Soft corrections &
ultra-Planckian scattering

Massimo Bianchi
Physics Dept and I.N.F.N. University of Rome, Tor Vergata

50 years of Veneziano model
GGl, Arcetri

based on work done in collaboration with
A. Addazi and G. Veneziano

May 14, 2018



Foreword
Veneziano amplitude

A(s, £) = 5 M(—ap — &/s)I(—ap — 't)
YT BT (C200 — o/(s + 1))

Planar duality, unitarity for D < 26 and 24a9 = D — 2
Soft behaviour at high energies /s >> 1

» fixed angle

\t!/s _ O(l) : .A(S, t) ~ ggpe—a’[sloga’s-i—tIoga’t—f—uloga’u]

same factor as in B§°" ... see below !!!

> Regge regime (small angle, eikonal scattering)

ltl/s <<1: A(s,t) = g2 (—a's) M (—ag — a't)
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same factor as in B§°" ... see below !!!

> Regge regime (small angle, eikonal scattering)
ltl/s <<1: A(s,t) = g2 (—a's) M (—ag — a't)

Soft behaviour of massless vectors (not p) OK,

yet NO Adler zero (tachyons not 7's) ...

but Gabriele is working to amend this with Yankielowicz and Onofri
. see Armoni's talk



Summary

» Soft behaviour of Scattering Amplitudes

» High-energy scattering from Veneziano to Amati, Ciafaloni,
Veneziano

» Glimpses of BH formation and evaporation
» Gravitational Waves: ZFL ... and beyond



1. Soft behaviour of Scattering Amplitudes



Soft behaviour of scattering amplitudes

Massless particles as g — 0
Two cases
» Mediators of ‘gauge’ interactions: photons, gravitons, gluons
... gravitini
Mass protected by exact gauge invariance
» (Pseudo) Goldstone bosons: pions, ‘dilatons’, moduli ...

goldstino
Mass protected by partial global current conservation

Adler zero

Focus on the first ... gravity



Soft theorems in Gravity at tree level

In GraVity [Weinberg; Gross, Jackiw; Bern, Dixon, Dunbar; ... Cachazo, Strominger; ... Laddha, Sen]
&(0) &(1) &(2)
Mn+1 = Sgraan + Sgraan + Sgraan +

where

H v
0 P; huw p;
Sérgv = unpl
hu JY ax
5(2‘/ — pl HY =i
¢ jg: q-pi
2(2) qJ h-Ji-q

with fuwpo = qhu)pdo]
In the IR gravity is better than gauge theory, no collinear
divergences



Are soft theorems universal?

Quantum corrections (loops) violate even leading behaviour in
gauge theorles not in graV|ty [Bern, Davies, Nohle; He, Huang, Wen; MB; ..]

» Loops: correct sub-leading and sub-sub-leading due to IR
diVergenceS in D < 5 [Laddha, Sen; Chakrabarti, Kashyap, Sahoo, Sen, Verma; ...]

» Effective field theories with F3, R3 (non-susy, present in
bosonic string) or pR? or ¢F?(appear in SUGRA, strings, ...)
[Carrasco, Kallosh, Roiban, Tseytlin]

» Full-fledged String Theory (finite o/): tree level (disk/sphere)
OK [MB, He, Huang, Wen; Bern, Di Vecchia, Nohle; MB, Guerrieri; Di Vecchia, Marotta, Mojaza; ...]

» Soft dilatons and pions, DBI, conformal DBI, A-V [pi vecchia,
Marotta, Mojaza; MB, Guerrieri, Huang, Lee, Wen; ... Kallosh] ... NO Corrections [Guerrieri,

Huang, Li, Wen]



Why are we interested in soft limits?

» Important corrections to scattering amplitudes e.g. in Gravity

_ 6 Em piP
o= S22 Sonws (32)

IR

exponentiation and cancellation of IR divergences between
‘virtual' (-ve, Emin = pur), ‘real’ (+ve, Emin = Dexp) Weinberg]
» Gravitational wave production in high energy collisions, BH vs
fuzzball mergers, ... [Ciafaloni, Colferai, Coraldeschi, Veneziano; Gruzinov, Veneziano; ...
Addazi, MB, Veneziano; Lunin]
» Soft ‘hairs’ and BH entropy: soft gravitons as Goldstone
bosons of broken BMSvB symmetry in D = 4 [Bondi, Metzner, Sachs,

van der Burg; Barnich; Strominger; Hawking, Perry; Dvali, Gomez, Liist] BUT [Porrati; Bousso]



2. High Energy string scattering:
from Veneziano to Amati, Ciafaloni, Veneziano



Ultra-Planckian scattering a la Amati, Ciafaloni, Veneziano

(ACV)
From VeneZianO tO 4—g|’avit0n amphtude [Shapiro, Virasoro; Brink, Green, Schwarz;
Kawai, Lewellen, Tye; ...] ... graVity = (gauge)2 [Bern, Dixon, Dunbar, Kosower, ...]

Miee(s, b, u) GRAT(1—a's/A)(1— t/4) (1 —'u/4)

stu T(1+a/s/MMN(1+ 't/4)M(1+ u/b)

Regge regime —u~ s = E2 >> |t| = |G]* = E2, sin(0,,/2):
neglecting ‘kinematical factor’ R* = F} Fp

r(—a’t/4) a’t/4 o //
tree ~ ! iTa't/4
MGe(s, t) ~ GSir(l+a’t/4) (o/s/4) e

growth with energy, violation of unitarity |A4,(s)| <1, ... loops:
1-100p [Brink, Green, Schwarz; ..], 2-100PS [DHoker, Phong; ], L-loops, ...

ladder diagrams dominate, Fourier transform to impact parameter
space b= J/4/s, ... exponentiation [amati, Ciafaloni, Veneziano]

S(b,s) = exp2id(b,s)



Leading eikonal approximation
Saddle point in D = 4+ d, Imé # 0 (set Qg = 279/2/T(d/2))

d
~ % 4 Gps e—bz/@ loga’s
X=0 b (4(log o/s)d/2+1 ’

where Gp is the D-dimensional Newton's constant and

§(b,s) = (b, s)

. R—
8 Qg Mg

» Very large b regime, b > bg: eikonal scattering, massless
graviton pole dominates (distorted by Coulomb phase in
D =4)

» Intermediate regime bg > b > bg, b;: opening of inelastic
channels at b; = /sy/log o’s and threshold for bremsstrahlung
at b2 = bZR2

» bg > b > by: classical corrections, capture and gravitational
brems-strahlung

» Inelastic regime by > b > {5 > {p, inelastic channels of both
classical and string absorption



ACV meet AGK

Unitarity, forward scattering, AGK cutting rules [abramowicz, Gribov, Kancel]
Average number of cut gravi-Reggeon (cGR)

_ _ Gps —b%/2log s
(N) =4Imé =4 (9(log a's) 32T e

Average energy per cGR ~ Hawking temperature

_ /s _loga's
W T R

but Poisson rather than thermal spectrum

dO'(2 — N) _ <N>Ne—<N>
d?b N!

for b < ls+/loga's



3. Glimpses of BH formation and evaporation



Classicalization a la DGILS

BH's as Bose-Einstein condensates of a large number of gravitons
(N ~ M32,,/M3)) that, at a critical value of ag = Gs, behave as
BOgOIiUbOV mOdeS [Dvali, Gomez, Isermann, Liist, Stieberger]

At criticality o' ~ N, processes with high multiplicity dominate,
DGILS estimate

es\" N

using helicity spinors, MHV amplitudes [parke, Taylory, KLT relations
[Kawai, Lewellen, Tye] and CHY Scatterlng equations [Cachazo, He, Yuan]
Violation of unitarity! Including BH's with

dBH(N) ~ eN

restore unitarity ... ?
Puzzling features: specific helicity configuration, loop corrections
neglected, exponential sensitivity to the choice of oz‘g‘t, ‘truly’ soft

gravitons not included ...



Soft gravitons a la Weinberg: “Because | can.”
Virtual soft gravitons, from loop corrections

A A —Bo
Sl = 153 uPeote [ @480 =53l (§)

where (n = + for out/in)

B(k) = —8miG ) Z : nin;l(pi-pj)? — 3m7m?]

(2m)*(k? — ie pi-k — inie)(—pj-k — inje)

in the massless limit
G pip; \°
By = —gzbmj log < 2 > 0!l
’7./

Real soft gravitons, from leading soft term | 5|2

Ag pi sp,
Bolog /2\q\ 21y Z Z

=42 |j=1 "iqpi

same BO l” [Weinberg; ... Addazi, MB, Veneziano]



Reinterpretation, resolution and reconciliation

Treat N produced gravitons as ‘hard-ish’ and include truly soft ones

dotree G\V 1 1 1
—_— ~ N 22 -~ = N__ -
dwi...dwy <Ce N2) Wi ... WN N!(CGS) Wi...wN

where ¢ is some O(1) constant
IR-safe observables in analogy with N-jet cross sections in QCD

o (2— N(E > E) + M(Esort < A)) EN < /s
generating function(al) for IR-safe cross sections:
T (z(w), E,A) = Z /_ dwy ... dwyz(wr)...z(wy)
NmYE

E dN+MO'
dey...deyf(A — i
/}\ €1 em( ;ej)dwl ...dwyder ... dey




Soft corrections

oY _ 1 +o0o +o0 ] ]
A (z(w), E,A) = 4772/ du/ dv exp (—luﬁ— /vA) X

Vs d , Ede Nd
exp (c Gs / —wz(w)e’“’” +¢ Gs/ ﬁe’e(”ﬂ’) - Gs/ €>
E W x € x €
complex saddle points for u* = ix/\/s, v* =iy /A
Using E, A < /s one gets, Ty = 1/Rs
Vs E
V2 (=
E 0( TH)v

Wo(z) = 32°°,(—n)""1z"/n! = z—22 + ... (first branch of the)
Lambert (or product-log) function and

Wo(—Be ")

N 4 —3y
)% e e + 3

o)
Il
>[5

| m



Two regimes

Upper cutoff on virtual gravitons > lower cutoff on real ‘hard’
gravitons: A > o = E/Wy(E/Ty). Set

IogZézszl) — _log <A‘[> + & (Wo(E/ Th))

¢

where & (v) = [ duute
»E< Ty : ¢<—Iog<%)—log(%):—logﬁ§0

1do Gs —
—_— = H
o dw w ’
» E> Ty :
B _E S| _Tw/E . __E
=< Iog |:TH |og(7—£) A:| log(E/Th) < Iog |:TH Iog(f):| <0

Ldo _ Gs —¢wo(E/T)

o dw w



Summary

» Bremsstrahlung at small w, hard-graviton spectrum cut-off at
large w

> For E>> Ty multi-jet cross section exponentially suppressed
as exp(—Gslog E/ Ty), _ B
hard-graviton cut off at @ ~ E/log(E/Tw) > Th.

» For E < Ty multi-jet cross section can be O(1), B
hard-graviton cutoff is Ty (Boltzmann) independent of E.

» Taking A ~ T and 8 —1 = O(1), no exponential suppression.
Very different from QCD. At E = Ty fraction of energy in
quanta below Ty is O(1), similar to black-hole evaporation.

» Cutoff energy for soft gravitons: A/Gs.



4. Gravitational waves: ZFL ... and beyond



Zero Frequency Limit (ZFL)
IR divergent integral of \§0|2 in D = 4 leads to bremsstrahlung

dNo _ 26 bl g /A Ny
A

= —— ipi)1 dw—
and to GW energy spectrum:
dEg" dNo  2G |pipj]
= hw =" ip;) | J
dw dw T Z(plpj) og ,U2 ’

i

constant ZFL of gravitational radiation [weinberg]. At 4-points

dECW 4G
a0 (w=0)= — [slog Gs + tlog(—Gt) + ulog(—Gu)]
In the small-t (deflection angle 6;) limit
dECW

(w=0)— %95 log(4e6;2), 65 =4G\/s/b,

in agreement with recent classical and quantum calculations [Gruzinov,

Veneziano; Ciafaloni, Colferai; Coraldeschi; ....



Sub-leading corrections
Neglecting Iog—correction to 31 [Bern, Davies, Nohle; Laddha, Sen], §0§f+h.c.:

pih® Pl (_S)J'q) . .
2\q\ 27r el 2 2 [ ap; (=)

ij s=%2 qu

sum over h polarisations

Pipj s
87TG/ J +p-J,- q
2Iql m)3 Z qp,qp,[ it Pl

shift g to avoid collinear divergences for fixed i, j, set P = p1+po
d 2)5((qP/A2) + 1

o = [ L9, BRI
(2m) (api)(ap))

finally yields soft-graviton distribution in the CM frame (s = —P?)

dBl i Gﬁ 1 —S(p,'pj) .—>. _<—' o dN1
—— =2 Z 5 log [2(Pp,-)(ij) Glpi J j+pi J il = do

[(pipj)a—(ap;)pi—(api)pi]"

dw

Po - Pp;)(Pp;
where [ = (P — 25— Poplt) and 5 = P2 — 2(2)(R)



GW Energy spectrum at O(w) in CM frame

= =
dEFY _QG\/EwZ (Pipi) | [ —s(pip;) ]n;f_( d +i>
dw s 2(Ppi)(Ppj)] Y\Opi Opj/u

Sij

Consider 4-point scattering of massless scalars, for simplicity
Using Breit (brick-wall) frame and/or covariant prescription

s— —A2 with Ag=3(p1+p2—ps—ps)
and similarly for t and u, get
o' = =APds — AO, — ALD,

and similar for 857374 so that p;0; = %(585 + t0¢ + ud,) for all i
and finally get
dBr dESW
dw  dw
so far neglecting log corrections [Laddna, sen] ... Stay tuned

=0




The O(w?) correction to the GW spectrum

d3
B> = Byo+Bxo+B11 = 87FG/ : | 22[5052 +5250+5151]u 5

2(27)|q
where, using ‘naive’/tree-level soft operators
(5033 + 55 + 5,571, — L9 Wi
? ° YU apiap;
” 1 — —
W}’:{ll = _5[( ijl) (P, J)V ( Ip_]) (pj J i)l/]

1 «— — —
+§(Jipi)(u(Pj Jj)u)*(Pin)(J 7 D) — (JjPi)(u(PjJi)u)

‘shifted’ integrals to avoid collinear divergences for fixed i, j

~ d3q grgv
M — (— n 1) — AP 4 BHM
y lql Z qpiap; y v

4w P2 P2p;p;

and B = g
Dip;Sii 2Pp; Pp;




Un-improved B, for 4-pt massless scalar amplitudes

After tedious manipulations and cross-checks, get final expression

Guw? y y y
B = > (d+d+d)
ij
ii — — — — — — — =
Cl'l = 8D,’D;—4(D,‘D,’—{— D,'D,')—3D,' j
i p? *pipj 572 SVn.(9
G = 3, 8 2PpiP;j [pip;(95)? — 2pi(95)p;(9y)]

i 2 P2 P2p;p; —
cy = _ {l—kNlog 'J] p,p2<I'I§”. 0; )
3 pip;3ii & 2PP1PJ ( J) J( J),U
resulting in an O(w?) correction to the GW energy spectrum

GW 2
dEFW . dBy _ 4Gu?
dw dw  7M|J?

M* {B2+32+[st+us log (—%)]X§t+[su+ts log <—£)]Z>§u} M



Outlook

» Soft corrections to scattering amplitudes are interesting and
important

» Gravity is better behaved than gauge theory in the IR: no
collinear divergences

» Leading soft term So exact to all orders in a finite quantum
theory of gravity as string theory. Sub- and sub-sub-leading
more involved.

> Glimpses of ‘BH/fuzzball’ formation and evaporation ... but
not yet there

» Sub-leading corrections to eikonal scattering (computed by
ACV) ... the in-famous H-diagram ...

» Beyond ZFL for GW spectrum may help discriminate different
theories of quantum gravity
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and all started with Veneziano amplitude!



