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1. Phenomenology
Hadron collisions governed by the strong interaction
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Non-perturbative system dominated by long distancies

Analyticity, unitarity and crossing symmetry in scattering amplitudes
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1. Phenomenology

Vacuum singularity or Pomeron
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1. Phenomenology
Deep Inelastic Scattering is similar: e~ — proton
Photon virtuality fixes the resolved distances in the hadron
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1. Phenomenology

Fast growth of Fa(x, Q%) ~ x M@ if x 0
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otot(pp) dominated by QCD processes to be understood
Big theoretical uncertainty in parton distribution functions at low x (LHC)

proton - (anti)proton cross sections
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events / sec for £ = 10 cm™s”™

Q (GeV?)

13 TeV LHC parton kinematics

X, = (M/13 TeV) exp(+y)
Q=M

M =100 GeV

T T T
WJS2013

M=10TeV /4

The perturbative Regge limit
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Regge theory
describes

processes with low
and high multiplicity

Pre-QCD.
Description in terms
of quarks and gluons?

Agustin Sabio Vera (UAM, IFT)

\P\\ P
elastic scattering T P
B

single diffraction

\p\\ ==
double diffraction E
Sy
B =
Double
Pomeron
Exchange
Multi
Pomeron
Exchange

The perturbative Regge limit
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Identify scale @ > Aqcp to use perturbation theory a(Q) <1

as(Q)log (£) ~ O(1) in the limit s > —t, Q? & dominate amplitudes

BFKL resums o log” (s) ~ o (ya — yB)" t LL [BFKL]3§7

o (ya—ye)"" at NLL [Fadin-Lipatov]iJ52
al (va—ys)" % at NNLL
ya — yg = rapidity distance between particles A and B

LL Y1 Yn—1 e CLL
%—Zc P [T [ an =3 St a ey
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PRoOCESS

DEPENDENT
® Vacuum singularity corresponds to
A (s,t) =Z " UMVERSAL bound state of two reggeized gluons
eles - SL(2, C) invariant Hamiltonian
o e pocess S Based on bootstrap in QC.D
Pong RN eeewosst  Similar in SUSY, electroweak and gravity

Associated rich phenomenology for any collider
e lepton-lepton (LEP, oy«+)

e lepton-hadron (DIS at small x)

e hadron-hadron (Tevatron, LHC)

e heavy ion collisiones (RHIC, LHC)

Key ingredients:
@ Universal interaction: Monte Carlo BFKLex [Chachamis,sV]

@ Coupling to external particles: Lipatov effective action [Hentschinskisv]

Agustin Sabio Vera (UAM, IFT) The perturbative Regge limit May 10", 2021 11/63



Phenomenology at LHC

Produccién Jets, W, Z, Drell-Yan, quarks, Higgs

in different topologies

Diffractive production (rapidity gaps, non active regions in detectors)
h

e
A B

WG on Forward Physics and Diffraction, LHC Physics Centre at CERN
https://Ipcc.web.cern.ch/lhc-wg-forward-physics-and-diffraction
Agustin Sabio Vera (UAM, IFT)
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Monte Carlo event generator BFKLex: with Grigorios Chachamis (Lisbon)
Effective Feynman rules: basis of Lipatov's High Energy effective action

, Y=Y
Gluon Regge trajectory: w(q) = —O“STNC log =
Non-IR finite
Modified propagators in the t-channel:
(ﬂ)w(ti) — ew(t)(yi—yit1)
So
Y,=0
N2 o0 (k2 — N2 =0 (K3 — N2 S
(ozs c) /d2k1 ( 1 S )/d2k2 (2 S )(5(2) (kA+k1+k2—kB)
T ki Tk

Y Y1 - - S
X/ dy1/ dyzew(kA)(Y—n)ew(kA+k1)(y1—yz)ew(kA+k1+k2)yz
0 0

Each diagram is not IR finite when A — 0.
Only after summation over all possible final states we get IR finiteness
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o(Q, @, Y) = /dzEAdzEB da(Q1, kn) 05(Q2, ks) f(ka, ks, Y)

Ya=Y. k 2
A PROCESS—DEPENDENT UNIVERSAL
Lol Y.k,
BFKLex= f (kA, ks, Y) - X ke
" Yok,
Y= 0.kg ,
> asN )\
e
n=1i=1

Yi—1 ~ P o . _,
x/ dyie(w(kA+Zl,:1 ki)—w(ka 3210 ki) )i 5 Ka+ Zk’ kg
0
Analytic representation:

00 in(04—0 +00 7 2\772
f(Faks.Y) = S eI [Ty (KAl e vt
|kal|kg| 27“ ks |2

n=—o00 a—ioco

SL(2,C): v = % + iv anomalous dlmen5|on, n conformal spin.
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When s — 00, n =0,y ~ % dominate:

Xo(7) ~ 4log2+14¢(3) (v — 1)* + ...

Too fast growth (> In?s Froissart bound):

L Vel oty
f (kA,kB, Y) ~ O ~ 505 > 03
WlkAHkB\ 147¢(3)2sle y

NLL is more complicated, sensitive to the running & choice of energy scale:

. CLE (k; n n
A = 3D (g aad) (4 v - B)
n=1 ’
_ L (B (ki) + (n=1) ACH (ki) n-1
= Otot — ; (n_l)l Qg (YA—)/B)

NLL
besides, quarks enter the game ...
All of this is captured by Quasi-Multi-Regge kinematics.

Important Bootstrap relations also at NLL‘ (Fadin et al)
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e n =0 Large correction
Origin in collinear contributions
Extend formalism beyond Regge limit [Ciafaloni, Colferai, Salam, Stasto]

_ w w
a6 () -5 (0 )
Resummation in terms of a Bessel funcion [sv;

1 -
d 2
W~ / X (X'Y_:l +X_7) ds h <\/2Ey5 In? x) — 205
0 1 — X |

n2x

in transverse momentum space
00 — \n Ez
Z (—as) In2n A
npl [ R N2
n=1 2 n'(n+1)' (kA+ki>

Investigating origin in HE effective action [sv]
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Implemented in BFKLex

Impact factors control the kinematical region:

UZ/deAdZEB Da(Q1, ka) ¢8(Q2, k) f(ka, ks, Y)
PROCESS—DEPENDENT UNIVERSAL

0.001 |

=3)

=02,Y

20, o

0.0001

f (ko Kp

1e-05 .

N°LO
Bessel

0.1

1
Ka ! kp

Important to go beyond the MRK limit.
For original BFKL we need “4-like" impact factors ¢pap & Q1 ~ Q>

Agustin Sabio Vera (UAM, IFT)
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How far can we get analytlcally?2
Small x DIS: Ry (x, Q?) ~ x— Q@)
A NLL Multi-Regge approach fits data well [Hentschinski,Salas, V]

0.5
T Combined HERA data r—e— '
Real cuts: A =0.21 GeV, Q;,=0.27 GeV,5=6.9  x
Smooth cuts: A =0.21 GeV, Q= 0.27 GeV, 5=6.9

0.1 . L
1 10 100
Q% (Gev?)
Transition from a perturbative to a non-perturbative Pomeron not well
understood. Need more exclusive observables: LHC is the playground. now.

Agustin Sabio Vera (UAM, IFT) The perturbative Regge limit May 10°2, 2021 18 /63



do/dM [pb/GeV]

Forward Drell-Yan production at LHC [celiberto,Gordo,5V]
The same unintegrated gluon density works well for current data

proton(P)) + proton(P,) —> L'0",n") + L', ) + X

Y

10 __ 2< 'rf <45 _§
F I">10 GeV ]
L N ]
1> 3(15) GeV
10! T

-
T

. -
— dipole LL BFKL s=(7TeV) E
[F | — NLLBFKL + Bessel M/4 <y, <4M ]
B % % LHCb data (2013) 4
-2

10
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—
=y =
S

M
PreViOUS analysis by [Brzeminski,Motyka,Sadzikowski,Stebel]
We work with BFKL at NLL plus collinear corrections
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1. Phenomenology

LHC observable proposed to pin down original BFKL,
without collinear contamination: remove xg

[Orr-Stirling] [Del-Duca]

< cos(mf) >~ @Y (xXm—x0)

[SV] [SV,Schwennsen]

Rm,n =

<cos (m@)>
<cos (n0)>
~ % Y (Xm—Xn)

CMS Preliminary, \'s = 7 TeV, Iun =5pb”
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1 2 3 4

T T
Mueller-Navelet dijets —
P, >35GeV, y| <47

—— Sherpa 1.4
BFKL NLL+

5 6 7 8 9

Confirmed by [Wallon et al] [Colferai et al] [Papa et al]
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nology

Why? n > 0 stable under radiative corrections
n = 0 only one sensitive to collinear radiation [sv]

04
0.8
0.6/ 0.2]
04 LO
0.2 Great Difference NLO
0 -0.2|
-0.2;
n=0 nl=1
0. : v
0.2 0.4 0.6 08 1.0 -0.5 o 0.5 1.0 1.5
0
-0.05 -0.1] d
0.10)
-0.2
0.15] LO
-0.3
0.20] NLO
-0.2¢ 04
? nF2 n=3
1 l 7 s i
-1.0 -0.5 0 0.5 1.0 1.5 2.0 -1 0 1 2

Plots for ax ' (7) + a2x ") (v) + Collinear corrections
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Growth with energy? Depends on the azimuthal angle Fourier component:

fa <|EA|, K|, Y) = /027r gf (EA, ks, Y) cos (nf)

BFKL

LO BFKL Green function - Fourier components in azimuthal angle

0.2
S
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n=3

n=1
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N
FN

Y
All [Catani,Ciafaloni, Fiorani,Marchesini] projections grow with energy,
not in BFKL, diStinCt feature [Chachamis,Stephens,SV]

Find observables only sensitive to n > 0 to single out original BFKL

Interesting: Asymptotlc Charges & Coherent States [Gonzo, Mc Loughlin,-Medrano, Spiering]

Agustin Sabio Vera (UAM, IFT)
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1. Phenomenology

Cut Pomeron: Number of emissions? Pomeron: Number of rungs?
§ - Forward LO BFKL Singlet Green function (q =0 GeV, cg = 1) Non-forward LO BFKL Singlet Green function (q = 5 GeV, cg = 1)
a\ T T T T T T T T Y:il 5 0.0008 T T T T T T T ~ <=2
N 4
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1. Phenomenology

Implementation in BFKLex
Average transverse momentum of emitted mini-jets?

1 n
(pr) = ;Z|k:|
i=1

Distribution at NLO+Double Logs in the average transverse momentum of emitted mini-jets

0.00025

0.0002 a

20,Y)

0.00015

=10, ky

0.0001

5e-05

dffd <pe> (ky

o
o
..

20 30 50
<pg> (in GeV) per event

Mini-jet (pr)max independent of rapidity separation of tagged forward jets
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Average rapidity separation among emitted mini-jets?

1 n+1

<Ry> =

Yi
n+1 — Yi-

N1—|— In

if Y ~NAin MRKand Y > A

Distribution at NLO+Double Logs in the average rapidity ratio of emitted mini-jets

0.008

0.007

0.006

0.005

10, k,=20, Y)

0.004

0.003

0.002

dfid <R,> (K

0.001

0

0 0.1

;
0.4 05 0.6 0.7 0.8 0.9
<R > per event

Higher (R, )max for higher energies: Ao ~ 0.62, Ao4prs =~ 0.81
Lower mini-jet multiplicity when including higher order corrections

Agustin Sabio Vera (UAM, IFT)
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1. Phenomenology

New observable mixes rapidity and pr

n+1
(Ray) 1 kie”i
kY ) = -
+1 ki_1eYi-1 <
Y=6, k,=30, kp=60 Jmin = 25 GeV, ka = 33 GeV, Ee =30 GeV
0.14)
0.12]
A 010
§|& oo —10,v=3
3 —10,Y=6
- § 998
0.04)
0.02
‘ ! ‘ : ‘ ‘ 0% 05 1.0 15 2.0 25 3.0
<Rp1y>
Lower cutoff in pr reduces the BFKL effects
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Multiperipheral models [1968] Chew-Pignotti  [1971] DeTar  [2020] Bethencourt-Chachamis-SV

y-distributions per jet in events with multiplicity 7

1.0

N+1 N
N2 2 (aY)
O'N+2:Cx+ / ||dz, (y, E >:a i 08

=1 ety jety

doD y N+1 N+1 y !
ﬂ:a’v”/o [Teans (Y= =]s(n+s -5
i=1 s=1 j=1

dy;
N+2(Y y’) " (y’Jr%)FI

(N —1)! (=1 10 05 00 05 1.0

Normalized values

Correlations in rapidity

&o §V+z) _ Ne2 (% 7y’)N7, (v = ym)' =7t (y'" * %),Fl

dy;dym (N —1)! (I —m—1)! (m—1)!

BFKLex generates the same distributions

Important to investigate fixed multiplicity final states
Y
Correlations in rapidity, transverse momentum and azimuthal angle under study

Agustin Sabio Vera (UAM, IFT) The perturbative Regge limit May 10", 2021 27 /63



1. Phenomenology
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@ Supersymmetry
o
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N = 4 SYM important part of QCD amplitudes
Experience in HE QCD very useful in SYM

Principle of maximal transcendentality [kotikov, Lipatov] [Dixon]
Steinman relations [Bartels, Lipatov, SV] [Dixon, Caron-Huot ..]

Integra b|||ty [Lipatov] [Faddeev, Korchemsky ...] [Kazakov, Gromov, Sizov ...]

Work to calculate BFKL in QCD and SUSY at higher orders

[Fadin] [Balitsky] [Caron-Huot, Gromov ...] [Del Duca, Gardi, Magnea ...]

Agustin Sabio Vera (UAM, IFT) The perturbative Regge limit May 10", 2021 30/63



Amplitudes in Generalized LLA
interesting structure in QCD

) )
and N = 4 SYM at high energies 3
(
. . . )
Equivalent to closed spin chain 1» " 1»
(Heisenberg ferromagnet) ’ 9
[Lipatov] [Faddeev, Korchemsky] [Janik, Wosiek, Kotanski, Derkachov, Manashov ...]
Monte Carlo approach to solve the system [chachamissv]
Work to map this to the integrability structure
3 reggeized gluons in t-channel color singlet: T T T T T otk
ODDERON

by DO

.
VN
‘
1072 + t ;* \~+7
1 1 1 1 1

Drives the difference in e \1[\)0‘(;‘\\'—’)'
pp and pp total cross sections FIG: & Compaien b he D029 meerement 1.8

ch the OP of the DO measurement. The das] ln l hm
[D® and TOTEM Collaborations 2020 (arXiv:2012.03981)]. show the 1o uncertainty band

Agustin Sabio Vera (UAM, IFT)

The perturbative Regge limit May 10", 2021 31/63



Bartels-Kwiecinski-Praszalowicz (BKP) equation:
AsymptOtIC Intercept ONE [Bartels, Lipatov, Vacca)

(w—w(p1) — w(p2) — w(p3)) v (P1,P2,P3) =
5@ (p1 — pa) 6@ (p2 — ps) 6 (p3 — pe)
+ [ d°k & (p1, P2, P3. k) £, (P1 + k, p2 — k, p3)
+ [ d°k& (P2, p3,P1, k) £, (P1, P2 + k, p3 — K)
+ [ d?k € (p1, P3, P2, k) £, (p1 + k, P2, 3 — k)

Squared Lipatov's emission vertex:

asNe 0(k> — X?) ( (p1 +k)?p3 — (p1 + p2)2k2>
1+
w2k

§(p1,p2,p3, k) =
(P1.p2p3 k) == P2 (k— pa)?

Gluon Regge trajectory: w(p) = O‘S In ;

Agustin Sabio Vera (UAM, IFT) The perturbative Regge limit May 10", 2021 32/63



6.x107%F

2. Supersymmetry
Our solution contains all the previous ones [chachamissv]
which are projected out when integrating over different impact factors
8.x1078— : . ‘ .

f 4.x10®

q=4GeV

——— = g=31Gev
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Similar diagrams with Regge cuts in N = 4 SYM MHYV [gartels Lipatov.5v]

Complicated contributions at higher orders and more external particles:

2«1fvvvv\~3

P v
W WP

[
{
[
1 akAananars 10

Equivalent to an open spin chain [Lipatov]
MC methods also work here [chachamis;sv]
Consider octet exchange with 3 reggeized gluons:

MHYV 8-point amplitude

Agustin Sabio Vera (UAM, IFT) The perturbative Regge limit May 10", 2021 34 /63



Open spin chain with 3 reggeized gluons

[

1¢\JW8
Similar equation to BKP but now IR divergent:
(w —w(p1) — w(p2) — w(p3)) £, (P1,P2,P3) =
5@ (p1 — pa) 6 (p2 — ps) 6 (p3 — po)
+ [ d*k & (p1, P2, p3, k) £, (p1 + k, p2 — k, p3)
+ [ d*k & (P2, p3, p1. k) £, (P1. P2 + k, p3 — k)

IR divergencies factorize:

djoint A2 aiYAi"t
fg}{];ln (p17 P2, P3, Y) = fB?{(lg)mn (P17 P2, P3, Y)
\V/P3p3

i IR—FINITE
Faac ™ is finite when A — 0 after sum over all diagrams

Agustin Sabio Vera (UAM, IFT) The perturbative Regge limit May 10", 2021 35/63



Graph complexity‘ Number of possible spanning trees in the graph.
(Cross all nodes without loops)

Consider Laplacian matrix of a graph with 6 rungs

1 —2)

2 -1 o0 0 -1 o0 0 0 0 0 0 0 |
-1 2 -1 o0 0 0 0 0 0 0 0 0 (3——4)
0o -1 3 -1 0 -1 0 0 ©0 O 0 0O ]
0 o -1 2 0 0 0 -1 o0 0 0 0 1
-1 0 0 0 3 -1 0 0 0 o -1 o |05 (6)

_ 0 0o -1 0 -1 3 -1 0 0 0 0 0
0 0 0 0 0 -1 3 -1 -1 0 0 0
0 0 0 -1 o0 o -1 3 0 -1 0 0 1) 8)
0 0 0 0 0 0 -1 0 3 -1 0 -1 g A
0 0 0 0 0 0 0o -1 -1 2 0 0 | |
0 0 0 0o -1 o0 0 0 0 0 2 -1 o a0
0 0 0 0 0 0 0 0o -1 0 -1 2 l ~

2

Matrix Tree theorem, Kirchoff: :
The determinant of any principal minor of = Complexity of the graph
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2. Supersymmetry

For fixed external momenta, each 4-rung topology with an associated
complexity contributes to the GGF (amplitude) as

19
&—@®
O—® O—@®
[2.7 x T0A(-8)]  [3.2x 10A(-8)]  [2.4 x 10A(-8)]
O—® O—®

O—® O—®
o]
(5—®) (5—®)

O—6® O—O
[3.7x 10A(-8) ] [2.8 x 10A(-8)] [3.2 x 10A(-8)] [1.2 x T0A(-8)] fac




Number of rungs = 4

Average contribution to the amplitude for each Complexity Class:

Complexity | # diagrams | Average contribution
15 4 2.6 x10°8
16 2 3.3 x10°8
19 4 2.6 x10°8
23 2 3.2 x10°8
24 2 3.3 x10°8
56 2 0
A “Complexity Democracy” arises ...
Agustin Sabio Vera (UAM, IFT) The perturbative Regge limit May 10", 2021
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2. Supersymmetry

Mean weight per Complexity Class in the reggeized gluon net
A scaling law emerges

, q=4, Y=5
10™ T T
n=3
8l |
10 ..
w N= 4
% S - = 5
2 n==6
3 ol . ° - e0l, 30 o0 Moo it Sampete s -
c
3
=
10710 i
01 1llll1 2(‘}0 aa'w 44‘)0 50‘)0

Complexity of topologies
Origin in the underlying integrability?
«O>» «(Fr «Zr «E» = Q>
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2. Supersymmetry
4.x1078 — T T -
q=4 GeV
3.x1076

----- q=17 GeV
— ——— q=31GeV
e =107 GeV
f 2.x10°
1.x10°6-

e —-—— —_———

4 5 6
Y
This is the solution to the “Adjoint Pomeron” (open spin chain)
Important in the all-order structure of N =4 SYM amplitudes
«O>» «Fr «=r < » Q¥
 Agustin Sabio Vera (UAM, IFT) ~ The perturbative Regge limit ~ May 10°®,2021  40/63




Work to obtain BFKL eqn to all orders

First step in this direction in N = 4 SYM (Bartels Lipatov,5v]

Use BDS [Bern,Dixon,Smirnov ] ansatz for p|anar amphtudes
Proposed for all loops and number of external legs
It needs to be improved

MHYV amplitudes, color ordered and normalized by Born:

log M, = Z ( (OMP (le) + ¢ + E (e)>

d =4 — 2¢, | = number of loops, n = number of legs

Agustin Sabio Vera (UAM, IFT) The perturbative Regge limit May 10", 2021
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2. Supersymmetry

log My

Py

4-point amplitude is exact in the Regge limit

(t)log — + 2log'(t) + O(e)
Py
Py

Py

Correct Regge gluon trajectory at NLL from BDS
a
o(t) = / do

[0}

(292 1 ) - 2 =2
(e wn) ol

—~ +log
2e

7))
4[]»/4'[/@ 4:5»24




2. Supersymmetry
Using w(t), I'(t), the 5-point amplitude also coincides with its limit:

«O>» «(Fr «Zr «E» = Q>
 Agustin Sabio Vera (UAM, IFT)  The perturbative Regge limit ~ May 10°", 2021  43/63




2. Supersymmetry

—s1

w(ti)—w(t2) (¢
)

P w(tg)
k9 + o (—s
—y
where ¢1, ¢ must be real numbers.

w(te)—w(tr) (g2 w(t1)
T ) —pt

Consistentt with Regge theory if it fulfills the “dispersion relation”
Mys
Fler(e) — (

If so, the analytic properties are correct in all physical regions.

«4O> «Fr «=>»

« =)

DA




2. Supersymmetry

No such dispersion relation is posible for the BDS amplitude at 6 points

Incorrect analytic properties in certain regions (s, s; > 0)
which can be found only from 2 loops

It does not follow the Steinman relations

«4O> «Fr «=>»

« =)




Origin: presence of a phase well known in HE QCD (gartels Lipatov,sv]

.7r'yK(a) 1 _ w(tl) _ w(tz) _ w(t3)
ity = € (et (5 ) e (52) 7 Toee (52

Regge cut
Solution: complete BDS with Regge cuts from 2 loops onwards

< @ N ® ‘
\ T ‘ Calculated at LL [Bartels, Lipatov,SV] and NLL [Fadin, Lipatov]
P S T M i bl Gluon Green's function, @ = 02, t = —0.583+0.017 i
10
N=0
< @ ~ — N=t
Z e Neso
g 0 ana S = ® MmC
Work to relate it to integrability =7 o.100
I
conformal blocks [chachamissv] z
I 0.010
0.001
0.1 0.5 1 5 10

Y
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Our conditions for the correct analytic structure

are important to solve them to all orders

and arbitrary number of external legs

Steinmann relations

Steinmann, Helv. Phys. Acta (1960)  Bartels, Lipatov, Sabio Vera, 0802.2065
+ Amplitudes should not have overlapping branch cuts:

can'tapply to
2 particle cuts in
massless case
because they are
not independent

Not Allowed

N N N Violated by ABDK
|D\sc\234 [DISC,.wab(u. v, uv)] =0 l and|BDS ansatz]

Allowed

L.Dixon  From 2107 Loops in planar N=4 SYM QMUL - 2019.11.07 35

Agustin Sabio Vera (UAM, IFT)

Master Table

(MHV,NMHV): parameters leftin (£(L), p(L) & (L))

Constraint L=1 L=2 L=3 L=4 L=5 L=6

Al functio 6 3 12,105) (313,372) (991,1214) (2051369

2. Symmetry (24) (7,16) (22,56) (66,190) (197,602)  (567,17957)

3. Final entry (1,1) (4.3) (11,6) (30,16) (85,39) (236,102)

4. Collinear limit (0,0)  (0,0)  (0%,0%) (0%,2%)  (1*,5%)

5. LL MRK (0,0) (0,0) (0.0 (0,0) (0%,0%)

6. NLL MRK 00 (00)__(00) (0.0) (0,09 (1,09

7. NNLL MRK 00)_(00) _ (00) (0.0) (0,0) (1.0)

8. NLL MRK 00)_(00) __ (00) (0.0) (0.0) (1,0)

9. all MRK 0.0)__(00) ___(00) (0.0) (0.0) (1,0)

10. 17 OPE 00)_(00) __(00) (0.0) (0,0) (1,0)

1L T2F2 ' T OPE (0.0)  (0.0)  (0,0) (0.0) (0.0) 0,0

12 all PF2OPE__(00) _(00) _ (0,0) (0.0) (0,0) (0,0)
(0,0) > amplitude uniquely determined Also have MHV at /. 7

L.Dixon  From 210 7 Loops in planar N=4 SYM QMUL- 2019.11.07 38
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2. Supersymmetry

This is only the beginning. Steinman relations connected to associahedron
Ky (n1) dimasonsd conver Pyt

G ahedon
Azny:t:‘- Honylahons of & relor prlyge

wh et s des

Bude
| = ~> amph
w3 -
Ao = 5 294 amgh
U Ky
R
oy 105 Amgh
3se Ks
I
'
Lad] e 1A 6 anpR
K o ptek 1
4o Xe Jio ook skmeforc
RIS et
Wha o Jolt ol ’
. . . . . . o s s s s
; H H H : : - A
H H H : H H A
H H H H H H A
H H H H H H O
H H : : H H A
H H . H H H A
“ } H . H H A
3 o ? H H H A
e 5 % ! H H [ A A
. A % H H S
s s | e oam H S
oy o | oo > i T
P R o T - A S
T G | imowem e denee  wewe s L 4 o6
o S P A A
Srar s 1soosseaTi0 Ssasiseae s SO WOTTeLIN e TSSO LOSOED SEeNSIs | 1S AGEe IS G0N THssOR G e L ms 3§
Ay e e KA e R L R P e

165645101 16¢
6564120420 62359143990 273420862110 733939156190 1348824395 160 1798432526880 1798432526880 137521

[svV1
Cluster algebras [Arkani-Hamed, Drummond, Giirdogan, He, Lam, Papathqﬂagioq,épr,adﬁn—EVployieP - ] = vao




© Gravity

Agustin Sabio Vera (UAM, IFT)

The perturbative Regge limit

May 10", 2021
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@ Links between QCD and gravity: AdS/CFT & BCJ color-kinematics

@ Both can be studied in the high energy limit
Graviton = dual of pomeron at strong coupling [poichinski-Strassler]

j—l=w=2X (27,[)(1) — ('y + %) - (1 -7+ %)) [Ciafaloni, Colferai, Salam, Stasto]

- SS9 e -
A<= w=2xo(y)+ <m§::0§::1 s Dl (o T 'y) [sv]

AS 1= %,ﬁxedw = ; S0 = 2(w(1)7¢ (HT‘”» = w = 1,j — 2 [Stasto]
Pomeron intercept
[Costa,Goncalves,Penedones]
/_ [Kotikov, Lipatov]
[Bartels,Schomerus,Sprenger]

[Brower, Costa, Djuric, Raben, Tan]

[Gromov, Levkovich-Maslyuk,Sizov]

Lipatov high energy effective action is useful
Agustin Sabio Vera (UAM, IFT) The perturbative Regge limit May 10", 2021
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We redid Lev's calculation using standard Feynman rules (serma,vazquezMozo,5v]

In QCD we have
By

where the amplitude is the sum of two gauge invariant parts

t

t
tl
+ + PYR—
May 10", 2021 51/63
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t=kit' = k3 Sudakov expansion
ki = a1p+ g+ ki ko = aop+ fag + k3.
Multi-Regge kinematics (MRK):

/

t t
L > Jaa| > aof = —— 1> |6l > |8l = —




The Closest Calculation in Einstein-Hilbert Gravity:




3. Gravity
Nice Trick is Still Nice but More Tricky:

o D
v

o = TE

t

/
t/—t

s
R i

! t
t'—tf +t—t’I =0

Exact Amplitude is the Sum of Two Gauge Invariant Sub-Amplitudes

> AFr <

[

3

DA




Using the same Sudakov expansion and Multi-Regge kinematics:

Universal Reggeized G - Reggeized G - G Effective Vertex (Lipatov):

Pl o o

q" p"q” + q"p” }

a1

+ 4B PP + 7 -
52 a2
2 a7
Subtraction Term to Fullfil Steinman Relations (no simultaneous
singularities in overlapping channels).
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Four-graviton amplitudes in N-SUGRA | A, (y) = A,]f’or“/\/l47(,v)
(N = number of gravitinos)

At 1-loop three contributions

1) -5 —u
ME’(N:8) atln <—t) In (—t)

Double Logs

- (@) () ()
G

Agustin Sabio Vera (UAM, IFT) The perturbative Regge limit May 10", 2021
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Regge limit v ~ —s

s
M‘(:()N:a) ~ (at)ln2 (—_t)

~—_—————
Double Logs

t
+ (at)n ()\2) In (—st)
Tra.j?egtory
—t
+ 7 (as)n 2
—_———
Eikonal

Evaluate Double Logs to all orders? Use

A —ABOrn S atln()\)/5+lood_w S “"f(N)
HIN) T 4 —t §—ico 2mi \ —t

«O>» «Fr «=r <

| €

it 8

3

DA



Origin in the diagrams

R {35

with ) virtual gravitons with lowest energy
( ) t-channel graviton/gravitino pairs with lowest energy

Associated equation

2
d (£ N-6Y [V
f“gN)::L(at)dw< w >+(at)< 2 > w

Perturbative solution

quN) _ 1+(C¥t)(l\;2)+( )(N—‘;)ufi\l—:”
(a 1)’ (N —4) (5N? — 26N + 36) N

8wb
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2-|OOp agreement in N = 4, e 78 SUGRA Wlth BCJ [Boucher-Veronneau, Dixon].
3-loop agreement in N = 8 SUGRA [Henn Mistiberger].

All-orders predictions e.g. N = 8:

gy er(n () ()
-A47(N:8) = Ay <)\2>

x{l +2(5) n? <_5t> + g (0‘2'5)2 In® (_St>
ras (5) 10 (%) + 130 (5) 0 ()
+% <a2t)5ln1° <_St> +}

to be compared with other calculations in the future.
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Resummation (Bartels Lipatov,5v] [sV]:

Solution to a Schrodinger equation in terms of parabolic cylinder functions

¢ T3 N=g o
o]
o e N = 4 SUGRA:
8 Critical boundary theory
= Finite (N > 4)
z Non-finite (N < 4)

at high energies

i
ST T—
L

g

My,

LTI TPYN

a, e
0 LCLTTrr .

2 4 6 8 12 14 16 18 20

Si(-0)
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Subleading correction to N-SUGRA eikonal phase sv)
DLs reduce gravitational strength: “Graviton Deflection Angle”

0o m—

oo mp(N 2\ "
€W = (1,0,0,0,0,0,0,...) , M) (p, s % i
051 (p,s) = —0Borm (p, s Z ; n)2m2m=—m+1 \ 4o

®) 131 91 2873 14243
c® = (1,.,1,%, >, , m=2
2778747160 8
¢ = (1,1,3,15,105,945,10395,...) , Deflection angle, x = 0.1, s = 50000
297 50139 150
¢ = (1 =6, ‘— 306, ———, 38286, . ) R —— Born
c® = (1,2.11),7471)().31(,2.111)41(;...). 52 100
s [
£
£
oS
0

0.005  0.010 0.050  0.100
P

N-SUGRA: DLs resummation for inelastic amplitudes

N=8 calculate full amplitude to all orders?

(e 0 © H%??
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This book has been designed to honor Lev Nikolaevich Lipatov, as a person and as one of the leading

scientists in theoretical high energy physics.

The book begins with three articles on Lev as a person, written endearingly by family members, a very close

friend and Physics professor, Eugene Levin, and another outstanding scientist, Alfred Mueller. The book

further collects 18 articles by several scientists who closely knew and/or collaborated with Lev.

With an overarching range over various subfields, the book summarizes parts of Lev's achievements,

presents new results which are based upon Lev's work, and paints an outlook on possible future

developments. Lev's theoretical work has had an influential impact on phenomenology and experimental |
high energy physics; befittingly, this collection also includes several articles on these experimental aspects.
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