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M. Gell-Mann, H. Fritzsch, XVI HEP Conference 1972

QCD: simple Lagrangian
M. Gell-Mann, H. Fritzsch, H. Leutwyler, Phys.Lett.B47,365 (1973)

formidable complexity of the phenomena

- nuclear physics
- Regge behaviour

- hadronic world
- quark-gluon matter at high temperature/high baryon density

- out-of-equilibrium strongly interacting matter

involving - chiral phenomenology
- light and heavy quarkonia

- glueballs and exotica
- exclusive vs inclusive processes
- interplay between strong and weak phenomena

full solution to QCD not (yet?) available

partial solutions Lattice QCD
QCD sum rules

in the nonperturbative
Effective theories of QCD (Ch-PT, HQET, SCET, NRQCD,...)

sector
Quark models
AdS/CFT inspired methods



QCD sum rules

)
‘y"
l ST
V'

based on M. Shifman, A. Vainshtein, V. Zakharov, Nucl. Phys. B147,385 (1979)

- duality: sufficiently inclusive hadronic quantities expressed in terms of
quark and g|UOhS Poggio Quinn Weinberg

- analiticity: relates quantities in different kinematical regions

- OPE: perturbative + power corrections

hadron properties related to the QCD vacuum properties
parameterized by quark and gluon condensates

applications: “Madamina, il catalogo & questo...”  (“my Lady, here is the list...”, Don Giovanni, Mozart)

meson and baryon masses, exotic hadrons (multiquarks, hybrids, glueballs and odderons) ....
decay constants, strong couplings, meson form factors, baryon form factors ....

partonic distributions (attempts)

matter at high temperature (hadron masses, decay constants, even of exotic states) ....



precision frontier:
status of fg, Ty
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OPE
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deep Euclidean: consistent separation of short-distance (<1/p) from large distances >1/u
O4 gauge invariant QCD operators
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one-resonance + continuum model for the spectral function

q2

narrow width approximation




duality issue: 2D harmonic oscillator
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lowest state contribution

1 f3d’ (4*)? /°° ImIed(s) , _ (¢*)? /°° ImIIZ“7(s)
8 (

mm}(m}y — %) i P ) R mot+mg)? S°(8—q%)
% phad(g QCD
: 4 Ps _a ImlIg )
global quark-hadron duality ¢ /30 2(s = d /O 2(s = ds
different methods (finite energy SR, moments, ...)
. (—g2)m+D) 7 g \"

Borel transformation [I(M?) = Bp=I1(¢?) = lim ~ (d 2) II(q?)

—gq°,n—o0 n: q

—q2/n=M?
- subtractions removed

- high dimension condensate contributions factorially suppressed 1/0” =1/(n! M*")

- contribution of the lowest lying resonance enhanced fds p(Q) =>de o(s) exp(——)
S+

- Borel parameter M? varied in an interval -> | M2 uncertainty in the results
- threshold parameter s, from an ancillary sum rule for mg



Parameters Values (comments)

() = 4.18 £ 0.03 GeV

quark masses () = 1.275 £ 0.025 GeV

ms(2GeV) = 95 + 10 MeV (error doubled)

as(Mz) = 0.1184 £ 0.0007

strong coupling as(3GeV) = 0.255 £ 0.003

as(1.5GeV) = 0.353 £ 0.006

quark condensate | (gq)(2GeV) = —(2771]2MeV)? (ChPT & m)
(5s)/{(qq) =08=+0.3

(GG) = 0.01270:0% GeV*

d = 4,5,6 condensates m3 = 0.8 £ 0.2 GeV?

(5Gs)/(aCa) = (55)/(aq)

olleviation from vacuum saturation 1y = 0.1 - 1.0

decay constant LQCD (Ny=2+1+1) QCDSR
fp (MeV) 213+ 4 201+13
fp. (MeV) 248.83 4+ 1.27 238+13
fp./fp 1.1716 + 0.0032 1.17+3-04
fB (MeV) 186 + 4 207+17
fB, (MeV) 214.15 +1.27 242+17
fB./fB 1.207 £ 0.007 1.17+0:93

QCDSR: P. Gelhausen, A. Khodjamirian, A. Pirovarov, D. Rosenthal, Phys. Rev. D 88, 014015
LQCD: R.J.Dowdall et al., (MILC Coll.), Phys. Rev. Lett. 110, 222003



Parameters

Values (comments)

quark masses

77y (7) = 4.18 £ 0.03 GeV
(7)) = 1.275 + 0.025 GeV

ms(2GeV) = 95 + 10 MeV (error doubled) error budget (MeV)
as(Mz) = 0.1184 £ 0.0007 fo fo fo fo
strong coupling as(3 GeV) = 0.255 £ 0.003 AM? L 8ig 0T 38
as(1.5 GeV) = 0.353 £ 0.006 Ap R R
quark condensate | (gq)(2GeV) = — (277112 MeV)? (ChPT @ my) Amgq s fEE e
Am +1.6 +3.1
(5s)/{(qq) =08=+0.3 °
i e A<qq> 135 133 £3.0 2.2
(GG} - 0'012—0.012 GeV A <S§l> +6.5 +6.9
d = 4,5, 6 condensates m3 = 0.8 £ 0.2 GeV? A jqéa > "_Lg'é tg.{l3 igg tg.g
(5Gs)/(aGq) = (5s)/(aq) Am? +0.3 +0.2 +0.5 +0.4
deviation from vacuum saturation = 7y, = 0.1 - 1.0 Adyse +0.9 +0.6 £2.8 +£2.5
decay constant LQCD (Ny=2+1+1) QCDSR
fo (MeV) 213+ 4 201133
fp. (MeV) 248.83 + 1.27 238113
fp./fp 1.1716 % 0.0032 1.171008
B (MeV) 186 + 4 207+7
fB. (MeV) 214.15 £+ 1.27 242117
fB./fB 1.207 £ 0.007 1175003

QCDSR: P. Gelhausen, A. Khodjamirian, A. Pirovarov, D. Rosenthal, Phys. Rev. D 88, 014015
LQCD: R.J.Dowdall et al., (MILC Coll.), Phys. Rev. Lett. 110, 222003




Parameters

Values (comments)

quark masses

77y (7) = 4.18 £ 0.03 GeV
(7)) = 1.275 + 0.025 GeV

ms(2GeV) = 95 + 10 MeV (error doubled) error budget (MeV)
as(f\fz) = 0.1184 + 0.0007 fB fB A fD fD
strong coupling as(3GeV) = 0.255 + 0.003 AM? L Big [H10T 35,
as(1.5 GeV) = 0.353 £ 0.006 Ap Ton) d1o% s 1os
quark condensate | (gq)(2GeV) = — (277112 MeV)? (ChPT @ my) Amgq MRS R
— Amg N1 6/ +3.1
(5s)/{(qq) =08=+0.3 - TTYRETY
0,008 ) A<qyg> | T3y T35 £3.0 £2.2
(GG) = 0.012%5 13 GeV <s5>
AZs> +6.5 +6.9
d = 4,5,6 condensates m3 = 0.8 £ 0.2 GeV? A< GG >| 101 +01 104 +04
(5Gs)/(aGq) = (5s)/(aq) Am? +0.3 £0.2 405 +0.4
deviation from vacuum saturation = 7y, = 0.1 - 1.0 Adyse +0.9 +0.6 £2.8 +£2.5
decay constant LQCD (Ny=2+1+1) QCDSR
fo (MeV) 213+ 4 201133
fp. (MeV) 248.83 £+ 1.27 238123
fp./fp 1.1716 % 0.0032 1.171008
fe (MeV) 186 =+ 4 20717
B, (MeV) 214.15 +1.27 242117
fB./fB 1.207 +0.007 1.17+0-03

QCDSR: P. Gelhausen, A. Khodjamirian, A. Pirovarov, D. Rosenthal, Phys. Rev. D 88, 014015
LQCD: R.J.Dowdall et al., (MILC Coll.), Phys. Rev. Lett. 110, 222003




Parameters

Values (comments)

quark masses

77y (7) = 4.18 £ 0.03 GeV
(7)) = 1.275 + 0.025 GeV

ms(2GeV) = 95 + 10 MeV (error doubled) error budget (MeV)
ay(Mz) = 0.1184 %+ 0.0007 s fs (o fo.
strong coupling as(3GeV) = 0.255 + 0.003 AM? oL 8ig [H107 t?éﬁf
as(1.5 GeV) = 0.353 £ 0.006 Ap Ton) 1% tes 1os
quark condensate | (gq)(2GeV) = — (277112 MeV)? (ChPT @ my) Amgq s fEE Iie Lad
— Am +1.6 +3.1
(55)/(Gq) = 0.8+0.3 A<ars |25 121 130 120
(GG) = 0.01275:3% GeV* P, -9 22
AZE= +6.5 +6.9
d = 4,5,6 condensates m3 = 0.8 £ 0.2 GeV? A< GG >| 101 +01 104 +04
(5Gs)/(aGq) = (5s)/(aq) Am? +0.3 £0.2 405 +0.4
deviation from vacuum saturation = 7y, = 0.1 - 1.0 Adyse +0.9 +0.6 £2.8 +£2.5
decay constant LQCD (Ny=2+1+1) QCDSR
fo (MeV) 213+ 4 201133
fp. (MeV) 248.83 £+ 1.27 238123
fp./fp 1.1716 % 0.0032 1.171008
fe (MeV) 186 =+ 4 20717
B, (MeV) 214.15 +1.27 242117
fB./fB 1.207 +0.007 1.17+0-03

QCDSR: P. Gelhausen, A. Khodjamirian, A. Pirovarov, D. Rosenthal, Phys. Rev. D 88, 014015
LQCD: R.J.Dowdall et al., (MILC Coll.), Phys. Rev. Lett. 110, 222003




Parameters

Values (comments)

quark masses

77y (7) = 4.18 £ 0.03 GeV
(7)) = 1.275 + 0.025 GeV

ms(2GeV) = 95 £ 10 MeV (error doubled) error budget (MeV)
as(My) = 0.1184 % 0.0007 s fo. fo fo
strong coupling as(3GeV) = 0.255 £ 0.003 AM?2 tg:}s 8.1 f}g';’ t?bﬂ
as(1.5GeV) = 0.353 + 0.006 Ap Lyl e vy
quark condensate | (gq)(2GeV) = — (277112 MeV)? (ChPT @ my) Amgq s fEE e
(55)/(qq) — 08+ 0.3 Am, 1164 131
SS = U. .
" A<qg> |135 135 £3.0 £2.2
(GG) = 0.012539% GeV? e 2.9 ié-"s o
d = 4,5, 6 condensates m3 = 0.8 £ 0.2 GeV? A jqéa S t8;§ tg:é ig;‘é tg:g
(5Gs)/(aGq) = (5s)/(aq) Am? +0.3 +0.2 £0.5-20.4
deviation from vacuum saturation = 7y, = 0.1 - 1.0 Adyse +0.9 +0.6 2.8 +£2.5
decay constant LQCD (Ny=2+1+1) QCDSR
fo (MeV) 213 + 4 201113
fp. (MeV) 248.83 +1.27 238133
fp./fp 1.1716 % 0.0032 1.1710°0s
B (MeV) 186 + 4 207+7
fe, (MeV) 214.15 £ 1.27 242117
fB./fB 1.207 + 0.007 117093

QCDSR: P. Gelhausen, A. Khodjamirian, A. Pirovarov, D. Rosenthal, Phys. Rev. D 88, 014015
LQCD: R.J.Dowdall et al., (MILC Coll.), Phys. Rev. Lett. 110, 222003



Parameters

Values (comments)

quark masses

77y (7) = 4.18 £ 0.03 GeV
(7)) = 1.275 + 0.025 GeV

ms(2GeV) = 95 + 10 MeV (error doubled) error budget (MeV)
as(Mz) = 0.1184 £ 0.0007 fo fo fo fo
strong coupling as(3 GeV) = 0.255 £ 0.003 AM? L 8ig 0T 38
as(1.5 GeV) = 0.353 £ 0.006 Ap R R
quark condensate | (gq)(2GeV) = — (277112 MeV)? (ChPT @ my) Amgq s fEE e
Am +1.6 +3.1
(5s)/{(qq) =08=+0.3 y
06 s R e
(GG) = 0.012Z5 415 GeV <s5>
[-A — +6.5 +6.9
d = 4,5, 6 condensates m3 = 0.8 £ 0.2 GeV? A< GG S| T01 F0T foI—<01
(5Gs)/(aGq) = (5s)/(aq) Am? +0.3 +0.2 +0.5 +0.4
deviation from vacuum saturation = 7y, = 0.1 - 1.0 Adyse +0.9 +0.6 £2.8 +£2.5
decay constant LQCD (Ny=2+1+1) QCDSR
fo (MeV) 213+ 4 201133
fp. (MeV) 248.83 + 1.27 238113
fp./fp 1.1716 % 0.0032 1.171008
B (MeV) 186 + 4 207+7
fB. (MeV) 214.15 £+ 1.27 242117
‘ 0.03
fB./fB 1.207 + 0.007 1.17+0:08

QCDSR: P. Gelhausen, A. Khodjamirian, A. Pirovarov, D. Rosenthal, Phys. Rev. D 88, 014015
LQCD: R.J.Dowdall et al., (MILC Coll.), Phys. Rev. Lett. 110, 222003



- in all cases large contribution to the error from the Borel parameter M?
- f5: sizable contribution from ! mg, Iy"
- 1 <qg> about 30% of the error

- fgo Tps:  sizable error from <ss>/<qg>

- smaller error from the other condensates

other: S. Narison, 1511.05903
D. Melikhov et al., 1609.09388



range of M? fixed to suppress higher states and power corrections
this “systematic” uncertainty can hardly be reduced without a breaktrough

in the method /

- in all cases large contribution to the error from the Borel parameter M?

- f5: sizable contribution from ! mg, '
- 1 <gqg> about 30% of the error
- fge Tos:  sizable error from <ss>/<qg>

- smaller error from the other condensates

In general:
- sensitivity to the parameters (thresholds) more severe for currents with high dimensions

- “one resonance+continuum” : naive representation of the spectral function, not always
applicable

- narrow width approximation improvable



Increasing complexity

miCeyv]  cs: D(2317) and D, (2460) radiative decays

T D, (2573)
o @ > 52 . p
Z.b ot — 3 2"’
S D*K°/D°K* ? I Dﬂ_(.2_535) J /
— o
254 [ D°K*/D*K® D_,(2460) P = 1/2 *
2.3 ®
D.,(2317) decays for masses
2.2 below DK threshold:
jp _ ]/2_;{ B isospin violating pion emission
~ | e radiative

2—pion emission

narrow widths



Increasing complexity

mICeV] cs: D, ,(2317) and D ,(2460) radiative decays
28

2 D, (2573)
D"K°/DK ? = Dsl_&_535}

} i o1f2

decays for masses
below DK threshold:

isospin violating pion emission

2—pion emission

jP =3/2+

narrow widths

radiative transitions allow to discriminate among different meson structures



radiative D, decays by light-cone QCD sum rules

v(@) hybrid of SVZ technique and theory of hard exclusive processes

expansion of product of quark currents near the light-cone x? =0

Stern, Chernyak, Braun, ....

p+q P
J, I =i [dx {y @] T[1,(0).7,0)] |0) ™
olJ,|M M J,|0
HHAD(p,Q)=< ‘ 12‘ l(f)><y(q)Ml(p)|M2(p+q)>< 2(p+2q)‘ 2‘2 >_|_
p - —m, (p+q)" —m,

p?<<0 and (p+q)*<<0: light-cone expansion x?->0

f’f

{L,,/CIJ}J_ B {\—E—J> B light-cone photon DA of increasing twist

o

\ ¢ / ¢ 4
(b) )

(a) (



light-cone photon distribution amplitudes

(v(g Mlg(x)o,,q(0)|0) = —iee{Ggg)eng, — evgpu) L ' du e‘“""(x«#,(u) + %A(u))
- ieeq%(x,,éﬂ — x,5,) L ' du e, (),
(y(@, M3 y,.q(0)10) = ee, f,,, L ' du ety ),
(g Va7, 750(010) = ~eesfsyepnage™a"s? [ ducypiw)
(y(q, Mlg(x)g,G,,(vx)q(0)I0) = —iee,{Gq)enq, — €5q,) f Daell@stvaldes§(a,),
{(y(g, Mg(x)g,G ., (vx)iysq(0)|0) = —iee,(Ga)epq, — £5q,) f Dael@stvadax§(a,),
(¥(q, Mg(x)g,G ., (vx)y, ¥5q(0)I0) = ee, f3,q.(erq, — £1q,) f Dael@stvedex A (ay),
(7(g, Mg(x)8:G r(vx)iyq(0)I0) = ee, f3yqa(ergy — €3,) f Daje@stvedarV (o))
(v(g, MNg(x)o,58,G ., (vx)g(0)I0) = eeq@q){[é,‘éayq;s —&,8p.9: — (n = V)] f Dael@stveda=xT  (a;)
+Bafupts ~ Balopay — (@ = B)] [ DaelorvadsTy(a)
N (gux, — qyx;)fi;qp — £34,) f Dajelesv)ax T (@)

+ (anB - qﬂx;).(sx“q,. - qup.) fDa‘eKa’+ua,M-xT4(ai)},

Ball, Braun, Kivel, NP B649, 263



light-cone photon distribution amplitudes

&, (u) = 6uir(l + ¢,C3*(2u — 1)),
Alu) = 402> Bk — kT + 1) + 8(5 — 346 ua(2 + 13uir) + 24*(10 — 154 + 6u*) Inu
+ 2 (10 — 154 + 6a*) Inii ],
hy(w) = —10(1 +2k*)Cy*Qu — 1),

) =563Qu—-1P—-1)+ 63—4(150);' —5w%)(3 —30(2u — 172 +352u — 1)Y),

o) = (1 — Qu — 12)(5u — 17 — 1)%(1 + 20 —iw;).
V(aq, ag a,) = 540w¥(aq — a@)aqaqag,

Ala, a a,) = 360a, aqag[l - w@%(?ag - 3)]
Sla,, az, a,) =30aj[(k + k)1 —a,) + ({ + §7)1 —a )1 —2a,) + H[3(a; — a,)* —a,(l —a,)]]
Say, ay a,) = —30a2[(k — k¥ )1 —a,) + (& — )0 —a, )1 —2a,) + 4H[3(e; — ) —a,(l —a,)]]

T (e, ag a,) = —12034 + & Nay — ay)a,a;a,,

Tsla,, a5 a,) =30ai(a; — a )k — k%) + (& — )1 —2a,) + H3 —4a,)]

T3(aq, az a,) = —120034, — {2+)(aq —a,)a,a;a,

T alay, az, ay) = 30ai(a; — a, )k + k%) + (4 + 401 = 2a,) + LB —4a,)]

Ball, Braun, Kivel, NP B649, 263



D, (2317) -> D> # D, (2460) -> D, #

Dy(p+q)) = e$* pq %t p $'q)

("(gHD(p.$)

0.2 0.2
0.25
. -0.25
~ -0.3 0.3 \
8. 0.35 © 0.35 e
o5 0.4 & 0.4
0.45 0.45
2 3 4 5 6 7 2 3 4 5
M2 (GeV?) M? (GeV?

Borel parameter

"(D,# D.$) =(4%6) keV

(D, — D.y)=(19-29) keV

D, (2460) -> D.* #

D, ,(2460) -> D_,"(2317) #

0 0
0.05 __-0.1
o -0.1 L 0.2
® _0.15 @ 0.3
0.2 o -0.4
0.25 0.5
2 3 4 5 6 7 2 3 4 5
M (Gev?) De Fazio, Ozpineci, PC, M? (GeV?)
| (D" D./)=(0.6#1.1) kev  PRD72,074004 1 (D"

6

7

D_,/)=(0.5#0.8) keV




decay widths (KeV)

Initial state Final state LCQSR VMD [2,3] QM [5] QM [6]
*(2317) Diry 4-6 0.85 1.9 1.74
D (2460) D¢~y 19-29 3.3 6.2 5.08
D3~ 0.6-1.1 1.5 5.5 4.66
=7(2317)y 0.5-0.8 — 0.012 2.74

De Fazio, Ozpineci, PC, PRD72, 074004



similar complexity

B, -> 1,(980) semileptonic form factors sensitive to the structure of f,(280)
impact on the measurement of the $, weak phase

Jr, = Eiyss
1(py, @) = i [ dxe®(folp 1T, (5. i, OO,
pf() q (fO pf() {JFI JF2 } ]Pl =§’}’#’)’5b, §0',_“/’75qu
10— 1.0 ————r—————————————r—r—
-> Passek-Kumericki o5t : st ]
talk on f, DA ] ]
06 § S 06 7
Fi(q%) 1 Fol@) ]
04 ] 04 .
02 f . 02 # :
0_0 1 " " i i 1 " " i " L " i " 1 i " .. 0.0l " " i " 1 " i " i 1 " " i i 1 i " i .-
0 5 10 15 0 5 10 15
7°(GeV?) q°(GeV?)
sizable uncertainty
comparison with LOQCD BR(B;— fol*€7) = (9.573}) x 1078,
useful P BR(B, — for ) = (1.1794) x 1078,
BR(B, — forp) = (8.7°28) X 107
02
. [ De Fazio, Wang, PC, PRD81, 074001
extension to D, ->;(980) e % oo s s TS



Increasing complexity : matrix elements of ! B=2 and ! B=0 D=6 operators

| B=2 Q1 = bivu(1—7")g br" (1 —7")g;,
Q2 = bi(1 —7°)gi bj(1 —~")q;, Q3 = bi(1—~")g; bj(1 —+°)ai,
Qa = bi(1 —4")qi b;(1+~°)g;, Qs = bi(1 —7°)q; bj(1 +7°)g:.

(Q(n)) = Ag fEME Bo(w).

in HQET

= by, (1= 7")g RS (1= 4)gj, Qo= I (1—4%)g RS} (1 - +%)g;,

Q1
Qs =h{ P (1 —4%)g h{ ”(1+v)qj, Qs = i (1 - %)g; SV 1 +4%)as,

(Q(w)) = Ag F?(p) Bg (),

sum rule in HQET Kp(wi,w2) = /ddmlddwzeip"xl—im'm2 (O[T [3+($2)Q~(0)3—(1'1)] 0)

~

=R, =),



Increasing complexity : matrix elements of ! B=2 and ! B=0 D=6 operators

1 B=0 Qf = byu(1 —7°)g 7" (1 —~°)b, T8 = by, (1 — 4°)T4q gy*(1 — 7°)T b,
Qf =b(1—+")g q(1 +~°)b, T3 = b(1 — +°)Tq q(1 +~°)T*b.
(Qi(n)) = A; faM3 B;i(p), (Ti(n)) = A; faMp (1),
in HQET
Q! = hyu(1 —4°)g ¢v*(1 —4°)h, T{ = hyu(1 —+°)T%q gv*(1 — +°)T*h,
2 =h(1—+")q q(1 +~°)h, T = h(1 —°)Tq q(1 + +°)T*h.

(Qi(n)) = A; F2(u) Bi(p), (Ti(p)) = A; F2 () &(p),



Increasing complexity : matrix elements of ! B=2 and ! B=0 D=6 operators
q ()

| B=2

D T OO

Kirk, Lenz, Rauh, JHEP12 (17) 068
previous: Grozin Klein Mannel Pivovarov PRD%4, 034024
Grozin Lee JHEP 0902 (09) 047

| B=0
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0.6 -

e HPQCD'07

»= ETM'14

¢ FNAL/MILC'16

A  GKMP'16

v FLAG'16 (2)

¢ FLAG'16 (2+1)
B This work

Kirk, Lenz, Rauh, JHEP12 (17) 068

EQ: EQz

error budget

By, By, By,
AB=2 A intrinsic SR condensates  pu, 1/my fm a;
Bog, s £0.018 +0.004 N o010 IS oot
5] +0.014 40.012 +0.071  +0.015
Bg, ~0.017 F0.020 +0.004 “po10 +0.010 Tpoe  pois

+0.060 +0.016 +0.086 +0.053
Bo, +0-o6a +0.107 +0.023 S £0.010 D06 +0.083
Bo, 00T £0.021 +0.011 P2 +o0.010 X5 %
B, 00is  £0.018 £0.009 358 +0010 *PET 0013




Kirk, Lenz, Rauh, JHEP12 (17) 068

T(Hg — X;) =T§ [A +

7(B1)
7(BY)

_0_

0.1

|
' |
1.2 |
1 |
l
. | 1
1.0 | -0.0
| i [
I
|
0.8 - I
. | )
i L 01
|
| e BLLS'98 i
061 = cyvos |
1 & UKQCD'98 |
4 Becirevic'0l |
B This work i
0.4 T T . T T _0.2
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Increasing complexity : D=6 operator: heavy baryon matrix elements

&, lifetime
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De Fazio, PC, PLB 387, 371

more precise evaluation of the heavy baryon lifetimes (&, " ) possible



noticeable computation: charm-loops in B-> KOI* Iand B -> K" #
Khodjamirian, Mannel, Pivovarov, Wang JHEP 1009, 089
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charm-loops: factorizable vs non-factorizable contributions correlation function for B->K® m.e. with soft gluon

Beneke, Feldmann, Seidel (2001)

cc,B—K* , M; ~(éc * i
ACSP )(q%) = (Cy + 3Cy) g(m2, ) + 2C, g (@B K" Mi) (42

function g(Ec,B—)K) g(éc,B—ﬂ{',l\/fl) g(éc,B—)K',]\/[Q) g(éc,BﬁK',N[g)

error budget centr.value | —0.041 0.26 0.27 0.46
A, 4+0.014 -0.08 -0.09 0.15

A +0.00 —0.04 —0.04 —0.07

M2 —0.001 +0.07 +0.08 +0.12

A —0.016 +0.30 +0.36 +0.75

AB +0.017 —0.17 —0.18 —0.33

A +0.022 +0.31 +0.37 +0.76

tot —0.016 —0.19 —0.21 —0.37




Theory issues

condensates: parameterize effects of the strong fields
understanding the field dynamics not needed for practical purposes

sum rule

2
fds exp(-s/M?) R,(s) = (parton model)| 1+a.c,(M*)+c; = G4>
M? >> AzQCD a, G from perturbation theory
1 [ 1] b . . .
— " exp(#——+5-) power corrections exponentially small in)
$.(M") . .
s relevant for intermediate ) .

+ what are the field configurations producing the condensates?

e do the effects of the condensates in the sum rules encode confinement?



Theory issues: possibility of D=2 contribution?

condensates: parameterize effects of the strong fields
understanding the field dynamics not needed for practical purposes

sum rule
<G*>
4

fds exp(-s/M?) R;(s) = (parton model) 1+ajas(M2)+cj

\

1/M2 term absent

M? >> A’ a., ¢ from perturbation theor L
A ¥ Y no gauge invariant D=2 operator

1 b . . .
— " exp(H— ower corrections exponentially small in)
2 p( % (Mz)) P e y s

s relevant for intermediate ) .

+ what are the field configurations producing the condensates?

e do the effects of the condensates in the sum rules encode confinement?



1/M? correction can be generated by the perturbative series

2 % . 2 (
I (Q7)" (parton model)’ 1+$ a (o (Q7)'*
& n=1 )
(a,),y =C"'1)" n! b}
Vainshtein Zakharov PRL 73, 1207
A2 \
2 Borel summable

Borel summation



D=2 correction related to short-distance dynamics
example: Abelian Higgs Model

magnetic charges in the vacuum Gubarey Polik
: . . : : ubarev Polikarpov
at short-distance: Coulomb potential+ stringy correction .~ PLB438, 147

short topological strings

: 0.
mV()=-=L+or < connecting magnetic charges

r=0 dmr
N\

extended to QCD?

N\

b, 2
fds exp(—s/Mz)Rj(s)s(parton model) 1+ajas(M2)+ sz +cj<G -

M4

- computable assigning an “effective short-distance mass” to
phenomenology g|UOﬂS <— Chetyrkin Narison Zakharov NPB350, 353\
- could be relevant in particular sum rules (gluonium, scalars)
- detected in AdS/CFT inspired approaches (for scalars and
glueballs)  De Fazio Giannuzzi Jugeau Nicotri PC, PRD78, 055509

of D=2term ?

Issue deserving scrutiny



conclusions

flexibility of the method -> extensive applications
uncertainties from perturbative corrections controllable
possible improvement of some nonperturbative input (e.g. light-cone DA)

intrinsic limitations from the duality assumption: in some cases they start dominating the
total uncertainty -> need breakthrough for significant improvements

theoretical issues still need to be better scrutinized

method used to validate other approaches (e.g. AdS/CFT inspired models), tool for theorists
of strong interactions
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