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The Hagedorn Hypothesis

scale controlling the asymptotic
growth of resonances

p(m) ~ m~“exp(m/ TH) [
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The Hagedorn Hypothesis

scale controlling the asymptotic
growth of resonances

p(m) ~ m—“exp(m/Ty) ———

Cabibbo, Parisi, 1975

Singularity at 1

LogZ ~ l p(m)e T

i
,1

_Cabibbo, Parisi |




Typical Prefactor

The

agedorn

VDOTNESIS

p(m) = fim) exp(m/Ty)

f(Wl) — A/(m2 4 m3)5/4 - m—5/2

But depends on

Bootstrap Condition

Typical Hagedorn Temperature

T, ~ 150 — 180 MeV

Associated with

Deconfinement




agedorn spectrum from .

Closed String

Relativistic String

Open String

" \_*

3 4 / —3/2
Pelm) -7 <E) <ﬂ> e Pop(M) = oz (m e
" Ty \ 3 Ty P 6Ty \ Ty

The same Hagedorn Temperature: 1y =4 /— —

Recent estimates on \/_ ~ 480 MeV give Ty ~

W Effective scale set by string tension \/(_f

330 MeV (Brambilla et al, 2023)

Link to deconfinement in Pure Gauge Theory: Ty, = 1.069(5) T ;... (Lucini et al, 2004)
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GLUEBALLS AS CLOSED STRINGS

1 /2z2\° ( m\ " p
Pc1(m) = — | — — e H
Ty \ 3 Ty

The same Hagedorn Temperature: 15 =

agedorn Spectrum from Relativistic String

MESONS AS OPEN STRINGS

« N\~

/271_ —3/2
(ﬂ) em/TH

6T, \ T}

Pop(M) =

—® Effective scale set by string tension \/(_f

Recent estimates on \/_ ~ 4380 MeV give Ty =~ 330 MeV (Brambilla et al, 2023)

Link to deconfinement in Pure Gauge Theory: Ty = 1.069(5) Tj,.. (Lucini et al, 2004)
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T'he+/ o scale Reappears

Fujimoto et al, 2025 Aarts et al, 2025
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Counting the Sta

't is customary to consider cumulative spectrum

N / / dN(m’)
N(m) = | dm'p(m’) suchthat p(m) = :
0 dm

3

Discrete spectrum

pim) =Y gdm—m)  N(m)= ) gf(m—m)

integrated spectrum N (m)

Experimental spectrum Particle Data Group

Theoretical spectrum Quark Model

es
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Closed Strings Descripe LQCD Gluepalls

l ! |
In Pure Gauge Theory scale is set by \/; = 1021
= =
=
=
agedorn Temperature: =4/ — & g
5 2r <
=
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100 :
Spectrum is practically parameter-free LQCD, Meyer mwmm
x - Closed Strings
Pgb(m) = 6(m — my, ) 3 s 9 10 11




Closed Strings Descripe LQCD Gluepalls

In Pure Gauge Theory scale is set by \/;
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2 10} __
Spectrum is practically parameter-free _ LQCD, Meyer mm -
: Closed Strings -
pgb(m) — e(m o mthr)pcl 3 0 10 11

Above 2 M,,, LQCD spectrum saturates due to difficulties in extraction of the states
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['hermodynamics of Gluepalls

Trace Anomaly
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Open-string spectrum and Thermodynamics

The same set of parameters describes mesonic sector too
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integrated spectrum N (m)

Density of state is additive: p(m) = pSzO(m) + p‘Sl:l(m)
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Baryons as quark-diquark strings

___Sharov, 2060 ﬁ
b N, . 10°F  Fujimoto, 2026)

FIG. 1. String baryon models.

Classical rotational motion

Integrated spectrum N(m)

* ggqg and Y are unstable

* g(gq) and A are stable

Mesons from PDG

Open string w/ g-q :
(T = 0.340 GeV) |

100 0 05 1.0 15

2.0 2.5

Mass m [GeV]

« Closed strings thermally suppressed: Nygq) == NA

* Quark-diguark picture supported by Regge trajectories (Selem, Wilczek 2006)

Baryonic spectrum described with the same 1 as mesons (Fujimoto, 2026)
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Extracting 14 from data
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'hermodynamics of Charm

| /= |
. . / )
Hagedorn Spectrum overpredicts thermodynamics 7
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hermodynamics of Charm
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Charm Susceptinilities up to 4th Order
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Overall description of LQCD thermodynamics quantitatively consistent across channels

22



Charm Spectral Abundances

Open-Charm Mesons Charmed Baryons Hidden-charm Mesons
Consistent with PDG Significant exceeds over PDG Overall agreement but
Missing States consistent with LQCD quarkonia not fully string-like yet
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1()4?_ ! / i
10°% //
Z 1025— 7 e emeemcam e e -—-
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Overall excitation-energy string spectrum captures global charm-hadron systematics



Universal Excitation Energy: By = My, — Z m,

Open-flavor mesons

thr

Flavored baryons
' | ' | ' |

ESY™ = EX'O™ = my, ~ 4.5 — 4.6 GeV

Universality across quark tlavors

Hidden-flavor mesons

Charm =—--—-

Bottom
Strings, shifted - - -
I | I I !

phAM(Ery ~ pPOMOM( Iy \within uncertainties

2 2.9 3

E |GeV]

b

oy

1. 5|| . | . | .
0.5 1 1.5
Charm and
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pottom have
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Umversahty ACTOSS quark ﬂavors
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1 |
TH IS a fundamental and flavor- mdependent property of QCD




Universality across quark flavors

26




Regge Phenomenology and

Experimental observation

Light hadrons follow approximately linear trajectories

i dJ Ny
J~aM"+ [ where a= = (270o)
dM?

see Chew & Frautschi (1962), Collins (1977)

Heavy Flavor suppresses the slope

reduced effective slopes and apparent flavor dependence
see Filipponi & Srivastava (1998), Afonin (2007), Sonnenschein & Weissman (2014)

|

-
s the flavor dependence dynamical or kinematic?
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~Xcltation Energy .

Excitation Energy Representation

dJ t
.« O = = CONS
b dE?

Reveals Linearity

Physical-Mass Representation
o« J(M?) = ay,M?* + B,

dJ
. Oy = e =aE(1 — qu/M>

Trajectories for p, K*, D*, B*

Slope hierarchy: ag < ag < (xg <

Ib
295

M? — M?% [GeV?]

Slope hierarch -05”_ >als > gl > a”_’ -
> Y Oy M M M



Geometry of .

Light-Light String: m; = m, =0

M=2 dr = = 571'01 1
0 1 —va(r
12 \/ ") — A =
orv(r) | R )
L — 2 dr — —]z'(yl O
o /1-vX(r) 3
2999

rRotating otring

Heavy-Light String: m; = 0, m, = oo

1
= —
o “HL

Geometry changes the slope, but string tension is universal
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Geometrical Correction

Introduce correction: o, —> Y- ap =¥ - (270)™! As M — oo theratio ay,/a, = ¥
aa ¢ oL 1y = 2
1.5 parent vector-meson trajectories
N
=1+ y =1
0.5 F
| | 102 101 10° 10° 102
E2[GeV? M |GeV]
Low M-
Foro = 0.18 G€V2 * Hierarchy dominated by kinematic mass effects
« J(M?) trajectories non-linear
.y, = 1.046(18) -y, = 1.070(25) oM
* Y. = 1.356(27) * Yy = 1.673(145) * Hierarchy from asymptotic string geometry

« J(M?) trajectories linearize



/\ Baryons as quark-diquark strings

| .l/i y 4 ' py /
/ ) 4
5 ./.-//,/ A 5 ,)‘I p y 2
,./:/' //
AT / '{// . | g // arent A trajectories
/ / J/ 4 L -’ y _| 1.5F p J
// / P 4
~ ’ /'/t i > g . ’,// *../"/_. \2 1 o /
‘.//,'/; / = 3 B ,, ” ' 4 '
2r /"/ ] / ,/'/ ...... I / "
VS ) / / ..,_./ / , /
/ i 2 L v - 0.5¢ / Y
1+ Ay ---- 1 S T A, ---- / H i A, ss==
7 Vi d — h
V4 Ap == S Ao ==-= j ! . Ae ===
7 A e AT M ol evd e B
0 1 9 3 4 5 6 0 1 9 3 4 5 6 7 1072 1071 10° 10! 102
E2[GeV?] M2 — M? [GeV?] M |GeV]
Vector Mesons L ambdao quyons i-—m———-—* — —
y = 1.070(25) Y = 1.129(17) -~ Similar enhancement factors for mesons and |
S — ° S — ° |

baryons support Hagedorn universality and the

= 1.356(27 = 1.464(30
fe (27) e (50) quark-diquark picture of baryons.
v, = 1.673(145) 7, = 1.655(24) _quarc Icture of baryons.

QCD spectroscopy governed by a universal excitation-energy string structure
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Hadrons emerge naturally as strings

Exponentially growing spectra are governed by a universal 1

Scale set by the string tension

Thank You
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Regge trajectories Kt

| T | | | T | T |

N S A Ic - b -

B - i m i | _

I L -

= = s o s " .. - .

u H—a— e B -+ - -
| i | | i L i | | i |

095 1 1.050.95 1 1.050.95 1 1.050.95 1 1.05
Mﬁt/Mexp

Mesons
sector|ap [GeV ™ ?] BE Y= ag/0.
Il | 0.924(16) | 0.442(40) | 1.046(18)
[s | 0.946(23) | 0.372(57) | 1.070(25)
lc 1.199(25) | 0.350(37) | 1.356(27)
b | 1.479(127) |0.174(172)| 1.673(145)
Baryons
sector |ag [GeV ™2 BE v =ag/as
A ([ud]s) | 0.998(15) |0.018(49) | 1.129(17)
Ac ([ud]b)| 1.295(27) |-0.305(50)| 1.464(30)
Ap ([ud]b)| 1.463(26) [-0.518(39)| 1.655(24)
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Channel |mass [GeV] I Q S deg

p (1) 0.770 1 0,41 0 16
K* (I5, sl)|| 0.896 1/2 0,41 +1 16

& (s5) 1019 0 0 0 4
Channel ||mass [GeV] I Q S deg
Nau || o938 12 (0,1 o 4
A (s[ll]) 1.116 0 (0) -1 2
> (s]) | 118 1 (0, £1) -1 6
AUy || 1232  3/2(0, £1, 2) 0 16
= (s[is]) || 1315 1/2 (0, —-1) -2 4
Q(s{ss})|| 1672 0 (-1) -3 4

Mass [GeV]
State String ||J I S |Q@Q=c@Q=b|g
D,B QI,Ql||01/2 0 [1.867 5.279|16
Dgs, Bs @Qs, QS 0 0 £1|1.968 5.367| 8
ne,m QQ |0 0 0 [2.984 9.398| 4

Mass [GeV]
State  String J I S|Q=c@Q=b|g
Ag Q|ll] 1/2 0 0]2.286 5.620| 2
Yo QY (|1/2,3/2 1 0 |2.453 5.811(18
20 Q[ls] 1/2  1/2 —1|2.468 5.793 | 4
2o Q{ls} ||1/2,3/2 1/2 —1|2.576 5.935 |12
Qo  Q{ss} ||1/2,3/2 0 —2[2.695 6.046| 6
Eoo HQQ}||1/2,3/21/2 03519 - |12
Qoo s1QQ}|1/2,3/2 0 —-1|3.718 - |6
Qoogg QLQQ}|| 3/2 0 04800 - |4
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