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Ê Future ee Colliders 

Ê The effects of Colour Reconnection 

Ê Results of study the effects of CR 

Ê New models for study of CR effects 

Ê CR at Future ee Colliders 

Outlook 



Future ee Colliders	  

Ê  With linear colliders are achievable a high center-of-mass energies 
due the absence of synchrotron radiation 

Ê  While a clear advantage of a future circular ee mashines is absolute 
luminosity 

Linear or Circular? 
 
Linear:     ILC, CLIC 
 
Circular: FCC-ee, CERP 



Future ee Colliders	  
The FCC-ee - Future Circular Collider – will be a unique for searches  
new physics via high-precision studies of the W, Z, H bosons and top quark  
with uncertainties at the permil level or below, with huge luminosities (1-100) ab^1  
with 4 interaction points, beam energy 90-350 GeV  
10^8 jets from Z and W bosons decays  
10^5 gluon jets from Higgs boson decays 



Future ee Colliders	  

CLIC ILC 250 GeV 



Colour reconnection effects 

Ê  	   	   	   	   	   	  Color reconnection is an ad hoc mechanism aiming to describe the 
interactions that can occur between chromoelectric fields during the 
hadronization transition. 

Ê        CR : top quark, Z, W bosons have widths around 2 GeV and cτ= 
0.1fm 

Ê   which is smaller than the hadronization times  

Ê   which means inside all the hadronization colour fields, in the evolution 
of the parton shower, between partons from different hadronic systems by 
exchanging coloured gluons.  



Reconnection exists 



Looking on LEP1 data  

Z->qqgg form a “glue ring” (Friberg et al. 97) 
 
OPAL: 439 events in the full LEP1 statistics  
 



W boson 



CR effects in WW events 
 
Ê  In the absence of colour reconnection, from the fragmentation of two 

colour singlet strings each of which is stretched between the two quarks 
from a W boson. 

Ê  However, interactions may occur between the decay products of the two 
W bosons. 

Ê  This “cross-talk” is due relatively short distance separating the decay of 
the W bosons  (in order of 0.1 fm)  



Systematics of WW at LEP2 

Source	  

Hadronisation	  
QED(ISR/FSR)	  
Detector	  
Colour	  Reconnection	  
Bose-‐Einstein	  Correlation	  
LEP	  Beam	  Energy	  
Other	  

Total	  Systematics	  
Statistical	  
Total	  

qqlν	   qqqq	   combined	  

14	  
7	  

10	  
9	  
2	  
10	  
4	  

19	  
	  5	  
8	  
35	  
7	  
9	  
11	  

13	  
8	  
10	  
0	  
0	  
9	  
3	  

21	  
30	  
36	  

44	  
40	  
59	  

22	  
25	  
33	  



Ê  Best LEP2 fit (topology + mass): 51% of 189 GeV events 
reconnected in SKI model. 

Ê  No-CR excluded at 99.5% CL 

The conclusion of the LEP2 
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Tevatron results 

Ê  Study	  withthe	  Perugia0	  
tune,	  which	  gives	  1.3	  GeV	  	  



Top BR and Decays  
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CR at Top decays  
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•  Interactions and interference between the 

top decay products during the hadronization 
•  Important effect for the top mass 

measurements  
•  CR affects the reconstruction of top system 



Top decay in pp events 



Atlas results: 

Model  with “no-CR”  - unphysical 



Colour reconnection pp 

sub-‐leading	  color	  effects	  	  
in	  the	  perturbative	  part	  
of	  the	  calculation	  
	  
Interaction	  between	  	  
colour	  fields	  during	  	  
the	  hadronization	  	  
transition	  



Atlas study of CR   



Higgs decays 

BR H->WW 21% 



CR in H->WW 

Ê CR includes the big uncertainty 

Ê CR can shift jet directions – necessary CR well 
understood 

Ê Results of Higgs Parity 

     measurement  

    in WW->qqqq 



The CR effects were search firstly at LEP2 in ee->WW->qqqq events, a number of models 
were developed: 

Ê  main in the PYTHIA – SKI, SKII 

Ê  in HERWIG – Plain CR considers all quark ends of clusters and reconnects clusters – 
probability p_reco and Statistical CR  

Ê  for HERA – new models in terms of CR from the Uppsala group which described DIS 
and rapidity gaps   

Ê  MPI – multiparton intersction model in PYTHIA for hadronic collisions, which explain 
the increasing transverse momentum p_t with increasing charged multiplicity n_ch  

Ê   “gluon move” model – GM in PYTHIA 8 

Ê  a new QCD-based CR model – CS – Y-shaped topology 

Ê  Rope Hadronization model – with effects on flavour composition, can explain QGP-
like features in systems as small as pp 

CR models 



How looks CR models: 
Color	  Swap	  

Gluon	  Move	  

Color	  Flip	  



CR in models  

Ê Herwig:  

Ê  based on space-time structure of event at the end of parton shower 

Ê  perform a reconnection (ij)(kl) ->(ik)(jl)  

Ê  accept with probability 1/9 

Ê Sherpa:  

Ê  Model 1: reconnections that minimize “color length” 

Ê  Model 2: random assigment of parton into color singlets 



Results of simulations - Pythia8 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  SKI	  	  	  	  	  dMw	  =	  24	  MeV,	  	  dN_ch	  =	  0.6	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  SKII	  	  	  dMw	  =	  	  	  6	  MeV	  	  	  dN_ch	  =	  0.2	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  CS	  	  	  	  	  	  dMw	  =	  	  	  6	  MeV	  	  	  dN_ch	  =	  0.5	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  GMI	  	  	  dMw	  =	  31	  MeV	  	  dN_ch	  =	  1.2	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  GMII	  	  dMw	  =	  41	  MeV	  	  dN_ch	  =	  0.5	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  GMIII	  dMw	  =	  43	  MeV	  	  dN_ch	  =	  2.0	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  SKI	  	  	  	  	  dMtop	  =-‐160	  MeV,	  	  dN_ch	  =	  0.2	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  SKII	  	  	  dMtop	  =	  	  	  	  20	  MeV	  	  	  dN_ch	  =	  0.1	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  CS	  	  	  	  	  	  dMtop	  =	  	  	  -‐30	  MeV	  	  	  dN_ch	  =	  0.9	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  GMI	  	  	  dMtop	  =	  	  	  100	  MeV	  	  dN_ch	  =	  2.3	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  GMII	  	  dMtop	  =	  	  	  200	  MeV	  	  dN_ch	  =	  0.4	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  GMIII	  dMtop	  =	  	  	  180	  MeV	  	  dN_ch	  =	  3.1	  

WW ttbar 



Ê  The CR issues will reappear at FCC-ee for W boson mass  

Ê  top quark study 

Ê  The CR understanding is interesting itself    

Ê  In SM M(H)=125GeV is a pure CP-even state, but in can be an CP-odd admixture, 
then it is important to set stringent limits 

Ê  Possible to study angular correlations in H->WW->qqqq decays – CR can shift jet 
directions – necessary CR well understood 

CR at FCC-ee 



Future ee Colliders 



Thanks for attentions 


