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Multiparticle production

* Multiparticle probabilities

e Perturbation theory

* Exponentiation
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Multiparticle processes

n > 1 bosons in the final state and n; < 271 in the initial

Examples

ol gl e
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Counting diagrams

The number of tree diagrams « n!
Tree
D=~ .

The number of one-loop diagrams o n!n?

Tree
—% n+2 —» @ n ~ n’n! <
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Amplitudes on threshold

In theory S[¢] =%fd4 ( dO¢p — m?¢p* — Mp)

2

A, = (B =nm| 6(0)]0)

¢ is a generating functional

4 5
wl6@)10) = [] [ (@aenn (42 4 mt) 0 041610 |
a=1 a
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Tree-level and one loop

dL€ — solution of the classical equation with E = 0 [Brown, 1992]

cl
Zl::l
{A’ir_‘fﬁ = n! (ﬁ) ‘,n— odd}

Indeed factorial growth!

One-loop correction with ¢ ¢ as a background [Voloshin, 1992]

A;S0%P = Atree BA(n? + 0(n))

1-n
B = const,n > 1

Indeed has n! n?
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Amplitudes and probabilities

Correction near the threshold [Libanov et al., 1994]

At t ~2en E
AT (01, oy pn) = AT S (0)e 677, €=E—m<<m

Probability estimation

2 3. 2
[P1—>n(€) _ f|A1;'n| H'd bi |A15n(0)| X (phase VOl.) x nq

l 2Wi n!

Growth persists!
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Failure of perturbation theory

Perturbative series for A{_,,, [Argyres, 1993]

e 1 ™

8m?
\ %

A, =n! (L) 2 [1+ #A(n? + ) + #22(n* + ) + -+ ]

At L loops leading at n > 1 contribution «< n! (An%)~

Blowupatn = A1
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Series resummation

2/10/2023

Resummation of leading at n >> 1 contributions in all loops gives
| Apesymmed = ATSEexp(BA*n? /2)(...)]

B is the same as in the one-loop o n? term[Libanov et al., 1994]

Atn > 1
(AL ~ vnlexp(An/2A1n An — An/22)]

Amplitude
ATl ~ Vnlexp(Fy(An)/2)

Exponential form = Semiclassical treatment
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The exponent

Conjectures [Libanov et al., 1994]

1. Prewn(€) ~ eFne)/2 n > 1,An, e = const. F(An, €)— “holy grail” function

2. F(An,¢) does not depend on the initial state if n; < 271
- J

Semiclassical limit: A = 0; An, € = const

oo T, oOr 0, it N etc.
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“Higgsplosion”

)

n X h
g

It was suggested [Khoze et al., 2017] that at high energies

probability o« eFHiggsplosion/4 grows with n
. An 3 An 3/2 .
Fyiggsplosion = AnIn (T) +>Anln -t Tt 0.845(An)>/4, n<n, E=n(m+¢)

Friggspiosion = 0 at n, and still grows for n > n, (unitarity?)

&

mm

Result was obtained semiclassically with additional assumptions

Consistency check?
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https://arxiv.org/abs/1704.03447

Method of singular
solutions

 Formulation

* Numerical implementation

e Verification
[Son, 1995]
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Landau method in QM

In QM one can consider

[(E’|é|E> ~el, f= —Im[/[mnw’—m”dm—/Dm(E—V)]”Qdfﬂ] }

Ly o > o L,
E>V(zx) Viz,) = o

* O can be %, X°

, D, etc. — answer is insensible
* X, is a singular point of VV = singular solutions in path integral

* We need only exponential accuracy
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Probability

Our aim is inclusive probability

[ P.(E) = X/|(f; E. | 30|0)|* = [ D[f, pleW/* ~ eFOne)/2, 1

where
e=FE/n—m

with n; << 171 particles
0]0) — initial state

We also use ¢ = ¢/V/A to extract A~ from action
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Initial state

~ 1 "
0;10) = exp (—;f d*x ]P0, x>> 0)

1. Createsnj « J*/A particles
2. n; K A71or] = 0 = universality

3. Atl <« n; <A1 wecan
o Calculate semiclassically
o Use universality
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Path integral representation

We compute

[ BB =3 (HEn SO0 = [ DIf g™,
Universality: P,(E) = }1_% P)(E)

In the path integral representation

:/Df|AJ|2 AJ—/D¢5zf En|¢f ¢f|SOJ|¢ ¢|

/
P (E)
-
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Saddle point
Use saddle-point approximationat A — 0
T ew,

0
5¢c1
p}{ (E) ~ eFi(An, &) /A

\_ Fi(An,¢) = W1[¢c1]/

¢ obeys classical field equation

[ O + M) + 03,00 = Y050
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Boundary conditions

Solution is calculated on the complex time contour
Imt

¢ — 0ast — +ioo
(vacuum)

bo — | A3k (a9t + bel@kt) as t > +oo

0 Ret

Ay = e—9+2Ta)kbk

T, 0 — Lagrange multipliers (E, n fixing)
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Numerical implementation

To solve the saddle-point boundary value problem numerically we

—x? /202

* Use J(X) = joe

* Discretize: i
Im ¢

|

|
=
<

_
~N

0 ' | Re t
j
*Solve 2 X N,. X N; + 2 real non-linear equations

* We consider only spherically symmetrical ¢
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Solving the equations

* We used Newton-Raphson method qbc]

cl

* Solution with required parameters is obtained by

¢Cl ()\7’2,, &, j()v J)

walking in the parameter space

qbcl ()\n/a 5,3 j(/)a OJ)
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Example of a solution
|¢cl(ta T)l
A

t = 0.00 +22.00

arg chl (ta 7")
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Extrapolation /] — 0O

A I = jeex /2

o] * Considerj, = 0, jo/o = const —
' weak narrow source

* Solutions become singularat j, = 0
because of BC

* UseF; = F 4+ F,j§ + Fyjg +

* Can compute j, — 0 with different

Jjo/O

universal | £
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Probabilities as
functions of An, &

e Suppression exponent and amplitudes
e LimitAn > 1

e Limit e > m
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Example of typical behavior

» Tree-level (known) [Bezrukov, 1998]:

F=Anln </11_Z> — An+ An f(g) + 0(An)?

* Linear with good precision:
F = fo(e)An + g (€)
P,(E) ~ efo(&)ntgeo(e)/4
E
c £=——m

n
° Pn(E) ~ eF/A
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https://arxiv.org/abs/hep-ph/9901270

Numerical suppression exponents

O =

E

c £=—-—m
n
e -50 - e [F curves become closer to each
other, when € grows

-100
0
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fo as a function of €

92k :}E
Q/Q’H § Q g " e F - fo(e)An+ g (e) forAin > 1
* fo growsto-2.57 £ 0.06 for e - o

E
ce==—m
n
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Amplitudes at threshold (¢ — 0)

In the limit € & 0 one can estimate

[Pn(E - mn) = |A,|* X phase volume= eF(A"'SSm)}

Can get |4, | = exp(F,/A) from F(An, & < m) via extrapolation & — 0
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Fitting of F4(An)

- -
- -
---------

data o

0
< 5F
=

10k
0
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A ..

e Fp == lim In
2 E-nm

* Tree-level:

Pn(E)m4_2n

phase vol.

iree A—nln (An) B n

* One-loop:

A
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Conclusions

We calculated “holy grail” function F(An, &)

P,(E) —— e™et9w/A
An—+oo

Generic?

y V(9) y V(9)

> ¢ > ¢

Suppression ?
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Backup slides
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Limit /] = 0 in more detalil

After ¢.; is found, we calculate
|F, = 2AET — An8 — 2AImS[,] — 2Re [ d3x J (), (0, %))

Then take the limit
[F (An, ) = }1—133 F;(An, e)]

Solutions become singular in the limit
* E; = 0, Ef = E = discontinuity:
*iJ](x)6(t) = energy changesatt =0

* ] = 0 = energy conservation conflicts with BC
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Source-dominated ¢

When An < 1: 0, AE = const and An Ong

only source produces particles

4 ‘ )
qucl + m2 qbci _l_% — ijOE_XZ/QUQ
'L. '-l. ‘1,3
Jo Jo Jo
o )

Can be analytically solved!

We use the solution as ¢2;
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Fits for F

Fitting function for F must

* Be close to tree-level Anln (/11—761) — An + An f (&) up to 0(An)?

* Tend to linear function for An - +o

We used function with two fitting parameters:

~ I
2
n 16 2900 (€)
~ — _ 2=2f(&)+2fe0(e) _ ©
F ~ Anf,(¢) > In [(An) e " + 1
\ J
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Fit for fo
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Fitting function for fo, (&) must
* Logarithmically diverge for e = 0

* Tend to constant for £ - 4+

We used function with two fitting parameters:

~

. d; ~{10.7,30.7}

J
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