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Result

F ( P7 L) Matrix of known

geometric functions

A Ey(L) finite volume . ) unitarity | o
B e Sy® > O
o ) L L

Holds only for two-particle energies s < (4m)* Neglects e~ ML

Generalized to non-degenerate masses, multiple channels, spinning particles

Encodes angular momentum mixing

Huang, Yang (1958) +« Liischer (1986, 1991) ¢ Rummukainen, Gottlieb (1995)
Kim, Sachrajda, Sharpe (2005) Christ, Kim, Yamazaki (2005) e+  He, Feng, Liu (2005)
Leskovec, Prelovsek (2012) e«  Bernard et. al. (2012) «  MTH, Sharpe (2012) +  Briceno, Davoudi (2012)
L1, Liu (2013) « Bricefio (2014)
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Using the result
[] Single-channel case (pions in a p-wave)
—1 —
K(sn) " = pcotd(s,) =—F(FE,, P, L)
P = [000]|| T
__________________________________________________________________________ 180
& R < R
_ —p—
Sa'a P =10,0,0]
i o Ljas =16 P =10,0,1]
SHE 0 L/a, =20 P=10,1,1]
- = A Llas =24 P = [1,1,1]
| P =10,0,2]
16 20 24 30 i @
A T — T
0 Il_(3_| I I |
0.14 0.15 0.16 0.17 0.19 a;Eem

* Dudek, Edwards, Thomas in Phys.Rev. D87 (2013) 034505 -




Visualizing the result
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 plot taken from Luu and Savage (2011) -
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Many applications A — N

m, = 200 MeV
T . , . . . .
- 18018, 0)
, 150 H| & (Ga, 1) et S
| x /d.o.f.=0.75 190 i E?,?»; (e
o 3 i -
5 | < 2 - 2| =
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[0 % 7-‘-7-‘- S 60 | h, _"/'/
ol m, = 311 MeV 30, e
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e Erbenetal. (2019) - —_— ——=N
: : e ——
— g
6 6.5 7 7.5
50/0 Ean/mw
or PP e Andersen et al. (2019) -
i
0 ' ! & L |
180_____________________j_"f"ﬁ__f___f_jiif 10} pipslti;® my = 391 MeV
* 51 /°
150 - K 1/ 0.8
120+
0.6
90 -
ol 04}
30 02}
T 700 PN 900 % 1100 ] | | DK — D,K
%39%} 9@5,4@ u’e;d@ %J% Eem /MeV ol 2400 2500 2600 2700 Eem/MeV
 Wilson et al. PRL123 (2019) -  Moiretal. JHEP 1610 (2016) -
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Many applications

x> /d.o.f.=0.75

LY o

p—> T
m,. = 311 MeV
0.2 0.3 0.4

 Erbenetal. (2019) -

do/°
60
52 0
30%
0 1 1 4 I 1
CoTe T eI T T
= o pe e S
180+-r----"-"-""-"-"-"-"-"-"-"-"-"-"————-~——- O ———— — —— = ———
= K7 °
()1 /
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m, = 200 MeV
180 + I (H,,0) 1
150 B + (G2’1) /,/— ______
i D—}“ (Fl)3) . ’———
o\120 e (Fy,3) n;e:"f:u'_/_’__,
~ 90+ (Ga,4) o 'y
e} 60 - = L ;'/I//
30 /////"'/p,./
0 R |
[— —_ | |
I 1
e
6 6.5 7 7.5

Formalism only strictly holds up to lowest
3- or 4-particle threshold

0.8
0.6
04}
021
Dn— D = >
L n N K — DK
| | - —0=
04 |-2300 2400 2500 2600 2700 Ecm / MeV

 Moiretal. JHEP 1610 (2016) -
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3-particle amplitudes

L

o
Q0
Parnda % BGS]I[

Goal: finite-volume + unitarity formalism for generic two- and three-particle systems |

éyb ‘\‘

2-to-2 only samples J¥ 0t 1= 2t ...

many interesting resonances have significant 3-body decays

\

Applications...
exotic resonance pole positions, couplings, quantum numbers

w(782), a1(1420) — 7w X(3872) — J/¢rm X (3915)[Y(3940)] — J/¢rm

form factors and transitions

and much more!... (3-body forces, weak transitions, gluons content)
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Complication: degrees of freedom

6\/6 |2 momentum

components

| p1+ P2 — pP3+pPs —> Mandelstam S, 1
L) L -10 Poincare generators

2 degrees of freedom

/6 18 momentun?c \/6 |5 momentum
components - components

6 -10 Poincaré generators ®, _10 Poincaré generators

8 degrees of freedom 5 degrees of freedom
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Complication: on-shell states

[ Classical pairwise scattering

= = i i i -Parti ing Amplitudes. I*
for mi = my = ms up to 3 Dispersion Relations for Three-Particle Scattering Amplitudes
MoORrTON RUBIN

binary collisions are possible Physics Depariment, University of Wisconsin, Madison, Wisconsin

AND
ROBERT SUGAR
:i Physics Department, Columbia University, New York, New YVork
/ AND

GEORGE TIKTOPOULOS
Palmer Physical Laboratory, Princeton University, Princeton, New Jersey
(Received 31 January 1966)

/ ——
; (ma+ms)(ma+ms)
_— mams
T —— —t
It follows that if
b (b—1)>1, (IV.18)
then 2741 successive binary collisions are kinematically
impossible.

[ Correspond to Landau singularities

iMa a2 = fully connected —
3—3 correlator

difficult to disentangle kinematic

complicate analyticity & unitarity . »
singularities from resonance poles

mp =mz2=ms3 - &
4 collisions possible

T K

b<?2
5 collisions possible

TK K

=
*
i
-
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Two key observations

] Intermediate Kq4f3 removes singularities

. __ fully connected diagrams 3 | f e
1K df,3 =/ py pole prescription \:,/\/\.: " i

same degrees of freedom as M3 smooth real function relation to M3 = known

] Kir3 has a systematic low-energy expansion

2
] 1s0,0 1so,1 S — (3m)
de,3(p37p27p17 k37 k27 kl) — de,S T de,S A T+ A= (3m)2
smooth real function
analogous to effective range expansion gives handle on many DOFs
1 1
pcotd = ——+3 rp* + O(p*)

.
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Status...

[J General relation between energies and two-and-three scalar scattering
O:@z LJ .:@i‘
finite volume o L unitarity L L

b < > o < > o
9 9 9 9
« MTH, Sharpe (2014, 2015) -

No 2-to-3, no sub-channel resonance

Ey(L)

2-to-3, no sub-channel resonance

e Bricefio, MTH, Sharpe (2017) -

Including sub-channel resonances + different isospins

TAT — PT — W — PT —> T
* Bricefio, MTH, Sharpe (2018) < Blanton, Bricefio, MTH, Romero-Lopez, Sharpe (2019 + in progress) <

_‘
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Status...

[ General relation between energies and two-and-three scalar scattering

No 2-to-3, no sub-channel resonance

=
Es(L) finite volume L) L] unitarity
Ey(L) & > - ‘ & >
 MTH, Sharpe (2014, 2015) -
) ®
C > ® ~ > ® o, P ® N P ®
o— o-
?Eg o e o e o e o Rt
< > ° ® o, ® E E ® @ ®
~ : 4 @ ~ > 4 p
Ey(L) >0 o- > ® >® e > @
o ‘e o ® o e o e

e Bricefio, MTH, Sharpe (2017) -

TAT — PT — W — PT — T
* Bricefio, MTH, Sharpe (2018) ¢ Blanton, Bricefio, MTH, Romero-Lopez, Sharpe (2019 + in progress) e




Derivation

[J Study 3-body correlator in an all-orders skeleton expansion

Here... assume no 2-to-3 allowed

@ - X+>@( +§ o kernels have suppressed L dependence
~ e 5+3@6+_” lines = fully dressed hadrons

« MTH, Sharpe (2014) -
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Two types of cuts




Two types of cuts
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Two types of cuts

ALFK:GKyFA; +

1
F
1-(F+G) K,

single F requires special treatment (1/3)

1
F33 — §F—|—FK2

Cr _Coo D AéFggAg

have not yet considered entire diagram contributions

missing contributions from off-shellness missing smooth terms (short-distance parts)

:
B



Short-distance parts & summation

CrL—Cox =AiF33 A3+ A;F355Kar 3 Fa3 Az + - -

1 1 1
= A A, For = -F - FK F
" Fay + Kaes By TR F oK

no term left behind
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Relating /Cdf,;g to M

0

Define a new finite-volume correlator
. Amputate interpolating fields
2.  Drop disconnected diagrams
3. Symmetrize

vio=s{ @ @@

________________________

- O + OO | = FL(Ka Kar)

known functional of Ka3

Mg — lim JFr, (]CQ7 IKCas 3) Integral equations, all inputs known
L—ro0 Exact unitarity solution

 MTH, Sharpe (2015) - * Bricefio, MTH, Sharpe, Szczepaniak (2019) -




Result

./\/lg — lim FL(ICQ,]CdﬂS)

L—00

T SO

4 Es(L) finite volume unitarity
P < > o < > °
o g
L L L LJ
: : o) —mL
Holds only for three-particle energies s < (5m) Neglects €

Huang, Yang (1958) +« Liischer (1986, 1991) ¢ Rummukainen, Gottlieb (1995)
Kim, Sachrajda, Sharpe (2005) Christ, Kim, Yamazaki (2005) e+  He, Feng, Liu (2005)
Leskovec, Prelovsek (2012) e«  Bernard et. al. (2012) «  MTH, Sharpe (2012) +  Briceno, Davoudi (2012)
L1, Liu (2013) « Bricefio (2014)




Status...

V ® . °
finite volume L) L unitarity L L

) < > o < > )
X 3

4 Identical spin-zero, no 2-to-3, no K2 poles <+ MTH, Sharpe (2014, 2015) -

4 as above... but including 2-to-3 « Bricefio, MTH, Sharpe (2017) -«
[ as above... but including K2 poles + Bricefio, MTH, Sharpe (2018) -
M Non-identical, non-degenerate spin-zero T — PT — W —2 P — T

« MTH, Romero-Lopez, Sharpe (2020) < Blanton, Sharpe (2020, 2021)

[0 Multiple three-particle channels... Spin!
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Related work

[J Finite-volume unitarity method J All methods

Doring, Mai (2016,2017 , ,
. ( : Rely on intermediate, scheme-

Gives connection to unitarity relations dependent quantity

—mL *
[0 Non-relativistic EFT method Hold up to ™" and for E* < Sm,

Hammer, Pang, Rusetsky (2017)
Equivalent where comparable

Simplified derivation + integral equations

Do not yet include non-degenerate, 2-to-3

[0 Review articles

MTH and Sharpe, 1901.00483 < Rusetsky, 1911.01253 « Mai, Doring, Rusetsky, 2103.00577




Not covered here

[ Activity extracting and fitting three-hadron energies

 Horz, Hanlon (2019) ¢ Blanton, Romero-Lopez, Sharpe (2019) -
* Alexandru, Brett, Culver, Doring, Guo, Lee, Mai (2019) -
 Fischer, Kostrzewa, Liu, Romero-Lopez, Ueding, Urbach (2020) -
e Mai, Alexandru, Brett, Culver, Doring, Lee, Sadasivan (2021) -
« Blanton, Hanlon, Horz, Morningstar, Romero-Lopez, Sharpe (2021) -

] Activity connecting and extending formalisms

Relating infinite-volume equations « Jackura et al (2019) -
Alternative derivations  Blanton, Sharpe (2020) -

Equivalence of formalisms (where comparable) « Blanton, Sharpe (2020) -
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Non-interacting energies
® “ L
b . ¢ SO t

° <> ° — Al
b F
() L] [ )

X

4.0 A5 5.0 5.5 6.0 6.5 7.0 7.5 3.0




8
=

Non-interacting energies
| . _,
L) L)

S

e
*@°* =0 A
[ ) [ )

A" A

Eo(L) = 3m + O(e™™")

4.0 A5 5.0 5.5 6.0 6.5 7.0 7.5 3.0
mL
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Non-interacting energies

e o
::@::. =0 ::@i. =0 4 Ex(L)

w0 T S

PPy ps] x L*/(2m)* = [nangns]

X

Eo(L) = 3m + O(e™™) 000]

4.0 A5 5.0 5.5 6.0 6.5 7.0 7.5 3.0
mL
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Two-particle interactions

o o .: @ :O 167T\/§
L) e —16mVsa * —1/a —ip 4 Es(L)

.= % e ek

1.0 15 5.0 5.5 6.0 6.5 7.0 75 3.0
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Two-particle interactions

o o .: @ :O 167T\/§
L) e —16mVsa * —1/a —ip 4 Es(L)

.= % e ek

1.0 15 5.0 5.5 6.0 6.5 7.0 75 3.0




Checks and explorations

Spectrum with no 3-particle interaction Finite-volume effects on a 3-particle bound state
e e e e e T
50 U= 10 300] ===
X
= infinite-volume ener
15 2.99- =

finite-volume energy

= large-L prediction

2»<L)
J /

l

Ep(L

8 20 25 30 35 A0
mL mL

Model of a 3-particle resonance

- ¢ = (.0
360 — (), (1
3.99 1 — ] 4

\ . —— 3 ()
3-50 7 ~ : j . .
- N
3.40 - - - - -
4.5 5.0 5.9 0.0 0.5 7.0
mL

e Briceno, MTH, Sharpe (2018) -

"
i
r
i



Checks and explorations

- Spectrum with no 3-particle interaction Finite-volume effects on a 3-particle bound state
M S I
50 a = —10 3.00] ======—
\ .
— infinite-volume energy
= .51 2.99- S
~ | G _o-0-0-0"0"
~ 35 — €3 finite-volume energy
D 2.97 = large-L prediction
3.0
S | 2.96 1 | | | |
4 5 6 7 8 20 29 30 39 40
mL mL
Model of a 3-particle resonance
TR st

Q
|

3.60 1

—_

3.501

R T I
coorhooO

3.451

45 5.0 5.5 6.0 6.5 7.0
e Bricefio, MTH, Sharpe (2018) - ik




Attractive scattering

ma = —10, mL =06

4_
4_
e 2 10°m
S
ap;
-
— )
—4 -
. . . . 4 . .
1.5 2.0 2.5 3.0 3.5 3.0 3.5
ES/m
Spectrum with no 3-particle interaction
m
a= —10
4.5
S
X 4.0
S/ \
= 3.51 *
=
3.0
4 5 6 7 8
m.L

4.0

A5
E/m
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Checks and explorations

Spectrum with no 3-particle interaction

Finite-volume effects on a 3-particle bound state
M

a = —10 T
5.0 X .
== infinite-volume ener
= 4.5 2.994 &Y
g G
—~ 4 S~
— finite-volume energy
= 3.5 K
2 2971 ° = large-L prediction
3.0
. 2.96 1 |
4 5 § 7 8 20 25 30 35 40
ml mL
Model of a 3-particle resonance
R eeustmet R
) =0.0
3.60 _C 0.01
——()
—— ] ()
3.95 1 — |
— ) ()
— 3 ()
— /] ()
3.50
3.45 1
3.40 - - - : :
4.5 5.0 5.9 6.0 6.5 7.0

_
‘

e Bricefio, MTH, Sharpe (2018) - ik




Unitary bound state

The parameters g = —10%, /Ciisfog(E) — 2500 lead to a shallow bound state

= e R —

k ~ 0.1m where Ep = 3m — k*/m

Finite-volume behavior of this state has a known asymptotic form

(2 2 o—2rL/V3 1 g2
Ep(L) =3m — — — (98.35---)| A 14+ 0 —ark
(L) =3m = 2= 0835 APS i (140 g et )

* Meillner, Rios, Rusetsky (2015)

2 3.00] ==mmmmmmmmmm e
o —17
N infinite-volume energy
X 2.99- —
2 ~
€ ~
= 2.98
J— € o O finite-volume energy
G 207 o) - large-L prediction
& —41 |
-
— | | | | | 2.961 | | | |
60.0 62.5 65.0 67.5 70.0 20 25 30 35 40

mL mL




Bound state scattering amplitude

o

> o e
/
20 25 30 35 40 M ~ _P(Q3)F(Q3)
mL E?2 — M%
D k 2
T K = lim [E% — F? Lk)”
B L/Khes + Fi%
s
= 3
NX Analytic prediction based on mapping Efimov
5 2 wavefunction to relativistic amplitude
SRS
=
O_
1 . . .
0.0 0.1 0.2 0.3
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Lattice QCD (CLS)

o 4 of L e
™ 3 FOCTET. o S.
e e e e
3.5F
[ o
............. s
3.0F e -
X
L
2.5F
- o
2.0k-0-- o
NN RN BRI
?,\}) ©9 N SO Y W < NS

 HoOrz and Hanlon (2019) -

- o
y
-
[

V]

U N
TR

e | R TR T TR

- W

15 2.0

(q/M)?

1.0

ot
&
o

T T T
E = =
cm o
mr 50 o
o o
- 3 ------------
4.5F < i~
i oS
AOF T e -
5, <
-7 R — o
g oboo m, = 200MeV
/© /© /® /® /© /@ /@ /©
IO A S L SO S
2500
211s0
M ICdf'3
2000 A
1500 A
1000 A d
/
500 + — I I
® data
01 1 : LO xPT
Linear Fit
Constant Fit
_500 1 T T T T 1 1 T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
A

» see also Mai, Doring (2019) -

» Blanton, Romero-Lopez, Sharpe (2019)

-
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Energy-Dependent 7" 7#*zn* Scattering Amplitude from QCD

Maxwell T. Hansen®,">" Raul A. Bricefio,”*" Robert G. Edwards®,*
Christopher E. Thomas®,™" and David J. Wilson®”!

(for the Hadron Spectrum Collaboration)
e e —

EDITORS' SUGGESTION

Energy-Dependent z#* z# z# ™ Scattering

Amplitude from QCD

A three-hadron scattering amplitude is computed using lattice QCD
for the first time.

Maxwell T. Hansen et al.
Phys. Rev. Lett. 126, 012001 (2021)
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T T T — T

lattice details |
°
— S — 3.444 _
Ny=2+1 as/a; = 3.444(6) L. /a, — 20,24 .
my ~ 400MeV a5 ~ 0.12fm ,

O Workflow outline

unitarity

< >

.:@:I L
A Es(L) finite volume L) L

E(L
(L) P> S ° °

).
:}M&«»
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| | |
mtrtat > atetat
lattice details ® ® ® ®
Ny =241 as/a; = 3.444(6) . e e
f=et e L/as = 20,24 e e . .
m, ~ 400MeV as ~ 0.12fm | Qg |
0 Workflow outline
0 nr® O o 0
K
4 E5(L) finite volume o e unitarity @\
Ei(L) & > < >
Ey(L)
Determine

finite-volume
energy spectrum

=
P
B



1.4

1.3

1.2

1.1

1.0

14

1.3

1.2

1.1

1.0

14

1.3

1.2

1.1

1.0

[=3(rtntxt), P=1[000], A=A], L/as = 24

£ T T T 1.4 T T T 1.4 T T T T 14 T T T T T
- n=0 n=1 n =2 : - n=3
. @B, =02137+£0.001471 '3 a: B, = 0.2858 +0.00091 31 a: B, = 0.3377 £ 0.0009 1 3 B, = 0.3483 £ 0.0011 ]
% " x?/dof = 13/12 ] 19 - x?/dof = 5.7/11 1 12} x?/dof = 13/15 1 12 * 1 x%/dof =7.5/11 ]
| | |
1.1 1.1F 1.1 % \
1.0 1.0 1.0
‘ é 1I0 1I5 2b IIO 1|5 2I0 I5 IIO 1I5 2I0 é | lb 1I5 Zb
T T T T 1.4 T T T 1.4 T T T T 1.4 T T T T
n=4 n=2>5 n==~06 n="17
a: B, = 0.3758 +0.0008 | *° aFE, =0.377240.0011 7 "*| a:F,, = 0.3891 +0.0008 1 * a:F,, = 0.3983 + 0.0008 |
x?/dof = 16/16 1 12 x?/dof = 7.3/11 4 12t x?/dof = 11/15 {12 x?/dof = 14/15 -
1.1
1.0

5 10 15 20

14

10 15 20

n=3~8
a; B, = 0.4091 4+ 0.0014 |
x?/dof = 16/14 1

1.3

1.2

n=29
aE, = 0.4244 4 0.0009 |
x?/dof = 12/14 -

)t/at

5 10 15 20

Good operators
+ distillation!




T T energies

(L)L M

W7

*
n

%)

000

| I

001]

\Y)\l

S

| /s

/

ot

1002

—

W7

20 24

20 24

20 24

20 24

20 24

MTH, Bricefio, Edwards, Thomas, Wilson, Phys.Rev.Lett. 126 (2021) 012001
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nt T energies

1l i
b Jo11] [111]
i =
5 K \0“
= S
KN

e

20 24 20 24 20 24 20 24
L/ag

MTH, Bricefio, Edwards, Thomas, Wilson, Phys.Rev.Lett. 126 (2021) 012001




7TI7T{7TI%7T+7T+7T—|—
lattice details O o ® o
- — 3 444(6) - : : : :
Np=2+1  asfar=3 Ly/as = 20,24 e o o o
| |

m,. ~ 400MeV as ~ 0.12fm

0 Workflow outline

S

4 Es(L) finite volume unitarity
T < > ™) < >
L] L
Determine
finite-volume Fit to constrain
energy spectrum two- and three-

body K matrices

v

MTH, Bricefio, Edwards, Thomas, Wilson, Phys.Rev.Lett. 126 (2021) 012001




K matrix fits
0 20° [000] e 24* [000]
0.51 » 20° [001] = 247 [001]
2, 250 | 736
P A 208 [002] & 24% [002]
= 00 |
S \ X \ \7 h % % \\\ Q
= \ | A A )
£ —-0.5 \
—1.0 ' '
2.0 2.5 3.0

LO
3,10

3.0
E3/my

Finite-volume formalism
relates energies to K matrices

One-to-one for K5
depending only on E__ = E*

Fit both two and three-body
K to various polynomials

Cut on the CM
energy in the fits

K¢ 5 is scheme

dependent (removed
upon converting to )
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7TI7TI7TI%7T+7T+7T+
lattice details O o ® o
- — 3 444(6) - : : : :
Nf e aS/a,t | Ls/as — 207 24 2o o o) O
| |

m,. ~ 400MeV a, ~ 0.12fm

0 Workflow outline

A E5(L) finite volume unitarity
Ey(L) & — < >
Eo(L)
L
Determine :
: , , Solve integral
finite-volume Fit to constrain R
energy spectrum two- and three- 1

extract 3 — 3

body K matrices :
scattering

v
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Integral equation
M3 (B3, p, k) = D" (B3, p, k) + E7(E3, p) T (£3)E™ (L3, k)

A

| k Vanishes for K~ = 0
df,3 —
—I_ —I_ . . .
P

D(N,e) =—M -G(e) M —-M-G(e) - P-D(N,e)

D" (E3,p,k) =lim lim D, (N,e)

e—0 N—o0




B
.

Integral equation

Total angular momentum =0
- Re|pkM3"] :
Two-particle sub-system

0 » angular momentum = 0
—500 1
. . . . . Plot at fixed £ and p
1.8 1.9 2.0 2.1 2.2 2.3
Egk/mﬂ
10001 Tm [pk M 5" Both two- and three-body
uncertainties estimated
500 -
0 K —
N Still need to symmetrize
1.8 1.9 2.0 2.1 2.2 2.3
Egk/mﬂ

MTH, Bricefio, Edwards, Thomas, Wilson, Phys.Rev.Lett. 126 (2021) 012001




40 45 50 55 60 65 7.0

m%z/ mi

7.5

7 x 108

5 x 108

3 x 108

1 x 108

7.5

7.01

6.51

6.01

0.57

.07

4.51

4.0

40 45 50 55 60 65 7.0

m%2/ m721'
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Outlook for exotics wf

140

eV

[ Challenging for many reasons ="
@ 100
incredible hierarchy of scales $ 80
T 60
MX — MDODO* = 0.01 £0.18 MeV S 4
20
[(X) < 1.2MeV Rt SN Ml
740 760 780 800 820
AM = M Jly) - M(J/y) [MeV]
» Lebed, Mitchell, Swanson, PPNP review (2017) « LHCb (PRD92, 2015) -
*0 )0
many open channels X — wJ/w, 7T7TJ/?70, D™D

[d My speculative outlook

should be possible to derive N-particle volume formalism

then relate K-matrices to spectra to identify LQCD strategy

hierarchy of scales = not always a problem /CQ X a — OO

_



Five-day outline

[ Warm-up and definitions
M Meaning of Euclidean
[ Finite-volume set-up

KZ e ™ yolume effects
4] Mass, matrix element in A%, g¢>
(Z Pion mass
4 LO-HVPfor (g —2),
A Bethe-Salpeter kernel

1 2 - 2 finite-volume (f.v.) formalism

[ Scattering basics
Derivation

(Z Generalizations

Applications

Q|

lZ (14+) ¢ — 2 f.v.formalism

Derivation

i Expansions
o

Applications

Q|

IZ 2+ 7 — 2 fv.formalism
fZ Derivation
i Testing the result
Numerical explorations

[F Non-local matrix elements
[ Derivation

fZ Applications

(Z 3 — 3 f.v.formalism

New complications
Derivation (E,(L) to 7 4 5)
Integral equations (% 43 to . 5)

Testing the result
Numerical explorations/calculations

alaiafaly

[] Finite-volume QED + QCD
[ Different formalisms
[ Basic examples




