a solution for isospin anomalies in vector-meson decay
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We would like to invite you to the international conference titled Phoenix 2023, a reincarnation of the
conference formerly known as Anomalies, held at lIT Hyderabad in 2019, 2020 and 2021.

A fine selection of Indian and international invited speakers will grace the occasion, covering the
following thrust areas:

» Dark Matter

» Neutrino physics

« Beyond the Standard Model (BSM) theories
» Astroparticle physics and cosmology

» Present and future colliders
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|ntr'0 BSM Intro. 1/6
[J Physics Beyond the Standard Model is necessary due to

¢ discussing issues that the SM cannot mention
(e.g., dark matter, dark energy, inflation)

€ addressing (experimental) anomalies that the SM cannot explain
(e.g., muon g-2, disparities in flavour physics like Rp)
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(e.g., dark matter, dark energy, inflation)

¢ addressing (experimental) anomalies that the SM cannot explain
(e.g., muon g-2, disparities in flavour physics like Rp)

[ We can focus on another BSM: Beyond the Standard Method:

The plane-wave form is widely used for
representmg_quantum particles.
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note: (metric) = diag(-1.1.1.1);
taking afterward: A = c =1




|ntr'0 BSM Intro. 1/6
[J Physics Beyond the Standard Model is necessary due to

¢ discussing issues that the SM cannot mention
(e.g., dark matter, dark energy, inflation)

¢ addressing (experimental) anomalies that the SM cannot explain
(e.g., muon g-2, disparities in flavour physics like Rp)

[ We can focus on another BSM: Beyond the Standard Method:

The plane-wave form is widely used for
representmg_quantum particles.

Wave-packet form
for quantum particles

D

y 10|

“beyond”

note: (metric) = diag(-1.1.1.1);
taking afterward: A = c =1




Intro: how about locality? frtro. 2/6

] We remember that
wave profiles need to be localised.

D D
o &P

[A.Tonomura, Proceedings of the National Academy of Sciences, USA, 102, 14952 (2005]
[J In conclusion,

® The plane-wave description of quantum particles
well describes part of necessary properties of particles.

® On the other hand, however, the plane wave lacks some nature
of quantum particles, at least the locality.

By use of a localised wave (wave packet),
we can overcome this difficulty and obtain
the full information of quantum transitions!




Problem in plane-wave S-matrix

M Plane-wave

S-matrix (1—=2) def.:

position
N
free

state

i
CC
~——P.

P

far
distant

= (2

) 54( out — Pm) X (ZMPW)

manifest energy-momentum  (factorised)
conservation amplitude |

P2

> time

far |'3ast

far fﬂlture

e e e — e e —

momentum eigenstates

(external free: also mass eigenstates;

Ei? = pi2 + mi?) y

Intro. 3/6

[QFT textbooks]
8 fre& stat fredDate
ree state R ~ (1), \free state
—1 |0 dt H. U (t)
Spw = (p1,p2|Te Iz, | Po)

|




Problem in plane-wave S-matrix [;‘“"l; 3;/]6
textbooks

- ut in )

free state  rTout ~ (1) ,,[ree state
—1 |0 dt H. U (t)
Spw = (p1,p2|Te 7 “Po)

M Plane-wave

S-matrix (1—=2) def.: = (27)*0% (Pout — Pin) x (iMpw)
manifest energy-momentum  (factorised)
. conservation amplitude |

Lo

¢ Corresponding probability is given as |Spw/|2. (2")'4f(V0|Um$)(Time) = o]
¢ |Spw|? is ill-defined due to |64(Pou-Pin)|2 = 64(Pour-Pin) X 64(0).

= Only the averaged (per V and T) frequencies of events is calculable.

(Tiy (= Tipitia) = -00, Tout (= Thpa)) = +0) t We will see soon later.

Yy 10 4




What is calculable? [ntro. 4/6

[J So, what can we do in the plane-wave formalism?

e w(t,x) — \/1% o tEpttipz “literal normalisation”
Vg d°ps V%/ d°p;

© [(PW) phase space| =

2E1 27’(’ 2E2 27'('

¢ |Spw/|® x [phase space] x [flux]
1 d’pi  d’ps
: ou Pin A
= (2m)70% (Pour = Fn) 5| 2B, (27)8 2Ba(2m) 1V

-~/ —>
well defined ill-defined!

(The volume is cancelled out.) (since T, V—o0)

2
PW|



What is calculable? [ntro. 4/6

[J So, what can we do in the plane-wave formalism?

e w(t,x) — \/1% o tEpttipz “literal normalisation”
Vg d°ps V%/ d°p;

© [(PW) phase space| =

2E1 27’(’ 2E2 27'('
¢ |Spw/|® x [phase space] x [flux]

— (27)45% (Pt — Pn) —

‘ d3p1 d3p2
2E’in

x TV

2
PW|

2E1 (27’(’)3 2E2 (27’(’)3

) |Spw|? x [phase space] x [flux]
v
(277)454( out Rn)

1
2Ein

d’p; d°ps
2E1 (27’(’)3 2E2 (27’(’)3

| Mpw|?

well defined!

The frequency per time (= I': decay rate)
Is well defined and calculable.




the plane-wave amplitude;
taking a simple form,
easily derived via Feynman rules

Pl 4
o iMpw((I) — ¢¢) — :;"‘:: = TR,
P(=p1+p2) Q‘Qb
(er ‘Pin =0) " /12 4mé



W an Rules [Peskin, Schroeder]
ho! LS

In mb} it is understood that momentum is conserved at each vertex, and
that undetermined loop momenta are integrated over: [d*p/(27)*. Fermion
(including ghost) loops receive an additional factor of (—1), as explained on
page 120. Finally, each diagram can potentially have a symmetry factor, as
explained on page 93.

1 1 . A
¢* theory: L = 5((9“69)2 — §~mzc;b2 — Eq')“
Scal agator: — 1
calar propagator }T F —m? T ic (A.1)
¢t vertex: = —4A (A.2)
External scalar: >— = (A.3)

plitude;
orm,
iman rules




}w an Rules [Peskin, Schroeder]
S AILS

In %b it is understood that momentum is conserved at each vertex, and
that undetermined loop momenta are integrated over: [d*p/(27)*. Fermion
(including ghost) loops receive an additional factor of (—1), as explained on
page 120. Finally, each diagram can potentially have a symmetry factor, as

explained on page 93. plitude;
jorm,
_ iman rules
1 : Il 520 A,
o* theory: L = 5(8;‘@)2 — 5 " — 504
o ypaoator: — _ - 1\1
Scalar propagator ?— = —_ (A.1)

The differential decay rate of an unstable particle to a given final state is

1 d°pr 1 2 4 (4
i = o (T2 5 ) MO = (oI (20)'69 a ~ Sp). (A5

For the special case of a two-particle final state, the Lorentz-invariant phase
4 Space takes the simple form

(l]:[/ éif){% 2;f ) (271-)46(4)(2 Pi — pr) == /dg;m 8171' (g::rll)a (A'58)




S-matrix in Gaussian basis

Intro. 5/6

M S-matrix (1—2) def.:

[Note: as in the plane-wave basis,
but by the creation/annihilation
operators for wave packets]

—

-

out
free state

T (I) freei_rs]’[atej
outdr H ' (t)
Tin ¢ Pg)

S := (P1,Pa|Te

This describes the amplitude for the finite probability/frequency

of the event with fully-described initial & final particle states! :

“additional” see——""

information

Normalisability of Gaussian

can makes S itself finite!




. . . ; I . 5/6
S-matrix in Gaussian basis e

8 f OU‘E t (I) freeI rs]‘[atej
. ree state B out
M S-matrix (122)def.: | S := <7317732‘Te ZIT dt Hy,g (1) ‘7) >
[Note: as in the plane-wave basis, L . O(_ m . .
but by the creation/annihilation [P’L _ {O-’H Xz (_ TZ) y X’H P’L}}
operators for wave packets] —
- =X y

This describes the amplitude for the finite probability/frequency
of the event with fully-described initial & final particle states!

_ _ Normalisability of Gaussian
------- A it = naaa- | can makes S itself finite!

X

o First proposal by coherent state:
[Ishikawa, Shimomura (0508303)]

all possible configurations

(up to an order) o Claims on various phenomena

by Ishikawa-san et. al.

e.q. [Ishikawa, Jinnouchi, Kubota,
Sloan, Tatsuishi (1901.03019)]

Experiment by the same group — (1907.01264)
(**Na — **Ne*etv,et(e”) = 29)




Intro. 6/6

Short Summary

For the same focused physical 1—=2 process,

(note: we can similarly construct those for m—n processes.)

a8 out in )

free state free state

K plane-wave S-matrix: | Spy = <p17p2‘T€_ZfTOUt dt i, ( t)|P >

o with partial information

— (27T>454(Pout — Pm) X (ZMpw)

o not suitably normalised y

more
| informative

not equal 3

out N
free state (1) free state

S = Py, PafTe 0 o U7y

3K Gaussian S-matrix:

o with full information

o normalised appropriately

“additional” 2

information ™




Intro. 6°/6

Short Summary

For the same focused physical 1—=2 process,

(note: we can similarly construct those for m—n processes.)

_ _ 2- . .
kK |plane-wave S-matrix|2: |SPW|2 el s il defined. (d|m§n5|onfu|,
. o . relative frequency)
o with partial information 1 |Spwl?  d3p s
dl' =
o not suitably normalised 2B TV 2E4( $\2E2 27;}3\
\ Y

External states are characterised
by momenta.

(dimensionless,
absolute frequency)

3 | Gaussian S-matrix |2: | |S|? itselfis well defined.

o with full information P = |S|? d3X13p1 d3X23p
(2) '

o normalised appropriately

External states are characterised
by momenta and positions of centres.




Table of Contents

2. Anomalous kinetic effect near mass threshold
(for wave packets) [6 pages]

3. Isospin anomalies are resolved via the effect.
[6 pages]



. Sec.21/6
Structure of Transitions o

(] The plane-wave S-matrix has no time boundaries (only in time bulk).

[J The wave-packet S-matrix has time boundaries (also in time bulk).

t Wave packets Plane waves
. T TOllt = E Em E m l,'ll"':"‘:"‘q‘:"x.;* ' LOR!
Out—Ume—boundaryI SRR,

region

A
Bulk region

=

\ 4

In-time-boundary I
-

region ID state, . .

In state 0 e




What's next? Sec. 2 2/6

[J We examined the simplest 1—=2 case in wave-packet formalism.
Now, we will be interested in

1. How about the 2 =2 full scattering, including the production part?
k) No detailed discussion today

2. When does the wave-packet effect become significant?

k-) Today’s main topic




Sec. 2 3/6
[J So, the "best’ process to see a wave-packet intrinsic nature requires

o domination of the boundary contribution, e.g., via a narrow phase space
o resonant production & decay

-+

o experimental anomalies being reported



Sec. 2 3/6
[ So, the "best’ process to see a wave-packet intrinsic nature requires

o domination of the boundary contribution, e.g., via a narrow phase space
o resonant production & decay

-+

o experimental anomalies being reported

We found such a process!
=> heavy quarkonium decays into mesons near kinetic threshold




. . Sec. 2 4/6
Anomaly in heavy vector quarkonium decays

[J For each heavy vector quarkonium (V), two dominant decay branches
are “V—P+P-" and “V—POp0”,

o P+ is the EM-charged one; (anti-particle of P+) = P-

o P-is the EM-neutral one; (anti-particle of P0) = PO
P(s35) — K+ (u5) K~ (su), ¥(cc) = DT (ed) D™ (de), T (bb) — B (ub) B~ (bu),
¢(s3) — K°(ds) K9(sd) — K K3, v(ce) — D°(cu) DO(ue), Y (bb) — BY(db) BO(bd),

“Kaons” “D-mesons” “B-mesons”



c.24/6

Anomaly in heavy vector guarkonium decays

[J For each heavy vector quarkonium (V), two dominant decay branches
are “V—P+P-" and “V—POp0”,

o P+ is the EM-charged one; (anti-particle of P+) = P-

o P-is the EM-neutral one; (anti-particle of P0) = PO

P(s35) — K+ (us) K~ (su), ¥(cc) = DT (ed) D™ (de), T (bb) — B (ub) B~ (bu),
¢(s3) — K°(ds) KO(sd) — K1 KS, (ce) — D°(cu) D%(ue), Y (bb) — B°(db) BO(bd),
“Kaons” “D-mesons” “B-mesons”

Measuring Isospin breaking

o PDG values:

RyP% =1.45 +0.03, R,P% = 0.798 + 0.010, REPG —=1.058 4 0.024.

o plane-wave
results:

ane ane g ane
Rplane _ g¢+ 1.5156 & 0.0033), RP"¢ — ‘” 0.6915 4 0.0046), RE™e — g” 1.047 + 0.026) .
& " Y
g¢0 gwo gTO



Anomaly in heavy vector guarkonium decays” *"

[J For each heavy vector quarkonium (V), two dominant decay branches
are “V—P+P-" and “V—POp0”,

o P+ is the EM-charged one; (anti-particle of P+) = P-

o P-is the EM-neutral one; (anti-particle of P0) = PO

P(s35) — K+ (us) K~ (su), ¥(cc) = DT (ed) D™ (de), T (bb) — B (ub) B~ (bu),
¢(s3) — K°(ds) KO(sd) — K1 KS, (ce) — D°(cu) D%(ue), Y (bb) — B°(db) BO(bd),
“Kaons” “D-mesons” “B-mesons”

Measuring Isospin breaking

o PDG values:
RyP% =1.45 +0.03, R,P% = 0.798 + 0.010, RYP% =1.058 + 0.024.

o plane-wave .
results: 2.10 9.50!!
2

ane g ane g ane
RP™ = =2 (15156 4 0.0033), RE™™ = =4F (0.6915 + 0.0046), RR™ = I+ (1.047 4+ 0.026)
g¢() gwo gTO
[for isospin-symmetric case (gp+ = gpo)]




Sec. 2 5/6
[J The mass difference in the final states deviates the ratio from unity.

(] In the plane-wave calculation, R(®) and R(p) depend on only
the masses in the isospin-symmetric limit (g. = go).

\, It should be good since my ~ mq ~ O(1) MeV,

while ms ~ O(102) MeV and mc ~ O(1) GeV.

1) o = igya VI [PTO,P™ — P0,PY]

1mn

+igyoV* [P°9, PO — P09, P]

[Branon,Escribano,Lucio,Pancheri, hep-ph/0003273]
¢ Isospin breaking and QED corrections do not
resolve the discrepancy of R(®).

¢ Here, the form factor [Y(r=0)] of the vector meson
is cancelled out in R.

me = (1019.461 & 0.016) MeV, my = (3773.7 & 0.4) MeV, my = (10579.4 £ 1.2) MeV,
Note: Imye+ = (987.354 +0.032) MeV,  2mp+ = (3739.32 £ 0.10) MeV,  2mp+ = (10558.7 + 0.24) MeV,
2m o = (995.222 +0.026) MeV,  2mpo = (3729.68 £ 0.10) MeV,  2mpzo = (10559.3 = 0.24) MeV,

'y = (4.249 £ 0.013) MeV, T'y = (27.2 4 1.0) MeV, Ty = (20.5 + 2.5) MeV.



Form of Gaussian wave-packet S-matrix™ "

v, o e— X 3/4 _
r . 1 1 Tt (§w)2— s _R |
(Z’SV—)P? — deffNV <H ,—ZEA (E) ) e 2 (5 )2 2 (5P>2 7; (27'('0-8)3/2 \/%G(T)
A=0 ?

'y : F%/Gt ~ . eio‘.m "
x e 3 (RIS BV - Vo)) Jre

. - - oSt e ) SO R P 0 SR e - et i N I - _




Sec. 2 6/6
Form of Gaussmn wave- packetS matrl o

TTO A

02 eo fOYD
< e—TV(‘Z—TO—Fiat&u)—F ‘g (“/1 . Vv2|) a““‘%ﬁo

! | —— form factor for the vector quarkonium

Y ot (2o R
‘ZSV—>PP i ot Ny (H o1 ( ) ) o~ (Bw)2 - (OP)2-% (27rc7 ) 3/2 V2o G(T :

Fourier
" —\ transform &
o F(r) N e Fo | normalising
)= >
V2rRyg T Non-rel
\ ,
Approx.

[approximate form of
(s-wave) ground state under
a Coulomb potential
(beyond “r=0" approximation)]

[Fischbach, Overhauser, Woodahl, hep-ph/0112170]
(c.f., a similar introduction for ®—2K)

In this order,

the form factor depends on
final-state configurations

— NOT factored out in Ry.




-Dec. 26°/6
Form of Gaussmn wave- packet S matrl &

1 3/4) ot (2o |

2 o -~ o 5 “m
< e—TV(‘Z—TO—Fiat(Sw)—FF‘g | (“/1 . Vv2|) a““‘%ﬁo

! | —— form factor for the vector quarkonium

Fourier
e —\ transform &
N e Eo | normalising
o F(r) = >
V2rRyg T Non-rel
- J
Approx.
[approximate form of
(s-wav | |
- TS se——
(beyond| 1p B X1d°P; d° Xod” P ‘S ‘
V—PP | (27T)3 (27T)3 V—PP
[Fischbach, ( R
(c.f., as| Non-relativistic approximations work fine. n
Py, p+ p-
O R}Z/VP = D — (the Ratio in terms of transition probability)
V — PO PO V_'




ppifSt #m of Gaussian wave- acket S matrlx
«@

ft | 3/4 otis 2 o ) |
f S H(dw)? = (0P)*— = ‘
@ ([l () ) oS i
’ F2 Ot ~ ',

< oo TS (V- Vi) ;

ﬁi(gll,eff = igv4+ V" [P+8u73_ - P‘@,ﬂfr] o , g2
|Geft | == ?v > len(Po, o) (P = PH|” = %(H - P)*

+igyoV* [P°9,P0 — P09, P] "

g. = go (—g) is suggested via

the isospin symmetry (u&d)




eelB®m of Gaussian wave-packet S-matrix

2
- 1 1
i S 5 = 1GedlV (—
. VPP g 2 EO V2E 4 \ oA

> /2

—— S———

— FTV (Q—To —|—iat5w)—|—

- X e

rescaling factor for decaying ®

normalisation factors
of free Gaussians

—

F%/at ~ "
s F([Vi+ W)

= F O FOPIF (20,2 omey (D)

o — - S E—

\ overlaps of the wave packets

(including approximated
Energy-Momentum conservation)




—- (—To+iotdw)+ V N(‘Vvl B ‘/-2‘)

PGSy o St ™ e e s oS e 2 A TS ST . SR AN poapoe

(5(4} ~/ (SE = Eout — Eina 5P = Pout — Pin)

== They are functions of
Xi, Pi, 0 (i=0,1,2)




«@W’ Zii 'm of Gaussmn wave- packet S matrlx

1 3/4 S
gSV_}PP 9et Ny (H V2FE 4 (7TUA> )

F%/O' —~

F(Vi - v2|> |

(‘Z To+iotdw)—+

X e

e Geometrical variables characterise S.

The limit (05— and Ot~ ») =

Recovery of the energy-momentum
conservation

A e Note:

[ O —2(p—po)? B
( 27‘(‘6 \—>, 5(p pO))

o —> 00




e P m of Gaussmn wave-packet S- matrix

e !\\\}5 I

2 R\ = Ty
| 1 1 3/ N orisz 75 (5P)?— R Y e, |
ISy = igenNy (H Neon (> ) e FOTTRORIE (amon) Y Vamo T
r Ot ~
< e~ 3‘ To+iotdw)+ V (\Vl _ V2|)
z time of overlap (around Whrch three wave packets overlap) “window function”

- determined by the trajectories
(configurations of
external particles)




PE Y

':'ZSV—>P? = 19eff NV

oSt “ of Gaussmn wave- packet S matrlx

3 / 4 "
) )e“;ww 65 (o v )

“window function”

The off-shell-ness (decaying nature)
of the initial state is taken into
account (Weisskopf-Wigner Approx.).

......

-
B A

In state




T T — Ty — 2% 4 jo,6w)]

(‘Z— F‘gat _Tout) 20t 1
T T — Tout — ]._‘\/2075 + Z'O't&,d




Table of Contents

1. Intro: Gaussian S-matrix with “full” information
[6 pages]

2. Anomalous kinetic effect near mass threshold
(for wave packets) [6 pages]

NEXL

3. Isospin anomalies are resolved via the effect.
[6 pages]



[] For v — D"D™ and ¢y — D°DO

Parameters: My, mp+ (= mp-), mpo (= mﬁ),m (

Predictions for the Ratio

Sec.31/6

Overall normalisation

Note:

Experimental data are available.

Parameter of

Size of
Wave Packet Wave Packet

Size of

Form factor [Length]

(final D & Dbar) (initial )

[Length?] [Length?]

.

- )

[)\de—Brogile = O (10_2 Mev_l)}
)\de—Brogile 5 \/%

A

o Tin and Tout provide overall effects (NOT to the ratio).

Renormalisation
of initial-W’s
wavefunction

(due to decaying

nature)




[] For v — D"D™ and ¢y — D°DO

Parameters:

Predictions for the Ratio Sec- 3 1/6

m¢, m p+ (:

Overall normalisation
does not Contrlbute to the ratio R(\).

mD—), M Ho (: mﬁ),Tw (: F_l A

Experimental data are available.

Size of
Wave Packet

Size of
Wave Packet

Parameter of
Form factor [Length]

(final D & Dbar) (initial )

[Reminder] e e
13 3 3 3 }

V=PP (27)3 (2r)3 (VPP lisation

Non-relativistic approximations work fine. ction
P R ecaying
R}Z/VP = PV%P P (the Ratio in terms of transition probability) [re)
V — PO PO h




Predictions for the Ratio Sec. 32/6

[] For v — D"D™ and ¢y — D°DO

Parameters: My, mp+ (= mp-), mpo (= mﬁ),m (

Experimental data are available. wave-packet profile
Ve acke!

. W 12 _ 0.01 MeV-" o Parton-level (factored form factor)
w —— (@) S [ eV .]. ———— deviated from PDG (as reported).

11 Plane-\Wave ’

AT Plane-Wave (R)

1 03 WP-Dbulk .. ccememmmmmmmemmnmnnnscm e g
ms 0.9t Wave-Packet (buIk+boundary+interferencé)

0 8: S o oL\ ¢4 1) B

0.7 _____________E_Igngﬂ_/\(a_\{e_p_a_rt_o_n_—_lg\_/gl_(i_rj_a)_;__

0.01 0.02 0.03 0.04 0.05

( RO’MeV‘1 ]




Predictions for the Ratio Sec. 32/6

[] For v — D"D™ and ¢y — D°DO

Parameters: My, mp+ (= mp-), mpo (= mﬁ),m (

Experimental data are available. wave—packet profile
%acw
|\ we ; o Parton-level (factored form factor)
.\ asma ~ w12 _ -1
0 S (@) = 001 [MeV .]. ———— deviated from PDG (as reported).
Plane-\Wave !

| o The improved form factor
provides the compositeness well.
1 = good fits!

0.01 0.02 0.03 0.04 0.05

( RO,MeV‘1 ]




Predictions for the Ratio Sec. 32/6

[] For v — D"D™ and ¢y — D°DO

Parameters: My, mp+ (= mp-), mpo (= mﬁ),m (

Experimental data are available. wave-packet profile
N[ acke:
" asﬂ‘a\\ We (@1/2 _ 0.01 [MeV-"] O Partpn—level (factored form factor)
— =S deviated from PDG (as reported).
1.1 Plane-Wave Plane-Wave (R) _
Ol | O The improved form factor
100 / WpP-buk &7 ------------------------------ 1 provides the compositeness well.
: = good fits!
ms. 09 Wave-Packet (bu|k+b0undary+interferencé) '®) Wave_packet Calculations explain
) 8: ___________K____EP_G_(’:’l‘Z)____________: the PDG result.
0.7 ... Plane-Wave parton-level(t1o) _ _ -

0.01 0.02 0.03 0.04 0.05

@MeV'1]



Predictions for the Ratio Sec. 32/6

] Forv — DD~ and v — D'DO

Parameters: My, mp+ (= mp-), mpo (= mﬁ),m (

Experimental data are available. wave-packet profile
ve acket
0 asma\\ We @) = 0.01 [MeV~"] O Partpn—level (factored form factor)
e @) — "t~ deviated from PDG (as reported).
11L Plane-Wave :
T | O The improved form factor
1 0:_ ______ 1 provides the compositeness well.
: — = good fits!
ms 0.9 Wave-Packet (buIk+boundary+interferencé) O Wave_packet calculations explain
08l ___PDG@10) the PDG result.
1 0 Ro ~ O(10-2) MeV-1 ~ (QCD scale)-1
07 . Plane-Wave parton-level(x1g) __ __ i Is a reasonable choice.

001 002 003 004 005

@MeV‘1]



Predictions for the Ratio Sec. 33/6

[] For v — D"D™ and ¢y — D°DO

Parameters: My, mp+ (= mp-), mpo (= mﬁ)aﬂp (

Experimental data are available. wave-packet profile
ckel

ave P2
M)wz = 1 ['V'e.V._1.]. o Bulk-only wave-packet result

Plane—Wave e is far away from PDG

110 Plane-Wave (R) = (outside the shown region),
1 0: also does not make sense.
Tl Wave-Packet (bulk+boundary+interference) Z = Boundary part should be taken.

@ 09 % _
17 AN '3 W
070 ... Plane-Wave parton-level(x1c) _ -

001 002 003 004 005

( R, ’MeV'1 ]



Predictions for the Ratio Sec. 33/6

[] For v — D"D™ and ¢y — D°DO

Parameters: My, mp+ (= mp-), mpo (= mﬁ),m (

Experimental data are available. wave-packet profile
ckel

ave P2
M)wz = 1 ['V'e.V._1.1. o Bulk-only wave-packet result

Plane—Wave el is far away from PDG

110 Plane-Wave (R) - (outside the shown region),
1 0: also does not make sense.
Tl Wave-Packet (bulk+boundary+interference) Z = Boundary part should be taken.

ms 0.9 1 © Ro for explaining PDG is similar
) 8_ ~ PDGRlo) for smaller and bigger wave packets
0.7 wwr-.—._._._.Plane-Wave parton-level(x10) __ _ :

001 002 003 004 005

G



[] For B-mesons:

Predictions for the Ratio

Sec. 34/6

[] For Kaons:

(gk)" =1 [MeV™]
T ——

1.4
o 12

1.0/ .

_ (Non-rel) ~ —~====oooooe——— |
Plane-Wave (rel)
08 P TN B M P R
0.01 0.02 0.03 0.04 0.05
Ry [MeV™]
3 B-me
\(30“ 05) "2 = 1 [MeV~"]

110

1.08}

(0] S PDG(19) __________
o 1040 Plane-Wave parton-level(x10) -
s 1.02};

1.00 Wave-Packet (full)

0.98: Plane-Wave Plane-Wave (rel)

(Non-rel) ]
0.96“‘1““1““1““1““
0.01 0.02 0.03 0.04 0.05

Ry [MeV™]

1.6

(k)" = 0.1 [MeV™]

14"

Wave-Packet (full)

_‘PIae—Wav\ Sso_ ]
(Non-rel) e | o
n cAWerve (rel)
8 | Q P T N
\SO 0)0 0.02 0.03 0.04 0.05
Ry [MeV™]

(08)" = 0.01 [MeV™"]
1.10-——————
1.08+
(0] S —— PDG(10) __________
1.04f Plane-Wave parton-level(+1g) -
1.02

Wave-Packet (full)

1.00
0.98{}§ Plane-Wave Plane-Wave (rel)
(Non-rel) ]
0.96“‘1““1““1““1““
0.01 0.02 0.03 0.04 0.05

Ry [MeV™]



via e et

R R

E—

[nb]

o(e" et - ¢ - K'K)

Constraint via Resonant shape

> ¢

Sec. 3 5/6

WP =======-- BW ——=—- BW with FF WP =======- BW ————- BW with FF
(ox)1/?=10[MeV-1],Ry;=0.0015[MeV-!]; Peak-fit (ok)1/2=10[MeV1],R;=0.01[MeV1]; Peak-fit
2500 ————F————————————— —_—————— 2500 ————m———m— T

i Data:fér Fits | I Data:fcir Fits
i 3.4 Q i
2000 ! ] £ 2000/ ]
I |
I [ g I
L | L
1500 . & 1500 .
I T I
1000} I . © 1000 .
I 1o T I
Lo ® CMD-3 4 ; ® CMD-3
500 1o . | 500+ -
i o ° -
1 [
I % 1o e © i _ % ®e
0 L, e 0 oo et Bl e = SN L -
990 1000 1010 1020 1030 1040 1050 1060 99 1000 1010 1020 1030 1040 1050 1060
M [MeV] M [MeV]
e R E— e —

X2<e_e+ - ¢ - K'K )/ (DOFS) | yin

Ry=0.0015[MeV~!];

(without FF)

(og)1/2 [Mev1]

|
Breit-Wigner | !
|
|

50 100

500

-

e — R R

Note: o(e-et—=®) and mo are

determined by statistical fits.




WP =====--- BW ———--— BW with FF
(op)1/?2=1[MeV1],Ry=0.0015[MeV1]; Peak-fit
12 T T T T T 3 T T T T T T T T
o : | @ CLEO (from DD (y)
2 10f ! 1 e BABAR i
: 1 " @ BELLE
a 8l T - @ BES 1
o |
el
> | |
L = | ]
T 4l 1 iTlL 2 :
| Tl ¢
0 i .g}» o
gi 20 34 ) Fata for Flﬁ .
o} 4 | | .
O L |: L |: L x |? .? L |
3740 3760 3780 3800 3820
M [MeV]

—

Xz(e—e+-e Y — DD)/ (DOFS) | Min

rﬂ-*

Sec

Constraint via Resonant shape

[J via e et - ¢ —2D(DTD~ and D’ D)

Rp=0.0015[MeV 1]

; BaBar+Belle+BES+CLEO

12

[nb]

o(e+te- - Yy - DD)

1.0 Breit-Wigne
" (without FF)

WP -==----- BW ———-- BW with FF

10

=1[MeV!],Rp=0.01[MeV!]; Peak-fit

T

: S .
| @ CLEO(from DD (y))
[| i @ BABAR 1
! ]

L

® BELLE
r @ BES .

~~~
~

~
~
~
-

I
I
I
Data for Fit:
I
I
I
1

1 1 1 1 1 1 1 1 I i \ ! ‘ : . T y -.7
3760 3780 3800 3820
M [MeV]

Note: g(e-et—\) and my are

determined by statistical fits.
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Summary & PRiscussion

1. The S-matrix in Gaussian wave packet contains full information of

the quantum particles. =» More informative & regularised.

2. Characterising S-matrix, in particular, “bulk” and “boundary”.
g P Y

3.
_ (0p)'*=0.01[MeV]
1.1_ PIane—er
100 / Whohk :
o 0.9 :
O ,' ---------------------------------
0.74_1 _ ___ _ Plane-Wave parton-level(+10) _ _ :
4

| o Can we distinguish the “wave-packet

diffeence

002 003

R, [MeV™"]

0.04

o Considering the form factor

appropriately, =» Rp around the QCD
scale gives us good fits.

/"

correction from the plane-wave part
(in this variable or others)?
=» Further discussion is necessary.




Summary & PRiscussion

1. The S-matrix in Gaussian wave packet contains full information of

the quantum particles. <» More informative & regularised.

2. Characterising S-matrix, in particular, “bulk” and “boundary”.

3.
~ (0p)'®=0.01[MeVT]
1.4L Plane-Wave ! o Considering the form factor
: | appropriately, = Rg around the QCD
.00/ . scale gives us good fits.
. |
09 1 0 Can we distinguish the “wave-packet”
0 ,;;" _________________________________ C.orre.ction cfrom the plane-wave part
ry | (in this variable or others)?
07! _____________________________________ 1 =» Further discussion is necessary.‘

002 003 004 005

diffnce Ry [MeV™'] r “&“K
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Review on plane-wave amplitude %"

] We focus on the (1—=2)-body relativistic transition/decay: ® — ¢1 o5

position / free — —_—
I fee stale l momentum eigenstates
stale

mteractlon(s) :
(external free: also mass eigenstates;

Ei2 = pi2 + mi?)

L_____f_I_r_

. > time
far past far future



[J We focus on the

position

A

Review on plane-wave amplitude

Sec.1 3/10

)

fr
state

O,

free
state
_ interaction(s)

time

§>

(1—2)-body relativistic transition/decay: ® — b do

i a—

e

l momentum eigenstates
(external free: also mass eigenstates;

Ei2 = pi2 + mi?)

S ————————— S — S —

(in interaction interaction

N

picture)  Hamiltonian density
far future (Tout— +0) \l,
o . . ®.@,
transition amplitude o i) = /d% HD (1, 2)
(S_matrix) /\ n o /\ln
o out — _ _ in ) o '/gb
free state - Tout gy f7(1) (t ree state —---x
— | N .
Spw =((P1,p2|Te " '"in 1 Po) ¢

manifest energy-momentum
conservation
(due to translation invariance)

o (T’ represents
the time-ordered product
for relativistic process.)




Review on plane-wave amplitude %"

] We foguson the (1—2)-body relativistic transition/decay: ® — ¢1 o5

" : , A
S [Integrations] IRESS )
ﬂ% : N [~ |stae momentum eigenstates
stdte . . _L interaction(s) | :
i taking == (external free: also mass eigenstates;
4 account of éter\‘ E2 = pi2 + m;2)
$ all possible 3 B —
| t and x. ) . b (in interaction interaction
~—3 ; l me picture)  Hamiltonian density
far past (Tin—=-c0) | far tuture (Tout— +co)

| transition amplitude o g =
” (S-matrix) /\ Nt g
a out in

manifest energy-momentum  (factorised)
conservation amplitude
(due to translation invariance)

N y




plane-wave basis Sec.1 5/10

[QFT textbooks]

[4] Plane wave — the standard tool for describing particles:

¢ Basis (@ Schrodinger Pic.): ((x\p} x e'P® ]

(plane wave: the eigenstate of P ) -— X completely undetermined
_ (non-normalisable mode)

¢ Expansion of Scalar operator in Int. P

IC
0= [ [[w %p}hc (5= o)
\/ 27T 2E Annihilation op.

Wave function of Dlane wave for momentum-p state
( . )
1p-x
— gl (z|p) x e
‘p> o p‘0> 0=F,
the one-particle state = (2" (=1), x
(ignoring the overall factor e-ift) A Dos?tg‘ t
+ (o] = (oo
_ Int. Pic. Sch. Pic. )




Gaussian basis Sec.18/10

[Ishikawa, Shimomura (0508303), Ishikawa, Oda (1809.04285)]
M Key: Fields can be expanded in any complete sets of bases.

— Perturbations under normalised bases are possible. =» Gaussian!

M Gaussian basis ({x|a,X,P>} normalisable!

Rlane-wave limit: = x)

¢ Form (@ Schrodinger Pic.):

a 2\
- x—X
67,1-"-(:1;—)() ( 5 )

Y

L (a coherent state)




Gaussian basis Sec.18/10

[Ishikawa, Shimomura (0508303), Ishikawa, Oda (1809.04285)]
M Key: Fields can be expanded in any complete sets of bases.

— Perturbations under normalised bases are possible. =» Gaussian!

M Gaussian basis ({x\a,X,P)} normalisable!

Rlane-wave limit: = x)

¢ Form (@ Schrodinger Pic.):

i (x—X)2
~ iP-(x—X) 5
L (a coherent state) (when T=0))

Centre Position
at a certain time T

¢ Expansion of Scalar operator
(in Int. Pic.):

; d° X d?’P
O¢($):/ [faxp J[( XPB—FhC} \
(2 T
Wave function of Gaussnan wave |oa(:ket—T Annihilation op.
(X is defined @ T) for the corresponding wave- Da@
P) = A1(P)|0), |P={0.X"(=7).X.P}

H/_/
—: X

the one-particle state




Gaussian wavefunction

3 < 13 [Ishikawa, Oda (1809.04285)
0 d Xd P
Qb(x):/ o [faXP J (o XP)+hC}

Wave function of Gaussnan wave loa(:ket—T
(X is defined @ T)

d?’ Int Pic.

o Jo,x,P( (z|p)(p|o, X, P
* ( \/ﬁ | <p‘Gaus&an sta%e

0—F,
saddle-point approx. for a large O

~
3/2
m o) V2P0(2r)3/2
I S0 _ X _I_ V(P) (t B T)’ V(P) — P/EP) "--.,--.,....; .............. P Il’_‘\‘
Position of Centre of ;/—-—\\; Ao |
the Gaussian peak at the time (t) -2 t:ah: Se-
\_ —(.) ................... o,




(some details on Gaussian state)

(‘t
o Normalisable: (c,X,Plo,X,P) =1

2 1

’ 5p

o Coherent: §z? = P =
o)

o) .
§ (Z—w,y,Z)

o Non-orthogonal:

(0,X,P|o’, X', P)

3/4
(‘71 > i (XX UL (PPt yh (0P 4o P)-(X —X)

oc+o _, o l4+o07!
Op =, 0 = ;

d>Xd>P

23 0, X,P){0,X,P| =1

o Over-complete: /
\

o Algebra of Creation/Annihilation operators:
Ao, T,X,P), AT/, T, X',P"| = (6,T,X,Plo’, T,X", P
+ (others) =0




Two contributions in P

.| Techmcally, lt IS stralghtforward to derive the form of P (full prob.).
[Ishikawa, Oda (1809.04285)]

frees"ab\e P
(o0 StabI e /‘ d3X L d3py d3X 2d3po

2
S| )3 (27)3
out m) + AP

T T

proportional to (Tout- Tin),  Constant in (Tout- Tin)
‘Fermi’s Golden rule’

— weeskb\er 7

for large limit
of 0’s

(averaged frequency)  “correction”
x (time interval) to “averaging”

Understand Jble N t\ur'\?\\\ieneath.
1o S€€ the Sructure
We try ying

NOTE: Hereafter in the appendix, the Initial state is taken as free (non-decaying).




S-matrix of the simplest 122: ® > o b

[Ishikawa, Oda (1809.04285)]
O When H;.(t) = /dBm - (Ci)g%) , for finite Tin & Tour, S becomes

free out-state f Tt » H(I) t free in-state
S = <7>1, PQ‘TQ vy, int ( ‘730>

(Hz‘ — {Xz',Pz‘})

k T]——+ out W
Wick’s t 3 *

for /Al\cansd Ae*(zginO) /m dt d°z f¢701KHl ) fgbﬁiﬂz (:IL‘) fq)io;ﬂo (x)

W,

“Wave-packet Feynman Rule”

Summing over
all the spacetime points here!

>» U




(Wick contraction for on-shell part])

[Ishikawa, Oda (1809.04285)]

( \
11, = {X;, X;,P;}
| | ——
o Auy(l19) (@) = [ QT fz(0) [Aoy (M) 4D\ 5
3
d°p

— o3;113 (x)



S-matrix of the simplest 122: ® = ¢

[Ishikawa, Oda (1809.04285)]
O When H;.(t) = /d% - (Ci)g%) , for finite Tin & Tour, S becomes

free out-state f Tt » H( I t free in-state
S = <7D1,772‘T6 vy, int ‘73()>

(H ‘= {X’L)PZ})

Wick’s th 8 1K Lout 3 7 [ W
Ick’s theorem * *

for A and At (@LO) E/Tln dt/d Zqub,al;Hl (m) f¢,02;H2($) f<I>,c70,H0 $)

- y

[Reminder]

[Details of Gaussian (on-shell) wave functions]

f\p,g;n(a?) _ (E)3/4 d3

T

(27) 3/2

2pY (

saddle-point approx. for a large @

o\3/4 [ 27\ /2 1
0" (7)) e




S-matrix of the simplest 122: ® = ¢

[Ishikawa, Oda (1809.04285)]
O When H;.(t) = /d% - (Ci)g%) for finite Tin & Tour, S becomes

free out-state f Tt » H( I t free in-state
S = <7D1,7)2‘T6 vy, int ( ‘730>

)
—> a Tout [ )

Wick’s th LR 3 * *
for /Al\cansd Ai?gf]@ - ﬁ T dt / d°x fqb o111 (x) fgb,o'z I15 (z) fo,00:11, ()
w

[Reminder]

Uniform linear motion
_ 9
f\P,a;H(x) ~ of the centre (= Peak!)

o\3/4 [ 21\ 3/ 1
() Ama




S-matrix of the simplest 122: ® = ¢

[Ishikawa, Oda (1809.04285)]
O When H;.(t) = /d% - (i)g%) , for finite Tin & Tour, S becomes

free out-state f Tt » H( T) t free in-state
S = <7>1,772‘T6 vy, int ( ‘73()>

(H — {X’L?PZ})
Wick’s th I (‘iﬁ} Tout 3 “{ W
Ick’s theorem | “™v dt | &3z £ *

for A and At (@LO) \/5/1—1 / f¢701;H1 (J;) f 70-2;1_[2 (Qj) fq)70-07H0 'CE)
t \ 1n J

P1 A\ g P2

N e J v

TOUE ----- r o ’”\/0'1 ~\/0'2

. | “classical) trajectories” {
>3 = charactering the S-matrix |

g—- S i (
Secoﬂda /1
a kﬂe

A overlap domain of

yar! |

/7 — the wave packets”

= depending on the trajectories




Result of S(P-> @)

v
normalisation factors overlaps of the wave packets

of Gaussians

(including approximated
Energy-Momentum conservation)




Result of S(P = db)

v (H (o) ¥4 )e Do Corr-Q o)

A(=0,1,2) 2EA

o ( & )
|||
\

Feature @ * Geometrical variables
characterise S.

(5CL) ~oF = Eout — Ein7 OP = Pout — Pin)




Feature @: Geometrical variables e Feature@ .
characterise S.

(0w ~ OF := Eoui — Ein, 6P := Pou; — Pin)
Recovery of the energy-momentum

The limit (0;— o and g2 x) =

v o P2 conservation
e Note:
: \N\/O-Z
‘ 3 0 —>00
X




Result of S(® = dP)

(H (WOA)_3/4 ) 6_%(5w)2_7(5P)2_§ (271'(75)3/2 /—271'(775

A(=0,1,2) 284

- determined by the trajectories
(configurations of
external particles)




Bulk & Boundary terms

(H (WOA)_3/4 ) 6_%(5w)2_7(5P)2_§ (271'(75)3/2 /—271'(775 . 4

A(=0,1,2) 2EA

~ 5% | % (52— b (T-Tin) Togary” o
e 20¢ 2 “\\“\ bO E
iv2moy [0w — i(8) — Tin) /0] A E .
T o

$ 2 |

oo 1@-




Bulk & Boundary terms

. 1 - o B 1
S = _Z_/{ (H (WOA)_3/4 ) 6_%(500)2_T(5P)2_§ (27T(73)3/2 \ /27T0't

A(=0,1,2) 2EA

® Significant Feature: Terms are classified into “bulk” and “boundar

;

% time of overlap (around which three wave packets overlap

Z R : A o R R S D O A R s S S e R A e e s D o R R R T D e e A e s S e TR e D s R s D e R RN e e ¥

4 1 % T, + 100w < ‘ﬁ— out T 1010w
Il ™~ — |sgn —selh | \/

[in the causality point of view]

. 9
e @;Z;n) - ‘72t (5w)2—i5w(‘Z—Tin]

i/ 210y [ow — i (Y

' 2
Bz sl

e 20¢
|

i 2m0y [0w — i (@) — Tous) /oe)\

=




Result of S(P = db)

- | =
S= H (o 4) 3/ ! e~ 3 (0w)° =5 (0P ~3 (270,)%% V2moy G(T)
. A(=0,1,2) 284

_—

& In“1-2”,

® Bulk part is “time-universal”. As expected, we can show

R

[I\/Iarg;-iln—algg(;r_a;é j‘ [ fngO(:in) / H X ;d*P; _

per (Volume) & (Time), 1L (277)3 J\Sbu1k|2

L 4 Py—0

(O-S_’OO and (0 iam doo) ”planE'Wave Iimit”) F(plane_wave)

R e R

— Y (the decay width from Sjane.wave)
- . _ )
1 — Tin 040 — Tou 040 ”
G(‘Z) > . lsgn (‘Z \/%wt w) ~sem (3 \/%wt w>] l “b\)“‘ [
5

L Czjin Tout y




Result of S(® = <|><|>

™ In“1-2”,
® No counterpart of boundary terms exists in Splane-wave.
® Suppression via energy-non-conservation is relaxed as

“Exponential” = “Power” [..Enhancement].




Result of S(P = db)
. | =
P (H (7TO'A)_3/4 ! ) e~ 3 (0w) =5 (6P) —3 (27‘(’0’8)3/2 V2o G(T)
A
-

2K

A(=0,1,2)

-

™ In“1-2”,
® No counterpart of boundary terms exists in Splane-wave.
® Suppression via energy-non-conservation is relaxed as

“Exponential” = “Power” [..Enhancement].

® Suppression via distances between time domains is relaxed e.g., in
r:m I’q\\ ‘ PO, P1, II,'\\‘ | :

1
i /
|

-




More on Window function

[Ishikawa, Oda (1809.04285)]

f(z) : —z7

. G(z) B Tout dt — 307 ( — T — ZUt5W) . \/7 / v

B T \ 27T0't

o 1 {erf(‘l — frin -+ zat5w> B erf<‘3 — Tout + z’atéw)}

2 V20, V204
O G(‘Z) — Gbulk(‘z) + Gin—bdry(‘z) + Gout—bdry (‘z)

(1 (Tm < (S < Tout)a
T — T, + 100w ~Jo (T < Ty or Tyt < %)
derY(Z) (Z = \/T"t t ) Cout(T) = 4 O(ow) (T ="Tn),
4 O(—0w) (T = Tout),

-
Ghuk (%) = 5 )} :
-
Gin—bdry((‘z) e = § 9
1 I T — Tout -+ z’at&u
Gout-bdrv (%) 1= = :
a5 )



[Ishikawa, Oda (1809.04285)]

L T — ﬂn + 7:0'755(,0

V20,
1.0
~ 2
e Gpary(2)|° ¢ 5

o erf(z) ~ sgn(z) +€_z2( 1 )

N~ ﬁZ
|2[>1

(We utilised this approximation in the main part.)



