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Determine QCD running coupling from

measurement of the
thrust distribution at one energy!
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QCD Coupling defined at all scales, IR Fixed Point
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AdS/QCD dilaton captures the higher twist corrections to effective charges for Q < 1 GeV

e = ¢
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Deur, de Teramond, sjb
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Deur, de Teramond, sjb

All-Scale QCD Coupling

(Quark Confinement)

Use Qo for starting

Transition scale Qo

Experiment:
AM—S — 0.332 £ 0.017 GeV

DGLAP and ERBL Perturbative QCD
Evolution (Asymptotic Freedom)

Qo = 0.87 + 0.08 GeV

Fit to Bj + DHG Sum Rules:

Nonperturbative QCD

k= 0.513 £ 0.007 GeV

Prediction:
AM—S = 0.339 £ 0.019 GeV

10 1

Reverse Dimensional Trovusmudtation!

10
Q (GeV)

MS scheme



Goals

* Test QCD to maximum precision at the LHC
* Maximize sensitivity to new physics

® Obtain high precision determination of aS(Qz)
and other parameters

¢ Determine renormalization scales without

ambiguity

¢ Eliminate scheme dependence

Predictions for physical observables cannot depend on theoretical

conventions, such as the renormalization scheme or the initial scale choice

® Principle of Maximum Conformality (PMC)
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On the elimination of scale ambiguities in perturbative quantum chromodynamics

Stanley J. Brodsky
Institute for Advanced Study, Princeton, New Jersey 08540
and Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305*

G. Peter Lepage
Institute for Advanced Study, Princeton, New Jersey 08540
and Laboratory of Nuclear Studies, Cornell University, Ithaca, New York 14853*

Paul B. Mackenzie
Fermilab, Batavia, Illinois 60510
(Received 23 November 1982)

We present a new method for resolving the scheme-scale ambiguity that has plagued perturbative
analyses in quantum chromodynamics (QCD) and other gauge theories. For Abelian theories the
method reduces to the standard criterion that only vacuum-polarization insertions contribute to the
effective coupling constant. Given a scheme, our procedure automatically determines the coupling-
constant scale appropriate to a particular process. This leads to a new criterion for the convergence
of perturbative expansions in QCD. We examine a number of well known reactions in QCD, and
find that perturbation theory converges well for all processes other than the gluonic width of the Y.
Our analysis calls into question recent determinations of the QCD coupling constant based upon Y

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

Matin Mojaza™
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Principle of Maximum Conformality (PMC)

Setting the Renormalization Scale in QCD: The Principle of Maximum Conformality

Stanley J. Brodsky (SLAC & Southern Denmark U., CP3-Origins), Leonardo Di Giustino (SLAC)..
Published in Phys.Rev. D86 (2012) 085026
S
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Features of BLM/PMC

Predictions are scheme-independent at every order

Matches conformal series
No n! Renormalon growth of pQCD series

New scale appears at each order; nr determined at each order - matches virtuality of
quark loops

Multiple Physical Scales Incorporated (Hoang, Kuhn, Tuebner, sjb)
Rigorous: Satisfies all Renormalization Group Principles

Realistic Estimate of Higher-Order Terms

Reduces to standard QED scale N — (

GUT: Must use the same scale setting procedure for QED, QCD
Eliminates unnecessary theory error

Maximal sensitivity to new physics

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

Reduces to BLM at NLO: Example: BFKL intercept (Fadin, Kim, Lipatov, Pivovarov, sjb)



Electron-Electrow Scaltering inv QED

8ms 8mrs
Meeﬁee(++;++) — "'"t’“"' O!(t) | a(u)

_:q

() = - 0)
a(t) = 1-ha0p
Gell-Mann--Low Effective Charge

® Dressed Photon Propagator sums all § (vacuum polarization) contributions,
proper and improper
Oé(t()) H(t t ) _ (t) B ----(t0>
QY (t) — y L0
T — TI(¢, o)

¢ Initial Scale Choice t, is Arbitrary!

3}

® Any renormalization scheme canbeused & (t) — aM—S(e 3 t)
9



Electron-Electrow Scallering inv QED

81s 81S

Mee——}ee("“‘i";"*“") — """"t"""' a(t) | Of(’LL)

No renormalization scale ambiguity!

— :
Gauge Invariant. Dressed photon propagator t ‘ u ‘
. -

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

¢ Two separate physical scales: t, u = photon virtuality

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!
10



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(¢?).




QED Ruwnwning Coupling

a0
a(t) = 1255

All-orders lepton-loop corrections to-dressed photon propagator

10 10) = AL

Initial scale t, is arbitrary -- Variation gives RGE Equations
Physical renormalization scale t not arbitrary!



Electron-Electrow Scaltering inv QED

New renormalization scale at each order of pQED

— 5
S - N

Each “skeleton” graph has its own renormalization scale

Renormalization scheme independent at each order

Independent of initial scale Ho

Abelian theory is the analytic limit QCD at Nc =0

13



Lessons from QED
®* No Renormalization Scale Ambiguity

® Dressed Photon Propagator sums all [ terms

®* New Scale at Every Order, Every Skeleton
Graph

¢ effective number of flavors nf determined

® Predictions are scheme independent

* QCD becomes Abelian QED in Zero Color
Limit N, — ()

Can use MS scheme inv QED; anvswery are scheme independent
Analytic extensiovn: coupling iy complex for time-like argument



Nz —1
Cp=—Y |
F= N Huet, sjb

lim No — 0 at fixed a = Crpas,ny = ng/Cg

QCD — Abelian Gauge Theory

Analytic Feature of SU(NC) Gauge Theory

Scale-Setting procedure for QCD
must be applicable to QED

All B (vacuum polarization) terms summed by the running

coupling x(Q?2)



BLM-PMC Scale Setting Bo =11 — Zn;

| p=Coazps(Q) 1+a j:Q)(—%BOAVP+-§21AVP+B)
4 .- \ ne dependent
| coefficient identifies
by qu/lOOP VP
| ars( Q) contributionw
p=Coays(Q%) |1+ T+,
N

where

Q* zQ exp(3AVP) ’
Ci=2A4yp+B .

Conformal coefficient - independent of (3

The term 33A4yp /2 in C7 serves to remove that part of the
constant B which renormalizes the leading-order coupling.
The ratio of these gluonic correctlons to the light-quark
corrections is fixed by Bp=11—+n -

Use skeletor expansion
Gardi, Grunberg, Rathsman, sjb



BLM/PMC: Set Scales a(Q) = o

such to absorb all ‘renormalon-terms’, i.e. non-conformal terms

§(Q%) = roott r10a(@) + (Foa(Q)* + Fra(@)° + Baa(@) 4 Jrad

i+ (Foa(@)” + g'ﬁl-ﬁﬂﬂ{ﬂ?]d: b rag (B34 )ray !

1 aﬁ | | {_1]?1 dﬁ-—lﬁ

How do we identify the B terms at all orders?

BLM: Use ns dependence of o and B1



Hoang, Kuhn, Teubner, sjb

se3/4 /4)

T

4 By = [1— 2%

Angular distributions of massive quarks close to threshold.

Exaumple of Multiple BLM Scales

Need QCD coupling at small scales at low
relative velocity v



Principle of Maximuwm Conformality (PMC)

- Subtract extra constant 6 in dimensional regularization.

Defines nhew scheme R;

logdnr —vg — 0 MS:0=0 (0:Arbitrary constant!)

- |Coefficients of 0 identify B terms !

- Shift B terms to argument of running coupling «(Q.) at
each order n (analogous to all-orders vacuum polarization
summation in QED)

* Resulting PQCD series matches = 0 conformal series!
- scheme-independent predictions at each computed order!

- almost independent of initial scale Mo
M. Mojaza, L. di Giustino, Xing-Gang Wu, sjb



M. Mojaza, Xing-Gang Wu, sjb

Exposing the Renormalization Scheme Dependence

Observable in the Rs-scheme:
ps(Q7) =ro + ria(p) + [r2 + 507°1@a(u)2 + [rg + P71 250r2@+ 537«1@(#)3 T

Ro = MS . Rindr—np = MS T 'uid—s exp(lndm — vg) , M?SQ — ,ugl exp(dy — 01)
Note the divergent ‘renormalon series’ n!5" o

Renormalization Scheme Equation

D _ g% L

z

,05(@2) =ro + ria1(p1) + (r2 + 507"151)&2(N2)2 + |r3 + B1r101 + 287202 + /337“15%]%(#3)3 e

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

R —— ——

20




Set multiple renormalization scales --

Lensing, DGLAP, ERBL Evolution ...

Choose renormalization scheme; e.g. aff(pBt) ?M C/ B LM
l No renormalization scale ambiguity!
Choose '™ arbitrary initial renormalization scale Result iy independent of
Renormaligatiov scheme
l and initial scale!

Identify {BE} — terms using 6— terms
QED Scale Setting at Nc=0

through the PMC — BLM correspondence principle

l order by order Eliminates unnecessary

Shift scale of ay to utMC to eliminate {81} — terms Systematic uncertainty

} Scale fixed at each order

Conformal Series

0-Scheme automatically

nit

Result vs independent of pg" and scheme at fized order Identlﬁ (SR B-te I"mS!

ot - : Xing-G Wu, Matin Moj
Principle of Maximum Conformality RS sy
A robot cowv compute the PMC scales

21



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 . .
['(Z — hadrons)
1.044 | ¢+ Conv.
x PMC
1.042}

1.04
1.038 | \

1,036} PMC

1.034 |-

2 3 4
S

The values of rNS =1+) " C’,tN Sal and their errors
+|CN%a"|max. The diamonds and the crosses are for con-

ventional (Conv.) and PMC scale settings, respectively. The

central values assume the initial scale choice p!™* = M.
22




Since p is a physical observable, it must be independent
of the arbitrary renormalization scheme and scale. That

is, )

initial

I g, DR (16)

Generalization: use 9,, at n-loops.

,05(@2) =ro +r1a1(Q) + (r2 — 507“1,@;;)&2(Q)2
+ |r3 — 517“13’} — 2507”‘223 + 5(2)T1§i]a3(Q)3
+ |ry — 527“123 — 2517“223 — 360T35,,i+ 353T2£§

— 587“1£i + ;5150T1ﬁ]a(Q)4 + O(a”) (20)

Shows the general way nonconformal terms
enter awv observable ond the scheme dependence




Special Degeneracy in PQCD

There is nothing special about a particular value for ¢, thus for any 0
General pattern of pQCD

p(Q?) =r0,0 + 71,00(Q) + [r2,0 + 5072_1]CL(Q)2 + 73,0 + ﬁlr_z,_l =+ 2507“1_,1 —+ 53@]65(@)3

5)
+ [ra,0 + Bara1 + 261731 + 55150”’“3,2 + 3Bor4,1 + 385742 + Borasla(@)*

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

p(Q7) = TO,O;-+ r1.00(Q) + (Boa(Q)? + B1a(Q)? + Baa(Q)* + -+ 1oy

i"‘ (58a(Q)3 + gﬁlﬁoa(Q)4 T )7“3,2 - (58 + - )7“4,3 :

|
r------------------------------------H--------------H--

+ 72,00(Q)% 4 2a(Q) (Boa(Q)* + B1a(Q)’ + - - )rs

] _1\n qr—1 :
100(Q1) = 11.00(Q) ~ Bla)ran + §8(a) goraa 4o+ L



M. Mojaza, Xing-Gang Wu, sjb
General result for an observable in any Rs renormalization scheme:

p(Q%) =r0,0 + 11,00(Q) + 2,0 + 507“2,1]CL(Q)2
+ [r3.0 + Bira1 + 26031 + Bir32]a(Q)’

+ 140 + Bara1 + 2681731 + 251507“3,2 + 3680741
365742 + Byrasla(@) + O(a”) (19)
PMC scales thus satisfy
r1,00(Q1) = r1,0a(Q) — B(a)ra
?“Q,OCZ(QQ)Z — 7“2,061(@)2 - 267/(@)5(@)7“3,1
7‘3,()@(@3>3 = TS,OCL(Q)S - 3@(62)25(@)7’4,1

Tk,oa(Qk)k — Tk,oa(Q)z — k Q(Q)k_lﬁ(a)"”kﬂ,l

number of flavors nsdepends on Qx



Features of BLM/PMC

e Predictions are scheme-independent at every order

e Matches conformal series
e No n! Renormalon growth of pQCD series

e New scale appears at each order; nr determined at each order - matches virtuality of
quark loops!

e Multiple Physical Scales Incorporated (Hoang, Kuhn, Tuebner, sjb)
e Rigorous: Satisfies all Renormalization Group Principles

e Realistic Estimate of Higher-Order Terms

e Reduces to standard QED scale N — (

e GUT: Must use the same scale setting procedure for QED, QCD

e Eliminates unnecessary theory error

e Maximal sensitivity to new physics

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

e PMC Reduces to BLM at NLO: Example: BFKL intercept (Fadin, Kim, Lipatov, Pivovaroy, sjb)



standard procedures for PMC

To set the BLM scales up to NNLO, the starting point

a™(Q) + (A + Aanys)a™ Q)
+(By + Bang + Bany)al 7 (Q)

+(C1 + Congy + Cg?lf‘;c + -‘L?;l-n?;]ﬂ?g(@] o }

to set the effective scale Q* at LO

+(C1 + Cany + Egﬂ?]ﬂ?”(ﬂ}*] + - } . (11)

The second step 1s to set the effective scale Q™ at NLO

seconc> p=m[a;‘(ﬂ;}*) Ara™tH Q) :H a2 (Q**)

HCy 4 Congp)al Q™) -] . (12)




standard procedures for PMC

final >

Lo]  wo] [wwo]

and the final gtep is to set thr: effective ":-LELIE' Q*™* a
NNLO

\ _ \
0T [ﬂ': (Q*) + Aja™THQ*)

B1a" 2 (Q*)




Application of the Principle of Maximum Conformality to the Hadroproduction of the
Higgs Boson at the LHC

Sheng-Quan Wang!,* Xing-Gang Wu?," Stanley J. Brodsky®,} and Matin Mojaza*®

We present improved pQCD predictions for Higgs boson hadroproduction at the Large Hadronic
Collider (LHC) by applying the Principle of Maximum Conformality (PMC), a procedure which re-
sums the pQCD series using the renormalization group (RG), thereby eliminating the dependence of
the predictions on the choice of the renormalization scheme while minimizing sensitivity to the initial
choice of the renormalization scale. In previous pQCD predictions for Higgs boson hadroproduction,
it has been conventional to assume that the renormalization scale p, of the QCD coupling as () is
the Higgs mass, and then to vary this choice over the range 1/2mp < pu» < 2mp in order to estimate
the theory uncertainty. However, this error estimate is only sensitive to the non-conformal 5 terms
in the pQCD series, and thus it fails to correctly estimate the theory uncertainty in cases where
pQCD series has large higher order contributions, as is the case for Higgs boson hadroproduction.
Furthermore, this ad hoc choice of scale and range gives pQCD predictions which depend on the
renormalization scheme being used, in contradiction to basic RG principles. In contrast, after apply-
ing the PMC, we obtain next-to-next-to-leading order RG resummed pQCD predictions for Higgs
boson hadroproduction which are renormalization-scheme independent and have minimal sensitiv-
ity to the choice of the initial renormalization scale. Taking my = 125 GeV, the PMC predictions
for the pp — HX Higgs inclusive hadroproduction cross-sections for various LHC center-of-mass

: , _ 1.36 _ 1.65 _ 3.46
energies are: Omel|rTev = 21.2177155 pb, omalsTev = 27.37712 pb, and omalizTev = 65.7275°05

pb, respectively. We also predict the fiducial cross section oga(pp — H — vY): ogad|rTev = 30.175°3

fb, ogalsTev = 38.372% b, and ogadl13Tev = 85.812 % fb. The error limits in these predictions in-
clude the small residual high-order renormalization-scale dependence, plus the uncertainty from the
factorization-scale. The PMC predictions show better agreement with the ATLAS measurements
than the LHC-XS predictions which are based on conventional renormalization scale-setting.



S-Q Wang, X-G W, sjb O'(pp — HX — ’}/’)/X)

110

100 LHC-XS —_
90 F PMC T
— golk +7T€V
= | —+—8TeV
E T —=—13TeV
60 .
T 50+ A T " -
f ¢ _
o, 307 - — -
&
< 20t .
o I 1
b 10— _

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.

ocra(pp = H —~y) T7TeV 8 TeV 13 TeV
ATLAS data [48] 49+18 42573 52737

LHC-XS [3] 24.7+£2.6 31.0+ 3.2 66.1735

PMC prediction  30.1733 38.4729 85.8727







S-Q Wang, X-G Wu, sjb o(pp — HX — vy X)

110
100 LHC-XS -
90 F PMC T -
g —Aa—T'TeV
£ 80r
~ 0 —— 8T€V
70+ |
= | T —=—13TeV
™ 60 |
T 50+ A T " -
- 40 ? .
[ s |
§ _
< 20 .
e I 1
b 10 - _
| 13Tev |8

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.

ocra(pp = H —~y) T7TeV 8 TeV 13 TeV
ATLAS data [48] 49418 4257105 52130

LHC-XS [3]  24.7+2.6 31.0£3.2 66.17¢

PMC prediction  30.1753 384752 858121




S-Q Wang, X-G Wy, sjb

Olncl (pb)

099 (pp — HX)

70_
60:
50:
sl

30

PMC

\/g =& TeV. Conv.

LHC-XS
NNLO+NNLL

NNNLO
—a—H — vy
—~VH - 7% — 4]
v T —— Comb.

! PMC

20

10

NNNLO (conventional)
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NI EAVIN N PMC insensitive to initial scale choice

Different PMC scales at each order!

—e— PMC, LO
- »x -PMC, NLO
=0- PMC, NNLO |1
Conv., LO

- - =Conv., NLO
----- Conv., NNLO

pr (GeV)

The gluon-fusion total cross-sections J(Tgogtél up to LO, NLO and NNLO levels

versus the initial scale u, under conventional (Conv.) and PMC scale-settings
with the collision energy v/S = 8 TeV.



Implications for the pp — X asymmetry at the Tevatron

P <
u {
g _
U {

—

P >

Born term.

Xing-Gang W, sjb
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Implications for the pp — X asymmetry at the Tevatron

= >
P >
Shared virtuality ¢
. t
—
P >

Interferes with Born term.

Small value of renormalizationw scale increases
asymmelry, just as inv QED!!

Xing-Gang W, sjb
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The Renormalization Scale Ambiguity for

Top-Pair Production Asymmetry at the Tevatron is Eliminated Using the

0.8

0.7

0.6

0.5}

0.4}

0.3

0.2}

0.1}

‘Principle of Maximum Conformality’ (PMC)

Xing-Gang Wu
S.-Q. Wang
Z.-G. Shi
SJB

Ay (M- > 450 GeV)

Experimental

4 asymmetry
<= PMC Prediction

«==Conventional guess for
renormalization scale
and range

Top quark forward-backward asymmetry predicted by pQCD NNLO

within | 0 of CDF/D0 measurements 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®

O . 5 | | | | I I I I
I|§IPI7|8 _ «— | Wang,etal
NLO e
0.4 NNLO —_— CZakOn, et al
o5 0.3 F —— %

Arp (pﬁ — X, My > mf%‘t)

e *

AFB(mtE > m
O
N
|

=
-

0.1 i
NLO , NNLO: Czakon, Fiedler, Heymes, Mitov
PMC and Conv NLO : Wang, Wu, Si, sjb
O ] ] ] ] ] ] ] ]
350 400 450 500 550 600 650 700 750 300
mi%t [GeV]

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

Predictions for the cumulative front-back asymmetry.



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

A solution to the vy* — 7. puzzle using the Principle of Maximum Conformality

Sheng:(gua.n Wanglﬁ-?,:Xing-q;mg_ Wu_2_,‘L Weil_l-Long Sa,n__g‘}"i,i and Stanlgy_.] : _I__3rodsky5§

Conventional results PMC results

- m=15GeV,u,=1GeV
-=-=-=- m=14GeV, y, =m,

m:=1.4GeV, y, =1GeV
+

BABAR data

The transition form factor ratio |F(Q?)/F (0)| versus the momentum transfer squared Q? under conventional (Up) [3]
and PMC (Down) scale setting. m. = 1.5, 1.4 GeV.
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aS(QZ) in MS scheme

Thrust Distribution in Electron-Positron Annihilation using the Principle of

(1-T)/o,do/d(1-T)

Maximum Conformality

S.-Q.Wang, L. Di Giustino, X.-G.Wu, S|B
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01F | S A -
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S5.-Q.Wang, L. Di Giustino, X.-G.VWVu, S|B

(1-T)/o,do/d(1-T)

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
1-T

0.0 =

The thrust (1 — T') differential distributions using
the conventional (Conv.) and PMC scale settings. The dot-
dashed, dashed and dotted lines are the conventional results
at LO, NLO and NNLO, respectively. The solid line is the
PMC result. The bands for the theoretical predictions are
obtained by varying u, € [Mz/2,2Mz]. The PMC prediction
eliminates the scale u, uncertainty. The experimental data
points are taken from the ALEPH [2], DELPH [3], OPAL [4],
L3 [5] and SLD [38] experiments.



PMC scale (GeV)

Renormalization scale depends on thrust T!

IS.-Q.Wang, L. Di Giustino, X.-G.Wu, S5 | D
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JRe BLM Scale Fixing in Event Shape Distributions .

’ Thomas Gehrmann, Niklaus Hafliger, Pier Francesco Monni
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Problems withv traditional scale setting

e Predictions are scheme-dependent! At every order! This fundamental flaw
does not get repaired at high orders

e Fails to satisfy Renormalization Group Principles

-

e Gives wrong predictions for QED

e GUT: Must use the same scale-setting procedure for QED, QCD

e n! Renormalon growth — no convergence of pQCD

e Uses the same scale at each order.

[guessed v o ees ot ey evect g oop vy
e Multiple Physical Scales cannot be Incorporated

e Unrealistic Estimate of Higher-Order Terms: Only B-terms exposed by scale
variation

Introduces an unnecessary theory error!

e Can give wrong predictions for pQCD observables

e Obscures sensitivity to new physics



Features of BLM/PMC

Predictions are scheme-independent
Matches conformal series

Commensurate Scale Relations between
observables: Generalized Crewther Relation

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

Rigorous: Satisfies all Renormalization Group
Principles

Abelian Limit: Gell-Mann-Low pQED

Realistic Estimate of Higher-Order Terms



Essentiod Pointy

o Physical Results cannot depend on choice of Scheme
* Different PMC scales at each order

® No scale ambiguity!

® Series identical to conformal theory

® Relation between observables scheme independent,
transitive

® Choice of initial scale irrelevant even at finite order

® Identify f terms using Rsmethod
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Extending the Predictive Power of pQCD

B-L Dun, X-G.Wu, J.M, Shen, sjb



Profound Questions for Hadrow Physics

® Color Confinement
® Origin of QCD Mass Scale

® Spectroscopy: Tetraquarks, Pentaquarks, Gluonium, Exotic
States

® Universal Regge Slopes: n, L, both Mesons and Baryons
® Massless Pion: Bound State

® Dynamics and Spectroscopy

® QCD Coupling at all Scales

® QCD Vacuum —Do Condensates Exist?



Mesons and Baryons: Same Regge Slope M? o J !

N'>' :_
o 9t (2950) 0/
©C rC Aqsp2r
&~ L -
S 8 d
7 .
: 0 f (2510)
Mz[GeVZ] 65_ 11/2+ (2420) / . a6 (2450)
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The leading Regge trajectory: A resonances with maximal | in a given mass range.

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

E. Klempt and B. Ch. Metsch




s M? (GeVz)

0 — A superpartner trajectories

4

t P3, W3

i 1 3 s+ 7

3 A2 (A2 A2 Az .
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2| , A2 il
qqq]

I p,w i
. LM — LB + 1
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Dosch, de Teramond, sjb L (Orbital Angular Momentum)



Superconformal Algebra
2X2 Hadronic Multiplets
Bosons, Fermions withv !

Meson Baryon

R}
¢ OO R G — [qq]
O O 30 — 30

oy, Lp+1 Yp+, Lp

Baryon Tetraquark

0O A OO
Rl ¢ — [q] ® A\, e @

30 — 3¢

wB—7 LB _I_l ¢T7 LB
Proton: lu[ud]> Quark + Scalar Diquark

Equal Weight: L=0. L=1



Bjorken sum rule defines effective charge [a %8 (QZ)

[ delgi? e, — g1 (e @) = 2y - 2l D)

o
® Can be used as standard QCD coupling

|

® Well measured
® Asymptotic freedom at large Q2

® Computable at large Q2 in any pQCD
scheme

® Universal Bo, Bi



Ruwnwning Coupling from Modifted AdS/QCD

Deur, de Teramond, sjb

e Consider five-dim gauge fields propagating in AdS5 space in dilaton background ¢(z) = k222
6¢(2) — 64—/46222 S = i/d4x dz \/§69"(z) 95 G2
e Flow equation

20 = g o B = B0

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

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

e Coupling measured at momentum scale ()

a5 / CACT(CQ) @S (¢)

e Solution

AdS

where the coupling o, ™ incorporates the non-conformal dynamics of confinement



T
0.6
0.4
0.2
I<J2 0

Deur, de Teramond, sjb

All-Scale QCD Coupling

(Quark Confinement)

Use Qo for starting

Transition scale Qo

Experiment:
AM—S — 0.332 £ 0.017 GeV

DGLAP and ERBL Perturbative QCD
Evolution (Asymptotic Freedom)

Qo = 0.87 + 0.08 GeV

Fit to Bj + DHG Sum Rules:

Nonperturbative QCD

k= 0.513 £ 0.007 GeV

Prediction:
AM—S = 0.339 £ 0.019 GeV

10 1

Reverse Dimensional Trovusmudtation!

10
Q (GeV)

MS scheme



Analytic, defined at all scales, IR Fixed Point

(N a5 (Q) /= e 9 ?/4K?
g (Q) - T [
T 0.6 — .{ [‘
----- Modified AdsS ¢ |4 !
— AdS Lok ||;\ k= 0.54 GeV
" o, m (pQCD)
: o gl/n world data '
------- GDH limit X op./m \[ i
02 - « /m OPAL { "’
A o,/ JLab CLAS
W o, /7 Hall A/ICLAS I r i,
o | @ Lattice QCD (2004) (2007) y —
\ \ \ \ \ L \ N
10" ] 10
Q (GeV)

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

e = ¢

—|—/<:222

Deur, de Teramond, sjb



Supersymmetry in QCD

® A hidden symmetry of Color SU(3)c in hadron
physics

® QCD: No squarks or gluinos!

® Emerges from Light-Front Holography and
Super-Conformal Algebra

® Color Confinement

® Massless Pion in Chiral Limit

Stan Brodsk
ECT* aS The QCD coupling at all scales and the elimination of y

Workshop

renormalization scale uncertainties




Light-Front Holography: First Approximation to-QCD
® Color Confinement, Analytic form of confinement potential

® Retains underlying conformal properties of QCD despite mass scale
(DeAlfaro-Fubini-Furlan Principle)

® Massless quark-antiquark pion bound state in chiral limit, GMOR

® QCD coupling at all scales

® Connection of perturbative and nonperturbative mass scales

® Poincare Invariant

® Hadron Spectroscopy-Regge Trajectories with universal slopes in n, LL
® Supersymmetric 4-Plet: -T y

® Light-Front Wavefunctions

® Form Factors, Structure Functions, Hadronic Observables

® OPE: Constituent Counting Rules

® Hadronization at the Amplitude Level: Many Phenomenological Tests

® Systematically improvable: Basis LF Quantization (BLFQ)

ECT* aS The QCD coupling at all scales and the elimination of
Workshop

Stan Brodsky

renormalization scale uncertainties




The QCD coupling at all scales and the elimination of

renormalization scale uncertainties

The Principle of Maximum Conformality (PMC) BLM: G. Peter Lepage/
Pauwl Mackengie

0.3 | | | | Conlv. (W:ang etlal) —.— PMC LGOWOLO'OIA//GMW\O}
NNLO ggg —a— XW.GWWW
0.4 NLO QCD —=— - Mat’uwMoja@w

—~ Czakon, Fiedler, Heymes, Mitov

cut
tt

cut

App(pp — ttX) mg>mj

App (Mg > m
O
N
|
|

Conv.

EEE

February 12, 2018 a Workshap




Dirac: Front Form

Measurements of hadron LF |
wavefunction are at fixed LF time Fixed 7 =1+ z/c

k+
:ﬁ

Inwauwriant under boosty! Independent of P

Like a flash photograph Tpj = T



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

Fixed T=t+4 z/c

Eigevutate of LF Hamiltonian HQCD|\IJ}L >= M2|¥), >
p,J. >= an i ki Ny i, kg, A >

Inwauriant under boosty! Independent of P ‘

Causal, Frame-independent. Creation Operators on Simple Vacuum,
Current Matrix Elements are Overlaps of LFWFS



Lorce,

Light-Front Wavefunctions P . .
asquini

underly hadronic observables

W ) - Momentum space KL <> Z1 position space
n(x’lJ J_'ZJ 'L) KJ_HZ;)J_

Z, k_L, bi

Transverse density in position
space

Transverse density in
momentum space

Weak transition

form factors

Transverse

P

Longitudinal




Advantages of the Dirac’s Front Form for Hadron Physics

Poincare’ Invariant

Physics Independent of Observer’s Motion

® Measurements are made at fixed t

ﬁ

® LFWFs are frame-independent: no boosts, no pancakes!

® Causality is automatic
® Structure Functions are squares of LFWF's

® Form Factors are overlap of LFWF's

Penrose, Terrell, Weisskopf

® Same structure function measured at an e p collider and the
proton rest frame

® No dependence of hadron structure on observer’s frame
® Jz Conservation, bounds on ALz Chiu, sjb

® LF Holography: Dual to AdS space

® LF Vacuum trivial -- no vacuum condensates!

Roberts, Shrock, Tandy, sjb



LW’FVOM QLD Physical gauge: AT =0

Exact frame-independent formulation of
nonperturbative QCD!

QCD QCD .
L = L |
CD m- -+ Xe) Pe P®
Hip' = Z[ T =i + Hiy @
H"E: Matrix in Fock Space - ] A

Hl?FqD|\Ijh > M%L‘\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 “""{ z@i

int
HLF



Bound States in Relativistic Quantum Field Theory:

Light-Front Wawvefunctions

Dirac’s Front Form: Fixedt=1t+2z/c

Fixed T=t+ z/c

w(zﬁ EJ_iv )\Z) L+ 0 4 3

: ~ p+  po p3
Invariant under boosts. Independent of P"

HY:P |y >= M2 |y >

Direct connection to QCD Lagrangian

LF Wavefunction: off-shell in invariant mass

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



P. Lowdon, K. Chiu, Dae Sung Hwang, Bo-Qiang Ma, lvan Schmidt, sjb

Terayev, Okun: B (0) Must vanish because of

Eguivalence Theovenw
growv Lo
q, sum over constituents
LF Proo = (4] o+a
] Xjo k) Xjpkjtay
-« - >~
P, S,= - 1/2 p+a, S,=1/2

B(O) =0 Each Fock State

Vanishing Anomalows gravitomagnetic moment B(0)



LW‘FV: 1tQCD Fixed T=t—|-Z/C

£QC’D - x
H%Y L
l [C (1l — x) b ]
(Hip + Hpp)|¥ >= M?|U > Coupled: Fock states
Eliminate higher Fock states
l oand retowded interactions
[/214—_7;? + Vi) Yor(a, kL) = M2 Yppp(a, ko) Effective two-particle equation
d? 1 — 4.2 , AWMBWC,¢
[ dCQ ' 4§2 ' U(C)]w(o =M ?’b(o Single variable Equation
AdS/QCD: mq =0

L as/
[ QO =KCral@rs-1) ) TR

Sums an infinite # diagrams

Semiclassical furst approximation to-QCD



de Teramond, Dosch, sjb

AdS/QCD
Soft-Wall Model

Light-Front Holography

2 2
ef(2) — gtrz 2 _

[~ L 147 L U(0)]w(C) = MPY(C)

Light-Front Schrodinger Equation Unique
U(C) _ /{4<2 n 912 (L L9 1) Confinement Potential!
Single vawrialble ¢
Confinement scale: k~005GeV

[
\ ; ] ‘ -
OVYYyOoOvV rviAtA JYVINVVUCAY

e de Alfaro, Fubini, Furlan: Scale can appear in Hamiltonian and EQM
o Fubini, Rabinovici: without affecting conformal invariance of action!

GeV unity externad to- QCD: O



® Soft-wall dilaton profile breaks

o 5 2.2
conformal invariance ¥(2) — otr"2

® Color Confinement in z

® Introduces confinement scale K

® Uses AdS;s as template for conformal
theory

Stan Brodsk
ECT* aS The QCD coupling at all scales and the elimination of y

Workshop

renormalization scale uncertainties



https://indico.cern.ch/event/628450/
https://indico.cern.ch/event/628450/

[690(2) _ e-l-ﬁlzzj Positive-sign dilaton e de Teramond, sjb

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

A oe) = MPa()

dz? 42

U(z) = k*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 (= \/a;(l—a:')l;i



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

Fixed T=t+4 z/c

P(2,¢) = Va1l — )¢ 9(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




. Massless pion!
Meson Spectrum in Soft Wall Model

—0if —0 Pion: Negative termv for J=0 cancely
— WD itg — positive terms from LFKE and potential

e

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

d? — 417
(~ia — “qa + R+ 2T 1)) 650 = M2s(0)

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

¢n,L(C) — K‘,1+L \/(nzf}/)' <1/2+L6—52C2/2L7I{(K/2<2)

e Eigenvalues

M2 L—4n (m J+L)

2

C 2 bi T ( 1 — x) G. de Teramond, H. G. Dosch, sjb



n=0 | n=3 n=2 n=1 n=0

K(2045)

K5(1780)




Quauks seporation ©
increases with L

Fig: Orbital and radial AdS modes in the soft wall model for kK = 0.6 GeV .

2-2007
8721A21

Soft Wall
Model

S=0

(a)

7, (1670)

Same slope in n and L!

(b)

S =0

7 (1300)

|Pion mass
automatically zero!

mg = 0

Light meson orbital (a) and radial (b) spectrum for k = 0.6 GeV.

4 0



pion is massless in chiral limit iff

p=2!

pP(2) — TKTZ

® Dosch, de Teramond, sjb



Prediction fromAdS/QCD: Meson LFWF

2
e??) = th7z 0.8'(:)660'40'2 de Teramond,
0.2 > Cao, sjb
0.15 o
vz, k%) | “Soft Wall”
. model

0

Note coupling
2
kY, x

4
wM (33, kJ_) — e
ky/o(1 — )
fr = \/pqq-gﬁ = 92.4 MeV Same as DSE! c.Dp.Robertsetal.
Provides Conmnmection of Confinement to- Hadrow Structure




o |nb]

PRL 109, 081601 (2012) PHYSICAL REVIEW LETTERS

week ending
24 AUGUST 2012

AdS/QCD Holographic Wave Function for the p Meson
and Diffractive p Meson Electroproduction
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Light-Front Perturbation Theory for pQCD

1
T=H;+H — H7 + cdots
' ' Mzznitial o M?ntermediate + 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.
® |, Conservation at every vertex

® Unitarity is explicit EChl b

1
® | oop Integrals are 3-dimensional /O dx / A’k

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



¢ Light Front Wawefunctions: W, (x5, EJ_iv Ai)

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

Fixed T=t+4 z/c

“Hadronization at the Amplitude Level”

Boost-invariant LFWF connects confined quarks and gluons to hadrons



Cornnectiow 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



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

log | F(s)]

spacelike timelike

) i} /Frascati
S
it ||
f JLab \ ’

BaBar ISR |
10 -5 5 10

B
¢*(GeV?)




De Teramond, Dosch, $b my = mg = 46 MeV, mg = 357 MeV

M? =M+ <x

X> from LF Higgs mechanism




Remawrkalble Features of
Light-Front Schwodinger Eqguation
Dynamics + Spectroscopy!

® QCD scale appears - unique LF potential

® Relativistic, frame-independent

® Reproduces spectroscopy and dynamics of light-quark hadrons with
one parameter

® Zero-mass pion for zero mass quarks!
® Regge slope same for n and L -- not usual HO

@ Splitting in L persists to high mass -- contradicts conventional
wisdom based on breakdown of chiral symmetry

® Phenomenology: LFWFs, Form factors, electroproduction

® Extension to heavy quarks

U(C) = k*C*+2:*(L+ S —1)

Stan Brodsk
ECT* aS The QCD coupling at all scales and the elimination of y

Workshop

renormalization scale uncertainties




QCD Lagrangiowv

1
»CQCD = —ZTT(G’LWGW/ + ZZ\I/fDM’y’u\Iff —+ y\lff\lff
F=1

— 0" — gA*  GMY = 0FAF — GV 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!



@ de Alfaro, Fubini, Furlan ( dA FF)

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

New term

G=uH+vD +wK /

1 d? g  duw —v? $2)

G=H,=—( | |

2 dr? = x? 4
Retaing conformal iwnwariance of actiow despite mass scale!
duw — v* = k* = [M]?
Identical to- LF Hamiltonion withv unique potentiod and dilaton!
> 1—4L7

et T TV = MU ()

U(¢) =r*C? +2:%(L+ S —1)

® Dosch, de Teramond, sjb




AdAFF: New Time Variable

2 X ( 2tw + v )
T = arctan ,
VAuw — v? VAuw — v?

* Identify with difference of LF time Ax:/P+
between constituents

e Finite range

¢ Measure in Double-Parton Processes

Retaing conformal inwariance of action despite mass scale!



Haag, Lopuszanski, Sohnius (1974)

Superconformal Quantum Mechanics

(ot =1 B= "y =0

1 1

¢=§(01—i02)» ¢+=§(01+i02)
Q=vt-0:+ 1] QT =00+ 1) §—ure §* =y

(Q,QT}y=2H, {5,587} =2K

Q.Y = f—B+2D, {Q",S}=f—B—2iD

generates conformal algebra

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

‘Q:\/ﬁ, E’tzm



Superconformal Quantum Mechanics

R D] Q~VH, S~VK
Consider R, = Q +wS:| w: dimensions of mass squared

G ={Ry,, R} =2H + 2w*K + 2wfl — 2wB 2B = 04
Retains Conformal Invariance of Action Fubini and Rabinovici
New Extended Hamiltoniawnw G iy diagonal

4(f + %)2 o 1)

Gi=(—0.4+wa”+2wf —w- 2
A4(f — 3)2 -1
Goo = (—c‘ﬁ +w2x2 —|—2wf—|—w | (f 4;3 )

lIdentifyf—%:LB, w = K? \ = g2

Eigenvalue of G: M?(n,L) = 4k*(n+ L + 1)




Superconformal

LF Holography

AL2 — 1

Quantum Mechanics

(024w 4o 1)+ LB s — ey
AMLg+1)°%—1, _ -
(— 33 + k** +2k*Lg A (L5 4<2) )wj _ Mzwj
MZ(na Lp) = 4/12(71 + L+ 1) S=1/2, P=+
Meson Equation \ = k2
412, — 1
(—§g+/{4<‘2_|_2/{2(€]_1)! ;1\22 )¢J:M2¢J
$=0, P=+
M?(n, L) = 45 (n + L) Soume k|

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



Superconformal Algebra
2X2 Hadronic Multiplets
Bosons, Fermions withv !

Meson Baryon

R}
¢ OO R G — [qq]
O O 30 — 30

oy, Lp+1 Yp+, Lp

Baryon Tetraquark

0O A OO
Rl ¢ — [q] ® A\, e @

30 — 3¢

wB—7 LB _I_l ¢T7 LB
Proton: lu[ud]> Quark + Scalar Diquark

Equal Weight: L=0. L=1



N(940)

N(1720)
N(1680)

S=1/2, P=+

L

N(1875)

N(1535)
N(1520)

S=1/2, P=-

‘4“

I 1 I I I

I 2 I I I

I 3 I I I I

i Mz(GeVz) N(2600)
v=L+1
(D)
N(2250)
$=3/2, P=- N2I%)
N(1700) l

I N(1675) N(2220)

N(1650)

N(1720)
N(1680)
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Mz(GeVz) § 0

A(2420)

A(1950)

, A(1920)

- A(1600) A(1910)
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S M/P?/VC(TVWCOVVVLOLZ/ Quantuum Mechawnics de Teramond, Dosch, Lorce, sjb
Light-Front Holography |

Meson-Baryon
Mass Degeneracy
for Ly=Ls+1

M2 :n—|—LB—|—1

nucleon




s M? (GeVz)

0 — A superpartner trajectories

4
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Dosch, de Teramond, sjb L (Orbital Angular Momentum)



= /{2 de Téramond, Dosch, Lorce’, sjb

M, = Mg = 46 MeV, my, = 357 MeV

0.3¢

0.1t

=
>
>
™
™
(1]
(1]
=
N
he!
>
A
ASS
oisa

Fit to the slope of Regge trajectories,

including radial excitations

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



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

FI(Q?) = R / e

~4

V(Q,2)¥% (2)

e Nucleon AdS wave function

T _ RAHE 2n/! T/2+L L+l (,.2,2) ,—r%2%/2
+(2) = e (n+L)!Z S (k727 e

e Normalization (F1P(0)=1, V(Q=0,2)=1)

dz
4 2
e Bulk-to-boundary propagator [Grigoryan and Radyushkin (2007)]
1 . . .
V(Q Z) _ /{222/ dx x%e—mQ,zQx/(l—x) 1ol |
| o (1—x)° T
> i
(O]
e Find | S
HQ)= v @ e
= _ LL
(1+%) (1+ 3%) g

with M2 — 4k2%(n + 1/2)

Q? (GeV?)



Space-Like Dirac Proton Form Factor

e Consider the spin non-flip form factors

Fi Q) = g4 / 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? = 4+1/2 and —1/2.

e For SU(6) spin-flavor symmetry
FI(Q?) = / 4¢ J(Q. )l (O,
Q@) = —3 [ dCIQ0) [l6+(O)F = [o-(0)F],

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



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




Using SU (6) flavor symmetry and normalization to static quantities

2-2012 2 2 2-2012 2 2
8820A18 Q= (GeV?) 8820A17 Q= (GeV?)

2I ! I ! I ! O_I ! | ! 1 ! _




Bjorken sum rule defines effective charge [a %8 (QZ)

[ delgi? e, — g1 (e @) = 2y - 2l D)

o
® Can be used as standard QCD coupling

|

® Well measured
® Asymptotic freedom at large Q2

® Computable at large Q2 in any pQCD
scheme

® Universal Bo, Bi



Ruwnwning Coupling from Modifted AdS/QCD

Deur, de Teramond, sjb

e Consider five-dim gauge fields propagating in AdS5 space in dilaton background ¢(z) = k222
6¢(2) — 64—/46222 S = i/d4x dz \/§69"(z) 95 G2
e Flow equation

20 = g o B = B0

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

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

e Coupling measured at momentum scale ()

a5 / CACT(CQ) @S (¢)

e Solution

AdS

where the coupling o, ™ incorporates the non-conformal dynamics of confinement
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Deur, de Teramond, sjb

All-Scale QCD Coupling

(Quark Confinement)

Use Qo for starting

Transition scale Qo

Experiment:
AM—S — 0.332 £ 0.017 GeV

DGLAP and ERBL Perturbative QCD
Evolution (Asymptotic Freedom)

Qo = 0.87 + 0.08 GeV

Fit to Bj + DHG Sum Rules:

Nonperturbative QCD

k= 0.513 £ 0.007 GeV

Prediction:
AM—S = 0.339 £ 0.019 GeV

10 1

Reverse Dimensional Trovusmudtation!

10
Q (GeV)

MS scheme



Analytic, defined at all scales, IR Fixed Point

(N a5 (Q) /= e 9 ?/4K?
g (Q) - T [
T 0.6 — .{ [‘
----- Modified AdsS ¢ |4 !
— AdS Lok ||;\ k= 0.54 GeV
" o, m (pQCD)
: o gl/n world data '
------- GDH limit X op./m \[ i
02 - « /m OPAL { "’
A o,/ JLab CLAS
W o, /7 Hall A/ICLAS I r i,
o | @ Lattice QCD (2004) (2007) y —
\ \ \ \ \ L \ N
10" ] 10
Q (GeV)

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

e = ¢

—|—/<:222

Deur, de Teramond, sjb



Tetraquark
JPC _ 1—|—‘|—

a,(1260)

(W®N g—
— [“] L=0

Rl ¢ — [4q
3c — 3¢

Meson Baryon



Meson Baryon Tetraquark
g-cont JPE) Name goont JP Name gcont JPE  Name
qq 0 w(140)

g 1 mm) | wde (120 NEw) |udad o0 o(zoo)
o 20 m(i6ss) | fude (32 Ny-(1520) | fudfad 1
22 1 - A(770), w(780)

(T o T o), LI20) BT AU | T o (1%60)
99 3 Ps - 2 n T
g9 4" a,(2040), f,(2050) | (g9g)q (7/2)" Ag.(1950) [ud]

75 0 K (495)

qs 14 K,(1270) udls  (1/2)  A(1115) | |ud][zg)] 0* K3(1430)

gs 2 Ka(1770) ud)s_ (3/2)~  A(1520) | [udllsa] 1-

sg 0 K (495)

sg 17 K,(1270) lsalg  (1/2)*  X(1190) | [sqllsq] 0**  ag(980)
fo(980)

5g I K+ (890)

T 2 K (1430) (sq)g (3/2)" %(1385) |(sq)fud 1* K,(1400)
5g 3 K:(1780) (sa)a (3/2)° (1670) | (sq)ud 2~  Kao(1820)
sg & Ki(2045) (sq)g_ (7/2)* X(2030) | (sq)|ud]
as 01 17 (958)

( as 1+~ h,(1380) lsgla  (1/2)* =(1320) lsqllsg] 0**  fo(1370)

ag| 140
s 2 2( 1870) lsgls  (3/2) Z=(1620) | |sqllsq] 1-°
s 1 $(1020)
&8s v f2(1525) (sq)s (3/2)* =*(1530) | (sq)lsg] 1**  f1(1420)
a,(1420)
s 3-- $a(1850) (sq)s (3/2) Z=(1820) | (sq)|7q|
5 20 72(1640) (3s)s  (3/2)" (1672) | (ss)}za] 1+  K:(1650)
Meson Baryon Tetraquark




Dosch, de Teramond, sjb

Supersymmetry across the light and heavy-light spectrum

M? (GeV?)
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(@)

A:(2625)
A-(2880)
D1(2420)
i & Ac(2595)
A¢
D
0 1 2 3
Ly=Lg+1
| (¢) =-(2815) .
D, 1(2536) Z.(2790)
i * D, 1(2460)
D;
0 1 2 3
Ly=Lg+1

Dosch, de Teramond, sjb

Supersymmetry across the light and heavy-light spectrum

| (D)

8
.(2520)
~ Of
= D3(2460)
4l
D*(2010)
2L . .
0 1 2
Ly=Lg+1
81 (@) = (2645)
g8 6f D?,(2573)
4 Dr2112)
2‘ 1 1 1
0 1 2
Ly=Lg+1

Heavy charm quark mass does not break supersymmetry



i
Superpartners for states with one ¢ quark |

L reee—— >
Meson Baryon Tetraquark
g-cont JF©) Name g-cont JF Name g-cont JF©) Name
ge 0 D(1870) — — — — — —
ge 1t D;(2420) | [udle (1/2)t  A.(2290) | [ud][cg] Ot  Dg(2400)
go 2" D;(2600) | [udle (3/2)~  A.(2625) | [ud]feg] 1 .
cq 0~ D(1870) — — — —_— —
&g 1t 2420) | [cqlg (1/2)t  S.(2455) | [cqllad] Ot  Dg(24000)
gc 1~ D*(2010) — — — — — —
ge 27 D3(2460) | (gq)c (3/2)7 22(2520\ (gg)leg] 17 D(2550)
ge 3 D3(2750) | (gq)c  (3/2)~  X.(2800) \ | (gq)[cq) — —
sc 0- D,(1968) — — — N — — —
Sc 1+ Ds1(2460) | [gsle  (1/2)F  =.(2470) \%{;3] gl 0t D%(2317)
Sc 2” s2(~ 2860)73 [gslc  (3/2)” =(2815) qlleg) 17 —
sc 1- D*(2110) — — — — — —
sc 27" Mc (3/2)F =5 (2645) (sq\leg] 17 Ds1(2536)
és 1t ) [es]s\ (1/2)"  Q.(2695) cs][§g]  0F 77
sc 2t ) Bs)e \3/2)" Q.(2770) | (ss)[ey 17T ??
\
\predictions beautiful agreement!




Dosch, de Teramond, sjb

Supersymmetry across the light and heavy-light spectrum

38} 381 (D)
L 34t Bi5T2D) L 34!
= = B1(5747)
30¢ A (5620) 30¢ B}
261 B 261 B
0 ] 2 3 0 ] 2 3
Ly=Lg+1 Ly=Lg+1
38] (©) 38} (@)
B, 1(5830) =p(395))
L34 L34 £
= Zp = B7,(5840)
30| 30!
B;
r6| Bs 26|
0 ] 2 3 0 ] 2 3

Heavy bottom quark mass does not break supersymmetry
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Regge slope for heavy-light mesons, baryons:
increases with heavy quark mass




Predict Tetraquark T.z,g
MT ~ 3520 M@V



SELEX (3520 +1 MeV) J¥ =< |[ed]e >
Two decay channels: =, — AT K7+, pDT K~

SELEX Collaboration | Physics Letters B 628 (2005) 18-24

- - + .
IS b D' K Y | A, K " and D' pK
_ , , © gL
§ 4 peak mass: 4-bin Poisson Prob ﬁ 81
g‘ 35 3516 MeV || - <64 x 107 g 7t fitted masses: 3518(3) and 33]9(2)
S ] : Lic>1.0 s | g
w 3 w 6
25 5F
2 4 : * .
1.5 3F - -
1 - | AT
0.5 ﬂ ’_F - -
N I o B § U | L) PR N | B S | RN | 2 I N Il P
%46 348 35 352 354 356 3.58 .46 348 35 352 354 356 358
M(p D" K) M(ccd)
&4 — pD*K~ mass distribution from Fig. 2(a) with . Gaussian fits for £ - A7K 7+ and 5 — pDYK—
high-statistics measurement of random combinatone background (shaded data) on same plot.

computed from event-mixing



UASLP-IF-07-001
FERMILAB-Conf-07/029-E

SELEX: Recent Progress in the Analysis of
Charm-Strange and Double-Charm Baryons

12 -
‘ A K ' n’ X Beam
peak: 3780 MeV/c?
5 bin sig/bkg: 22/12

Events/15 MeV/c?
[y
o

. " Gaussian significance: 630
Poisson Prob.: <10x 107
6 mixed event bke
| absolute normalization
4 - —
2t -L -
0

34 35 36 37 38 39 4
M(A. K n* n*) GeV/e

The AJ K~7n"#n" invariant mass distribution, for ¥~ beam only.



T —— C
1 »C
\// o 9
X A
A

Production of a Double-Chovrm Bowyow
SELEX highxy < zp >= 0.33

Stan Brodsk
ECT* aS The QCD coupling at all scales and the elimination of y

Workshop

renormalization scale uncertainties




SELEX (3520 -

LHCb (3621 -

Groote, Koshkarey, sjb: SELEX& LHCb could both be correct!

Very different production kinematics:
LHCD (central region)
SELEX (Forward, High xr)where N\ , \» were discovered

NA3: Double |/\p Hadroproduction measured at High xr

Radiative Decay:
LHCb(3621) — SELEX(3520) + ~

strongly suppressed: [V )7

Karliner and Rosner



Underlying Principles

® Poincaré Invariance: Independent of the observer’s Lorentz frame
Fixed T =t+ z/c
® (Quantization at Fixed Light-Front Time '

® Causality: Information within causal horizon

® Light-Front Holography: AdSs = LF (3+1)

z <> ¢ where (% = b2 z(1 — x)

® Single fundamental hadronic mass scale K: but retains the
Conformal Invariance of the Action (dAFF)! [ ( CQ) _ li4 CQ

® Unique dilaton and color-confining LF Potential! 5 9
e—l—ﬁ; Z

® Superconformal Algebra: Mass Degenerate 4-Plet:

(Meson qq > Baryon qlqq] <> Tetraquark [qq][gq] )
Stan Brodsky

ECT* aS The QCD coupling at all scales and the elimination of
Workshop

renormalization scale uncertainties




Light-Front Holography: First Approximation to-QCD
® Color Confinement, Analytic form of confinement potential

® Retains underlying conformal properties of QCD despite mass scale
(DeAlfaro-Fubini-Furlan Principle)

® Massless quark-antiquark pion bound state in chiral limit, GMOR

® QCD coupling at all scales

® Connection of perturbative and nonperturbative mass scales

® Poincare Invariant

® Hadron Spectroscopy-Regge Trajectories with universal slopes in n, LL
® Supersymmetric 4-Plet: -T y

® Light-Front Wavefunctions

® Form Factors, Structure Functions, Hadronic Observables

® OPE: Constituent Counting Rules

® Hadronization at the Amplitude Level: Many Phenomenological Tests

® Systematically improvable: Basis LF Quantization (BLFQ)

ECT* aS The QCD coupling at all scales and the elimination of
Workshop

Stan Brodsky

renormalization scale uncertainties




Irnwawiance Principles of Quantum Field Theovy

® Polncareé 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)

Stan Brodsky

ECT* aS The QCD coupling at all scales and the elimination of
Workshop

renormalization scale uncertainties



https://indico.cern.ch/event/628450/
https://indico.cern.ch/event/628450/

The QCD coupling at all scales and the elimination of

renormalization scale uncertainties

The Principle of Maximum Conformality (PMC) BLM: G. Peter Lepage/
Pauwl Mackengie

0.3 | | | | Conlv. (W:ang etlal) —.— PMC LGOWOLO'OIA//GMW\O}
NNLO ggg —a— XW.GWWW
0.4 NLO QCD —=— - Mat’uwMoja@w

—~ Czakon, Fiedler, Heymes, Mitov

cut
tt

cut

App(pp — ttX) mg>mj

App (Mg > m
O
N
|
|
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