Novel sources and uses of
quantum-correlated charm systems

|IOP HEPP

Paras Naik
JHEP 03 (2023) 038 (arXiv:2102.07729)

k4 UNIVERSITY OF

&7 LIVERPOOL

IOP HEPP: 2024 04 10



https://arxiv.org/abs/2102.07729

Novel sources and uses of quantum-correlated charm systems

What is a quantum-correlated (QC) charm system?

=  When part of a two-meson system, DODO exists in eigenstates of C and P:

Cpopo = Ppopo = (=1)"000°

= Such a system only exists in two quantum states (each correlated):

symmetric

|D°D%) +|D°D%: . oo----

when \C' o 50/ = Ppopo ::"'1;

asymmetric

102D~ Dty

= Correlations allow us to access D decay strong phases via interference

Goldhaber and Rosner Phys. Rev. D 15, 1254 = DOjsacharmed meson (cu)
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Consequences of a transformation to the CP basis

= Define a new basis of CP eigenstates*, D_ and D., from flavour states.

| CP-odd,

D% +|D%)
V2

opposite

{D_D,)—|D+D_)

= PR o e — — —

———————

e A = e = |

phase
convention

CP|D°% = —|D°)

- |D%)

Re-write the quantum states of the DODO system in this basis:

Both D in same CP state is forbidden

Both D must be in same CP state,
product branching fraction is enhanced

Asner and Sun Phys. Rev. D 77, 019902

* assuming no CP violation, through can be corrected
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How to prepare QC D°DP° systems (traditional)

Goldhaber and Rosner
Phys. Rev. D 15, 1254

= Atan e*e- collider running at open charm threshold,
DODO systems will be produced via the reaction:

. —
ehe— s PY Y

JPC = 1--

T

C=-1

= Currently, the entire quantum correlated D decay sample
studied by BES Il [2.93 fb-! analysed, 16 fb-' available, 20 fb-! expected]
(and formerly, CLEO-c [818 pb™']) has been collected at threshold.
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Current applications of QC D°D°

= QC DODO systems have been used to obtain:
= Time-integrated measurements of charm mixing PRD 86, 112001 (2012)
= Strong decay phase differences ( e.g. Ok, Okkmo(®P) )
* |nput for measurements of charm mixing and the CKM phase y
= Reduce/replace systematics due to D decay models

Simultaneous determination of the v = (638 i’g‘;’)o

CKM angle v and parameters related +0.056
to mixing and CP violation in the z = (0.3981(19) %
charm sector y = (O.636J_r0‘020)%

0.019
LHCb-CONF-2022-003

(using CLEO-c, BES 1l
& HFLAV inputs)

Many input analyses
and theory/phenomenology
contributions!

(see CONF note references)

8
Il
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I
S

(Belle Il making similar measurements!)
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Quantum correlations extended JHEP 03 (2023) 038

= The full BES lll sample (20/fb), while large, is limited... as LHCb & Belle |l
collect more data systematics from charm input limits the precision on y.

= There are also some other interesting things you can do with QC systems.
Also other interesting places to obtain them.

=  Apply the same logic to other C conserving reactions: strong decays

DCP-even DCP-even

Forbidden! Xc2(3930)) Maximally Enhanced!

DCP-even DCP-even

C = -1 C = +1
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JHEP 03 (2023) 038

Yet another source of QC D°D°

= Also a C conserving reaction:

Xe1(3872) = DODY 4y +

JPC = {++ :
[49] LHCB collaboration, Determination of the X (3872) meson quantum numbers, Phys. Rev.

Lett. 110 (2013) 222001 [1302.6269]. (Cited in section 2.)

XC1 (3872) iS knOWH to decay primarily to DD* G. Gokhroo et al., Phys. Rev. Lett. 97, 162002 (2006).
Xc1(3872) — DODOTT0 Chopo = +1
XC'I(3872) — DOBOY CDO Pl =" 1

=  Off-shell DD* also possible,

but also produced strongly,
P gl My 3s72) = 3871.59 % 0.06 + 0.03 £ 0.01 MeV/c?

|
C must be conserved! Ty.i(as72) = 0.96 1513 + 0.21 MeV
LHCb, PRL 122 (2019) 211803
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Prompt Charmonia at LHCb

= LHCb, 9 fb-'data, JHEP 1907 (2019) 035, reconstructing D° — K-T11+ only
» Plot of m(D°D°), x1(3872) — (DODO + light neutral) seen as a reflection
=  O(104) DODO systems from Xc1(3872) seen in prompt decays.
= ~4x more expected from LHCb by 2025, similar amount to BES III*

. i | e e B S T T . . S S e i
= Possible to S F popo EIX@a) e 2 LHCb 3
2 1000 P(3770) total —
separate C = F X (3872) JHEP 1907 (2019) 035
0 — { 7
components S 800 A, il + E
: D =S = it el A it o Lt Lo o
using ngD % 600— /WW*"@W& {i *M'f* M%MWMW*,%#'%WW H‘*{ﬁ ﬁW#,%
JHEP 03 (2023) 038 = w00 K k
—_ H = . N No attempt was made to separate -
< 1

d Invar.::a nt & © 100 .' \ Xc1(3872) = DODOy and DODO 110 components .
oes notrequire a = Z
. [ \.r‘\‘r-: —t e i,

mass constraint 372 374 376 378 38 382 384 386
Mpp [GeV/c?]

*my estimate: BES Ill 20/fb will collect
~5x 104 C = -1DoDo, D0 —= K-11* only,
extrapolated from Chin.Phys.C 42 (2018) 8, 083001 (BES IlI)
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What else can we do with QC D°D°? JHEP 03 (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.

= |nteresting consequences due to the correlations:

C=-1 C_=_ _-I-_1
X1(3872) — DODOy Xc1(3872) — DODOTTO
Forbidden by ' CP+_ CP+ | Forbidden by CP+ CP-
CP conservation CP- CP- CP conservation CP- CP+
Maximal CP+ CP- Maximal CP+_ CP+ |
enhancement CP- CP+ enhancem CP- CP-

= Reconstructing both D decays with CP-even states (e.g. K* K-, 1+ 1-)
is effectively a filter preserving only C = +1 DOD0
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Prompt Charmonia at LHCb, and a filtering idea

LHCb, 9 fb-' data, JHEP 1907 (2019) 035, reconstructing D¢ — K-11+ only

|dea: Reconstructing both D

in CP+ modes (K+ K-, 11+ TT-) means

branching fraction for

Xc1(3872) = D°DOy will be zero.
JHEP 03 (2023) 038

Xc1(3872) — DODO 110 will “only” be

~25 times smaller than K-11+ case

(50x smaller if no correlation).

Will help access the
Xc1(3872) — DODO 110 line shape.

Other charmonia affected similarly.

Paras Naik, University of Liverpool

l

A - E=X(3842) ----- bk =
= 1000E- D"D° ¢g3770§ Bl LHCb o
= = Iy (3872) =
A - ¢ a
o 800 “W ﬁ —
g 600 WWMW&W& W'WWMWWW by M'WMMM i
= _— =3 ’( Double CP+ tag would remove (enhance) E
g = " 1 Xc1(3872) = DODOy (DODO 119) component 3
© 2001 / [and also 1--psi(3770), X(3842) if J--] g=
: " + } T — 1 . L " " 1 ._/\. 1 " + :
3.72 3.74 3.76 3.78 3.8 3.82 3.84 3.86
JHEP 1907 (2019) 035 ™Mpp [GeV/c?]
2000 ———T T ).((%842)..,.].Dk.,,....,....,...._
], E I X(3842)  -e--- ]
= F DD’ Xc2(3930) sotal LHCb ]
f 1500— =
s B % ”MWWWMM " .
é 1000 :— WJMM W’"‘WNWM’*W v@
g = Double CP+ tag would enhance -
S 500 2+ Xc2(3930) — DODO =
O - / Xc2 :
38 ".3.85 39 3.95 4 4.05 4.1 4.15
mpH [GeV/?]
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Amplitude analysis filtering idea JHEP 03 (2023) 038
= |nthe LHCb B+ = D*D-K+ amplitude analysis [PRD 102 (2020) 112003] the

following m(D+D-) Dalitz plot projection is observed:

In DODOK+ case, double CP+ tag would & 140
remove (enhance) J-- (J**) components e

LHCb -

B+ — D'DK* 1

% s
m(D*D™) [GeV/c?

= Bondar and Milstein [JHEP 12 (2020) 015] notice (compared to B+ = D+D-K+)
= |n B+ — DODOK*, P(3770) branching fraction is ~ 4 times the size
= |n B+ = DODOK, Xc2(3930) is suppressed (not observed by BaBar) 225
= Reconstruct D mesons in K* K-, T+ TT- states in B+ = DODOK+
= Expect mainly DK+ resonance (+ non-resonant) amplitudes.
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Quantum correlations in weak decay JHEP 03 (2023) 038

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

decay. 0 0 1”0 _ Angul t vati
Bigp —¢- 20 Cpope = +1 A et
= Proof would be demonstrating (approximately*) for h*h- = {K+ K-, 11+ 11-}:
BB%) = [D0 > h+h-][D° > h+h])  2[%B(D° = h+h")]?
/ BBO = [D0 = K-+][D0 = K+mr-]) 1 [B(DO = K-T1+)]2
I\/'i;ximally (slightly) affected by quantum correlations * really tzis is slightly less than 2 due to mixing

= Should be able to observe this effect with the Run 3 (2024-2025) LHCb data*:

* 2000 (600) BO (B®) — [DO — K-11+][D° — K+T1-]
and
80 (24) BO (B%) — [DO — h*h-][D° — h+h-]
extrapolating from LHCb collab., PRD 87 (2013) 092007 [1302.5854] and arXiv:1808.08865.
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° ° ° JHEP 03 (2023) 038
Time-reversal violation in charm ..serabeu et al., JHEP 1208(2012) 064

= CP violation implies T violation (or CPT violation, or both) —
= CPT Theorem: CP and T violations equal; obligated to demonstrate this.

= Similar method to
* T violation observation in the B system [BaBar PRL 109, 211801 (2012)]
= Time-reversal search in the K system [KLOE PLB 845 (2023) 138164]

= Reconstruct flavour (e.g. K- 1t*) and CP-even final states (e.g. K* K-, 11+ 11-)

t1

.Do t1' .DCP-even

DCP-even

DO D CP-even

Two T-conjugate D transitions within y.1(3872) decays
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Summary

Reconstructing neutral D mesons in CP=+1 eigenstates, within the charmonia
spectrum can enhance or eliminate components with specific C

= study Xc1(3872) — DODO 110 line shape
= b — DODOX amplitude analyses
= observe quantum correlations in weak decay

= Possibility to study T (and CPT) reversed processes in the charm system.

= BES Il (20/fb) C = -1 D°D° sample and analyses still on the way!
=  Opportunities for QC DODO at BES Il (above threshold), BELLE I, PANDA
= Full set of suggestions in JHEP 03 (2023) 038

= |t's ambitious — but if more quantum correlated D°DO is desired the LHC is
no doubt producing them in quantity, and LHCb can collect them —
analyzing them will be a challenge worth looking forward to.
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P. Naik, JHEP 03 (2023) 038

Separating Xc1(3872) — D°DO 1o & DoDOy

3

X
4=
=

= A variable based on the DOD©
frame energy release, closely
approximates the light
neutral’'s momentum and is
frame invariant:

7% overlap
=, (3872) > D°D n?
(3872) - D°D y

40

30

20

10

Events per 0.0004 GeV>/c*

.

N P | P I T T N S N M

- 2 y
04 X0 O .. _ B0z 002 004 006 008 01 012 012 016 018
(2 pDO /C) nz‘(DO_DO) 'm(zDo_BO) (Gev2/c4)

S_IllllllII|IIII|IIII|III

o

" No D mass-constraint is Study using toy signal MC designed to

reqL;irIed for this variable to be simulate LHCb detector effects (“RapidSim”)
usetul.

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

required - the light neutral Real Xc1(3872) decays
does not need to be will also have off-shell components
reconstructed.
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Time-reversal violation

P. Naik, JHEP 03 (2023) 038

A.J. Bevan, Front. Phys.(Beijing) 11 (2016) 111401

Testable Reference  Conjugate (DY 3 (D°D%) o1

Symmetry Transition Transition Detection Modes Detection Modes

= Can form many & Bpl a0 | S5 | 6T
CPandT D°'-D° D> D° || (D° D° D° D% | (D° D°, D° DY)
testable symmetry CPand CPT D°—D° D°—D° | (D° D° D° D° | (D° DO, D°, D°)
pairs. Tand OPT Dy—»D- D_~Dy || (00 DDy) | (U0, D ;D5)

] cP D°D_ DY—D_| (D°.D_,D°D_) | (DY, D_,D° D_)
n° S | Dy »D° Dy—D°| (D-,0%D_,0°) | (Dys,D° Dy, D%
- D°P-pD, D°-»D, | (D°Dy,D°D,) | (D°Dy,D°D,)

D48 B35 || (BBl | P00 .00

T DY»D_ D_—D°| (D%, D_,D.,D% | (DY D_,D_,DY
* Need small corrections Dy =D D°= Dy | (D_,D°D°Dy) | (Dy,D°,D°Dy)
. . BB, DD | (BYDD D% | (DD DY

if using D_—»D D> D_ | (Dy,D%D°.D_) | (D_,D°D° D)

DO = K-TT+ as a CPT DY»D_ D_—D°| (DY, D_,D.,D% | (DY D_,D_,D"
D.—=+D* D°=D; | (D.,D°D°Dy) | (Dg,D% D% D)

flavor tag pPPsD. D_—=D°| (D°D_ D, D% | (D°D_,D_, D%
D.—-+D* D°-sp, | (D_,D°D°D,) |(Dy,D° D° D)

Table 4. The fifteen possible pairings of reference and symmetry conjugated transitions used to

] 1 -
COUId try a tlme study CP, T' and C'PT for pairs of neutral D mesons, as demonstrated by Bevan [76, 77]. In four

integ rated of these pairings, both a and a’ can be established without the use of C-correlated charm (e.g. via
. D** — D%zt flavor tags) and thus the symmetry can also be tested elsewhere. Listed next to these
measu rement ﬁrStr pairings are the states that must be measured at (¢1, to, t], t5) for C = —1 and C = +1 correlated

D°DP systems, to establish the conjugated-transitions pair (see fig. 6). Sets of states that do not
require D_ to be reconstructed are highlighted in bold; only C' = +1 correlated D°D° allow tests
of T' and C' PT without the use of the more difficult-to-reconstruct D_ states.
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P. Naik, JHEP 03 (2023) 038

Another filtering idea
= |nthe LHCb B+ — D+*D-K+ amplitude analysis [PRD 102 (2020) 112003] the

following fit fractions were observed:

Resonance Magnitude Phase (rad) Fit fraction (%)
D" D~ resonances

»(3770) 1 (fixed) 0 (fixed) 145+ 1.2 + 0.8
X<0(3930) 0.51 & 0.06 &= 0.02 2016 £ 018 £ 003 3.7+£09 = 02
Xe2(3930) 0.70 £ 0.06 001 083 +£0.17+0.13 72+12=%0.3
1 (4040) 0.59 + 0.08 £ 0.04 142 £ 0.18 £ 0.08 50+13+04
¥ (4160) 0.67 &= 0.08 £ 0.05 090 2= 023 == 009 6:6 £71.5 &= 12
¥ (4415) 0.80 008+ 006 —1.46+020+0.09 92+14+15
D~ K resonances

X0(2900) 0.62 £+ 0.08 &= 0.03 1.09 +0.19+£0.10 56 +14+0.5
X1(2900) 1.45 £+ 0.09 & 0.03 0.37 £0.10 £ 0.05 30.6 £24 + 2.1

Nonresonant 1.29 + 0.09 4+ 0.04 —

241 == 0.12 £ 0.51

24.2 22 £ 0.5

Candidates / (17.3 MeV/c?)

140
120

100 F

80
60
40
20

:  LHCb:
3 (a)

= B+ — D'DK*"

7 a5
m(D*D") [GeV/c?]
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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) Mya@srz) = 3871.59 % 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
(et hechion2) LHCb, PRL 122 (2019) 211803

= QObservation of X1(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)% 5’11;.:. R(dv,([)Zw\o |_2015[))1 imu‘m ;1907.fots’>1491|).
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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.

D(‘(f?l)’ E:n'..-'f, (\I(‘\(z) Pr0 /= (1\[ (‘()
X (3872) = D°DOx 141.5 42.6
X(3872) — D°D°4 137.0 137.0

= There is a variable that approximates the light neutral momentum without
having to reconstruct it. 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.

Paras Naik, University of Liverpool IOP HEPP: 2024 04 10
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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
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CP violation in the charm system

= |LHCb recently made the first observation of CP violation in the charm system

AAcp = Acp(K~Kt) — Acp(n— ) a__, = (232+6.1) x 10™*
3 Evidence in a single decay
AAcp = (—15.4+2.9) x 10~*
/ z > channel at 3.8 std. dev.
PRL 122 (2019) 211803 PRL 131 (2023) 091802

» Global fits across several decay modes have clearly established charm
oscillations, and are getting closer to establishing CP violation.

= 0.8F f
] ICHEP 2022

B0

CPYV allowed

| s 5ol |T
0'75 % 1 . N gg ;
06 § .. Work continues =
z g X
0.5 — m
- Charm oscillations o 0
04 . ] @)
-~ well established of N
03 [no-mixing at (0,0)] m7s : 5
1 20 (o}
0.2 30 -10 'Q_-’._
40 )
0.1LcHep 2022 T e e e EoXe; L L L o
1 02 03 04 05 06 07 0.8 -0.1 -0.05 0 0.05 0.1
x (%) lg/pl-1
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Time-reversal violation

= CP violation implies T violation (or CPT violation or both)
= Since CPT supremacy implies the CP and T violations must be equal, we

are obligated to demonstrate this. N fl
= T violation seen in the Beauty system! XTI Srnnnnvge " B
. /’\\ “E:o” B-- Ks o
= need one Asymmetric B-factory (BaBar) © | \'2/} | 3
N : N
" prepareT (& CPT)-reversed processes  \ . O
« Measure T & CPT violation (14 & 0.3 0) e[| THMWVe—_

= Measure CP violation consistent with T violation o
= T violation being tested in the Kaon system! ; «
= need one Asymmetric kaon-factory (KLOE-2)

= Recent results published with KLOE sample! - T/CPT violation not seen yet
PLB 845 (2023) 138164

= Can we see T violation in the Charm system?
= (No one has built me my asymmetric (tau-)charm factory)
= So | propose looking at LHCb

Paras Naik, University of Liverpool IOP HEPP: 2024 04 10
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Novel sources and uses of quantum-correlated charm systems

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
Cpa P KtK—, 7t | nta—, KTK~ | 1.23 x 107° 245 x 107° | _
+CP+ | L] h- s 5 Total=
rodes | KK Kk 1.69 x 10 3.38 x 10 627 %105
A 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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Discrete Symmetries Timeline
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. 2008
in weak decay 1999
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1964
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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.

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

UA1
CDF
Do
ALICE
ATLAS
CMS

Detector Acceptance

/ / W\

/) M4 M5 AN
\ \

// M3

-/ / SPD/PS

M2
// HCAL
/ i RICH2 N

T3 M1

LHCb MC
Vs =8 TeV
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Novel sources and uses of quantum-correlated charm systems

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)
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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) _ 0 0
~ |D12) = p|D°) +q|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)

IOP HEPP: 2024 04 10
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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 many complex 11_ B &
amplitude amplitudes L e

= 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 ‘@'lﬁ‘))
' = [gony|
—0; = arg (8:52;)
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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. = ‘ (1D) D. Asner and W. Sun,
7| (4IDO) Phys. Rev. D73, 034024 (2006)
<j|ﬁ0> Phys. Rev. D77, 019901(E) (2008)
—0; = arg ((j|D0) ) [built on upon work by many others]
2 2
Cpopo = —1 T (k) = Qu )A( )(J,k)’ +RM’B( )(Jak))

. / . 2 .
Cpopo = +1 TG k) = Quf|AD G, k)| 1+ Riy [BYG, k)| + CH (G, k)

— — 11 1] . @y
A®)(j k) = (j|D°)(k|D°) % (j|D°) (k| D°) =gl ] -
y p,. q,.= = 1] 1 1 22 + 92
B®)(5,k) = =(j|D°(k|D°) £ =(j|D°)(k|D°) Fu = 5|15 1”2] ~
1 b 1] 14y | 1-2?
CH(G, k) = 2R AD (G, R BD (G k) | —L 4 2 O = 3| q gt o] = O
) = ) ) (1_y2)2 (1-|—£L'2)2 7 _1' 1+y2 1 — g2 ]~3R
M= 9 a-9y2? Q4222 M
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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

o —A/
= This method is theoretically clean \ [) K/

= Success of this method requires that the D decay is well understood
Paras Naik, University of Liverpool IOP HEPP: 2024 04 10
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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 — K{K*r¥ [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]

D° — hth- AAcp [24,40,41] Run 1&2 As before
D' = K+K- Acp(K+K-) (16,24,25] Run 2 New

D° — 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 — ntrnntn  Fj CLEO-c+BESIII 26,54] Updated
D - K*n~n° FETE GETE R CLEO-c+LHCb+BESIII  [55-57] As before
D — K*n¥ptn~ rkdn 6K3r gKox CLEO-c+LHCb+BESIII  [49,55-57] As before
D — KIK*nT Ml‘r 51,‘,('1”, ’,‘,“K“ CLEO I 58] As before
D — K0K*n¥ 3 " LHCb 159] As before

Crucial

quantum correlated

charm inputs

(sometimes combined with

D-mixing input from LHCb)

IOP HEPP: 2024 04 10

QY

Aerylic felt/ fur with
poly bead fill for medium

mass.

Paras Naik, University of Liverpool


https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-CONF-2022-003.html

Novel sources and uses of quantum-correlated charm systems

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 IOP HEPP: 2024 04 10
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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
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D. Asner and W. Sun,

lmpact Qf C-even DOBO [22] Phys. Rev. D73, 034024 (2006)

Phys. Rev. D77, 019901(E) (2008)

* The possible impact of C-even states should not be understated

= Recall the KTt strong phase measurement. Asner and Sun did a study for not
only the C = -1 decays obtained by CLEO, but also C = +1and a sample where
the C = -1decays outnumber the C = +1decays by 10 to 1

TABLE VII: Estimated uncertainties (statistical and systematic, respectively) for different C con- FY|

figurations, with branching fractions constrained to the world averages. We include C-even ST CLEO 2012 final, C-odd only

i i he third. i
yields in the second column, but not the third (NB: includes more modes)

Parameter Standard Fit
= _ 6 Tt — 6 O — 0. V0T — 6
Parameter | Value | NT~ =3x10° N7 =3x10° N°7=10-N""=3x10° 3rqs 3000100500040
; Y . 0 4+0.015 £ 0.008 +0.007 £ 0.003 +0.012 £ 0.005 y (%) 49+92.0+1.0
o (10 0 +0.6 +0.6 +0.34+0.3 +0.6 +0.6 r2 (%) 0.533 & 0.107 + 0.045
cosS Ok 1 +0.21 £0.04 +0.27 £ 0.05 +0.20 £+ 0.04 +0.22+0.07
' cosd 0.81757870.05
xzsln (55(;- 0 - +0.022 £+ 0.003 +0.027 £ 0.005 sin —0.014+041+0.04
r® (107°) | 3.74 +1.0+0.0 +1.74+0.1 +1.0+0.0 22 (%) 0.06 +0.23 + 0.11
= Notable:

= C-even alone offers about a factor of two better sensitivity toy
= C-even, even in small quantity, provides strong constraint on C-odd.
= Direct access to x sin 0 (with original set of modes)
= (CLEO-philes know: can get this in C-odd by adding KsTTTT tags)
Paras Naik, University of Liverpool IOP HEPP: 2024 04 10
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PhysRevD.86.112001

N sLe : 5 =
Sources of quantum correlated D°D° [24] Phvstete.7s4.227-233

* Most easily reconstructible final states at LHCb: K-h+*, 11+ T1-, h-h* 11~ 1T+
=  From B20OC, my rough through-Run 3 estimates w/ [D° = K1t][D° — Krtl:
C = +1yields: 2000 Bs = D°D0°, 600 B0 — DOD©
C = -1yields: 3000 B+ — [DOD0]y3770)K*
= Can get more from other resonances (e.g. [D°DO]y040)) and decays:
BO«) — DODOK+TT-, BO() = DODOKs
B+ — DODOTr0/yK*, BOis) = DODOTTO/YK*TT-, BO(s) = DODOTTO/YKs
Ap = DODOA, A, = DODOpK-, A, = DODOTTO/YA, A = DODOTTO/YpPK-

» Could add up quickly, but of course backgrounds, interferences to deal with.
= Need to be creative to obtain equivalents to “single-tag” normalizations.

Paras Naik, University of Liverpool IOP HEPP: 2024 04 10


https://arxiv.org/abs/2102.07729
https://www.sciencedirect.com/science/article/pii/S0370269314003815
https://arxiv.org/abs/1210.0939

Novel sources and uses of quantum-correlated charm systems

What are the enhancements? [36a]

= More precisely, the enhancements or suppressions are detailed in Asner &
Sun (Phys. Rev. D73:034024, 2006; Erratum-ibid. D77:019902, 2008)

= For C = -1, to leading order in the charm mixing parameters x and y, the
rate of both D mesons decaying to CP+ (e.g. K+ K-, 1T+ T1-) is zero.

= ForC=

+1, to leading order in the charm mixing parameters x and y, the

rate of both D mesons decaying to CP+ is practically doubled.

TABLE III: D°D° DT branching fractions for semileptonic modes and C'P eigenstates, to leading

order in z and y.

e+ T | S, | 8-
C =-1
Y4 A} Ry
£~ A?, A?RM
A%, AZA%,
S_ A2AZ AZAZ 4A% A% 0
C = +1
&t 3A3RM y
b A} 3AYR
A3 (1 —2) A (1) 0.615 *5:028 (%)
S_| A2A%Z (1+2y) AZAé (14 2y) 0 24% (14 2y)
AjAY, (1-2y)  AJAL (1-2y) [443,4% (1-2)| 0 HFLAV 2021
S| AjA% (1+2y) AjA% (1+2y) 0 44% A% (1+2y)
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https://arxiv.org/abs/hep-ph/0507238

Novel sources and uses of quantum-correlated charm systems

Effect on double Kpi ; Kpi vs CP+ [36b]

TABLE II: D°D° DT branching fractions for modes containing f or f, to leading order in z and y. C = -1 Correlated branCh|ng fraCt|OnS
B / f Mode Correlated Uncorrelated
C=-1 > -+ -+ 2 - Y
s A3Rag [1+r'f»(2—z?-)+r}] r; K7, K "/T Ry[(1 +R\,\.i) 4y COS(S(TCO?O + )] R\\g
4 5 gnn i ] o » K—nt, KTt~ (14 Rws)® — 4rcosé(rcoséd + y) 1+ Riyg
J e i LRI b K-+, S, 1+ Rws + 2rcosd + 1 14 Ry
¥ A?Af-, (Tf + 7';2,, - rfv'f/'v;'f,) A?A?-, (1 + 1'% j 7'f7'frbf_f/) ....................... » & WS Yy WS
f A3 A%, (l +r¥r} - TP A3 A%, < r}4r% — T4 wy)”
e AjAfr e
- oM e A C = +1 correlated branchlng fractions
Sy AjAf;‘ L+ 7rp(ry+ 2zp)] A2AL [L4rp(ry+ z))
. 2 42 iy 2 42 o
o ApAy Ddre(ry—2p)] =T s b 1 ) Mode Correlated Uncorrelated
f 24%ry (1'f+y’f+1'%g,) > K:’ITI, K"r Rasl(1 1D k N ng
f A4 [1—7'?(2—zf)+7'}+4rf(g}f+7'?y'f)] 24 ‘} 7 \:f—ryfflfyf) > K—n™, K™n~ Homewor 1 +RWS
' AZAf,( +7f +7f7f/z,”/+2c”) AfAf,( +7f7 T f,+2c“) ______________ v K_7r+,5_ —- oy 1+ Rws
¥ AZAZ (1+7"f f +rfrf'z,ff,+2c”,) ( +rf,+rfrf Uf-[__‘_'f’.--z-c'f """""
I A2AZ (v3 + 2rpy)) ALAG (121757
- A+ e ALA3 (3 + 2rpy)
S| AFAY [4rs(rs—2))(1-2y) " AFAR (1+7s(ry —27)] (1 - 2y)
S_ AFA% [L+rp(rs +2p)] (14 2y) A?A:é_ (14 7rp(re+2p)] (1+2y)
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D. Asner and W. Sun,

What if we can’t separate easily? [32] s rev.07s 031024 oos)

Phys. Rev. D77, 019901(E) (2008)

= For X1(3872) decays, recall that it is possible to have C = +1or C = -1 states.

= |deally we extract the C = +1 states cleanly, this should be fairly possible
looking for a 110 reflection peak or managing to fully reconstruct the
decay.

= However, if one thinks their sample is predominately QC, then it is
possible to look at double-tags which would be otherwise forbidden to
help determine the C = -1 contamination (and then exploit that for
analysis as well), assuming CP conservation of course:

LS P T RS JSeSlE S [N
Fi(Sh, SUIEL 5 T8, S0 TS5 T2(3,. 5) = ( Nc_)

S, or S_: CP-even and C'P-odd eigenstates, respectively.

» Hard to reconstruct S- at LHCb... Ks p?

=  Would have to include another component for dilution if there are any
uncorrelated backgrounds.

Paras Naik, University of Liverpool IOP HEPP: 2024 04 10
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Abstract (Talk)

Quantum-correlated (entangled) systems of charmed mesons have been a
focus area for flavour physicists, providing input for measurements of the
CKM phase gamma and for studies of charm oscillations. Considered
previously only from a single source, there is a novel opportunity to perform
additional types of analyses with these systems, in several experimental
environments [JHEP 03 (2023) 038].

For systems from charmonia decays, it is advantageous to isolate these
systems in their C = +1 components for studies of lineshapes and, within b-
hadron decays, amplitude analyses. Studies of T and CPT conservation in C =
+1 correlated charm systems can be performed with more easily
reconstructible final states, when compared to C = -1 correlated charm
systems, leading to an opportunity for LHCb — understanding the C = +/-1
correlated charm components from chi_c1(3872) exotic meson decay
samples is crucial to this task.

Paras Naik, University of Liverpool IOP HEPP: 2024 04 10
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Abstract (Paper)

Decays of charmonia(-like) particles with definite J, P, and C quantum
numbers (e.g. chi_c1(3872)), to a neutral charmed meson, neutral anti-
charmed meson, and any combination of C-definite decay particles, are
sources of quantum-correlated charm systems of definite C and P.

Methods to separate the C = +/- 1 correlated charm components from
chi_c1(3872) decay samples are presented.

Several b-hadron decays also produce quantum-correlated charm systems.

Advantages of isolating these systems in their C = +1 components for
amplitude analyses and studies of lineshapes are discussed.

Studies of T and CPT conservation in C = +1 correlated charm systems can be
performed with more easily reconstructible final states, when compared to
C = -1correlated charm systems.
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Biography

Before arriving in Liverpool in 2023, Paras did his Bachelor’s (Engineering Physics), Master's,
and PhD degrees at the University of lllinois. For his PhD he worked on charm decay
Amplitude Analysis (Dalitz Plot Analysis) with data from the CLEO Il experiment.

He then spent a short ~year as a postdoc with Carleton University (Ottawa, Canada) and
then started with the University of Bristol, both while based at CLEO-c. He then spent two
years at CERN before moving to Bristol. During his time with Bristol, Paras worked on several
charm amplitude analyses and charm decay strong phase measurements with several
incarnations of CLEO data.

Along with this he transitioned into working at LHCb, where he has been involved with the
Charm decays and B decays to Open Charm working groups. He also led a project to
perform the LHCb Cherenkov detectors’ mirror alignment in software, and as a member of
the Heavy Flavour Averaging Group (HFLAV), he is responsible for correctly accounting for
final state radiation in averages of key charm meson decay branching fractions (crucial
reference modes used in many publications).

Paras was most recently the LHCb B decays to Open Charm working group convener and
remains convener of the HFLAV Charm Decays working group. He was recently appointed to
the LHCb Speakers’ Bureau.
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Plans at Liverpool

= Steps in progress
= Evaluate the impact of CP-tagged decays in B decay amplitude analyses

" Look at Run 2 data where already ~100 events should be expected in
Xc1(3872) — DODO 110 when reconstructing both D mesons in CP states

= Add trigger lines with D CP states for Run 3+ (done) Oo® N IVERSITY OF

= Future steps
= Collect Run 3 (+ 4) [+5 +6] data
= Establish correlations
= Study Xc1(3872) — DODO 110 and Xc1(3872) — DODOy
= Study resonances in B-decay amplitude analyses
= Measure branching fractions where unmeasured
= Quantify direct T/CPT violation in charm

Paras Naik, University of Liverpool IOP HEPP: 2024 04 10



