Energy test” method for CPV search g 25; E
20F =

Energy Test 15 ) 61059,
 Comparison of the average-pairwise distances on Dalitz plot  1°F p=s.0=L. ’

& E
-2 HOH 2 4‘”6“
T value [10°]

among all D events, all D? events, and all D° events to all D? >

events y
* Test statistic T:

T—0: equal distances among points = no asymmetry

T>0: distances in D? Dalitz plane larger than those in D?

3

LHCb

Results

* Produced data-permutation samples with no-CPV hypothesis
to extract no-CPV T-value distribution (with GPUs)

e p-value = (2.6%0.5)%

 Best sensitivity to date for CPV in D'—m*mm?

Significance

.....

m2(x n°) [GeV¥c4]

1 2 ‘I :'IB
m2(r*70) [GeV?/c4]
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Method allows to visualise regions with larger asymmetry
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Bediaga et al., Phys. Rev. D80 (2009) 096006

SBP [al(a eramlal BaBar, Phys. Rev. D78 (2008) 051102
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Hunting for local asymmetries 2 7000
025 6000
* Decaying phase space divided in bins mE“ ) 5000
* Compare the number of events for the two D flavours . : 5 : 4000
i i : § 3000
Uz (D) Qf’n/z(D) o = Zz n’L(D) : 2000
cp = = = 05k ] E ;
VoiD) +aoi(D) ~ Sim(D) |
#events per bin, o; = error on n; 0 1 s 0
S [GEV 4]
* Scris distributed as Gaussian G(p=0,0=1) for CP 0.5
conserving decays :
* p-value from 004
2 _ Z i \2 -
X = (t;CUD) 00%
! 002;
* Method is tested on toy studies with different binning 1
schemes (number of events, strong phase similarity) o0tk
05"
SCP
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LHCb, Phys. Lett. B726 (2013) 623

LHCb, Phys. Lett. B728 (2014) 585
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DO—mtmrmtm
;_ ]I;Io{ibn_:r*n*n' + 1 fb B _

0.3M D° events

128 adaptive bins of
equal population
Sensitivity

10" phase difference and
10% amplitude in
a1(1260)m

e p-value =41.0%
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Amplitude analysis: D KK

P

First LHC Charm amplitude T By /\ 3ftbt|] | ey 3fbY
analysis measurement! 20 12
* Yes, we can do that! < ST S
 Large statistics (~180k) 2 ! 113k§ It ' 76k
 Complex Dalitz plot structure g0 \ { &0 \
» Used GPU’s . f 1 \
10° 1:10 121'2 1;14 1;16 1;18 150 152 10° 1210 1212’ 1;14 1;16 lzlé 150 152
Am [MeV/c? ] Am [MeV/c? ]
Not only CPV LneRl pmiwerzl
DK Kt D> K sK*mt

* Tests of SU(3) flavour symmetry
* Isobar models of D? decays assuming CP conservation useful for mixing

measurements and y in B—DK-
* Removing CP assumption, model-dependent search for CPV

Benchmark for future LHCb multibody analysis

* The experience gained is being used to perform amplitude analysis of other channels
D'—KOsh*h
D*—h*hh*
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D°— K'sKn Dalitz plot

P

— 2.0 ,J'- T — K*(892)1W| (—
:ﬁ L8+ LHCh | w{ 18 LHCh |
Z preliminary % preliminary |
Resonance states Sy / ; S |
Tl | ¥ L |
o  K*(892)%, (Km)%*s-wave, K*(892)° and K*12 1o} 1 10 |
1 1 b T Ke(e92) |
0.6 - 0.6 -
NSO% Nlo% ~1_5% 0'4_‘ | | | | | 7 0.4 | | | | | | | | Bl
04 06 08 10121416 1.8 2.0 0.4 06 08 1.0 1214 16 1.8 2.0
Model 0 S
DO KoKt DO$ Kos K+
e S-wave: GLASS vs. LASS give % |k wor 15| , 7
consistent results = ol | < |
Coherence factors I f
* Rkskm, Rekimproved factor 10 wrt CLEO | L. |
. Do nOt depend by S-Wave o ()14 ().‘G L)iS 1.‘() li‘ 14 1(‘17 1‘%‘ ;() ()«L ()G ()8 10 12 14 1“(‘:”;8 2.0
parametrisation — T

e Strong phase difference consistent wrt0 I f

Variable GLASS LASS
Ry 0.573+0.007 +0.019  0.571 +0.005 + 0.019
Rk 0.831+0.004 +0.010 0.835+0.003 + 0.011

Skokn — Ok (02+£06+11)°  (—=0.0£0.5+0.7)°
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CPV search and other measurements

P

Model dependent CPV
* Introduce CPV parameters in the model

A = Rei¢RAR — Z aR(l + AaR)ei(¢RiA¢R)AR
R

tF X T

amplitude coefficient resonance CPV terms

* Sign depending on DO flavour
* Perform a %2 test wrt to no CPV hypothesis fit (A=0)
X2/ndot = 32.3/32 = 1.01 — p-value = 0.45

Branching Ratio
3 _ B(D° = KOK+77)
KSKm = B(DY — KOK—n+)
Bx+x = 0.370 & 0.003(stat) + 0.012(syst)
SU(3) flavour symmetry test

* Results in agreement between LASS and GLASS and in favour of theoretical scenario with
small n-n’ mixing angle

= 0.655 £ 0.004(stat) = 0.006(syst)
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'|'|'||]|e llrntluct cnrrelatlons G. Valencia, Phys. Rev. D39 (1989) 3339

7 mmmm w7 777 I /// NN

Use momenta or spin vectors

e Spinless particle — minimum 4-body
e Spin particle — minimum 3-body

very smaII Osyst:
¥ no pid, prod. asym., reconstruction §

Asym meftries mother rest frame
* Built on the D and D sample separately > e
F(CT > O) — F(OT < O) Py
Ar =
r

— f(—?T > 0) — f(—UT < O)

Ar = =
e Combined to get the CPV asymmetry

T— odd
Aop (AT — Ar) e

Sensitivity Cr = (p1 X p2) - P3

e Complementary to direct CPV observables wrt to strong phase contribution
acp o sin Ad sin A¢

agp‘)dd X COS A5 sin A¢ )
|

‘, (*) Caveat: in acp the two phases are from different dlagrams in acpT°cld from dn‘ferent spm contributions

r\;;.*; — =S = = = — = S
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TP correlations in D' — K*Km'm

P

Semileptonic B decay B—DuX, D°—K*Km'mr

+3

* D'—K*K'mm from semileptonic B decays, B
tagged from muon charge

s, S . s W s, .,... -
. o

(=]
TTTETTIT

-3

;: 4500F (5) DO(CT>(')) : g 4500 :
4000 == 7 4000 3
B—D%uX, DO—K*Kmr*m 2 ol Egt o
e Clean sample e I
é ISOOE— — é lSOOE —

Data Sample e ~a “
e 2011+2012: 3fb'1 1831(1(*1( ) (Gevier] 1831(1(*1( ) Gevier]
= = - =

Fit Model i et I S
2 CECSTINNRESS & o CLOSST NN

* Samples simultaneously fit to a model of two = D
Gaussian distributions over an exponential R 1 1w
Shape é 1500?— — é 1500?— —

O 1000E 4 © 1000;—_ 3

* Asymmetry parameters extracted from the fit o . N B3 , -
1'851(K+K‘n+n-) [1G9eV/cz] 1'8;(K+K‘n+n-) [lcigech]

3fb": Nev~170k
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D°—K*K'mm Results
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Three Measurements LHCh ©

al-0dd [107]

1. Integrated 426* |
abn (DY) = (1.8 + 2.9(stat) & 0.4(syst)) x 10~? ’ j“}||HI|H|{“HHWH

2.Bins of phase-space
No significant deviation from 0 observed F o AT AR
CP conservation tested with P(x%)=74% o 10 20 30

Phase space region

6 x¥ndof=264/32 ]

(\TIO_ N IR L B B
= 8 (c) LHCb
T 6
&IB% 4
2
()J Li‘++. ......... b /L
2
4
3. Bins of D? decay time o xndf=13/4
No significant deviation from 0 observed -le / 0 0 oe / %1
CP conservation tested with P(x?)=83% D’ decay time [ps]
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hrand 2

P

{ B DX, DO—K* KT

Local asymmetries up to 30%

I I I ? — W ] T -
Parity violation or F3I Effects? .« o1 T o
=20F 4 U =20 F L
 Arand Ar are P-odd observables A A B SR
. . OF t E Of E
e It's possible that FSI are producing aop e -10"";';'i'{";"*'f"}';;;;f'i'*"'*“
. 20E t t 1] 20 t 4
effects in all the three measurements = }* 5 I '
« Significant differences in bins of T m e T s
ase space region ase space region
phase space AT T T T
] ] = j (a) LHCb = j (b) LHCb
» Average consistent wrt D° decay time < < s
-6 -6
* Wide spectrum of resonances and ;;ﬁ-%kﬁf ---------------- 4
rescattering among the final state o :
particles e gd W
-1 0 02 04 06 4 -1 0 02 04 06 4
D’ decay time [ps] D’ decay time [ps]

Ap(D°) = (=71.8 + 4.1(stat) & 1.3(syst)) x 1073
Ar(D°) = (=75.5 + 4.1(stat) & 1.2(syst)) x 1073
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Multi body Charm and CPV

* The rich final state structure is excellent for studying different decay processes at once
* CPV can hide in specific corners of phase space

Techniques

* Model-independent searches as a discovery tool
* Amplitude analysis provide full understanding of the decay process
* Multi-body decays allow to study other observables such as triple products

Status and Outlook

* LHCb has just started to probe CPV in multi-body decays with sensitivities ~0.3%
* Many techniques have been developed during Run1 and are being refined for Run2
* |n particular, model-dependent studies of large Charm data samples are on their way
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