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The beauty of the LHC Muon stations

L identification efficiency
~97% for 1-3% rm—u mis-
id probabllity

Vertex locator

20 um impact parameter

resolution, corresponding to , , ,
~45 fs decay_time resolution DlpOle + traCkIﬂg StathﬂS

for b/c hadrons Ap/p = 0.4-0.6% at 5-100 GeV/c



https://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227

Finally two concurrent beeadty

LHCb

- Huge advantage in production

rate, but also large
pbackgrounds — stringent
online selections

- Superior decay-time resolution

and access to larger decay
times (lboost)

...but tricky efficiency effects
(e.q. decay-time acceptance)

Belle

- Cleaner environment allows for

More generous selections —
milder efficiency effects

- Better reconstruction of final

states with neutrals/invisible
particles

- Much easier separation

between promptly produced
charm and secondary (from-B)
decays



Prospects of data collection
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The Belle Il Physics Book
(+ latest luminosity projections)



https://arxiv.org/abs/1808.08865
https://arxiv.org/abs/1808.10567
https://indico.belle2.org/event/971/contributions/4640/attachments/2837/4285/Iijima_20191025_v1.pdf

The rule of thumb

1 4b-1 ~ 1 ab-2

@ LHCh @ Relle II



The rule of thumb

1 1 a b -1

@ B \\?-S.:“

does not hold for charm



The rule of thumb

[PRD 97 (2018) 031101 (R)]
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The rule of thumb

[PRD 97 (2018) 031101 (R)]

[PRL 112 (2014) 111801]
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The rule of thumb

[PRD 97 (2018) 031101(R)] [PRL 112 (2014) 111801]

~b24o§<1.03“”_‘”_”‘ _

% ;(2)3;: LHCb . Fpe:ta N§

E 180; 5/fb ------ Blackground %)1500_ Be”e

3 10 = 1/ab .

2 120F E }51000— D +_}DO(_}K+IT_)IT+
5 6ok El Ly s

COMPLEMENTARITY

0F S
o D’ — KK m LHCb

= —+ Data
705 LL — Total ]
0F ~Bkg E
S0 =

| 2/6 -

140 142 144 146 148 150 152 154 -5 . . .
Am [MeV/c?] 0.14 0.145 0.15 0.155 0.16 6

[JHEP 11 (201 8) 048] AM (GeV/cz)

D*+—DO(—= KsKg)rrt

|
Events / (0.000 166 667 G
T
[L08LZL (2102) 611 THC

Candidates / ( 0.3 MeV/c?)




Charm Physics program at LHCDb

Mixing & CPV Production &
spectroscopy

¢ [ime-dependent e Cross sections

o DO—oh-h'+ ¢ Masses, lifetimes

o DO—oKsh-ht o Amplitude

e [ime-integrated analyses

e NAcp ® [y States

o D+—Ksh+, nht e Charmed

e | ocal CPVin baryons
multioody decays @ ® Production

e CPV in baryons asymmetries




Charm Physics program at LHCDb

Mixing & CPV/

e [ime-dependent

o DO—oh-h'+

o DO-Ksh-ht

e [ime-integrated

o Ncp

o D+—Ksht, n'ht

e | ocal CPVin
multibody decays

e CPV in baryons




Direct CP violation




What do we measure”?

(DY — hth™) —T'(D° = h*th™)

Acp(D = hTh™) = —
opl ) '(DY — hth=)+T'(D° — hTh™)

10



What do we really measure?

N(D® - hTh™) - N(D® — h™h™)

A(D® - hTh™) = —
( ) N(D® = hTth™)+ N(DY — hTh™)

11
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What do we really measure?

N(D® - hTh™) - N(D® — h™h™)
N(DY — hth=)+ N(D° — hth~)

- MG 1 A |
) (mr ) = A( )

AD = hTh™) =

g

AACPZACP(K_I_K_ —ACPT(' 0 — K_I_K_ —A(T&'_I_T('_)
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What do we really measure?

N(D® - hTh™) - N(D® — h™h™)
N(DY — hth=)+ N(D° — hth~)

- BG4 |
(mr ) = A( )

AD = hTh™) =

g

AACPZACP(K_I_K_)—ACP T — K_I_K_ —A(T&'_I_T('_)

- In the limit of SU(3)/U-spin symmetry, Acp(K+K-) and Ace(rTr1-) have same
magnitude and opposite signs = in addition to be robust against

experimental biases, AAcp provides 2x enhanced sensitivity to CP violation
11



DO—h+h- decays at LHCb PRL 122 (2019) 211803]

T tagged o/tb (Run 2) U tagged
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https://arxiv.org/abs/1903.08726
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https://arxiv.org/abs/1903.08726

Production asymmetry

n pp collision charm quarks are
oroduced mostly through gluon
fusion (which is charge symmetric)

- However, the ¢ and the ¢ quarks
may “recombine” with some of the 9 )
proton valence quarks (beam-drag y

effect) creating an asymmetric R 1
oroduction of charm mesons or | | el | -
baryons ook | + T

- The effect is enhanced in the
forward region, where the charm _
pair IS collinear with the pI’OJ[OﬂS, - [PRD 90 (2014) 054022]

-0.02 -

direction T L e I


http://arxiv.org/abs/1408.2843

Kinematic weighting

[PRL 122 (2019) 211803]

Detection and production asymmetries are expected to depend on kinematics

Their cancelation may not be accurate if the kinematic distributions of the
reconstructed DO—K+K- and D9—rr+rr- candidates differ

Observed differences are removed through a weighting procedure — the
resulting net effect on AAcr is anyhow marginal (below 10-4)
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https://arxiv.org/abs/1903.08726

Results

[PRL 122 (2019) 211803]

AAcp [10-4]
-18.2 + 3.2 (stat) + 0.9 (syst)
9 + 8 (stat)+x5 (syst)

T tagged (Run 2)

U tagged (Run 2)

16


https://arxiv.org/abs/1903.08726

Results [PRL 122 (2019) 211803]

AAcp [10-4]
-18.2 =+ 3.2 (stat) + 0.9 (syst)  mtagged (Run 2)
-9 + 8 (stat)+£5 (syst) wtagged (Run2)
-10 + 8 (stat)+3 (syst) 7299 FunY)
-14 +16 (stat)+8 (syst) ~'aggedun i)


https://arxiv.org/abs/1602.03160
https://arxiv.org/abs/1405.2797
https://arxiv.org/abs/1903.08726

Results [PRL 122 (2019) 211803]

AAcp [10-9]
-18.2 =+ 3.2 (stat) + 0.9 (syst)  mtagged (Run 2)
-9 + 8 (stat)+£5 (syst) wtagged (Run2)
-10 + 8 (stat)+3 (syst) 7299 FunY)
-14 +16 (stat)+8 (syst) ~'aggedun i)
[{:—154 %i tat+s, combined

5.30 deviation from zero
first observation of CP violation in charm

16


https://arxiv.org/abs/1602.03160
https://arxiv.org/abs/1405.2797
https://arxiv.org/abs/1903.08726

Now what?

Measured value is in the ballpark of
the standard model value

Difficult to say If new physics Is at
play. Need better control of the QCD
effects

Experimentally look for CP violation
iNn radiative decays, test isospin sum
rules and SU(3) related modes

Huge program of measurements,
where Belle Il role with neutrals will
be crucial

from Alexey’s talk yesterday
- several final states possible, for D — #i 7k

At~ = A+0 —AOO,

%Z_+ _ A0 ZOO,

Nl

Gronau, London
Bevan, Meadows

- others include D — zx, or, oo




CP violation in D+—rtr0 decays

In the standard model AAcp comes from

untagged

AU=0 transitions

CP violation in AU=1, e.g. in D+—1+r10,
would unambiguously be new physics

y4d.o.f. = 1.69| [

v3d.of. =1.24

.02 —
Current best measurement from Belle (1/ab)  dhysgsiiris-sit br-itiriitrissost
M, (GeV/c?) M, (GeV/c?)
— 0 .
ACP o (23 + 1 2 + 02) A) tagged with D*+—= D+0
x10°
. : C : ~ 1 x*d.o.f.=0.91 | ! x?/d.o.f. = 0.82
D*+ tagging crucial in suppressing the S odf
background 2 oo
Similar performances expected for Belle Il & oef N
Sensitivity with 50/ab ~0.17%, maybe T Ay A S S
M, (GeV/c?) M, (GeV/c?)

possible at LHCb but difficult

[PRD 97 (2018) 011101(R)]
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https://arxiv.org/abs/1712.00619

Prospects for direct CP violation

LHCb-PUB-2018-009

The Belle Il Physics Book

Decay mode Current best sensitivity LHCDb 300/fb Belle Il 50/ab
(stat + syst) [10-] (stat only) [10-3] (stat+syst) [10-8]
AAcp 0.29 LHCb (9/fb) 0.03 0.6
oKk | 18 Y L
o |18 weaem | oor | os
e T T . T
i | e o os ey
e | omenm za e
b | F PO B B
DoKsKe | ore T lioneam | ose T S
e I T .
popry | T T T B
Drogr | 049 LHCb @.8/fb) cos T L
e B AT R AR
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https://arxiv.org/abs/1808.08865
https://arxiv.org/abs/1808.10567

U tagged Run 1 (3/fb)

CPV In multi-body decays ey

< sk
&
- Enriched dynamics of multi-body decays < Lor
: : . & 1.4+
allows to look for CP violation in Tl
subregions of the phase space 1'0 i
- Additional sensitivity with respect to 081
global asymmetries (which could 0.6
average to zero for small values of ) 040, T
— 2.0 +7r
Acp ~sin¢sino T osl +7
% 1.6 _|_g
- Mostly insensitive to production and % 14k +x
detection asymmetries mgx”’ 121 0
- Both model-dependent and model- ;Z: _E
independent measurements are possible ol 2
4
- 4-body final states give also access to CP AT

|
N

04 06 08 1.0 1.2 14 1.6 1.8 2.0

violation in P-odd amplitudes (~cos 6) m2 [GVYet ]



Search for “local” CP violation across

Dalitz plot

- Compute local CP asymmetry in

different bins of the Dalitz plot

In absence of CP violation, the
distribution of local asymmetry is

3000
12500
2000
1500

1000

Gaussian with zero mean and i
unit variance

N 15

+ Get p-value from x*=3_ (Skp)° o /(D +wa£?‘)

(

Binned (a.k.a. Miranda) method

¥102) 82/ 91d

N

G8S

- lest several binning schemes
(same number of events/same
strong phase) to enhance
sensitivity

to account
for global o =

| asymmetries

21




' O—> 17+ 177+ T-
Local CPV In DO—=rr+rrrr+r— decays LB 769 (2017) 345

phase space

- Statistical comparison of two distributions
based on distance In phase space between ‘
pairs of particles

B - Vi - Vi Vi
T= oM mE =D | 2

1, >1 1,]>1 1,9

- Compare with T distribution of no CP-violation
case (randomize D flavor)

- Consistent with CP symmetry (in P-even
amplitudes)

IN data

T value [10_6]
22


http://www.sciencedirect.com/science/article/pii/S0370269317302538

Local CPV In DO—=rr+rrrr+r— decays

[PLB 769 (2017) 345]

- Statistical comparison of two distributions
based on distance Iin phase space between
pairs of particles

B - Vi - Vi Vi
T= oM mE =D | 2

Ii,j>i 1,7>1 1,7

o

- Compare with T distribution of no CP-violation

case (randomize D flavor) P Samm RS A a— ~
|  Ew MG poodd
- Use triple product to access P-odd CP violation ™ 7of test E
60 =
C = Prt - (p7r‘|‘ X pw‘) 505— b . _
=~ o (= o 40F opserve =
C = pr- (pw_ X pw"‘) 30F in data E
- Results is marginally consistent with CP 20F -
symmetry (2.70) N E
-2 0

T value [10_6]
23



http://www.sciencedirect.com/science/article/pii/S0370269317302538

ml,zl":m'gc?iqlﬁc?
xz(Ml“Mz) / r'

induced CP violation




=Xperimental status

| CPV allowed

- Wio
60 Moriond 2019 .................................. ................... 2 o

: | | | 5 . 30
. 40
—

Arg(g/p) [deg.]
S
|

¢ =

0.6 0.8 1 1.2 1.4 1.6

la/pl
la/pl = 0.969 (03

¢ = (—3.9 i_4:6)
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Mixing with DO— K+r1-

(D% — Ktn—|t) Lt 22 +y? (t\°
R(1) = ~Rp+ VR — ] + ~
*) (DY — K—7t|t) b Py 7 4

- The latest analysis from LHCb (5/b)
measures

X'2 = (3.9 + 2.7)x10-5
y' = (5.28 + 0.52)x10-3

and provides stringent bounds on direct
CPV in DCS decays and CPV in mixing

1.00 < |g/p| < 1.35 @ 68% CL

Belle Il sensitivity with 50/ab not
sufficient to compete with LHCb 9/fb

R*[107°]

R [107%]

R*— R [1077]

0.5 _ CPV allowed
0f
~05F

_FM683% CL
- 955%CL

s e
0.5 1 15

lg/p
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https://arxiv.org/abs/1712.03220

% 100
>
Measurement of ycp 2 ¥ N
Effective lifetime of decays to CP- i Run 1 _ @
even final state (relative to CP-mixed) 0 (3/10) 105
_T(Ert) | g
YOP = (W) w7 R
O
Equal to y in case of CP symmetry " Bl Backgromd 13
Use u-tagged decays to reduce T s Gevie
biases on DO decay time o T —
= S
— — U
Result with Run 1 data is as precise g
as the world average £ DO= KT
If LHClb does not manage to analyze
the m-tagged sample, could be a
measurement where Belle |l can e I
., compete 5 10 15 20

Decay time [7]


https://arxiv.org/abs/1810.06874

Measurement of ycp

Effective lifetime of decays to CP-
even final state (relative to CP-mixed)

_ T(KT7T)
JOP = L (hth)
Equal to y in case of CP symmetry

1

Use u-tagged decays to reduce
biases on DO decay time

Result with Run 1 data is as precise
as the world average

If LHClb does not manage to analyze
the mi-tagged sample, could be a
measurement where Belle || can

s compete

LHCb ]

020 %
5
: b, T 17
0.18—__ , | | | AN
- e Data . 5
’E‘ _ . N
007014 + 1 Fit B
% ] O
5 = + + - i N
o + =
...................................... o
0.5 1.0 1.5 2.0 25 3.0 35
D’ decay time [ps]
HFLAV

E791 1999 . . ;I 0.732 = 2.890 = 1.030 %

3.420 + 1.390 = 0.740 %

CLEO 2002 |H . H -1.200 = 2.500 = 1.400 %

Belle 2009 H_._H 0.110 + 0.610 = 0.520 %

BaBar 2012 H 0.720 = 0.180 = 0.124 %

BESIII 2015 H—.—q -2.000 = 1.300 = 0.700 %

Belle 2016 H 1.110 + 0.220 = 0.090 %

LHCb 2019 H 0.570 = 0.130 = 0.090 %

World average H 0.715 + 0.111 %

Yep (%)


https://arxiv.org/abs/1810.06874

Time-dependent CP asymmetry in DO—h+h-

Small DO-DO mixing rate implies that .
time-dependent CP asymmetries }i - |
can be approximated as

- t
A h_|_ h_ ~ dir h_l_ h_ o —A LHCDb 2015 u tag
cp( ) = acp( ) =T H
Belle 2016

Mixing-induced CP violation results ~ [fF———

iNn a nonzero value of the linear term HLHC“"”D**‘ag
Standard model expectation is at o ermme
least one order of magnitude below | (a2:26x10+
the current experimental sensitivity s e 001 s 03

Ap (%)



small t

§0.025 _ LH(llb preliminary_:
8 0.02 g D°—>K'ar+_i

Detection asymmetries S arge t
aa

Time-dependent detection asymmetries studied & "~ F

with large-yield samples of DO9—=K-rr+ decays o.oosf—

Removed by equalizing the 3D momentum N ST O s _
distributions of D% and DO candidates p (D7) [GeVic]
(separately for data-taking period and magnet p-dependent asymmetries
polarity) and (p, t) correlations induce {

t-dependent asymmetries §

LHCb preliminary DoeK_ﬂ-i_ B I I I I I I I I I I I I I I I i
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https://cds.cern.ch/record/2674875

[LHCb-CONF-2019-001]

Time-dependent CP asymmetry in DO—h+h-

T tagged 1.9/fb (Run 2)

g 15_ - )('2/n;1f = 22/ 19 LHCb I')rel'imi'narly_;
= "F D'—K*K :
<:Q—o.5§— t t =
0 2 4 6 8
t/7:D0
g 13 | )('2/n'df M 18/ 19 LHCb I')rel'imi'narly_g
= ”E D'—xtmw E
SH +4 4 a1t E
= F :
Y= . =
0 2 4 6 8
t/rD0

Aran(1) [%]

A1) [%]

NE A L tagged 5.4/fb (Run 2)

LHCb preliminary —— Data E
D'—K*K~ — Fit E
e | ;
BT+ =

3 LHCb prleliminar}ll —— Data E
= Do — Fit :%
il“ #Jr{ {+~|L++_i_ + | 3
= T
- L :1 E

[(uonesedaud ul) 2e0-6102-H3AdVd-ADH]

A
3
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Time-dependent CP asymmetry in DO—h+h-

T tagged 1.9/fb (Run 2) NE A U tagged 5.4/tb (Run 2)
/ /

e S —7 /3

S 2/ndf = 22/19 LHCb preliminary § = " LHCb preliminary — Data E

:, ~ 05 = DO%K*—K —: t:% ! DoﬁK K — Fit _g

8 \-é 0 :—%%—4*——' % = <€ 0 _E

g = = 0 ++-+ , . —

é < -05E t ¢ 1 = oskg +*L++++ ++ r i 2

O e = -1 =

-~ 0 2 4 6 8 s E

'—Z'— t/ T /

@) < —————————————/ [

O — = ISE  LHCb preliminary — Data E

IR 1 2 1 E- =
O 25 = D'—>rtr — Fit

%:) S 0.5 <§ O'Sji 3

= £ ° 0 u+ |+Jl,||+l++, + | E

q:g 05 0.5 —+ T _i__l_ l =

-1 E + E

15 3 . . . I . . . I . / [ E

0 2 4 /7 /
/T

Averaging the four samples and combining with Run 1
[PRL 118 (2017) 261803, JHEP 04 (2015) 043] PRELIMINARY

Ar=[-1.1 £ 1.7 (stat) + 0.5 (stat)] x 104
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=Xperimental status

| CPV allowed

- Wio
60 Moriond 2019 .................................. ................... 2 o

: | | | 5 . 30
. 40
—

Arg(g/p) [deg.]
S
|

¢ =

0.6 0.8 1 1.2 1.4 1.6

la/pl
la/pl = 0.969 (03

¢ = (—3.9 i_4:6)
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X Is the key

Experimental sensitivity to the
CP-violation in mixing limited by
the knowledge of X12 = X

¢, [deg]

Ar= —X12 SIN12 (superweak approx.)

Available mixing
measurements are mostly
based on decays to two-body
final states (ycr=y, y'=y)

Need more measurements
with multi-body final states

33



Mixing with DO—Ksrr+r-

[PRD 89 (2014) 091103

K*(892)

- Multiple interfering amplitudes
enhance the sensitivity to mixing

Pro e_Ft{|AD0|2 — Re [AE()AEO (y + ix)]rt} 1_

- Requires a time-dependent
Dalitz-plot analysis

+ Pioneered by CLEO in 2005,
then followed by B factories with
larger yields

- Belle 1/ab result has been for
long the best determination of x
avallable

m? (GeV?/c?)

Belle m? (GeV?/c*)
Fit type Parameter Fit result

No CPV (%)  0.56 % 0.1970-03F0-00
y(%)  0.30+0.15+9:04+0.03
CPV. a(%) 0562019755 0
y(%)  0.30+0.15+0:04+0.03

lq/p| 0.90 015 0 0a 0 08
arg(q/p)(°) —6+ 11+£3+3
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upstream track

DO—Ksr+- at LHCb %7

VELO TT — long track
- Ks—rr+r- are difficult to reconstruct in LHCb “ﬁﬁ downstrenm track
VELO track \/
- In the early stages of the trigger only Ks T-track
decaying inside the VELO (t < 0.5 7«s) \J
can be reconstructed
— 3 — 1 1
- Trigger relies mostly on the two pions % LHCb simulation 1 —0-9,§
from the DO decay = non-uniform <) 08 &
efficiency over the Dalitz plot (which is g, N zzg
also correlated with the DO decay time) T | 0:5§
- Could be overcome using u-tagged DO _ 2:§
decays = reduced efficiency and larger 15 0:2%5

background levels

1

S
[a—

2 3
m2(Kemw) [GeV?/c4]

[PRL 122 (2019) 231802]

- A time-dependent amplitude analysis is very
challenging at LHCb


https://arxiv.org/abs/1903.03074

DO— Ksrr+r— with a model-independent approach

Avoid amplitude analysis by ‘g T 4 s

integrating over Dalitz-plot bins & 2s; "’ : &

with constant strong-phase ¥ o A

variation L5k i

N E &

Pro ox e 1t [Fb — /FyF_y(cpy — sp :L‘)I’t} 055_ - ?
R T P ST

. . m? [GeV?/c4]
Constrain hadronic parameters

(Cb, Sb) USing Measurements_ P, — / | Apo [2dm? dm?

with quantum-correlated DODO b

pairs, i.e. at CLEO and BESIIl ., _ s, /ABOADodmide_
b
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Noyeg,
mU/[,-bOd@Tth' for [
A bic,, Y decg,. Measyy; 99 (2
[ [ Phys. gcto» J. arrg 7. S /ng C/L') 079
3' n _f‘ I p I I Iet h Od ‘ fewp 99,6072085? ,ZuegfshOn, N arm\m/.)(/'ﬂg Ioai O 72007] "
5 . ik, . Cc

Inspired by the WS DO—Krr analysis: ratio
of events in bin —b to events in bin b to
suppress effects due to non-uniform

efficiency variations and enhance Y f@ pes K- 214220
sensitivity to x > 71 4200
- ol - 1 160

Ry ~ 1, — /71 [(1 —1rp)cpy — (1 +7p)8p :13] It 8 5t 1R .

120
100
80

Mixing parameters from simultaneous fit L5
to all bins. Split in D9 and DO to access

also indirect CP violation 'f ;- ] Zg
C 7/ 2 ]
5 . B,
Model-independent and completely data 0sp PRI rwwwntth P
driven 05 1 15 2 25 3
m? [GeV?/c4]
Comes with the price of degraded Y — F_y
sensitivity to mixing effects from CP-even/ Fy

odd amplitudes (i.e. to y)
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Sin-flip method

Inspired by the WS DO—Krr analysis: ratio
of events in bin —b to events in bin b to
suppress effects due to non-uniform

efficiency variations and enhance
sensitivity to x

Rb%Tb—\/ﬁ[(l—Tb)be—(l

p)Sh :13] ['t

Mixing parameters from simultaneous fit
to all bins. Split in D9 and DO to access

also indirect CP violation

Model-independent and completely data

driven

- Comes with the price of degraded

sensitivity to mixing effects from CP-even/

odd amplitudes (i.e. to y)
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https://arxiv.org/abs/1811.01032

Sin-flip DP—Ksrr+rr-at LHCDb

[PRL 122 (2019) 231802]
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Sin-flip DP—Ksrr+rr-at LHCDb
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Bin-flip DP—Ksrr+rr-at LHCDb

[PRL 122 (2019) 231802]
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Sin-flip DP—Ksrr+rr-at LHCDb

[PRL 122 (2019) 231802]
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Impact on world average
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Impact on world average
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Impact on world average
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Prospects for DO— Ksrr+rr

 In Run 1+2 LHCDb has collected ~36M r-tagged DO—Ksrr+r- decays and
~10M p-tagged decays

- Expected sensitivity (my own extrapolation, not official)

Uncertainty (x10-9) Xcp ycp Ax Ay
CLEQ inputs 0.3 1.0 0.07 0.13
Data statistics 0.4 0.8 0.16 0.34
Total 0.5 1.3 0.18 0.39

- Belle Il will collect ~50M (r7-tagged) decays with 50/ab. Difficult to
compete if LHCb keeps same efficiency in the Upgrade

- Can Belle Il do DO—=Kyrr+rr=" (it is being considered for y/}3)
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https://indico.cern.ch/event/760368/contributions/3316114/attachments/1822993/2982509/gamma_190403_kt.pdf

More multibodies

- Lots of other promising final
states not yet explored/fully

exploited experimentally: e.g.

PDO—- K+rr—10, DO Ksrr+r 1o,
DO— K+ttt ...

- Model-independent
analyses would have
to rely on BESIII
measurements of the
strong-phase parameters

larXiv:1808.10567]

. 1 15 2 25
m2_(GeV?c?)

~225K DO—=K+r-19
expected at Belle Il (50/ab)
oX’= x)~0.5x10-3

[PRD 95 (2017) 091101]
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Summary

- Observed (direct) CP violation in charm decays

- Measured asymmetry seems consistent with standard model,
although predictions suffer from large uncertainties due to strong-
Interaction effects

- Additional searches for CP violation in different decay modes can
help to clarify the picture, together with improved theory calculations

- Yet no signs for mixing-induced CP violation. Precision still ~10x larger
than naive standard model expectation, so plenty of room for new
physics

Huge experimental progress expected in the next decade(s) at LHCb
and Belle I (with valuable inputs from BESIII) if we fully exploit the
excellent complementarity between the two experiments
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“Charm is the new beauty!”




Charm is more valuable than beauty.
You can resist beauty, but you can't
resist charm.

— Audrey [aulow —




Supplementary slides on rare charm decays
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Rare charm decays at LHCDb

A rainbow of different physics, ranging from forbidden to (not-so-rare) radiative decays

D' p'e” D) - 71T D’ > "z V(=1 D’ > K™
D’ - pe” DY, - K*HT- D'p VO 10 450
o> ute 0y gt D’ 5> K*KV(= i
D) > h*ue D’ > K n'l'l . (=1 DF > 7*g(os 1l
D" 5 KI'I D" —>¢ V(=1
LFV BNV FCNC
’
O 10-15 10-14 10-13 10-12 10-11 10-10 109 1 -8 107 .6 105 104
+, - +
D > bl D s D szt D > K2V 1) D* > ¢ 1)
DY s X0t e- D’ > ee D'sp - D'>K V(I) DK 'Vl
e ¥
0 -ft Fp+ D' s KKT- D' ow D’ 5 K*V(->1I)
D’ > X1l D g 1

So far LHCb focused mostly on final states with 2 muons:

Best limit on DO—= i+~ [PLB 725 (2013) 15], D) =TT UL, TTLHU* [PLB 724 (2013) 203], DO—=h+h-
UL~ [PLB 728 (2014) 234], DO— et~ [PLB 754 (2016) 167], Ac—/OL* LI~ [PRD 97 (2018) 091101]

First observation of DO—=K-rt+V/(—=L+L-) [PLB 757 (2016) 558], K*K=V/(—=u+u-), V(= u+u-)
[PRL 119 (2017) 181805, PRL 121 (2018) 0918011, Ac—pV/(—LI*1I-) [PRD 97 (2018) 091101]
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http://arxiv.org/abs/1305.5059
http://arxiv.org/abs/1304.6365
http://arxiv.org/abs/1310.2535
http://arxiv.org/abs/1512.00322
http://arxiv.org/abs/1712.07938
http://arxiv.org/abs/1510.08367
http://arxiv.org/abs/1707.08377
http://arxiv.org/abs/1806.10793
http://arxiv.org/abs/1712.07938

The richness of DV—=h+th-u+- decays

Overwhelming contribution from long-distance

amplitudes proceeding through intermediate 1079

vector resonances in the dimuon spectrum

Such penalty is overly compensated by the
rich and diverse dynamics of multibody decays

dB(D°— rrt -t ) ldg? [GeV 72

Access to angular and CP asymmetries
can greatly increase sensitivity to short-
distance physics

0.00

<lg> (D°> 7Tt )

-0.01f

O(1%) asymmetries may be generated by

NP [JHEP 04 (2013) 135, PRD 87 (2013) 054026, PRD 98
(2018) 035041]
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https://arxiv.org/abs/1209.4235
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.054026
http://arxiv.org/abs/1805.08516
http://arxiv.org/abs/1805.08516
http://arxiv.org/abs/1805.08516

dB/dm [107"° c2/MeV]

DO—h+h-u+u—: branching fraction
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- Rarest charm-hadron decays ever observed:
B(D° — nta utp™) = (9.64 -

Run 1 (2/fb)
[PRL 119 (2017) 181805

5 1 | ' I | -
45E  LHCb E
45— DO %K+K_,u+u‘ —
35F =
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25 uL @ =
) z_ 95'%)_C|L _E
15E =
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05E =
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m(u*u ~) [MeV/c

- 0.48 +£0.51 £0.97) x 1077

B(D' - K"K putp™) = (1.54-

where the uncertainties are statistical, system
normalization decay

- 0.27 =0.09 += 0.16) x 1077

atic and due to the BF of the
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http://arxiv.org/abs/1707.08377

DO—h+h—u+u—: angular and CP asymmetries

Run 142 (5/fb)
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http://arxiv.org/abs/1806.10793

Which final states for Belle I/

Electron modes to test LFU: e.q.
De—hrete-, DV—=h-h+ete-
DO—=rfete, ...

First observation of DO0— K-
rrre+e- at BaBar with 0.5/ab

B(D° — K_7T+[6+6_]p0/w)
= (4.04+0.5) x 107°

Radiative and neutrals: e.g.
DO—=\ Oy [DO—=yy, DKy, ...

[PRL 122 (2019) 081802]
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.122.081802

BSackup slides
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DO—h+h- decays at LHCDb

Meore = v/M2(DOu=) +p1 (DOp—)2 +p (D7)

K-I—

IP(D%) = 0

0 .
* -
D o
. M -
_I_ * y
>|< . .
" .
o* M
.* ¢
. .
* -
.
o

primary .

vertex
IP(K) # 0

- Prompt charm (7 tagged): well identified kaons/pions forming a displaced secondary
vertex, paired with low-momentum pion to form a D*+ vertex that coincides with the
primary vertex

- From semileptonic B decays (v tagged): well identified and displaced muon paired with DO
candidate, requirement on corrected mass to (partly) compensate for undetected neutrino
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Systematic uncertainties PRL 122 (2019) 211803

[107]
Source m-tagged u-tagged
Fit model 0.6 2
Mistag - 4
Weighting 0.2 1
Secondary decays 0.3 —
B tractions — 1
B reco. efficiency — 2
Peaking background 0.5 -
Total 0.9 D



https://arxiv.org/abs/1903.08726
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https://arxiv.org/abs/1903.08726

Peaking background

[PRL 122 (2019) 211803]
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Backgrounds due to D™+— DOrr+ decays, where the DO is mis- or partially

reconstructed would peak in m(DOrr+)

Bias on signal asymmetry estimated by measuring backgrounds asymmetry
and contamination in the D%-mass signal region
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https://arxiv.org/abs/1903.08726

Consistency checks

[PRL 122 (2019) 211803]

Measured value of AAcp studied as a function of several
variables (e.q., magnet polarity, data-taking period,

Kinematics)
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https://arxiv.org/abs/1903.08726

Interpretation of AAcp

- The time-integrated asymmetry receives contribution from
CP violation in the decay amplitudes (direct) and in DO-0
mixing (indirect)

. A
Acp(h™h™) = agp(h™h™) - < >a151?3
.

- Indirect contribution is to a good approximation
iIndependent of the decay mode

. Since A ~0.11, AAceis mostly a measurement of direct

CP violation
. AR
AAcp ~ Aadp < >a1(f3}i3
T

59



=xperimental status of CP violation in DO—h+h-
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o | Run 1 (3/fb)
Individual asymmetries at LHCDb PLB 767 (2017) 177]

+ Use large samples of Gabibbo-favored DO—=K-rr*, D*—=K-Tr+r1+ and
D+— KO+ decays (where no CPV is expected) to cancel detector
and production asymmetries

AC’P h+h = —I—AD K n™ )

Acp(DO0—=K+K~)
Acp(DO—=+T) =

61


https://arxiv.org/abs/1610.09476

Neutral kaons asymmetry

[CERN-THESIS-2014-274]
ey

Neutral kaons violates CP and their mixing S ET Abrorotion E
can be affected by material interactions (ie. 52 '’ ----CP violation ,, E

: , - 1 Interference =
regeneration of Ks in K. beams) S Tomlasymmetry E

Both effects lead to tiny detection
asymmetries when using Ks that decay in
the VELO (LL)

AKs LL) = (~0.73 + 0.05)x10-2 o e
A(Ks DD) = (6.2 + 0.3)x10-3

Uncertainty limited by the knowledge of the
detector material — if not under control,
may impact the ultimate precision

T-stations

long track

L downstream track -

CP asymmetries with one Ks mesons in the
final state are currently limited to LL
candidates (~1/3 of reconstructed decays)

L\



http://cds.cern.ch/record/1997600

Phase-space binning

1

cp = \/m/bdmidm% Ap(m2,m?)
1

Sp = \/m/bdmidm% Ap(m3,m?)

Ag(

Ay

2

2

m?,m?)

m?,m3)

cos[Ad(m>, m?)], (26)

sin[Ad(m?, m? )], (27)

where Ad(m3,m?) = §(m3,m2)—3§(m?,m2) and §(m3,m?) is the phase of Ay(m?,m?).

21t(b — 3/2)/n < Ad(m>,m*) < 2n(b—1/2)/n,

Cp Sbh

O JO Tl W R[S

0.655 = 0.036 =0.042 —0.025 £ 0.098 = 0.043
0.511 £ 0.068 = 0.063 0.141 + 0.183 £ 0.066
0.024 + 0.140 £ 0.080 1[.111 £ 0.131 = 0.044
—0.569 £ 0.118 4+ 0.098 0.328 £ 0.202 + 0.072
—0.903 £ 0.045 = 0.042 —0.181 = 0.131 £ 0.026
—0.616 £0.103 = 0.072 —0.520 £ 0.196 £ 0.059
0.100 + 0.106 £0.124 —1.129 £ 0.120 £ 0.096
0.422 = 0.069 £ 0.075 —0.350 = 0.151 4= 0.045

[PRD 82 (2010) 112000]
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.82.112006

Sensitivity study [PRD 99 (2019) 012007]

+ Generated 1M signal-only D9—Ksrr+r- decays using the BaBar amplitude
model and compared sensitivity to x and y with different analysis methods
(all other nuisance parameters fixed)

Analysis method o(x) o(y)
Model-dependent 0.11% 0.10%
Original model-independent 0.20% 0.18%
Bin-flip model-independent  0.15%  0.29%

Bin-flip method gives better sensitivity to x than the original model-
iIndependent method

+ Similar ratios of sensitivities hold for the CP-violation parameters when
fitting D9 and DO decays separa
r — x- =xcptAx

y — YT =yop+ Ay
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https://arxiv.org/abs/1811.01032

A new parametrization [PRD 99 (2019) 012007]

2op + Az = —(q/p)~" (y + ix)

xCP:_%(ZCP):E CC'COS¢<g + 1—9)—|—y81n¢<g _ ]_?)
2 | p q p q|) .

2 | p q p q|) .

1 | .
yC’P:_%(Z’CP):§ ycosgb(g -+ Z—?)—x31n¢(g _ B)
i p q p q|) .

Ay=-R(Az) = - ycosqﬁ(g - 8)_x81n¢<g + B>
2 | p q p q|) .
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https://arxiv.org/abs/1811.01032

