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Hadron Exotics: Theory

QCD allows many possible color singlets:

®a

Tetraquark Hadron Molecule



Hadron Exotics: Experiment

Many

Many
Important
Discoveries
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Echoes from the past

A: 1 would think it worthwhile to study the spectroscopy,
decay modes, and production mechanisms of the charmed

particles, assuming their masses are within reach at Fer-
milab, Super CERN and ISR, or at the next generation of
accelerators like PEP, etc., even though I personally am not
convinced of their existence.

B: Thanks, that’s precisely what I am working on now.?

From a fictitious dialogue between two researchers
—an enthusiast and a devil's advocate.

(Gaillard, Lee, Rosner 1975) Pladoyer fur Super-CERN

Wer bezahlt den neuen Beschleuniger?

4. Dezember 1970, 7:00 Uhr [I )ﬂl: Zﬂ::ﬂ

NOVEMBER 1, 2015 - 7:57 AM exopolitikschweiz

China baut ein Super-CERN

————
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Hadron Exotics: X(3872)
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Hadron Exotics: X(3872)

QCD allows many possible color singlets:

®a

Tetraquark Hadron Molecule



Hadron Molecule Production

e
Prompt production of X(3872)

X (3872) is the Queen of exotic resonances, the most popular interpretation
isa D°D% molecule (bound state, pole in the 15t Riemann sheet?)
but it is copiously promptly produced at hadron colliders

Bros ) ("¢ N
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Pythia (22 :: ™' >2 :: £=100 nb~")
A solution can be FSI (rescattering of DD*),

3| (CDF acceptance)

It Would-be-molecules ] which allow k., to be as large as 5m,
e — e i_ o(pp = DD*|k < kpygy) ~ 230 nb
90° 02 04 06 08 1.0 Artoisenet and Braaten, PRD81, 114018
ki1 (GeV) However, the rescattering is flawed by the
oyc (P = DD*|k < kpgye) = 0.1 nb presence of pions that interfere with DD*
propagation. Estimating the effect of these
Uexp(Pﬁ — X(3872)) ~ 30 — 70 nb!!! pions increases g, but not enough
Bignamini et al. PRL103 (2009) 162001 Bignamini et al. PLB684, 228-230

Esposito, Piccinini, AP, Polosa, JMP 4, 1569

\ / \Guerrieri, Piccinini, AP, Polosa, PRD90, 034003!
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Hadron Molecule Production

A key assumption:

o(pp— X(3872) < [d’k\< DD’ (k)| pp >F
R

Production rate of X(3872) is equivalent to production rate of the DD* in limited phase space

Local Constituent-Molecule Duality

Local Quark-Hadron Duality

Production rate of a hadron is equivalent to that of quark pairs
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R Value

The Born cross section of e*e- annihilation into hadrons normalized by
theoretical u"u cross section.

0 + . — A K . ot o
P o, .(ete” —~* —hadrons)
/ 0 —|— — ,\_,.:Jf: _l_ N
O-u. L (e e —7 —uTH )
R value
_ “hadrons
q ——
lowest 3 (3\.4_(1\ +(l\ =
order 7| L _\3) 3/ \3)
R o e e
favor 1) ) TB) ) B
o
e+
L

11



R value measurements test QCD prediction
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Color Evaporation Model

The Born cross section of e*e- annihilation into hadrons normalized by
theoretical u"u cross section.
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Effective Field Theory

NRQCD

o(H) =Y F.(A)(0]O}(A)]0)

O,/ () = <0|x*m-,n,b<z |H + X)(H + X|>q/x%j,x|0>
X

Hadron Level EFT
0 (X (3872)) = o(DD*)|(X(3872)|DD*|0)|?
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Hadron Molecule In EFT

| = \/ ¥ W + ele\r +.
7/ \ / \ \ /7 \ \ /\
\\ // \\ // \x I/ -7 ~7 \&

/ - 7
V4

Summing All order contributions:

.
VAVGY +VGVEY + - = ——

-GV=0 <> A
$=S

Mass pole corresponds to a resonance structure

- Hadron Molelgule



Hadron Molecule Production at LHC

'+ TGV +T'GVGV+.... =T /(1-GV)

I' is tree-level amplitude.

1-GV=0 <——

Herwig/Pythia: simulate production rates of constituents, I
16



Monte Carlo Event Generator

JdHerwig/Pythia: simulate production rates of
constituents, [

dFor charmonium/bottomonium-like states, heavy
quarks move together, and a third parton 1s
requested. 2-2 3 process: use Madgraph

dUse Rivet to analyze hadronic events



do{ DK/ dk (piby/ GeV)

EFT vs data: X(3872)
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Histograms: MC event generators Curves: fit according to EFT.

o(pp/pp — X(3872)) Ref. 16] Ref. [18] A = 0.5 GeV A =1 GeV Experiment
Tevatron < 0.085 1.5-23 10(7) 47(33) 37-115 [43]
LHC7 45-100 ©  16(7) 72(32)  13-39 [6]

EK. Guo, U.G. Meissner, WW, Z.Yang 1402.6236

16. C. Bignamini, B. Grinstein, F. Piccinini, A.D. Polosa, C. Sabelli, 18. P. Artoisenet, E. Braaten, Phys. Rev. D 81, 114018 (2010).
Phys. Rev. Lett. 103, 162001 (2009). arXiv:0906.0882 [hep-ph] arXiv:0911.2016 [hep-ph]

Large Prompt Production Rate is compatible with molecular interpretation!



QCD analysis
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Constituent Scaling Rule?

a+b—>c+d

s: square of collision energy

S = (pa +pb)2 — 4E2

t = (pa —pe)® — E*(1 —cosf) ~ s

n=mng, +ny+ ne+ ng n;: valence component in object i

Constituent Scaling Rule for Cross Section:

do 1
dt §n—2

tree—level

Very clean and straightforward!
20



Effective Field Theory & Factorization

Fermi 4-quark interaction

b d
> C U
— ( — ) \
A = |dy,Pru] UZJ 71y PLb) %PLU] [ey" PLb] + O (py /My,
w 4

2
. . Gp = 2
Local interaction My,

Fermi constant
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Effective Field Theory

— P, = (pg2 +pq)? ~ s

P2 = (Pg2 +p1)° ~ s

Integrating out

(p7] L |0) ~ (T[T[0) x ([T 4|0)
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Scale

p) (004N 10),

QED interaction

0%) ~ |ga)

V=p"wo

= €

Complexity
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>Inet e — pY ¥ at high energy, p° is produced by a photon y
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B decays
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B2>nnu &
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Factorization in B decays

<7

A
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Factorization in B decays

_ Sy .1 My — Mgy BoKmy, 2 2
((KW)O(pKF)|S'7H'75b|B(pB)> - —me PIL - q-2 qu fl (anW’q )

2 2
mp — Mg B—K 2 2
q2 nqﬂfo ﬁ(mKﬂrq ) ’

Ff K (mi ., a°)

mr-(mp + mgx)

(K7)o(pr=)|50,6" vsb| B(pB)) = [¢®P. — (mB — micr)ay]

Consider a generic correlation function

I (pr,q) = i [ d' (K m)o(prn)|T {ir, (2), s (0)} 0) /—w

Hadron level: Quark level: Light cone OP[:K

((K)o(wg) iy Bloxcs + 0)) (Blpis + )iy ) ((K7)o0|5(x)7,d(0)|0)
mQB - (pKn T Q)2 <

0 he, 2
Lo tbd
80 8_(pK7r+Q)

((K)o|5(2)d(0)|0)

Quark

Hadrlon ((K7)o|3(z)0,,,d(0)]0)
Duality

U.G. MeiBner, WW, arXiv:1312.3087
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B2>n ' puw

> £\ 02\

D,(ky)

F ~ Jd*k, d*k, Tr [ C(t) Dg(k)
H(kq,ky,t) ] exp{—S(t)}

PPP11
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B~>nnu & D>ntmev
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BES-III & Belle-11?



>Inet e — pY ¥ at high energy, p° is produced by a photon y

>InB, » T w~I*1l", the r* ™ pairis produced by the Ss field.
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Events / 0.01 GeV/c?

100

N B (o)} 0]
o o (] (=]
Illllllllllllllll

o

O H

BES: PRL 110, 252001

M

3.7

—4-Data
— Total it 70
-=== Background fit
== PHSP MC 60
Sideband
][ ] 50

W e va,
L
.uruu

Events / 0.02 GeV/c?
S

38 39 40 0
Minan(-Jly) (GeV/c?) 0

Belle: PRL 110, 252002

-+- data
— Fit

— Background
-==+ PHSP MC

3.8
M, (xdy) (GeV/c?)

3.9 4 4.1

32



N
|

q

L.2>J/Y1n = cc
charged = a pair of light quarks

tetraquark and hadronic molecules? debate?



/C

Brodsky, Lebed: PhysRevD.91.114025

olete™ — ZF(ccdu)m™ (ud)) 1
olete” — putu) s

Guo, Meissner, WW: 1607.04020

oletem = ZIn7) 1
m _
olete > putp=)  s?

d, ;o
¢ i
TS RRRIE R T (WnZe), feHE
Rer B GRAESS MR RR, Mk U
Brodsky%s N\ A % o 7
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>Inet e — pY ¥ at high energy, p° is produced by a photon y
>InB, » T w~I*1l", the rt ™ pairis produced by the Ss field.

>Inete” - Zcini the charged Z;—r is produced by the ud field.
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Bc — X (3872)

> DIBc — X (3872) N, F&H
FA NS — NN ERL S
BAHIE: < X(3872)|¢Tc|0 >

4

>

AR R R AR 7y T B LU A
SN LRI TCIE, T LR WW, Q.Zhao, PLB755,261(2016)
s !

Ro(p) = (10.9 £ 0.1) x 1072,

— (11.140.1) x 1072

Ri(p) = / (metd? | 2dB(B; = Xil ") | Ri(p) = ( 0.1) x 0_2,
7 (mp—5)2 dq2 B(Bc_ — sz_) RH(p) — (]_11 + 01) x 10 :

Riotal(p) = (10.9 £0.1) x 1072,

ELHChSE 58 M) FE 24 5 iF 18 Bc—X (3872) il &



>Inet e — pY ¥ at high energy, p° is produced by a photon y
>InB, » T w~I*1l", the rt ™ pairis produced by the Ss field.
>Inete” - Zcini the charged Z;—r is produced by the ud field.

»In B, —» X(3872) m, the X(3872) is produced by cc
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Concept Clarification: mixing

* Factorization in EFT: * Mixing
| X (3872)) = aléc) + b|DD")

(X (3872)|cT'c|0)
a?+b2=1

QCD interaction

1X(3872)) = |DD") ’ \!
b c

Y
A O
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How to test the production mechanism?

ete” — Dy (2317)D}

ete” = d(nTm)g

YY — T

F(B_%X(3872) ) =18 —>X(3872)K)
I'(B™ — X(3872)K*~) = (B 5 X(3872)K " (B — X (3872)9),
(B~ — X(3872)r") (B —>X(3872)7r0): (B —>X(3872)K)
T'(B~ — X(3872)p") = 2I'(B° — X (3872)p°) = I'(B. — X(3872)K").
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Summary

Hadron Level EFT
0(X(3872)) = o(DD*)|{X (3872)|DD*|0)|?

X(3872):
Large Prompt Production Rate is compatible with molecular interpretation!

QCD analysis

>Inet e — p® ¥ at high energy, p° is produced by a photon y
>InB, » nt w~I*1", the r* ™ pairis produced by the Ss field.
>Inete” - Z;—’né_’, the charged Z;—r is produced by the ud field.
»In B, —» X(3872) m, the X(3872) is produced by cc.
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Thank you very muchllforyou“rattentlonI
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