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Solving QC

large-

L (©F

5 SUSY cousing, i

N Is a

SUSIN@ @

ong standing difficult problem

D) at

An easier problem is to solve them only asymptotically in

In a sense we a
it s sl

the UV

ready have an asymptotic solution:
ndard perturbation theory

But solving the large-N theory, even only asymptotically, is
much more Iinteresting:

This solution would replace QCD as at

quarks, that Is strongly cou
perturbation theory, with a theory of g
that 1s weakly coupled at a

neory of gluons and
pled In the infrared In

ueballs and mesons

| scales
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We have found an asymp
large-N (and of n=15US5Y

Dy a New pure
fundamental princi

y fie

dles, tha

d-t

otic solution of massless QCD at

QCD) In a sense specified later,
neoretical method, based on

. we call the Asymptotically-Free

Bootstrap

[t expresses uniguely 2 and 3 point correlators
of any spin (explicitly for lower spins) in terms of glueball and
meson propagators, in such a way that the result Is
asymptotic In the UV to RG-improved perturbation theory

[t extends to certain primitive r-point correlators and S-
matrix amplitudes to all |/N orders
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Why is 1t interesting ! (Shoulc

we really answer this

rhetoric ques

lon ?)

First and foremost, an asymptotic solution of this kind Is a
oulde to find out an actual solution by other methods, either

field theoretical or str

ing theoretical

't an easy way to check forthcoming proposed exact

solutions (easy because based only on fundamental principles
of Tield theory)

't has a number of phys

ical applications,

e.g. the pion charged and neutral form factors, light by light
scattering amplitudes relevant for QCD corrections to muon
anomalous magnetic moment ... and so on, that we will just

outline without deta

Is In this talk
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HiEiS pULs the s
for the S-matr

so explicit, and so st

But the most fundamenta
asymptotically-free bootstrap Is

conseqguence of the

asymptotic S-matrix

x of large-N QC

D and of n= 'S eSS

string side

as we will see

the explicit stilciFEROIRIRIE

‘rongest constraints on any (string ¢) solution

D

rong constraints, that we conjecture that

they determine uniquely the large-N QCD S-matrix on the
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What makes possible the Asymptotically-Free
Bootstrap Is a recently-proved
Asymptotic [ heorem
for large-N two-point correlators

M.B. Glueball and meson propagators of any
spin in large-N QCD
Nucl. Phys. B 8/5 (201 3) 62 |[hep-th/1305.02/3]
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The large-N lImit of SU(N) QCD:

4 / 546550 e~ 2 I Tas Tr(F25) +i 5, 57 Davy a'e

(G T HooltHEray

The following remarkable simplifications occur
For example, In the pure glue sector:

= Ol (371)02(562) e On(a?n) > conn ™ N2—n
thus at the Ieading |/N order:

1
= Ztr el 7 ZtrFéﬁ(zL‘k) S

1 2 2
<N zﬁ:trF ) = DG
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At next to leading |/N order, because
of the vanishing of the interaction
assoclated to 3 and multi-point
correlators,

two-point correlators are an infinite sum of free fields
satistying the the Kallen-Lehmann representation

(A. Migdal, 1977):

(S) /|2
(s) (s) —ip-x 34 E : (3) ‘ < O‘O ( )‘p7n S ‘
/<O B Wiconee "dz=) F (8>) p2 + mb)?

<0[0W(0)|p,n,5,j >= €] (22) < 0[O (0)|p,n, s >

Zé@(%)éﬂ(@) o p(S)(@)
J

m m
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Let me start with the following

simple
but fTundamental question

What is the large momentum behavior of two-point

correlators of any integer spin s in pure Yang-Mills, in QC
and In n=1 SUSY QCD with massless quarks, or in any

confining asymptotically free gauge theory massless In
perturbation theory !

/<O(S) (x)o(s) (O)>conn e~ P Tty =7

For example:

O(S) gve TT(FO%Q)7 ?ZWO‘% Taﬁa o

Wednesday, September 3, 14



The answer Is simple but not completely trivial, as we will
see momentarily. We have found 1t by standard methods:
Perturbation Iheory +

Asymptotic Freedom +

Renormalization Group +

Some non-trivial subtlety ...

/ (O (2)O (0)) s e~ P2 s

i log lo QPQ 1 %o
Y P(S) (@)pQD—Zl 1 ) (1 S 61 g g(A2QC’D) _I_ O( 1 d )))

2

i 60 10g(A2p
5 QCD

up to a polynomial In momentum, I.e. a contact term, I.e. a
distribution supported at x=0 in coordinate space (this Is the
first subtlety) that must be subtracted;

p® 22y is the projector obtained substltutmg m® = —p°

in the massive projector of spin s P(S)( “) (this is the second
subtlety)
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Definrtions:

Olog Z (%) 5
Yo (g) = e O e
dg
B(g) = —Bog° — B19° + - -
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Therefore, at the leading large-N order it must hold:

Z p(S) (S)

\ < 0|0 (0)|p,n, s >" |2

p2 -+ My,
; log log( & s
i p(s)(@)pzD—zl 1 <1 e o8zt ) O( 1 ))
2 > 2 2
p _50 log(Ach) 0 log(Ach) log(Ag};CD)

U 1) COINEIEE TS
rundamental guestion:

Which are the constraints on the residues and the poles
that follow from this asymptotic equality ?

Oddly, nerther Migdal nor other people found any answer

The answer to the fundamental question , after 3/ years,
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(s) (s) —ip-x 74 S
(09 @O09 ) e~ P ZP() =

s the following Asymptotic Theorem:

m(s)QD 4Z(s)2 _1( %3)2)

2 e m(5)2

Z<s>2 _1( (12

(S) 2D - o« o o
- P Z (3)2 I
2
NP(8>(@)p2D—4 /OO 2 (m)dm2+---
p ()2 p? 4+ m?
log log( 42~ p* ) el !
~ p(s)(Pay 2D-4 1 i 1 _ b1 ALep 0 12 ]
(p)p [ﬁolog(Ag(w)( 35 log( QCD) i (log( QCD)))
> S ~ [ goman = | gn®)pumam?
n=1
g(m.”) Yo (9)
g = (m,)) = exp/ SRR
9(n) B8(g)
9 1 01 log log A2(C)12> 1 g_g
7 i (1— L (? +O(— ))]
Bo log %”D 0 log 13 log %2 R

Wednesday, September 3, 14



$)2D—4 (s)2 _ S
1 /P(S)( P ) m?(l) Z?gb ) Ps 1(m7(7/ )2) eip-xdélp
(2m)* M, p? +my)’

<O(S) (5’3)0(8) (0))conn ~ f:

N——"
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Boin |

Nap (m) = 5@[3

1 1 1 mn,
~> [Qnafy(m;”)nw(m;”) + 5118y (M1 (D) - 3%5("71%2))%6(”1%2))]

/<O((X1) (x)oél)(0)>conn e—ip'xdllx

PaDs ) m%1)2D_4Z§L1)2,01_1 (mq(ll)Z)

D% + m7(11)2

e = L%
pap@)zzé)pll(mSL))

p? + mrle)Q

(2)2D—4Z722)2p_1 (m,ffﬂ)

2

p? + m'?)?
g | 1 00 er(b2)2 S | m?(%2)2
S [277m(p)7755(19) + 575 (P)Nas (p) — Bﬁaﬁ(p)”va(p)] > 2p2 ((2)2 L
P pe + mpy,
PaPpB =2 PaPp
Vg Nop(P) = Oap — -

Wednesday, September 3, 14



ﬁ

VWe now look for a vast generalization of the Asymptotic
Theorem to r-point correlators

that we call the Asymptotically-Free Bootstrap
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The Asymptotically-

e ehieormal invariance

perturbation theory. For 2 an 3 point corre

fixed uniquely

Free Bootstrap (for any spin)

of correlators at lowest order of

by conformal invariance

ators structure iIs

2. RG improvement by Callan-Symanzik + asymptyotic
freedom ; | +2 imply that 3 point correlators factorize
cts of certain coefficlENREINEHSS

asymptotically on produ

3. Kallen-Lehmann representation of coefficients of O

This 1s the new crucial 1

eature, that extends to OPE t

aforementioned asympto
4 RisZit S fix

D) primitive r-point correlators follow

DE,

Al

i€ theorem for 2 peint cofreltisis

uniquely the glueball and meson 3-
point correlators asymptotically in the UV

OIPIE

Dy Iterating the
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The asymptotically-free bootstrap (scalar case, positive
charge conjugation)
< O(21)0(22) >conn= GP(z1 — )

< O(Q?l)O(xQ)O(xg) B — G(3> (%1 — L9, Lo = Lz il xl)
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|. Conformal invariance of correlators at lowest order
of perturbation theory. For 2 an 3 point correlators
structure I1s fixed uniguely by conformal invariance

=2 5
(Z 154 ¢ | ZD) GP(z1 —29) =0
i=1 0

=i
0
( E Ly ° 5 SD) G(S)($1—ZE‘2,$2—ZL’3,$3—£L’1):O
Ly
="1

1
(21 — z3)2P

G(Q) (ZEl o 512‘2) — CQ

1 1 1

(1 = x2)° (@2 — @3) Et il

G(S)(CIH — X2,L2 — X3,T3 — 5131) =€ D
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2. RG improvement by Callan-Symanzik +asymptyotic
freedom

2
0
(Zx 5. T 2D — 09 )) Gl — ) =0

1

(S o

)) G<3)(£I}1 W S Bo e IR RI 271) —()

Thus at next—to—leading perturbative order:

1
(xl £l x2)2D—’yng ()

G®)(z1 — x2) = Co(1 + O(g* (1))
1

(1 — 2)

~ C3(1+ O(g*(w))) — (1 + y09° () log(|z1 — 2|w))

2(,“))) (1 T ’7092((51) I_Oi(i)xg e 372‘“))

(1 + y0g° (1) log(|z2 — z3|p)) (1 4+ v09° (1) log(|z3 — 21|1))

G(S)(xl — X2,L2 — I3,T3 — 561) D 03(1 i O(g

(33‘2 T Qfg)D (5133 o $1)D
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Renormalization-group Improvement:

() loa((x|1s) ~ (1+ Bog® (i) Ioe([z|u)) s ~ <§EZ§>—
1
e - <1 Sl QA%CD) - O : )
g(x) Bo log(xZA%cD) Bg log( 2./\2 ) | (log(flf2/\écr)))

(9(9'31—962))25%)O

g(u)
(o = )

G (z; — x2) ~ Co(1 + O(g?))

At

g(w1 —wa)\ 5> (9{wa=wa) o (R
(L) (Lesh) i (SR

G(g) (5131 — 1095 A0 wr e T e B 371) o CS(l T 0(92))

/L) D D

(3?1 o $2) ($2 P 5’73) (xS i $1)
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| +2 imply that 3 point correlators

factorize asymptotically on products of certain
coefficients of OPE

Ox g
g(x) )7—8
C(x) ~ g(;)D

S $2)G(2) (332 P 333)

1 — 22)C? (29 — 3)

MO N O(25)0(23) >conn ~ Clx1 — 22) < O(22)0 (@55 T
C(
C(

G(S)(Qfl e e bo = Lg,Lg — 2131) N C(CEl o CEQ)C(ZEQ b= 333)0(333 == xl)
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3. Kallen-Lehmann (KL) representation of coefficients of OPE;
This Is the new crucial feature, that extends to OPE the
aforementioned asymptotic theorem for 2 point correlators

ot 1 mP—47 p—l(mz) |
C sil = n n n zp-(a:l—azg)d4
- ;<2w>4/ Pt gl :
70
2 1 pmp (ISP (ml)
R Z (27’(’)4 p2 L mZ e d p

n=1 b

g(x1—z2) \ 22

( g(p) -
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25 | +2+3  fix uniquely the glueball and
meson 3-point vertices asymptotically in the UV

< OD Y0 (71)OD (372)019 ol @) Zeomme

D 4 2
Z (mn1) 6ip1-($1—$2)d4p1
+ m2
ni1= 1
D 4 2
L (mnz) 6ip2'(m2_x3)d4p2
77,2—1 p2 _I_ m
D 4 2
i (m’n,g) 6ip3'(x3_m1)d4p3
p3 +m

n31
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5] primitive r-point asymptotic correlators follow
by rterating the OPE

o0 2D—422 —

m., e : m,,%
< O(Ql)O(QQ) > conn™ 5(Q1 G QQ) Z q2 _I_IZnZ ( )
1 n

n=1

< OD Y0 (QI)OD Yo (QZ)OD Y0 (Q3) > conn

ndl Zna P (s ) Ming Zna ol (W) M5 2o ome G0l

mL
5 "1 na d4
(01 + g2+ g3) Y Y S‘/ o == iy, P+ aq)2+mi, (P+q+a)*+ms, 4

n1= 177,2 17?,3 1

e seoon . ..
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But this I1s not the whole story |

We want to find the asymptotic effective action and
asymptotic S-matrix
.e.  we want to go from

propagators and correlators

1O

kinetic terms and vertices

(this requires some more no

we skip, writing on

VAT

as a result we find some sur

-completely-trivial work that

ne final answer)

drises for the S-matrix
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The generating functional of scalar correlation functions In
massless large-N QCD and n=1 SUSY QCD
asymptotically in the UV

Seff ~ 9l Z/d€11d%5 q2)my, 20 Z2 p(mi ) B (q1) (g7 + mi ) Pr(g2)

c3(N My~ L.
| 3:())! )/dQ1dQQdC]35(C]1+C]2+Q3 /Z 2

ni1= 1 p2 _l— m727J1
_DZ 1¢n2 (qg) - 2 m??gDZ’I;gl@nS (ql)
3 M 5~ D ™M 5P
= p+Qz) tmg, = PPt atg)?+mi

CQNl

1
c3(N) ~ ~ for glueballs and gluinoballs

1
c3(N) ~ — for mesons and s-mesons

VN
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The generating functional of scalar S-matrix amplitudes in
massless large-N QCD and n=1 SUSY QCD
asymptotically in the UV

Scan = Z/dQ1dQQ5 01+ @2)®n(q1) (i + m;) P (g2)

c3(V) p~2(mg )®Pn, (g2)
| 3] /dQ1dQQdQS5((]1 a5 0p —|—Q3 / Z p2+m%1

— e (I)n b _% 2 (I)n

Z ,(g3) Z P (mng) 3(Q1) 5

el p+qQ I - e (DR Gl

W eIl

The S-matrix depends only on the spectrum but not on the
anomalous dimensions | No conventional string theory has
this S-matrix, since vertices are non-local but very much field
theoretical (as In super-renormalizable field theories).
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N~

o gl i il
el e ) p—z(m3)
pe+ma (P q2)c - ma (D gz Fas) s .

S (ny,n9,n3) =6(q1 + g2 + Q3)/ d*p

+ permutations

S (n1,n9,13,n4) =0(q1 + ¢2 + g3 + ¢ Z/ 2 + m2

o )
(g1 + q2)? + m2

+ permutations

1

po*(m) o po *(m2)

dq1dgadqsdqud(qr + o + g5 + / 41 SRR (7
/ 1dgadqzdgsd(qi + g2 + g3 + g4 ;_:1 g ;_:1 rra

1 1
o0 ) o0 —35 2

Z 2(mn3) Z Po Q(mm) i

= p+qQ+CJ3) +mi, S= (p+ g2+ st ol
+permutations
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For vector and axia
singlet chira

- -b
< JRau b1 (%)J g, 5, (0)

flavor currents (or gluinoball flavor-
currents) In spinor notation
L A :
b a1P2” ag
>~ 0"
. aj8 . .
< P ()i ()i T
~< Gy (1) 557 () 57 (23) >

a1 B2

o283 3B o183 a3B2 oaf1

s fa,bc:(x12 kg sl L1383 P )
A A A A A A
L1g Loz L3 13 L39 Lo
e Xe’ B b B .CQ B
SN N (o) (T
o Xe) B b B .CQY B
e ) 1](QH)JVJZQ(QQ)Jvﬁ33($3):>
04152 Oé2[33 Oé351 Oé153 Oé352 a251
. dabc:(x12 Lom v ! )
7] A A | 4 A 4
L1g Loz L3q L1z L3g Loj
.aoy B1 bag B2 .cauz B3
< gz ) e (o) Gy
05162 05263 05351 alBS 04362 04261
T T T T T T
% —TT(TCTbTa) 13 23 311 —TT(TbTCTa) 12;1 32 211
L9 Loz L3 L1z 39 L31
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2- and 3- point correlators

. "
< IR 5, T 5y 5. (0) >

. : 2 2 —1 2
e 5ab § 1 (6 S palﬁlpOéQBQ )mRnZRnle(mRn) eip-acd
(2m)4 R 2 + m? 3
- Rn p Rn
: . 2 —1 2,
i 5ab 1 2(6 NS ran palﬁlpa252 ) E : ZRnle(mRn)eipwd RS
e (2 )4 p 102 51132 2 2 _|_m2 p
acy bas .cas
< jEP (s A S
00 - -2 _—-1 -1 2 2
1 / Pq B M pRn *Rn le(mRn1) my
— | dqdqadgsé(qr + g2 + q3)Tr ) (a, b, C)/ e ;
N3 nlzzzl p2 7 mQRnl C]g e m’IQ”u
i (P + 62)a, 5, Mrny 2Rng P1a (MEn,) M2, i (P + G2 + 43) 0y 8, MR R PLR (MER) M2, o
v (p+ a2)? + mi,, B, (P+ @2+ 3)* + miy, ai +mz,

+opposite orientation
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' ' 1
Effective action Tin =5 Z/dQ1dQ25(QI + 2)M g Z gaPLR (M )b

: o
(I)C]gfllﬁl (Ch) (6041042 65152 (C]% s m%n) 15 quélBl qlaQBQ)(I)Ra’nQBQ (Q2)
0 —2 —1 aalﬁl
1 R P, B M Rn,*Rn (I)Rn (QQ)
+3N9 dg1dgadqsd(qr + q2 + g3) T (a, b, C)/ E = p21+ m%n :
’I’Ll:l 1

e = .
i (p+Q2)a253mRn22Rigq’Raoff2(Q3) i (p‘HIZ+Q3)a381mRing$3q’cRa§f3(Q1)

dp +
(p+ q2)% + m%,,. (p+ @2 + g3)% + mZ,,,

n—oo

W i Y
ZRn_ZRn

seckiy [ ) o e
Z ZrnMEnPT (MA,) = CR

TrF)a,b,c) = Tr(T*T°T°)
Tr{=)(a,b,¢) = —Tr(T°T°T?)
Fr¥ia, bo) = fob

Tr A (a,b, ¢) = d*°
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S-matrix generating functional

1 - bas
S1r = 5 Z / dQldQ25(Q1 - QQ)éabq)Rnlﬁl (Q1) (€Of1042 €41 82 (q% T mQRn) — 0,6 q1a252)q)371252 (CD)

1

+o5 | dndaadasd(ar + a2 + g3) T (a,b, c)
/ i Do ™ ims PLE M ) P (g3)
i =1 p2 + m2Rn1

: .
-1 3 b
i (D + 62) oy 5, Man, P1E (M, ) P22 (g3)

(p+ )2 T

n2:1

o b -
i (D+ G2 + G3) oy 5, My P1E (M ) P50 (q1)

(p+ g2+ q3)2 + m3,,

77,3:1

In the s=1 sector the theory Is renormalizable but
not super-renormalizable
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Possible applications

3-point current correlators: pion form factor

and
- lim Zg, = 1
vector dominance e
2k = Zom

Y Zanmgaps (mk,) = cr

n

Zrn ~ (—1)"; forpi(m%,) ~ AéCD,i.e. linear spectrum

4-point vector current correlator:  light by light scattering
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The main limitation o

the asym

that it does no

- contain s

DTO

DEC

ically-free bootstrap Is

ral Information,

but In fact 1t provides a guide to find out an exact large-N
solution,
perhaps only for the spectrum and S-matrix
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Just as an aside, the asymptotic solution provides a
quantrtative understanding of how much accurate

(approximate or would-be exact) solutions proposed In the
Dast years are

In the past years several different proposals have been
advanced for the glueball propagators of QCD-like theories
based on the the AdS-5tring /Large-N Gauge Theory
Correspondence by the Princetonians (Witten, Klebanov-
Strassler, Maldacena-Nunez, Polchinski-Strassler; and many

followers .. )
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The asymptotic theorem implies that

none of the proposals for the scalar glueball
propagators based on the AdS String/Large-N Gauge

'heorles correspondence agrees wit

the universal RG estimate in the UV f

g
or

any asymptotically free gauge theory
(perhaps as expected, because the AdS models In the
supergravity approximation are in fact strongly coupled in the

UV)
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Specialize the RG estima

‘e to scalar and pseudoscalar

olueball propagators
f<®t (Z 2 ( )) Mt (Z 2 (O))> ip-z J4
gN 4 af - af L gN r aB t ap conn€ L
A 5 2
log log 129_
== Csp4 1 5 1 6% A2MS _|_ O 1 -
BO 10g Ag 0] log Ag 10g2 Ag
= MS MS S | -
f<gwtr(204ﬁ Faﬁﬁaﬁ ('CC)) gwtr(zaﬁ F@ﬁﬁaﬁ(o)) >conn€ip'xd4$
B log log 1232 g
%% 4 1 31 AMS il
i Cpsp Bo log 12’2 (1 5 log 12’2 ) +0 <log2 12)2 >
= AM—S NS AM—S ]
f<gwtr(2045 FOé_ﬁQ (:E)) %tr(zaﬁ Foz_BQ (O>)>conn€ip.$d4x
I log log 2292 i
= Caspp’ e e o +O< = )
Bo log Ag_ 0 log Ag_ log AIQD—
= M S WiEs NS o
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Polchinski-Strassler (Hard VWall)

/ < trF?(z)trF?(0) >conn €~ P %d*zs ~ p? [2 Il(ll((%ﬁ)) — logp] ~ —p* [logp -= 0(6_2%)]

Soft Wall

/ < G e O s e ) — | e = O —

Ew‘t
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Klebanov-5trassler: n=1 cascading SUSY QCD

3 3
0g (4m)2 9

Bligrs i | (47%)292

2
/ S trFZ(x)trFZ(O) S e T o log3 p_2
(L

All the previous results, disagree with asymptotic freedom
and RG by powers of logarithms

t means that the would-be glueball propagators differ from
the correct answer in pure YM or in any Al theory for an
infinite number of poles and/or residues,

(a fact that raises well motivated doubts on the correctness
of the AdS-5tring spectrum at large-N ... In fact, the AdS-
String spectrum disagrees even gualitatively with lattice data)
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In fact, in the pure glue sector with positive

charge conjugation, by the
the generating functiona
resummec

1

asymptotic solution,

of the S-matrix can be

C = BEh

S = §TT/CI>(—A + M*)® d*x + gNQ log Dets(—A + M? + —p, 2 ®)

N

VWe conjecture that this structure fixes

un
@@

iquely the string t

D, and we sugges

heory that solves
- a possible explicrt

calnalie

ate:
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Topological A-model on twistor space:
reproduces the asymptotic effective action In the
scalar sector restricted to collinear S-matrix, with

i—2

Collinear 5- matrix: Lagrangian submanifolds of
twistor space In the topological A-model

Spectrum
m,(f)Q = (k+= )AQCD s even; k=1,2,--- glueballs
mgj)Q = 2(k+ )AQCD s odd; k=1,2,--- glueballs
1
mi? = ; —(n + S)AQCD ;s =20, --- ;mesons

1
mi$? = 2(n+s——)AQ0D,s—1 .+ 1 Mesons
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Spectrum of large N massless QC
6} o /e /®
5
4
.
— I
@ 3j
21
1} [ ¢ (
O; /. x | x | | | | |
0 ] D 3 4
mz/AQCD ’
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Does the [wistor
[t

ial A-model solve QCD

ooft IImit,

perhaps only for the spectrum and collinear S-matrix ¢

We will see ..
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The following slides are not part of the talk but contain
details useful to answer questions or for further discussion
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Proof of the RG estimate in the coordinate representation
using the fact that the operator O Is multiplicatively
renormalizable in the coordinate representation, because
contact terms do not occur for x away from 0

(Op(2)Op(0))conn ~ Co (xQ)

(550 + Bla) 55 + 2D +10,(9)) ) Cala?) =

Co(a) = —35 Go(9(x)) 25, (zp 9())
G(g(x)) ~ 1+ O(g*(x))

2790(Op)
CO(ZUZ) %) leD glx Bo
z2 J0
1 1 : 3, log log( 2/%017) o
B 25 2 25
60 lOg( 2A2 ) 0 log( 2 \2 )
QCD QCD
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1 [ RamiP 7 (m]
< O(CU)O(O) > conn = Z (27_‘_)4 / = (

n=1

i 1
4242

> Rum2P=4 ) (m2) /i Ky (/o7

n=1

1 O
~ s [ R )RR (R
1
1 ©.@)
L [ RO aEE R (VT
W
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Proof of the Asymoptotic theorem In the
coordinate representation

o log log(— —
/ R(2)22P3K, (2)dz? ~ : - (1 J : 1AQ"D >
= w2 L 50 lOg( 12 A2 ) 60 log( ;EQAQQCD )

QCD

oo log log(— — )\ \ Fo
NR(@)/ R () : (1 b i on >
1 1
L Jo Bo log(xQAzQCD) 50 log(xMéCD)

0 (e (- 7 10g10g<$2;gw>))zs
T ﬁolog(mzigCD) B85 log(szZé;CD)
<
R(Z2) ~ Zg(xp, ()
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Proof of the Asymptotic Theorem iIn momentum
representation

— 1P T = an%D_4p_1 m%
[ OOtz = 3 T )
n=1 n
) even:
m%D_LL = ((m% p2)(m% S pz) p4)%—1
_ 2 S Rnp—l(m2)
@O0, .. e P gty — p2D—4 n)
[ OO emr=atc = o 3 Tl
Blodd:
m%m%(D_l)—zl S (pQ m% _pZ)((m% pQ)(m% —p2) p4)
o 08 = R p—l(mQ)
O O(0 conn prd4 — _p2b—4 i n) |
[(O@O etz = -ty Fnt”
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(s) (Lo Tn
;P (m%g)) p2+m§f)2
o0 Z<8)2 ( (8)2)
S P(S) @ pQD—4 1 '05 |
( D ) nzz:l p2 0 513)2
(S)2D 4 p(s)
m2d 5 p 2k, _p2d
e

p<s>(P_a) e p<s>(1ﬁ)
My, p
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Fuler-Mclaurin formula:

i Gr(p) = /:O Gr(p)dk — i % [ai_le(p)]k:kl

k]:k]_ 1 ]:1
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51 loglog( )
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32
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't agrees with Naive RG estimate in momentum
representation, assuming the operator O to be
multiplicatively renormalizable, that i1s technically false

/ (Op()Op(0))conne™ " d*x ~ Co(p®)

( . o zwoD(g))) Co(p?) = 0

“Opg dg

Co(p?) = p*P~* Go(g(p)) Z3 . (=, 9(p))

B L
gAQQCD g%(p)

2
— p 1DT 1
/pzD 410gP€p d'p ~ 2D

270<OD) )

Co(p®) ~ p*P*g(p)~ #o
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gV 1
/kl V+kdk_<ﬁology<1

IThis Is an integral equation o

f Fredho

S/ PE

solution exists If ang

only if i

R(\/E) s ZQ(\/E) i < I (1 ﬁl loglog%

Gulbgl \ fF lagl

‘or which a

1S UNIqu

i

Y0

)
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Given the Kallen-Lehmann representation,

extension of the Asymptotic Theorem to all other
coefficients of OPE Is straightforward,

taking Into account different naive dimensions and anomalous
dimensions of each coefficient
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Perturbative check: the 3-loop computation by Chetyrkin et
al.

< tTFQ(p)tTFQ(—p) >conn = ]\ZLW_21P4 log % 1+ QQ(M) <f0 — Polog %>

+9* (1) (f1 + folog £ + f3log’ %)

fo = 3(27%)2
fi— fam? = (3T63L _ 2420(9) _ 110«3))@
—200 = 23(4171)2
2f2 S D e
3fa =gem=>fi=gan=>f=08

i fl it (3756431 1105(3)) (471T)4
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Perturbative check: the 3-loop computation by Chetyrkin

< trFﬁ’(p)trFﬁ’(—p) e

fo

f1
—200
2f2

et al.

=
( 21)p4

+9* (1) (fl + f2log Zz + 33 log’ %)

2
log %

1+ g%(1) (fo — fBo log Z—2>

= 3(2777)2
s (5159459 1105(3)) (471T)4
23(41717)2
stimT = f2 = ~gliny
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Check of the RG estimate (M.B. and S. Muscinelli, JHEP 08
(2013) 064 [hep-th/|304.6409])

9°(p?) = g*(1*) (1 — Bog®(1?) log

—B1g* (1) log 5 + 659" (11°) log

+ R

\V)
= "Bw
i
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iiEY=S D cotrelator In the T
perturbative scheme for the

-| needs an exac

=

FIQ 8=

arge-N beta func

lon, 1IN

such a way that the canonical coupling does not diverge
at the Infrared Landau pole of the Wilsonian or of the
perturbative coupling
M.B. JHEP 05(2009) 1 |6
| 0log Z
ag _—5093 r(471T)29381c)§A __5 3_6 5_|_
Olog A 1 — (4;‘;)25]2 e e
Ogw
S
0log Z 2V095r7 r Zega L= @29 p
s 2 a8, 20 5
1 5 =y _6093_51g5+.'.
Ui it | S
(47)2 3 Bo = ()2 3
1 34
b1 =

(4m)* 3
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Fuler-Maclaurin formula, in order to extract the large-
momentum asymptotics (Migdal, decades ago ...)
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The answer inthe TFT
In Euclidean or ultra-hyperbolic signature In large-N YM 1Is:
O = S0 Tk 9y g

/<OASD (x)OASD (O)>conn 6_ip.xd4x

2 KAy 20t O gih
. Z 2+k/€AMéV — 71]-? - Z ’ i W_ - infinite contact terms

1
1(401))5( 2) + 0 < NOASD(O) > -+ infinite contact terms

: log log &~ .
C(O) (p2) B 2p4 1 o 61 og 10g AM—S i 1
i 72 Bo 8o log b 8§ log & log? &

N el 25
M S M S A
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he answer In Minkowski in large-N YM is:
e OASD(ZC)OASD(O) > conn— 4 < 05(33)05(0) > conn —4 < OP(x)OP(O) > conn
+ analytic continuation of momenta (not displayed)

/<OASD (x)OASD (O)>conn e—ip.xdllx

w
i
~p*0+ CYhs(p?) < NOASD( ) >
; log log 22 :
1 M 1
Cz(élll))S(p2) =1 D2 L~ 61 p2 > -0 2
Colog i B35 log +5 log? -Z

In n=1 SUSY YM by methods inspired by present work
Shitfman (201 ) has shown in Minkowsk:

/ 000 450(0)) conn e P%d*y = 0 + contact terui

ence trying to extend to n=| SUSY YM in Minkowski Is
bointless |
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Since the ASD correlator is the sum of the scalar anc

pseudoscalar correlators, the prediction of the TFT for the

joint scalar and pseudoscalar glueball spectrum of positive C
in large-N YM Is:

my = kAgep; k=1,2- -

Exact linearity, as opposed to asymptotic linearity, Is as a
strong statement as it sounds very unlikely
even at large-IN,
OlUIL
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SU(8) lattice Y

i

The prediction of the TFT agrees sharply with

ne largest lattice (

ne smallest valtie e EaEE

v computation by Meyer-Teper (2004) on
6° 37 24, presenily sl

C to

gt (ORI AN M =
aie—age — L AL

continuum, .e. with t
i —
mMo++
mMo—+
e =
mo++

TFT.

5.5)

R VO L V0 (R

pling
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