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Briefly touch several subjects

Phenomenology:

DIS
Jet Production
Pomeron & Odderon

Theory:

QCD
N=4 SUSY
Gravity and supergravity
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Monte Carlo Event Generator (with G. Chachamis)

o(Q1,Q,Y) = /dzEAdZEB da(Q1, ka) 08(Qo, k) f(ka, ks, Y)
PROCESS—DEPENDENT UNIVERSAL
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BFKLex: Monte Carlo implementation of full NLL BFKL
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g = 0 Cut Pomeron: # emissions? q # 0 Pomeron: # rungs?

Forward LO BFKL Singlet Green function (q = 0 GeV, cg = 1)
0008

Non-forward LO BFKL Singlet Green function (q =5 GeV, cg =1,
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Multiperipheral models
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[1968] Chew-Pignotti [1971] DeTar

Normalized values

[2020] Bethencourt-Chachamis-SV

y-distributions per jet in events with multiplicity 7
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Correlations in rapidity
dQU(lvm)

N+2
dydym

_ N+2 (Y)N_2 (1- J«"I)N_Il
= o 5

(z1 — wm)l*’"*l 1+zm,
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y\N-2 N=2
QN2 (5)

)m—l
(m —1)!
(L,m)
’DN-TZT,S
7,8=0

Tr(xp) Ts (o)

Multiplicity 4+2 - Jet 1 vs Jet 3

Multiplicity 5+2 - Jet 2 vs Jet 4

A
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Multiparticle production - Old Chew-Pignotti

d2a_(l‘m)

N+2 N [-m-—1
2V (N —m)l(l —1)! (z1 — xm)
R L) = BT A m —
sl e o TR b e T e e e
dy;  dym

Multiplicity 5+2 - Jet 1 vs Jet 4

Multiplicity 5+2 - Jet 1 vs Jet 3

Multiplicity 542  Jot 1 vs Jot 4, R=0.4

Multiplicity 542 - Jot 1 vs Jot 3, R=0.4

BFKLex generates the same distributions
Very important to study FIXED MULTIPLICITY FINAL STATES @ LHC

[2023] [Kampshoff, Baldenegro, Chachamis, Klasen, Milhano, Royon, SV]
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DIS - small x

e n =0 Large correction
Origin in collinear contributions
EXtend formalism beyond Regge Ilmlt [Ciafaloni, Colferai, Salam, Stasto]

w=a& (200 -v(v+5)-v(1-7+3))

Resummation in terms of a Bessel funcion sy

1 d 2ds
w:/o 1_)<X{(x7_1+x_7) Ia h <\/2@5In2x> 2d5}

n2X
in transverse momentum space
0 — \n 2
(7a5) 2n kA
Zznnl(n+1)|ln — N 2
n=1 ; ' (kA + k,')

Investigating origin in HE effective action [sv|
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Implemented in BFKLex
Impact factors control the kinematical region:

Uz/d2EAd2EB 0a(Q1, ka) 08(Qa, k) f(Kka, kg, Y)
PROCIESS—DEPENDENT UNIVERSAL

LO -

0.001 |-

=3)

0.2, Y

0.0001 |-

f (kg ko =20, @

L
0.1

kalk1b
Important to go beyond the MRK limit.
For original BFKL we need “0-like” impact factors pag & @ =~ Q>
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DIS - small x

How far can we get analytlcally7
Small x DIS: Fy(x, Q?) ~ x~ @)
A NLL Multi-Regge approach fits data well [Hentschinski,Salas,sv]

05 .

Combined HERA data —e— '
Real cuts: A =0.21 GeV, Q,=0.27 GeV, =69 x
Smooth cuts: A =0.21 GeV, Q) = 0.27 GeV, § =6.9

0.1 L 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.
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DIS - small x

Forward Drell-Yan production at LHC [celiberto,Gordo,sV]
The same unintegrated gluon density works well for current data
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PreViOUS analysis by [Brzeminski,Motyka,Sadzikowski,Stebel]
We work with BFKL at NLL plus collinear corrections
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Conformal Spins [2022] [Chachamis, 5V]
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Diffraction - BFKL Pomeron

New representations of SL(2, C) invariant Wave Function
which can be compared to Monte Carlo numerical result.

2.x107°
-9
2.0x107° o 1.5x107°
-9
1.5x10 : o full analytic result a
F mMe T tx10? . A
b © odd spins V ® a
5.0 %107 b ol 5.x10°1
°© % o o o o 9
°
. ‘ 90000 06 0 o °
0 2 4 6 1 2 34567 8 910

fa lal

Both even and odd conformal spins contribute to Wave Function.
Relevant for possible impact factors with azimuthal angle dependence.
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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—1=w=2x (2¢(1) — (~, + %) — (1 — et g)) [Ciafaloni, Colferai, Salam, Stasto]

An+L

ALl = w=AX0(7)+<ZZ (—1)"(2n)!

———g Tty > 17| [V
2= = onnl(n 4 1)) (v + m)2ntl )[ ]

1 w 1+ w .
)\>>1,’y:§,ﬁxedw = 3 — 0 = 2(¢(1)7¢(T)) = w — 1,j — 2 [Stasto]

Pomeron intercept

1.0 [Costa,Goncalves,Penedones]
0.8 /_ [Kotikov, Lipatov]

5 0.6 [Bartels,Schomerus,Sprenger]
04 [Brower, Costa, Djuric, Raben, Tan]
0.2 [Gromov, Levkovich-Maslyuk,Sizov]
0.0

-4 -2 0 2 4
log(A)
Lipatov high energy effective action is useful e s e = =
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Gravity - Regge limit (w Vazquez-Mozo)

We redid Lev's calculation using standard Feynman rules [sema,vazquez-Mozo,sv]
In QCD we have

where the amplitude is the sum of two gauge invariant parts

TS e
O A=
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Gravity - Regge limit (w Vazquez-Mozo)

The Closest Calculation in Einstein-Hilbert Gravity:
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Gravity - Regge limit (w Vazquez-Mozo)

Using the same Sudakov expansion and Multi-Regge kinematics:

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

Pl b o

g’ + ghp?
+451042{ 2+ +pq i }

2 041 a3

Subtraction Term to Fullfil Steinman Relations (no simultaneous
singularities in overlapping channels).
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Gravity - Regge limit (w Bartels, Lipatov)

Four-graviton amplitudes in N-SUGRA | A, (n) = A?Or”./\/l47(,\,)
(N = number of gravitinos)

At 1-loop three contributions

./\/lf:(),\,zg) = «atln (_—i> In <_—Ltl>

Double Logs

+agin(5) () ()

Trajectory

() )

Eikonal
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Regge limit u ~ —s

M (at)ln2<

Sl
—t
N—————
Double Logs
t s
+ (at)ln (/\2> In (—t)

Trajectory

t
+ im(as)In <>\2>
| ——
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Evaluate Double Logs to all orders? Use

. :ABorn i atln (ﬁ) /6+iood_w i w foSN)
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Gravity - Regge limit (w Bartels, Lipatov)

Origin in the diagrams

0 =20 33 5=

with (1) virtual gravitons with lowest energy
(2) t-channel graviton/gravitino pairs with lowest energy

Associated equation

) ()
FN) — 1 _ (m)% (%) t(at) (¥> (T)

Perturbative solution

Ny _ (V-4 2(N—4)(N —3)
ﬂg) = 1+(Olt) 2w2 +(O{t)T
2
. )3(N —4) (5N? — 26N + 36) .
8w
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Gravity - Regge limit (w Bartels, Lipatov)

2—|OOp agreement in N = 4, cany 8 SUGRA with BCJ [Boucher-Veronneau, Dixon].
3-loop agreement in N = 8 SUGRA [Henn,Mistiberger].

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

— g\ etln(Z)+im(3))
Agnog) = AP (V)

at s 5 /at\? s
oS () + 3 (5 (4
X{ - (—t>+3 R
+£ (Oé—t>3|n6 -~ +—353 (a—t>4|n8 =
45 \ 2 —t 1260 \ 2 —t
583 sat\® s
= (=) In
+8100(2) - <—r)+ }
to be compared with other calculations in the future.
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Gravity - Regge limit (w Bartels, Lipatov)

Resummation [Bartels,Lipatov,SV] [SV]:
Solution to a Schrodinger equation in terms of parabolic cylinder functions

3 _ -
H s N=
‘\‘\\t“' . 5 |
- 6 1
o 8 m—
ot N = 4 SUGRA:
4 (ritical boundary theory
B Finite (N > 4)
z Non-finite (N < 4)
at high energies
\ o i
2 4 IG ‘8 10 1‘2 14 16 18 20
s/(-t)
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Gravity - Regge limit (SV)

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

00 1 N)
W = (1,0,0,0,0,0,0,...) 0 (o, ) = 6 ) S '”Z n( ‘“)'”Cw(u W (PPN
p (1 131 01 2873 14243 ) br (P2 8) = ~Oom (p: ) . (n)2m2m=m+1 \ 4o
= (151,55, 22 =), m=2 n=1
2 T
cO = (1,1 5,105,945, 10395, ... , Deflection angle, x = 0.1, s = 50000
e — (1 3 8 297 . 50139 - 150 1
T 20 g 16 7 " Borm
® (19 10 74 706 816" |
C = (1.2,10,74,706,8162, 110410 ) Zz 10
ES
s
£
‘\? 50 -
B
o

0.005 0010 0050 0.100

N-SUGRA: DLs resummation for inelastic amplitudes

N=8 calculate full amplitude to all orders?

o BB OY{ - f F
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Supersymmetry - Regge limit

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 blllty [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 ...]
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Supersymmetry - Regge limit

Amplitudes in Generalized LLA
interesting structure in QCD
and N =4 SYM at high energies

Equivalent to closed spin chain
(Heisenberg ferromagnet)

[Lipatov] [Faddeev, Korchemsky] [Janik, Wosiek, Kotanski, Derkachov, Manashov ...]

Monte Carlo approach to solve the system [chachamis,sv]
Work to map this to the integrability structure

10!

3 reggeized gluons in t-channel color singlet:
ODDERON

(mb/GeV?)

dt

do,

1072

Drives the difference in
pp and pp total cross sections

[D@ and TOTEM Collaborations 2020 (arXiv:2012.03981)].
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Supersymmetry - Regge limit

Bartels-Kwiecinski-Praszalowicz (BKP) equation:
Asymptotic intercept one [gartels, Lipatov, Vacca]

(w—w(p1) — w(p2) — w(p3)) o (P1, P2, P3) =
5@ (p1 — pa) 6 (p2 — ps) 5@ (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& (1, p3, P2, k) £, (p1 + k, p2,p3 — k)

€

g en

Squared Lipatov's emission vertex:

asN, O(k? — \2) (1 L (Pt k%P3 — (pr + p2)2k2)

,p3. k) =
f(p17p2,p37 ) 4 7T2k2 ':)%(I(—I:)Q)2

2

Gluon Regge trajectory: w(p) = —@25 In &
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Our solution contains all the previous ones [chachamissv]
which are projected out when integrating over different impact factors

8.x1076

6.x107°

f 4.x10°

2.x1076

q=4 GeV
- === q=31 GeV

1




Supersymmetry - Regge limit

Similar diagrams with Regge cuts in N =4 SYM MHV [artels Lipatov,sv]

Complicated contributions at higher orders and more external particles:

2«1r\~wvv3

[

{

¢
1 akArannnss 10
Equivalent to an open spin chain [Lipatoy]
MC methods also work here [chachamissv]

Consider octet exchange with 3 reggeized gluons:

MHYV 8-point amplitude
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Supersymmetry - Regge limit

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

Consider Laplacian matrix of a graph with 6 rungs

2 -1 0 0 -1 0
-1 2 -1 0 0 0
0 -1 3 -1 0 -1
0 0 -1 2 0 0
-1 0 0 0 3 -1
_ 0 0 -1 0 -1 3
0 0 0 0 o] -1
0 0 0 -1 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 -1 0
0 0 0 0 0 0

Matrix Tree theorem, Kirchoff:
The determinant of any principal

0 0 0 0
0 0 0 0
0 0 0 0
0 -1 0 0
0 0 0 0
-1 0 0 0
3 -1 -1 0
-1 3 0 -1
-1 0 3 -1
0 -1 -1 2
0 0 0 0
0 0 -1 0

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

Mean weight

10-11 L
0

10-10

i q=4, Y=5
10~ T T
n=
N ]
.
e n=4
S o= 5
n==6
L . ° B e0aly 30 ghee Ao imne Sgmpety o -
160 2(‘10 3I“l\7 M")O

500

Complexity of topologies

Origin in the underlying integrability?
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4.x10°8

q=4 GeV
..... q=17 GeV
3.x10-8 - === =31 GeV
e =107 GeV
f 2.x10°®
1.x107¢

&= e e e
" 2 3 4 ;
Y
This is the solution to the “Adjoint Pomeron” (open spin chain)
‘ ~ ,

5 6

Important in the all-order structure of N =4 SYM amplitudes
<O «Fr < » > DA
~ Agustin SabioVera  The fine print of BFKL dynamics ~ October 24, 2023  33/37 |



Supersymmetry - Regge limit

Work to obtain BFKL eqn to all orders

First Step in thls direction in N =4 SYM [Bartels, Lipatov,SV]

Use BDS [Bern,Dixon,Smirnov ] @NSatz for planar amp|itudes
Proposed for all loops and number of external legs
It needs to be improved

MHYV amplitudes, color ordered and normalized by Born:

log My ="l (FO(MP(1e) + ) + E(e))
=1

d = 4 — 2¢, | = number of loops, n = number of legs
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Supersymmetry - Regge limit

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

Mo, iﬂ"yK—(a) —L1ilogQ —s w(t) —s w(t2)
ety = € U (32) " e (52 e (3

;?)w(%)

RRP ( RRP (

Regge cut

Solution: complete BDS with Regge cuts from 2 loops onwards

Calculated at LL [Barteis Lipatov,sv] and NLL {Fadin Lipatov]

O e Gluon Green's function, @ = 0.2, t = —0.583+0.017 i
10 T T

Work to relate it to integrability =

conformal blocks [chachamissv] E
1
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Supersymmetry - Regge limit

Our conditions for the correct analytic structure
are important to solve them to all orders
and arbitrary] number of external legs

Steinmann relations el
| | ) .
(MHV,NMHV): parameters leftin (£(5), p(L)g E(L))
Steinmann, Helv. Phys. Acta (1960)  Bartels, Lipatov, Sabio Vera, 0802.2065 Comsiraint T=1 L=3 L-5 L=t 1I-% =6
+ Amplitudes should not have overlapping branch cuts: I fund 3 . 2,105) (313,372) (991,1214) (2951 369
2. Symmetry (24)  (7.06)  (22,56)  (66.190)  (197,602)
3. Final entry (1,1) (4,3) (11,6, (30.16) (85,39)
1. Collinear limit 00) (00) (0,0 (05,2
5. LL MRK (0,0) (0,0) (0,0 (0,0)
6. NLL MRK 000000 (0.0)
[cantappiyto | 7. NNLL MRK 0000 (0.0 0]
2 paricle cuts in 5. N°LL MRK 0000 (00 (0.0) 0.0) (10
9 all MRK 0000 (0.0 (0.0) 0.0) (10)
10. 7" OPF (0,0) (0.0) (0.0; (0.0) 0,0) (1.0,
Not Allowed Allowed 11. T2F% In* T OPE (0.0) (0,0) (0,0 (0.0) 0,0) (0.0
Violated by ABDK 12l PFTOPE_ (00)  (00) (0.0 (0.0) 0.0) (0.0)
|DisC~Q3A[D\sc..,23€(u. vw)| =0 | ——‘ P TEoal -
an( ansatz! (0,0) > amplitude uniquely determined Also have MHV at /. -~ 7
L.Dixon  From 2107 Loops in planar N=4 SYM QUL - 2019.11.07 s L.Dixon  From 2t0 7 Loops n pianar N=4 SYM QMUL- 2019.11.07 38
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Summary
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