Lecture 10
notes on QCD processes and factorization

the quark model and surprizes in hadron structure
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Figure 41.8: World dotn on the totel cross seetion of ete— — hadrons and the mtio Bz} = slete — badrons, s)folete™ — php— =)

alefe — hadroms, 8) is the experimentsl eross section corrested for initisl state rodistion and destron-positron. vertex loops, ofete —

ptp=, 5y = -i?mtz[:]_."ﬂ:_ Datn errors are totel below 2 Gel¥ and statistical above 2 Ge'. The surves are an eduoentive gnde: the broken one

[gremn) is o msive quark-poarton maodel prediction, nod the sobid one (red) is 3-loop pQOCD prediction (sse “Chunntum Chromodynnmics™ ssetion af

this Remienws, Bq. [9.7) or, for more detnils, K. G. Chetyrkin of al., Nocl. Phys. BGE6, 56 (2000) {Errntumn sbid. BE34, 413 (2002)). Brot-Wigner

parameterizntions of 7y, ¢n25), and T(nSpn = 1,2, 3 4 nre also shown, The full list of references to the orginel detn and the detsdls of

the i mtic extrection from them enn be found i [arKiv-hep-ph/0212114]). Cormrespomiing computer-rendnble dnts fles are pmilable st

http: /fpdg. LBl gov/ocarrent/xaact/. (Courtesy of the COMPAS (Protvino)] amd HEPDATA (Dhorbhnm) Groosps, BMey 20000 See full-eolor 5
version on color pages ot end of book_
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Application to pseudoscalar and pseudovector
mesons

11
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b) application to decays
of

pseudo-scalar and
vector

mesons

remember: hypercharge
Y

Y=B+S

and charge g

g=l3 + Y/2

Under the quark hypothesis the mesons are 7 states.
With 3 flavours, wu, d, s we have 9 combinations 7.

» The pseudoscalar nonet J* =0~ are 9 states with
spins . (L=0)

e The vector nonet JP =17 are 9 states with
spins T+ (L=0)

Psendoscalar Mesons

I’ 2:}}: 1 497.7 MeV

0 - K+ -
KoK
< ﬂ'}a L MY 1306 MeV
du-:_ nim _]wj mlgrr”gl- 135.0 MeV
S}E—' g .I:.d m(n)  547.5 MeV
Y mn)  957.8 MeV

The I; =0, Y =0 states 7, 1, 1/ will be linear

combinations of the states uT, dd, s5.

Since the 7" forms an isospin triplet with 7 (ud) and
T (dT) it is reasonable to expect the wavefunction will
involve u, d only. In fact it is

.1
|7} = —=(dd — ui)
=5



MESON MULTTPLETS

The observed lowest mass meson states form the
following multiplets, which are nonets.

Pseudoscalar Mesons JP — -

Vector Mesons JP —1-

15



Vector Mesons

mlﬁﬁ_—,;.]} 896.1 MeV
K*ﬂ ‘ K*-I_ ml,fi ]
ds ® 1,0 m.ll;"_ ) } 391 6 MeV
p- pe P’ : E: 4]
4_._&_._" (p
5_ _. _._1 . Sa m|lp|_|]
K* ' Eﬂ m{m) 781.9 MeV
)

m( §

Again, the 3 central states p”, w, ¢ are linear
combinations of the states 1T, dd, 53

The physical states w and ¢ turn out to be linear
combinations (mixtures) of the ¢ and ¢s states

|}

Jok

where - =~ L35°.

costh:  sinfhy o)
—sinth-  costhr |01}

1019.4 MeV
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Table from PDG

Table 14.2: Suggested 7 quark-model assignments for some of the ohserved light mesons. Mesons in hold face are included in the Meson
Summary Table. The wave functions f and f' are given in the text. The singlet-octet mixing angles from the quadratic and linear mass

formulae are also given for some of the nonets. The classification of the 077

mesons 15 tentative and the mixing angle uncertain due to

large uncertainties in some of the masses. The fq(1500) in the Meson Summary Table is not in this table as it is hard to accommodate in
the scalar nonet. The light sealars ap(920}, fR(980) and fo(600) are often considered as meson-meson resonances or four-quark states and
are therefore not included in the table. See the “Note on Non-g7 Mesons” at the end of the Meson Listings.

n2stly,  gPCc =1 =1 | =0 =0 Buad Blin

ud, Td, - (dd — wm) u¥, d%; ds, —Ts f! f [ [#]
3’2

115, 0 ™ K 1 17'(958) —11.5 —24.6

148 1 p(770) K" (892) &(1020) w(T782) 38.7 36.0

e} 1 b1(1235) Kig' h1(1380) hi(1170)

L3P, 0 ag(1450) K;(1430) fo(1710) Fo(1370)

L3P, 1 ay (1260) Kqaf f1(1420) f1(1285)

137, 2 as(1320) K;(1430) f5(1525) F2(1270) 20.6 28.0

11Dy 2 m2(1670) K2(1770)] n2(1870) n2(1645)

14D 1 p(1700) K*(1680)f w(1650)

130, 2 K2 (1820)}

13Dy 3 p3(1690) K ;(1780) B3 (1850) wg (1670) 32.0 31.0

1 3F, 1 a4(2040) K ;(2045) F1(2050)

1 475 5 P 2350)

1 *Hyg 6 g {2450) fe(2510)

218, 0 m(1300) K (1460) n(1475) n(1295) —224 226

238, 1 p(1450) K*(1410)} &(1680) w(1420)

T The 17= and 27+ isospin l} states mix. In particular, the Ky 4 and K| g are nearly equal (45%) mixtures of the K {1270) and & {1400].

* The K*(1410) could be replaced by the K *(1680) as the 238 state.

18



which states are exotic?

Exotic hadron: a state beyond the quark model, the nature of which is

not

But:

understood, yet.

- Quark model is foremost a model of flavour
- Quark models with potentials can provide guidance but have serious

flaws
. in particular when coupled channels are not taken into account

- What are the correct degrees of freedom to describe the spectrum?

- Unique exotic signatures:

- Shifted masses and peculiar widths need more detailed investigation.

+ Only mesons: Spin exotics
- States outside the flavour multiplets (e.g. a charged charmonium state)

definition taking from Sebastian Neubert
Schleching 2020 lectures

19



Candidates / 5 MeV

Candidates / 5 MeV

here: focus on mesons only, but there are also candidates for
exotic baryons, such as penta-quarks, and for quark-less

particles consisting of gluons only, glueballs

all mesons which exhibit quantum numbers different from those

of the above discussed sequence are exotic.In addition, a new
family in the charm sector are the X,Y,Z states.

let's consider a particular case: the X(3872) particle

The M(3872) aka X(3872)

e 13

- 4 =

j\ﬁ. B decays : E‘-:

. ” 18

| | 13

L I 1 - Eg
AW
| s id b

mi:jr’qmﬂt—) = m

3000

2500

2000

1500

1000

500

inclusive

(/%) / Mev
CDF-II

v
X(3872)

M"'”“"”

365 3.70 3.75

3 05

m(wa:t ) ;‘ GeV

y 4.0

Candidates / 10 MeV

aBal

B decays

_on = wn =] 7] = ]
T T T

53 TR TR R T

m{JAym+r— ) / GEV

800~ X(3872)

600~

400-
inclusive

200+

T X X

m{Jhym+n—=)-m{u+p=) / GeV

[imesspaas
LA Y

Candidates / 2 MeV

Candidates / 4 MeV

LHCb

B decays

X(3872)

| it ol W

w0 %00
m(JAyn+n—) / MeV

b i ~ A
“I _iviD

inclusive

X(3872)

i SRR

| P I PRI AP A T P
36 365 37 175 38 385 38 395 4

m{Jiyr+n—) / GeV

this and the following
slides adapted from
Sebastian

Neubert, Schleching 2020

for a recent review of X,Y,Z states, see:
A. Hosaka, T. lijima, K. Miyabayashi, Y
Sakai and S. Yasui,

Exotic hadrons with heavy flavors: X, Y,
Z, and related states,

PTEP (2016) no.6, 062C01
[arXiv:1603.09229 [hep-ph]].

20



X(3872) continued

. J? =17 established = PDG nomenclature x.(3872) X(3872) is not
LHCb [PRL110(2013)222001][PRD92(2015)011102] spin-exotic

-+ Mass m = 3871.69 £ 0.17MeV  (in X(3872) —J/¢y X decays)

- DD* threshold: 3871.81 4 0.09 MeV

* Mass difference my — my,, =775 + 4 MeV width is too
- Width I < 1.2 MeV Belle [PRD84(2011)052004] small

- Observed in Charmonium-like decay modes:

D*'D°, Jprm, Ifpw, Iy, $(2S)y, xerm” is it a

- Mass and decay modes disfavour pure cc state. charmonium-like state?
X c1(2P) predicted to be few 10 MeV higher in mass

- No charged partner, no C = —1 partner found
« X = Jbr T’ Belle[PRL111(2013)032001],BaBar[ PRD71(2005)031501]
- X = Jjm Belle[PTEP(2014)043C01],Belle[PRL111(2013)032001]

21



charmonium and charmonium-like states

y(4S) or hybrid :

y(2D) - FTIv

Xa(2P) 7,(2P) o

x!3373...1‘:_"""‘m1 v

Charmonium
family :

1+t ot+ i
1

22



The x.(3872) aka X(3872)

Mass [MeV/c?]
|

4600
4400
4200
4000
3800
3600
3400
3200
3000
2800

jPC

Discovery at Belle

[ E“’

- 250

- (4415) gm_

B P2

- W(4160) £

- W(4040) " M ) (Gev)

- Szl %O572) -
i w(zs} F 5 -
__ x xg’? —
_ X ., .
B ¥ measured
[, ]
C | | | | ¥ l .

O+ 1 1+ Ot 1 2tt

- Discovered in J/pmm
- m = 3871+ 0.17 MeV

- above the open charm

threshold

. right at D°D™ threshold
- very narrow I' < 1.2 MeV
. BR(D’D™) > 30%

- Started spectroscopy

renaissance

- Best studied exotic

23



psi(2s) and psi(3770)

psi(2s): below D D _{bar} threshold, width = 294 keV, mass = 3686 MeV

psi(3770): above D D_{bar} threshold, width is 27 MeV, mass = 3773 MeV

24



Many new states in the charmonium sector

Mass [Ge V]

4.6

4.4

4.2

o
o

o
oo

=
o)

-
~

-
(&

g
(=

B Y (4660)
— Z(4430)7
| =T v(4415)
Y (th e~
Y {—U(J(]
== _-——
- l‘v(—llf)[]') X(4140) Yoz (2P
£ +(4040) ol
[ Z(4020)tT ET%D_D
Z(3900)* X(3872) DD‘
L (3770 E DT:)
— I.u'j
ﬂr ’ — Xc.-Z(lP
c Xcl(]F’
- he(1P) e 1P
Jfﬂ: CE

.n('
+

81 Tlay

+ Above DD threshold:
24 claimed, 10 established new
states
22/24 (8/10) incompatible with
quark model

- Two charged states in bottomonium
sector
Recent reviews:
Prog. Part. Nucl. Phys. 97 (2017) 123

Prog. Part. Nucl. Phys. 93 (2017) 143
Rev. Mod. Phys. 90 (2018) 015003

arXiv:1907.07583

25



HADRO-
QUARKONIUM

TETRAQUARK

GLUEBALL

HADRONIC
MOLECULE

HYBRID

Graphics: C. Hanhart
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Tetraquarks

- Compact object made from | Qg) and
| Qg) diquarks

Hadro-Quarkonium

- Compact | QQ) color singlet surrounded
by a light-quark / pion cloud.

Hadronic Molecules

- Extended object made from two
hadrons | Qg) and | gQ)

1
2/ 2,(LEb

- near two-body threshold

- Typical size ~ > 1fm

27



what about T..* very recently discovered by LHC,
2109.01038 [hep-ex]

o 10 I .

= LHCb = 3%

§ ﬁDE_ g fb—! g i: +

= o + a4t 5

< 40F . T, .++.Jr Jrﬁ: 43 ]
30 g e R S S .
20 ~ B hebol E
t0F ﬁtﬂ t ++++ ++++ ++++ ++++++++ :

- L } er #Jr H t t + Jer

3_8? 3 38 3. 89 _3_9
L On0+ [G eV r:g]



this loosely mesonic bound state has net charge +, charm number
2, cannot be a quark-antiquark state, very different from charmonia

produced in pp collisions at LHC energy

mass = 3874.75 + 0.11 MeV
mass is very close to that of DO*D*,

width =48 +2 + 0 - 14 keV

binding energy: 360 £ 40 keV
TCC+ — DO DO T+

angular momentum: J=1, isospin | =0

see LHCDb papers
2109.01038 [hep-€eX]
2109.01056 [hep-ex]

K-
-r[+

K-
Do L

D° Tt
?A\ —
4]
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summary: X(3872) and Tcc+ are truly exotic
in the last 5 years, many candidates for exotic states
for 30 years the quark model with a quark-antiquark pair for
mesons and three quarks for baryons seemed to describe
everything

the race is on to determine the structure of the new exotics

no trace yet for glue balls

30



extra pages
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-

general quantum mechanics result

a bound state close to a 2-body threshold that couples to the two bodies via an s-
wave interaction has universal properties:

its rms radius depends only on its binding energy B.E. and not on interaction
potentials, i.e.
Rms = (4 B.E. Mred)'”2 asBE. —» O

examples: the deuteron (B.E. 2.2 MeV, M_ =470 MeV, Rims=3.1fm
measured: 2.1 fm)

the hypertriton (B.E. 0.13 MeV, M_ =700 MeV, Rins = 10.3 fm)

the X(3872) (B.E.0.12MeV, M _ =967 MeV, Rms = 9.2 fm)

see, e.g., Steven Weinberg, Lectures on Quantum
Mechanics, Cambridge University Press, 2015,
especially chapter 8.8

if this is the correct interpretation,
the hyper-triton and the X(3872) are bigger
than a Pb nucleus!
n.b.: typical hadron sizes are < 1 fm


https://www.cambridge.org/core/search?filters%5BauthorTerms%5D=Steven%20Weinberg&eventCode=SE-AU

-

Lectures on Quantum Mechanics
Steven Weinberg,

Cambridge University Press, 2015
especially chapter 8.8


https://www.cambridge.org/core/search?filters%5BauthorTerms%5D=Steven%20Weinberg&eventCode=SE-AU

wave function of the hyper-triton — schematic picture

figure by Benjamin Doenigus, August 2017

@ 02F —30 >
|
g =N
triton Z 1
H El-
9 4 ©
= - _ — o
hyper-triton g F 7
§—0.05} ] 0
T _o4F see also arXiv:1904.05818, where the ]
E - hypertriton is analyzed in pionless ]
_0.45L  effective field theory, with similar —20
m results -
=02 b b b L —0:_3[)
0 10 20 30 40 50 60
Wavefunction (red) of the hypertriton assuming a s-wave mferaction for the bound state of a A and a

deuteron. The root mean square value of the radius of this function s /(r*) = 10.6 fm. In blue the corresponding square
well potential is shown. [n addition, the magenta curve shows a “triton” like object using a similar calculation as the
hypertriton, namely a deuteron and an added nucleon, resulting in a much narrower object as the hypertriton. 34



-

The Hypertriton

mass = 2990 MeV, binding energy = 2.3 MeV
Lambda sep. energy = 0.13 MeV

molecular structure: (p+n) + Lambda
2-body threshold: (p+p+n) + pi- = *"He + pi-

rms radius = (4 B.E. M_ )" =10.3 fm =
rms separation between d and Lambda

in that sense: hypertriton = (p n Lambda) =
(d Lambda) is the ultimate halo state

so hyper-triton sits 130 keV below the Lambda-
deuteron threshold — similar case as for X(3872)



The X(3872)

The X(3872) sort of anomalous charmonium with 1++ quantum numbers
[Talk of A. Polosa at
the charm hadronization

workshop]

right at DD* threshold and rather close to J/yw+p.

OBSERVATION OF LIGHT NUCLEI AT ALICE AND THE ... PHYSICAL REVIEW D 92, 034028 (2015)

2
~

-
=]

-y
o
T

do,, -’tJ‘pJ
> > 3
(=1 ﬂT‘”ﬂ"l]—lT“TT‘—r"'ﬂ_W— " - \\"1-!—r"r'n-—"'
I e

3
_(210-
£
£

E Hypertriton & ALICE

fypertrilon @ ALICE
I~ (rescaled from Ph-Phj

(rescaled from Pb-Pp

-
=

-
=
2

—
(=]
N

-
c.

if the size of the X(3872) is very large, cross section should 3
be strongly suppressed, seems not to be the case



Loosely bound objects in heavy-ion collisions ). Durham]

= The X(3872) will not be suppressed if its behavior is like a hyper-triton!

; * Mass is consistent with sum of D? and D*" masses:
CMS Preliminary 17007 (2018 POPD 5.02TeV) M, , (3872) — (Mpo + Mpw) = 0.01£0.27 MeV

450 o 15<p_<50 GeVie g ggﬁ " Molecule Compact tetraquark
400 X(3872) lyl<16 | (P @
- (25 .0-90% -
<, 350 - ( ) Cent. 0-90% & @
3 . D s Tightly bound via color
O 300 - VERY small binding energy exchange between diguarks
= B 1 VERY large radius, ~7 fm Small radius, ~1 fm
o 250 .
v 00
~ 200 .
@ s @ =
‘S 150 .
= 4 R/
00 32 -
E =
——-3 E
50 A g (=N m =2.991 GeV/c?, B, = 130 keV
0 I J IR I R I AR A bl [ T A AN AR b \__p//-’r 9rm5-radiu5 =10.3 fm

"

365 3.7 375 38 38 39 395

My (GEV/C?)

see Alexander Kalweit, CERN workshop on 'origin of nuclear clusters in hadronic 37
collisions', May 19-20, 2020
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