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Fig. 1-4. A different electron experiment.
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[The Feynman Lectures on Physics]
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EABIEZLTWHDTUL & S5H7

2
o [MIFDIRILF—]: E, = {p_ (non-relativistic), v/p2c2 + m2c* (relativistic)}

2m

o [(MFDOTRIEEFR]: r{IHhEBEDOEZRD)

& (wave) ~ superposition (over k) of e ‘wkitik2
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EABRIEZLTWEHEDTUL & DHV?

2
o [MUFDIRILF—]: E, = {p_ (non-relativistic), v/p2c2 + m2c* (relativistic)}

2m

o [(MFDOTRIEEFR]: r{IHhEBEDOEZRD)

& (wave) ~ superposition (over k) of e ‘wkitik2

A4 -J ’74//194’ /@\'aaﬁ_tl note: (metric) = diag(-1.1.1.1);
-

BARABMNZERB: h=c=1

|

—iEpttip-x (: e—I—ipM:U’J“>

LHE (plane wave) [C K B F DFRIR: \ h(t,x) ~e

o B DEFE = KR
o TR+ —DEENEMRFIE(EER)

#IFUKKRIBLTUWLWS
(=BILAL EHRHINTWS)
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Counts

F% D BMUE Fe>” M

S—RIEIREDSYROCOEF) T U TERRECSESE )
"ARIR X TIlCHVD > Tehs B D ERRAS

N()= N, exp(- ti)

Time (ns)

to = 141 [nano seconds]

[https://www.rri.kyoto-u.ac.jp/NRP/research/research_forward.htm]



0O BUlFREGICY ORI, YRR TEFRE)11 Z2€ED=T.

"(BFE) 1 T LT (MBXIRY7S) R CERTE XY,

O0—FT. BEEZZD THBD3MIRYHDERETIHEER) .
IR RTTZIFTCE 0N (48YTAV7R) MR CatiRSsNE T,

[151]] IRAERY TR #—[ElfE> T, —OBEHNE BRI 1/6 (H;

dl

i



0O BUlFREGICY ORI, YRR TEFRE)11 Z2€ED=T.

"(BFE) 1 T LT (MBXIRY7S) R CERTE XY,
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Review on plane-wave amplitude

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

v Ak

position

> {]

far |'oast

far fL'Jture

free

state
mteractlon(s)

Ime

i e

r momentum eigenstates

(external free: also mass eigenstates;
Ei2 = pi2 + mi?)

N S —




[J We focus on the

position

A

Review on plane-wave amplitude

)

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. ) . time (in interaction interaction
~—3 ; l 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




Problem in plane-wave S-matrix

M Plane-wave

S-matrix (1—=2) def.:

S

—

(27)*6* (Powt — Pin) % (iMpw)

manifest energy-momentum
conservation

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

(factorised)
amplitude |

¢ Corresponding probability is given as |Spw|2.

(210)4[(Volume) (Time) = o]

i

v ‘Spw‘z is ill-defined due to ‘54(Pout'Pin)‘2 — 54(Pout'Pin) X 4(—)54 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.




plane-wave basis

[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. )




What is calculable?

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

e w(t,if}) — \/% o tEpttipz “literal normalisation”
) v Vg pl V% p2
27T

o|(PW) phase space|] =

¢ |Spw/|* x [phase space]
1 d’p d’ps

4 ou Pin P T
= (2m)°0% (Pous = Pun) 5 2, (27) 2By (27 )%

-~/ —>
well defined ill-defined!

(The volume is cancelled out.) (since T— o)

2
PW|



What is calculable?

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

o Y(t,x) = : e thpltipe

VY () g, (V)aps
o|(PW) phase space|] = amE (2r)

¢ |Spw/|* x [phase space]

1
— (27‘-)454(P0ut — Pin)

2F;n,

d3p1 d3p2

‘Mpw’Q X T

2E1 (27’(’)3 2E2 (27’(’)3

) |Spw|? % [phase space]
1
— (27T)454(Pout — Rn)

1

‘ d3p1 d3p2
2Ein

2E1 (27’(’)3 2E2 (27’(’)3

Mpw|?

well defined!

The friquency per time (= I': decay rate)
is well defined and calculatble.
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W
AS

the plane-wave amplitude:

. g K [a~n taking a simple form,
o In the case of H;jp(t) = /d & 9 (q)¢€b) / easily derived via Feynman rules
p1 ,
5 0 4
o iMpw (P — ¢P) = o< = TR,




A.1 Feynman Rules [Peskin, Schroeder]

In all theories 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
4 . . N2 = 22 T a4
¢* theory: L = 2(3,‘@) 2m 0] T4
()
Scalar propagator: —p+ = TP e (A.1)
¢t vertex: = —iA (A.2)

External scalar: >— = (A.3)

plitude;
orm,
iman rules




A.1 Feynman Rules [Peskin, Schroeder]

In all theories 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;
orm,
iman rules
1 o 1 5.0 A
o* theory: L = :—2(3;;69) —5m¢" - Icp
. aoator: — _ - Al
Scalar propagator :5— Z —mZ 1 ic (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
space takes the simple form

(H / é?)g ; ]i;f)(%)“@“)(zpi — Y ps) = / diz;m 8; (125“:'1) (A.58)




(Gaussian basis

[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.):

( 2\
: x—X
P (z—X) z—X)

Y

L (a coherent state)




(Gaussian basis

[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




ABLE Gaussian wavefunction

\ ) [Ishikawa, Oda (1809.04285)]
pett™ X d’P :
gb(il?) — (27‘_)3 [fU’X’p($3A(O', X, P) —+ hC}

Wave function of Gaussian wave !oa(:ket—T
(X is defined @ T)

d?’p Int. Pic.
o fox,p(2) = (@|p){plo, X, P)
\/ 2Ep Gaussian state
_ (E)S/ : / P ip@—X)-5(p—P)?
\V 2p0(2ﬂ-)3/2 pV=F

saddle-point approx. for a large O

3/4 3/2 on-shell condition A
() | (21) N e |
7-‘- 0- 2P (27-‘-) ------------- PO:EP
)=X+V(P)t~T), V(P)=P/Ep) = BRI
Position of Centre of I o]
the Gaussian peak at the time (t) ==l i Sme
_ T U N )




uwep8 (some details on Gaussian state)
oA

- A
o Normalisable: (o, X,Plo,X,P) =
o Coherent: §z2 = =, 6p? = 1 (i = x,9, 2)
Tt 27 Y 90 ’
o Non-orthogonal:
0} 3/4 /2 01 / ! D/ /
<0‘,X7P|0'/7X/7P’>:<_I> e 4JA( —X') =5 (P— P)-|-2 (cP+o'P)-(X—-X")
o)
. o+o ., o l+4o!
oA = 5 o7 = >
d° X d°P .
o Over-complete: / o, X, P)(o,X,P| =1
(2m)°
\ J
N

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

 (others) =0




S-matrix in Gaussian basis

a ouf in_
. free state _i (Tout g4 gD ( t)free state
[ S-matrix 1=2) def.: | S := (P, Pa|Te " /Tin e (1D )

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

-

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

“additional” see——""""

: , Normalisability of Gaussian
information can makes S itself finite!




S-matrix in Gaussian basis

ft out

free state

out (1)
& Smatrix (1=2) def.: | & := (Py, Py|Te " Jrin 4 Hind () p )
Pi = {05, Xi (= Tz’)aX’iaPi}}

but by the creation/annihilation
operators for wave packets]

[Note: as in the plane-wave basis, [

-

in )
Jree state

_/_/

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

all possible configurations
(up to an order)

Normalisability of Gaussian
can makes S itself finite!

X

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

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)



Short Summary

For the same focused physical 1—=2 process,

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

f out in )
free state - Tout gy (7 (1 (t jcree state
- - [X° —1 : in
3k plane-wave S-matrix: p1,p2|Te " /Tin 2 Py)

o with partial information

o not suitably normalised

_J
not equal M HOTE
WL 4 { informative
b fres State T (I) free state
P, e —i [moutdt H ) (t)
3 Gaussian S-matrix: S := (P1,P2|Te fm i Po)

o with full information

o normalised appropriately

“additional” 2
information ™ '




Short Summary

For the same focused physical 1—=2 process,

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

('-?

* plane'Wave S-matrix: |S |2 i< ill defined. (dimensionful,
, o , PW relative frequency)
o with partial information Spwl? (V)dPp1 (V)dps
o not suitably normalised dl’ = T (27)3 '\ (27)3
\_ Y,

\ \

External states are characterised
by momenta.

(dimensionless,
absolute frequency)

3K Gaussian S-matrix: S|? itself is well defined.

o with full information dP = |S|? d3X13p1 d3X23p
(27) :

o normalised appropriately

External states are characterised
by momenta and positions of centres.




B =1p:
BRRFITEDEH &
P2xA—A=0LBRIEZELTOD
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(ZAmF. ~157)




0 Gaussian} R TH . BRIRERDFTR:

Two contributions in P

[Ishikawa, Oda (1809.04285)]
/‘8‘2 ng d3p d ng y 1)
T (2m)3

out m) + AP

HRUAS 7'dIHfJI:FE% I3 (Tout- Tin), HABYAY73AFRE NG (Tout- Tin)

| free stall
Nreeskb\e state
| 5‘}‘6'. PLe ()
| R e | o
| P @sﬁ |
| : P2 ﬁ
L T T > time |

1n out

O NCRAY &

LEDE (CHEIS (S LY)

71 )LE@E%@/a (JM? Lﬂamn —=

BIZIE(D] TR
EEEE D5OXL

S THYRIBREE




gbm@w‘; atrix of the simplest 122:. ® = bd
@Ey P A [Ishikawa, Oda (1809.04285)]
Tint (1) = / d

Sp — (<I>gb¢) for finite Tin & Tout, S becomes

free out-state Tt » H( I t free in-state
S = <771,732\T6 in in \730>

( T {X’MP })
—_—) T

Wick’s theorem *
for A and At (@LO) K (m) fcb,ci;ﬂg (x) f(biﬂo (x)
y

Summing over
all the spacetime points here!




&M (Wick contraction for on-shell part])

@Eﬁl&“ [Ishikawa, Oda (1809.04285)]
[ \
I, = {X}, X;,P;}
r 1 A A N—
> A1) 40) - [ nszn(@) [Ag ) Afan] X
| d3p
for a final state _ 6 . : :
~ [en | Ty @H1L19:p) (0:p16.2) (0Tl g0 1)
d°p

— ;3;1_[3 (x)



qoee8Fmatrix of the simplest 132: ® = b

@Eﬂ&m [Ishikawa, Oda (1809.04285)]
O When H,,,(t) = /d% - (Ci)g%) , for finite Tin & Tow, S becomes

free out-state f Tt » H( I t free in-state
—1
S g <7Dl, 7)2 ‘T@ Tin 1nt ‘7)()> (H

1Xi, Py}

)

W. k, th rt ZK/ Tout 3 i [ W
ICK's theorem * *

for A and At (@LO)| ﬁ . dt/d Zqub,al;Hl (m) fgb,OQ;HQ ($) f<I>,ao,H0 $)

»

[Reminder]

[Details of Gaussian (on-shell) wave functions]
o\ 3/4 d3
f\If,O;H(x) = (‘)

m (27) 3/2°

2pY (

saddle-point approx. for a large @

o\3/4 21\ 32 1
(=) (7> V2P0 (27




\w}w&%@matrix of the simplest 122: ® = ¢

pEtA ) o [Ishikawa, Oda (1809.04285)]
w®) = [

d>x 5 (<I>gb¢> for finite Tin & Tout, S becomes

free out-state . fTout » I:I(I) (t)free in-state
—1 . in
S .— <7>1,7>2‘T6 Tin t ‘7)()>

Wick’s theorem
for Aand At (@LO)| /2 J1

[Reminder]

Uniform linear motion
of the centre (= Peak!)

1




qoeebSEmatrix of the simplest 192: ® = ¢

@ETN@ [Ishikawa, Oda (1809.04285)]
O When H;,, (t) = /d% - (i)g%) , for finite Tin & Touw, S becomes
[' free out-state f Tt » H( T) t free in- state]
- — —1 Tln 1nt
5= (P PufTe 7o) (I := {X;, Pi})
—_— (. Tout f )
Wick’s th K 3 %k *
for /;\Cansthe*(zE@elr_nO) N ﬁ/ dt/d lef(byffl;rh (m) fcb,Oz;Hz (m) f@,ao,Ho m)
/ & Tin y
P1 ,’\\ ,’\\ P2
Towi |~ S S

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

g > it (
2 SeCOﬂda /"
ariaDle

. overlap domain of
/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 /
|

-




ABLE More on Window function |

SRIPP g shikawa, Oda (1809.04285)
e
= erf(z) := 2 /Z e " du
o G(T) = Tous ¢ L~y (t=T—iordw)’ VT Jo
T \/ 27T0't
o 1 {erf(‘l — frin -+ i0t5w> B erf<‘3 — Tout + z’atéw)}
2 V204 V204

O G(‘Z) — Gbulk(‘z) + Gin—bdry(‘z) + Gout—bdry (‘z)

1 (Tm < (S < Tout)
T — T, + io‘téw ~Jo (T < Ty or Tyt < %),
dery(z) (Z = \/Tl't ) Goun(T) = < 0(ow) (T=T)
4 \9(—5(,0) (T = Tout)
T o ,
Ghuk(T) := 5 )} :
: I
Gin—bdry((‘z) .= § 9

1| T — Tout + 100w

Gout—bdry(‘z) c= 5 \/1327]5 ! )} :




N~

L
|z[>1

(We utilised this approximation in the main part.)

o erf(z) ~ sgn(z) +6_z2( 1 )

[Ishikawa, Oda (1809.04285)]




O CEORBMIBBIZECCO"EEYHNS DXL "2 R 5 HV
o boundaryZ RN ECHY « “FIIHY” (T X V) FRIE LRV gtz

hTED

Al

o resonant production & decay + BRIEER7 (CE

-+

o FHELFETE CERRIEDGFIATTA « T <(CEHERE DLEED A EE!




O EORRGYIIERFETCD"FEYNS DXL """ R B HV?
o boundaryZ R H X HCHY ”Zzi’SE’\J”(:&}

c L) BEIE U738 L VEFE

* ZI

o resonant production & decay

==
i

- Okk ¢

':f d/

.1
N
Al
11

+

o FHELFETE CERRIEDGFIATTA « T <(CEHERE DLEED A EE!

BUVEEERICE D, BV #—O= O AGREBIRE) DS
X9 2 AY UXERIEICER!

PENF V\ ¢

RIET Z2MBEE )

e, O AN 3d)
= EEDETEDIAE




P #—1_" ) LLBEIE7 /) — D
OBV TY)Ta—0"0L (V), ZFEREDLIREAY UXT:
“\ = P+P-" & “\/—POP0”

o P+ (XFE/R +1; (P+r DRAIF) =
o PO (FEFEFO:; (PODORKIF) =

O BIFHRSTNTULS:

¢ for Qheaw = s (strange quark)

+ _
R((m = B = KTKT) ) 14998+ 0.031506 (PDG globat fit
Br(¢ — KOK)

/ I'(¢p— KTK™) .
— 1.51558 + 0.00330 (via PDG results)
TR I KR
e

€ for Qneawy = € (charm quark)
B +D-

R(v) == H(v = D OD_O) — (.798085 + 0.010191 (PDG globat fit)

R Br(y — DYDVY)

P R
R(ﬁ L= DD7) _ = 0.691545 4 0.004636 (via PDG results)
e «’é T(¢p — DODO)

(¢ ~ 55, KT ~us, K'~ d3) ¢ < $(1020)

(¢ ~ce, DY ~cd, D° ~cu) 9 < (3770




U #—1ZJLBRIRT /X' — O
O &V TY =)0+ —0Z2 VL (V), ZFEREDLIREEAY VXY:
“V—P+P" & “V = POPO”.

o P+ [FFER +1; (PrORKIF) =
o PO [XEBREO; (PO DRHKIF) =

O UFAEHRESNTLS:
¢ for Qheaw = s (strange quark)

_|_ —
Br(¢ = K"K ) = 1.44928 + 0.031506 (PDG globat fit)

(¢ ~ 55, KT ~us, K'~ d3) ¢ < $(1020)

R((b) = il
Br(¢p - KYK?Y)
/ IR KTK— ~20
%@ 6= — ) — 1.51558 &+ 0.00330 (via PDG results) ¥ {BBR = DHEEIL.
,;;c Mg = KK ~ 4.5%

f\—@

for Qheavwy = € (charm quark) (¢p ~ ce, DT ~cd, D° ~ cu) Y < Y(3770)

_|_ —
R() := Brlv = DTD7) _ 1 793085 <+ 0.010191 (PDG globat fit)
R Br(y — DYDVY)
BB ~9g!!!
= 0.691545 4+ 0.004636 (via PDG results) BLEEZEEL.

R
(WP_. «‘é ['(¢) — DODO)
; ~1017%




A o boundaryI RN ZECHY « “FIRY7 (CdH F W ERIE LR L IBTE
o resonant production & decay « BRIEESS D (CERTE S
. - OKY
o FERIE TERENHPTER «(F <ICEBRE DLBATIRED,
(] = |
€ for Qneawy = S (strange quark) (¢ ~ 55, KT ~us, K~ d3) ¢ < ¢(1020) 
o |
R(p) = SO KTRT) 11098 +0.031506 (PDG globat fit
.,m.% Br(¢ — KOKO)
%ﬁ/ I'(¢p— KTK™) ~20
— 1.51558 4+ 0.00330 (via PDG results) ' BRI = DHEEL
1 . K\EF(¢_>K0K0) ~ 4.5%
f\’—@ﬁi B . i
€ for Qneaw = € (charm quark) (¢ ~ cé, DT ~ cd, D° ~ cu) Y < P(3770)8

_ Br(y — DTD")

%ﬁy [(6 5 D D) | 90! w

= 0.798085 4 0.010191 (PDG globat fit)

M6 DD 0.691545 & 0.004636 (via PDG results) "4z 1, 12 g%ﬁ&_ﬁ‘i

~ 10-17%




O 7A4YVAEVBRE ue& dDBEERL =g =g)fc s

CEROERERNFOEEDH CHRFT B
'\/ It should be good since my ~ mg ~ O(1) MeV,

-]

PDOERELDINIE. (FEHIFETD)7

while ms ~ O(102) MeV and m¢ ~

O) GeV.

[Branon,Escribano,Lucio,Pancheri, hep-ph/0003273]

4V ZAEYOEN. QEDERMER TIFEREEAT]

[(¢p— KTK™) =

2 \k!?’
3 47’(’ ¢

k| = ( my

2
9

= (——5) Rrgr2
" 90

4mK+)1/2

Y

0 my =1019.461 £0.016MeV 1aMeY
o I'y = 4.249 + 0.013 MeV ‘:\“’ ~ 2AMeN
oMyt = 493.677 £ 0.016 MeV

o myo = 497.611 £ 0.013 MeV
o(Br(¢p - KTK~)=49.1+0.5%)

o (Br(¢ — K3K",) ~ Br(¢ — K°K9) = 33.9 £ 0.4%)

o My = 3773.7 + 0.4 MeV M
oIy =272+ 1.0MeV W
o mp+ = 1869.66 & 0.05 MeV

0 mpo = 1864.84 + 0.05 MeV

o (Br(¢vy = DTD™) = 41 £ 4%)

o (Br(y — D°DY) = 5275%)



S TR e

o boundary XN B AV AR ejw(:azc U R L0

o resonant production & deca - ﬁﬁi?«%‘n‘lz (c_yémfé’f%

-+

omps = 493.677 + 0.016 N

o mps = 1869.66 = 0.05 MeV

o mpo = 1864.84 + 0.05 MeV

o (Br(¢vy = DTD™) = 41 £ 4%)

o (Br(yy > DVDP) = 521%)

%

774

o FEREH B CRBRENHI TERL « TICRRE @ttﬁs*m\‘ﬁm 273

0 Mo = 497.611 + 0.013 MeV
o(Br(¢p - KTK~)=49.1+0.5%)
o (Br{¢ — KgK"L) ~ Br(¢ — K°K°) = 33.9 +0.4%)




BRaTHDER

] For ¢ - K™K~ and ¢ — K°K©

Parameters: mg, Mg+ (= mg-), mgo (= Mzz), 7o (= F;l)'vRo, 0K, Og; Ny

EERT—IDBERE-TS ‘

U # — 7 RABIRRE IRRED HARRED
BHHOTZE [ES] BROAKEET HEROARETS
()] ()]
#ARRE D

BRBTER




70 "D THE(= fit TRODB
D For ¢ - K"K~ and ¢ —» K'K?© 1B (= fit C) )

R@)(E@EHH7E0

Parameters: m¢, ™M g+ (: mK_)’ M o (: mﬁ), T (: F_l . /,RO /,,,O_K 7Nd <
L N N L  EREC

U # — 7 RABIRRE AIRRE D HARRED
BHHOTZE [ES] BROAKEET HEROARETS
()] ()]
#ARRED

BRBTER




BRaTHDER

] For ¢ - K™K~ and ¢ — K°K©

Plane-Wave (t10)

PDG (+10)

1.

70/
.65
60"
.55
.50

.45

—_DTHIE(= fit

pRELIMINARY
TRDB)

’ R(®)(C (IR HVE LY

Plane-Wave (+10)

xxxxxxxxxxxxxxxxxxxxxxxxxxxx




BRRaTHDER paLMpAE

—OTHIE= fit THRODH D)

] For ¢ - K™K~ and ¢ — K°K©

R(®)(C (IR HVE LY

Parameters:

1.70F

Plane-Wave (+10) - 1'65f

1.60"
PDG (+10) :

Plane-Wave (+10)
PDG (+10)

AAAAAAAAAAAAA




BRaTHDER

[] For v — D"D™ and ¢y — D°DO

pRELIMINARY

—OTHIE= fit THRODH D)

RWY)(C (IR HVE LY

BNRINS A=y — BEE

op = 0.01[MevV 2]

0.9 L
0.8 === ST SR 1/ £E2 1) MR —— 0.
< [ s
2 07 e PL2DSWaVe (£10) ~
0.
0.6
[ 0.
0.5F -
--------------------- 0.000  0.002

xxxxxxxxxxxxxxxxxxx

0.000 0.002 0.004 0.006

Ry [MeV 1]

0.008 0.010 9
op = 0.1[Mev 2]

0.000 0.002 0.004 0.006 0.008 0.010

Ry [Mev 1]

0.004

Ry [MeV!]

0.006 0.008 0.010



BRRaTHDER paLMpAE

TOTHBE(= fit TR B)
R (CEFRI DR

[] For v — D"D™ and ¢y — D°DO

Parameters: 7ﬂ¢,7nIH—G:7nD—)aTRDO(::Wﬁﬁﬂarw(zzrily

Pa—
. P cxfitit. M\
,. S — fj‘)}‘b\g‘
EEBRT—IDBRE-TS EQ)]@/\?‘X—’?—%%\}/
,,,,,, op = 0.001[Mev?*] op = 0.01[MevV~2]
0.9
0.85-___ e -4 b € 3 (0 ¥ _________f
S T Pladiav
0.6

Rdée 103 MeV —— 5 x| |
hone Oﬁﬁﬁ%%e%%/@; Arjs”ﬂé'PWJ ,,,,, T R Mev

%ﬁlﬁﬁ‘n

.9

0.000 0.002 0.004 0.006 0.008 0.010

Ry, [MevV!]



KRR TD L VTV AR D5 Dl e

] For ¢ - K™K~ and ¢ — K°K©

(Rg=0.001MeV'; PLB779(2018))

1000
500

100

10:

5f--------

1t
1074

0 001 0 010 0 100 ‘1 100

x* (e+re- > ¢ - K'K )/ (DOFS) |uin
o
o

Ok [MGVi ]

CYK.(;i-\/ /ﬁzj%z) (Z>:k:§§'é§7h
SEIE TR = EE &P L7aWo

il
S8
\*

suggested as in R(P)

Wave- Breit-Wigner

Og= 1[MeV’ ],Ro=0.001[MeV!]; Peak-fit
2500 L e L L L L B B
— : Datal far Fits

— 2000

1500:

® PLB779(2018) |

500 |

A
"
et
0 i
S 1000/
X i
0
+
S
@)

Ry
~__.
I T il |

1020 1030 1040 1050 1060
M [MeV] [1710.02989 (CMD-3)]

The latest e.et—>P—K*K- data by CMD-3 (2018)
= determining o(e-et—®) and me by global fit.

L/
’
-----

1010

ol
990 1000




ERTOLY IV

AHZAR DN 5 O il Rianames”

] Forv - D*D” andy — D°D0 -

(Ry=0.001MeV !; BaBar+Belle+BES+CLEO)

g eql
& 307 —
> Q
B a)
o
\D_/ —
~ A
ot )
T 5mm B BN BN BN BN BN BN BN BN BN BN OB B ]|
s - =
0 T
' |
0]
)
+
+
2 :
>< [ Ll I Lol I Lol I Lol L Lol b
0.001 0.010 0.100 1 10
Op [MeV ]

ok (X Y >R R) DRKEZS A\
Eﬁmb%ﬁt%ﬁbmm

iT’F’L\ at—m\ﬁéﬂﬂ\%”

-suggested as In R(YP)

Wave-pa t - Breit-Wigner

op=10[MeV?],Ry=0.001[MeV!]; Peak-fit
12— . . — — |
! ® CLEO (from DD(y)§ |

I
I I

I T
10 | '1
I I

|
|
| i
: ® BABAR -
- : ® BELLE
8 If. ® BES -
6_
4_
2_ Pl I I ~“~
F I T Tl
0- |: |: b |; .T !_:
3740 3760 3780 3800 3820

ee*—P—D*D- and DDO data by CLEQO, Babar, Belle, BES

= determining o(e-e*— W) and my by global fit.




e XD,

CFEDROFTR T, RS ERIIRS FELVYV UDRE AL,
ORRTETEI 275, EmAICEARYIEBRZECEALTE.
PIIEEBA T BXIERNEOND.
OERTUDRZBGRVIRE, E2EHWEDT,




e XD,
1. FEEOFTRIE. FYNRRERIRS FLY UDRE R,
2. RTErEI B35 HRINICEARYIIE@ECEAL TH.
EHEEBATC EXIERDSEO NS,

3.RERTUDNRARUVIE(E, E2BdHDWEDT,

i) ﬂyd)%f@fﬁ? &UEE ElJ (L_lﬁm_d_ 5 I(C .

MO L A

B35 —fimDimam DN E (future works),




e XD,
1. FEEOFTRIE. FYNRRERIRS FLY UDRE R,
2. )RR CFrREI B35, HRIICEARZYIEBZCFEAL TH,
PIIEEBA T BXIERNEOND.

3.RERTUDNRARUVIE(E, E2BdHDWEDT,

3 L) — R OYNIREFR (R OELEN (CEINT B (.

B3R5 —RgsmDizam O WNE (future works),




BACKUP SLIDES




Beyond the simplest calculation

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

1. When the wave-packet effect becomes significant?

2. How about the 22 full scattering, including the production part?



1. When the wave-packet effect becomes significant?

Let me remind you that:
¢ The plane-wave calculation includes only the pure bulk part.

- Configurations where the boundary parts are dominant.

¢ In the S-matrix, when we focus on momentum-non-conserving
(off-shell) part, the difference between the bulk and boundary
becomes significant.

—P A valid phase space is nallow, near kinetic threshold.




How about the 2 =2 full scattering, including the production part?

production

input parameters

\_ of scattering __“/

'he full format of S for the resonant process (P = ® = dP) is available.

[Ishiwaka,KN,Oda
(2006.14159,2102.12032]

o It is necessary for full analyses.

o More knowledge on
(Note: within “1—2", this Is
a parameter.)

o Full analysis of P(ddp > & > ¢
is not yet due to the complicated
phase space..




2. How about the 2—=2 full scattering, including the production part?

¢ We consider the scheme of approximation for “op 2> ® > dP”.

production

time

—

[Ishiwaka,Jinnouchi,KN,Oda
(ongoing)]

o We assume the factorisation
(for a resonance, it will works.)

o The final-state profile is
determined in the decay part.

o The intermediate @ state is
NOT a free asymptotic state.
We take account of this nature by

Eo(Po) — EQ(P())

(Weisskopf-Wigner Approximation)



Detalls on S(CD — M [Ishikawa, Oda (1809.04285)]

~N
— ]. o Os
e S =— ( (ro4) 3/4 ) e~ 3 (0w =5 (P ~3 (27T03)3/2 V2mo; G(%)
- 2E,
2 ¥ 2
dt _ 1 1040w f — = —T
0 GE)i= | e T et(s) = 7z | e
erf<(z_crin —|—i0't($CU> B f<(z—Tout ‘I"iUt(SLU)]
\/20-75 - \/20',5
_J

5P::P1—|—P2—PO
SE := By + Ey — E,

dw:=0E -V -6P




Detalls on S(CD — M [Ishikawa, Oda (1809.04285)]

1| 2 2 _ 2] —
.« o) = — (5V1) ) (5V2) | (5V1 5V2) | 5Qa — Qa _ QO
Os 0001 0002 0102
c oo oo [0XL OV X5 0V, (6X = 0X,) - (V) — V)
- opor 0 ogon 0109 ’

N NCE SVRCE 2Y g CE S = )

0001 0002 0102

\

5%1 y 5V1 | 5%2 . 5V2 | (5%1 — 5%2) . (5V1 — 5V2)}2

— 0s0¢ ! |
0001 0009 0102

/



