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Part A: a numerical procedure



A numerical procedure

One-particle asymptotic state: |m,ﬁ>z‘n, |m,ﬁ>out

: 2 2
Scattering process: P1P2 — P3P4, P; = —M

Scattering amplitude:  S(s, ¢, u) X (27r)d5(d) (p1 +p2 —p3 —pa) =
<m7ﬁ3; m7ﬁ4|slmaﬁl; m7ﬁ2>-

S=1+i{T" = T(st,u

Mandelstam variables:
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tE—(pl—p3)2 s+ t+u=4m? o — A2

= — 1 0
w=—(p1 —pa)? U 5 (14 cosb)

Partial amplitude: S;(s) =1+ ,ijs—l/Q(S _ 4m2)(d—3)/2
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A numerical procedure

[Miguel Paulos, Joao Penedones, Jonathan Toledo, Balt van Rees, Pedro Vieira; 2016, 2017]

Ansatz: T (s,t,u) = poles + Z a; Ki(s,t,u)
i=1

Analiticity: — K;(s,t,y) = pltip.t pbi

CVAm2 — 29— V4m?2 — 2
VAm2 — zg +V4Am?2 — 2

Pz

Crossing equations: T (s,t,u) =T (t,s,u) =T (u,t,s)

Unitarity: |8j(8)|2 <1, 4§=0,2,4,..., s>4m?



Directions

1. Various applications in 2d: non-peturbative bounds, integrable models
[Lucia Cordova, Yifei He, Martin Kruczenski, Pedro Vieira; 2019], ...

2. Scattering in 4d with O(3) symmetry. Study of massless and massive pions.
[Andrea Guerrieri, Joao Penedones, Pedro Vieira; 2018, 2020]

3. Improvements of the numerical method. Exploration of alternative methods.
[Andrea Guerrieri, Alexandre Homrich, Pedro Vieira; 2020],
[Martin Kruczenski, Harish Murali; 2020], ...

4. Scattering of particles with generic masses in spins
[Aditya Hebbar, DK, Joao Penedones; 2020]

5. Form factor bootstrap
[DK, Simon Kuhn, Joao Penedones; 2019], [DK; 2020]



Part B:

Spinning S-matrix bootstrap in 4d

[Aditya Hebbar, DK, Joao Penedones; 2020]



Crossing equations

Crossing equationS'
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Ti2534)° s ,\2 P1, P2, D3, P4
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12—>34A1 A (p1,p2sp3, 1) = & 135334 2; —

712—)34A1 P1,P2,P3, P4

Analytic continuation:  p"* — complex values — —p*

Phase: & = =£1.

Derivation: (A) [Trueman, Wick; 1964] and (B) LSZ formula

—P4,DP2,P3, —P1
—P3, —DP2, P4
—P3,P2, —P1,P4
P1, —P4,P3, —D2



Tensor structures

Decomposition in tensor structures:

A3, A3, A
Ti2-5343: N, (P1, P2, P35 D4) Z 12-534(8: 6 u)T1253437%0 (P1, P2, P3, Pa)
Building blocks for tensor structures:  SO(1, 3) «» SO(3)

p"={p".p},  P={pcos¢sing, psingsing, pcosf)},  p=|[p|.

Example (polarization, massless spin 1):

0 \
eiAP (cos 6 cos ® — 1) sin
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V2 | cosfsing + iAcos ¢

—sin 6




COM amplitudes

Center of mass amplitudes:

A3,A4 _ A3,A\4/ _com _com _com _com
712—>34)\1’)\2 (S,t,U) — 712—)34)\1’)\2 (pl yPo2 sP3 P4 )

Center of mass:

p(lzom — (E17 07 07 +p)7

pgom — (E27 07 07 _p)7

ps°™ = (F3,+p’'sinf, 0, +p’ cosh),
CcOo1m (

= (E4, —p'sinf,0, —p’ cosh).

NG ) s , 2v/tu t—u
EZ-:7, p=p = Z—mQ, Sme:s—élmQ’ 0089:8_4m2.




COM crossing

Wigner d-matrix:
d(Aj/)A(ﬁ) \/(—M)!(—)\)!( ) = N\

008(5/2))2‘7“ N2 sin(g/2))Y M
XZ VIl =N =)l (+A =)l (v + N = A)!

COM crossing:
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Partial amplitudes in 4d

[pH, £, )12 =11, (|ma, Pr, J1, A1) ® |ma, D, Jo, Aa))

pr=pl+ph, s=-—p?

SNI(8) X Bpreban = 034 (0, 0 X [p, €, \)

out
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/ s
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Unitarity
States: |¢1>7 |¢2>7 |¢3>>
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Vi i) >0 also ((% V1) (P2lb2) (P2 ¢3>>
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Example: Majorana scattering (1)

Identical particles:

—— _ p++ +— _ p—+ —— _ - —+ _ - +— _ p—+

I—— =177, 17— =T1"7, I—y =17, - =T7", Iy =T, 7,
_|_

++ _ p—+ —— _ - ++ _ p—+ _ -
17y =717, = =T, 77 =T1_7, 1y =174
Parity invariance:

— o
2 =-1¢,, 12 =+,

Independent amplitudes

Dy (s,t,u) = Tj_j(s,t,u) Hi(s,t,u)
Po(s,t,u) =T (s,t,u) Hy(s,t,u)
D3(s,t,u) =Ty (s, t,u) = Hs(s,t,u)
Pyu(s,t,u) =T (s, t,u) Hy(s,t,u)
Ds5(s,t,u) =Ty (s, t,u) Hs(s,t,u)



Example: Majorana scattering (2)

5
Hi(s,t,u) = Z CLI (s, t,u)H (¢, s,u),
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Example: Majorana scattering (3)

o7 (s) = ToiL(s)
By (s) = Ty77 (s)
®3(s) = T (s)
CIDfl(s) = ng:(s)
Oy(s) = TvIi(s)
11\ 0 — Pl (s) — DL (s
¢>0 (even): (1 1>+Z(<I>§(s)—|—<1>g(s) ()O ())EO
1 1\ . 0 —Pi*(s) + DL (s
£=0: (1 1)“(@{(5)—@5(5) s ()>i0
14 S
¢>1 (odd) G 1) + 21 ((I)go(s) q)?é( >> >0
A s
¢ >2 (even) (Sgﬂj:?s) SQﬁi(Q )) = 0



Numerical results: quartic coupling

. A
H(4m?/3,4m?/3,4m?/3) = — X
m




Numerical results: cubic coupling (1)
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Numerical results: cubic coupling (2)

1
; 1 i L
H(S,t,u):§§ X t—1M2+u—M2 +
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Part C: form factor bootstrap

[DK, Simon Kuhn, Joao Penedones; 2019], [DK; 2020]



Form factor bootstrap

Stress-tensor and its trace: O (x) = 1, T""

F$V(plap2) = out<m7ﬁ1; m7ﬁ2|T'LW(O)|O>

F@(S) = Out<m7ﬁ1;maﬁ2‘@(0>|o>

Two-particle form factor:

Fo(s), »7:(2)(5), s = —(p1 +P2)2
Spectral density: QWH(PO)P%V;W (P) — /ddiE e_ip°x<0|TW (fE)Tpa (O)‘O>W
270(p°) P *” (p) = 2Re / Az e~ (O[T ()T (0)0) 7

;0@(3)7 P(2) (5)7 S = _p2



Form factor bootstrap

1 Sg(s)  wFg(s) L2 Qd—d12
( oy 1 wfg(s>> =0 Na 2(2m)e=
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eF2)(s) €F((s) 21 52 p%
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0 S

d>3: lgn 82_d/2,0(2)(8) — const x CyY



Numerical results

Assumption: two asymptotic states mi1 = 1, may

92

s —4m3

1.0;
0.5
e
allowed 05 / 10 15 20 25 30 Abs
05}
, 8
1.0 S

sine-Gordon

Sml mi1—Mm1mMmq (S) T

+ ...

g = 4.55901
C=Cp, + Coiby+... = 0.80921 + ..., ¢, = 0.72126, Cb b, = 0.08795,



Conclusions

1. There is at least one concrete numerical method for studying QFTs non-
perturbatively:

2. Starting from this method there are many interesting directions to explore:
a) applications of the method to concrete problems
b) extensions of the theoretical part
c) extensions/development of the numerical part

3. I discussed 1: general spin bootstrap setup in 4d & application to Majorana fermions.
a) bounds on photon scattering
b) pion — proton scattering

4. | discussed 2: form factor bootstrap



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24

