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Correlated charm systems for fun and-prefit

Outline

=  Context: flavour physics / discrete symmetries / charm oscillations
= What is a quantum-correlated (QC) charm system / how do we make them?

» What are QC charm systems good for? Part 1
= Charm mixing / strong phases
* |nput to measurements of the CKM phase gamma

= How else can we make QC charm systems?

= What are QC charm systems good for? Part 2
= Asameans to establish new sources
= As afilter for C = +1 charmonium resonance content
» For tests of time-reversal and CPT conservation
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The Standard Model

Molecule Atom Atom nucleus Proton/neutron Quark

Ordinary Matter Elementary particles

First family Second family Third family Forces Messenger particles
charge
- electron muon tau
O .
E neutrino neutrino neutrino SNcTOngneNc photon
Q force
@D
electron -1 muon tau
Higgs weak force W.Z
@ up +2/3 charm top
T
O strong force gluons
down -1/3 strange bottom 9
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The Standard Model

® ~ ‘ J

Molecule Atom Atom nucleus Proton/neutron Quark

Ordinary Matter Elementary particles

First family Second family Third family Forces Messenger particles
charge
A electron muon tau
E neutrino neutrino neutrino SNcTOngneNc photon
Q force
@
electron -1 muon
Higgs weak force W,Z
- up +2/3
X
< Flavour
S Changing
down -1/3 bottom Quark strong force gluons
Decays
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The Standard Model

= Mesons Hadrons
Strongly interacting bound state Meson | " Baryon
of a quark and antiquark K+ m, Proton
Decay @ @ @
= Strong A @
= Electromagnetic S Y
= Weak (Can change flavour) Weak §<u} .
= Some mesons | will mention B {b c D g =
U u

B+ (5279 MeV/c2) - ub

DO (1865 MeV/c2) - cl DO
K+ (494 MeV/c2) - us w
B Strong

11+ (140 MeV/c2?) - ud
110 (135 MeV/c2) - (uti-dd) / +/2

W(3770) (3774 MeV/c?) - & @
Xc1(3872) (3872 MeV/c?) - cclui] (“exotic”) @D—

D°-D™ “molecule”  Diquark-diantiquark
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Discrete Symmetries

Charge symmetry » Discrete Symmetries
) 1 e il C: Charge reversal
Q ' @ - | *9 P: Parity reversal
: : T: Time reversal
Applying the C symmetry operation swaps charge B I Scronmae = C, P maximally violated in

weak decay

Parity symmetry
| |

<Q><0>

Applying the T symmetry operation
is like playing a movie in reverse n CP seems mosﬂy conserved

in weak decay, but the closer
we look, the more we can

Spins clockwise vl ucciodatte CPT symmetry . . .
sl e : isolate large CP violating
Applying the P symmetry reverses space directions v @ I v @ eﬁ:ects (partiCUIarly in beauty)

CP symmetry l
| |

= CPTis conservedin all Lorentz
] invariant theories. If it is found
I

@ @D i I oiearnmeine ¢ t0 be violated:
Congratulations, here is the
*Positron moving

The CPT symmetry operation is invariant
Nobel prize.
Applying the CP symmetry operation Away from you with CW spin

transforms matter into antimatter " CP ViOIation |mp|ies T Vi0|ati0n

positron

Paras Naik, University of Liverpool Liverpool Seminar: 2023 12 06



Correlated charm systems for fun and-prefit

Discrete Symmetries Timeline

1957

Lee & Yang
1956
' P violation 2008
in weak decay 1999
C.S.Wuetal CKI\149rZ1?;trix Direct CP violation
C T T : ) in kaon decay 2013
1957-9 . (3 generations "
C violation ( !%ob ayashi ) KTeV & NA48 Direct CP violation
in weak decay Maskawa in beauty-strange decay
. ) several LHCb
/ | | | (tumbleweeds) | | | ‘ |
I I I I I ‘ | ‘ I
1964
201
CP violation 2001 Direct CI(:)’ \(/?iolation
in kaon decay Direct CP violation i charm d
(via oscillations) in beauty decay ne ?;‘_Irrébecay
J. Cronin & V. Fitch et al BaBar & Belle
. 2012
. 1963 N T violation
Cabibbo mixing . in beauty decay
(2 generations) i BaBar
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LHCb Experiment Overview

= The LHCb detector is a single arm forward spectrometer with a polar
angular coverage from 10 to 300 mrad in the horizontal plane and 250
mrad in the vertical plane. Ry W\

L / M5 \
// // - M4 \\ \\
L/ / M2

Sm // SPD/PS HCAL

/ agne L

T3 RICH2 M1

= Uniqueregime:2<n<5,downtopr~0

Detector Acceptance

UA1
CDF
Do
ALICE
ATLAS
CMS

LHCb MC
Vs =8 TeV
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Playing a movie in reverse

= Since the dawn of time, man has yearned to reverse the arrow of time

I I

= On the elementary particle scale we can rnz.;-,,m""‘
return to where it all started via meson oscillations s
0 : 0
0 (DO(D)) _ (M_fr) DO(t)
7w, K ot Do(t) 2 Do(t)
Long distances Do =T N °
(dominant) o O g o 0 0
R |D12) = p|D”) £4q|D")
c \:-,, q Vug u Am
T = —
Short distances 0 7° 7 I
myo — §F 12
Ve  Va A
21

= We can study D°— D0 and DO9— D0, These are T-reversed processes.

= However these are also CP-reversed, so what symmetry would we be testing?
= Canwe isolate T? (yes, let's come back to this later)

Liverpool Seminar: 2023 12 06
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What is a quantum-correlated charm system?

= As atwo-meson system, DODO exists in an eigenstate of C and P.
Both eigenvalues depend on the relative orbital angular momentum.

_ _ L ~0p0
Cpopo = Ppopo = (—1)7p°P
» The system thus can only exist in two quantum states:

B D" DD .
| >\%I ) when Crom0 = Ppogo = +1, Lpopmo 18 even

BN | DB
| >\/§| > when CDOEO = PDOEO = —1, LDOEO 1s odd.
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Consequences of a transformation to the CP basis

= Canrewrite in a basis of D decays to CP eigenstates, D. and D..

D) + DY) D) — |DY)
V2 V2

= The quantum state dictates that the D mesons must be found decaying

in opposite states of CP, or the same states of CP,
depending on the C eigenvalue of the DOD0 system.

D_ CP|D°) = —|D°) P

convention

D°D") - |D°D°) _ |D-D4) — |D+D-)

o /2 when C'rop0 = —1
DYDYy 1 BB Dibid— [ B
D) 4P _ D) =ID-D) g 6, = 41

= The resulting decay interference gives access to DO decay strong phases.
CP “tags” of one D decay leads to a projection of the other decay into the
opposite or same CP state.
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What are strong phases?

= When a hadron decays, the decay amplitude has a “strong” phase associated
with hadronisation of the final state particles.

= For a multi-body final state, there can be a different amplitude and strong

phase for every point in the decay phase space.

single complex
amplitude

@

many complex
amplitudes

1.8
2 2
m K / GeV

= The relative amplitude (r) and relative phase (), between D° and D° decays to
the same final state j are key parameters in studies of D mixing & CPV in B.

‘ o]
)
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So how exactly does QC D°D° provide the phases?

= For D decays, Asner & Sun neatly relate the r (relative amplitudes) and 0 B
(relative phase), along with x and y, to decay rates of quantum correlated DOD©
systems.

r. = ‘<j|DO> D. Asner and W. Sun,
’ (] D°) Phys. Rev. D73, 034024 (2006)
(7|D°) Phys. Rev. D77, 019901(E) (2008)
—0; = arg( 170 ) [built on upon work by many others]
(71D°)
A . = . 2 — . 2
Cpopo = —1 T (j,k) = Qu{|A7 G, k)| |+ Ry [BO(5, k)|
. o 2 . 2 o
Cpopo = +1 TG k) = Quf|AD G, k)| 1+ Riy [BYG, k)| + CH (G, k)
— p— 17 1 1 2 — 9
AD (G, k) = GID°NKIDY) = GID°)KIDY) o = 3|2y ] =1
; Py q, .= = [ z% + 92
BO(j,K) = L UID°) (kDY) = (D) HD) A= 3|2y e~ T
Y % Q) S L A ]~Q — 2% 4y
Bt 1y = () ( (4 Mo [(-w?? T A 4e??) Y
C™(, k) = 29?{14 (4, k) B (4, k) [(1_y2)2+ (1+x2)2” L[l 1 }%R
MT 2 [(1-y?? @4e??] M
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How to prepare QC D°D° systems (traditional)

= Atane*e- collider running at or above charm threshold,
DODO systems may be produced via the reaction:

. =
ete™ —» DYDY + 7y -1 nmV
JPC = 1—-

= C conservation in this reaction dictates that the D°D° system must be
formed with the following eigenvalue:

O e R ( L 1 )'m.—i—l Goldhaber and Jonathan L. Rosner
“PYBPY — Phys. Rev. D 15, 1254

= Currently, the entire quantum correlated sample studied by BES I
(and formerly, CLEO-c) has been collected at open charm threshold
(m =0) and thus is C = -1 correlated.

Paras Naik, University of Liverpool Liverpool Seminar: 2023 12 06


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.15.1254

Correlated charm systems for fun and-prefit

CLEO-c (2003-2008) / BES Il (2008-)

= CLEO-c studied
ere- = P(3770) — DODO decays
Total integrated luminosity of this
sample is 818 pb-1 (3 million D pairs)

CLEO-c Really clean events!

= BES ||l studies K e*v vs. K " | .
ete- = P(3770) = DODO decays sonsooJIE=—
= Total integrated luminosity of this :?«i'r” |
sample is 2.93 fb-1 (10.6 million D pairs) Tor

Ul
Quadrupole

= Soon to be 20 fb-1(~72 million D pairs)

Paras Naik, University of Liverpool Liverpool Seminar: 2023 12 06
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Application of QC D°D0: State-of-the-art

= Quantum-correlated (QC) D°D° systems have been exploited to obtain:
PRD 86, 112001 (2012)

= Time-integrated measurements of charm mixing
= Strong decay phase differences ( e.g. d«m, dkkmo(P) )
T = Coherence factors / CP-even fractions for multi-body decays
g- Bin-integrated strong phase differences and coherence factors
"= |Input for measurements of charm mixing and the CKM phase y

Simultaneous determination of the

CKM angle v and parameters related
_ +0.050
L= (0‘398 —0-049)% to mixing and CP violation in the

m? (GeV?/c)
+ L

1 2
m2 (GeV?/c%)

v = (63.8557)°

y = (0.636 fg:g%g)% charm sector
190.2 R LHCb
(using CLEO-c, BES Il
R e IV, & HFLAV inputs)
: |_LHCb-CONF-2022-003 |
VCd VCS ‘/(LI .
Many input analyses
- ,l d Vlb th and theory/phenomenology
VedVeb - = contributions! (see references)

Liverpool Seminar: 2023 12 06
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The CKM phase Yy

Colour Suppressed

= The CKM phase y can be determined through the interference between
the b—c and b—u transitions

DK~
= Require the neutral D mesons to decay /1/ \
to the same final state f(D) B t([)) K

S)
= This method is theoretically clean \ [) K/

= Success of this method requires that the D decay is well understood

Paras Naik, University of Liverpool Liverpool Seminar: 2023 12 06
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The LHCb gamma combination

LHCDb input measurements

LHCb-CONF-2022-003

“Auxiliary” inputs

B decay D decay Ref. Dataset Status since
Ref. [14]
B* — Dh* D — hth™ [29] Run 1&2 As before
B* — Dh* D — htr=atn=  [30] Run 1 As before
B* — Dh* D — K*n¥ntr= (18] Run 1&2 New
B* — Dh* D — hth=n® [19] Run 1&2 Updated
B* — Dh* D — K3hth™ [31] Run 1&2 As before
B* — Dh* D — KJK*n¥ [32] Run 1&2 As before
B* — D*h* D — hth™ [29] Run 1&2 As before
B* —» DK** D — hth™ [33] Run 1&2(*)  As before
B* - DK** D — htr—ntn=  [33] Run 1&2(*) As before
B* — Dh*ntn~ D — hth™ [34] Run 1 As before
B — DK*® D — hth™ [35] Run 1&2(*)  As before
B — DK* D — htr~ntr™ (35 Run 1&2(*) As before
B° — DK*° D — Kdrtm~ (36] Run 1 As before
B® - D¥r* Dt —» K—rtrt [37] Run 1 As before
BY —» DFK* Df —» hth~rt (38] Run 1 As before
B? —» DFK*r*n~ D} - hth ot [39] Run 1&2 As before
D decay Observable(s) Ref. Dataset Status since
Ref. [14]
0 — hth™- AAcp [24,40,41] Run 1&2 As before
D' = K+K- Acp(K+K-) (16,24,25] Run 2 New
— hth~ yop — Y& ™ [42] Run 1 As before
D® — hth- yor — yEp ™ [15] Run 2 New
D° — hth~ AY [43-46] Run 1&2 As before
D° — K*n~ (Single Tag) RE, (z/%)?, y'* [47] Run 1 As before
D° — K+n~ (Double Tag) R*, (z'%)?, y'* (48] Run 1&2(*)  As before
D° — K*nFatq~ (> +y?)/4 [49] Run 1 As before
D° - K{ntm— z,y [50] Run 1 As before
D° — Kdntn~ zcp, Yop, Az, Ay [51] Run 1 As before
D° - Kdntn~ zcp, Yor, Az, Ay [52] Run 2 As before
D° - Kdntn~ (u~ tag) zcp, Yor, Az, Ay [17] Run 2 New

Decay Parameters Source Ref. Status since
Ref. [14]

B* - DK** kDK™ LHCb 33] As before
B - DK*° ROl LHCb 53] As before
B® - D¥n* B HFLAV 13] As before
B® - DFK*(rn) 4, HFLAV 13] As before
D — K n~ cos 687 sin 6K, (rk™)2, 2%,y CLEO-c 27] New

D — K+tn~ Agry, A rE™ cos 087, rE7sin 657  BESIII 28] New

D — hth~n° Fhy By CLEO-c 54] As before
D = ntawtn~  FL CLEO-c+BESIII 26,54] Updated
D - K*n~n° FETE GETE R CLEO-c+LHCb+BESIII  [55-57] As before
D — K*p¥ptp— oK §K3r Kox CLEO-c+LHCb+BESIII  [49,55-57] As before
D — KIK*nT Ml‘r 51,‘,“1”, ’,‘,“K“ CLEO I 58] As before
D - K{K*nF ¢ 3 sK LHCb 59] As before

D-mixing input from LHCb)

Crucial
quantum correlated
charm inputs
(sometimes combined with

r: 202312 06

QY

Aerylic felt/ fur with
poly bead fill for medium

mass.

Paras Naik, University of Liverpool
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Measuring the CKM unitarity triangle phase y

Measuring the CKM phase y from tree decays is possible
via B = Dh (and similar e.g. B = D*h & B — Dh*).

The measurement requires B decay information and:
= D decay strong phase difference between DO = fand DO — f

= D decay relative magnitude ratio between D° = fand D0 — f

~§
~
~
~§
~

= D decay coherence factors ol e

~

['(Bt — Dh*) « |rpe P +rget®8:M|2 = 2 4 p2 QKDI;:IB‘TDTB cos(dp —|:5D :i:

» Coherence factor: Dilution of the interference term due to incoherence
(strong phase variation) between contributing intermediate resonances
in multi-body decays

= Can be determined by integrating the amplitude over parts of the
(or the entire) D decay phase space or by counting (model-indep.)

= Performing the analysis in bins allows focus on regions where
coherence is high (if coherence is low, still get constraints on rg).

Paras Naik, University of Liverpool Liverpool Seminar: 2023 12 06
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Relationship of Yy to D mixing

= Non-negligible correction to the B decay rates due to D mixing
= X, proportional to D° and D° mass difference .
=y, proportional to D° and D decay width differené;é\\

~

I'(B* — Dh*) « 73 + 1% + 2kpkprprecos(dp + 0p ) \“\::"“*
—a[(14rg)kprpcos(dp) + (1 +75)kBTE cos(é}{il::xi]‘y
+a[(1 —r)kprp sin(dp) — (1 — rp)kprsin(ds £ 7)| =

* Hence a simultaneous fit is required to get the best result.
= Many B decay states already used, more will be added
= Many D decay states already used, more will be added
= The fitis nicely over-constrained

= Even more over-constrained when including information from
time-dependent charm decay rates, e.g. 2% = — Jg/pl*" [0 cos(3E™ + 6) + ysin(6K™ £ )]

I£)2 1£)2 ? It = =1 [y cos(6E™ — zsin(68™
RE(t) ~ R* + VRES™ (£>+(x ) I(y ) (E) y la/p™ [y cos(65™ + ¢) (65" + ¢)]
: T D) = p|D°) +4[D% ¢ = Arg(q/p)

mass eigenstates

Paras Naik, University of Liverpool Liverpool Seminar: 2023 12 06
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Alright, now what?

= Quantum-correlated (QC) D°D° systems have been exploited to obtain:
= Time-integrated measurements of charm mixing
= Strong decay phase differences ( e.g. Op—km, Op—kkn(®P) )
= Coherence factors / CP-even fractions for multi-body decays
= Bin-integrated strong phase differences and coherence factors
» |nput for measurements of charm mixing and the CKM phase y

=  We “always” need more of these decays to reduce errors and test the SM.

= The BES lll sample, while large, is limited... as LHCb collects more and more
data systematics from charm input will limit the precision on y.

= There are also some other interesting things you can do with them.

=  So where can we look?

Paras Naik, University of Liverpool Liverpool Seminar: 2023 12 06



Correlated charm systems for fun and-profit

Alternative sources of QC D°D° = BELLETI

W

BES IIl, Belle Il |
Y(1S) PLEASE

. = i
et Ls POTY my + 2l CDOEO s (_1 ) m—+1
BES Il is actively looking into this

At full Belle Il luminosity
Y(18) (@ Y(1S), ~103¢ cm-2s1)
ete™ — DYDY+ my+nr’ expect ~4x yearly QC DODO of BES |l

This won’'t happen in the Belle Il run plan (@ 3.77 GeV, 1033 cm-2s7)

Li & Yang, Phys. Rev. D 74 (2006) 094016 [hep-ph/0610073].

and many more
(Must be some [Y(4S) — DODO + C-definite] in Belle Il 50/ab ?)

Paras Naik, University of Liverpool Liverpool Seminar: 2023 12 06
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Even more alternative sources of QC D°D°

LHCDb, Belle |
Angular momentum
ey conservation alone
BO —> DO D 0 CDOEO = +1 dictates this!
S ) P. Naik, JHEP 03 (2023) 038

LHCb observed 1346 (45+8) B?S) — D°DY in 1/fb of Run 1data*

LHCDb is running without a hardware trigger in Run 3.
Expect over 2 orders of magnitude more of these decays.

*Run 1 LHCb Paper: PRD 87, 092007 (2013)

B+ — ¢(3770)K+ Cphopo = —1

Also will be C=+1resonances in the D°DO spectra
Need to consider “backgrounds” from resonances in the DK spectra

and many more

Paras Naik, University of Liverpool Liverpool Seminar: 2023 12 06
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Aside: A reason one might want boosted QC D°D°

KOS T T DQ
W(3770)

DO - K+ K-

At a symmetric charm factory,
low momentum D-frame tracks have lower lab frame efficiencies

Paras Naik, University of Liverpool Liverpool Seminar: 2023 12 06
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Another reason one might want boosted QC D°D°

DO - K+ K-
At an asymmetric charm or B factory,
low momentum D-frame tracks have higher lab frame efficiencies
and you can do time-dependent analysis
(e.g. CP-tagged time-dependent amplitude analysis, ...)

Paras Naik, University of Liverpool Liverpool Seminar: 2023 12 06
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The Xc1(3872) exotic meson

= The X1(3872) exotic meson was first discovered by Belle in 2003
= Rapidly confirmed by CDF, DO, and BaBar Dy ‘ __
JT

[41] BELLE collaboration, Observation of a narrow charmonium - like state in exclusive

B* - K*a+x~J/¢ decays, Phys. Rev. Lett. 91 (2003) 262001 [hep-ex/0309032|. (Cited
in section 2.) P
[42] CDF collaboration, Observation of the narrow state X(3872) — J/ymtx~ in pp collisions at
Vs =196 TeV, Phys. Rev. Lett. 93 (2004) 072001 [hep-ex/0312021]. (Cited in section 2.) D*o

[43] DO collaboration, Observation and properties of the X(3872) decaying to J/vm 7~ in pp — -
collisions at /5 = 1.96 TeV, Phys. Rev. Lett. 93 (2004) 162002 [hep-ex/0405004]. (Citedin  D°-D"° “molecule Diquark-diantiquark

section 2. My, 3s72) = 3871.59 4 0.06 + 0.03 & 0.01 MeV/c?

[44] BABAR collaboration, Study of the B — J/Y K n"m~ decay and measurement of the

B — X(3872)K~ branching fraction, Phys. Rev. DT1 (2005) 071103 [hep-ex/0406022]. [y..3872) = 0.96 fg:ig + 0.21 MeV
R LHCb, PRL 122 (2019) 211803

=  QObservation of xc1(3872) — J/Y Y established that xc1(3872) was C = +1

[48] BELLE collaboration, Observation of X (3872) — J/vy and search for X(3872) — ¥’y in B
decays, Phys. Rev. Lett. 107 (2011) 091803 [1105.0177]. (Cited in section 2.)

* |n 2013, LHCb established full quantum numbers JPC = 1++

[49] LHCB collaboration, Determination of the X(3872) meson quantum numbers, Phys. Reuv.
Lett. 110 (2013) 222001 [1302.6269]. (Cited in section 2.)

= Narrow width; mass coincident with the sum of D% and D*0 mesons’ masses

P. del Amo Sanchez et al. [BABAR Collaboration], Phys. Rev. D 82, 011101 (2010)

= Has isospin violating decays uxi:100s519 fepexd).

[ | XC1 (3872) iS known to decay primarily to DD* G. Gokhroo et al., Phys. Rev. Lett. 97, 162002 (2-006).'
. . s 253 . Liand C.-Z. Yuan, Determination of the abs
= BranChlng fraction of XC1(3872) — D*Dis (5241_143)% Ehi R((tu([)zwxo |_201§1 i)?)l()():i ;1907.fots’>1491|).
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Yet another source of QC D°D° P. Naik, JHEP 03 (2023) 038

= |recently proposed an extension to other C conserving reactions:

Xc1(3872) —» DD° + my + nx’

= C conservation in this reaction means the D°DO system will be formed with

the following eigenvalue:
C yestpritn s (_1)772.
"DOD0 —

= Xc1(3872) is known to decay primarily to DD* where the D* decays to a
neutral D and a neutral photon/pion. So the final states will be:

Xe1(3872) = DODOTIO  C'pop = +1
XC1(3872) — DOBOY CDOEO =]

= Off-shell DD* possible.... but however the final state is produced, if it is
produced strongly, C must be conserved!

Paras Naik, University of Liverpool Liverpool Seminar: 2023 12 06
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Quantum numbers

%382 BB D s T 2 IRl W
S ——

Lgr
¥ (3872) <5 (D" DY) s 2 1t - J B @17
N— e—

L'y

Decay == JDO DO LR Xc1(3872) mass is at
X01(3872) LB DODOWO 0 1 DOD*0 threshold
Xe1(3872) — DO DY70 2 1653 Higﬂﬁ;;e?y”“
Xe1(3872) — DOEOA/ 1 0 or 2

Table 1. Allowed angular momentum configurations for J om0 < 2

Paras Naik, University of Liverpool Liverpool Seminar: 2023 12 06
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Light neutral kinematics in X decays

= ¥1(3872) expected to decay through D*D + c.c., at D*D threshold.
= However, an “off-shell” (non-res) component is possible / expected
= For D* we know breakup energies and momenta for the photon/pion.

= Major bonus: The X and neutral D* rest frames “coincide”...
the D* break-up momentum defines the kinematics

= Thus, the T19/y momentum is smoking gun, if we can reconstruct.

Decay Ero, (MeV/c?) pro | (MeV/c)
X (3872) = D°DOx 141.5 42.6
X(3872) — DDA 137.0 137.0

= A variable that approximates the light neutral momentum without having
to reconstruct it is discussed in P. Naik, JHEP 03 (2023) 038

= For off-shell DODOTr9, p still small, between the pion mass and threshold
= For off-shell DODOy, p can take a larger set of values, very distinguishable.
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Correlated charm systems for fun and-prefit
P. Naik, JHEP 03 (2023) 038

How to separate Xc1(3872) — DoDo 1o & DoDOy

= A variable based on the D°D©
frame energy release,
approximates the light neutral’s
momentum and is frame
invariant:
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= No D mass-constraint is simulate LHCb detector effects (“RapidSim”)

required for this variable to be No D mass-constraints

useful. _

Real performance NOT expected to be this good

= Only the D% and DO are required Xc1(3872) decays only via D*D in S-wave

- the light neutral does not need

to be reconstructed (internal tests with LHCb MC don’t

look too bad though... but real Xc1(3872) decays
will have off-shell components that make it harder)
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P. Naik, JHEP 03 (2023) 038

How to separate Xc1(3872) — DoDo 1o & DoDOy

= |f we have

I|II

=
i =080 ;_ JIPCE 59% overlap
B — x1(3872)K S ool -
Can also look at the angle o 3000 =
betweenthe Kand eitherDin 2 ,0E E
the DODO° frame and get extra . E
separation from helicity-related S . . | R
effects % ez 1 @ a5 2 75 @ .8
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= Again, the light neutral does not Study using toy MC designed to

need to be reconstructed. simulate LHCb detector effects (“RapidSim”)
No D mass-constraints

Real performance NOT expected to be this good

Xc1(3872) decays only via D*D in S-wave
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Correlated charm systems for fun and-profit

To the ends of the earth (or Germany) for QC D°D°

PANDA
PP — Xecl (3872) CDOEO i (_1)777,

o(pP — X1(3872)) < 68 nb

pp — ¢(3770) Cpopo = —1

o[pp — ¥(3770)] = (9.85'19'8) nb (< 27.5 nb at 90% C.L.) or (425.6fﬁ§:2) nb
/3 = 3.774 GeV

[101] BESIII collaboration, Study of ete™ — pp in the vicinity of 1(3770), Phys. Lett. B735
(2014) 101 [1403.6011]. (Cited in section 5.2.1.)

[106] PANDA collaboration, New spectroscopy with PAN DA at FAIR: X, Y, Z and the F-wave
charmonium states, AIP Conf. Proc. 1735 (2016) 060011 [1512.05496]. (Cited in
section 5.2.3.)

and many more
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Correlated charm systems for fun and-prefit

Quantum correlations extended P. Naik, JHEP 03 (2023) 038

=  Apply the same logic to other C conserving reactions:

Chopo = 1) Cpopo = +1

= The D mesons must be found decaying in opposite states of CP or in
states of the same CP, depending on the initial state.

il Vi = D (LD when Cpopo = —1 L‘(3770) — DOEO

V2 V2
|DODO>\4/‘§|DODO> _ |D+D+>\;§|D_D_> when Cpopo = +1 XCQ(SQSO) — DOEO

= Every charmonia state that can decay to DOD© will have the D mesons in a
CP-anticorrelated or a CP-correlated state.
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Correlated charm systems for fun and-prefit

And what else can we do with these? P Naik.JHEP03(2023) 038

= Certainly would be interesting to extract quantum correlated D°DO systems
from wherever we could find them for further studies on y and D mixing

= Also, as said before the two D mesons must exist in either CP-correlated or
CP-anticorrelated states — which has interesting consequences, e.g.:

C=-1 C=+1
Xc1(3872) — :DOBOiy Xc1(3872) — ;Doﬁoino
Forbidden by CP+ CP+ Forbidden by CP+ CP-
CP conservation CP- CP- CP conservation CP- CP+
Maximal b G Maximal CP+ CP+
enhancement CP- CP+ enhancement CP- CP-

= Also, reconstructing both D mesons with CP+ (e.g. K+ K-, T+ T1-) states
is effectively a filter preserving only C = +1 D0DO
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Correlated charm systems for fun and-prefit

D°D° Product Branching fractions

= There are fewer statistics in CP+ eigenstates, compared to flavour modes.

= However, remember that C=+1D°D0 to {CP+, CP+} is enhanced.
The product branching fraction approximately doubles.

D decay mode | D decay mode | B (naive) | B (including correlations)
________________ Komt Kt~ 1.60 x 107 160 x 1072
CPe CP KtK—, 7t | nta—, KTK~ | 1.23 x 107° 245 x 107° | _
+, CP+ T — I . 4B i | otal =
modes Kl Kk 1.69 x 10 3.38 x 10 627 %105
- owtr e 222 %10 444 x107%

Table 2. Approximate product branching fractions B of a C' = +1 D°DP pair reconstructed in the
corresponding D D decay mode, both under the naive expectation [2| and after the effects of quantum
correlation [23, 53|, excluding small effects due to charm mixing and ignoring doubly-Cabibbo
suppressed decays.

= Total product branching fraction ~25 times smaller for {CP+, CP+} tag than for
K-+, K*TT-} tag.  [6.27x10°5/1.60 x 103 =~ (1/25)]

= CP projections can give better access to phases / remove opposite C content
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Correlated charm systems for fun and-prefit

HFLAV D° branching fraction averages

average branching fractions accurately by
correcting those with poorly modeled efficiency

e The Heavy Flavour Averaging Group

provides informed averages of 5
quantities relevant to flavour Sk,
physics experiments of -
| &
« We provide world averages of " S
branching fractions for two-body 10 . S
hadronic D° decays, treating final TR e
state radiation (FSR) consistently so Pk
the accuracy of these averages QtZZ”..ZL — R
matches their precision us o %
ALEPH 97 ——e—r
e These averages can be useful in cLEOTS® a8
. . BaBar 07 e
predicting the expected rates of CLEOG 10 ol
quantum-correlated decays BES Ill 18 el
Average: 3.999 + 0.006 = 0.031 = 0.032 HH
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Quantum correlations in weak decay P-Nik.JHEP 03(2023) 038

= |dea: find the first evidence for quantum correlations generated from a weak
decay.

B?S) — DYDY Cphopo = +1
= Proof would be demonstrating (approximately*) for h*h- = {K+ K-, 11+ 11-}:
%(BOs) = [DO = h+h-][D° — h+h-]) _ 2[x(D° = h*h)]?
B(BO = [DO = K-T*][D0 = K*11-]) i [B(DO = K-T1+)]2

v
. * really this is slightly less than 2 due to mixin
= My rough estimate™: Y I J

expect

2000 (600) BO (B0) = [DO — K-11+][DO = K*TT-]
and

80 (24) B (B) — [DO — h+h-][D° — h+h-]

total decays through LHCb Run 3.

* extrapolating from LHCb collab., PRD 87 (2013) 092007 [1302.5854] and arXiv:1808.08865.
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Prompt Charmonia at LHCb, and a filtering idea

= LHCb, Run 2 data, JHEP 1907 (2019) 035, reconstructing D° — K-1t+ only
=  O(104) D°DO systems from Xc1(3872) seen in prompt decays.

= | estimate 4x more in Run 3 (my estimate: BES Il 20/fb will collect
~9 x 104 C = -1DODO, DO — K-T1+ only,
extrapolated from BES Il PLB 734 (2014) 227)

g{? 1200———————— X( |4 ) T bk L B A B
~ (= 00 B X (3842) ====- g -
% 1000 P D P(3770) total LHCb 5
= = | X (3872) =
L0 — —
9 800 = "’+ ' b’é} +&¢WW+ h* ' }h =
—_— = } t } "R g byow bt b ¥ =
& 600 e sitpee Al A ‘WM"M "Wﬂwﬂ‘wﬁ PUR
s F =
c% - No attempt was made to separate <
© 200 — 1 Xc1(3872) — DO°DOy and DODO 110 components 3
= ——t \\T“r-%: = G Bremres — S SN BN P E—— =

372 3.74 3.76 3.78 38 3.82 3.84 3.86
st [GeV/c?]

JHEP 1907 (2019) 035

Paras Naik, University of Liverpool Liverpool Seminar: 2023 12 06


https://arxiv.org/abs/1903.12240
https://arxiv.org/abs/1903.12240

Correlated charm systems for fun and-prefit

Prompt Charmonia at LHCb, and a filtering idea

LHCb, Run 2 data, JHEP 1907 (2019) 035, reconstructing DO — K-11+ only

(my estimate: BES Il 20/fb will collect
~9 x 104 C = -1DoDO, DO — K-T1+ only,
extrapolated from BES Ill PLB 734 (2014) 227)
|dea: Reconstructing both D
in K+ K-, TT* TT- modes means
branching fraction for
Xc1(3872) = D°DOy will be zero.
Xc1(3872) — DODO 110 will “only” be
~25 times smaller than K-11* case.
P. Naik, JHEP 03 (2023) 038

Could help constrain line shapes.
Other charmonia affected similarly.
If these behaviors not observed...
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O(104) DODO systems from Xc1(3872) seen in prompt decays.
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Correlated charm systems for fun and-prefit

Another ﬁltering idea P. Naik, JHEP 03 (2023) 038
= |nthe LHCb B+ — D+*D-K+ amplitude analysis [PRD 102 (2020) 112003] the

following fit fractions were observed:
In DODOK+ case, double CP+ tag would

Resonance Magnitude Phase (rad) Fit fraction (%) remove (enhance) J— (J*) components
D* D~ resonances k. /
»(3770) 1 (fixed) 0 (fixed) 1454+ 12+ 08

X0(3930)  0.51 £0.06 £0.02 216+ 0.18 £0.03 3.7+ 0.9 £ 0.2 Mo LHCb >

X2(3930) 070 £0.06 £ 0.01 083 £0.17+0.13 7.2+12+03 120f AE
1(4040) 0.59 + 0.08 £0.04 142 +0.18 £0.08 50+ 1.3+ 0.4 10of 