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Goal: Anw analytic first approximation to- QCD

® As Simple as Schrédinger Theory in Atomic Physics

® Relativistic, Frame-Independent, Color-Confining

® Confinement in QCD -- What is the analytic form of the confining interaction?
® WWhat sets the RCD mass scale?

® QCD Running Coupling at all scales

® Hadron Spectroscopy-Regge Trajectories

® Light-Front Wavefunctions

® Form Factors, Structure Functions, Hadronic Observables
® Constituent Counting Rules

® Hadronization at the Amplitude Level

® Insights into QCD Condensates

® Chiral Symmetry

® Systematically improvable
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QCD Lagrangiowv

1
ﬁQC’D = _ZTT(GW/GW/ -+ E Z\IffDM"}/'u\Iff —+ y\lff\lff
F=1

1DV =10t — gAY GM = 0" AF — 9V AF — g[AF, AY]

Classical Chiral Lagrangian is Conformally Invariant

Where does the QCD Mass Scale come from?

QCD does not know what MeV units mean!
Only Ratios of Masses Determined

Scale can appear in Hamiltonian and EQM
without affecting conformal invariance of action!

@ de Alfaro, Fubini, Furlan:

Unique confinement potential!



Inwawiance Principles of Quantumy Field Theovy

Polncaré Invariance: Physical predictions must be
independent of the observer’s Lorentz frame: Front Form

® Causality: Information within causal horizon: Front Form

® Gauge Invariance: Physical predictions of gauge theories
must be independent of the choice of gauge

® Scheme-Independence: Physical predictions of
renormalizable theories must be independent of the
choice of the renormalization scheme — Principle of

Maximum Conformality (PMC)

® Mass-Scale Invariance: Conformal Invariance of the
Action (DAFF)
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DWM&AWIM P.A.M Dirac, Rev. Mod. Phys. 21,
The “Front Form’ 392 (1949)
Evolve in A Evolve in
ordinary time light-front time!
Ct o= cl — =z ACt T:t—l—Z/C

N\

Instant Form Front Form

Casual, Boost Irwawriant!

® Satisfies Poincare Invariance




tach element of
Alash photograph
illuwminated
at same LT time
T=1t+2z/c
Causal, frame-independent

Evolve i LF time

HquD‘\Ijh>:M%L‘\Ijh> HELEN BRADLEY - PHOTOGRAPHY



Bound States in Relativistic Quantum Field Theory:

Light-Front Wawvefunctions

Dirac’s Front Form: Fixed t =1 +2z/c

Fixed T=t+4 z/c

w(x% EJ_iv )\Z) Lt 10 4 13

1T — —— —

i P PO 1 P3
Invariant under boosts. Independent of P"

HY:P |y >= M?|y >

Direct connection to QCD Lagrangian

Off-shell in invariant mass

Remawkalble new insighty from AdS/CFT, the duality
between conformal field theory and Anti-de Sitter Space



Light-Front Wavefunctions: rigorous representation of
composite systems in quantum field theory

Eigenstate of LF Hamiltonion, | HESP|W, >= M2|T), >

1+ 10 4 1.3 Fixed T=t+4 z/c
Y= pt T poy p3 i
CCiP_l_,aZiﬁJ_—FEJ_i n — 1
+ p 2 Ti =
PT, P
SPky; =0

v [ waso, Rk~ — i
p,J. >= an(xiagLia)\i)‘n;mia Eu,)\z’ >
n=y

Inwawriant under boosts! Independent of P

Causal, Frame-independent. Creation Operators on Simple Vacuum, o p \ :
’ ’ olncaré Invariance
Current Matrix Elements are Overlaps of LFWFS var



o Light Front Wawefunctions:

Momentum space k1 <> Z1 Position space

W (25, k5, M)

—

ALHZ_),_]_

T, ki, b1 Transverse density in position
Transverse density in space
momentum space
Z, k 1
Lorce,
Pasquini
Transverse
\\\
N RIE
fCP+ —
4 ki
b
Longitudinal S — f d2 bJ_
—— [dx




Advantages of the Dirac’s Front Form for Hadron Physics

Poincare’ Invariant

Physics Independent of Observer’s Motion

® Measurements are made at fixed t

® Causality is automatic

ﬁ
® Structure Functions are squares of LFWF's

® Form Factors are overlap of LFWF's Terrell, Penrose

® LFWF's are frame-independent: no boosts, no pancakes!

® Same structure function measured atane p collider and the
proton rest frame

® No dependence of hadron structure on observer’s frame
® LF Holography: Dual to AdS space
® LF Vacuum trivial -- no vacuum condensates!

® Profound implications for Cosmological Constant



LW’FVOM QLD Physical gauge: AT =0

Exact frame-independent formulation of
nonperturbative QCD!

QCD QCD o
L = L |
CD m- -+ Xe) Pe -
HEP =) : L, + Hint
Hin: Matrix in Fock Space ; ] }

HZC?FC;D‘\I/}L > M%‘\Ijh > ®)
P, J. >= an(xz‘aEM,N)W;%,EM,& > §
n=3

Ko K,o

Eigerwalues and Eigensolutions give Hadronic ©
Spectrum and Light-Front wawefunctions

LFWFs: Off-shell in P- and invariant mass m{ Z@z

int
HLF



W’n(mia EJ.?L: Ai)

gq@q(az‘)wq(az)h(x) < h > ‘ Higgs Zero Mode

Yukowa Higgs coubling of confined quowk to-Higgs zero- mode gives

2
_ T
uugq<h>:_qmq:_q
ZIZ‘q qu
2 2
qu—l—m

HLF:Z . :
q

q



QCD‘\I/}L >=

./\/l ’\Ifh>

‘Py 5, >= 2 \Pn(xi,zu, 7%) |n;7cll., Ai >
=3

suun over states withv n=3, 4,

The Light Front Fock State Wavetunctions
¥, (xi, zJ_ia Ai)

are boost invariant; they are independent of the hadron’s energy

and momentum P,
The light-cone momentum fractions

ki _ Ktk
pT - PO pz

X; —

are boost invariant.

ik; =P, ix,- =1, Z%L =0*

—

YYYYY

[ Intrinsic heawvy quourks
ks(x), c(x), b(x) at bigh x !)

i s(x) £ sgx) A
L) # ),

-
i

..conytiftuenty

Yvy

Fixed LF time

p—




<p+qli*(0)|p >= 2p" F(¢?)

>k Interactiovw
Qi — QQ — —q2 ‘\ﬂ/ , Fixed 7=t+4 z/c picture
g™ =0 cjl* form Factorsy ave
4 Overlapsy of LFWFs
E £, EJ_ q_)J_

(===
=
53

\’??‘

g

(s, kig)

struck K =k ; + (1 —2)qL

Drell &Yan, West > n
Exact LF formula! ‘&beCtdtom kJ_i — kJ—’L Lid 1

Drell, sjb



Instant Form

Must include vacuum-induced currents to compute form factors and
other current matrix elements in instant form

Boost are dynamical in instant form



Calculation of Form Factors in Equal-Tiume Theory
Instant Form

v
|q+ :
I

Need vacuum-induced currents

Calculatiow of Form Factors inv Light-Front Theory
Front Form

Absent for ¢* = gero!!
No- vacuuum graphs

tExact Answer!



txacl LF Formudav for Paudi Form Factor
F o

Z/d$ koJ_ Zej Zox Drell, sjb

! : 1
[ - Q_Lwl*(xi’kli’ i) g (wiy K, Ai) + q—Rwi (24, Ky No) g (i, K 1 Az)]

,J_Z’ — kJ_i — ;491 k/J_] — kJ_j —+ (1 — :I;j)ql

ah qr,, = q* T iqY

L=+ L,=0
<« |
P, S =4-/2 p+q, SZ:|/2
Must have A/, = +1 to have nonzero F»(q?)

Nongero-Protonw Anomalous Moment -->
Nongero-orbital quawrk angular momentunm



o LF wavefunctions play the role of Schrodinger wavefunctions
in Atomic Physics

o LFWFs=Hadron Eigensolutions: Direct Connection to QCD
Lagrangian W (24, k1 M)

® Relativistic, frame-independent: no boosts, no disc
contraction, Melosh built into LF spinors

e Hadronic observables computed from LFWFs: Form factors,
Structure Functions, Distribution Amplitudes, GPDs, TMDs,
Weak Decays, .... modulo lensing’ from ISls, FSlis

e Cannot compute current matrix elements using instant form
from eigensolutions alone -- need to include vacuum currents!

® Hadron Physics without LFWFs is like Biology without DNA!

/) Supersymmetric Features of QCD EFJI"™ Brodsky %)
from LF Holography el Ay (2
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asymumelvies
-
>—
current
. quark jet
Y
L Sp g X Pg C

final state
Interaction

“Lensing”
involves soft S@ spectator
scales system

proton
Light-Front Wavefunction

S and P- Waves!

Sigw reversal tn DY!

Leading Twist

Sivers Effect

Hwang, Schmidt,
sjb

Collins, Burkardt, Ji,
Yuan. Pasquini, ...

QCD §- and P-
Coulomb Phases
--Wilson Line

“Lensing Effect”

Leading-Twist
Rescaltering

Violates pQCD

Factorigation/!



Light-Front Perturbation Theory for pQCD

1
T—=H;+H ~Hy+
' ' M?nitial o Mzznte'rmediate + 1€ '

® “History”: Compute any subgraph only once since the LFPth
numerator does not depend on the process — only the
denominator changes!

® Wick Theorem applies, but few amplitudes since all k* > 0.
< n
® |, Conservation at every vertex | D) S7— ) S.|<n|atorderg
initial final K. Chiu, sjb
® Unitarity is explicit
1
® |oop Integrals are 3-dimensional / dx / A’k
0

® hadronization: coalesce comoving quarks and gluons to
hadrons using light-front wavefunctions WV, (x5, k | ;, A;)



Need av First Approximation to- QCD

Comparable in stmplicity to
Schrodinger Theory in Atomic Physics

Relativistic, Frame-Independent, Color-Confining

Origin of hadronic mass scale

AdS/QCD

Light-Front Holography
Superconformal Algebra




H Q E D QD atoms: positroniamm

l and, muoniam
(HO _I_Hznt) ‘\Ij >= E |\Ij > Coupled Fock states
A? S l
— o T Vet (5,7)] th(7) = £ 9(r) Effective two-pawticle equation
red
l Includes Lamb Shift, quantum corrections

Sphervical Basis 7, 6” ¢

Couloml- potential
Bohr Spectrum

Schwodinger Eq.




LW’FVWQCD Fixed T=t+4 z/c

Locp— — -
QC D (-
l [C x(l — x) b j
(Hip + Hpp)|¥ >= M?|¥ > coupledFock stutes
l Eliminate higher Fock states
ond retowrded interactions
[i%tzbj +VE Yrp(a, ki) = M? Yrp(z, ko) Effective two-pouticle equation
2 14lL2 , Azimuthal Basis C’¢
et e TV = M) mg =0
AdS/QCD: Single vawriable
[ U(C) =k"¢C+2:*(L+S—1) J Confining Ads/Qcy

Semiclassical first approximation to- QCD

Sums an infinite # diagrams



de Teramond, Dosch, sjb

AdS/QCD
Soft-Wall Model

Light-Front Holography

_ k%27
690(2) — 182 CQZCU(]_—CC)bi_

d? 1—4L?
Light-Front Schrodinger Equation Unique
Confinement Potential!
U(C) = kA2 4 262(L + § — 1) o Lremenetores
Conformal Synwuwmetry.
Single vawriable C of the actiow.

Confinement scale: Kk~ 0.5 GeV

Scale can appear in Hamiltonian and EQM

o deAlfaro, Fubini, Furlan: ;... 0., affecting conformal invariance of action!

® Fubini, Rabinovici



o de Alfaro, Fubini, Furlan

Cho(r) >= i~ fo(r) >

New term

G=uH +vD+wK /

1 d? g Aduw — v?
G=H: = 72 | | z°)

2 x? 4
Retaing conformal iwnwariance of actiow despite mass scale!
duw —v? = k* = [M]?
Identical to- LF Hamiltoniaw withv unique potentiol and dilaton/
® Dosch, de Teramond, sjb

d? 1 —4L7

[ ge T e TV = M)

U(¢) = k*C* +2x*(L+ S —1)




dAFF: New Time Variable

2 2tw + v
arctan ,

N VAuw — v? VAuw — v?

T

® Identify with difference of LF time Ax:/P-
between constituents

® Finite range

® Measure in Double-Parton Processes
Retaing conformal inwariance of action despite mass scale!

I Nﬁ Genoa Supersymmetric Features of QCD EYF¥Y FAN B NP
Feb 8, 2017 from LF Holography el AL ([ 7
(e SN &Yy



_ Massless pion!
Meson Spectrum in Soft Wall Model

—0if —0 Pion Negative termv for J=0 cancels
— Vg = positive terms fromv LFKE and potential

e

o Effective potential:  [J((?) = x*(? + 2k*(J — 1)
e LFWE

d> 1-—4L?
(_d_gz_ i FEAC 267 (T — ))¢J(<) M*$;(¢)

e Normalized eigenfunctions (d|¢) = [ d{ ¢?(2)? =1

<>\/()<>

e Eigenvalues

G. de Teramond, H. G. Dosch, sjb



My = Mg = 0 de Téramond, Dosch, sjb

s0 T T T . ‘ |
M2(GeV?) —
() n=2 n=1 n=20 —

4 | ]

3 ) -
* 4(2040)
 7(1800) £(2050) ]
, 7,(1670)

“ ] 03(1690) |
, 12 w3(1670)
] 1 [ p(1450)

1 i 7(1300) b1(1235) ] | w(1420) a»(1320) ]
i 1T f2(1270)

I p(770)
'l 7(140) L " wis) o
N 0 1 2 3 4
2
M=(n,L,S)

Genoa
INFN | lFeb8,20!7




De Tor 1L Dosch éﬂT My, = Mg = 46 MeV, mg = 357 MeV

m a

l)
)

5 5 m?2
M2 =2+ (x| 2 x )+ (x

My
T
S-l Ll

a>(1320)

£(1270) : 1f
p(170) -
O w(782) L . .




Prediction fromAdS/QCD: Meson LFWF

2
690(2) — e—l-ﬁ: z

0.2

var(z, k2)

Note coupling
2
k9,

47

IS

"
IR
ARSI,
4 \\QQQQ ®
AN IXXRSTS
PN\ TS

wM(:Cv kJ_) —

/43\/:1:(1 —

)

f7r —V Pq(j@/ﬁ = 92.4 MeV

8

6_ 2k2x(l—x)

de Teramond,
Cao, sjb

“Soft Wall”

model

Same as DSE! C. D. Roberts et al.
Provides Coruwnection of Confinement to- Hadrown Structure



week ending

PRL 109, 081601 (2012) PHYSICAL REVIEW LETTERS 24 AUGUST 2012

AdS/QCD Holographic Wave Function for the p Meson
and Diffractive p Meson Electroproduction

\.‘L, AL L
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o Light Front Wawefunctions: W (x4, k|5, A;)

off-shell in P~ and invariant mass /\/lgq

Fixed T=1t+4 z/c

“Hadronization at the Amplitude Level”

Boost-invariant LFWF connects confined quarks and gluons to hadrons



5-Dimensional Confinement

Anti-de Sitter Radius
Spacetime _
Changes in
Wi physical
length scale
mapped to

evolution in the
5th dimension z

4-Dimensional AdS
Flat Spacetime 5

(hologram)

allows the introduction of the QCD scale (Hard-Wall Model) Polchinski and Strassler (2001).

e Smooth cutoff: introduction of a background @ilaton field gp(z))— usual linear Regge dependence can
be obtained (Soft-Wall Model) Karch, Katz, Son and Stephanov (2006).

INEN Genoa Supersymmetric Features of QCD EYZVY IR BNAY. =
Feb 8, 2017 ¥ @& 1 AR i
ituto azio‘r;j:z g\gE&%




e Isomorphism of SO(4,2) of(conformal QCD) with the group of (isometries) of AdS space

R2 wwowrtown measure
ds* = — (ndatde” — dz*),—~—-—

T2
x? — Axt, z — Az, maps scale transformations into the holographic coordinate z.
e AdS mode in z is the extension of the hadron wf into the fifth dimension.
e Different values of z correspond to different scales at which the hadron is examined.
2 — N, 2z — Az
2

x° = x,x": invariant separation between quarks

e The AdS boundary at z — ( correspond to the () — o0, UV zero separation limit.

AdS/CFT



Genoa
’NF_N ~ Feb 8, 2017

Dilaton-Modified AdS/QCD

ds? = e¥? — (s’ — dz*)

® Soft-wall dilaton profile breaks
conformal invariance #(?) — +r°Z°

® Color Confinement in z
® Introduces confinement scale ~

® Uses AdS; as template for conformal

theory
Supersymmetric Features of QCD EYF¥Y FAN B NP
(75" 25 2\ 2\
from LF Holography el AL ()




[ecp(Z) — €-|—H:222J Positive-sign dilaton e Dosch, de Teramond, sjb

AdS Soft-Wall Schwédinger Equation for
bound state of two- scalow constituenty:

A poe) = MPa()

dz? 42

U(z) = rk*2* +2:*(L+ S — 1)

Devived from vowiatiovw of Action for Didlaton-Modified AdSs

Identical to Single-Variable Light-Front Bound State Equation in (!

2 iy (= \/x(l—az)gi



LF(3+1) D A M5 de Teramond, sjb
Light-Front Holographic Dictionary

Fixed T=t+4 z/c (1—2x)

(2, ¢) = Va1l — )¢ ?¢(C)

(uR)? = L% — (J — 2)°

Light-Front Holography: Unique mapping derived from equality of LF
and AdS fornmuda for TM and grovitational cuwrrent mativix elementy
ond identical equations of motiovw




de Teramond, Dosch, sjb

AdS/QCD
Soft-Wall Model

Light-Front Holography

_ k%27
690(2) — 182 CQZCU(]_—CC)bi_

d? 1—4L?
Light-Front Schrodinger Equation Unique
Confinement Potential!
U(C) = kA2 4 262(L + § — 1) o Lremenetores
Conformal Synwuwmetry.
Single vawriable C of the actiow.

Confinement scale: Kk~ 0.5 GeV

Scale can appear in Hamiltonian and EQM

o deAlfaro, Fubini, Furlan: ;... 0., affecting conformal invariance of action!

® Fubini, Rabinovici



Introduce “Didlatow’ to sinmudate confinement analytically

Nonconformal metric dual to a confining gauge theory

2 _ B o) 2 V(z)
ds® = — " |(ndxtdz” — dz I
2 ( HV ) f___f_,,ﬁ—f \ B-I-h:?zg
where (z) — 0 at small z for geometries which are \ N
asymptotically AdSs /
Gravitational potential energy for object of mass m

9 9 630(2)/2 ||
V =mc\/goo = mc°R '._ /
< . | E_ngg

Consider warp factor exp(dr222) \ /’/};/
Plus solution: V' (z) increases exponentially confining \/
any object in modified AdS metrics to distances (z) ~ 1/k xlel L Mald

r 8

(2) — ,+K2° itive-sian di .
e¥ — e Positive-sign dilaton * de Teramond, sjb




pion is massless in chiral limit iff

p=2!

pP(2) — o TrTZ

® Dosch, de Teramond, sjb



Haag, Lopuszanski, Sohnius (1974)

Superconformal Quantum Mechanics

(0t} =1 B=_ "] = jos

1 1

¢:§(01—i02), ¢+:§(01—|—7Z02)
Q=vt-0:+ 2], @ =+ 1) S—yte, 5t —yo

{Q,Q")}=2H, {S,ST} =2K

(Q,S"Y = f— B+2iD, {QT,S}=f—B—2iD

generates conformal algebra

HD|=iH, [H,K]=2iD, [K,D =-iK

@Zr\rHt,r S T:JirrK)



Superconformal Quantum Mechanics

LI N e o] Q~VH, S~VK
Consider R, = Q +wS;| w: dimensions of mass squared

G ={Ry,, R} =2H + 20v*K + 2wfl — 2wB 2B = o3
Retains Conformal Invariance of Action Fubini and Rabinovici
New Extended Hamiltoniawnw G iy diagonal

A(f+3)%2 -1
Gllz(—5’§+w2x2+2wf—wl (f 23 )
4
A4(f — 32 -1
GQQZ(_8£+?U2CE2_|—2U}]E+@U | (f 423 )
. 1

‘ Identifyf—%:LB, w = K?

Eigenvalue of G: M?(n, L) — 42 (n+Lpg+1)




Superconformal
Quantum Mechanics

LF Holography

( — 07 + k*'C* +2k*(Lp + 1) ALF —
G 12
4(Lp+1)* -1
2 4 ~2 2 |
(— 0% +K'C* + 2k L - o
MQ(”vLB) :4/‘62(714—[/3 + 1) S=1/2, P=+
Meson Equation botb chiralities
4%, —1
(=0 +r'C+2r7(] - 1) fcz o = M>¢;
M?(n, Lar) = 467 (n + L) Same !

$=0, I=1 Meson is superpartner of S=1/2, I=1 Baryon
Meson-Baryon Degeneracy for Ly=Lp+1



Fermionic Modes and Baryon Spectrum
[Hard wall model: GdT and S. J. Brodsky, PRL 94, 201601 (2005)]
[Soft wall model: GdT and S. J. Brodsky, (2005), arXiv:1001.5193]

Nucleon LF modes

¢+(C)n,L

¢— (C)n,L

Normalization

Eigenvalues

“Chiral partners”

From Nick Evans

2n! 2 -2
_ 2+ L 3/2+L —r=C /2LL+1 2,2
’ \/<n+L>!C LT )

1 2n! 22
. 3+ L 5/2—|—L —K C /QLL—I—Z 2 -2
= K e K

\/77,—|—L—|—2\/(n#—L)!C n ()

[acvi© = [dcuc) =1 %;LMM;;;?

tigerstate!

Nucleon: Equal Probability for L=0, |



N(940)

N(1720)
N(1680)

S=1/2, P=+

L

N(1875)

N(1535)
N(1520)

S=1/2, P=-

‘4“

‘1“‘

‘2“‘

3

(b)

 M3(GeV?)

I N(1700)
| N(1675)
N(1650)

§=3/2, P=- NCI%)

l

N(1720)
N(1680)

N(2600)
v=L+1

N(2250)

N(2220)

NOI0) 4/432 $=1/2, P=+ |
B S S R ]
Mz(GeV) h— 0

A(2420)

A(1950)

A(1920)

A(1600) A(1910)

, A(1905)
A(1232) ]
| s=1/2,3/2 L. |
0 1 I R S T



Dosch, de Teramond, Lorce, sjb

M, = mg = 46 MeV, my, = 357 MeV

K (GeV)

(i e e R 2

0.3}

0.1t

Fit to the slope of Regge trajectories,

including radial excitations

Same Regge Slope for Meson, Baryons:
Subersymmetric feature of hadron bhyvsics



de Teramond, Dosch, sjb

Superconformal Quantum Mechanics

M2 . n+Ly ‘ Meson-Baryon
- M? - n+Lp+1

nucleon

Mass Degeneracy
for Ly=Ls+1




Solid line: n = 0.53 GeV

A2 A2 ,A2,A2

Superconformal meson-nucleon partners

de Téramond, Dosch, sjb



Space-Like Dirac Proton Form Factor

e Consider the spin non-flip form factors

Fi Q) = gs / 4¢ J(Q, Ol (O
F QY = g / 4¢ J(Q, - (O

where the effective charges g4+ and g_ are determined from the spin-flavor structure of the theory.

e Choose the struck quark to have S* = +1/2. The two AdS solutions ¥4 ({) and 1_ ({) correspond
to nucleons with J? = +1/2 and —1/2.

e For SU(6) spin-flavor symmetry

FY(Q7)

[ ¢ 7Q. 0w+
Q@) = —5 [ dCIQ0) [l6+(O)F ~ [o-(0)F].

where F7(0) = 1, F*(0) = 0.



e Compute Dirac proton form factor using SU(6) flavor symmetry

FP(Q?) = R / e

~4

V(Q,2)¥% (2)

e Nucleon AdS wave function

T _ R2HE 2n/! T/2+L L+l (,.2,2) ,—r°2%/2
1 (z) = E (n+L)!Z ST (k727 e

e Normalization (F1P(0)=1, V(Q=0,z)=1)

dz
4 2
e Bulk-to-boundary propagator [Grigoryan and Radyushkin (2007)]
1 . . .
V(Q,Z) = /{222/ o x%e_“%%/(lﬁ) 1.2+ 7
o (1—x)? <
% B

e Find | S
R@) =y o e
= _ LL
(1+%) (1+3%) =

with M2 — 4k2%(n + 1/2)

9-200
8757A72 Q? (GeV?)



Using SU(G) flavor symmetry and normalization to static quantities

2-2012
8820A18

2

2-2012
8820A17

0

(Q?)

n
F2

2-2012
8820A7




Spacelike Paudis Form Factor

From overlap of L =1 and L = 0 LEWF's

Harmonic Oscillator Confinement |
Normalized to anomalous '
moment

k= 0.49 GeV

G. de Teramond, sjb




Nucleon Transition Form Factors
e Compute spin non-flip EM transition IV (940) — N*(1440): \IJZZO’LZO R \I,?:L:l,LZO

e Transition form factor
P (@) = R [ S0 001(Q w0
e Orthonormality of Laguerre functions (Fllfv_)N*(O) =0, V(Q=0,z2)= 1)
R* / gqfi’L(z)\pz’L(z) =

e Find

Fl?\f—ﬂ\f* (Q2) —
3 (1 + 9 ) (1 i f}é) (1 n —Afff)
P

with M2 — 4k%(n + 1/2)

de Teramond, sjb

Consistent withv counting rule; twist 3



Predict hadrow spectroscopy and dynamics

Excited Baryons in Holographic QCD G. de Teramond & sjb

Q4 Ff(QZ)

12+ i

0.15

0.10

0.05

000 v
0

1l
—

n= n= n n=0

0 | | | | | | | | | |

9-2009
8796A3 L L




(Q%) (GeV*)

N
1

Q*F

Q° Fy (Q%) (GeV®)

Sufian, de Teramond, Deur, Dosch, sjb

—__ LFHQCD, Q* F? (Q?)
— LFHQCD, Q* F? (Q*), r=2.08 _|
LFHQCD, Q* F} (Q*), r=1.0

$ Polarization Data, Q* F} Q%) |
¢ Polarization Data, Q* F] Q%)

—— LFHQCD, Q° F® (Q?)
—— LFHQCD, Q° F? (Q?)
$ Polarization Data, Q° F (Q*)
¢ Polarization Data, Q° F5 (Q* 1

QI (Q°)

Q' (Q?)
Includes

5-quawrks
Fock states

QI3 (Q7)

Q" F3(Q7)



xqg Q° F3 (Q%) (GeV”)

—— LFHQCD, ! Q° F! (Q?)

—— LFHQCD, ) Q° F¥ (Q?)
¢ Qattan & Arrington, ¥, Q° F (Q*)
I Qattan & Arrington, y3 Q° F5 (Q*)

4 o)
Q* (GeV*)

Flavor Dependence of Q° F2(Q?)

Sufian, de Teramond, Deur, Dosch, sjb
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Dressed soft-wall cuwrrent brings inv higher
Fock states and more vector mesov poles

7.‘.-|—
e—l-
S .)-*-
B Y
€
—_—




Current Matrix Elements in AdS Space (SW) 690(2) _ €+f€22

e Propagation of external current inside AdS space described by the AdS wave equation

[z20§ — 2z (1 + 2/122*2) 0, — QQZQ] J (@, z) = 0.

e Solution bulk-to-boundary propagator DVW
9 2
@) =T(14+ L) u( L 0,62:2),  Curvent
42 42 .
i Soft-Wall
Model

where U (a, b, ¢) is the confluent hypergeometric function

['(a)U(a,b, z) = / e 101 ) tae,
0

e Form factor in presence of the dilaton background ¢ = K2 2°
d
F(Q*) =R’ Z—§ e_’i222<1>(z)J,<,(Q, 2)®(2).

e Forlarge Q% > 4k>
Ju(Q,2) — 2QK1(2Q) = J(Q, 2),

the external current decouples from the dilaton field. de Teramond & sjb

Grigoryan and Radyushkin



Timelike Pion Form Factor from AdS/QCD
and Light-Front Holography

: — (1 — 1 | 1 ]
) ==Y M)
- : P P o ol
2 4 2
=4r“(1/24+n
log | Fy (s)] M., (1/2 4 n)
: v =0.17
1 - _
i V4 v - A
. [ Rahd T Prescription for
0; g \\\ At Tawist 2+ 4 ) Timelike poles :
i i \\\ R &5 1
i / \\\ | ~ i s — M? -+ Z\/EF
: Twist 2 | {
-1+ \—— —
i o - -1 14% four-quark
Frascati data ~— probability
S 2 S S T O HO SO RO SO S NN S R SO S R R R
0.0 05 1.0 2.0 2.5 3.0

1.5 -
S ( G6V2 ) G. de Teramond & sjb



Piow Form Factor from AdS/QCD and Light-Front Holography

log [ (s)

spacelike timelike

) i} /Frascati
S
T
f JLab \ ’

BaBar ISR |
10 -5 5 10

-
¢*(GeV?)




Superconformal Algebra
2X2 Hadronic Multiplets
Bosons; Fermions withvEqual Mass/!

Meson Baryon

RT
° A £00
S e

Om, Lp+1 Yp+, Lp

Baryon Tetraquark

O O RT O O
O AT W
wB—a [/B_I_1 ¢T7 LB

Proton: quark + scalar diquark |g(qq) >
(Equal weight: L =0,L = 1)




Features of Supersymmetric Equations

¢ J =L+S baryon simultaneously satisfies both
equations of G with L, L+1 with same mass
eigenvalue

o Jz=Lz2+1/2=(L2+1)-1/2 S%=+1/2

e Proton spin carried by quark Lz

®* Mass-degenerate meson “superpartner” with

Lv=Le+1. “Shifted meson-bawryon Duadity”

Mesons and baryons have same & !

I Nﬁ Genoa Supersymmetric Features of QCD EFJI"™ Brodsky &
_ Feb 8, 2017 from LF Holography el AR (4
(e il N



Solid line: n = 0.53 GeV

A2 A2 ,A2,A2

Superconformal meson-nucleon partners

de Téramond, Dosch, sjb



E. Klempt and B. Ch. Metsch

N%, oF
& [ -
=S 8 o
7 .
- ‘ f (2510)
= -4 a_ (2450
65 Ay (2420) 6( )
50 ~ P5(2350)
- " 1, (2050)
4 A, (1950) 4 2, (2020)
- 003 (1670)
3By (12324 p; (1690)
o f (1270)
. ..‘" a, (1320)
1 7 0 (782)
- #® 5 (770)
0—3 7 1 15
2 2 2 2

The leading Regge trajectory: A resonances with maximal J in a given mass range.

Also shown is the Regge trajectory for mesons with | = L+S.



de Téramond, Dosch, Lorce, sjb

S wperwmformaJ/Algdwaz

= Lp+1) LB+1)>

2X2 Hadronic Multiplets ( ol wB+< L) ¢T< Ly = Lp)

quark-antiquark meson (La = Lp+1))

quark-diquark baryon (Lp) Q Q

om, Lp+1 Yy, Lp

quark-diquark baryon (Lg+1)
diquark-antidiquark tetraquark (L = LB)Q Sl

wB 7LB—|_1 ¢T7 LB

Universal Regge slopes )\ = 2

~
contribution from 2-dim contribution from AdS and
light-front harmonic oscillator superconformal algebra m2
A\ 7\ ,I/
Mé/A:£2n+LH+12+£2n+LH+1z +  2(Lyg+s)+2x 1 < Z T >
ki;ertz'c pot;gtial : y

x(mesons) = —1 x (baryons, tetraquarks) = +1



Universed Hadronic Features

® Universal quark light-front kinetic energy

ks A‘/\/l%FKE — /{2(1 + 2n + L)
Equal: "

LLIBR® Universal quark light-front potential energy
Theorem! i

N M%FP o= /4;2(1 +2n + L)

® Universal Constant Term
M? = 21{2(5 +L -1+ Qndiquark)

sSpPIN

M? = AMF pgp + AMT ppp + AMipm

+<ZT§>

7)




de Teramond, Dosch, Lorce, sj)b

New World of Tetraquarks

30 X 30 = 30 + 0¢
Bound/!

* Diquark: Color-Confined Constituents: Color 3C

* Diquark-Antidiquark bound states 30 X 30 =1¢
o(I'N) ~20(pN) — o(wN)
2/0({gq}N) +o(gN)| = [0(gN) + o (gN)] = [0({gq}N) + o({gq} N)]

Candidates fo(980)1 = 0, JY = 07, partner of proton
a1(1260)I = 0, J% = 17, partner of A(1233)



(@)

Ao(2625)
A.(2880)
| D1(2420)

Dosch, de Teramond, sjb

Supersymmetry across the light and heavy-light spectrum

| (D)

%.(2520)

D3(2460)

D*(2010)

Ao(2595)
A¢
D
0 I > 3
Ly=Lz+1
| (¢) =-(2815)

D, 1(2536) 2.(2790)

0 i 2
Ly=Lg+1

) =,(2645)
D,(2573)

'D*(2112)

0 1 2
Ly=Lg+1

Heavy charm quark mass does not break supersymmetry




Supersymmetry across the light and heavy-light spectrum

Heavy bottom quark mass does not break supersymmetry

Ap(5620)

B
0 1 2
Ly=Lg+1
- (c)
B;1(5830)

Dosch, de Teramond, sjb

(D)

B

B3(5747)

Ly=Lg+1

(@)

E5(5955)




Foundations of Light-Front
Holography

® The QCD Lagrangian for mq =0 has no mass scale.
® What determines the hadron mass scale?

® DAFF principle: add terms linear in D and K to Conformal
Hamiltonian: Mass scale k appears, but action remains scale
invariant —> unique harmonic oscillator potential

® Apply DAFF to the Poincare’ invariant LF Hamiltonian: Unique
color-confining potential

® Fixes AdS;s dilaton: predicts Spin and Spin-Orbit Interactions
® Apply DAFF to Superconformal representation of the Lorentz group
® predicts Meson, Baryon, Tetraquark spectroscopy, dynamics

® Supersymmetric Features of Spectrum

INEN Genoa . Supersymmetric Features of QCD EYPYN: IOV B S g =N

Istituto Naziona
di Fisica Nucleare



Chival Features of Soft-Wall
AdS/QCD Model

* Boost Invariant

¢ Trivial LF vacuum! No condensate, but consistent with GMOR

® Massless Pion

* Hadron Eigenstates (even the pion) have LF Fock components of different L”

¢ Proton: equalprobablhty SZ — _|_1/2 LZ — () SZ — _1/2 L7 = +1
1T = +1/2 < [* >= 1/2 < SZ — 0]

* Self- Dal ass1ve Elgenstates Proton is its own ch1ra1 partner

® Label State by minimum L as in Atomic Physics

¢* Minimum L dominates at short distances

¢ AdS/QCD Dictionary: Match to Interpolating Operator Twist at z=o.
No- mass -degenerate parity partners!



Runwning Coupling from Modifted AdS/QCD

Deur, de Teramond, sjb

Consider five-dim gauge fields propagating in AdS5 space in dilaton background ¢(z)

Flow equation

1 1

S:——/d4ajdz\/§e“’() G?
4 g5
1 1 2.2
= e?1?) or gi(z)=e "% g5(0)
gz (2) g2(0) ’ °

where the coupling g5(z) iIncorporates the non-conformal dynamics of confinement

2

YM coupling as(¢) = g%-,,(¢) /4 is the five dim coupling up to a factor: g5(z) — gy as(¢)

Coupling measured at momentum scale ()

Solution

where the coupling o

AdS

a5 (Q / CACT(CQ) a5 (¢)

N2 &2 1
OzAdS(QQ) _ aAdS(O) o—Q%/4 from dilaton e

S

iIncorporates the non-conformal dynamics of confinement

K222



Bjorken sum rule defines effective charge [e%s| (QQ)

[ delgi?(,Q%) — i, Q7)) = Loy - 21D

® Can be used as standard QCD coupling

|

® Well measured
® Asymptotic freedom at large Q?

® Computable at large Q? in any pQCD
scheme

® Universal Bo, Bi



Runwning Coupling from Modifted AdS/QCD

Consider five-dim gauge fields propagating in AdSy space in dilaton background ga( )

Flow equation

9z (2) 92(0)

Deur, de Teramond, sjb

1 1
S=—- /d4:1: dz \/ﬁeg‘)(z) G?
4 g5

1 1 9 222

—R™Z

or g5(z) =e "7 g5l

-

— p¥(2)

)

where the coupling g5(z) Incorporates the non-conformal dynamics of confinement

_ ,{222

YM coupling as(¢) = g%,M(C)/ZLW is the five dim coupling up to a factor: g5(z) — gy ar(C)

Coupling measured at momentum scale ()

Solution

where the coupling o

AdS

025 (Q / CACT(CQ) S (¢)

incorporates the non-conformal dynamics of confinement



Analytic, defined at all scales, IR Fixed Point

NN a5 (Q) /1 = e~ @ ?/4k?
as(Q) f Y
T 06 .{"[‘
----- Modified AdS { |1 ] i
— AdS Lok ||;\ k= 0.54 GeV
o4 o, /7 (pQCD) \
i o gl/n world data '
------- GDH limit X o./n \[ o
027¢ a/nOPAL { "
A o gl/n JLab CLAS ..
B o /7 Hall AICLAS I r A g S
o | @ Lattice QCD (2004) (2007) Y -
| | | L L | L
10" ] 10
Q (GeV)

AdS/QCD dilaton captures the higher twist corrections to effective charges for Q < 1 GeV

2 _2
e¥ = eTh 2

Deur, de Teramond, sjb



Deur, de Teramond, sjb

All-Scale QCD Coupling

_ Fitto Bj + DHG Sum Rules:
WLl EiRelo il 1« — ().513 + 0.007 GeV

(Quark Confinement)

Expt:
Asrs = 0.339 £ 0.016 GeV

Perturbative QCD
(Asymptotic Freedom)

0.2 —
|
\ = K2 oL Qo = 0.87 £0.08 GeV MS scheme

o
107 i 10
Q (GeV)




Deur, de Teramond, sjb

All-Scale QCD Coupling

_ Fitto Bj + DHG Sum Rules:
WLl EiRelo il 1« — ().513 + 0.007 GeV

(Quark Confinement)

World Data:

+ 0.019 GeV
Use Qo for
starting
DICLAL (Aeymptotie Froedom o
and ERBL Prediction
Evolution + 0.019 GeV
Qo = 0.87 £0.08 GeV MS scheme

1

/8



........ | -
1_0_____5__ A Hall A/ICLAS _
, g > JLab CLAS (2008) -
: l v JLab CLAS (2014)]
0.8} i <4 DESY HERMES -
i ! v CERN COMPASS 1
: | d | < CERNSMC '
E 0.6} | | _
| | R, Holographic §
041 B SLAC E142/E143 < N -
- < SLAC E154/E155 .7 A : :

. A JLab RSS of o
0.2+ >  Fermilab Process ‘ i}

i A Independent

T Qpl Model s ==
0.0F = = QHm _
0 0.050.1 1 10

k [GeV]

Process-independent strong running coupling

Daniele Binosi,! Cédric Mezrag,? Joannis Papavassiliou,®> Craig D. Roberts,? and Jose Rodriguez-Quintero*



Features of LF Holographic QCD

® Regge spectroscopy—same slope in n,L for mesons, baryons
® Chiral features for m,=0: mx=0, chiral-invariant proton

® Hadronic LFWFs

® Counting Rules

® Connection between badron masses and AM—S

Superconformal AdS Light-Front Holographic QCD (LFHQCD)

Meson-Baryon Mass Degeneracy for Lu=Lp+1

Genoa
INFN | IFeb8,20!7




de Teramond, Dosch, sjb

Tony Zee

"Quantum Field Theory in a Nutshell”

Dreawmy of Exact Solvability

“In other words, if you manage to calculate mp it better come out pro-
portional to Agcp since Agep is the only quantity with dimension of mass
around.

Light-Front Holography:

Similarly for m,. m, o 3.21 AM—S m, = el AMS.

Put in precise terms, if you publish a paper with a formula giving m,/mp in
terms of pure numbers such as 2 and 7, the field theory community will hail
you as a conquering hero who has solved QCD exactly.”

(mg = 0) - my, 1 - A |
e L MS _
0 me = 5 O~ 0455£0.031

**




Fundamentold Hadvonic Features of Hadrons

‘Partition of the Proton’s Mass: Potential vs. Kinetic Contributions [AAEIMRAEIg=l)

AM?2 = k*(1+2n+ L)
Color Confi 2y = g2 IR
‘ olor Confinement U(C ) K AM%FPE _ /{2(1_|_2n_|_L)

Role of Quark Orbital Angular Momentum in the Proton
& : Equal L=0, |

.Quark-Diquark Structure

2 .
m rom the Yukawa couplin
‘Quark Mass Contribution AM? =< —% > fto the Higgs zero mgdeg
X
.Baryonic Regge Trajectory M|2:>(n’ LB) — A2 (n + Lg+ 1)

‘Mesonic Supersymmetric Partners Ly =L +1

‘Proton Light-Front Wavefunctions and Dynamical Observables A w2
da (@, k1) = ¢ T
‘Form Factors, Distribution Amplitudes, Structure Functions ry/a(l — )

‘ Non-Perturbative - Perturbative OCD Transition Qo = 0.87 £ 0.08 GeV' M.S scheme
‘DimensionalTransmutation: my = 3.21 AM—S My = 2.2 AM—S

Genoa
INFN | lFeb8,20!7



Cornwnectiow to-the Lineawr Ivstont-Form Potentic

Linear instant nonrelativistic form V' (r) = Cr for heavy quarks

Harmonic Oscillator U(¢) = k*(? LF Potential for relativistic light quarks

A.P. Trawinski, S.D. Glazek, H. D. Dosch, G. de Teramond, sjb



Cornwnectiow to-the Lineawr Ivstont-Form Potentic

e Compare invariant mass in the instant-form in the hadron center-of-mass system P = 0,
2 _ 2 2
Mgz =4my+4p
with the invariant mass in the front-form in the constituent rest frame, kq + kg =0

2 2
2 _kL+mq

9 (1 -x)

obtain

U:V2—|—2\/p2—|—mgV—|—2V\/p2—|—m?]

where p2 — - XL 50— ma@=1/2) 17 e ihe effective potential in the instant-form
eepJ_—4x(1_x), pg— m,a S 1ne eclive potentia e INSsia (0]

e For small quark masses a linear instant-form potential V' implies a harmonic front-form potential U

and thus linear Regge trajectories

A.P. Trawinski, S.D. Glazek, H. D. Dosch, G. de Teramond, sjb




Fundamentold Hadronic Featuwes of the Protov

® Partition of the Proton’s Mass: Potential vs. Kinetic Contributions
® Color Confinement

® Role of Quark Orbital Angular Momentum in the Proton
® Quark-Diquark Structure

® Quark Mass Contribution

® Baryonic Regge Trajectory

® Mesonic Supersymmetric Partners

® Proton Light-Front Wavefunctions and Dynamical Observables
® Form Factors, Distribution Amplitudes, Structure Functions

® Non-Perturbative - Perturbative QCD Transition

® Dimensional Transmutation: Mp/AMS

Genoa
INFN Feb 8, 2017

Istituto Nazionale
di Fisica Nucleare




- de Teramond, Dosch, Wu, Vary, sjb
Futuwre Directions

¢ Hadronization at the Amplitude Level: LFWF's Remawkalble
similawities withv
¢ Running Coupling at all Q2 DSTE app roach of

Roberty et al.

¢ Factorization Scale for ERBL, DGLAP evolution: Q,

® Calculate Sivers Effect including FSI and ISI

® Eliminate renormalizations scale ambiguity: PMC

e Compute Tetraquark Spectroscopy: Sequential Clusters
e Update SU(G) spin-flavor symmetry

e Heavy Quark States: Supersymmetry, not conformal

e Compute higher Fock states; e.g. Intrinsic Heavy Quarks
®* Nuclear States — Hidden Color

e Basis LF Quantization



~ Feb 8,2017

Novel QCD

® Flavor-Dependent Anti-Shadowing

® |LFVacuum and Cosmological Constant: No QCD
condensates

® Principle of Maximum Conformality (PMC): Eliminate
renormalization anomaly; scheme independent

® Match Perturbative and Non-Perturbative Domains

® Hadronization at Amplitude Level

® Intrinsic Heavy Quarks from AdS/QCD: Higgs at high xr
® Ridge from flux tube collisions

® Baryon-to-meson anomaly at high pt

Supersymmetric Features of QCD EFJI"™ Brodsky
from LF Holography el Ay (2

Genoa




Q? =5 GeV-?
1.3_""I""I""I""I""I""I""I""I""

FFe/F,D

; Extrapolations from Nu’Té'V _
0.8 No-anti-shadowing in deep inelastic neutrino scattering !
' Non-Universal -- Quark Specific? '

07001 02 03 04 05 06 07 08 09

X
I Nﬁ Genoa Supersymmetric Features of QCD EFJI"™ Brodsky %,
Feb 8, 2017\ @ from LF Holography AV~
(e A =N




“One of the gravest pusgzles of
theoretical physics”

DARK ENERGY AND
THE COSMOLOGICAL CONSTANT PARADOX

A. ZEE

Department of Physics, University of California, Santa Barbara, CA 93106, USA
Kawil Institute for Theoretical Physics, University of California,
Santa Barbara, CA 93106, USA
zee@kitp.ucsb.edu

(Qa)@ep ~ 107
Qp = 0.76(expt)

(Qp) Ew ~ 10°°

Extraordinary conflict between the conventional definition of the vacuum in
quantum field theory and cosmology

tlementy of the solution:
(A) Light-Front Quawntigation. causald, frame-independent vacuuwmw
(B) New understanding of QCD “Condensates”
(C) Higgs Light-Front Zevo-Mode



Light-Front vacuumnm cowv simudate empty universe
Shrock, Tandy, Roberts, sjb

® Independent of observer frame

® Causal

® Lowest invariant mass state M= o.

® Trivial up to k'=0 zero modes-- already normal-ordering

® Higgs theory consistent with trivial LF vacuum (Srivastava,

sjb)

® QCD and AdS/QCD: “In-hadron”condensates (Maris, Tandy
Roberts) -- GMOR satisfied.

® QED vacuum; no loops

® Zero cosmological constant from QED, QCD, EW

Supersymmetric Features of QCD EFJI"™ Brodsky /&)
from LF Holography el Ay (2

Genoa
INFN IFeb8,20!7
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Goals

* Test QCD to maximum precision at the
LHC

* Maximize sensitivity to new physics

* High precision determination of
fundamental parameters

¢ Determine renormalizations scales
without ambiguity

¢ Eliminate scheme dependence

Predictions for physical observables cannot depend on theoretical
conventions such as the renormalization scheme



Myths concerning scale setting

* Renormalization scale “unphysical”: No optimal physical scale
* Can ignore possibility of multiple physical scales

* Accuracy of PQCD prediction can be judged by taking arbitrary
guess ;, , = () with an arbitrary range Q/2 < up < 2Q

* Factorization scale should be taken equal to renormalization
scale up = up

These assumptions are untrue in QED
and thus they cannot be true for QCD

Clearly heuristic. Wrong in QED. Scheme dependent!



Electron-Electrow Scaltering inv QED

81s 81s
Mee——}ee(++;++) — "'"'"t"""' O!(t) | a(u)

t‘ “‘\

a0
a(t) = 1—%()15)

Gell-Mann--Low Effective Charge



Electron-Electrow Scallering inv QED

81s 87Ss

Meeﬁee(++;++) — """"t"""' a(t) | a(u)

Two separate physical scales: t, u = photon virtuality

Gauge Invariant. Dressed photon propagator t ‘ u ‘ \
i E

Sums all vacuum polarization, non-zero beta terms into running
coupling. [This is the purpose of the running coupling!

If one chooses a different initial scale, one must sum an infinite number
of graphs -- but always recover same result!

Number of active leptons correctly set

Analytic: reproduces correct behavior at lepton mass thresholds

No renormalization scale ambiguity!




Lessons from QED

In the (physical) Gell Mann-Low scheme, the momentum scale of the running
coupling is the virtuality of the exchanged photon; independent of initial scale.

___a(lo) TI(¢) — T(to)
O =Ty 0= g,

Example: ee-scattering

8 8
Mee—>ee — i80[(75) | ﬂ-Sa(u) e

L U

Two separate scales;
one for each skeleton graph.

e

For any other scale choice an infinite set of diagrams must be taken into
account to obtain the correct result!

In any other scheme, the correct scale displacement must be used
2 1 2 2 2
He— 1 — 2 5m2
MS:G/ dx:c(l—a:‘)logmeJer( ) ane logQ
0

lOg 5 2 9

1y Ty my

cagrs(e™¢%) = agm-1(¢?).




week ending

PRL 110, 192001 (2013) PHYSICAL REVIEW LETTERS 10 MAY 2013

S

Systematic All-Orders Method to Eliminate Renormalization-Scale and
Scheme Ambiguities in Perturbative QCD

Matin Mojaza™

CP3-Origins, Danish Institute for Advanced Studies, University of Southern Denmark, DK-5230 Odense, Denmark
and SLAC National Accelerator Laboratory, Stanford University, Stanford, California 94039, USA

Stanley J. Brodsky"
SLAC National Accelerator Laboratory, Stanford University, Stanford, California 94039, USA

Xing-Gang Wu*

Department of Physics, Chongging University, Chongqing 401331, People’s Republic of China
(Received 13 January 2013; published 10 May 2013)

We introduce a generalization of the conventional renormalization schemes used in dimensional
regularization, which illuminates the renormalization scheme and scale ambiguities of perturbative
QCD predictions, exposes the general pattern of nonconformal {8;} terms, and reveals a special
degeneracy of the terms in the perturbative coefficients. It allows us to systematically determine the
argument of the running coupling order by order in perturbative QCD in a form which can be readily
automatized. The new method satisfies all of the principles of the renormalization group and eliminates an
unnecessary source of systematic error.

Genoa




0-Renormalization Scheme ( Rs scheme)

In dim.reg. 1/¢ poles come in powers of [Bollini & Gambiagi,'t Hooft & Veltman, '72]

2

L 1
IHE—'_E—'_C

In the modified minimal subtraction scheme (MS-bar) one subtracts together
with the pole a constant [Bardeen, Buras, Duke, Muta (1978) on DIS results]:

1n(47r) —YE
This corresponds to a shift in the scale:

pars = 1 exp(Indm — vg)

A finite subtraction from infinity is arbitrary. Let’s make use of this!

Subtract an arbitrary constant and keep it in your calculation: R s-scheme

M. Mojaza, Xing-Gang Wu, sjb In(4m) — g — 0.
Hs = Hirs exp(—0) = p? exp(Indr — v — 0)

/) Genoa
INFN IFeb8,20!7

Istituto Naziona
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M. Mojaza, Xing-Gang Wu, sjb

Exposing the Renormalization Scheme Dependence

Observable in the Rs-scheme:
ps(Q%) =ro + ria(p) + [r2 + Bor1dla(p)® + [rs + B17r16 + 280r20 + Bgri6%]a(p)’ + - -

Ro=MS, Rinar—s =MS 1’ =pig exp(ndr —yg), pg, = pg, exp(da — 1)
Note the divergent ‘renormalon series’ n!5" o

Renormalization Scheme Equation

dp
%Z—M)

dp

=0 — PMC
da

105(Q2) =70 + T'1a] (:ul) + (TZ + 50"“151)@(#2)2 + [Tg = 517“151 R 250?“252 —+ 637“15%]&3(“3)3 J

The §Ya™-term indicates the term associated to a diagram with 1/e"~" di- i
vergence for any p. Grouping the different d;-terms, one recovers in the N, — 0
Abelian limit the dressed skeleton expansion.
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Special Degeneracy in PQCD

There is nothing special about a particular value for ¢, thus for any ¢

P(Q2) =190 + 11,00(Q) + |r2,0 + 5071,1]61(62)2 + [r3.0 + 512,1 + 2507;3_,1 —+ 53@@(@)3

5
+ |[ra,0 + Baran + 261731 + 551507“3,2 + 360741 + 385742 + Byrazla(Q)

According to the principal of maximum conformality we must set the scales
such to absorb all ‘renormalon-terms’, i.e. non-conformal terms

J" " E E E & E 5 5 &5 S &S S E S S S S S S &S S E S E S S S S E S E S S S S EEE S E S S S S &S S .S .S s E s E .

p(Q%) =100+ 71,0a(Q) + (Boa(Q)? + S1a(Q)’ + Boa(Q)* + -+ )raq

4 (830(Q)° + 2B1foa(Q)* + -+ Irsz + (B3 + - Ira

+--------------------------------------------------------

i+ ro.00(Q)? + 2a(Q)(Boa(Q)?* + Bra(Q)® + - r3y

_|_ .
L e e gelg i
57“1,()@(@1) =r1,0a(Q) — B(a)ra1 + %5(@)({;—67“3,2 + + ( nl') (dln;ﬂ)i—l ntln
a0a(Qa)? = 1200(Q): — 2a(@)Blayran 4T E

- ]
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M. Mojaza, Xing-Gang Wu, sjb
General result for an observable in any Rs renormalization scheme:
p(Q%) =ro,0 + r1,0a(Q) + [r2,0 + Borz,1]a(Q)?
+ [rs,0 + Bir2,1 + 260731 + Byrs,2)a(@)’
D
+ (14,0 + Bara1 + 2617131 + 55150723,2 + 35074,1
380742 + Byrasla(@) + O(a”)

PMC scales thus satisfy
r1,0a(Q@1) = r1,00(Q) — B(a)ra1
ro,0a(Q2)° = r2,0a(Q)? — 2a(Q)B(a)rs 1
7“3,0@(@2)3 = TS,OG(Q)S — SCL(Q)QB(@)MJ

3

Tk,oa(Qk)k — "“k,oCL(Q)Q — k a(Q)k_lﬁ(a)TkHJ

Supersymmetric Features of QCD EYF¥Y FAN B NP
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Important Example: Top-Quark FB Asymmetry

Brodsky, Wu, Phys.Rev.Lett. 109, [arXiv:1203.5312]

10000

_ oy >0) —o(y" <0) |
o(ylt > 0) + oyt <0) .

. // I / .

Y \ v

— \ e
/ I

oy #:uf ('

(9q)-channel

100 4

PMC scales (GeV)

_____ NLO PMC scale
---------- LO Coulomb PMC scale

1

200 400 600 800 1000 1200 1400 1600 1800 2000

/ / ] : . . .
) \\ 105 \/ —— LO PMC scale
/o :

Vs (GeV)
~——— PMC estimation 035f - 1 ; [ EN
21 estimation without PMC i ft-rest frame A tFtB 08r AtFtB (M. > 450 GeV) ‘20
—=— ATLAS;arxiv:1108.3699 C B
—a— ATLAS;arx:X:1201.1889 oo 0.7 | B
2404 e=¢e= ATLAS;arxiv:1202.4892 [ PMC
- —e—  CMS:arxiv:1105.5661 0.25¢ 0.61
- CMs;arXiv:1 1083773 | . -
& S - ----
20090 Tl 0.4
.......... 0.3t
o4+ e ool
[ . 0.055 .
120 T T T T T T T [
160 165 170 175 180 0~ 0"
m,
o . . . . ]_ . )
Conventional Scale Setting: a () = agrg(p) and p = [5Q,2Q)] HP: Hollik, Pagani, Phys.Rev. D84(201 |)

Conventional ‘uncertainty estimate’ can be misleading
(see also Blumlein & van Neerven, Phys.Lett. B450, 417[1999])

Improving pQCD precision important for exposing new physics correctly!

Genoa




Implications for the pp — ttX asymmetry at the Tevatron

Interferes with Born term.

Small value of renormaligatiow scale increases
asymmetry, just as inv QED
e Xing-Gang W, sjb
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The Renormaligation Scale Ambiguity for Top-Pair Productionw
tliminated Using the ‘Principle of Maximuun Conformality’ (PMC)

Xing-Gang Wu

08t A, (M. >450 GeV) SJB

0.7

0.6

0.5 Experimental

4 asymmetry
<= PMC Prediction

0.4

0.3

0.2}
== Conventional guess for

renormalization scale
o L and range

0.1

Top quark forwoawrd-backward asymmetry predicted by pQCD NNLO
within 1 o of CDF/DO measwrementy using PMC/BLM scale setting



NNLO QCD predictions for fully-differential top-quark

pair production at the Tevatron arXiv:1601.05375
Michat Czakon,”® Paul Fiedler,” David Heymes® and Alexander Mitov®

0.5 I I I I T | | I
IBIPI/"% — = | Wang, et al
NLO ——

_ o | Czakon, et al

0.4 r PMC NNLO

tt

0.3 r * —%

App(pp — ttX, my > mg')

— V(NLO) |

AFB(mtE > m
O
N
|

-—
-

0.1
NLO , NNLO: Czakon, Fiedler, Heymes, Mitov
PMC and Conv NLO : Wang, Wu, Si, sjb
O ] ] ] ] ] ] ] ]
350 400 450 500 550 600 650 700 750 800
m?t—lt [GeV ]

Predictions for the cumulative front-back asymmetry.



http://arxiv.org/abs/arXiv:1601.05375

Reanalysis of the Higher Order Perturbative QCD corrections to Hadronic Z Decays

using the Principle of Maximum Conformality

_ ) - P.A. Baikov, K.G. Chetyrkin, J.H. Kuhn, and J. Rittinger,
5-Q Wang, X-GWu, sjb Phys. Rev. Lett. 108, 222003 (2012).
1.046
1044 | [ ¢+ Conv.
x PMC
1.042}
1.04 ¢
b ’ »®
1.038}
1.036 |
1.034 +
(2) (3) (4)
NS NS NS

The values of rgls) =1+) ", CNSal and their errors
+|CN3a™|max. The diamonds and the crosses are for con-

ventional (Conv.) and PMC scale settings, respectively. The
central values assume the initial scale choice pu™* = M.



Set multiple renormalization scales --

Lensing, DGLAP, ERBL Evolution ...

Choose renormalization scheme; e.g. alt(puBt) PM C/ B LM

l No renormalization scale ambiguity!
Choose p''"; arbitrary initial renormalization scale Result iy independent of
Renormaligatiov scheme
l and initial scale/!

Identify {87} — terms using ny — terms
QED Scale Setting at Nc=0

through the PMC — BLM correspondence principle

l Eliminates unnecessary

Shift scale of ay to utMC to eliminate {8} — terms Systematic uncertainty

! Scale fixed at each order

Conformal Series

0-Scheme automatically

nit

Result is independent of pp' and scheme at fixed order Identlﬁ es B-te I"mS!

Xing-Gang Wu, Matin Mojaza
Leonardo di: Giustino, S¥B

Principle of Maximum Conformality
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Features of BLM/PMC

Predictions are scheme-independent
Matches conformal series

Commensurate Scale Relations between
observables: Generalized Crewther Relation
(Kataev, Lu, Rathsman, sjb)

No n! Renormalon growth
New scale at each order; nr determined at each order
Multiple Physical Scales Incorporated

Rigorous: Satisfies all Renormalization Group
Principles

Realistic Estimate of Higher-Order Terms

Eliminates unnecessary theory error



tliminatiow of QCD Scale Ambiguities

The Principle of Maximum Conformality (PMC)
Applications of PMC renormalization-scole-setting

for top Hugg/yprodwoﬁow and other processes at the LHC

Conv (Wang etal) —h—

PMC
PMC NNLO QCD —&—

0.4 NLO QCD —e—

cut
tt

0.3 AFB(pﬁ—>tt_X)

cut

Conv.

AFB(mtE > m
(@)
N

Czakon, Fiedler, Heymes, Mitov — tt+X

0
350 400 450 500 550 600 50 700 750 800

cut [GeV

with Leo—vwdo-d/uéuwt’uw
Xing-Gang Ww and Matine Mojazow



S-Q Wang, X-G Wu, sjb olpp — HX — vy X)

110

100 F LHC-XS —_
90 F PMC T
— g0k —h— 7T€V
@ ol ——RTeV _
E - T —=—13TeV
60 |- |
Tl | . - _
”j ; _
o, 30r = — .
\% L
< 20r .
él:{ L i |
10 .
ol / TeV 8 TeV |3TeV BB
ot |

Comparison of the PMC predictions for the fiducial cross section ogq(pp —
H — ~~) with the ATLAS measurements at various collision energies. The
LHC-XS predictions are presented as a comparison.

oea(pp = H —~vy) 7TeV  8TeV 13 TeV
ATLAS data [48] 49418 42571035 52130

LHC-XS [3]  24.7+2.6 31.0+3.2 66.17¢¢

PMC prediction ~ 30.1%33  38.4757 85877




Fixed LF time

Proton 5 -quawk Fock State :
Intrinsic Heovy Quouks

— T QCD predicty
: - = Intrinvsic Heavy
‘1 = Quawrks al highv x

"R Minimal off-

7

Use AdS/QCD LFWF

H shellness
o X (mé + k)12
Probability (QED) ﬁ Probability (QCD) o Ml%
14

Collins, Ellis, Gunion, Mueller, sjb
Polyakov, et al. Hoyer, Vogt, et al



10~

[44] ~ o~
m o~ w
LAY o ~

75.

] Measwwrement of Chawm Structure

Function/!

J.J. Aubert et al. [European Muon Collaboration], “Pro-
duction Of Charmed Particles In 250-Gev Mu+ - Iron In-
teractions,” Nucl. Phys. B 213, 31 (1983).

First Evidence for Intrinsic Charm
Hoyer, Peterson, Sakali, sjb

Jactor of’3o0!

Easy

1ce1R 7/ -. |
+ s/ /7 Ly
L \, // \\ ) i
7y e
17 \
_ / |
107 _,'I / \ PGF/ R
S \ 4 3UICICR ]
- \ ’
I !

) N
il A
I PGF \

-,! ! gluow splitting \ -

i (DGLAP)
107+L! 1 1 | !
00 01 0.2 0.3 0.4

YYVYVYY

| 7y o !
DGLAP / Photon-Gluon Fusion: factor of 30 too small
Two-Componenty (separate evolution):

C(CB, Qz) — C(QZ‘, QQ)extrinsic + C(QZ‘, QQ)intrinsic



week endin

PRL 102, 192002 (2009) PHYSICAL REVIEW LETTERS 15 MAY 2000

Measurement of ¥ + b + X and y + ¢ + X Production Cross Sections
in pp Collisions at \/s = 1.96 TeV

Data/Theory _
gmg-og, L =10f" y"|<0.8 -y <0 Aa(pp — ,VCX)

E16F y'ry;et>0 |y'|<1.0 F y+b+ X

S14F Y+b+X 0 > 15 GeV : { + ......... AO’(ﬁp — /be)
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1-Baimekcaafacsmnt e oo :“F;.‘.-,-j-j'-r.-:m-.;- e, osernn
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- ° ° o _ o
08} - Ratio insensitive
) D data / theory il
T CTEQ6.6M PDF uncertainty | to glu()n PDF,
0A4F -.-. = IC BHPS / CTEQ6.6M - —
02f === ICsealike/CTEQe6M £ D —> ’be scales
P sesvessanianeas Scale uncertainty P SR AT N RPN A
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IC

atx > 0.1
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Covuistent with EMC meoasuwrement of chawrm

structure functionw at high v



Goldhaber, Kopeliovich, Schmidt, Soffer sjb

Intrinsic Chawrm Mechounism for Inclusive
High-Xr Higgs Production

P_‘_; g pp — HX
. .—> H
C <8

< 1%

Also: intrinsic strangeness, bottom, top

Higgs can have > 80% of Proton Momentum!

New production mechanism for Higgs



QCD Myths

® Anti-Shadowing is Universal: Nuclear PDF Sum Rules!
® ISI and FSI are higher twist effects and universal

® High transverse momentum hadrons arise only from jet
fragmentation -- baryon anomaly!

® heavy quarks only from gluon splitting
® renormalization scale cannot be fixed
® QCD condensates are vacuum effects
® Infrared Slavery

® Nuclei are composites of nucleons only

® Real part of DVCS arbitrary
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Supersymmetric Meson-Baryon Properties of QCD

from Light-Front Holography and Superconformal Algebra

Fixed T =t
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