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The real title of my talk

Avoided level crossing in QCD



Toy Model

conformal symmetry
integrability

QCD ==)

=) QCD



Chapter I:

Pre QCD: Regge trajectory




Analyticity + Crossing symmetry of S-matrix
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Analyticity + Crossing symmetry of S-matrix
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Angular distribution of final state particles
determine by the mass? off the
iIntermediate resonance

Probability amplitude as a function of t-
channel momentum exchange
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The Chew-Frautschi plot

Agespa(s,t) =) 21+ Day(s) P (1 + 2t/s)
z cos ¢

Angular distribution of final state particles
determine by the mass? off the
iIntermediate resonance
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channel momentum exchange
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The dynamical data (partial
wave coefficient) can be
regarded as an analytic
function of J (or t), describe
both s-channel and t-channel
physiICSs

11



Evolution in virtuality
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Chapter II:

Birth of QCD:
DGLAP and BFKL



Deep Inelastic Scattering
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High energy limit: Q2
fixed, s=(p+q)? to infinity
<~ Xto0

Bjorken limit: x fixed,
Q2 to infinity
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Evolution In virtuality
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Evolution In virtuality

In Mellin space, scaling violation
determined by spectrum of twist-2
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Evolution In rapidity

Mellin transformation to Q2

i e o) = [ dQ7 (@) f(x. @)
o~ af (z, J
BFKL eq. =« f(?x L) = vBrKL(JL) f(x, JL)
_ — AN Pomeron eigenvalue (one-loop):

BFKL (J1) = a (QVE+¢ (QZJL) +¢( JQL))
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Important scientific at EIC

small X singularity in

{ e DGLAP kernel
T 3
DGLAP

(QV|

g | .

= G JIMWLK : pole in 1/J
@ X BFKL@ i
saturation

non-perturbative region "1 Related to BFKL equation

In X Jaroszewicz, 1982



Chapter lll:

Toy model:

Conformal field theory
Integrable model
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Maximal transcendentally principle

A. Vogt (NIKHEF, Amsterdam), S. Moch (DESY, Zeuthen), J.A.M. Vermaseren (NIKHEF, Amsterdam) (Apr, 2004)
Published in: Nucl.Phys.B 691 (2004) 129-181 - e-Print: hep-ph/0404111 [hep-ph]

pdf & DOI [4 cite [Q reference search  2) 1,142 citations

The Three loop splitting functions in QCD: The Nonsinglet case

S. Moch (DESY, Zeuthen), J.A.M. Vermaseren (NIKHEF, Amsterdam), A. Vogt (NIKHEF, Amsterdam) (Mar, 2004)
Published in: Nucl.Phys.B 688 (2004) 101-134 - e-Print: hep-ph/0403192 [hep-ph]

DGLAP and BFKL equations in the N = 4 supersymmetric gauge theory

A.V. Kotikov (Dubna, JINR), L.N. Lipatov (St. Petersburg, INP) (Aug, 2002)

Published in: Nucl.Phys.B 661 (2003) 19-61, Nucl.Phys.B 685 (2004) 405-407 (erratum) - e-Print: hep-
ph/0208220 [hep-ph]

pdf ¢’ DOI [4 cite [[d reference search 5) 456 citations

pdf ¢’ DOI [/ cite [@ reference search >) 1,453 citations

DGLAP@3 loop
Heroic calculation

A.V. Kotikov (Dubna, JINR), L.N. Lipatov (St. Petersburg, INP), A.l. Onishchenko (Wayne State U. and Moscow,
ITEP), V.N. Velizhanin (St. Petersburg, INP) (Apr, 2004)

Published in: Phys.Lett.B 595 (2004) 521-529, Phys.Lett.B 632 (2006) 754-756 (erratum) - e-Print: hep-
th/0404092 [hep-th]

pdf > DOI [/ cite [[d reference search 5) 468 citations

in N=4 SYM, predict all the
1/J singularity in DGLAP
from BFKL
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The Pomeron and gauge/string duality

Richard C. Brower (Boston U.), Joseph Polchinski (Santa Barbara, KITP), Matthew J. Strassler (Washington U.,
Seattle), Chung-| Tan (Brown U.) (Mar, 2006)

Published in: JHEP 12 (2007) 005 - e-Print: hep-th/0603115 [hep-th]

pdf (2 DOI [ cite @ reference search %) 482 citations

Deep inelastic scattering and gauge [/ string duality

Joseph Polchinski (Santa Barbara, KITP), Matthew J. Strassler (Washington U., Seattle) (Sep, 2002)
Published in: JHEP 05 (2003) 012 - e-Print: hep-th/0209211 [hep-th]

pdf & DOI [/} cite @ reference search %) 503 citations

Regge trajectory in gauge theory
anomalous dimension as function of spin

spin as function of anomalous dimension

(A=2-7)(A=-2+7)(i—-1)=0

Or better, they define a Riemann surface

/
111111111111111111111111111111
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Quantum Spectral curve
(baby version)

T y(x) + V(zhb(a) = Bi(x)
W)
P =

p® —ihp’ = 2m(E — V)

N

. h 1
p(x)_zmwij;;x—xi

Asymptotes and pole determine
energy and wave function Gromov, Levkovich-Maslyuk, Sizov, 2015

Can we write down a field theory object that gives
rise to this structure?
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Lightray operator

Kravchuk, Simmons-Duffin, 2018
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Detector operator

>0.1-0.5 GeV
I 20 GeV~1TeV (depends on detector)
lightray operator ey ) T heory
Detection )
0 K Partons
P\ 2 L ,.
(-ac.Ji) ANEC
M
E(n) = din-z) lim (7 -z)’7n"*nY ‘ "
(i) (n-a) lim (1 2)*n 7T, (o) D, (1) |p)
Tkachov, 1995 ANEC is the J.=-3 case, Sterman, 1975

Hofman, Maldacena, 2008
Kravchuk, Simmons-Duffin, 2018

Analyticity of DGLAP operator in spin (J.)
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Chapter |V:

Back to QCD



Small-x physics from multiplicities

Hadron multiplicities study has long history =~ Modern application: quark/gluon tagging

Bassetto, Ciafaloni, Marchesini, 1980

Amati, Bassetto, Ciafaloni, Marchesini, Veneziano, 1980
Furmanski, Petronzio, Pokorski, 1979

Konishi, 1979

Mueller, 1981

Quark Gluon
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Gallicchio, Schwartz, 2011
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- _ /"N /N
P 4 g P w 9 P \\ q
(a) (b) (c)
Mueller, 1981
p 79 p #q
TN T TR NG e K
\\/\f\\ x 2 \A\, x 2
N ~
- - N
P KX p “w g
(d) (e)
brief comments at this point, however. (i) For any 20
. : s . : A
calculation to be believable it is essential that higher- —ArL(JL = —2;a4) = as + O(ag).
order corrections be calculable. We are able to show T
that a square-root branch point, in the anomalous
dimension, of the type given in (12) is correct beyond I would like to thank M. Ciafaloni for explaining
leading logarithms in all but gauge theories [6] . This ref. [2] to me and for convincing me that the mul-
result is similar to a result {7] in high-energy scatter- tiplicity problem might be solvable in perturbative
ing. Of course we are unable to show this in gauge QCD. I have also benefited from discussions with L.
theories as we are at present unable to give a calcula- Baulieu, A. Duncan, K. Konishi, A. Schwimmer and
tion beyond three loops even for leading terms. (ii) E. Weinberg on various aspects of this problem.

Can we define a field theory object that formalize it?
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Seeing through the confinement screen: DGLAP/BFKL
mixing and light-ray matching in QCD

Cyuan-Han Chang'?, Hao Chen?, David Simmons-Duffin?, Hua Xing Zhu*~

Cyuan-Han Chang (sRlIE %), Hao Chen (f4%), David Simmons-Duffin
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The DGLAP/BFKL intersection

J=1—-Apg

Shadow J=1+ApL DGLAP

The 1/J singularity in
DGLAP is the signature
of intersection of two
energy level

What happen at the intersection?
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Avoided crossing in QM

, (B0 0o W\ (B W
H_H“D_(o E2>+<W* O>_<W* E2>

.

free pert.
2
1+ E Ei—FE
By = 2 4 L 2) 4+ (W2
2 2
W|? w4 W |
E_|_:E1| | ‘ ‘ 3‘ }2‘ 3| L. €:E1_E2
€ € €
W=0 W =0.1
\:/ von Neumann Wigner
| Divergent perturbation series
02 02 Resummation through diagonalization



Color detector and BFKL detector

gl i#]

D5 5 (2) = Da—do—diy ,9(2)

_ F(d — 2+ JL) /Dd_2Z1Dd_2Z2 ( 221 + 29 >_T :N;(zl)Ngc(Zz)I |

I‘(d—22+JL_)2 (221 - 2)(222 - 2)
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The correct question to ask:

o VAN -T T
DG LAP Dr(m) = :1:_|l_i£>noo ((n-l_.)ﬁ)A(J) _/ dz7 04 ... 4 (2)
BFKL
degenerate DBFE() = Dol

— [(d—2+ Ji) /Dd_221Dd_222 ((2 221" 2 )_T N;(zl)Ngc(zz) :

F(d—22+JL)2 21+ 2)(222 - 2)

Compute matrix element of these two operator in some state,
and resolve mixing!
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Compare with operator mixing in 4-fermion effective theory
Q1 = (5:¢j)v_a(t;d;)v—_a

Q2 = (5:¢;)v_a(t;d;)v_a

g
W g W W ? g
(a) (b) (©

OPE controlled by on-shell state
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Structure of renormalization and mixing

e DGLAP and BFKL detector become identical at

J=2-d
‘  The pole at J.=-2 in DGLAP matrix element
| DDGLAP ?’ZL%DIEI;KL indicates mixing into BFKL
--------- S . + The pole at JL.=6-2d in BFKL matrix elment
o : /" DDGLAP _ pBFKL indicates mixing into DGLAP
D?E o~ JLg—gjdec[s)EzléAP E g g
\‘/ » The UV pole of DGLAP matrix element is the
,’ twist-2 anomalous dimension
 The UV pole of BFKL matrix element gives the
BFKL eigenvalue
CA7T1_€
J1+2—2e DDGLAP T 0
Dy, =Ui ( D];FKLLQ ) , U1= ( Cf%f_le) ! ) VBFKL (J1) = 2C 4 (27]5 + ( > ) + Y (—7
L9 T4+2—2¢ Jr+2—2¢
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Mixing and recombination of DGLAP and BFKL in
QCD!

Leading power
contribution to
multiplicity

;Next—to—Leading power
' contribution to
multiplicity, new!

-0.5¢
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Carving out the space of detector operators
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Conclusion

A remarkable journey from preQCD -> QCD -> toy model -> QCD
Remarkable beauty in the structure of quantum field theory
* |ocal operator lifted to non-local operator in Minkowski space

Has practical phenomenology: carving out the space of detector
operators using LHC data!

Story not yet finished ...

37



