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PHYSICS FAIRY TALES



ingredients

Com’on kiddos, 
Grandma’s got some 

hot stuffs!





Last Scattering 
Surface 

CMB 

3⇥ 105 yr
0.3 eV



Deconfinement 
Phase 

Transition 

170MeV
10�5 s



WHERE TO FIND THE 
PARTICLES??

• go back in time, or ask Granny to do it again? 

• look at special astronomical objects: neutron stars, 
black holes 

• build an accelerator on earth





Central Au+Au 200 GeV/nucleon 
MADAI 
Simulation with UrQMD



freezeout 
hadrons yields 

described by HRG

Freezeout parameters
T f , µf

B , µ
f
S , µ

f
Q, ...

A. Andronic et al 2018 Nature 561, 321-330 (2018)



BEAM ENERGY SCAN

p
s, b, (Z,A), . . .
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T, µ,B, . . .
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Courtesy of Brookhaven National Laboratory

QCD Phase Diagram

QGP: 
quarks and gluons 

are deconfined.

Hadronic phase: 
quarks are confined 

 and massive.

FAIR@GSI

C.E.P



FORCE LAWS





What is so Periodic?



(n, l,m)
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https://en.wikipedia.org/wiki/Atomic_orbital



Dalton, Thomson, Rutherford, Bohr, Schroedinger 



Dalton, Thomson, Rutherford, Bohr, Schroedinger 



gauge boson



electric charge: +, -

inverse square law





PICTURES OF BARYONS AND 
MESONS

0 0.5 1 r [fm]

−0.3

−0.2

−0.1

0

c(r)

d = 3

d = 4

FIGURE 2. (left) Hybrid Surface Energy Differences. 2r0 is roughly 1 fermi[10]. (right) The Luescher
Term in 4-d (−π/12) and 3-d (−π/24)[11].

like behaviour at such short distances may be called precocious and is very difficult to
understand in light of the conclusion of Juge, Kuti, and Morningstar. It appears that the
existence of a 1/r interaction with the expected Luescher coefficient is not necessarily
indicative of string dynamics.

Baryonic Flux Tubes
Finally, investigations of the static baryon interaction have begun. The chief point of

interest is whether the expected flux tubes form into a ‘Y’ shape or a ‘∆’ shape (ie., is the
effective baryonic quark interaction two-body or three-body?). This may be addressed
by carefully examining the baryonic energy under a variety of quark configurations.
Figure 3 shows the flux tube which arises in one such configuration (which seems to
be an interpolation of Y and ∆). Current results are mixed, with some groups claiming
support for the two-body hypothesis [13] and some for the three-body hypothesis[14].
Finally, a strong operator dependence in the flux tube profiles has been observed[15],
which clearly needs to be settled before definitive conclusions can be reached.

FIGURE 3. The Baryonic Flux Tube. The distance between the tube junction and a quark is approxi-
mately 1/2 fm[12].

Ichie et al. Bali et. al.



QCD: THEORY OF HADRONS



INTRODUCTION TO QCD

Quarks Gluons

fundamental 
representation 

 (3) of SU(3)

adjoint 
representation

+2/3
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CONFINEMENT

• Only colorless states can exist as free particles 

• QCD bound states: hadrons

...

...

baryons

mesons

2/3 + 2/3 +�1/3 = 1
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Figure 1. Curving lines in this “bubble chamber” photograph show the trajectories—and thus the identities—of various subatomic particles
created by an accelerator. Careful measurement of these tracks (which Renee Jones of Fermi National Accelerator Laboratory is doing here
for a 1984 experiment) reveals much about the undetected parent particles that give off such sprays. Like most practitioners now, the authors
avoid this labor-intensive step by employing electronic detectors rather than bubble chambers in their current hunt for a special class of exot-
ic particles, ones made (in whole or in part) of the very force that holds matter together.
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THE EIGHTFOLD WAY



4-QUARK STATE

Image by BESIII collaboration

?

BESIII and Belle



INTRODUCTION TO QCD

Quarks Gluons

fundamental 
representation 

 (3) of SU(3)

adjoint 
representation

+2/3
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how QCD forces manifest in hadron spectrum?

how confinement works?



STRING BREAKING

● In the presence of dynamical quarks...
Bali et. al.





HOW TO LOSE WEIGHT?

move to Mars: gravity is only 38% 

SYMMETRY



ORIGIN OF MASS

• 99% of the Mass of the visible Universe is  
not explained by Higgs bosons!



pion
140 MeV

proton
938 MeV

MP = 938MeV

mq ⇡ fewMeV

1000/3 =?
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SPONTANEOUS CHIRAL 
SYMMETRY BREAKING

pion
140 MeV

proton
938 MeV

MP = 938MeV

mq ⇡ fewMeV

mq ! 0 QCD is chiral symmetric.
spontaneously broken 

Fermion mass are dynamically generated. 
M consti.

q ⇡ 300MeV
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⇡ !

m2
⇡ / mq

Goldstone bosons
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PHYSICS SKILLS





<latexit sha1_base64="YbG25k9SD7hMkIFHg7h1DXmDuwc=">AAAB8XicbVBNS8NAEJ20ftT6VfWoh2Ap6CUkIuqx6MVjBfuBaSib7bZdutnE3YlQQv+FFw+KePW/ePDmv3H7cdDqg4HHezPMzAsTwTW67peVyy8tr6wW1orrG5tb26Wd3YaOU0VZncYiVq2QaCa4ZHXkKFgrUYxEoWDNcHg18ZsPTGkey1scJSyISF/yHqcEjXTX1vcKM8dxxp1S2XXcKey/xJuTcvX446BV8fO1Tumz3Y1pGjGJVBCtfc9NMMiIQk4FGxfbqWYJoUPSZ76hkkRMB9n04rFdMUrX7sXKlER7qv6cyEik9SgKTWdEcKAXvYn4n+en2LsIMi6TFJmks0W9VNgY25P37S5XjKIYGUKo4uZWmw6IIhRNSEUTgrf48l/SOHG8M+f0xqRxCTMUYB8O4Qg8OIcqXEMN6kBBwiM8w4ulrSfr1Xqbteas+cwe/IL1/g0Lg5K5</latexit>p
...

<latexit sha1_base64="1g+p1LWgpJSqVvzj3DpV5B8V5Cc=">AAAB73icbVA7SwNBEJ6LryS+opY2h0GwCnciPrAJ2lhGMA9IjrC32UuW7O1ddueEcKS3trFQgq1/xiKd/8bNo9DoBwMf3zfDzHx+LLhGx/myMiura+sb2Vx+c2t7Z7ewt1/TUaIoq9JIRKrhE80El6yKHAVrxIqR0Bes7vdvp379kSnNI/mAw5h5IelKHnBK0EiNlh4oTK9G7ULRKTkz2H+JuyDFcm48efqMryvtwqTViWgSMolUEK2brhOjlxKFnAo2yrcSzWJC+6TLmoZKEjLtpbN7R/axUTp2EClTEu2Z+nMiJaHWw9A3nSHBnl72puJ/XjPB4NJLuYwTZJLOFwWJsDGyp8/bHa4YRTE0hFDFza027RFFKJqI8iYEd/nlv6R2WnLPS2f3Jo0bmCMLh3AEJ+DCBZThDipQBQoCnuEV3qyB9WKNrfd5a8ZazBzAL1gf31Nmk+A=</latexit>p
9

<latexit sha1_base64="vXsPXhmet+eT/XIvZI3SJh3lH6I=">AAAB8HicbVA9SwNBEJ2LXzF+xVjaHEbBxnAnopZBG8sI5kOSEPY2e8mS3b1zd04IR36FjYUitv4SO8HOf+MmsdDEBwOP92aYmRfEghv0vC8ns7C4tLySXc2trW9sbuW3CzUTJZqyKo1EpBsBMUxwxarIUbBGrBmRgWD1YHA59uv3TBseqRscxqwtSU/xkFOCVrptmTuN6ZE/6uSLXsmbwJ0n/g8plgsfpFfcf6908p+tbkQTyRRSQYxp+l6M7ZRo5FSwUa6VGBYTOiA91rRUEclMO50cPHIPrNJ1w0jbUuhO1N8TKZHGDGVgOyXBvpn1xuJ/XjPB8LydchUnyBSdLgoT4WLkjr93u1wzimJoCaGa21td2ieaULQZ5WwI/uzL86R2XPJPSyfXNo0LmCILu7AHh+DDGZThCipQBQoSHuAJnh3tPDovzuu0NeP8zOzAHzhv365Ik00=</latexit>p
�1<latexit sha1_base64="sbFVncsdJYzT4JAqRX8eL+MG8Uc=">AAAB73icbVDLSgNBEOz1lRhfMR69DAbBU9wVUY9BLx4jmAckS5idTJIhM7ubmV4hLPkJLx4U8erBn/GmX+PkcdDEgoaiqpvuriCWwqDrfjkrq2vrG5nsZm5re2d3L79fqJko0YxXWSQj3Qio4VKEvIoCJW/EmlMVSF4PBjcTv/7AtRFReI+jmPuK9kLRFYyilRotM9SYinE7X3RL7hRkmXhzUixn9Hfh9ENV2vnPVidiieIhMkmNaXpujH5KNQom+TjXSgyPKRvQHm9aGlLFjZ9O7x2TY6t0SDfStkIkU/X3REqVMSMV2E5FsW8WvYn4n9dMsHvlpyKME+Qhmy3qJpJgRCbPk47QnKEcWUKZFvZWwvpUU4Y2opwNwVt8eZnUzkreRen8zqZxDTNk4RCO4AQ8uIQy3EIFqsBAwiM8w4szdJ6cV+dt1rrizGcO4A+c9x+JYJNE</latexit>p

i
<latexit sha1_base64="/HXBvSA0uXIcvOcfpwZ55E4Vuc8=">AAACE3icbVA9SwNBEN3z2/h1ammzKEI0EO+CqGXQxjKC0UAuhLnNJlmy9+HunBqO/AcL/Ss2ForY2tjl37hJLDTxwcDjvRlm5vmxFBodp29NTc/Mzs0vLGaWlldW1+z1jSsdJYrxMotkpCo+aC5FyMsoUPJKrDgEvuTXfuds4F/fcqVFFF5iN+a1AFqhaAoGaKS6ve/pG4Up9KinRKuNoFR0R92DAvVQBFzT7D3NUTi4p3t1e8fJO0PQSeL+kJ3itpd77Be7pbr95TUilgQ8RCZB66rrxFhLQaFgkvcyXqJ5DKwDLV41NASzr5YOf+rRXaM0aDNSpkKkQ/X3RAqB1t3AN50BYFuPewPxP6+aYPOkloowTpCHbLSomUiKER0ERBtCcYayawgwJcytlLVBAUMTY8aE4I6/PEmuCnn3KH94YdI4JSMskC2yTbLEJcekSM5JiZQJIw/kmbySN+vJerHerY9R65T1M7NJ/sD6/AZKj59z</latexit>p
a ! 1/2⇥ (x+ a/x)

<latexit sha1_base64="kIwa/9UAOliNj0b9nl6r3jIMclw=">AAAB/nicbVDLSgMxFM3UV1tfo+LKTbAIglBmiqjLohuXFewD27Fk0kwbmkmGJKO2Q8HfcOnGhSLd+h3u/BpNHwttPXDhcM693HuPHzGqtON8WamFxaXllXQmu7q2vrFpb21XlIglJmUsmJA1HynCKCdlTTUjtUgSFPqMVP3uxciv3hGpqODXuhcRL0RtTgOKkTZS097tw4ak7Y5GUop72L8twCOIm3bOyTtjwHniTkmumImeboYP36Wm/dloCRyHhGvMkFJ114m0lyCpKWZkkG3EikQId1Gb1A3lKCTKS8bnD+CBUVowENIU13Cs/p5IUKhUL/RNZ4h0R816I/E/rx7r4MxLKI9iTTieLApiBrWAoyxgi0qCNesZgrCk5laIO0girE1iWROCO/vyPKkU8u5J/vjKpHEOJkiDPbAPDoELTkERXIISKAMMEvAMXsGb9Wi9WO/WcNKasqYzO+APrI8f7TeYiw==</latexit>

z ! z2 + c

fast
slow

scattering

Babylonian



1 + 2 + 3 + · · · = � 1

12

<latexit sha1_base64="C5esVk6vCLCajV0vtdt44MCaRGM=">AAACBXicbVC7SgNBFJ2NrxhfqxYiWgwGQQiG3RgwjRC0sYxgHpBdwuzsbDJk9sHMrBCWbWz8FRsLRWz9BbHTxtbPcPIoNPHAhcM593LvPU7EqJCG8aFl5uYXFpeyy7mV1bX1DX1zqyHCmGNSxyELectBgjAakLqkkpFWxAnyHUaaTv9i6DdvCBc0DK7lICK2j7oB9ShGUkkdfd8slAonBQu7oRTwDB5bHkc4MdPELKUdPW8UjRHgLDEnJF+tfL3tfH7v1jr6u+WGOPZJIDFDQrRNI5J2grikmJE0Z8WCRAj3UZe0FQ2QT4SdjL5I4aFSXOiFXFUg4Uj9PZEgX4iB76hOH8memPaG4n9eO5ZexU5oEMWSBHi8yIsZlCEcRgJdygmWbKAIwpyqWyHuIRWDVMHlVAjm9MuzpFEqmuVi+UqlcQ7GyII9cACOgAlOQRVcghqoAwxuwT14BE/anfagPWsv49aMNpnZBn+gvf4AtAyalQ==</latexit>

1

2
+

1

2
⇥ 1

2
+

1

2
⇥ 1

2
⇥ 1

2
+ · · · =?

<latexit sha1_base64="JIkT3kADdPFnTkZ5K5Kfpe4SXbY=">AAACWHicfVHPSwJBFJ7dssx+bXaI6DIkQSDIrgh1iaQuHQsyA1dkdpzVwdmdZeZtIIv/YwQd8tK1/6FLowaZRh88+Pi+95g33wsSwTW47ptlr6zm1tbzG4XNre2dXWev+KBlqihrUCmkegyIZoLHrAEcBHtMFCNRIFgzGFxP/OYTU5rL+B6GCWtHpBfzkFMCRuo40g8VoZk3yqqj8hz3gUdMz5v4P3dJwLiMf+DTrgSNL/Blxym5FXcKvEy8b1Kqn78/H4w/Dm87zovflTSNWAxUEK1bnptAOyMKOBVsVPBTzRJCB6THWobGxOzRzqbBjPCJUbo4lMpUDHiqzk9kJNJ6GAWmMyLQ14veRPzLa6UQnrczHicpsJjOHgpTgUHiScq4yxWjIIaGEKq42RXTPjHpgLlFwYTgLX55mTxUK16tUrszaVyhGfLoCB2jU+ShM1RHN+gWNRBFr+jTWrVy1thG9rq9MWu1re+ZffQLdvELIfy11Q==</latexit>

x

1� x

<latexit sha1_base64="xgjZU3r/dS+ZYWmzQcMBHCff9w4=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBC8GHY1oOAl6MVjBPOAZAmzk9lkyOzsOjMbEpYF/8KLB0W8+iuCN0HwV5w8DppY0FBUddPd5UWcKW3bn9bC4tLyympmLbu+sbm1ndvZraowloRWSMhDWfewopwJWtFMc1qPJMWBx2nN612N/FqfSsVCcauHEXUD3BHMZwRrI7lNX2KSDNLEOR6krVzeLthjoHniTEm+dPH9fv91Ksut3EezHZI4oEITjpVqOHak3QRLzQinabYZKxph0sMd2jBU4IAqNxkfnaJDo7SRH0pTQqOx+nsiwYFSw8AznQHWXTXrjcT/vEas/XM3YSKKNRVkssiPOdIhGiWA2kxSovnQEEwkM7ci0sUmB21yypoQnNmX50n1pOAUC8Ubk8YlTJCBfTiAI3DgDEpwDWWoAIE7eIAneLb61qP1Yr1OWhes6cwe/IH19gOM+JZf</latexit>

⇣(�1)

<latexit sha1_base64="V52cY+D+Hdx2/IX3wm7TQZSCjT0=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LC1CRSyJFPRY9OKxgv2QJpTNdtIu3WzC7kaIob9CDx4U8erP8dZ/47b1oK0PBh7vzTAzz485U9q2J1ZuZXVtfSO/Wdja3tndK+4ftFSUSApNGvFIdnyigDMBTc00h04sgYQ+h7Y/up767QeQikXiTqcxeCEZCBYwSrSR7t1H0KRy5pz0imW7as+Al4nzQ8r1knv6PKmnjV7xy+1HNAlBaMqJUl3HjrWXEakZ5TAuuImCmNARGUDXUEFCUF42O3iMj43Sx0EkTQmNZ+rviYyESqWhbzpDoodq0ZuK/3ndRAeXXsZEnGgQdL4oSDjWEZ5+j/tMAtU8NYRQycytmA6JJFSbjAomBGfx5WXSOq86tWrt1qRxhebIoyNUQhXkoAtURzeogZqIohA9oVf0ZknrxXq3PuatOetn5hD9gfX5DavGkqU=</latexit>

some non-sense…

<latexit sha1_base64="YnXK/Bxgp+IgD2jid1ROasn/ee4="></latexit>

1� 1 + 1� 1 + · · · = 1

2

1� 2 + 3� 4 + · · · = 1

4

QFT



LAST BUT NOT LEAST…
CURIOSITY



THANK YOU

pokman.lo@uwr.edu.pl

mailto:pokman.lo@uwr.edu.pl

