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Charm: complementary but difficult

* Unique access to up-type quarks
(HF physics with top limited)
* Rare charm processes very suppressed in SM

W+
c ds,b u (8 > > > u
" . d d s, b * bloop ~V;,Vy(my,/myy)?
g W+ w-
d 155 * s & d: GIM suppressed,
g —= “—q v/ < ¢ cancel in U-spin limit
needed for CPV mixing @ short distance

* d,s,binloops: different NP particle/couplings?

* Large non-perturbative corrections (~1/m,)
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Theoretical reality, in short

* Charm Unitarity Triangle
* UT openness = CPV expected

V*ud Vcd~>\ V*uchb~>\5
B.~0.03°
V' V. ~\
By: B/d~22° us " es
B.: B,~1°

* Increased CPV in decays dominated by penguins
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Experimental reality, in short

e DO-DO mixing
* established (= no-mixing excluded)
* not measured precisely

* CPV

* not observed yet
* precision down to O(107)
* becoming sensitive to SM charm CPV

* Rare decays
* looking for signals, precision down to O(10%)
* not there yet to go beyond

(asymmetries, y polarisation, LFU, ...)
* will take B-brother path ASAP
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Mixing & Indirect CPV
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D-D° mixing & Indirect CPV: basics

Flavour eigenstates D [cu] DO [cu] = mass eigenstates D; D, [m;, I'; ,]

D= p[D")=gfB) el

Mixing frequencies X, y

{x=m2—m1 y=I‘2—I‘1JF=I‘1+I‘2 .

r 2T 2 u d.5. b c
CPV related to mixing (Indirect CPV) x~107*°
[Iq/plvﬁl ¢=arg(Q/p)¢0J c z
DO D"
u u
X, y ~O(10-?) with large uncertainty
Indirect CPV universal, ~10* difficult to calculate
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Mixing & Indirect CPV: global fit

O\o 2m ‘CPVallowed
x=(0.3220.14)% y=(0.6970%)% - e
05 -
" ) 0.4 N
lq/p| =089, ¢ =arg(q/p)=-1297"deg| ., N
0
02 l;z
* No-mixing excluded by >11c 04, 3o
* x still not significant 8604702 0 02 04/06 ETRERETY
X (Y% X
* No evidence for indirect CPV A (%) .(1/0)
a 60 CKM 2018 | §0
S 40
* Mixing: search for NP within SM ® B
* Why to bother?
* To disentangle q/p from measurements
* In case theory calculation improves
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Mixing & Indirect CPV: methods/modes

t-dependent analysis; t = D? decay time
Best access through interference of decays & mixing

m

DO £

Mix ‘Deay/
BO

Contribution from mixing itself ~x*+y?~O(10)
D'—D%—K-1v (purely from mixing) not yet observed

Max sensitivity
* both paths with similar rates (f = DCS)
* large statistics (f = SCS)
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PRL111, 251801(2013)
arXiv:1611.06143

 pCs M ’CF—“

LY WS K- O K-q7*

x CE MLX ‘IBUS 2
N tl | x”+y7 [t ’
R(t)=—""(t)=R,|+\/R y’—+—(—)
N RS( ) ’ °7 T 4 T
Decay Interference Mixing <
'\ [ cosldgr Sindg, T o
y )\ —sindgx €oSOxx Y
* Ok, CE/DCS strong phase; from CLEO/BESIII
Y = (52£0.8) x 1073 i
= (3.6 £4.3) x 107° o
0.75 < |q/p| < 1.24 @68% CL %

* Most significant mixing, no CPV
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Wrong Sign Decays: D'—Kmn

EmD from B
Bprompt D

Mixing only

||”|||||||||| IIII IlIl|I|II|IIII]IIII|IIII|II |IIP-_ IIII|IIII|IIII|IIIIIIIII|II

% Indirect CPV
DCPV & ICPV
D’-D’ _
% Hy hobodee
:% # LA : =
3 t(D)/x 3
" ’ %



PRL116, 241801 (2016)

Wrong Sign Decays: D'—K3mt
* Rates integrated over Phase Space AC.S\

= averaged strong phase & coherence factor Do WS K 3w

= dilution of sensitivity \Q‘l B fy Ko
o
_ Nws K3r K3r nt 2 +y"” ([t ?
R(t) - NRS (t) - RD + RD Rcoh Yy = + 1 -

* R.;~0 phase variation; R_;~1 resonances in phase

s 6><10‘3

AK—BW(r)AK+37r(r) dr = Reope” K" S | L ]

ssp LHCb E

Rcohy// = (03 + 18) X 10_3 - 5;_ . T 7 E

g} 4.5 __ ,,"./.o Data —:

- Unconstrained N

(2" + ") /4= (4.8 4+1.8) x 107° = W o Unconsirined ]

2 s : " ---- No-mixing E

* Measurement w/o PS integration B

3 : L ' L l
expected to have large sensitivity 2 & : [6) y 8 100 e
t T
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Multibody decays: time evolution of Dalitz

/ sCs M DCS

‘rw T-n ‘er ..D 0 KST\"*T\“

W SC y Mix CE K

o

v Direct access to x, y, q/p

X Need model to describe resonances

v/ Access to amplitudes & phases = no external input
v'No dilution from coherence factor

P[D°(Dalitz; t)] e—I‘t{‘Aflz[cOSh (yI't) + cos (zI't)] (-de.t:wj Bﬁ—ﬁf

G~ 2 D
4 |]_? Ag|"[cosh (yI't) — cos (2Tt)] €mixing DO—-Do0—4

. 23%(%14?20 sinh (yI't) — 23 ( pi Af) sin (1'?) } €interference of both
2

* Sensitivity depends on resonance interference
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PRDS89 091103 (2014)
Dalitz(t) of D'—=Kgmt*1t golden mode

Events/100fs

* Large statistics and rich dynamics
* Significant D'—f & D’—f interferences
* Most precise x so far

=(0.56£0.19%0: 00 )% y=(0.30=0.15"00 007} %

l/p|=0.90%015 700 hoe ¢ =(-6=11£37)

Belle: 1.2M signal events

* LHCb: 2M in Runl. Significant x with Run1+2?

2000
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arXiv:1702.06490
CP-eigenstates: effective lifetimes

£ Cs 2

PO CP-eiq KK, o

ix €S
Slix "Boj

* Does mixing affect D? and D° differently?
* Indirect CPV easiest to access via Ay

(D’ — hth™) — 7(D° — h+h™)

Ar —
(D" — hth=)+7(D° — h*th™)

~ indirect
~ —Arp

* Asymmetry of yields in t(D) bins
- t
Acp(t) ~ A%}g%t — AF—

TD
* LHCb 2012 data, prompt charm
— 2 T ¢ . _

= "FLHCb D" K*K- +Data X
% 1E —TFit 3=
i 1=

0 e e E

P e o

0 2 4 6 8 s

t/Tp

Ar(KK) = (—0.030 & 0.032 + 0.010)%
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Ap () = (+0.046 + 0.058 + 0.012)%




Ar: entering SM area

* Sensitivity of O(104) %CKMM
Limited by statistics Belle 2012 I} o }I -0.030 + 0.200 = 0.080 %
* Indirect CPV in SM ~10*
0.088 = 0.255 = 0.058 %
-0.120 = 0.120 %
* A interms of basic parameters 1HCh2015 i tag H 0.125 £ 0.073 %
1
R e R e
2L\|p| ¢ | g LHCb 2016 D™ tag H 10013 = 0.028 = 0.010 %
CPV n mix-decay
A mixing  interference
. World average H -0. + 0. o
= sensitivity to q/p depends on x 0.03+0.03 %
FIEETA R R ARRRU FRRRI FRRTA Y
02 01 -0 01 02 03
Ar (%)
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LS \"@'&

¢ W ena  Mixing & ICPV: modes/methods
_

WS/RS (t) 2y, Iq/ | LHCb (Run2) external input: Oy,

CDF Belle Babar

K3m WS/RS (t) X2,y LHCb external input: dy;.,, Ry,

K WS/RS (t) Belle

KK, mt  effective T AL Vep LHCb (Run2)  mixing/CPV entangled
CDF Belle Babar

Kgmmt Dalitz-bins(t) X, Y LHCb Ostrong IN Dalitz bins

Kt Dalitz-bins(t) Belle LHCb  Dalitz model

KKK Dalitz(t) Babar Dalitz model

udrdged Dalitz(t) 2P Babar Dalitz model

K3m PhaseSpace(t) LHCb 5-D model for WS&RS

Kgnit®  PhaseSpace(t) ? 5-D amplitude model

* Won't get far with 2-body decays. Multibody decays is a must
* Will model error limit us? Millions of events difficult to model
* For binned approach we need input from BESIII

®15
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Experimental aspects & prospects

* flavour tagging at t=0. Defines charm samples

& Prompt charm N

[ Secondarj charm

=
Pf,obr\ tag * _______
ﬂ /

o
* LHCb uses both; Belle prompt

* prompt/sec separation, nontrivial at LHCb

T T T T
LHCb + DO data
25000 s = —— Fit
% -=--- Signal
I Comb. bkg.

I Secondary

A X

20000

Candid

15000

10000

5000

. . . . 0
* Lifetime biasing; may need better approach
® Jolanta@TrendsIinFlavours
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arXiv:1610.02230
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Experimental aspects & prospects

* t-acceptance: LHCb triggers distort prompt charm
* Prompt + sec charm = full coverage of decay time

* Lifetime-unbiased triggers in Run-2

prompt  LHCb |
DO—-=K-7tt Trigger E
expected
for =410 fs :

10*

10°

10°

| LHCb-PUB-2015-026 My . 1
(D) [ps]

t-resolution
good at LHCb: ~50fs
* improved at Belle2 wrt Belle: ~250fs =»~150fs
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A.Davis @ 6" Implications Workshop

A.Schwartz@CharmZOlT:uture Of lelng & ICPV

* Dominated by LHCb 3 6of

* Significant x with Run1+2?

o(x) | aly) | a(q/p)
[10- 3] [10°] | [10]
0.7 80

HFAG 2016

Run-1(2011-2012) 1.1 0.8 65
Run-2 (2015-2018) 0.8 0.6 47
Run-3 (2021-2023) 03 02 17

* LHCb: VN scaling of stat & syst

* Belle: includes irreducible syst
® Jolanta@TrendsInFlavours

Run-2 (2015-2018); £ * Run-3 (2021-2023)
| o ;
20} Bic |
of 20
~20} M 30
_40f 40
_60; IlEZ:Z-:
80 iy
0.5 1 1.5
larp lq/p!
G( o) ! a/p
di § 60:(|(7/P|,¢) =(0.9, 0 | Belle 1150 ab™"
b 5. Belle2 (2018-2024)
Ex -
83 <
32 4§ ﬁ

0.2 04 06 08 1 12 14 16 18

lg/pl
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* Depends on decay mode
* Within SM:
* from Tree-Penguin interference
(expected in SCS decays)
* Ap<10°+10~
* From time independent measurements

Jolanta@TrendsInFlavours
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‘Extra” asymmetries to account for

Production asymmekry
* e‘e—vy/Z" interference = FB asymmetry;
easy to disentangle from CPV
* pp: o(AJ)>o(A) = o(D¥)<o(D) to compensate (Asym~1%)

Detection asvmmeﬁries (K*vs K-, 7t vs 70)
* different interactions with detector material: o(pK") > o(pK™)

* depend on particle momentum

PLB 718 (2013) 902 ]HEPO7 (2014) 041

: LHCDb (a)

E Ap(DY)=(-1.0 0.3 +0[2

LHCb

——

IIIIIIIIIIIIIII 0 60
5 10 15
pr(D) P, lGeViel p(K) Kaon p [GeV/c]

Jolanta@TrendsInFlavours

e
)
S
(9]

%
111 | 1
Ap(K ) [%]

Production asymmetry
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From raw asymmetry to CP asymmetry

Correct with CF control modes
* Overconstrain system with additional channels

Ap(D'—K*K") case N(D) — N(D)

K* L
: K- ACP = Araw(K K )
0
DO

D p—
% A (KTT) Multi-dim reweighting
to match kinematics of
@ % YA (KT signal & control modes
Production % ‘% A (KOt

asymmetries
+A(KO) Calculated from known
@ % o — K%K interactions with

s detector + K-mixing/CPV

* Assume no CPV in CF or include related uncertainty?

Jolanta@MIAPP
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st p¥
Nery WP°

Mode
DV—K*K-
DY—mtrr
DO—K K,
DO— 070
D'—Kn
D'—K.n’
D*—K.K*
D—K;K*
D —¢m*
Df—nmt*
Df—n’'nt*
D f—=K
DS—n'n*

Acp in 2-body SCS decays
_____
Acp [%]
+0.04+0.12+£0.10  -0.32+0.21+0.09 +0.00+0.34+0.13
+0.07+0.14£0.11  +0.55+0.36+0.09 -0.24 +0.52 +0.22
29+52+22 +0.00 + 1.53 £ 0.17
-0.03 +0.64 +0.10
+0.54 + 0.51 £ 0.16
+0.98 + 0.67 +0.14
+0.03+0.17+£0.14  +0.08+0.28+0.14 +0.46+0.36+0.25 -15+2.8+1.6
3.0+£32+1.2
0.04+0.14+0.14  +0.51 £0.28 +0.05
+1.74 £+1.13 £0.19
-0.61+£0.72+0.55+£0.12 -0.12+1.12£0.17
+0.38+046+£0.17  +545+250+0.33 +0.3+2.0+03
-0.82 £0.36 + 0.24 + 0.27

http://www.slac.stanford.edu/xorg/hfag/charm



AAp =A p(D'=K*K) - Ap(DO—=1t10)

* Sensitive & simple AA.p ~ [ Adireet (JC Y — Agi;gct(m)} 4 A{t) Aindirect
D

* InSM: | AApdirect|<0.6%

0.015 x
BaBar o no CPV
Winter 16 Belle BaBar
0.010 ¢t A CDF KK+7m Belle
|§ LHCb SL KK+7n CDF
LHCb prompt KK LHCb

LHCb prompt 7

. 0.005 ¢ :
Q
* HFAG average k=
o [ |
@ 0.000 |
T <
lrec
AACP =(_O.14io.07)% .0.005 F i
ndirect 52 ¢
Al =(0.06+0.04)% & ¢
—0.010 ¢} - 8
T
AAG \
—-0.015 * * — - ‘
—-0.015 —0.010 —0.005 0.000 0.005 0.010
indirect
ACP
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Prospects for direct CPV searches

Precision dowi ko 0(1073), still no evidence
* Will improve by 6+7 times with LHCb 50/fb or Belle2 50/ab
* Important Belle(2) input: D'—n'n’, D'—=KKs, D*—mt*m!

Exploit correlations, Acpnotenough

* Between modes related via Isospin or U-spin

* Model independent test of SM, model dependent test of NP
* e.g. SM sum rules:

A(D*%ﬂ*ﬂo) - Z(D*eyfﬂo) =0
LA(yr*:r") + A(nono) - LZ(%*%‘) - Z(nono) =0

V2 V2
Look abk DCS d@.{:&vs (strongly advertised by I.Bigi)

Explore charm bo\rvov\s

* Nothing published yet!

* 1Istevidence for CPV in baryons (in A,—p3m) arXiv:1609:05216
Jolanta@MIAPP 24



PLB 728 (2014) 585

HPEREE Direct CPV in multibody decays

* Strong phases vary in Phase Space = Local C?PV asymmelbries
* Model dependent: A.p for resonances (amplitude analysis)

* Model independent: test data consistency with no-CPV, give p-value

binned x? (Scp method) unbinned (Energy Test)
Dt*—n*n*nt p-value = 50+100% DV—mtnn® p-value =2+5%
5 3 T T +4 & Ly L B
= F - OF K 2 3 LHCb 3 3
> C +3 °‘> <
O 25__ I [e5) i (b) 2 H
ST . o I =
E‘) 2:_ I . — +1 %_: 2% 1 C%D
L 4 | >
1.5F I — 0 §/
- — » & 1
1S — g '
0.5F ¥ LHCb 3 2
- ) - 3
Lo _ (0 — —
% 0.5 1 1.5 * 0 1 2 )3
S [GEVZcA] m?(mn®) [GeV</c*]

Significance of asymmetry in Dalitz bins  Significance of asymmetry for each event
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Direct CPV in 4-body decays

e Access ko P-odd amyti&ud@.s = CPV via P-violation

[P-odd amplitude e.g. D—VV in P-wave]
* 2&3-body D decays: P-even ampl. only = CPV via C-violation
[Baryons: P-odd also in 2&3-body decays]

* CPVin P-even ampl: Acp~SINAD, o SINAD,6
P-odd ampl: Acp~SiNAD,eai COSAD 00, <j complementary

* Triple-product method (aka T-odd): sensitive to >-odd CPV only

Ag [10°] Triple product

DO—Krormer®  -0.3+1.4%02 Belle  arXiv:1703.05721 C =p, ( D, X p3)
DI—KK-mt'r 1.8+2.9+0.4 LHCb JHEP10 (2014) 005

D—KK*mt'r -12+10+5  Babar PRD84 031103(2011)

® Jolanta@TrendsInFlavours 026



arXiv:1612.03207

accepted by PLB Dlrect CPV ln 4-b0dy decays

* DV—mtr e P-even & P-odd CPV tested separately
* Separated with D flavour & triple-product sign
* Testing hypothesis of no-CPV with Energy Test

* No-CPV in P-even: p-value~5%
* No-CPV P-odd: p-value~0.6% = significance of CPV: 2.70

3

(/\]: 18?—(|10| [T T L L I 3’6
; 16 () - EJ . :
. ih & * Region of increased asymmetry
N L < . . (e .
2 12 1412 significance points to p'—mtm
2 1.8
S sf 10 @2 .
= gt ¢ P-odd: D%—p%Yin P-wave (~6%)
c C
S 4 B

2: 1.3

0_ | 1 |

04 0.6 0.8 1 1.2
4o

(7T ) i

® Jolanta@TrendsInFlavours )7
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Rare decays
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Spectrum of charm decays

10Y 4

10~ || Cabibbo favoured

10 . || Singly Cabibbo suppressed
i:: , || Doubly Cabibbo suppressed
107" & Radiative D—K*y, ¢y, 0y
10°°

10

108 -’-Vector-Meson Dominance D—hh’ V(—I‘]")

1079 | D—vyy +
Flavour Changing D—hl*l- D—hh’l*]- » /ff< _

10~
" ... Neutral Current

10"k

0 1':—_ Lepton Number Violating

107" Lepton Flavour Violating

101 D—epu
l D—hep D—hI'l*

® Jolanta@TrendsInFlavours ®29
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Precision dow

to 0(107%)

Status of rare Charm decays

DO—’K*y
DP—=qy
D=0y
DO—yy
Dot
D=y

Dt—mt/K* ete

DO—mtoutue
D= prur
Di—ete-
DO—vu
Di—e'w
D=yt
D=yt

Df—7m/K-etet

Radiative

FCNC, puu non-resonant
FCNC, tull e*e spectrum
FCNC, puu non-resonant
FCNC
FCNC
Helicity suppressed
Lepton Flavour Violating

Lepton Number Violating

77 77

el

~10%  (4.7+0.2 £0.2)x10*

~105  (2.80.2+0.1)x105
~106 (1.8 +0.3 £0.1)x10°5
(1=+3)x10°® < 8.5 x 107
~10- <8.3x108
~10" <4.8 x107
108+ 10° <0.3/1.2x10°
~10- <7.4 %107
1013+ 1012 <7.6x10°
10-13+ 1012 <79x10%
~10-30 <8.8 x10°
0 <1.6x108
0 <25x108
0 <1.4x107
0 <1.2/0.6 x10°

Belle
Belle
Belle
Belle
LHCb
LHCb
BESIII
LHCb
LHCb
Belle
Belle
LHCb
LHCb
LHCb
BESIII '



PRL118, 051801 (2017) .
PRD 93, 051102 2016)  Decays with photon(s)

* Theory problem: LongDistance ~ 10° x ShortDistance

* NP probes: Aqp, Y polarisation (t-dep. analysis or polarised A.—pY)
* Experimental problem: 1’ background

o M%) D=0y | [Acs(D” — K™y) = (-03£20£00%| No CPV
Acp(D° — ¢7) = (—9.4+£6.6 £0.1)%
Acp(D? — p%) = (+5.6 £ 15.1 4+ 0.6)%

DV0—o
D0_>Q+7.(-

Events / ( 0.0078 GeV/c?)

DY :
D
- <D
______ . ; BELLE
spsesbrentifiiin iy R % ARSI
0™ 1.8 1.9 2

BF(DY—0v)=(1.8 0.3 +0.1)x10°

Events/(15 MeV/c?)

* LHCb competitive in D'—ovy, ¢y, K*y

* Belle2 dominated: DY—vyy, D*—0o*y, A, —pYy

q.7 175 18 185 1.9 1.95 I 2
. 2
* Belle2 wrt Belle: merged m’, y—e*e” conversions Miry) [GeVic']

* LHCb upgrade: improved ECAL(?) BF(D°—vy) <8.5x107
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Decays with leptons: hot topic in B

S.de Boer, G.Hiller PRD 93, 074001(2016)

0.001 v

y Tr@.&\dv Ku u Short Distance
* Searches for D "= K/m Il

* Any good g>=m?*(I'l') range?

S
(=
-~
-~
c

1 ) Long Distance

-]
=
|

LHCb UL
10-%¢ i

Tails from charmonia?
* Remember about A —plT

dB(D*->nr*tutu~)/dq? [GeV 2]

* Testing LFU in charm?
X D—hl'l, hhl*l- too rare

? Tauonic decays BF(D’

BF (D} —tv)

BF (D! — uv) *

SM: 9.76 + 0.03 BF (D' —K'ev

v/ Semileptonic decays

) _
~9.95+057 BF (D — muv)
)

* LHCb & electrons = troubles - —— |

Belle? input needed R
Jolanta@TrendsInFlavours e/lu 32

90ICINID® Siaed'vV




Summary

Still analyzing LHCb Run-1 data

Increasing precision on x&y mixing parameters
x still not measured well
Indirect CPV searches with precision down to 10

Huge effort in searching for CPV in charm decays

Sensitivity up to 107, still no evidenge
Y
How small can be CPV in SM? :

FOUND ONE!...

Searching for signals in rare decays _
Precision down to 10

Charm needs
Bellell & LHCb upgrade

Jolanta@TrendsInFlavours @ 33
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Belle-CONE-16xx

D’—uvv (a.k.ainvisible) .

D° d,s,b e, ut, T

 Helicity suppression by (m,/mp)?> = BF~10-'
«  With light Dark Matter up to ~10-%

* Reconstruct event fully except for DY signal
« DPsignal in a recoil mass = inclusive D°
* Require no extra particles and study residual

energy in calorimeter = exclusive DY <
T
/ \4 3. signal side

< —~
© ® _
> [ | == Fit result (O] || Signal
g 160 -Signal O 200 = = D’ background EC
- L 0
~ 140; - =D background "O) i non-D” background + +
non-D° background = | +
[2]
E 150
(0]
>
L

100

sk —
(*) Dsi =
sof " Dtag 5\1_)0 -7V
F, ! * si
Dbkgd. | 7. p™ 9
- tag - S
sl s O AR . PR PO ol T T T S T T P N Tt Y
1.84 1845 185 1.855 186 1.865 187 1,875 0 0204 0608 1 12 1.4 16 18 2 v
My [GeVic?] Eec [GeV]
Egc, < 0.5 GeV Mo > 1.86 GeV/c?

B(D? - invisible) < 8.8 x 107> at 90% C.L.| First search!

JolantaBrodzicka@PIC2016 35



PRD 93, 051102 (2016)
B D'=yy
y Short distance Long distance
 BF within SM ~10® g —S—VVW  © > :
« With SUSY up to ~6x10° § w+Y dsb .
et VAVAV VI -

Events/(15 MeV/c?)

M(yy)
DO—>TCO7’[0
J( D=y

1.7

1.75 18 1.85 1.9 1.95 2
M(yy) [GeV/c?]

/c

Events/(1 Me

180
160 F

100 |

Bsp ~ (4 —8) x 10712

AM=M(D°rt")-M(yY)

145

150
AM [MeV/c?]

B(D® — 4v) < 8.5 x 107" @ 90%C.L.

Most restrictive limit so far

® JolantaBrodzicka@PIC2016

160

10'4E

10 3

B(c— wy)

10710

10

SM
MSSM

Brp ~ (1 —-3)x1078

Cleo
BESIII
BaBar
Belle

®36



PRL118, 051801 (2017

B 1=K, @y, 0%: BF & Ap

BELLE

* BF’s poorly measured. No CPV analysis before
* Large CPV within SM, up to a few % ;

: : 0
* First observation of DY—o(770)y D' =y Y
~ - Short distance contribution

T M%) iy Y signal DO— 0

S MQY) & g QY < s,

g """ pr - g W+ N S

S My AT Y E:%mm?alinr:g%rial 3 > TC+ D° h

S TR o R | 3 Q u .
Saor e 8200 >Q'TT u

Long distance via Vector
Meson Dominance

B(D" — K™v) = (4.66 £ 0.21 +0.18) x 10~
B(D® — ¢v) = (2.76 £ 0.20 4- 0.08) x 107°
B(D? — py) = (1.77 £ 0.30 £ 0.08) x 107°

.024)

© 400

Events / (

Acp(D° — K v) = (—0.3 £ 2.0 £ 0.0)% |-,
Acp(D° — ¢7) = (—9.4£6.6 £0.1)% C,
L ACP(DO — po’}/) = (+56 :|: 151 :|: 06)%

cos(0,) cos(6,)
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Pros & cons of charm experiments
o Lch LHCVent

M large x-section

busy environment, nontrivial triggers
decays with v’s and neutrinos difficult
M D flight distance~10mm, o(t)~0.1xp

M magnet polarity reversed periodically
asymmetric production of charm/anti-charm

* Belle/BaBar

v clean environment

M good for neutrals & decays with neutrinos
D flight distance~200um, o(t)~0.5%t

* BESIII/Cleo-c
M background-free charm

charm not boosted = no time measurement
| 1])(3770)—>D1_3 quantum coherence = CP(D)xCP(D)=-1
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LHCDb changes & will change more

 LHCb Run-1 (2010-2012) Collected 3 fb!
Finalizing charm analyses. Still more to come

«  LHCDb Run-2 (2015-2018) Collect 5 fb-! (2 fb'! already collected)
Improved triggers & computing. First results (charm x-section)

« LHCDb Run-3, Run-4 (2021-2023, 2026-2029)

0 - ;
2010 2015 2020 2025 2030 2035
Jolanta@MIAPP @39

Major New Experiment: LHCb Upgrade Phase-I C Parkes@Charm2016
Collect >50 fb! data o0 LHCb i LHCb Upgrade | i LHCb Upgrade I
L ~2x10% cm? s ol —— §
+ LHCb Run-5 (2031-) % s  —Cosssectonadistcd
LHCb Upgrade Phase-II % . Trigger adjusted (hadronic) i
Plans in discussion E %0 E E
Collect ~300 fb data ~~ *°
L ~2x103* cm™? s 100 i '




JHEP 04, 033 (2016)

DY—Kmtm, t-dep. Dali

* DY->Kgnmis a golden mode for mixing

* Binned approach to Dalitz

* Strong phases & fractions from Cleo-c

* Fit t(D) with data driven acceptance

Candidates per 0.047 ps

.
e

‘.,
.

Vama

L.
-

eu
....
A

signal

secondary
combinatorial 3

LHCD

tz, model mdependent

S
M
L

mz(KsTc+)

.y

e {[2 = (—0.86 £ 0.53 £ 0.17)%
Tl |y = (+0.03 £0.46 £ 0.13)%
7o = (410.9 + 1.1) fs

5
tp, [ps]

* This is with 2011 data: 180K signal

K decayed inside vertex detector

* Ongoing for 2012 data: ~2M prompt+sec

Also Kg decayed outside vertex detector
Jolanta@TrendsInFlavours

Belle: 1.2M signal

=(0.56=0.19%0 *05) %
y=(030+0.1550: )%

PRD89 091103 (2014) 10



arXiv:1610.09476

Acp(D'—K*KY) & A p(DV—1tt71)

* Individual A-p(KK), pion-tagged sample
Acp(KTK™) = (0.14 £ 0.15 £ 0.10)%

* Combine with AA-p =
Acp(ntn™) = Acp(KYK™) — Adcp = (0.24 £ 0.15 £ 0.11)%

? I 1 1 1 1 I 1 1 1 1 I

; 05 — LHCbsemileptonic E LHCb H . .

& y ' * (Combine with results from
e

< muon-tagged sample

< JHEPO7, 041 (2014)

=>|LHCb combination

* Both Ap’s consistent with zero

-0.5 0 0.5
Acpl %) [%] 41
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arXiv:1612.03207

Search for CPV in DY—4m with Energy Test

0 O
Statistical comparison of two distributions ahéie sgacs S o
Test statistics: based on distances of event pairs Qe ® ® ©
Compare with T distribution for no CPV case .\Q \ \b
(randomize D flavour) oV 0
-+ °
5-dim phase space: m?(ntrt), m?(mmint) = P-even ® o ® ®

() ()55 =) 1

Use triple-product sign to access P-odd CPV T

A

e | T @ ;géog_'ﬁﬁeb' @ 5.0 DT
p-value = E E
T>T 3 . CP
Il( 0)/n _ _ I r ILI
P-even P-odd D C>0 ! D -Cp>0
p-value = ; p-value= § [
: (4.3 +0.6)% - (0.6 + 0.2) %! | IV
R I — N R R D .C
2 0 2 ;value6[106] f T value 110°] D C<O0 ' D -C<0
Marginally consistent C,=pn’ -(79;1* X ;ﬂ:_)

Jolanta@TrendsInFlavours with no CPV (~2.7G) 42



Direct CPV with Belle2

Marko Staric, CKM 20174 OBelle 11 — \/(astat syst Bilel + Ofed S—
mode L (fb~1) Acp (%) Belle Il at 50 ab™!
D% — K+K— 976 —0.32+0.21 £+ 0.09 +0.03
D® — ntp— 976 +0.55 + 0.36 4 0.09 +0.05
DO — w%o 966 —0.03 +0.64 £ 0.10 +0.09
D% — Ko70 966 —0.214+0.16 £ 0.07 +0.03
D° — K27 791 +0.54 4+ 0.51 £ 0.16 +0.07
D® — K%/ 791 +0.98 +0.67 + 0.14 +0.09
D® - ntn— 70 532 +0.43 +£1.30 +0.13
D% - Ktn— 70 281 —0.60 + 5.30 +0.40
D° —» Ktn—ntn— 281 —1.80 + 4.40 +0.33
Dt — ¢nT 955 +0.51 + 0.28 + 0.05 +0.04
Dt — nnt 791 +1.74+1.134+0.19 +0.14
Dt = y/'nt 791 —0.124+1.12 +0.17 +0.14
Dt — KOr™ 977 —0.36 + 0.09 + 0.07 +0.03
Dt — KOK™ 977 —0.254+0.28 + 0.14 +0.05
D — Kor™ 673 +5.45 4+ 2.50 £ 0.33 40.29

D} — KOK+ 673  +0.12£0.36 4 0.22 +0.05

Jolanta@TrendsInFlavours



PRL 111, 251801 (2013)

CPV from WS/RS DV—=Kt

* Prompt sample, Run-1
* 2-dim confidence regions for measured x’2 and y’

10 [ T T T I T T T T I T T T T I T T T T I T T 1 T T T T T T T | T T T T | T T T T | T T 1 T T T I T T T T I T T T T I T T T T I T T
[ LHCb (@) CPV allowed 1 (b) No direct CPV 1 i (¢) No CPV
8 | 1 A v" """" .
[ A
C(I’]_‘ 6 __ 1 1 - ‘?'t‘ ~
S M
= 4t + +
[ 1 I ++99.7% CL
oL --D°683%CL "‘ 1 --D’683%CL 1 --955%CL
— D 68.3% CL ] —D"68.3% CL I —683%CL
0-|||||||||||||||||||||--|||||||||||||||||||||“|||||||||||||||||||||
0.1 0 0.1 0.2 0.1 0 0.1 0.2 0.1 0 0.1 0.2
. x2 107
* Translated into CPV
, RY — R,
direct _ 1D D _
AC%;eC S W —_— (_0.7:|: 1.9)%
D D
=+ q +1 / /.
x :‘— (z' cos ¢ £ 3 sin @)
o 0.75 < |q/p| < 1.24 @68% C'L
T ’Q (v cos ¢ F 2’ sin @)
p

Jolanta@TrendsInFlavours
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WS/RS DV—K37mt

* Constrain x&y from WA

* Get averaged strong phase & coherence factor

® Jolanta@TrendsInFlavours

350

- T T T T T T T T ]
E_ 68.3% CL LHCb _E
n 95.4% CL .
[ 1 99.7% CL ]
: I R PR BT R ]

0 0.2 0.4 0.6 0.8 1
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