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 •! π  ground state (lightest hadron)  ; η - > 3 π   ;   η’ -> 5 π 

•! quantization:       ET (n=1,3,5) =  n κ R ΔΦ  
                                   pT (n=1,3,5) = 2 κ R | sin( n ΔΦ/2 ) | 
                                   m = sqrt ( ET

2 – pT
2 )  

 2 parameters to constrain :     κR  [GeV] , ΔΦ [rad]     
                        



 The fit is overconstrained  
  - but there IS a solution  
  which agrees with the 
  experimental data 
  with precision of ~3% 
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Phys.Rev.D89,  054513(2014)  
 [arXiv:1212.1500]     
 estimate of the confinment scale 
 
  ! tube  = 65.16 ± 0.61 MeV  
%
%obtained from the fit of J++ spectra 
modelled as tight topological QCD knots       
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Phys.Rev.D89,  015002(2014)  
 [arXiv:1309.6761]     
 estimate of radius of helix-like QCD string 
 
  "R  = 68 ± 2 MeV  
%
%obtained from the fit of mass of  light 
pseudoscalar mesons          
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  If the model survives the experimental scrutiny , it has a huge potential for     
further development: 

$%&'6%/"6:4*7<"*j"/*(*'"
9e'f)::-;* 0%B)]6 .*7%B+)<:?7@%

%%8*56%[&643"du%&'6%/"8*64'(&[d"

%%347+?43"j7*/"8&76*'_v4[3"+'647&9(*'"

/);.I:-==?I-:%I)6E);7;>%
)R%>]7%E-+5I:7%>+-_7I>)+g%Z%

\iwmil"$wix0we"0gMy>f"
t+6:"3<'&/+9&[[<"]4'47&643"
/&55"&'3"58+'"4z4965"

m8+'"8:<5+95"
9%]7:?I-:%%hi3%j7:*%
<7;7+->7=%?;>+?;=?I%E(%
A/3%?;>+?;=?I%-;<S:-+%
6)67;>S6%@%

0*8*[*]+9&["$\@"
"=>+?Y?;<%=?6?:-+?57=%
\7>k77;%;S67+?I-:%+7=S:>=%
)\>-?;7*%k?>]%lS-;5m7*%]7:?8%
-;*%Y;)n7*%oS8%>S\7=%

!"#$#!$% &'()*)+),-./),-0%1&23%4"!$% !C%

$%&'()43"$\@":4[+W"
""""".:&37*'+)&(*' 1"



Summary 
•! A=+$*&+$*>*21F#>'38#%#'8)19+$B'#(()*#F='%*'%=+'H"#$,V#,*$'*.'!/0'I+>8'''
•! k+>1F#>'!/0'-%)1$2'-++&-'%*'\+'#$'+bF+>>+$%'#(()*b1&#,*$'
''''*.'%=+'+W+F,9+'!/0'I+>8''

•! /#"-#>1%@'()*918+-'%=+'6+@'%*'%=+'-%"8@'*.'%=+'&#--'-(+F%)"&'*.'>12=%'&+-*$-<'
F*"(>+8'L1%='8@$#&1F#>'F*))+>#,*$-''

•! ;"&\+)'*.'*\-+)9#\>+'&*8+>'()+81F,*$-'"('.*)'9#>18#,*$'T''

''''''':U'1$F>"-19+'>*L'( 7''3'•'J}}'O+`'B '

''''''':U''J:(#),F>+'F*))+>#,*$-''
'''''':U''#V1&"%=#>'*)8+)1$2'

'''''':U'(*>#)1V#,*$'-%"81+-''

AkP;MOP;MCM_‚'T'

'''''''''''''''''''''''''''J'8+2)++-'*.'.)++8*&')+&*9+8'.)*&'%=+'-%)1$2'.)#2&+$%#,*$''''''''''
''''''''''''''''''''''''''''&*8+>''G''$"&\+)'*.'.)++'(#)#&+%+)-')+8"F+8'''

'''''''''3'KK'T'$"&+)1F#>'#2)++&+$%'L1%='%*(*>*21F#>'!/0'-%"81+-'B'

'''''':U'\+|+)' =#8)*$1V#,*$'&*8+>''

'
!"#$#!$% &'()*)+),-./),-0%1&23%4"!$% !D%



!"#$#!$% &'()*)+),-./),-0%1&23%4"!$% !$%



0*F"&+$%#,*$'

•! S*'Q$8+)--*$'+%'#>o<'~kPA'}X'3DXXZB'}Dzo''''''''''''p(=+$*&+$*>*2@'*.'=+>1br'
•! 4o7*8*)*9#<'A=@-od+9o0Z•<'}Ez}}D'3J}DJB''''''''''p(=+$*&+$*>*2@'*.'=+>1br''
•! Q7CQ['/*>>o<'A=@-od+9o0Z•<'}yJ}}y'3J}DJB''''''''''p#V1&"%=#>'*)8+)1$2r'

•! 4o7*8*)*9#<'#){19TD}DJoyYYZ'p=+(:(=r''''''''''''''p'=+>1b:%"$+'L1%='CPA'8#%#'r''

•! =|(Taa()*h+F%-o=+(.*)2+o*)2a=+>1ba'''''''''''''''''''p'A‚7kNQ:F*&(#,\>+'F*8+'r'

•! 4o7*8*)*9#<'A=@-od+9o0ZX<'}Dy}}J'3J}DzB''''''''''pH"#$,V#,*$'*.'=+>1br'

•! 4o7*8*)*9#<'#){19TDz}•oEy•z'p=+(:(= r'''''''''''''''  pH"#$,V#,*$'*.'=+>1br'
•! Q7CQ['/*>>o<'Q7C:/MO:Ak‚[:J}DE:D•yY'3()19#%+B'''p-%"8@'*.''=#8)*$'F=#1$-r'

''''''''''''''''''''''''''''''''''''''''''''''''''''

!"#$#!$% &'()*)+),-./),-0%1&23%4"!$% !T%



!"#$#!$% &'()*)+),-./),-0%1&23%4"!$% !U%

CPA'8#%#'-=*L'-*&+'F*))+>#,*$-''
\+%L++$'>*$21%"81$#>'3bAB'#$8''
%)#$-9+)-+'•( 7U'&*&+$%"&''
F*&(*$+$%'no'''
''''''''''''''''''''''''pƒoA=@-o/YE3DXX•BDDr'''''''''''''''''
'''
'

k+>1b'-%)1$2'F*$F+(%':;<=)>?@A??BCAD&E###

u u

# %

$R%

'3'1$%)*8"F+8'%*'-%#\1>1V+'%=+'+$8'*.'(#)%*$'
-=*L+)'B'

'E81&'-%)1$2'%+$-1*$'T'>+%'-%)1$2'
%)#$-9+)-+'-=#(+'8+I$+'%=+'=#8)*$'( 7'''

"c"8"0"c"O"FY>"5+'".,Z dF1""
""""
""Y>""":4[+W"7&3+%5"
""Z""""":4[+W"8:&54"%

7=+')+&*9#>'*.''J'8+2)++-'*.'.)++8*&'#--*F1#%+8'L1%='%=+'1$%)1$-1F'(7 '2+$+)#,*$'''
>+#8-'%*'#'-12$1IF#$%''1&()*9+&+$%'1$'%=+''8+-F)1(,*$'*.'=#8)*$1F'ƒ}'8#%#'
''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''p#){19TD}DJoyYYZr''



N$81)+F%'+b(+)1&+$%#>'+918+$F+T'%"$1$2'*$'ƒ}' 8#%#'
@#F=G)<HIA??JIKLDL>>?>C'

!"#$#!$% &'()*)+),-./),-0%1&23%4"!$% !W%

-+a?,Z!"!4'$$UW%
`]7E.E]b%
%
g4[+W"567+']"
j7&]/4'6&(*'"
+/87*?45"
p]**3'455"*j"v6q"
.{ Fdx3*j 1"
"
K=K"_r"G=C"""
.";<6:+&"K"
""@Ml;gh"DBBK"
6%'41"
"
"
G=C"_r"F=G"
.;<6:+&"K"t+6:"
"i>hi@xM"8&76*'"
"5:*t47"1""""



'QV1&"%=#>'*)8+)1$2'*.'=#8)*$-':)742&8!M&FBJ'>NO>>N#@O>AOCE'

!"#$#!$% &'()*)+),-./),-0%1&23%4"!$% !X%

7=+'=+>1b:>16+'-=#(+'-%)"F%")+'*.'%=+'
'!/0'I+>8'-=*">8'\+'91-1\>+'1$'%=+'
'#V1&"%=#>'*)8+)1$2'*.''=#8)*$-'#>*$2'
%=+'-%)1$2'
'
''%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%7=+'+b#F%'.*)&'*.'%=+'=+>1b'-%)"F%")+'$*%'()+81F%+8o'

e1%='%=+'=+>('*.'(*L+)'-(+F%)#<'L+'%+-%'%L*'3L+#6>@'F*))+>#%+8B'=@(*%=+-+-'
'
''Qa'''„…''^''„x''''''''''''''''
'
'
'
'
'Sa''„…'^''„{'''3+$+)2@:81-%#$F+':'#&*"$%'*.'+$+)2@'-%*)+8'1$'%=+'-%)1$2a'*)8+)+8'''''
'''''''''''''''''''''''''''''=#8)*$''F=#1$'':''+b(+)1&+$%#>>@'T''*)8+)+8'1$'(-+"8*)#(181%@'B'
'
'
'
''[+#)F='.*)')+-*$#$%'\+=#91*")':U''8+$-1%@'*.'=+>1b'L1$81$2'



!"#$#!$% &'()*)+),-./),-0%1&23%4"!$% 4"%

i)6E-+?=);%k?>]%6)*7:%?;%
e]g='L7,'3WT0"CD""!94"!4@%

]-1 [GeV!

0 0.5 1 1.5 2 2.5 3

)-
1

!(
E

S

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

=7 TeVsATLAS  

Pythia8+HELIX

Pythia8)<1 GeV
T

>10, max(pchn

|<2.5">100 MeV, |
T

p

0:4"/*34["37&5(9&[[<"743%945"p7&'3*/'455q""
+'"6:4"+'67+'5+9"80"5496*7"<46"34597+Q45"6:4"
74[4?&'6":&37*'+9"3&6&"Q4U47"*?47"[&7]4"58&'"
*j"4'47]+45"|='

QV1&"%=#>'*)8+)1$2''

7=+'&*8+>'()+81F%-'#V1&"%=#>'
*)8+)1$2'*.'=#8)*$-''
p'A=@-od+9o0Z•<'}yJ}}y'3J}DJB'r'''''''''''
'
'

„…'^''„{''3'+$+)2@:81-%#$F+T''''
'#&*"$%'*.'+$+)2@'-%*)+8'1$'%=+'-%)1$2'
a'(-+"8*)#(181%@'*)8+)+8'=#8)*$'F=#1$'B''
'
'
'
'
''



O1$o\1#-'1$F>"-19+'''''''''''''''''''''''''''''''''O1$o\1#-'>*L'( 7'-+>+F,*$'
''''''3h+%'8*&1$#%+8B''''''''''''''''''''''''''''''''''''38*&1$#%+8'\@'.)#2&+$%#,*$B'

!"#$#!$% &'()*)+),-./),-0%1&23%4"!$% 4!%

 ]-1 [GeV!

0 0.5 1 1.5 2 2.5 3

) 
-1

!(
E

S

-0.1

0

0.1

0.2

0.3
ATLAS 

 = 7 TeVs 

)<10 GeV
T

>10, max(pchn

 |<2.5 ">100 MeV, | 
T

 p

Data 2010

PHOJET 

PYTHIA8 4C

PYTHIA6 AMBT2b 

HERWIG++ UE7-2

HERWIG++ UE7-2 soft

!

0 1 2 3 4 5 6

) 
-1

!( "
S

0

0.2

0.4

0.6

ATLAS 

 = 7 TeVs 

)<10 GeV
T

>10, max(pchn

 |<2.5 ">100 MeV, | 
T

 p

Data 2010

PHOJET 

PYTHIA8 4C 

PYTHIA6 AMBT2b 

HERWIG++ UE7-2

HERWIG++ UE7-2 soft

 ]-1 [GeV!

0 0.5 1 1.5 2 2.5 3

) 
-1

!(
E

S

-0.2

-0.1

0

0.1

ATLAS

 = 7 TeVs 

)<1 GeV
T

>10, max(pchn

 |<2.5 ">100 MeV, | 
T

 p

Data 2010

PHOJET 

PYTHIA8 4C

PYTHIA6 AMBT2b 

HERWIG++ UE7-2

HERWIG++ UE7-2 soft

!

0 1 2 3 4 5 6

) 
-1

!( "
S

-0.2

-0.1

0

0.1

0.2

ATLAS 

 = 7 TeVs 

)<1 GeV
T

>10, max(pchn

 |<2.5 ">100 MeV, | 
T

 p

Data 2010
PHOJET 
PYTHIA8 4C
PYTHIA6 AMBT2b 
HERWIG++ UE7-2 
HERWIG++ UE7-2 soft



!"#$#!$% &'()*)+),-./),-0%1&23%4"!$% 44%

7=+'#V1&"%=#>'*)8+)1$2'1-'$*%'L+>>'
8+-F)1\+8'1.'%=+'=+>1b'&*8+>'*(+)#%+-'*$'
81)+F%'=#8)*$-'*$>@'':U'8+F#@'*.'-=*)%:>19+8'
)+-*$#$F+-'1$F*)(*)#%+8'1$'%=+'&*8+>''
'
''oo'\"%'%=+'+$=#$F+8'=+>1b'&*8+>'()*8"F+-'
'L#@'%**'&#$@'-*u'(#),F>+-'
''3'ƒ} '8#%#'$*'>*$2+)'-*'L+>>'8+-F)1\+8'B''
'
'
%
'
'
'
'
'

"80"6:745:*[3"'44343"#""

oo'%=+'&*8+>'1-'$*%'F*&(>+%+'n'

DELPHI data
PY8+HELIX (stddec)
PY8+HELIX(helix-like de c

10! 4

10! 3

10! 2

10! 1

1

101

In-plane p" in GeV w.r.t. thrust axes
N

d
!

/d
pin "

0 2 4 6 8 10 12 14

0.6

0.8

1

1.2

1.4

pin
" / GeV

M
C

/d
at

a

d+-*$#$F+-'G'F*))+>#,*$-'
''''''(#)%'*.'%=+'&*8+>''
'
'
''''''''''''''''''''7=+'-%)1$2'#)+#'F#$'\+'1$%+)()+%+8'1$'%+)&-'*.'#F,*$'<''
''''''''''''''''''''''''''''%=+'%"$1$2'*.''=+>1F#>'-%)1$2'(#)#&+%+)-'-"22+-%'']d„†F '^'‡''''''

""$%&'6%/"4z4965"'443"6*"Q4""
""%'34756**3"&'3"+'9[%343"}"



k*L'%*'+b%)#F%'%=+'#8h#F+$%'(#1)-''''
.)*&'%=+'F*&\1$#%*)1#>'

\#F62)*"$8't'

!"#$#!$% &'()*)+),-./),-0%1&23%4"!$% 4C%Q [GeV]
-110 1

 d
/d

Q
 

pa
irs

1/
N

0

0.05

0.1

0.15

0.2

-310!

PYTHIA8 minbias (GENEVT) 
true resolved hadron chain
[+-] - [++,--]  ( all pairs )

>100 MeV
T

p

|<2.5�d|

p56&'3&73q"567+']"j7&]/4'6&(*'"874547?45"G_/*/4'6%/2"V&?*%7"&'3"9:&7]4"
"""""&6"4&9:"Q74&T%8"?4764W""_r""&3k&94'6":&37*'5"9*774[&643"a"567*']"9:&7]4_9*/Q+'&(*'"
""""""""""""""""""""""""""""""""""""""""""""""""""""""&5<//467<"."&3k&94'6"9:&7]43"[+T4_5+]'"8&+75"j*7Q+334'"1"
""""""""""""""""""""""""""""""""""""""""""""""""_r""'*'_&3k&94'6"3+7496":&37*'5"%'9*774[&643"
%
%
%
%
;7*Q&Q+[+6<"6*"v'3"8&+7"*j":&37*'5"
"t+6:"7&'T"F"&Q*%6"6:4"5&/4"j*7"
""[+T4_5+]'"&'3"%'[+T4_5+]'"8&+7I"
%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

����

����

���� ����

��������

����

���������������������������������������������	���������������������������������
����

}"$".a_1""_""$".aa2__1""""74/*?45"?47<"4~9+4'6[<"6:4"'*'_&3k&94'6":&37*'"8&+75"}"

Pb(+)1&+$%#>'&+%=*8-''



7=+')+-18"#>'-=#(+'#u+)'-"\%)#F,*$')+g+F%-'%=+'
-(+F%)"&'*.')+-*$#$F+-'3'K'#8h#F+$%'(#1)-'B'

!"#$#!$% &'()*)+),-./),-0%1&23%4"!$% 4D%



7=+')+-18"#>'-=#(+'#u+)'-"\%)#F,*$')+g+F%-'%=+'
-(+F%)"&'*.')+-*$#$F+-'3'K'#8h#F+$%'(#1)-'B'

!"#$#!$% &'()*)+),-./),-0%1&23%4"!$% 4$%

C*L'!'8*&1$#%+8'\@'x<xj<…'3'R':U'w'1$'*")'#(()*b1&#,*$'B'



PW+F%'*.'%=+'H"#$,V#,*$'*$'%=+'-"\%)#F%+8'J:(#),F>+'8+$-1,+-'

!"#$#!$% &'()*)+),-./),-0%1&23%4"!$% 4T%

P+/Q3,!1#!R!5"#+-##ST$,"T/#"7*!27+%1#-+*#$1U$5!,"#T,%3V!W23.,#9$3*2#
#$,1#"7!#!,7$,5!1#
#9*+1T50+,#+-#
#5%+2!#%3V!W23.,#
#9$3*2#@+-#*$,V#OC#
#%!$12#"+##
#!/!*.!,5!#
#+-#X=W%3V!##
#5+**!%$0+,#
#9$Y!*,##
#
#
#
#@!,7$,5!1#9*+1T50+,#
#+-#%3V!W23.,#9$3*2#C#
#
##Source of correlations :  coherent  particle emission 
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%%%%%%%pseudoscalar  mesons           vector mesons                    strange mesons               

           N "R  #$ => N pions        N "R  #$ => M pions  ; M<N           + 120 MeV 
                                                                                                         ( ~ s quark mass ) 
N=1       % : 135-140 , 137±4 
 
 
N=2                                                                                               K : 493-497, 495 ± 15 
 
 
N=3       & : 548 ,  565 ± 17            ('  : 782 , 799 ± 24 ) 
                 
 
N=4                                                  (  : 769 ,  766 ± 23                K* :  892 , m(( ) + 120 
                                                       ('  : 782 ,  766 ± 23 )             )  : 1020 , m(( ) + 2*120 
 
N=5      &Õ: 948 ,  948 ± 30  
 
" !"#$#!$% &'()*)+),-./),-0%1&23%4"!$% C!%

Beyond scheme : f0 (s) 
   ~ incoherent fragmentation  
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of new quantum numbers 
 
 
 
 
-> topological origin of mass hierarchy ? 
-> increasingly complex knots generate new properties ?  
-> unknotting (of oriented knots) requires parity violating operation  
      ( ~ weak decay ), or becomes impossible ( proton – trefoil ? ) 
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The particle appears at the 
 classical trajectory 
 
  x(t) = x(0) + β c t  n 
 
just once per the period  for  ω Δt = k 2π , k = 1, 2, 3 … 
 
 And the corresponding action is 
  
  x(Δt) p(Δt)  - x(0) p(0) = κc ( Δt / γ )2  = κc τ2  = κ (0.183± 0.01) fm2/c  ≈ ħ 
 
  !  is the invariant period of parton rotation (spin ) 
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! ! The non-commutativity of x, p stems directly from the fact 
that p is a differential  ( ~ d/dt x ) : the measurement of the momentum 
cannot be done instantly, one has to measure twice: 
 
 check the position of the measured object at time t1  
 check the position of the measured object at time t2= t1 + Δt  
 deduce velocity -> momentum  
 
 position change -> non-commutativity IS a PURE MATH ! 
 
! ! PHYSICS steps in with the EMPIRICAL observation that 
   the Δt cannot be infinitesimaly small : minimal action ~ ħ 
    ALLWAYS INVOLVED 
 
ANY THEORY COMPLYING with the MINIMAL ACTION REQUIREMENT 
 is all right  ( AND infrared safe ! ) 
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