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prompted to a large extent by the LHC needs.

The aim of this talk is to argue that pure brain effort seems to be still of
definite value in the QCD context, with evidence growing towards hidden
powerful links with "theoretical theory” constructs (SUSY etc)

Parton Evolution Revisited:

Space- and Time-like parton evolution
Choosing parton evolution time(s)

New Evolution Equation: "wrong” but smart
First check (large x region)

Small x: Two Puzzles

N = 4 SUSY Yang—Mills as QCD playing ground

Ambitious programme
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L 3rd loop 3rd loop, and again
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31 loop facing music of the spheres

2 X 2 anomalous dimension matrix occupies
1 st loop: 1/10 page
2 nd loop: 1 page
3 rd loop: 100 pages (200 K asci)
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I—Parton Dynamics Status q UO

made simple?

More importantly, without understanding the essence of the series
— the “physics” that underlines the appearance of this or that structure —
one may not hope to improve the perturbative expansion. What for ?

Numerically, as is not such a magnificent expansion parameter ...
Therefore, it is mandatory to apply as much grey substance as we possibly
could to re-arrange the perturbative series to ensure better convergence
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made simple?

Parton splitting functions P(x, as) are routinely equated with
the (Mellin transformed) anomalous dimensions ().
Scheme dependence enters beyond the LLA (1 loop).

MS — a well formulated and convenient renormalization scheme, BUT. ..
Among known troubles: Way out:

» Be smart with soft gluons

» PU)(x) singular at x—1 [as P1)(x)] (Low th )
ow theorem

» o~—< an unphyvsical expansion parameter
MS

_ » Dimensional regularization
> no respect to deep symmetries (SUSY) ., Dimensional Reduction

Another [hidden]| symmetry —
inter-relation between DIS and annihilation channels.
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How to reduce complexity 7

Guidelines [ Higher Orders j

v/ exploit internal properties :
> Drell-Levy-Yan relation / \

» Gribov—-Lipatov reciprocity
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Parton Dynamics Fighting complexity

made simple?

How to reduce complexity ?

Guidelines [ Higher Orders j

v/ exploit internal properties :
> Drell-Levy-Yan relation / \

» Gribov—-Lipatov reciprocity

_ Innovative Bookkeeping Think
v/ separate classical & quantum Extract
effects in the gluon sector Inheritance idea Solve
An essential part of gluon dynamics is Classical. (F.Low)

“Classical” does not mean “Simple”.
However, it has a good chance to be Exactly Solvable.

> A playing ground for theoretical theory: SUSY, AdS/CFT, ...



Perturbative QCD (16/71)

L Innovative Bookkeeping Innovative Bookkeeping

In the standard approach,

[ Splitting functlons

S\

Evolution Hamiltonian Anomalous Dimensions

kt\e ordering

» parton splitting functions are equated with anomalous dimensions;
» they are different for DIS and et e~ evolution:

» ‘“clever evolution variables” are different too
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In the new approach,

[ Splitting functions]

/o

[Evol ution Hamlltonlan

time ordering

» splitting functions are disconnected from the anomalous dimensions;

» the evolution kernel is identical for space- and time-like cascades
(Gribov—Lipatov reciprocity relation true in all orders);

» unique evolution variable — parton fluctuation time
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I—Innovative Bookkeeping q u a rk_gl uo n Ca Sca deS

So long as probability of one extra parton
emission is large, one has to consider and
treat arbitrary number of parton splittings
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L Innovative Bookkeeping quark—g|u0n cascades
P P
—2>>t1>>t2>>t3>>t4>>t5>>—2
I Q

Four basic splitting processes :
g — q(z) +q z = ka/k3
1+ 22
Pl(z) =C ,
q( ) F 1_ > ;
1 1—z
Pi(e) =Cro T
z
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Innovative Bookkeeping

quark—gluon cascades

P P
—2>>t1>>t2>>t3>>t4>>t5>>—

1 Q?
Four basic splitting processes :
g —g(z)+g z = k3/ks
1+ z°
P/ = Cr -
14+ (1—
Pi(z) =Cr- +{1-2)

Piz) =T[4 (1-21].
14+ 2%+ (1—-2)*
z(1—2z)

ng(z) = Ne -
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I—Innovative Bookkeeping q u a rk_gl uo n Ca Sca deS

\ W<kl < ki < k2 <kl < ki < @

Four basic splitting processes :

“Hamiltonian” for parton cascades

1—|—z2
N2
Pg () :CF‘l_I_(l 2)

Piz) =T[4 (1-21].
14+ 2%+ (1—-2)*
z(1—2z)

ng(z) = Nc -

. - 0 . . . dk2
Logarithmic “evolution time dg = 5= sz_
1
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L Parton dynamics

Nowadays we cannot predict, from the first principles, parton content (B)
of a hadron (h). However, perturbative QCD tells us how it changes with
the resolution of the DIS process — momentum transfer Q2.
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Relating parton splittings

Innovative Bookkeeping
L Parton dynamics

Nowadays we cannot predict, from the first principles, parton content (B)
of a hadron (h). However, perturbative QCD tells us how it changes with
the resolution of the DIS process — momentum transfer Q2. Evolution of

parton distribution reminds the Schrodinger equation:

d (Q? 1 d
oz Dh (0 @) = ~ )AZ_ B ORACH D
=q,4,8

Parton Dynamics turned out to be extremely simple.

Have a deeper look at parton splitting probabilities
— our evolution Hamiltonian —
to fully appreciate the power of the probabilistic
interpretation of parton cascades
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Innovative Bookkeeping Apparent and Hidden symmetries

L Parton dynamics

Z Z
@ N\ , ,
1— 1 1 1—
1 — 2 zZ
Z
Z

]_—|—Z4—|— 1—7)4
= Tgr- [zz—l—(l—z)z} =N, - ( )

z(1—z)

Four “parton splitting functions”

), ), @, )
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Innovative Bookkeeping Apparent and Hidden symmetries

L Parton dynamics

Z Z
o N\ , ,
1—- 1 1 1—
11—~z Z
Z
Z
; 1 4 1—2)*
= Tgr- [zz—l—(l—z)z} =N, - +2" 4+ (1-2)

z(1—z)

» Exchange the decay products : z - 1 — z

SORSCN §
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Innovative Bookkeeping
I—Parton dynamics

Apparent and Hidden symmetries

y4

1+ 22 1+ (1—2)°

— Cr

11—z Z

; =Tr- [22+(1-2)?] :NC-1+Z4+(1_Z)4

z(1—z)

» Exchange the decay products : z - 1 — z

» Exchange the parent and the offspring : z — 1/z

B . o




Perturbative QCD (19/71)

Innovative Bookkeeping Apparent and Hidden symmetries

L Parton dynamics

Z Z
@ N\ , ,
1— 1 1 1—
1 —~ zZ
Z
Z
1 4 1—7)4
=Tgr- [224—(1—2)2} — N, - +2" 4+ (1-2)

z(1—z)
» Exchange the decay products : z - 1 — z
» Exchange the parent and the offspring : z — 1/z

Three (QED) “kernels” are inter-related; gluon self-interaction stays put :

g[g](z)’ %[Q](Z)’ g_[??](z) g[g](z)




Perturbative QCD (19/71)

Innovative Bookkeeping Apparent and Hidden symmetries

L Parton dynamics

Z Z
@ N\ , ,
1— 1 1 1—
1 — 2 zZ
Z
Z

]_—|—Z4—|— 1—7)4
= Tgr- [zz—l—(l—z)z} =N, - ( )

z(1—z)
» Exchange the decay products : z - 1 — z
» Exchange the parent and the offspring : z — 1/z

» The story continues, however :

All four are related |

we(z) = | 32)+892) = z) +882)| = we(z)
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—Innovative Bookkecping Apparent and Hidden symmetries
Parton dynamics
Z Z
| AN , ,
1- 1 14 (1—-
11—z z
4
Z
1+ 2%+ (1—-2)*
= Tr- [22 4+ (1—2)? = N, -
R 27+ (1-2)7] c z(1—2z)
» Exchange the decay products : z - 1 — z
» Exchange the parent and the offspring : z — 1/z
» The story continues, however : Cr = Tr = N. : Super-Symmetry
All four are related !
__ | qlél glal _ qld] glg] _
we(z) = | ¢ (2)+q 7 (2) = g7(2) +|g7(2)| = wgl2)
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Innovative Bookkeeping Apparent and Hidden symmetries

L Parton dynamics

Z y4
o N\ , ,
1- 1 1+ (1-
1—2z b4
74
Y4
1+ 2%+ (1—-2)*
= Tr- [224+ (1—2)? = N, -
R 27+ (1-2)7] c z(1—2z)
» Exchange the decay products : z - 1 — z
» Exchange the parent and the offspring : z — 1/z
» The story continues, however : Cr = Tr = N. : Super-Symmetry
All four are related ! (over-constrained system [+ conformal symm. etc])

we(z) = | 32)+892) = z) +882)| = we(z)
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L Fluctuation time ordering

Kinematics of the parton splitting A — B+ C
kB ~ ZkA, kC ~ (1 — Z)kA

Bl_6, &, K
z 1 11—z z(1-2z2)
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Probability of the splitting process :
Qs dk2 k2
T (kg)?
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- Innovative Bookkeeping Long-living partons fluctuations

L Fluctuation time ordering

Kinematics of the parton splitting A — B+ C
kB ~ ZkA, kC ~ (1 — Z)kA

lkgl _ Ik ki
z _|_1 T z(1—z)

Probability of the splitting process :

Qs dk2 k2 Qs dk2
dw X 2 :
T (k3)? T kT
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- Innovative Bookkeeping Long-living partons fluctuations

L Fluctuation time ordering

Kinematics of the parton splitting A — B+ C
kB QiZkA, kC'Qi(l-—-Z)kA

!k! || k9
—I—1 +( =7

Probability of the splitting process :
. dk3 K2 s dk3

dWOC - (k )2 XX - F,
2 k2 k2 k2
@ ~ L > M as well as C ),
z z(1-z) 1 11—z
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- Innovative Bookkeeping Long-living partons fluctuations

L Fluctuation time ordering

Kinematics of the parton splitting A — B+ C
kB ~ ZkA, kC ~ (1 — Z)kA

lkgl _ Ik k3
z _|_1 T z(1—2)

Probability of the splitting process :
. dk3 K2 o, dk?
NCI

kel K KAl ke
— — | :
s 2(1—2) > 1 as well as 15

This inequality has a transparent physical meaning:

dw o<

Z - EA EA
< 57
kgl Ikal
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- Innovative Bookkeeping Long-living partons fluctuations

L Fluctuation time ordering

Kinematics of the parton splitting A — B+ C
kB ~ ZkA, kC ~ (1 — Z)kA

lkgl _ Ik k3
z _|_1 T z(1—2)

Probability of the splitting process :
. dk3 K2 o, dk?
NCI

kgl ki Kal ke
— —— I :
S 2(1—2) > 1 as well as e

This inequality has a transparent physical meaning:

dw o<

EB Z - EA EA

— < &
[k3| [k K4l
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- Innovative Bookkeeping Long-living partons fluctuations

L Fluctuation time ordering

Kinematics of the parton splitting A — B+ C
kB ~ ZkA, kC ~ (1 — Z)kA

lkgl _ Ik k3
z _|_1 T z(1—2)

Probability of the splitting process :
. dk3 K2 o, dk?
NCI

kgl ki Kal ke
— —— I :
S 2(1—2) > 1 as well as e

This inequality has a transparent physical meaning:

dw o<

EB Z-EA EA
tg = — = —
5= Rl R

ta
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- Innovative Bookkeeping Long-living partons fluctuations

L Fluctuation time ordering

Kinematics of the parton splitting A — B+ C
kB ~ ZkA, kC ~ (1 — Z)kA

k2| k% n kg k3
z 1 1—z z(1-2)

Probability of the splitting process :
. dk3 K2 o, dk?
NG

kgl ki Kal ke
— —— I :
S 2(1—2) > 1 as well as e

This inequality has a transparent physical meaning:

dw o<

EB Z-EA EA
tg = — = —
5= Rl R

ta

strongly ordered /ifetimes of successive parton fluctuations !
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L Innovative Bookkeeping Quantum Mechanics strikes back

I—QCD coherence

Rediscovery of the quantum-mechanical nature of gluon radiation played
the major role in understanding the internal structure of jets.

Why “rediscovery’? Al Mueller, Victor Fadin, 1980
Because, under the spell of the probabilistic parton cascade picture
theorists managed to make serious mistakes in the late 70's when they
indiscriminately applied it to parton multiplication in jets.

Subtlety: When gauge fields (conserved currents) are concerned,

Coherence in radiation

of soft gluons (photons) with x <1
— the ones that determine the bulk

born later (time ordering)
does not mean
being born independently

of secondary parton multiplicity!

Recall an amazing historical example: Cosmic ray physics (mid 50's);

conversion of high energy photons into eTe™ pairs in the emulsion
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Charged particle leaves a track of ionized atoms in photo-emulsion.

electron track O ® ) ) O O O

Photon converts into two electric charges : v — eTe™.

ete track(expected) @ @ @ © © © © © © © 0 0 ©

Why then do we see this ?

ete~ (observed) O O O C W

Transverse distance between two charges

(size of the eTe™ dipole) is //' K
v . 9
pL >~ct- Ve = A1 - Ee. Angular Ordermg photon p+k ' 0
—————— 9

¥ < ¥e — independent radiation off e~ & e™

The photon is emitted after the time (lifetime of the virtual p + k state)

B (P+k)2 - 2p0k0(].—COSl9) - k0?92 - k., v +

g J
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I—Innovative Bookkeeping C h u d a kOV efFeCt

I—QCD coherence

Charged particle leaves a track of ionized atoms in photo-emulsion.

electron track O ® ) ) O O O

Photon converts into two electric charges : v — eTe™.

ete track(expected) @ @ @ © © © © © © © 0 0 ©

Why then do we see this ?

ete~ (observed) O O O C W

Transverse distance between two charges

(size of the eTe™ dipole) is //' K
v . 9
plL=ct-Ue=A| - Ee Angular Ordering photon prk )/ .
—————— 9

¥ < ¥ — independent radiation off e~ & e™
¥ > %, — no emission ! (pr < A1)

The photon is emitted after the time (lifetime of the virtual p + k state)
(P—|— k)2 - 2p0k0(1 — COSl?) - k0?92 - k., v s

v
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Angular Ordering is more restrictive than the fluctuation time ordering:

V<. versus ¥ < V- i—g that follows from
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Angular Ordering is more restrictive than the fluctuation time ordering:
¥ <9, versus ﬁgﬁe-w/ﬁ—g.
Significant difference when kg/pg = x <1  (soft radiation).

Coherence in large-angle gluon emission not only affected (suppressed) total
parton multiplicity but had dramatic consequences for the structure of the
energy distribution of secondary partons in jets.
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I—Innovative Bookkeeping |nt RAJ et COherenCe

I—QCD coherence

Angular Ordering is more restrictive than the fluctuation time ordering:
¥ <9, versus ﬁgﬁe-w/ﬁ—g.
Significant difference when kg/pg = x <1  (soft radiation).

Coherence in large-angle gluon emission not only affected (suppressed) total
parton multiplicity but had dramatic consequences for the structure of the
energy distribution of secondary partons in jets.

It was predicted that, due to coherence, “Feynman plateau” dN/d In x
must develop a hump at

(In k)max = (% —C- v &S(Q) + .. ) - In @, Kmax = QO.357

while the softest particles (that seem to be the easiest to produce)
should not multiply at all !
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Drell-Levy—Yan relation

T S —
PU)(x) = x- PO (x71).
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Space-like parton evolution (S) vs. time-like fragmentation (T)

Drell-Levy—Yan relation

T S _
Pn (x) = Fx- PLa(x 1),

True in any QFT, it reflects the crossing and allows to link the two
channels by analytic continuation, from x <1 to x > 1:
Bukhvostov, Lipatov, Popov (1974)
Drell-Levy—Yan relation beyond leading log
Bliimlein, Ravindran, | W.L. van Neerven | (2000)
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Space-like parton evolution (S) vs. time-like fragmentation (T)

Drell-Levy—Yan relation
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channels by analytic continuation, from x <1 to x > 1:
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In the Leading Log Approximation (1 loop),

Gribov—Lipatov relation
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—Innovative Bookkeeping space- and time-like parton multiplication

L Parton Cascades

Space-like parton evolution (S) vs. time-like fragmentation (T)

Drell-Levy—Yan relation

T S _
Pn (x) = Fx- PLa(x 1),

True in any QFT, it reflects the crossing and allows to link the two
channels by analytic continuation, from x <1 to x > 1:
Bukhvostov, Lipatov, Popov (1974)
Drell-Levy—Yan relation beyond leading log
Bliimlein, Ravindran, | W.L. van Neerven | (2000)

In the Leading Log Approximation (1 loop),

Gribov—Lipatov relation

U (S) . —q° 2
'D(BA)(XFeynman ) — PBA (XBjorken )7 XB = i XF = qu

Mark the different meaning of x in the two channels!
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Space-like parton evolution (S) vs. time-like fragmentation (T)

Drell-Levy—Yan relation

T S _
Pn (x) = Fx- PLa(x 1),

True in any QFT, it reflects the crossing and allows to link the two
channels by analytic continuation, from x <1 to x > 1:
Bukhvostov, Lipatov, Popov (1974)
Drell-Levy—Yan relation beyond leading log
Bliimlein, Ravindran, | W.L. van Neerven | (2000)

In the Leading Log Approximation (1 loop),

Gribov—Lipatov reciprocity

Pga(x) = Fx - Pag(x™1)
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Space-like parton evolution (S) vs. time-like fragmentation (T)

Drell-Levy—Yan relation

T S _
Pn (x) = Fx - PRl (x71).

True in any QFT, it reflects the crossing and allows to link the two
channels by analytic continuation, from x <1 to x > 1:
Bukhvostov, Lipatov, Popov (1974)
Drell-Levy—Yan relation beyond leading log
Bliimlein, Ravindran, | W.L. van Neerven | (2000)

In the Leading Log Approximation (1 loop),

Gribov—Lipatov reciprocity

Pga(x) = Fx - Pag(x™1)

GLR was found to be broken beyond the 1st loop.
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—Innovative Bookkeeping space- and time-like parton multiplication

L Parton Cascades

Space-like parton evolution (S) vs. time-like fragmentation (T)

Drell-Levy—Yan relation

T S _
Pn (x) = Fx - PRl (x71).

True in any QFT, it reflects the crossing and allows to link the two
channels by analytic continuation, from x <1 to x > 1:
Bukhvostov, Lipatov, Popov (1974)
Drell-Levy—Yan relation beyond leading log
Bliimlein, Ravindran, | W.L. van Neerven | (2000)

In the Leading Log Approximation (1 loop),

Gribov—Lipatov reciprocity

Pga(x) = Fx - Pag(x™1)

GLR was found to be broken beyond the 1st loop. But WHY 7
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Fluctuation time ordering : D-r (HERA, 1993)
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din Q2 _/O_PB(Z'O‘S)D (E’ZQ>

Z




Perturbative QCD (26/71)

L Innovative Bookkeeping Reciprocity Respecting Evolution

I—GLR respecting evolution

Fluctuation time ordering : D-r (HERA, 1993)
dD”(x, Q?) Ldz _, g /X 5 +1, (T)
: — T y s D (_7 7 ) y — ,
dIn Q2 /0 ZPB(ZQ) ZZQ 7 {—17 (S)



Perturbative QCD (26/71)

L Innovative Bookkeeping Reciprocity Respecting Evolution

I—GLR respecting evolution

Fluctuation time ordering : D-r (HERA, 1993)
dD”(x, Q?) Ldz _, g /X +1, (T)
’ _ e (s D (_’ o 2) , _ )
dIn Q2 /0 ZPB(ZQ) ZZQ 7 {—17 (S)

which is non-local due to the mixing of z and Q2 in the hardness scale.
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L Innovative Bookkeeping Reciprocity Respecting Evolution

I—GLR respecting evolution

Fluctuation time ordering : D-r (HERA, 1993)
dDA(X, Q2) dz B o N2 +1, (T)
din Q2 _/0 ~ Polzias) D (E Z°Q ) 771 -1, (9)

which is non-local due to the mixing of z and Q2 in the hardness scale.
This non-locality can be handled using the Taylor series trick:

dz N dz i 5 _ d
/0 ?77(2 as) D (z Q)—/O — P(z) 2" 4@ D(Q?), d_dIan'
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L Innovative Bookkeeping Reciprocity Respecting Evolution

I—GLR respecting evolution

Fluctuation time ordering : D-r (HERA, 1993)
dDA(X, Q2) dz B o N2 +1, (T)
din Q2 _/0 ~ Polzias) D (EZ Q) “‘{ ~1, (S)

which is non-local due to the mixing of z and Q2 in the hardness scale.
This non-locality can be handled using the Taylor series trick:

dz N dz i 5 _ d
/0 ?77(2 as) D (z Q)—/O — P(z) 2" 4@ D(Q?), d_dIan'

In the Mellin moment space,

d
Pn = /0 - — P(z ) —  IN - DN(Qz) = PN+od - DN(Q2)

Z

the evolution kernel P emerges with the differential operator for argument.
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I—GLR respecting evolution

Fluctuation time ordering : D-r (HERA, 1993)
dDA(X, Q2) dz B o N2 +1, (T)
din Q2 _/0 ~ Polzias) D (EZ Q) “‘{ ~1, (S)

which is non-local due to the mixing of z and Q2 in the hardness scale.
This non-locality can be handled using the Taylor series trick:

dz N dz i 5 _ d
/0 ?77(2 as) D (z Q)—/O — P(z) 2" dn @ D(Q?), d_dIan'

In the Mellin moment space,

d
Py = /0 - — P(z) 2" — - Dn(Q?) = Priod - Dn(Q7)

Z

the evolution kernel P emerges with the differential operator for argument.

Expanding, get an equation for the an.dim. ~y
Vo] =P+P- (07+ﬁ/a)+%75- [72+0(2ﬁ/oz Y+ B047)+ Bl 8aﬁ} + O(a4).



Perturbative QCD (26/71)

L Innovative Bookkeeping Reciprocity Respecting Evolution

I—GLR respecting evolution

Fluctuation time ordering : D-r (HERA, 1993)
dDA(X, Q2) dz B o N2 +1, (T)
din Q2 _/0 ~ Polzias) D (E ZQ ) 771 -1, (9)

which is non-local due to the mixing of z and Q2 in the hardness scale.
This non-locality can be handled using the Taylor series trick:

dz N dz i 5 _ d
/0 ?77(2 as) D (z Q)—/O — P(z) 2" dn @ D(Q?), d_dIan'

In the Mellin moment space,

d
Py = /0 - — P(z) 2" — - Dn(Q?) = Priod - Dn(Q?)

Z

the evolution kernel P emerges with the differential operator for argument.

Expanding, get an equation for the an.dim. =, one for both channels

Vo] =P+P- (O”V‘Fﬁ/&)—F%ﬁ' [72+0(2ﬁ/oz Y+ B0,7)+ B/ 8aﬁ} + O(a4).
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L Innovative Bookkeeping GLR beyond the 1st loop

I—GLR respecting evolution

Examine the “reciprocity respecting equation” (RRE) by feeding in the
one-loop parton “Hamiltonian”, P(a) ~ aP; :

Vel = P+P-(ov+8)+3P - [ +0(2B/ay+B0ay)+ B daB] + . ..
= aP1+a2-(JP1P1—|—60) +O(a3).
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I—GLR respecting evolution

Examine the “reciprocity respecting equation” (RRE) by feeding in the
one-loop parton “Hamiltonian”, P(a) ~ aP; :

Vel = P+P-(ov+8)+3P - [ +0(2B/ay+B0ay)+ B daB] + . ..
— aP1+oz2o(aP1P1+60) —I—C’)(a3).

The difference between time- and space-like anomalous dimensions,
3 [P(T) — P(S)] = a? - PP+ 0(c%),
In the x-space corresponds to the convolution

HPRT PR = [ E (PR (5)), PRz,

Z Z

responsible for GLR violation in the 2nd loop non-singlet quark anomalous
dimension, as found by Curci, Furmanski & Petronzio (1980)
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L Innovative Bookkeeping GLR beyond the 1st loop

I—GLR respecting evolution

Examine the “reciprocity respecting equation” (RRE) by feeding in the
one-loop parton “Hamiltonian”, P(a) ~ aP; :

Vel = P+P-(ov+8)+3P - [ +0(2B/ay+B0ay)+ B daB] + . ..
= aP1+a®- (0 PiPi+ By +P2)+0(a?).

The difference between time- and space-like anomalous dimensions,
3 [P(T) — P(S)] = a? - PP+ 0(c%),
In the x-space corresponds to the convolution
1
2),T 2),S dz [ (1) (X 1
L[PRT PR = [ Z{PR ()}, PRz,
0o < Z +

responsible for GLR violation in the 2nd loop non-singlet quark anomalous
dimension, as found by Curci, Furmanski & Petronzio (1980)

—> the genuine P> does not contain o, is GLR respecting
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L Innovative Bookkeeping GLR beyond the 1st loop

I—GLR respecting evolution

Examine the “reciprocity respecting equation” (RRE) by feeding in the
one-loop parton “Hamiltonian”, P(a) ~ aP; :

Vel = P+P-(ov+8)+3P - [ +0(2B/ay+B0ay)+ B daB] + . ..
= aP1+a®- (0 PiPi+ 8y +P2)+0(a?).

The difference between time- and space-like anomalous dimensions,
3 [P(T) — P(S)] = a? - PP+ 0(c%),
In the x-space corresponds to the convolution

HPRT PR = [ E (PR (5)), PRz,

Z Z

responsible for GLR violation in the 2nd loop non-singlet quark anomalous
dimension, as found by Curci, Furmanski & Petronzio (1980)

More generally, a renormalization scheme transformation as a cure
for /against GLR violation was proposed by Stratmann & Vogelsang (1996)
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L RREE applications

Another important aspect of the RREE is the “double nature” of the
perturbative expansion — in aphys and, at the same time, in (1—x):

v[la] = P + P (J’y+ﬁ/cv)+%75-(’yz—|—a(2ﬁ/a Y+ B0a7y)+ Blo (%ﬂ) + ...
alnN+a?- (1/N)+a® - (1/N?) +a* - (1/N3) +...
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= alnN+a®- (1/N)+a® (1/N?) +a*- (1/N?) + ...

In the x — 1 limit (large moments N) inherited structures determine first
subleading corrections in all orders !
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L RREE applications

Another important aspect of the RREE is the “double nature” of the
perturbative expansion — in aphys and, at the same time, in (1—x):

v[la] = P + P. (J’y+ﬁ/cv)+%75-(’yz—|—a(2ﬁ/a Y+ B0a7Y)+ Bl 8Oﬂ) + ...
= alnN+a®- (1/N)+a® (1/N?) +a*- (1/N?) + ...

In the x — 1 limit (large moments N) inherited structures determine first
subleading corrections in all orders !
A x

v(x)= + Bi(1—x) + ClIn(1—x) + D+ O((1—x) logP(1—x))
(I—x)+

A gap between classical radiation (Low—Burnett—Kroll wisdom)
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L RREE applications

Another important aspect of the RREE is the “double nature” of the
perturbative expansion — in aphys and, at the same time, in (1—x):

v[la] = P + P (J’y+ﬁ/cv)+%75-(’yz—|—a(2ﬁ/a Y+ B0a7y)+Blo 8Oﬂ) + ...
= alnN+a®- (1/N)+a® (1/N?) +a*- (1/N?) + ...

In the x — 1 limit (large moments N) inherited structures determine first
subleading corrections in all orders !

v(x)= + Bi(1—x) + ClIn(1—x) + D+ O((1—x) logP(1—x))
(I—x)+

and quantum fluctuations
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L RREE applications

Another important aspect of the RREE is the “double nature” of the
perturbative expansion — in aphys and, at the same time, in (1—x):

v[la] = P + P. (J’y+ﬁ/cv)+%75-(’yz—|—a(2ﬁ/a Y+ B0a7Y)+ Bl 8Oﬂ) + ...
= alnN+a®- (1/N)+a® (1/N?) +a*- (1/N?) + ...

In the x — 1 limit (large moments N) inherited structures determine first
subleading corrections in all orders !

v(x)= + Bi(1—x) + ClIn(l—x) + D+ O((1—x) logP(1—x))
(I—x)+

Generated: D-r, Marchesini & Salam (2005)

C=—0A? — relation observed by MVV in 3 loops
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L RREE applications

Another important aspect of the RREE is the “double nature” of the
perturbative expansion — in aphys and, at the same time, in (1—x):

v[la] = P + P. (J’y+ﬁ/a)+%75-(’yz—|—a(2ﬁ/a Y+ B0a7Y)+ Bl 8Oﬂ) + ...
= alnN+a®- (1/N)+a® (1/N?) +a*- (1/N?) + ...

In the x — 1 limit (large moments N) inherited structures determine first
subleading corrections in all orders !

A
)= X) + B5(1—x) + ClIn(1—x) + D + O((1—x) logP(1—x))
Generated: D-r, Marchesini & Salam (2005)
C=—0A? — relation observed by MVV in 3 loops

D=—-0AB +O(3)  — another all-order relation
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RREE relates two long-standing puzzles :

DIS (space-like evolution). Look at small x that is, N < 1

BFKL W:% L0, (0‘_)2 iy (%)3+

(%) +
N N N) T

et e annihilation (time-like cascades) — a similar story:
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DIS (space-like evolution). Look at small x that is, N < 1
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1 —14+2
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L RREE applications

RREE relates two long-standing puzzles :

DIS (space-like evolution). Look at small x that is, N < 1

o Qs \ 2 a3 as\ 4
BFKL = yv="7 +0- (T) () () +--
IN= + 0 N + 0 N + N +
et e annihilation (time-like cascades) — a similar story:

1 —>142 — Angular Ordering
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L RREE applications

RREE relates two long-standing puzzles :

DIS (space-like evolution). Look at small x that is, N < 1

BFKL W:% L0, (0‘_)2 iy (%)3+

(%) +
N N N) T

et e annihilation (time-like cascades) — a similar story:

1 —>142 — Angular Ordering

1—-14243
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L RREE applications

RREE relates two long-standing puzzles :

DIS (space-like evolution). Look at small x that is, N < 1

BFKL W:% L 0. (04_)2 ey (%)3+

(%) +
N N N) T

et e annihilation (time-like cascades) — a similar story:

1 —>142 —>  Exact Angular Ordering

1—14+2+3 — (1—>1—|—2)®(2—>2—|—3)
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L RREE applications

RREE relates two long-standing puzzles :

DIS (space-like evolution). Look at small x that is, N < 1

BFKL W:% L0, (0‘_)2 iy (%)3+

(%) +
N N N) T

et e annihilation (time-like cascades) — a similar story:

1 —>142 —>  Exact Angular Ordering

1—14+2+3 — (1—>1—|—2)®(2—>2—|—3)
l1—-14+24+34+4
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L RREE applications

RREE relates two long-standing puzzles :

DIS (space-like evolution). Look at small x that is, N < 1

o) Qs \ 2 a3 as\ 4
BFKL = yw="7+0- (T) () () +--
IN= T 0 Nv) T 0 v) T N T
et e annihilation (time-like cascades) — a similar story:
1 —>142 —>  Exact Angular Ordering still intact !

1—14+2+3 — (1—>1—|—2)®(2—>2—|—3)

151424344 = (1-142)(2—-24+3)®(3—=3+4)
so-called “Malaza puzzle”
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L RREE applications

RREE relates two long-standing puzzles :

DIS (space-like evolution). Look at small x that is, N < 1
Qs Qs 2 Qs 3 s\ 4
’YN—N—I-O (N) + 0 (N) + (N) + ...
et e annihilation (time-like cascades) — a similar story:
1 —>142 —  Exact Angular Ordering

1—-1+2+3 — (1-14+2)®(2—2+3)
1—-1424344 = (1-14+2)(2—-2+3)®3—3+4)
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I—Innovative Bookkeeping Sm a | I X Ch a rt

L RREE applications

1k
(F) A

7
Solid — BFKL (black)
° = and N-BFKL (green)
. known in all orders.
Dashed blue —
4 |
v, terms generated by
.| a/N and a.
, Yellow — unknown.
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L innovative Bookkeeping Space-Time bookkeeping

L RREE verification

The origin of the GL reciprocity violation is essentially kinematical :
inherited from previous loops !

Hypothesis of the new RR evolution kernel P
D-r, Marchesini & Salam (2005)

was verified at 3 loops for the nonsinglet channel, (7{7) — ~(%)) = OK
Mitov, Moch & Vogt (2006)

In the moment space, the GL symmetry, x — 1/x < N — —(N + 1),
translates into dependence on the conformal Casimir J> = N(N + 1).

By means of the large N expansion, P = aphys - In F+y, (Jz)_n

Extra QCD checks: Basso & Korchemsky, in coll. with S.Moch (2006)
» 3loop singlet unpolarized » Also true for SUSYs,

» 2loop quark transversity > in 4 loops in \¢*,

» 2loop linearly polarized gluon » in QCD By — oo, all loops,

» 2loop singlet polarized » AdS/CFT (N=4 SYM a > 1)
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L innovative Bookkeeping Space-Time bookkeeping

L RREE verification

Maximally super-symmetric N'=4 YM allows for a compact analytic
solution of the GLR problem in 3 loops (V/V) D-r & Marchesini (2006)

Moreover, the most resent result, still smoking : in N'=4
X GLR holds for twist 3, in 344 loops  Matteo Beccaria et al. (2007)

What is so special about N’ =4 SYM ?

This QFT has a good chance to be solvable — “integrable”.
Dynamics can be fully integrated if the system possesses a sufficient
(infinite!) number of conservation laws, — integrals of motion.

Recall an old hint from QCD ...
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L Innovative Bookkeeping Relating parton splittings

L RREE verification

Z Z

o N\ , ,

1— 1 1 1—
1 —~ z
Z
Z

]_—|—Z4—|— 1—7)4
= Tgr- [22#—(1—2)2} — N, - ( )

z(1 - z)

Four “parton splitting functions”

o). 9. e, e
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L Innovative Bookkeeping Relating parton splittings

L RREE verification

Z vi

o N\ , ,

1- 1 1 1—
11—~ zZ
Z
Z

1—|—Z4—|— 1—7)4
= Tgr- [Zz—l—(l—z)z} — N, - ( )

z(1 - z)

» Exchange the decay products : z -1 —z

SORNCN  §
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L Innovative Bookkeeping Relating parton splittings

L RREE verification

Z Z

o N\ , ,

1- 1 1 1—
1 —~ zZ
Z
Z

1 4 1—7)4
= Tgr- [Zz—l—(l—z)z} — N, - +2z" +(1-2)

z(1 - z)

» Exchange the decay products : z - 1 —z
» Exchange the parent and the offspring : z — 1/z (GLR)

B o). e e
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L Innovative Bookkeeping Relating parton splittings

L RREE verification

Z z
o N\ , ,
1- 1 1+ (1-
1—-=z z
Z
Y4
1+ 2%+ (1—-2)*
=Tr- [22 4+ (1—2)? = N, -
R [2°+(1-2)7] c z(1— 2z2)
» Exchange the decay products : z - 1 —z
» Exchange the parent and the offspring : z — 1/z (GLR)

Three (QED) “kernels” are inter-related; gluon self-interaction stays put :

), 8, 890 £€(2)
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pmevative Booklsepig Relating parton splittings
Z Y4
o N\
1-7 _ ¢ 1+ 22 _C .1‘|‘(1_Z)2
11—z z
Z
Y4
1+ 2%+ (1—-2)*
= Tr- [22+ (1-2)° = N, -
R 20+ (1-2)7] c z(1— 2z2)

» Exchange the decay products : z - 1 —z

» Exchange the parent and the offspring : z — 1/z (GLR)
» The story continues, however :

All four are related |

wo(2) = ¥+ = §) + 50 | =
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© _ ¢, + z _ - +(1-2)
1—2z z
Y4
Y4
1+ 2%+ (1—-2)*
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» Exchange the decay products : z - 1 —z

» Exchange the parent and the offspring : z — 1/z (GLR)
» The story continues, however :

Cr = Tr = N. : Super-Symmetry

All four are related |

we(z) = | 32 +892) = 2 + z) || = we(2)
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pmevative Booklsepig Relating parton splittings
Z Y4
o N\ , ,
1- 1 1+ (1-
‘ _ ¢, + z _ - +(1-2)
1—2z z
Y4
Y4
1+ 2%+ (1—-2)*
= Tr- [22+ (1-2)° = N, -
R 20+ (1-2)7] c z(1— 2z2)

» Exchange the decay products : z - 1 —z

» Exchange the parent and the offspring : z — 1/z (GLR)
» The story continues, however :

Cr = Tr = N, : Super-Symmetry

All four are related ! = infinite number of conservation laws !

we(z) = | 32 +892) = 1z + ) || = we(2)




Perturbative QCD (34/71)

L Innovative Bookkeeping from Bookkeeping to Solving

L RREE verification

The integrability feature manifests itself already in certain sectors of QCD,
in specific problems where one can identify QCD with SUSY-QCD

Lipatov

V' the Regge behaviour (large N) Faddeev & Korchemsky (1994)

Braun, Derkachov, Korchemsky,
Manashov; Belitsky (1999)

Lipatov (1997)
v/ maximal helicity multi-gluon operators Minahan & Zarembo
Beisert & Staudacher (2003)

v/ baryon wave function
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The integrability feature manifests itself already in certain sectors of QCD,
in specific problems where one can identify QCD with SUSY-QCD :

Lipatov

V' the Regge behaviour (large N) Faddeev & Korchemsky (1994)

Braun, Derkachov, Korchemsky,
Manashov; Belitsky (1999)

Lipatov (1997)
v/ maximal helicity multi-gluon operators Minahan & Zarembo
Beisert & Staudacher (2003)

The higher the symmetry, the deeper integrability. N'=4 — the extreme:

v/ baryon wave function

X Conformal theory B(a) =0

X All order expansion for aphys Beisert, Eden, Staudacher (2006)
Maldacena; Witten,

Gubser, Klebanov, Polyakov  (1998)

WHY and WHAT FOR 7

X Full integrability via AdS/CFT
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L RREE verification

The integrability feature manifests itself already in certain sectors of QCD,
in specific problems where one can identify QCD with SUSY-QCD :

_ Lipatov
V' the Regge behaviour (large N) Faddeev & Korchemsky (1994)

Braun, Derkachov, Korchemsky,

Manashov; Belitsky (1999)

Lipatov (1997)

v/ maximal helicity multi-gluon operators Minahan & Zarembo
Beisert & Staudacher (2003)

The higher the symmetry, the deeper integrability. N =4 — the extreme:

v/ baryon wave function

X Conformal theory B(a) =0
X All order expansion for aphys Beisert, Eden, Staudacher (2006)

Maldacena: Witten,

X Full integrability via AdS/CFT Gubser, Klebanov, Polyakov  (1998)

And here we arrive at the second — Divide and Conquer — issue
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I—Divide and Conquer I_ B K WISdOm

L Low-Burnett-Kroll wisdom

Recall the diagonal first loop anomalous dimensions:

- Cras | x 1
Tg—aq(x)+g = o 1 _ x +(1—x)- 5] ’

Caos X

Te—etote = — 1_X+(1—X)'(X+X_1)]-
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I—Divide and Conquer I_ B K WISdOm

L Low-Burnett-Kroll wisdom

Recall the diagonal first loop anomalous dimensions:

- Cros X 1
Tg—aq(x)+g = - 1 _ x +(1—x)- 5] )

~ Cacs | x —1
eetre = | ) (x|

The first component is independent of the nature of the radiating particle
— the Low—Burnett—Kroll classical radiation = “claglons”.
The second — “quaglons’ — is relatively suppressed as O((l — x)2).

Classical and quantum contributions respect the GL relation, individually:

—xf(1/x) = f(x)

Let us look at the roles these animals play on the QCD stage
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Divide and Conquer

L Low-Burnett-Kroll wisdom

Gluenatomy

Clagons :
X (Classical Field
v’ infrared singular, dw/w

v/ define the physical coupling

v/ responsible for
= DL radiative effects,

= reggeization,
= QCD/Lund string (gluers)

v/ play the major role in evolution

Quagons :
X Quantum d.o.f.s (constituents)
v/ infrared irrelevant, dw - w
v/ make the coupling run

v/ responsible for conservation of

= P-parity, decays
} in '

= C-parity, production

= colour
v, minor role
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I—Divide and Conquer G | Uen atOmy

L Low-Burnett-Kroll wisdom

Clagons : Quagons :
X Classical Field X Quantum d.o.f.s (constituents)
v/ infrared singular, dw/w v/ infrared irrelevant, dw - w
v/ define the physical coupling v/ make the coupling run
v/ responsible for v/ responsible for conservation of
= DL radiative effects, = P-parity,
= reggeization i In decays,
56 - = C-parity, production
= QCD/Lund string (gluers) - colour
v/ play the major réle in evolution v/ minor réle

In addition,
X Tree multi-clagon (Parke—Taylor) amplitudes are known exactly

X |t is clagons which dominate in all the integrability cases
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N = 4 Super-Yang-Mills N=4 SUSY Yang—Mills

SYM anomalous dimension

Maximally super-symmetric YM field model:
Matter content = 4 Majorana fermions, 6 scalars;
everyone in the ajoint representation.

d a(p?) - 11 : 2 2
— _ . . dx 2 1—
d'”M2< 4m >QCD 3 Catnr- Tk /o X2 (LX)

Now, N =4 SUSY :

Ca~td [a(u?) - 11 4 [ 5 0y 6 1
— o 2 k2 1 2 [ dx2x(1—
dln,u2<47r 3+2/de b+ X)Hz!/odx x(1=x)

X
1 — x

» () =0in all orders ! — ~= + no quagons !

. makes one think of a classical nature (7) of the SYM-4 dynamics
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L = 4 Super-Yang-Mill Euler—Zagier harmonic sums

Universal anomalous dimension

In spite of having many states (s = 0, %, 1), the SYM-4 parton dynamics is
built of a single “universal” anomalous dimension:

V(N +2) = 5 (N + 1) = yo(NV) = 5 (N — 1) = 7-(N = 2) = Yumi( V)
with the 1st loop given by

1
DAy _ [T N ). X
Yuni (V) = =51(N) /0 X (X 1) x — 1
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L = 4 Super-Yang-Mill Euler—Zagier harmonic sums

Universal anomalous dimension

In spite of having many states (s = 0, %, 1), the SYM-4 parton dynamics is
built of a single “universal” anomalous dimension:

Y+ (N +2) =54 (N +1) =1(N) =9-(N - 1) =7-(N = 2) = yuni(N)
with the 1st loop given by

f=s = % (40 5 w2y

Look upon 57 as a “harmonic sum”,
SuN) = Eica & = v(N+1) = 9(1),
In higher orders enter m > 1,
Sm(N) = S0y & = Sy Jo dxox™ I 4 ¢(m),
as we as multiple indices — nested sums

S-(k =
Smp(N) =N 28 (5= (my,m,....mp),
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LN = 4 Super-Yang-Mills negative |nd iCGS

Universal anomalous dimension

Starting from the 2nd loop, one encounters also negative indices,

N \k
Sm(N) =3 k}n) |
k=1

The origin of these oscillating sums — the [ =l crossing:

[ ] | (a) < (b)
| | P — —P

() (b) X — —X

X2
paa(x) = 02 (Ca = Cr) pag(—) - 6200 paalx) = 53
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LN = 4 Super-Yang-Mills negaﬂve ”K“CGS

Universal anomalous dimension

Starting from the 2nd loop, one encounters also negative indices,

N \k
Sm(N) =3 k}n) |
k=1

The origin of these oscillating sums — the [ =l crossing:

| Sl | (a) < (b)
! ' P — —P
> (b) X — —X
2= -In*x — S3(N) 2 da(x) = Y_3(N)
1+ x?2

Pqg(x) = o (%CA — CF) pgg(—x) - 2(x),  Pgq(x) = 2(1— x)’
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Loop # 3 : since neither fermions nor scalars give rise to Sy, _1,
pick out the maximal transcedentality pieces from the QCD an. dim.
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Transcedentality

Loop # 1 : 1 =—51.

Loop # 2 : Yo = %53 + 515 + (%5_3 + 55 5, — 5_271> :

(direct calculation by Kotikov & Lipatov, 2000)
AK observation: v, contains but the “most transcendental” structures !

Loop # 3 : since neither fermions nor scalars give rise to Sy, _1,
pick out the maximal transcedentality pieces from the QCD an. dim.
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L = 4 Super-Yang-Mill classicality” and “transcedentality
Transcedentality

Loop # 1 : 1 =—51.

Loop # 2 : Yo = %53 + 515 + (%5_3 + 515, — 5_2,1) :

(direct calculation by Kotikov & Lipatov, 2000)
AK observation: v, contains but the “most transcendental” structures !

Loop # 3 : since neither fermions nor scalars give rise to Sy, _1,
pick out the maximal transcedentality pieces from the QCD an. dim.

V3 = —2S5— [S7S3+ 3555+ 5155 + 25154
— 5 [45_4 -+ %532 + 25,5 5 — 65_371 — 55_2,2 + 85_27171}

— (%52 + 3512)5_3 — 535 -+ (52 + 2512)5_2,1 + 125_2’1’1,1
—6(5_311+ S5 212+S5221) +3(5-41+S32+523) — 35_s.

The RREE,
Yo(N) = P(N + 075(N))

generates positives and simplifies negatives.
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P1 = — 5,
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Py = —35+3Y5+B+G 35
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LN = 4 Super-Yang-Mills RR evoI ution kernel

Transcedentality

In terms of the perturbative expansion in the physical coupling,

aph:a(l——Cza+ C2232+...),

P1 = — 51
P2 = %A3—%§/—3 + Bo
Py = —35+3Y5+B+G 35

N " A A In N/

£S5 (Voo =354+ 82) + &38| x5
Notation:
¥ o(N) = (“1)VM | —— 6,
(V) = (DM {2 6ma().

((1—|—X)2z
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LN = 4 Super—Yang—Mills Twist-3

L Beyond leading Twist

The s1(2) sector of planar N'=4 SYM contains single trace states which
are linear combinations of the basic operators

Tr{(DﬂZ)...(DSLZ)}’ 51‘|'"“|‘5L:N7

where Z is one of the three complex scalar fields and D is a light-cone
covariant derivative. The numbers {s;} are non-negative integers and N is
the total spin. The number L of Z fields is the twist of the operator, i.e.
the classical dimension minus spin.
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where Z is one of the three complex scalar fields and D is a light-cone
covariant derivative. The numbers {s;} are non-negative integers and N is
the total spin. The number L of Z fields is the twist of the operator, i.e.
the classical dimension minus spin.

The anomalous dimensions of these states are the eigenvalues v, (N; g) of
the dilatation operator — integrable Hamiltonian.

These values were obtained by solving numerically the Bethe Ansatz
equations (BAE), order by order in g2, and guessing the answer in terms
of harmonic sums of transcedentality 7 = 2n—1, at n loops.
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LN = 4 Super—Yang—Mills Twist-3

L Beyond leading Twist

The s1(2) sector of planar N'=4 SYM contains single trace states which
are linear combinations of the basic operators

Tr{(DﬂZ)...(DSLZ)}’ 51‘|'""|‘5L:N7

where Z is one of the three complex scalar fields and D is a light-cone
covariant derivative. The numbers {s;} are non-negative integers and N is
the total spin. The number L of Z fields is the twist of the operator, i.e.
the classical dimension minus spin.

The anomalous dimensions of these states are the eigenvalues v, (N; g) of
the dilatation operator — integrable Hamiltonian.

These values were obtained by solving numerically the Bethe Ansatz
equations (BAE), order by order in g2, and guessing the answer in terms
of harmonic sums of transcedentality 7 = 2n—1, at n loops.

Since wrapping problems, delayed by supersymmetry, appear at L+2 loop
order for twist-L operators, the BAE for twist-3 are reliable up to four
loops (including, at the fourth loop, the dressing factor).
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LN = 4 Super-Yang-Mills TWiSt-3 : Answer

L Beyond leading Twist

’7:(9,1) = 451,

W2 = _2(55425.5))

W) = 555 4+65,55—8S311+4S41 —4S3+ S1(453 +25, +8531),
A = 15, 1 786+1555 —5S554—295,3— 21555 — 5561

—405115 —325124+245133+325142—325214+ 205253
+405232+ 45241 +245313+ 445322+ 245331+ 365412
+365421+245511+8051114—1651132+3251141

—24 51222+ 1651231 —2451312 — 2451321 — 2451411
—24 501220+ 1652131 —2452212—2452221—2450311
—2453112 — 2453121 — 2453211 — 2454111 — 04511131
—8 3 51 Ss.

The last term, with 3 = (3, is the contribution from the dressing factor
that appears in the BAE at the fourth loop.
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LN = 4 Super-Yang-Mills TWiSt-3 : featu res

L Beyond leading Twist

The twist-3 anomalous dimension has two characteristic features:

1. All harmonic functions Sz are evaluated at half the spin, S; = S5 (N/2).
On the integrability side, this does not look unwarranted, since only
even N belong to the non-degenerate ground state of the magnet.
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even N belong to the non-degenerate ground state of the magnet.

2. No negative indices appear at twist-3, while in the case of twist-2
negative index sums were present starting from the second loop.
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LN = 4 Super-Yang-Mills TWiSt-3 : featu res

L Beyond leading Twist

The twist-3 anomalous dimension has two characteristic features:

1. All harmonic functions Sz are evaluated at half the spin, S, = S, (N/2).
On the integrability side, this does not look unwarranted, since only
even N belong to the non-degenerate ground state of the magnet.

2. No negative indices appear at twist-3, while in the case of twist-2
negative index sums were present starting from the second loop.

At the N — oo limit, the minimal anomalous dimension ~ (corresponding
to the ground state) must exhibit the universal (LBK-classical) In N
behaviour which depends neither on the twist, nor on the nature of fields
under consideration. Computing analytically the large N asymptotics yields

73(N) 272 117* 2 | 737T
(a4

which matches the four-loop cusp anomalous dimension — the physical

coupling. This is a non-trivial check, since the derivation was based on
experimenting with finite values of the spin .
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L — 4 Super-Yang_Mils Twist-3 : Evolution Kernel (rough)

L Beyond leading Twist

After processing thru v = P(N + 57) , in series in g2 = ’\éjf‘,
P = 45,
P& = 25 —4( S,

The fourth loop kernel we split into two terms: P(*) = P§4) + P

P

p(4)

PB) = S54+2(S3+4 (S32+ Sa1—25311)
+ 4 5 (253,1 — 54‘|‘4C4) _4512 (53 - C3)

P,

—8|S33 + S1,5 + 2524 — 4(S2,1,3 + S1.23 + S1,14) +851,1,13) 1
257 — 16 (S16+ Sa3) — 24 (So5 + S3.4)

+48(S115+ S133+ S313) +64(S223+ S214 + S124)
—128 (S1114+ 52113+ S1213+ S1,123) +256 511,113

Yl R/ )Ty

84 ST — 4[(2Cs + 8Cs] St — [4(G +26)Ss +49¢6] S1
+ (851,13 — 4814 — 48523 — S5) (2 — 853 (4.
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LN = 4 Super-Yang-Mills RR harmonic functions

L Beyond leading Twist

Let m = {my, my,..., my}, and examine the recurrence relation
1
- 4 X dz(z+1)  , 12z =
®p 4(x) = —[[(b)] 7} InP~1 = . o

where the single index function coincides with the image of the standard
harmonic sum,

X

,(x) = [M(a)] ™

1
. —1 |na_1; — Sa(X).
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LN = 4 Super-Yang-Mills RR harmonic functions

L Beyond leading Twist

Let m = {my, my,..., my}, and examine the recurrence relation
1
~ 1 X dz(z+1)  , 1z =
p m(x) = —[[(b)]? | ~ P
i) = MO 2 [ e 2 b a),

where the single index function coincides with the image of the standard
harmonic sum,

X

B,(x) = [M(a)] } —— a1 % = &(x).

x—1

At the base of the recursion, we have (the weight w =7 — ()
d,(x) = ( - xcba(x—l)> (=121 = ( - dea(x—l)> (—1)vlel,

An iteration increases transcedentality 7 = Zle |m;| of the function by b,
and the length ¢ of the index vector by one, so that

w[m|+ b— 1= w[b, m].
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LN = 4 Super-Yang-Mills RR harmonic functions

L Beyond leading Twist

Let m = {my, my,..., my}, and examine the recurrence relation
1
~ 1 X dz(z+1)  , 1z =
p m(x) = —[[(b)]? | ~ P
i) = MO 2 [ e 2 b a),

where the single index function coincides with the image of the standard
harmonic sum,

X

,(x) = [M(a)] ™

1
|na_1 ; = Sa(X).

x—1

For an arbitrary index vector (the weight w =7 — ()
Bax) = (= xBa(x 1)) - (1)1
An iteration increases transcedentality 7 = Zle |m;| of the function by b,

and the length £ of the index vector by one, so that
w[m] 4+ b — 1= w[b, m].
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v = 4 Super-Yang-Mills Twist-3 : Evolution Kernel (beautified)

L Beyond leading Twist

Then, in terms of the physical coupling,
Nca h
g2 = =g (gt + 3 - (BE+3)e®+....

the perturbative series for the kernel, P = > _, giﬁ P becomes

ph’
Pé:}) = 45,
Péﬁ) = 283,
Péﬁ) = 38 —2®113 + - (—283),
Péﬁ) = 45 ‘le\4 + B4 + 2( - (355 - 2¢1,1,3)7

where

Ay = 2$1113—(‘T’1,5+$3,3)—C3§37

YAl R

By = 16®11113—4(P313+ P33+ Pris) — 387



Perturbative QCD (47/71)

v = 4 Super-Yang-Mills Twist-3 : Evolution Kernel (beautified)

L Beyond leading Twist

Then, in terms of the physical coupling,
Nca h
g2 = 5 =g2— (gt + 3 - (BE+3)e®+....

the perturbative series for the kernel, P = > _, giﬁ P becomes

ph’
Pé:}) = 45,
Péﬁ) = 283,
Péﬁ) = 38 —2®113 + - (—283),
Péﬁ) = 45 ‘le\4 + B4 + 2( - (355 - 2¢1,1,3)7

where

Ay = 2$1113—(‘T’1,5+$3,3)—C3§37

YAl R

By = 16®11113—4(P313+ P33+ Pris) — 387



Perturbative QCD (47/71)

v = 4 Super-Yang-Mills Twist-3 : Evolution Kernel (beautified)

L Beyond leading Twist

Then, in terms of the physical coupling,
Nca h
g2 = 5 =g2— (gt + 3 - (BE+3)e®+....

the perturbative series for the kernel, P = > _, giﬁ P becomes

ph’
Pé:}) = 45,
Péﬁ) = 283,
Péﬁ) = 38 —2®113 + - (—283),
Péf:) = 45 ‘le\4 + B4 + 2( - (355 - 2¢1,1,3)7

where

Ay = 2$1113—(‘T’1,5+$3,3)—C3§37

YAl R

By = 16®11113—4(P313+ P33+ Pris) — 387

Since all harmonic functions involved have even weights w,
the evolution kernel is Reciprocity Respecting.
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N = 4 Super-Yang-Mills Twist-3 vis a vis Twist-2

L Beyond leading Twist

This result can be compared with the evolution kernel that generates the
twist-2 universal anomalous dimension :

1
Péh) = 463,
Péi) = —4S3+4P; _o;
Péﬁ) — 8855 — 24 ¢1,1,1,—2 — 8 C2 S3

—88; - |2 CTD1,1,—2 + cT>—2,—2 ~S 4+ G §_2},
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N = 4 Super-Yang-Mills Twist-3 vis a vis Twist-2

L Beyond leading Twist

This result can be compared with the evolution kernel that generates the
twist-2 universal anomalous dimension :

1
Péh) = 463,
Péi) = —4S3+4P; _o;
Péﬁ) — 8855 — 24 ¢1,1,1,—2 — 8 C2 S3

—881 - |2 CT>1,1,—2 + cT>—2,—2 ~S 4+ G §_2},

similar pattern of the single log N enhancement.
Remark : in general, the GL parity is

dm(x) = (_ X(T)m(x—l)> , (_1)w[ﬁv] , (_1)# of negative indices
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LN = 4 Super—Yang—Mills Logs N y and P

L Beyond leading Twist
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P(N) =81+ (apn + A) +B,  A=0(1/N?).
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L Beyond leading Twist

General structure of the RR Evolution Kernel (A, B are log free !)
P(N) =81+ (apn + A) +B,  A=0(1/N?).

This feature is in a marked contrast with the anomalous dimension per se,
whose large N expansion includes growing powers of log \V:
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LN = 4 Super—Yang—Mills Logs N y and P

L Beyond leading Twist

General structure of the RR Evolution Kernel (A, B are log free !)
P(N) =81+ (apn + A) +B,  A=0(1/N?).

This feature is in a marked contrast with the anomalous dimension per se,
whose large N expansion includes growing powers of log /V:

00 k
1
’)/(N) —alnN + E W E dk.m In™ N.

Easy to see from

kI \” dN

00 k—1
Yo =P(N+o07v) = 7-(N) = Z : ( ‘ ) [P(N)}k’
k=1

Physically, the reduction of singularity of the large N expansion shows that
the tower of subleading logarithmic singularities in the anomalous
dimension is actually inherited from the first loop — the LBK-classical
~1) = P) x S, and the RREE generates them automatically !
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LN = 4 Super-Yang-Mills Fresh Fresu |tS

Recent progress

» RRE as a natural consequence of the conformal invariance
“Anomalous dimensions of high-spin operators beyond the leading order”

Benjamin Basso & Gregory Korchemsky hep-th/0612247
> “N=4 SUSY Yang-Mills: three loops made simple(r)”

D-r & Pino Marchesini hep-th /0612248
» “Anomalous dimensions at twist-3 in the sl(2) sector of N=4 SYM”

Matteo Beccaria 0704.3570 [hep-th]

» Bethe Ansatz fails (“maximally”) at 4 loops for twist-2

“Dressing and Wrapping”
Kotikov, Lipatov, Rej, Staudacher & Velizhanin 0704.3586 [hep-th]

» twist-3 gaugino = twist-2 “universal”
“Universality of three gaugino anomalous dimensions in N=4 SYM"

Beccaria 0705.0663 [hep-th]

> “Twist 3 of the sl(2) sector of N=4 SYM and reciprocity respecting evolution”
Beccaria, D-r & Marchesini
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N =4 SYM has already demonstrated viability of the “inheritance” idea.

A deeper understanding of the s — u crossing (x — —x symmetry)
should turn the “viability of” into the “power of” (negative index sums)



Perturbative QCD (51/71)

1V = 4 Super-Yang-il N =4 SYM serving QCD

Serving QCD

N =4 SYM has already demonstrated viability of the “inheritance” idea.

A deeper understanding of the s — u crossing (x — —x symmetry)
should turn the “viability of” into the “power of”

N =4 SYM dynamics is classical, in certain sense.



Perturbative QCD (51/71)

1V = 4 Super-Yang-il N =4 SYM serving QCD

Serving QCD

N =4 SYM has already demonstrated viability of the “inheritance” idea.

A deeper understanding of the s — u crossing (x — —x symmetry)
should turn the “viability of” into the “power of”

N =4 SYM dynamics is classical, in uncertain sense



Perturbative QCD (51/71)

1V = 4 Super-Yang-il N =4 SYM serving QCD

Serving QCD

N =4 SYM has already demonstrated viability of the “inheritance” idea.

A deeper understanding of the s — u crossing (x — —x symmetry)
should turn the “viability of” into the “power of”

N =4 SYM dynamics is classical, in a not yet completely certain sense



Perturbative QCD (51/71)

1V = 4 Super-Yang-il N =4 SYM serving QCD

Serving QCD

N =4 SYM has already demonstrated viability of the “inheritance” idea.

A deeper understanding of the s — u crossing (x — —x symmetry)
should turn the “viability of” into the “power of”

N =4 SYM dynamics is classical, in certain sense.
If so, the final goal — to derive ~ from v(1), in all orders !



Perturbative QCD (51/71)

v = 4 Super-Yang-ils N =4 SYM serving QCD

I—Serving QCD

N =4 SYM has already demonstrated viability of the “inheritance” idea.

A deeper understanding of the s — u crossing (x — —x symmetry)
should turn the “viability of” into the “power of”

N =4 SYM dynamics is classical, in certain sense.
If so, the final goal — to derive ~ from v(1), in all orders !

QCD and SUSY-QCD share the gluons.



Perturbative QCD (51/71)

v = 4 Super-Yang-ils N =4 SYM serving QCD

I—Serving QCD

N =4 SYM has already demonstrated viability of the “inheritance” idea.

A deeper understanding of the s — u crossing (x — —x symmetry)
should turn the “viability of” into the “power of”

N =4 SYM dynamics is classical, in certain sense.
If so, the final goal — to derive ~ from v(1), in all orders !

QCD and SUSY-QCD share the gluons.

Importantly, the maximal transcedentality (c/lagon) structures
constitute the bulk of the QCD anomalous dimensions.



Perturbative QCD (51/71)

v = 4 Super-Yang-ils N =4 SYM serving QCD

I—Serving QCD

N =4 SYM has already demonstrated viability of the “inheritance” idea.

A deeper understanding of the s — u crossing (x — —x symmetry)
should turn the “viability of” into the “power of”

N =4 SYM dynamics is classical, in certain sense.
If so, the final goal — to derive ~ from v(1), in all orders !

QCD and SUSY-QCD share the gluons.

clever 2nd loop < o Heavy quark fragmentation
clever 1st loop ’ D-r, Khoze & Troyan , PRD 1996
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v = 4 Super-Yang-ils N =4 SYM serving QCD

I—Serving QCD

N =4 SYM has already demonstrated viability of the “inheritance” idea.

A deeper understanding of the s — u crossing (x — —x symmetry)
should turn the “viability of” into the “power of”

N =4 SYM dynamics is classical, in certain sense.
If so, the final goal — to derive ~ from v(1), in all orders !

QCD and SUSY-QCD share the gluons.

Importantly, the maximal transcedentality (clagon) structures
constitute the bulk of the QCD anomalous dimensions.

Employ =4 SYM to simplify the essential part of the QCD dynamics
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I—N = 4 Super—Yang—Mills CO”C'US'O”S

I—Serving QCD

» A steady progress in high order perturbative QCD calculations is worth
accompanying by reflections upon the origin and the structure of higher
loop correction effects

» Reformulation of parton cascades in terms of Gribov—Lipatov reciprocity
respecting evolution equations (RREE)

» reduces complexity by (at leat) an order of magnitude
» improves perturbative series  (less singular, better “converging”)
> links interesting phenomena in the DIS and eTe™ annihilation channels

» The Low theorem should be part of theor.phys. curriculum, worldwide

» Complete solution of the N'=4 SYM QFT should provide us with a
one-line-all-orders description of the major part of QCD parton
dynamics

» Long live QFT, and perturbative QCD |
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I—Colour and Hadrons BaCk to PhyS|CS

Colour dynamics in pp, pA, AB

Colour in quark scattering
Colour in hadron scattering
Colour in multiple collisions

Baryon Stopping and Strangeness

vV v. v v Y

Confinement in strong Colour field
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L Colour and Hadrons Colour in Quark scattering

Quark inelastic scattering scenario: gluon exchange

u u
>_
+
Tt
glue glue d
d
glue

Feynman plateau
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L Colour and Hadrons Colour in Quark scattering

Meson inelastic scattering scenario: gluon exchange

<

éc:

glue

= two “quark chains”
— Pomeron

Look now at the proton projectile:
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I—Colour and Hadrons Pa | ntl ng the pl’OtOn

Single scattering scenario:

Coherent " diquark"

/

C
C
o

n < o
>

-
-
=

Coherence of the diguark ain't
broken:

—> a Leading Baryon: B(1) — B(2/3)+ M(1/3) + ...
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L Colour and Hadrons Repainting the Proton

Kick it twice to break the Colour Coherence of the Valence Quarks:

+ o+ —

P> p K T +..

Proton is “fragile’
Expect the baryon quantum number to sink into the sea :

B(1) — M(1/3) + M(1/3) + M(1/3) + ... +B(0)
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Protons disappear from the fragmentation region in scattering of /off
Nucler:

2
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Nucler:

Projectile component of net proton spectrum
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» in Pb Pb collisions

NA49S preliminary
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L Colour and Hadrons Multiple Proton Scattering: pA, AB

Protons disappear from the fragmentation region in scattering of /off

NUC/eI Projectile component of net proton spectrum

CERN /s = 17 GeV (NA49)

» in Pb Pb collisions

» in p Pb collisions
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Protons disappear from the fragmentation region in scattering of /off
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» in p Pb collisions 5 o o’
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L Colour and Hadrons Multiple Proton Scattering: pA, AB

Protons disappear from the fragmentation region in scattering of /off

Nucler: 0.6 '
' p+p @
I N+N =
e e o
+— + A
S 04 ®
CERN /s = 17 GeV (NA49) 2 5l A
5 .
EA 0.2 | "
. P o) -
» in Pb Pb collisions 5 o4l
. . . Au_ -
» in p Pb collisions 5 o o’
» < xg> of net protons 01

0 2 4 6 8 10
Y%

v — number of collisions

Known as Proton Stopping. Better be known as Proton Decay
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NA49: strangeness yield vs. target “thickness’
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L Colour and Hadrons Multiple scattering and strangeness

NA49: strangeness yield vs. target “thickness’

» Negative K to 7 yield 0'2: S

- . | Si+Si ]
» Positive K to 7 yield el R
o % + :
X : * ]
0.05 - il
K"

0 I | | | | | |
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L Colour and Hadrons Multiple scattering and strangeness

NA49: strangeness yield vs. target “thickness’

» Negative K to 7 yield 0.02 o
" - W 5iSi
» Positive K to 7 yield Jg Lors |4 TR
» The ¢/m ratio versus the L
“density of inelastic collisions” oot [ * \ b4
- A >
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NA49: strangeness yield vs. target “thickness’
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» Negative K to 7 yield =", Isospin corr.
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NA49: strangeness yield vs. target “thickness’

» Negative K to 7 yield
» Positive K to 7 yield

» The ¢/m ratio versus the
“density of inelastic collisions”

» Strange baryons (=) versus
the number of collisions
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NA49: strangeness yield vs. target “thickness’

» Negative K to 7 yield
» Positive K to 7 yield

» The ¢/m ratio versus the
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» Negative K to 7 yield
» Positive K to 7 yield
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» Negative K to 7 yield
» Positive K to 7 yield
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» The Baryon “Stopping” and
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NA49: strangeness yield vs. target “thickness’

» Negative K to 7 yield
» Positive K to 7 yield

» The ¢/m ratio versus the
“density of inelastic collisions”

» Strange baryons (=) versus
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L Colour and Hadrons Multiple scattering and strangeness

NA49: strangeness yield vs. target “thickness’

» Negative K to 7 yield 0

i i
.. . - - 40
» Positive K to 7 yield ;% : H .% : :% :: isljh
R * ! I 005
V 0

» The ¢/m ratio versus the

- 4
“density of inelastic collisions” Z + M
W

: ;
SRR

» Strange baryons (=) versus _
oS

. s b
the number of collisions i -

(L
5
5 [ :
b Ll WAL bl
A T T R

410 M) ) Pl

1 Universal pattern:

e i I

» The Baryon “Stopping” and !
» Lifting-off the Strangeness
Suppression

develop with the number of inelastic collisions;
be it in AA, pA (or even in pp)

thus making the QGP interpretation, ...well, ... unlikely
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L Colour and Hadrons Multiple collisions in pp

A D003
% 0.00%
o 0m7

(a)

0.006
0,003 ¢ ¢ + NA-49
.00

0003

» o to w
ratio in pp collisions
as a function of event multiplicity

0.002

0.001

IillllilllillilIIEIIIIIIIE
3 10 15 0

t-l-:h

i
& T

A way to trigger on multiple collisions
(or to select protons—perpetrators, if you wish)

Would have been extremely interesting to correlate enhanced strangeness
yield with stopping . ..
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One gluon exchange: Accompanying radiation

ask
T% i ™ o1 T°
> + +
d ifab(: a
b b

K K, K
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One gluon exchange: Accompanying radiation

ask
T% i ™ o1 T°
> + +
d ifab(: a
b b

K K, K
“Lybyay SLyayby LT EL
kL kL (QL — kL)

. . kJ_ q,. — ki
2’fabCTc — ’fabcTC —I_ (qJ_ B kJ_)
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One gluon exchange: Accompanying radiation

ask
T% ™ ™ o7 T°
> + +
d ifab(: a
b b

ki ki b dL — ki
“Lrbray “Lrab
k2 kJ_ (CIL — kL)Q

k — k
e TE = ifyp TE |~ >+ .~ %
(gL —k1)?

» Secondary Gluon spectrum
» k| < g, = finite transverse momenta;

» dw/w — rapidity plateau
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One gluon exchange: Accompanying radiation

ask
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One gluon exchange: Accompanying radiation

ask
Tag i ™ o1 T°
> + +
d ifab(: a
b b

ki _p k| b, AL — ki . . kJ_ q. — k|
—T°T*® T°T fabe VE = ifape TC
k2 —|_kJ_ +(CIJ_ — kJ_)QI abc ITapc "I' (CIJ_ _ kJ_)
» Particle density is universal — does not depend on the projectile:

Conservation of Colour at work

» Multiple scattering of a quark (or a gg meson)
— NParticipant scaling
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L Colour and Hadrons LPM effect in hA scattering

Inclusive spectrum of medium-induced gluon radiation:

d . L 2\ L1°
wnga_.[]. ’u—, ,LL2)\<CU<,LL2)\[X]

dw T W

Bethe-Heitler spectrum (independent radiation off each scattering centre)
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L Colour and Hadrons LPM effect in hA scattering

Inclusive spectrum of medium-induced gluon radiation:

wdn o« [L] T L
A

2
—, 1P < w < PP [—]

dw T W

The number of collisions of the projectile, n. = L/ A

ne|
e_n/2
Np ||
21n n, T
Coherent radiation = “Participant” scaling

Transition region, down to “Collision” scaling;
occupies finite rapidity range (fragmentation of the nucleus)
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Consider double scattering (two gluon exchange)
In meson scattering only two colour representations can be realized
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I—Colour and Hadrons COlou I Ca paCIty

3*3*31+8+8410

glue

*8= /1+8+8+10-10+27

Consider double scattering (two gluon exchange)
The (3-quark) proton is more capacious, but still . ..

Calculate the average colour charge of the two-gluon system:

A double density
1 3+ 38 10 4 10 27
.0+ ——.3 : —6=2.
62 + 62 + 62 6—|—64 8 =06 =2-3 = of hadrons

=2 Pomerons
Cannot be realized on the valence-built proton:

1 8+ 8 10
il bl — 4
27 0+ 27 3+27 0
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L Colour and Hadrons Colour coherence and breathing projectiles

Coherent picture of hadron accompaniment applies to the bulk of multiplic-
ity (small transverse momentum hadrons) and implies relatively “compact”
projectiles (on the penetrator side).

This destructive coherence invalidates the multi-Pomeron exchange picture |
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L Colour and Hadrons Colour coherence and breathing projectiles

To have N Pomerons produce (up to) N times enhanced density of the
hadron plateau, one must be able to find
N independent (incoherent) partons inside the projectile.

Recall the good old Amati-Fubini-Stanghellini puzzle.
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L Colour and Hadrons Colour coherence and breathing projectiles

To have N Pomerons produce (up to) N times enhanced density of the
hadron plateau, one must be able to find
N independent (incoherent) partons inside the projectile.

Successive scatterings of a parton do
not produce branch points in the com- —<

plex angular momentum plane (Reggeon  — [ B
loops). It is the Mandelstam construction
that generates “Reggeon cuts’, with

Pomerons attached to separate — coex-

Isting — partons.
Two ways to break colour coherence:

» Look for perpetrators (hadron projectiles broader than usual);
» Increase the colour capacity of the projectile by increasing resolution.
Compare the number of collisions n. with the number of resolved partons

C(xh, Qres) = /

Xh

_—

Xbrol cfx

o [XGPrOJ(X7 QI?GS }

C increases fast with Qe (hadron transverse momenta),
drops in the fragmentation region, etc
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In the framework of the standard hadron (multi-Pomeron) picture

(e.g., in the successful Dual Parton Model of Capella & Kaidalov et al.)
one includes final state interactions to explain spectacular heavy ion
phenomena like J/1) suppression, enhancement of strangeness and alike.
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L Colour and Hadrons Confinement in Multiple Collisions

In the framework of the standard hadron (multi-Pomeron) picture

(e.g., in the successful Dual Parton Model of Capella & Kaidalov et al.)
one includes final state interactions to explain spectacular heavy ion
phenomena like J/1) suppression, enhancement of strangeness and alike.
“Final state interaction” is a synonym to “non-independent fragmentation”
— cross-talking Pomerons, overlapping strings, “string ropes”, ...

From the point of view of the colour dynamics, in pA and AA
environments we face an intrinsically new, unexplored, question:

After the pancakes separate, at each impact parameter we have the colour
field strength that corresponds to n,/fm? oc AL/3 strings.

How does the vacuum break up in stronger than usual colour field?

1fm 2fm
Lnod 0 The question is, Does it go
L successive sareening [ » like BOOOOM (4 Pomerons)
%
:mm : > or rather like TA-TA-TA—TA?

|“o’\o’%"o"o’1 I (new hadron abundances)
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I—QCD—Cosmic

QCD at Terrestrial

and
Cosmic Energies

QCD is far from over
» on theory side: new fascinating hopes for an analytic progress

» on pheno side: explore QCD performance in new environment
multiple scattering; fragile proton; hadronization in large colour fields, ...

important news for terrestrial /cosmic experimenters :

M.Cacciari and G.Salam, hep-ph /0512210
http://www.lpthe.jussieu.fr/ " salam/fastjet/
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L Etras non-diagonal transitions

L off-diagonal GLRR

Second loop G — G [quark box] (nf Tr CF)
20 4
PY) = 8x — 16 + T4 5x = (64 10x) Inx = 2(1 +x)In” x,
164 2 1
PéT) = 12X—4—%X2—|—%X_1—|—(10—|—14X—|—?6[X2—|—X_1]) In x+2(1+x) In? x;
Non-singlet F — F  [via 2 gluons] (nf Tr CF)
112 40 16
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Second loop G — G [quark box] (nf Tr CF)
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Non-singlet F — F  [via 2 gluons] (nf Tr CF)
112 40 16

P,(_-S) = 12x — 4 — TX2 + Ex_l + (2+ 10x + ?xz) Inx —2(1+ x) In® x,
112 4 1
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Cross-differences :
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P — PO = PEPE . 4P - PP = PEPE



Perturbative QCD (69/71)

I—E><tras Integrablllty

I—Integrability

1. anomalous dimensions = eigenvalues of the dilatation operator

2. subset of composite operators su(2) = trace(XXXYYXYXXXYYY) can
be mapped onto a spin 1/2 system (X = spin up, Y = spin down)

3. At one loop, it is the Hamiltonian of the integrable XXX spin 1/2 chain

4. At higher loops, a more complicated spin chain, but with spins
interacting at neighbouring sites (up to a certain distance)

5. At all loops, there are conjectures for the all loop spin Hamiltonian,
exploiting the string results, assuming AdS/CFT duality.

6. Integrability = an infinite number of invariants (conserved quantities).
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L Extras gluons in-between-jets

I—Gluons at large angles

2- and 3-prong colour antennae are sort of "trivial”: coherence being taken
care of, the answers turned out to be essentially additive

The case of 2 — 2 hard parton scattering is more involved (4 emitters),
especially so for gluon—gluon scattering.

Here one encounters 6 (5 for SU(3)) colour channels that mix with each
other under soft gluon radiation

The difficult quest of sorting out large angle gluon radiation in all orders in
(s log Q)" was set up and solved by George Sterman and collaborators.

Recent (fall 2005) addition to the problem (G.Marchesini & YLD)
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I—Gluons at large angles

Soft anomalous dimension |

o, tu\ =~ N
an/\/loc{—Ncln(—)-F}-M, FV, = E V.

6=3+3.
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6=3-+3. Three eigenvalues are "simple”.
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 Extras Puzzle of large angle Soft Gluon radiation

I—Gluons at large angles

Soft anomalous dimension |

Mo d —N.| (—)-r ‘M, fV.=EV.
Jln Q OC{ <M\ }

6=3-+3. Three eigenvalues are "simple”.
Three "ain't-so-simple” ones were found to satisfy the cubic equation:

[ 4]3 (1 4367)(1 +3x%) [ 4] 2SSO

g — g —
3 3 3 27

where

1 b In(t/s) — In(u/s)

X = —

N’ In(t/s) + In(u/s)

Mark the mysterious symmetry w.r.t. to x — b: interchanging internal
(group rank) and external (scattering angle) variables of the problem ...




