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CKM suppr?ssion

Why charm is charming? _~ (5) e

(SM asymmetries ~0.1% or below)

e CPviolation (CPV) and mixing are suppressed in charm
o Room for new physics enhancement

e Predictions are difficult due to low-energy
strong interaction effects  [Phys.Lett. B222 (1989) 501]

e Experimental measurements are crucial

o(pp * cc X)E-137ev= 2.4 mb

e LHCb is one of the main players:
[JHEP 03 (2016) 159]

o 2013, first observation®™ of DO mixing in DO—Kit

o 2019, first observation of direct CPV in DO—hh

*from a single measurement




AACP AAce = Ace(DO~KK*) = Ace(Do—mr-1)
= (-15.4 % 29)xlo-4

[Phys. Rev. Lett. 122, 211803]

E. Solominidi:
theoretical estimations
using a data-driven
approach

S. Maccolini:
measurement of the
individual ACP(DO—hh)




Theory

based on Phys.Rev.D 108 (2023) 3, 036026
with Antonio Pich & Luiz Vale Silva
(& new preliminary results)



How CP violation arises

Generally: at least 2 interfering amplitudes

Can be parameterised as

A(DO — f) — A(f) + ZTCKMB(f) where oM —lm“z;jw ~ —6.2-1071
A(D® = f) = A(f)—ircxuB(f)

and consequently O‘CP N2 TokM = -sinarg —=
—— |A(f )I B(f)
At the scale of the charm quark mass: weak phases S————
strong phases
G S
Hefr = 71; 21 Ci() (MaQF (1) + AsQ3 (1)) — Mo(B_3Ci(1) Qi) + Cisg (1) Qsg (1))
current-current operators pengwm;;cors

A= VeVag q-dsb

| = || = a fect branching ratio affect onIy aCP’s
A+ A +/\b_0 aCP’s

|O3 6| < 0. 102, 0.03C;

Challenge: to calculate P P~ ’QZ|DO =7, K




A first estimate: Large number of colors

At the limit of a very large number of colors N, scattering between mesons is suppressed

Large N leads to the factorization of hadronic matrix elements (no use of large N, for the
Wilson coefficients)

Hor — ‘jg[zs LCi() (MaQE) + M@ (1)) — MBSy Col) Q1) + Cig (1)@ (1))

yields .A(DO s 7T—|-7T—) o 01>\d<7T+7T_|Q(1i|DO>fac — N\ (C4<7r+7r_|Q4|D0>fac + Cg <7T+7T_|Q6|D0>fac
where e.g.

<7r+7r_|Q‘1i|D0>fac =3= (MD ]\/[2 FD7T M\.io
Results in:

Correct estimation 0 0

of some decay amplitudes

X No prediction for the strong phases For decay constants & form factors: lattice

— necessary for CP violation! (XPT for rrrm scalar form factor) 6
[See also Lenz, Piscopo, Rusov ‘23]




How to incorporate strong phases: isospin &

unitarity

Isospin is a good symmetry

of strong interactions - Use Wigner-Eckart theorem

1

AD® > 7)) = AL=0 e10mm0)— A= plnm.2
( ) 6 | \[I -
1
A(D® — 7970 AI —0|gi0nm.0 A glonm.2
( )= | \[I |
A(D* = ntn®) = V3| 4122 it
1 22
AD” = K-K") = 3 | Ajoe|e Ko — (A2 e
1
A(D® - K K = 5 (| ARK e -

ADT 5 KK = |A§;§\ei5ml

Both mmir and KK have an isospin-zero component

So

[see also Gavrilova,Grossman, Schacht ‘23]

arg A(D — 7m)

The S-matrix is unitary

In isospin-zero, spin-zero, the strong S-submatrix is
also unitary

(assumption: no other channels leak to T and KK)
|
AD=rm)\ [ Slam=ar)  Sar = KK)\ ([ A(D -7
(A(D - KK)) - (SO(KK = 77) S(KK = KK)) . (A*(D - KK))
strong-intervaction—d riven
If isospin-zero 1T and KK channels didn’t communicat:
Watson'’s theorem
= arg(mm — 7w, S-wave)

mod

Instead now the phases of D—PP depend on the
magnitudes of D—PP + the strong S-submatrix

7767;251 i\/ﬁez(dﬁ—&z)
\/ﬁez(51+52) ,}761252

),



How the phases affect the amplitudes

Through analyticity by applying Cauchy’s theorem

s-plane

R-»

Sthr

ReA(s) = l/ ds’w

I _
/0 hr S S

and if rescattering is elastic, through unitarity we get
the dispersion relation -

ReA(D — 7)(s) = lPV/ ds’—tarié_l(s >ReA(D — ) (s) No r_e_sS:attering
m Sthr e We correct large N/
which has the solution (Omnes) s o0 51(2) factorization by incorporating
PV dz }
4

[A(D = 7m)(s)] = A(so) - exp{ s-channel

- . \ rescattering of the final states
limit of no rescattering — large N 8

e GG

Y
Omnes factor Q; Large phases modify amplitude



Two-channel case

In the isospin-zero block there are both it and KK : eff

— Alsy) - ex §— S0 > . 01(2)
A(D — 7m)(s)| = A(so) - eap{*— PV/4M%d == m !
now becomes —
m

AD — ) \ q. Aarge No) (D — )
.A(D — KK) - A(large Nc)(D — KK)

/
rescattering ™~ no rescattering . &w

where Q is a 2-by-2 matrix

that has to be found numerically

by solving the two-channel dispersion relation

e |nthelanguage of hadronic matrix elements: @//
Non-diagonal Q creates (mm(I = 0)|Q;|D) # 0 D ioop "
(KK (I =0)|Qf|D) # 0 ! L

Long-distance penguins




Implementation of the strong rescattering

Isospin zero:
¢ et in/1— 12042\ [ So(ar = am)  Sy(rm = KK)
i1 — 772%75(51+ 2 ei202 A\ Sy KK = ) So(KK — KK)
350 500 19

300 ess certain; g
KK threshold diffefent dataset

5
fol Lo : >
200 N P

250 — 1}70) 450

150 \ ke e
w oo Smo o P

0 f 2 g N x " - - - - - GV0.0 s = F N P & PP
e s (GY) 1375 18 17 13 Vs (e 06 08 10 12 14 16 18

[Kaminski, Pelaez, Yndurain ‘07, Garcia-Martin, Kaminski, Pelaez, Ruiz de Elvira, Yndurain ‘11, Pelaez, Rodas, Ruiz De Elvira‘19]

e Data-driven parameterizations taking into account known resonances & other features
e Extrapolations for energies higher than 1.9 GeV

ADT — 7t71%) =

|sospins 1 and 2: \/_ free

e Elastic mm, KK rescattering / ADT — I7& Kt) =|AlEL

e No (enough) data available — use measured Br’s of D+ decays




Sorting through the uncertainties

Solving the Omnes equations provides a full description of the decay amplitudes
— Select among the strong rescattering input

the one that yields values close to exp. Br’s for all decay channels simultaneously

(Br—prediction)/(Br-exp)
— DO —> 41— \ ;Z
20F — DO -> om0 lose to some Ha
ol vailable data for 0'4
%2 phase v '
‘Q 0.2
0.0 — Vs (GeV)

06 08 10 12 1.4 16 1.8

Only this 1=0 inelasticity survives,
giving an Omnes matrix like

0.5861'& —1.7i
Qo = @e—uu 0.61 23
— large rescattering between it
and KK in the I=0 channel

ol  — DO->K+K-
—— DO->K0KO

AR P i — - 5(KK,1=1)
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Sources of CP violation

At the quark level (full theory): < g g

< . g g VS / D@Kq
A ALA
At the level of amplitudes:

Recall: different weak phases & strong phases needed
For D— 1117 (similarly for D—KK):
One |=2 amplitude _
Ad - (T 1=2|(dc)(ud)| D) (current-current operators implied)
and several =0 amplitudes
Ag - <7T7T[:0|(dc> (ﬂd)|D> + A - <7\T7TI:0|(§C) (ﬂs)uj)) — M\ <7gwjzo|penguin operators|13>

. Long-distance penguin -di Y :
If 7137 did not rescatter to KK: 8 Peng Shor? distance penguin
(significant for Q,

(mmr=o|(5c)(us)|D) =0 AND B operator-annihilation topology)
D) = arg(mm—o|(dc)(ud)| D) (Watson's theorem)

arg(mm—g

penguin operators

— Only source would be interference of |=2 vs |=0 short-distance penguin

Instead: more sources of CP violation now
BUT cancellations between different CPV sources turn out small 12
e



Results: CP asymmetry predictions

We find Aadzr ~ —5H. 10_4 ~"43 of the measured value!
/\4* dir + 77— —4
while aZn(rTn7) ~'3-107%  agp(KTK™) ~ =210

and similar levels predicted for 7TO7TO7 KK0

e SU(3) breaking manifested through differences in mit, KK channels; comparable
to known levels
e Expressed interms of two amplitudes:  A(D° — f) = A(f) + ircxmB(f)

dr o, \B(f)| . A(f) no sufficient enhancement of the
Acp ™~ 2 [CKM A(f)] S arg B(f) CP-odd amplitudes
~ 6107 N~ ——~——  pre; . P
~1/3 ~1 pd m’nary]
Also: if we want to bypass the rescattering \9-8
we still manage to constrain the aCP coming from the 0.6
interference of isospin-zero amplitudes 0.4

toafew* 10
while the aCP from isospin-2 interference with isospin-O 0.2
would require unnaturally large Omnes matrix elements 0.4

 ____________________________"""05 08 10 12 14 16 184




Experiment

based on Phvs. Rev. Lell. 131, 001802

14


https://doi.org/10.1103/PhysRevLett.131.091802

How can you measure ACP?

e Choose aflavour-specific decay such as D*+— DO+ (prompt) to determine
whether the meson is a DO or DObar
e Theraw asymmetry (A) in DO — K-K+ decays

_ N(D=f)=N(D=])
AD = 1) = Nospno=n

includes both physics and detector effects: Do / h+

D™+ T +tag
NUISANCE ASYMMETRIES:

Production asymmetry
of D™

o(pp — D™*X) # o(pp — D*X)  e(x) # e(x")

15




How can you measure ACP?

e Choose aflavour-specific decay such as D*+— DO+ (prompt) to determine

' 6% = o(pp - D) o (1 £ AxD"™))
e* = e(n™) « (1 £ Ap(n™))

——— [ = T(D% > KK*) « (1 £ Ap)
T Nt+N-
_ (1+Ap)(A+Ap)(A+Arp) — (1 —Ap)(1 —Ap)(1 —Arp)
(1+Ap)(1 +Ap)1 +Acp) + (1 = Ap)(1 —Ap)(1 — Acp)
=Ap+Ap+Acp+ O(ApA3)
Ol ™ o

o(pp = D™*X) # o(pp —» D"X) e(n™) # e(n™)

Nt x ot et [™

=

16



Strategy for ACP(Do—K-K+)

particies with same color
must have identical
e Prompt DO—K-K+ collected during Run-2 kinematic distributions
e Two methods to cancel nuisance asymmetries: > weighting!
- D+ decays, same used in Run-1 analysis (CD+)
- Ds+ decays, new! (CDs+)
e Correct raw asymmetry A using samples of Cabibbo-favoured (CF) DO, D+ and
D(s)+ decays (where CPV can be neglected):

Cos AcD’>KKH=AD"" > D" > KKz )—AD " > D" - =)z )
+AD" > 1Y) = [ADT - K 7)) — AKKO)]

Cpss: AP’ =K KN=AD "> D> KKYHz  )-AD " > D> )z},
+AD; - ¢) - [AD; - K° ) — AKKY)]

17




C . Agel(h™) = | Age(p | KT)D(p)dp
Weighting procedure

= SRS
T T T T T T T

g I 1 &8 7 A ]
£0025— LHCb 7 Di=KK* = £00255 LY LHCb 7 D'—K'x* ]
o r 57" ¢ D=k ] '; F e Fe 570" ¢ D'=KK*
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Yields and impact of the weighting ;= oo

Decay mode Signal yield [109] Red. factor s

wo [ LHCb Dt Kt ]
CD+ CD;I‘ CD+ CD;'_ “ e t I?ita
=i

Comb. bkg. _

D° - K-K+ 37 37 075  0.75
D® - K7t 58 56 035  0.75 _ |
Dt — K—ntrt 188 _ 0.25 - o w

Candidates per 0.5 MeV/c?

Dt — Kt 6 - 0.25 R S A RREAN:
S _ 5707 t Data
D — ¢t - 43 - 055 :" —n
T 5 80:— Comb. bkg.“:
D} — K°K* — 5 — 0.70 ¢
T ol
o L ]
190 1950 2000

m(K3K) [MeV/c?)
e Statistical precision on ACP limited by the calibration samples after the
kinematic weighting, in particular by D+—KSh+ decays
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AA = A (DOKKY) - A (D>
_ (—15.4 = 2.9)x10

Results [Phys. Rev. Lett, 122, 211803]

CP

e The combination of the two approaches yields:
Acp(K~ K1) =[6.8 £ 5.4 (stat) & 1.6 (syst)] x 107%,

e Runl+Run2 measurements are combined and CP violation in DO—11-11+ IS
extracted considering the observed CPV in AACP

00l —
~ k& -~ ——— LHCb combination, 8.7 fb’ 1 LHCb 1
- r——— o 3" 0.008 - — — U-spin symmetry

0.006

(7.7£5.7) x 1074 oo

—(23.246.1) x 1074 o~ ©

.
F

——@
L AR
>

||



https://doi.org/10.1103/PhysRevLett.122.211803

Discussion

21
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~ 3 10 ,Pich, ES, Vale Silva 23
<5107 &24(|n preparation)

d
A — g+

What is going on?

The discrepancy between theory and exp persists in D°— '

Independent theoretical determinations agree in this aspect: LCSRS [Khodjamirian, Petrov ‘17 + Lenz, Piscopo, Rusov
23] v, U-spin breaking arguments [Schacht ‘23] v/

Could something be missing from the theory prediction?

e 3rdchannelinisospin zero? e.g. pp, a, 1m (— 4m)

— rescattering expected to be small (but maybe important for aCP?)

— no data available as required for dispersion relations - would require model dependence
e Could try to understand better 1=2 (we don'’t predict the rescattering but use exp. Br’s)

— no known resonances & most likely elastic mm—mr

Theoretical cross-checks:

e More theoretical determinations of related channels: D— 31 (could highlight the enhancement of aCP

from some resonance ), D—TITUM
e Addressindirect CPV theoretically? (could shed light into underlying long-distance dynamics)

Experimental cross-checks of studied channels (see next slide):

o 7T07T07 KO KO already theoretically calculated [see also Nierste, Schacht ‘15]
NP?

e Z'model breaking U-spin, see [Hiller et al. ‘23] also [Lenz, Rusov et al. ‘19] 29



Experimental “cross-checks”

e D-—3m:statistic tests [PLB 728 (2014) 585] [JHEP 09 (2023) 129]
- (2014-Run1) no evidence for CPV in D+—m-mm+mm+ (3 M)
- (2023-Run2) no evidence for CPV in DO—mmm0 (2.4 M) =
ongoing work for D+—1-11+31+ With Run2 data...
Upper limit on ACP? Not trivial!
Several millions of decay candidates (precise results

|||||||||||||||||||||||

— Permuted T-values
---=- Data T-value

LHCb Preliminary
6fb™!

~
o

w ;
o

Permutations/|[1. 645

g
o
T

could be achieved) but experimentally challenging! 10 llllllllllllllllll
—0.50 —0.25 0.00 0.25 050[]’[\),;1?16 xlu())g]
e DO—KSKS:
no evidence for ACP so far (uncertainties ~ percent)
measured by LHCb, Belle and recently CMS [PRD 104 (2021) 3, LO31102]

[CMS-BPH-23-005]
e DO—mOmO:;
Measurement from Belle ~ [PRL 112(2014) 211601]

Uncertainty of 6x10-3, ~10 times bigger than ACP(DO—hh)
DO vertex non-reconstructible (not favourable for LHCb maybe in U2...)
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NB: ACP(DO—hh)

HOW Can We d() better? measurement limited by the

calibration samples to control
nuisance asymmetries

e Runl+Run2data:
o ACP(DO->hh): new strategy ongoing with DO->KSpipi decays

Acp(D® - K KN =+A(D " —» (D° > K KN 7' )

soft

~[AD™ » (D° - K’z 7Y} p) — ARD) — Ay %) ]
. IS = —— Full model : N. =
e Upcoming Run3 data: i NE s e |
1= = — - Combinatorial bkg e x 3
o x4 statistics (luminosity) B ™ {50k ooy E
. . T 25000 2022 (240 nb) —
o new online selections, R =
i 8 E
eg. HIt1 on Ks decays o W E
o Studies ongoing for new strategies sooof-- =

PO

=" - el T A e : z 3
460 470 480 490 500 510 520 530 540 1




Thank you!
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BACKUP (theory)
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More rescattering

W () S-wave phase-shifts
350 oy
0
O [ (Ge)
300} 4 06 08 1.0 12 14
240
250} -
200} S
. R ~30
10 12 14 16 18 2.0‘/: (GeY) "

Isospin-zero nim+KK phase Isospin-two 11T phase

Fewer uncertainties Elastic - admits Omnes solution

Using only this results in |Ar_o(D — 77)(s)] = Ar_s(so) x exp{> ;50 PV /;2 dz(z - ‘252 —
- < ° —4 ) mnés:f,actorfl ’
0< acp(ﬁﬂ) (O O) ~ o-10 which at infinity behaves asO
—3- 10—4 5 aCP(KK)(O — O) <0 Q( ) 1 58(00) — 58(4m72r)
§)~—, n=
s s

and has to go to zero

KKinl=1:not available — phase has to go to positive multiples of 1
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Naive estimate of final-state-interaction effects

We can write [Bauer, Stech, Wirbel ‘86]

(42) ~ st (i)
A%(:Ig ° Aé(zfg ,bare

SSZ(@ 1

1261 ’L\/l . 7]261'(61—1-52)

7762252

re
_ n2€i(51 +62)

)

where the bare amplitudes come from factorization (no strong phases)

This reproduces correctly Watson'’s theorem in the limit of elastic rescattering

What S-matrix unitarity gives:
1=0 I=0\x
Airmo = Ss - (Airmo)
p— — *
AKK (AKK)

— No direct solution for the amplitudes; can relate them to the rescattering phases

| AL
|ALZO]

(14 7)2 — (i) ° (1 = 72)

argAl=0 = 5, + CL’I“CCOS\ 4

|AZZO1 2
(1 + 77)2 o |A§<:1g|) (1 o 772)

=0

argA®L
g KK 4,,}

= 0y + CL?"CCOS\
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Br’s and ACP’s as functions of the free phases

ratios: theo./exp.

ratios: theo./exp.
R 5
101
’ 5 \\\ y
. N . . . rad PR B s - rad
3 -2 - 1 2 3 ¢2< ) 8 2 - T2 3 (\ )
Acp: pion channels Isospin-2 Acp: kaon channels Isospin—l
0.0007 i
(0005
\\\ V} II
: ¢ (rad)

— DO->K+K-
— DO0->KOKO 29

— DO => m+1T-
— DO => 00




BACKUP (experiment)

30



ACP(Do—KK) - systematic uncertainties

Source

Cp+

Tot al systematic

® neutral kaon asymmetry: accuracy

tested with a data-driven approach

® secondary decays: presence of D

meson from semi-leptonic B decays
estimated

® peaking backgrounds: impact

estimated by fits to the m(KK)
invariant mass

e fit model: alternative signal and

background shapes evaluated

e kinematic difference: residual

difference from weighting procedure

0.28 e charged kaon asymmetry: K-K+

AR 7 [107] |

St%téstical

el b s

Candidates per 0.91 MeV/c?

AT (A B O A L A

e
F N ™ 20.12
2 LHCb -+ Data EN]
I < 1 577!
1F 5.7 b Prediction — —“é 0.1 770 D+ - Kon*(Cps)
P = Prediction with perturbation | § 0.08 [ ot - P
F 135
-1 Ty - = 0.06
I an® TS 1 5
2 —— 49
-3 = 1 002
-4F =
1 . 1 1 0
0 1 2 3
t/Tg

|

asymmetries from Ds+— ¢+ decays

LHCb . : éD — KK* —
: : |~ K E
57" : i D> K 3

—
[=]
>

T T T

—
S
™

TTTIT

10 i 3

1800 1900 2000

m(KK*) [MeV/c?]
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[Updated list]

Charm CPV + mixing results

i CPVin decay @

AAcp(hh) and Ace(hh):
PRL 108 (2012) 111602
PLB 723 (2013) 33
JHEP 07 (2014) 041
PRL 116 (2016) 191601
PLB 767 (2017) 177
PRL 122 (2019) 211803
PRL 131 (2023) 091802

D(s*— Ksh+:
JHEP 06 (2013) 112
JHEP 10 (2014) 025

D' KsKs.

JHEP 10 (2015) 055
JHEP 11 (2018) 048
PRD 104 (2021) L031102

PRL

D(sy*—n’m*:
PLB 771 (2017)2 |
PAPER-2021-051

Ds*—h*m0,h*n:
JHEP 06 (2021) 019

mixing + mixing-induced CPV

Ar(hh):

JHEP 1204 (2012) 129
PRL 112 (2014) 041801
JHEP 04 (2015) 043
PRL 118 (2017) 261803
PRD 101 (2020) 012005
PRD 104 (2021) 072010

WS Do K+rr:

PRL 110 (2013) 101802
PRL 111 (2013) 251801
PRD 95 (2017) 052004

yce(hh): PRD 97 (2018) 031101

PRL 122 (2019) 011802

Do - K-K*mr-m*, mmmm:
PLB 726 (2013) 623 (SCP)
JHEP 10 (2014) 005 (T-odd)

multi-body PLB 769 (2017) 345 (ET)

rare

JHEP 02 (2019) 126 (AmAn)

=+ —pK-m* (SCP, KNN):
PRD 102 (2020) 071101(R)

DO— h*h-p+u-:
PRL 128 (2022) 221801

122 (2019) 19180 PRD 105, (2022) 092013

D+ K-K+m*: \

PRD 84 (2011) 112008 (SCP) \ Do K- 1

JHEP 06 (2013) 112 " PRL 116 (2016) 241801
D+ —m mr

Dysj*— K-K*K*: PLB 728 (2014) 585 (SC Do— Ksrrmr-:

JHEP 07 (2023) 067 JHEP 04 (2016) 033
Do rrmr-ne: PRL 122 (2019) 231802

PLB 740 (2015) 158 (ET)
JHEP 09 (2023) 129 (ET)

PRL 127 (2021) 111801
LHCB-PAPER-2022-020

A phth-
JHEP 03 (2018) 182 (DACP)
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https://lhcbproject.web.cern.ch/lhcbproject/Publications/p/Summary_Charm.html

