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Baryons can now be
constructed from quarks by
using the combinations qqq,
qqqqq, etc, while mesons are
made out of qq, qqqq, etc.

Murray Gell-Mann ”
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tetraquark

~ pentaquark

hybrid meson
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Heavy-Quark Sector
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First observed by Belle in 2003 using the decay B—(J/ymm)K and has now

been seen by 6 experiments (Belle, BaBar, CDF, DO, LHCb, CMS).
CMS JHEP 04, 154 (2013)

Belle corll CDF 240" > ’ CMS & = 7 TeV
—T T -PRL 103, 152001 (2 = 100 by Ldg“b
- PRL 91, 262001 (2003) - g SXRL109 ? 001(2009) % < =1
i i 3 4000 R @ 80 ~ )
- 300 — 2 5500 wv'._.,.‘w.# 5
q) : : 2 2000 ’A‘/"‘ ?u 60
Q) | 4 gzsooé - \
= [ i 2000 i-av"'f N
o 20T " g o SR
o - s gloooi P .‘,J/W T WU DU Ot T
2] L - O ¢ e O 36 3.7 38 3.9 4
c n i 500 ol ™ m(Jiy 7'%) [GeV]
g 100 — ] 375 380 385 3% 395 400 DO PRL 98, 132002 (2007)
LLI i X(3872) i Jiyrr Mass (GeV/c?) “o 800 DO —
1L L L B L B e S B B B >
- i E BaBar R
N I <°F PRD{7,111101(R) (2008] @
0.40 0.80 1.20 & sl EI
g k S
M(z 1) - M(I'T) (GeV) S JrJr % 2
‘g 30 T Q
B o0 P L] _ﬂ_ + =
1o§ i ++ =
%SI 3|82 3|84 3|86 3|88I I I3l9I Ii;.l)2 3|94 3|96 3|98 4

my (GeV/c )

The X is seen in both B decays and in prompt pp and pp production.

Mike Williams T | | 6



o X(3872)

Properties of the X(3872): isospin violation C=+

N /N

*®* Seen decaying into J/rmt (mostly J/wp), J/Ww, D*ODO, J/PY, P(2S)Y.

% M = 3871.68+0.17 MeV [c.f. M(D*)+M(D)=3871.85+0.20 MeV].

PRL 110, 222001 (2013) [LHCb-PAPER-2013-001]

I <1.2 MeV (very narrow). :

5 MeV
)
o
o

CDF angular analysis of the decay
B—X(J/Ytu)K rules out all but JPC =
144+ and 2-+. PRL 98, 132002 (2007)

800 |

600 |

400 |

LHCb determined the quantum
numbers via angular analysis of the :
decay B— X(J/Prm)K to be JFC=1++, ok

Number of candidates / (2.

200 |

600 800 1000 1200 1400
Confirmed this year that higher L states don'’t sp0|l this. [LHCb-PAPER-2015-015] M(z*m Jly) - M(J'y) [MeV]

e = — —— = = - = = —— = — I
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Charmonlum

— 1
[ 1]
I
=
HPC
Liu et al.
[arXiv:1204.5425]
6j: 177 o=+ 277 377 4+

Not a perfect fit but could be charmonium. Other options?

experlment

X(3872)

‘M is lower than
expected and large| "
|sosp|n V|olat|on’? |

O++ 1+— 1++ 2++ 3++ 4++

3=

4

Lattice QCD
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Recall that M(X) = 3871.68+0.17 MeV, while M(D*)+M(D)=3871.85+0.20 MeV.
The similarity here immediately sparked interest in the idea that the X is really
a meson molecule.

@0 -

If it iIs @a molecule the binding energy is only 0.17+0.26 MeV ... which means
it’s huge (bigger than Pb). The quantum numbers are what is heeded for this
interpretation (prompt production suggestive this is not the true X nature).

‘Mike Williams S Ilii S - 9
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T Radiative Decays

f
!

The ratio I'(X—=@(2S5)Y)/T (X—J/PY) is a good probe of the internal structure.

LHCD result rules out the pure molecule interpretation of the X(3872).

o aBar 2009 PRL 102, 132001 (2009)
Belle 2011 PRL 107, 091803 (2011)
« LHCD [LHCb-PAPER-2014-008]

predlctlons for pure cC state

............................................................

il prediction for pure DD* model

predictions for admixture of cc and DD*
LSS LSS LSS LSS ST S ST S S

Unlikely to be a tetraquark (where charged partners?), possibly cc+cusp/molecule? See
talk by D. Mohler (yesterday) for details on very recent studies of the X(3872) on the Iattice.

‘Mike Williams sy ) * 10



Belle

'PRL 100, 142001 (2008) =~

L

BaBar, rPrD 79, 112001 (2009)

o K* veto region 7] - ---- Flat COS_OK : (b) 7
M=4433+4 MeV 400 — \U(ZS_)TC K moments I. —
[=45+35 MeV | == JymwK moments ik :

> O Y \
8 i L[ o T L ey i
5 Fod TR v - B i TN
2 . Lo - g A et R
200 H[ B !?E Y M"]'] . y
w - & > .m»('.’,-"ﬂj ‘-‘!'l'_"‘ll Y O |
% LG S AR T 11T |
10 1 l.! i;‘lﬁ- ® L . . \‘ ‘ QO _
O 1 1 1 1 1 1 1 : 1 1 (]
N | .Belle
38 05 8 'PRL 100, 142001 (2013)
40 K+ veto region
35F M=4485+36 MeV
First seen by Belle in 2008 but not 30F =200+58 MeV

confirmed by BaBar. More recent result
looks

from Belle still sees state but

much different.

Model-dependent

amplitude analysis prefers JP=1+

(doesn’t rule out all other options).

Mike Williams

Events / 0.17 GeV?/c*

XX FKHX XXX X (M . s DX (XX 71 XX
REIERRAXAIAAALY B | REERIRIRRR IR SR R [ T
2192 020.9, 9,7.9 9, 9.0.9, 9,78 .9, 0.0.9 WM V.t 09,9, 0.0.9, 0,029 9, 0,09, 0. 04070.0.9 0. 0.0 W00 0, 0007 [
M?(y’ ), GeV4/c?
Yy ,),
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LHCb has 125k signal candidates (~12x more stats than Belle or BaBar):

BO — Y(2S)K+T (+C.C.)

1800
1400
1200
1000
800
600

Candidates / 1 MeV

400 p signal ‘

sideband

200 ) range }

O - 1
5250

5300

[LHCb-PAPER-2014-014]

sideband

S -~ —a

M, e [MeV]

Smaller background than B factories in hostile LHC environment!

Mike Williams
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i Z(4430)-@LHCb

Fit with Z(4430) (4-D p-value 106 — 12%):
>1000 Z10°E LHCb -
2 O  E -
O < :
Q - [ gy —
< S10° F L
— —~ - wmmww:wwwo%% A‘ﬂﬂﬁ' ® E
& 500 B o L& et e
g £10F B L
= S E [ e, 1 3
2 S - rody ]
S S IE :
0 ' —
V) T T T OO
-) @\
2 600 3
& e 51000 + _
< [ .
S 400 B S [ 1
o - < i 7]
= i 1 & I i
S ; 500 - -
2001 l LHCb -
e =

100 0 100
¢ [degrees]
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-@- data

—=— total fit

—— Z(4430) excluded
K (892)

—— K S-wave

—— Z(4430)

—e— background
K'(1410)
K (1680)

—— K(1430)
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200

[E—
@)
()

[ LHCb
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£(4430)~@LHCD

Model-independent Z amplitude fits:

N I 1 1 1 I 1 1 1 I 1
< - LHCb 4277 I\/IG:BV BW
)2 i : using
e |

- i LHCb -

L 4411 MeV § Z(M,I") -

1) IR L 4BA5 MOV -

02k 4605 MeV_

04 4477 MeV -

_ 4541 MeV

_06 1 1 1 | 1 1 1 | 1 1 1 i 1 1 1 | 1

-0.6 04 02 0 02

Re A?

Argand diagram shows clear resonant behavior!

Mike Williams

e ——r— — P = —

LHCb: JP = 1+

Belle: JP=1+
preferred, but 0- and
1- not excluded.

e
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Many other recent results that | don’t have time to cover properly ...

PRL. 110, 252001
—4- Data

**Belle claims observation of Z(4430)—J/ym 100}~ RESTT o
and a new charged Z(4200) state.

---- Background fit

oo
o
T

-.=- PHSP MC

**BES and Belle observe a number of neutral Zc

Events / 0.01 GeV/c?
3

s0f
states, e.g., Z(3900). :
20F
**Belle also observes Zb states decaying into e Ty
Yrtand B*B(*). Minax(mJ/y) (GeV/c?)
PRL 110, 252002
ol —4-data
¢ Nature of these states is unclear. 9 -
8 ----PHs:Mc
Ql
**LHCb has observed many new cs, cl, bl and &
bll (I=u,d) states in largely unexplored territory. 2
It’s Particle_Zoo_v2.0 in heavy flavor ... 0 Bt L T S

Mpax(md/y) (GeV/c?)

=S — = = -
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Hybrids: light-quark sector expect 3 iso-vector + 2 iso-scalar states for each JP.

negative parity

25+

2.0}

=
S 1sf
2 L
1.0}
I
L
0.5}
P
ot 17~ 277 37
Mike Williams

positive parity

exotics

| PRD 84,074023 (2011) §

m,. = 396 MeV

isoscalar mmem
{ s

isovector mam

YM glueball




Key exotic hybrid decay modes

LQCD Models high-priority modes
Approx1mate JFC Total Width (MeV) Relevant Decays Final States
| Mass (MeV) PSS IKP
T 1900 1=t 80—170 120 bir', prt, fimt, ain, o'l
m 2100 1=t 60—160 110 arm, fin', m(1300)m |
n, 2300 /17T 100—220 170 | K:(1400)K', K1(1270)KT, K*KT KKmT KKﬂ' KK 1
bol 2400 07T 250 —430 670 m(1300)7, him T
ho 2400 |07 60—-260 90 bim', han, K(1460)K
hé 2500 0"~ 260 — 490 430 K(1460)K, K1(1270)K ', hin
ba | 2500 2T~ 10 250 asm!, a1m, ham
ho 2500 2+ 10 170 bir', prl
A 2600 277 10 — 20 80 | K1(1400)K', K1(1270)K", K5 K1

texperimentally promising: few particles or narrow isobars modes Where K/T[
separation is vital

Experimental requirements: ability to identify multi-body final states; large
stats; and excellent PID

Mlke Wllllams

—_—— = = -
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Jefferson Lab
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forward calorimeter

barrel time-of

flight

GI-IUEX\/ /\/\/\V start Calorimeter
counter

target

8.4-9GeV linearly photon beam PID upgrade
to go here

polarized photons
forward drift

chambers

diamond

wafer
central drift

chamber
Charged

/ electron .
electron tagger magnet beam supe;::;:eutctmg particle tracking
beam tagger to detector distance in 2T B field:
is not to scale ph oton
detection.
21
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horizontal+vertical scintillator array:

o=7/70ps \ forward calorimeter
barrel time-of \

(K/rt separation up to ~2.5 GeV). _ \
c calorimeter -flight —__ Pb glass:
Mj‘n‘tj : o/E =
f ull % %
Pb/scintillating fiber matrix: ~ ~ i B E w2,
arget —
0/E = 5%NE®1%
4x6 cells:
o(x,y)=0.2mm
forward drift
chambers
. _ _ central drift
GlueX will provide an immense data set chamber
for studying light-quark physics for superconducting \
many-body final states containing magnet straw tubes:
charged and/or neutral particles. o(r,)=0.15mm:;
o(z)=1.5mm.

‘Mike Williams
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£ 140 GlueX Commissioning: Fall 2014
(&) :
> - )
G 129 yp — wtan® (p)
100;_ — Data
80 —w — n*anl
60
40
20—
0:1.1111 oy o Ny o by
0O 02 04 06 08 1 12 14
7*7'7° Invariant Mass (GeV/c?)
— 0
w— Tt

800
700
600
#500
5

$400

Select detached vertices

GlueX Commissioning: Fall 2014
Ky—=a'
width: 13.0 = 1.2 MeV

m,, =497.7+ 1.0 MeV/c’

i\.) IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|

300 Mppg = 497.65 MeV/c?
200 counts: 1461.3 + 109.8
100
% 06 08 1 12 14 1.6 18
wt v Invariant Mass (GeV/c?)
Keg > ntn™
Mike Williams Mir

Start Counter mounted to LH2
target prior to installation in
GlueX, February 2015
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Physics data expected this year!
PID upgrade using the

BaBar DIRC bars +

**identify exotic and super-numerary focusing box.

non-exotic mesons in the spectrum;

/
‘/
/

**measure masses and widths of @
iIsovector and isoscalar hybrids; % i -
o) =
L |
. 8.5) /
s*study internal quark structure by i F;J
. (139 ) ——(130 ) },' \
studying strange and non-strange 1 ] \
decay modes; ey &
/ = (/312)
/
. . (R1200)_/ "R800 ) N y
*»provide stringent tests of LQCD Ve sl e
and various QCD models. =

There are also studies ongoing for an upgraded calorimeter that would
expand the physics program to include rare n(‘) decays.

" Mike Williams



Many interesting developments in exotic spectroscopy in the heavy-quark
sector in the past few years ... and with the LHC turning back on, Belle |l soon

A new precision era in light-quark spectroscopy in the “interesting” region (for
hybrids) is about to begin at GlueX. The next few years should be interesting!

" Mike Williams



