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Birth of heavy flavor: November revolution 1974
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Charmonium — narrow (i.e. long-lived) states
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PO S5 « Masses precisely reproducible with simple
2900 —?9080 1722 phenomenological potentials

Gluon annihilation widths roughly
predictable via perturbative QCD

1974 November revolution:

« Quark Model and qq hypothesis for mesons firmly established!
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Bottomonium — narrow states
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Heavy flavors and theory
« Semiclassical approach with purely phenomenological potential models in
early years

- Effective Field Theories in recent years:
Separation of scales leads to factorization:

m, > N,
Perturbative QCD at Nonperturbative low-energy terms
heavy parton level (extracted from the data, phenomenological

expansion in as models or lattice QCD)
— Heavy Quark Symmetry (HQS):
Qq Properties of bound states independent of Q flavor and its m % 0. @)
spin orientation Q

HQET 1/ m.. corrections
00 m,>mo>mv)>~A, .
0, 0 Q ’ OCD
Momentum transfer Kineti d potential
between partons (i!g.elrl)(i:n?j?ngg)(;ne;r;/ 1/ mQal/ ()
NRQCD ( Potential NRQCD ) corrections

* Inrecent years also full lattice calculations for charm quarks without the
factorization approach (bottom too heavy for present sizes of lattice
spacing).
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Q states and their energy scales
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WAY BELOW OPEN FLAVOR
THRESHOLD STATES

(g, mq determinations
—~>Kronfeld’s talk)



Heavy Flavor,Prod&Decay,|ICFA,Bejing,2014 Tomasz Skwarnicki

Mass of n,(1S)

BaBar
.- PRL 101, 071801 (2008)
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Belle

PRL 109, 232002 (2012)

h,(1P)—>vn,

Miko(m ' ny), GeVic®

T[Ny (19)] = 10.8229%> MeV

B(h,(1P) — ym,) =
(4.92+0.57+£0.56)x10™"

0388.07 31+ 2.7 Mev

2.96 disagreement

04024+ 1.5+ 1.8 MeV
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Hyperfine splitting of bb(1S)

WEIGHTED AVERAGE
62.31£3.2 (Error scaled by 1.8)

. . | R. J. Dowdall et al.

4 HPQCD: NRQCD &(asv*.v%,av*)  PRD89, 031502 (2014)
n=2+1+1
. o0 4 f
b HPQCD: NRQCD &/( o) non-pert. 4q inter.
—=— Meinel: NRQCD &(v°)
H = '

| HPQCD: NRQCD &/(1*)

= Fermilab/MILC
LaticeQep RBC/UKQED PDG 2014 2
N pelle MIZUK 12 BELL 1:5
=S CLEO '

BONVICINI 10 CLEO 0.8

O BABAR AUBERT 09AQ BAEBR 0.5

AUBERT 08Yv BAEBR 4.9

Experiment | | o | BABAR 9.8
0 20 10 60 30 100 (Confidence Level = 0.021)

Apyp(1S) (MeV)
Now good agreement with the predictions. Theory error larger than the experimental.
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Hyperfine splitting of bb(2S)
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E— PRL 109, 232002 (2012)
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BELOW OPEN FLAVOR THRESHOLD
STATES
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Singlet bb(1,2P) states

« Studies of wtr~ transitions at “Y(5S)” led also to the first
observations of h (1'P,),h,(2'P,) states

Belle
PRL 108, 032001 (2012)
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Masses of bottomonium states from Lattice NRQCD

A. Gray, I. Allison, C.T.H. Davies, Emel Dalgic, G.P. Lepage, J. Shigemitsu, M. Wingate
(HPQCD and UKQCD collaborations) PRD,72, 094507 (2005)
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(hyperfine splitting in states other than S-
states is consistent with zero both
experimentally and theoretically)
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NEAR OPEN FLAVOR THRESHOLD
STATES
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Recent results on long-lived bb states: 3P Photons
— - - detected in
2 TE  ATLAS, PRL 108, 152001 (2012) 4.4 fb" }rl calorimeters
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of a single Gaussian.
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Recently measured long-lived bb state: 3P Converted
PO T " T T — photons
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Masses of y, (3P) states

[22)
g ATLAS .
o DO ' »
=
§ —+es+~  LHCb calorimeter vy
s 3
@ averaged over M(3°P,) == LHCD conve-.rted Y
§ 15,25,35,1P,2P -+s+~ | HCb combined
%’ O-(AMbE) =1.1 MeV bE ﬁ(SSP ) Kwong,Rosner PRD38,279 {1:938)
S _ ' :
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o S B*(1++
22 X BB (1+) Tornqvist Z.Phys,C61,525 (1994}v
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All measurements are consistent

17

oM,

—

M(3°P) centroid

(averaged by T.S.)

M(33P,)=10512.7+2.5 MeV

1 0500 1 051 O 1 0520 1 0530 1 0540 1 0550 1 0560

The new LHCb measurements have much improved errors

The measured mass of the y,(
predictions which are up to 2

6

years old !

105?0

M(3°P) [MeV]

(33P,) state is within a few MeV of the potential model

— Some theoretical models predict large mass shifts from couplings to virtual B¢ BO) pairs due
to the proximity of the open flavor threshold (e.g. Ferretti, Galata, arXiv:1401.4431)

adjusted to the experimental data on the other bb states

statistics

StUgIeS o

It appears that such corrections are either small or well absorbed into an effective potential

Karliner, Rosner arX|v 1410.7729 (posted today!) think that y,,(33P,) could have a
substantial X

(analog of X(3872)) component, which may affect its decays. High

n 3P states needed to clarify this.
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Recently discovered long-lived cc state: y,(1D)
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M , =3823.1x1.8x0.7 MeV
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Visible peak width is consistent with the detector resolution.

. The mass is above the DD threshold, but below DD*. This state is expected
to be narrow since JP¢=2-- cannot decay to DD
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Masses of charmonium states from lattice QCD

Hadron Spectrum
Collaboration (L.

i not to 4-quark structures.

19

Unquenched with dynamical charm quarks Sensitive to hybrid (gqg) contributions but

n=2+1+1.

Liua, G.MM. 1500 |- predicted - [
Peardona, S.M. meiured == [E Q
Ryana, I = i
C.E.Thomasa, I _-é:l = I I_I
P.Vilasecaa, ]
J.J. Dudek, R.G. — c | Mass shifted y,(23P,) or a 4-quark state?
Edwards, B.Joob, T LHCD rules out _
D.G. Richards.) = 2 for X(3872) ol e == S
JHEP 1207, 126 — PRL 110, 222001 (2013) g.) 23|:>1 |=|23P2
(2012). 1000 |- /\HSD . = -, = == DD
~ I 17D, | 13D, = i
s R - _—
=} i —_ N ) ; _ -DD lattice
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= L 23S, m=—b ze) -
| i q)
= 2| e e, B
oY 13p _— .
500 - —
S —
- - Reasonably accurate predictions for the long-
I lived states
1°S, - Discrepancies with the data above the open
- — flavor threshold
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Radiative decays of X(3872) in LHCb

LI:[!Cb NP B886, 665 (2014) arXiv:1404.0275
s o X(3872-y(2S)y + ll |I Measurement of
2t 440 } R,,~BR(X(3872)>y(2S)y)/BR(X(3872)—J/y)
£ % ] a'good probe for internal structure of X(3872)
E T J{ - Signal events:  Signal significance:
e B+—X(3872)K",
e o X(3872)—>y(2S)y, JAyy  w(2S)y, JAyy
o BaBar 2009 PRI, 102 (2009)
Belle 2011 |
QOE/OECL Jm— PRL é107 (2011) 091803 5.03}:3, 3O'OJ—F§:421 0.46, 4.90
cHCh 2014 LHCb  36.4%9.0,591.0£48.0 4.40, 126
ook | predictions for pure cc state
4 Prediction for pur¢ DD* model BR(X(3872)—y(2S)y)/BR(X(3872)—J/yry)
e OO = 2.48+0.64+0.29

R

Wy

« The LHCDb results are consistent with, but more precise than, the BaBar
and Belle results

* The results are not consistent with the expectations for pure molecular
X(3872)
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Status of X(3872)

Not a (pure) cc state:

— Mass coincides with the M(D°)+M(D°%*)

— BR(X(3872)—p°J/y) ~ BR(X(3872)—wJ/v)
» extreme case of isospin violation

— Mass too low?

Not a (pure) DD molecule:

— Sizeable prompt production at Tevatron & LHC

— BR(X(3872)—7w(2S)) ~ BR(X(3872)—yJ/y)

X(3872) is likely a mixture of a x_,(2°P,,,) charmonium state
and of DD molecule or cusp (phenomenological model of
such mixing have been constructed)

Recently at least one lattice QCD calculation [S. Prelovsek L.
Leskovec, PRL 111, 192001 (2013) ] found evidence for X(3872) in
I=0 state when both cc and dimeson operators are included
In the simulations:

— More work is needed to clarify if tertra-quark (tight QQqg bound state)
operators should be included as well
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More mass peaks near the open flavor thresholds
e'e” > "Y(58)" = (x7h(— m,)) e'e” =Y (4260) = 7t (¥ ] w)

}12°|:":| L ‘ ==17500 F ‘l‘ r —- Data
Belle gl 3 o 2. | BESN
PRL 108, ‘B_ 10—12500. % Bﬂ__ ==== Background fit PRL 110

— B’DDO L — L 1 == PHSF MC J
122001 (2012) 3¢ oo} . | meme | 252001 (2013)

2 S 7soot >
Zp(10610)"  geof b & s} 3 ol Z,(3900)*
Z,(10650)* 2 U%HJIH][]#J'[# Soso} £

J il oF £ oL

2*Mg- =10650 anﬂi L. ' : 104 105 06 107 h): 2 M--+M- .=3865 MeV
Ty o I e o G T S Mot

TABLE 10: Quarkonium-like states at the open flavor thresholds. For charged states, the C-parity is given for the neutral
members of the corresponding isotriplets.

State M, MeV T, MeV JFE Process (mode) Experiment (#a) Year Status
X(3872) 387168L017 <12 177 B— K(ntn J/U) Belle [S10][1030] (>10), BaBar [I031] (5.6) 2003 Ok
pp— (T I/D) CDF [1032,[1033] (11.6), DO [1034] (5.2) 2003 Ok
: pp — (mTa—J/) ... LHCb [1035] [1036] (np 2012 Ok
Fro_m N. Brambilla et al. B — IE((?T+?1'_J7;T0)J'/'-1;';} Belle [1037] (4.3), BaBar é’@% (4.0) 2005 Ok
arXiv:1404.3723 B — K(vJ/¥) Belle [1030] (5.5), BaBar [1040] (3.5) 2005 Ok

LHCb [1041] (> 10)
~ B — K(vy(25 BaBar [1040] (3.6), Belle [1039] (0.2 2008 NC!
Can’t be QQ! ) LHC(b |T)ﬂj (4.4) 02
B — K(DD*) Belle [1042] (6.4), BaBar [1043] (4.9) 2006 Ok
Z.(3885)F | 3883.0+45 25+12 1T Y(4260) — 7 (DD*)* BES 111 [1044] (np) 2013 NC!
Z.(3000)F | 3801.2+33 4048 77 Y (4260) — 7 (7 J /%) BES 111 [1045] (8), Belle [1046] (5.2) 2013 Ok
T. Xiao et al. [CLEO data] [1047] (=>5)

Z.(4020)F | 4022.0+2.8 7O+37 77 Y(4260,4360) — 7 (7T he) BES 111 [1048] (8.9) 2013 NC!
Z.(4025)F | 40263+ 45 24.8+05 77 Y (4260) — 7 (D*D*)* BES 111 [1049] (10) 2013 NC!
Zp(10610)+| 10607.2+2.0 18.4+2.4 1+— T(10860) — m(xY(1S, 25, 35)) Belle [1050/[1052] (>10) 2011 Ok
T(10860) — 7~ (1 ks (1P, 2P)) Belle [1051] (16) 2011 Ok
T(10860) — 7~ (BB*)t Belle [1053] (8) 2012 NC!
Zp(10650)+| 10652.2+ 1.5 11.5+2.2 17— T(10860) — 7 (7T T(1S, 25, 3S)) Belle [T050] 1051] (>10) 2011 Ok
T(10860) — 7~ (mthy (1P, 2P)) Belle [1051] (16) 2011 Ok
T(10860) — n—(B*B*)* Belle [1053] (6.8) 2012 NC!
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WAY ABOVE OPEN FLAVOR THRESHOLD
STATES
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First-discovered charged four-quark candidate: Z_(4430)* =

Belle 2008 PRL 100, 142001

M(Z)=4433+4+2 MeV
[(Z) = 4555 MeV

-13 -13
significance 6.50

1D M(y'n) mass fit
(“K* veto regionl”)

" PRL 100, 142001 (2008)

3.8 4.05

43 455 43
M(T"y') (GeV)

Belle 2013

PRD88, 074026
M(Z) =4485"> % MeV

-22 —11
[(Z) = 2007 52 MeV
5.60 with sys.

JP=1+ preferred by >3.4c

Bkg. subtracted efficiency corrected

4D amplitude fits

Z+

K’

B—

K

LHCb

[
=1
(=]

| “K* veto region”

Candidates / ( 0.2 GeV? )

100

1 I 1 I 1 1
4430)+

| Z
[ LHCb \
H.0< mf{-n. <18 GeV?

mmmmm

0

16 18

I70II

JP=1+ preferred by >9.7¢

) 1113?2[Ge
LHCb 2014 "
M(Z)=4475+7] MeV
[(Z) = 172+137, MeV
13.90

PRL 112, 222002 (2014)

-0.2+

ek e

V]

Argand diagram

Consistent with a
resonant amplitude
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Belle
arXiv:1408.6457
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Z.(4430)* companion : Z.(4200)*

—

1.2 GeVc* < M(K.r) < 1.432% GeVA/c* 1.432% GeV/e* < MA(Km) < 3.2 GeVi/c?

;g; 180 :ﬁ 120 ]‘
Updated Oct.16! § 160 G 100 *
3 140 3
S 120 S 80
. £ 100 2 &
LS
BoU/witK- 60 40 .
! 40 Z.(4200)* Ny 1%, (a200)"
20 Z.(4430)* Z.(4430)
I VR [ R T RN B R TR T R
Z.(4430)% (0.5+°1)% 510 MP(J/w ). GeV2/c? MP(J/w ). GeV?/c?
Z.(4200)* (1'9555)% 890 Argand plot for H1 Argand plot for HU
Z.(4200)* 0.2 Z.(4200)*
JP(4200)=1+ preferred oodl 4.288 ol 1 01 5 4750 ol )
by >8.60 T q““—-ﬂ.—' AN
I /473 "‘x,t - \ ‘!_2 8 | 3919
M(4200) = 41963, 71} MeV *%4F — of N
[(4200) = 37075 75 MeV gool | 1\ 4750 ot \\\
3.642 . \\
[ s \| 4.473
or —l‘\ 3919 0.2F %‘
002E . .., e 0.3k .
3.05 0 0.0 03 ——Fz =7 0 0.1
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Z_*(4430) as rescattering effect?

P. Paklov, T. Uglov
arXiv:1408.5295 (2014)

W(2S)
"
K
gﬁ - : i
2 ohase _— | Phase. running in
i Iy opposite way to Breit-
S vk Wigner.
% :
<0
I The same rescattering
i AP mechanism can be used
=N : S e to generate 1+ structure
- 1 1 1 I 1 1 1 I d -'-llz‘l 1 Ihl \I"-’I’ I I":?l‘ at |0Wer masses
14 16 18 20 22 (QZ +(4200) )
M2 (y(2S)r) (GeV?) c

« Such models should be put into amplitude fits by experimentalists, to
see if can be discriminated against resonant interpretation
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More mass peaks well above the open flavor thresholds

TABLE 12: Quarkonium-like states above the corresponding open flavor thresholds. For charged states, the C-parity is given

for the neutral members of the corresponding isotriplets. Plethora Of mass states
Stflte M, MeV I, MeV JFCY Process (mode) Experiment (#o) - Year Status near or above ‘the Open
Y(3915) 39184419 20+5 0/2°F B = K(wJ/d) Belle [1088] (8), BaBar [1038] [1089] (19) 2004 Ok
ete — ete (wl /) Belle [I090] (7.7), BaBar [I081] (7.6) 2009 Ok flavor thresholds!
xea(2P) 39272426 2446 2t etem o ete(DD) Belle [1097] (5.3), BaBar [1093] (5.8) 2005 Ok
X(3940) 30427 3Tt 1t etem o Ty (DD Belle [1D86] [1087)] (6) 2005 NC!
Y (4008) 3891 + 42 2EH42 17— ete = (n+w-J;¢] Belle [T046] [T094] (7.4) 2007 NC! Many need confirmation.
W(4040) 403941 8010 1 ete~ — (DH DG () PDG [1] 1978 Ok
Lo . E"’De_ — (pd /) Belle [1005] (6.0) 2013 NC!
Z(4050)t 40513 gatil 1+ BY 5 K (ntxe) Belle [T006] (5.0), BaBar [I097] (1.1) 2008 NC! ’
Y (4140) 4145.813: 2.6 18+8 77F Bt 5 Kt(ad/) CDF [1098] (5.0), Belle [1059] (1.9), 2009 NC! Miny of them can'’t be
1O I (1.4) ONS 0T () QQ states (charged!)
W(4160) 415343 103+8 17— ete” — (D DB PDG [0 - 1978 Ok
ete— — (nd /) Belle [T095] (6.5) 2013 NCi .
X(4160) 4156129 139+13 97+ gte— 4 T/ (D*D*) Belle [I0R7] (5.5) 2007 NC! They require survey of
Z(42000 41965 3701%, 1t0 BY 5 K- (vt J/Y) Belle [1103] (7.2) | 2014 NC! their decay channels
Z(4250)+ 42481350 1778 1 BY 5 K—(mtyxa) Belle [T096] (5.0), BaBar [I097] (2.0) 2008 NC! .
Y(4260) 4250+9 108+12 17—  ete — (and/e) BaBar [[I4] 117 (8), CLEO [I06 D107 (11) 2005 Ok and, broad ones, hlgh
Belle [1046] [1094] (15), BES III [1045] (np) [y :
ete™ — ( fo(980)J /) BaBar [T105] (np), Belle [I046] (np) 2012 Ok StatIStl-CS -phase St.uqles
ete™ = (7~ Ze(3900)) BES 111 [ITEH] (8), Belle [IHG] (5.2) 2013 Ok to C|ar|fy if they or|g|nate
ete™ —+ (v X (3872)) BES I11 [1108] (5.3) 2013 NC! . .
Y(4274) 4203420 35416 07+ B+ — K+(¢J/v) CDF [[098] (3.1), LHCh [TI00] (1.0), 2011 NC! from dimeson rescattrlng
CMS [1101] (>3), D0 [1102] (np) -
X(4350) 43506730 13Fl8 02t etem = ete(9JfY) Belle [1109] (3.2) 2000 NC! or4 quark (mOIeCL”ar or
Y(4360) 4354 +11 78116 1-— ete = (wtr—1(29)) Belle [T110] (8), BaBar [IT11] (np) 2007 Ok tetraquark) bound-
Z(4430)T 4458 £ 15 16673, 1t—  BY 5 K—(mty(25)) Belle [1112] 1113) (6.4), BaBar [1114] (2.4) 2007 Ok .
- LHCb [I1I5] (13.9) states.Hybrlds may be
BO — K—(nt+J /1) Belle [TT09] (4.0) 2014 NC!
X(4630) 46341%, 9273 177 ete” = (AFAD) Belle [1116] (8.2) 2007 NC! present too.
Y(4660) 4665+10  53+14 17— ete  — (whm (28)) Belle [1110] (5.8), BaBar [1111] (5) 2007 Ok
T(10860) 10876 £11 55428 1-— ete— — (BE;JJBE;]](WH PDG [1] 1985 Ok . .
ete™ = (anT(18,285,38)) Belle [1051] 052} 1117 (=10) 2007 Ok Need Improvements In
. ete™ — (fp(980)T(15)) Belle [I05T] I057] (>5) 2011 Ok i
FrO.m N. Brambilla et al. ete— —+ (mZ,(10610, 10650)) Belle [T05T] [1052] (=10) —— theoretical framework
arXiv:1404.3723 ete— —3 (7T(1S,25)) Belle [G86] (10) 2012 Ok as well.
ete™ = (xtn~T(1D)) Belle [086] (9) 2012 Ok
Y,(10888) 10888.4 £3.0 207720 1--  etem = (ata—T(nS)) Belle [LII8] (2.3) 2008 NC!

See also S. Olsen talk!
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News in heavy-light sector
Good experimental and theoretical understanding of Qq states |s necessary

for sorting out XYZ states 3 JoF LHCb | | |
o
'ﬁ‘b 400. . | . . P E : : : , . . : I E 300 DSZ (2573) E
% 30 LHCb g 0 Pure J=2 |}
= 300 (b) 5w confirmed 5 1p,
- 150 3
A ) _ = _ | state
N D.,*(2573)~ D *(2860) ool :
< 200 .
.g E 50 ]
= UO;
S 100E % .
o —0, -
50 cos (DK )
- 2 - <+ F | N B B B
C e e e e e . r
0 26 28 3 32 p of v dm :
m(D'K") [GeV/c?] P spin-1 +spin3 | HCD -
8 —‘.‘ P Spln-1 ]
%Eﬂ-_2;}| ) ) B e W T S TR T I | §§‘40§1 -------- spin-3 { E
= [ A LHCb S 30 D *(2860)~ 1 1D, 5
Gl PRL 113, 162001 (2014) O ,: | states
N S PRD90, 072003 (2014) 20 PR A ]
s Dalitz analysis of k o MRS
I P’ > DK o : :
4 - | . . A R
E E O 0.5 0 05_ 1
F . cos O(DK")
0 [ 1 l ]

10 15 20

25

m2(D°K7) [GeVZ/cH

The 2860 peak resolved into J=1 and 3
resonances (first J=3 state observed in B decays)
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Lattice simulations of D_ states
m(D*(2573)7) = 2568.39+0.29 £0.19 £+ 0.18 MeV/c2

(D%, (2573)7) 16.9+0.5+0.440.4MeV/c?,
t;'_?% o001 grgy | M(DA(2860)7) = 285012+ 6 & 23 MeV/e?,
’ (2019) [(D?(2860)7) = 159423 +£27+72MeV/c?,
PRD90, 072003 (2014) 5
m(D?*(2860)7) = 2860.5 + 2.6 + 2.5 + 6.0 MeV/c?,
[(D%(2860)7) = 53+7+£4+6MeV/c? ]
i — = = Lattice (My—~ 400 MeV) |
00 — | Erpériment
—
— —
—/
—~ B — — [ |
E ]j]}' N —
~ | D,,*(2860) mm— — | D.,*(2860)
™ —
\\“ —
c¥
- e === D_*(2573
E.lﬂ]}:_______________-____—________32_(_z_[),r(
B . | .
— DK
o G. Moir, M. Peardon, S.M. Ryan, C.E. Thomas, L. Liu
- JHEP 1305, 021 (2013) n=2+1+1
0 1 2" 3” 4- ‘][ 0" 1" 27 3" 47

« Improvements in lattice calculations are needed (couplings to 4-quarks missing)
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ATLAS

Excited B_* state (cb)

30

—

Quarkonium like
spectrum

arXiv::1407.1032 526 except no ar)n|h|lat|on
T I | | | -] } 20_' T I LI T I LI I T I LI I Tt ] COrreCtIOnS
- - (] = ]
= i = 18 ATLAS Q, _ =288+5MeV
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F T L B AL L L BN - N—r—r—7———7——7 T
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C 3 o E
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60 3 155 = o 1-
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20:_025Dt8MeV e 55_ _E
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MEmmME 2N MNP otential model by:

D. Ebert, R. N. F , V. O. Galki
62756 £1.1 MeV _ 6842 + 4 +5 MeV Phys.eRrév.D67:01a:OS;(;V(2003) -
Splitting bc: 566 + 6 MeV

- cc 609 bb 593 bc 565 MeV
(cC 655.8+1.5MeV bb 60116 MeV ) Need lattice QCD calculations!
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Production of quarkonium states

* Assu me N RQC D faCtOrlzathn leading-order colour-singlet: ¢+ g — CE[SSP] +g
. Jfaf
applies —— e
— Additional energy scale in the Gramsani——Gagy, 4 P

considerations: p,

colonr-singlet fragmentation: g + g — [f‘{_f["is-:'lj] +”_,)r] +g

r.TH(;DT. mQ) = Z on(pr, mq, 1'U<D‘Of(f\-}|0> /g'

v &

Universal (?) . " j_l{
Process dependent long-distance
Short-dIStance partonlc prObabllltleS (“LDMES”) colour-octet fusion: g + g — U(_,[lsts', 31"[&] +
cross-sections of evolving from partons SR gmammEe s T
to given bound state [ =9 (om.)
(theory) + ... ~ 4‘_1‘_’3 p;c 1!"

(data,models,...)
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Global fits of LDMEs in NLO NRQCD

Great
failure in
reproducing
Jpolarization

ldata
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FIG. 33: The predictions of the .J/4 total eTe™ eross section measured by Belle [1175], the transverse momentum distributions
in photoproduction measured by H1 at HERA [1186], and in hadroproduction measured by CDF and ATLAS
[1143], and the polarization parameter Ag measured by CDF in Tevatron run II [1160]. The predictions are plotted using the
values of the CO LDME:s given in [771], [1182] and [1184] and listed in Table[13] The error bars of graphs a-g refer to scale
variations, of graph d also fit errors, errors of graph h according to [1182]. As for graphs i-1, the central lines are evaluated with
the default set, and the error bars evaluated with the alternative sets of the CO LDMEs used in and listed in Table

From [1187].
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Polarization and other measurements from LHC

L L L L L L L L L L L L R ) BB L B I (_<CD 0-8_ T T T I T T T T I ]
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« Many other new production measurements from the LHC
experiments: Jy, y(2S), x.,(1P), X(3872), Y(1,2,3S),
Aps(1,2,3S), B, doublecharm...

« The data should help to deal with cross-feed between various
excitations and to improve the theory
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Summary

Long-lived
Light hadrons charm & beauty onia XYZ states

1950- 1964

Back to the ZOO:
we still have to face

Precision
all the consequences

spectroscopy from

the fundamental of the Quark Model
theory: and strongly coupled
lattice (NR)QCD QCD

__Heavy flavor hadrons
(QQ,QQqq,QQQ) offer the best
playground to face this

challenge
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Future
* Roadmap out of the new ZOO:

— Experiments:
« clean-up and survey of new states

* precision phase evolution studies (amplitude fits) as improvement over
peakology (though there are also dangers of fitology...)

» pursue heavy-light spectroscopy since it impacts heavy-heavy states above
the open flavor threshold

+ B.* spectroscopy vs heavy onia spectroscopy will expose role of annihilation
corrections in the latter

» The past record shows that all existing and new facilities will contribute (higher
luminosity charm and beauty e*e", upgraded LHCb,...)

— Theory: (OCD - Obsessive Compulsive Disorder)
« phenomenological models are helpful, MentaiHeatinHumor.con CARTOON-A-THON py: Chato B. Stewart
especially if they have predictive rather than 520 7are
postdictive power, but...

» need serious effort to move lattice QCD with
dynamical charm quarks way above the
open flavor threshold

« overcoming NRQCD limitations in failure to

account for onia polarization measurements
in inclusive production

Road To Recovery



