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IntrodutionThe modelHeavy ions� Contentslow-xContents
◮ Introdution: low-x
◮ A dipole solution

◮ Inlusive observables: total ross setions
◮ Exlusive non-di�rative observables: event generator

◮ NEW: di�rative �nal states
◮ Event generator for di�rative exitation!DIPSY 2 Christo�er Flensburg Lund University



IntrodutionThe modelHeavy ions� Contentslow-xProblems in low-x and BFKL
◮ NLL BFKL is signi�ant.

◮ Next to leading order alulations are very involved.
◮ Saturation important at high energy: MPI. BFKL linearequation. Many di�erent saturation models.

◮ BK best known approah, but only partially solves the problem.
◮ Infrared di�ulties.

◮ Soft e�ets and running αs important at low Q2.
◮ Exlusive observables very hard to get to.
◮ Some approahes an address some of the problems, but notall at one.DIPSY 3 Christo�er Flensburg Lund University



IntrodutionThe modelHeavy ions� Contentslow-xA dipole approah from Lund
◮ Colour dipoles in transverse spae, evolved in rapidity.
◮ Solves the problems:

◮ Inludes most of NLL, and ollinear resumation. (about 10%error)
◮ Saturation: naturally inludes MPI, and saturates the asadethrough dipole swing.
◮ Use e�etive gluon mass for on�nement at soft limit.
◮ Exlusive observables possible, even an event generator alledDIPSY.DIPSY 4 Christo�er Flensburg Lund University



IntrodutionThe modelHeavy ions� The general ideaTheory details�The SwingThe general idea: Inlusive
◮ Model inoming partiles with olour dipoles in transversespae and rapidity (eg γ∗ = single dipole, proton = )
◮ BFKL evolution in rapidity until they meet.
◮ Collide at interation rapidity y0. BFKL interationamplitudes. Gives inlusive ross setions.
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IntrodutionThe modelHeavy ions� The general ideaTheory details�The SwingThe general idea: Exlusive
◮ Selet whih dipoles interat.
◮ Separate real gluons from virtual ones by baktraing theinterations.
◮ Add �nal state radiation: ARIADNE.
◮ Hadronise: PYTHIA.
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IntrodutionThe modelHeavy ions� The general ideaTheory details�The SwingLeading Logarithm BFKL amplitudes
◮ Dipole emission: dPdy = ᾱ2πd2r2 r201r202 r212Q

Q̄
1
0

1
0r01 2r12

r02
1
0 23 y x

◮ Dipole-dipole interation amplitude fij = α
2s2 ln2 ( r12r24r14r23).Sum over dipole pairs F =

∑ij fij .
DIPSY 12 Christo�er Flensburg Lund University



IntrodutionThe modelHeavy ions� The general ideaTheory details�The SwingCorretions
◮ NLL e�ets

◮ p+ and p− ordering: dynami uto� for small and large dipoles.
◮ running αs from dipole size.

◮ Con�nement from a gluon mass. Suppresses emissions at largetransverse distane. Full�lls Froissart bound.
◮ Saturation, dipole swing:(N2C suppressed) →

◮ Eah dipole has olour index, only dipoles of same olour answing: quadrupoles.
◮ Swings happen often between emission, but favours smallerdipoles over larger dipoles.
◮ Dynami. Depends on the asade in this event.DIPSY 13 Christo�er Flensburg Lund University



IntrodutionThe modelHeavy ions� �Theory detailsThe Swing�some pp resultsThe Dipole Swing: motivation.
◮ Multiple interations forms loops.

◮ But that an not reate loop in the asade!
A
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r

rapidity

◮ Add the Dipole Swing: α
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◮ Amplitude to mimi multiple interation.
◮ Multiple interations + frame independene

→ Dipole Swing.DIPSY 14 Christo�er Flensburg Lund University



IntrodutionThe modelHeavy ions� �The Swingsome pp resultsComparing to PythiaSome inlusive ross setions.
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IntrodutionThe modelHeavy ions� �The Swingsome pp resultsComparing to PythiaSome inlusive ross setions.
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IntrodutionThe modelHeavy ions� �The Swingsome pp resultsComparing to PythiaATLAS exlusive data
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IntrodutionThe modelHeavy ions� �The Swingsome pp resultsComparing to PythiaATLAS exlusive data
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IntrodutionThe modelHeavy ions� �The Swingsome pp resultsComparing to PythiaComparing to Pythia
◮ Pythia, and all other pp event generators use DGLAP + PDFs

◮ DGLAP does initial state radiation in large Q2 approximation.
◮ Start with a hard interation, then does bakwards evolution.
◮ Uses Parton Distribution Funtions.

◮ Does not naturally inlude multiple interation orrelations.
◮ Works well for new physis searhes and hard jets, minimumbias is pushing the limit of the approximations.

◮ DIPSY uses BFKL.
◮ BFKL builds gluon hains in low x limit, ie not too large Q2.
◮ Forward evolution in x⊥ makes it easy to inlude saturationand multiple interation.
◮ DIPSY does not need PDFs.
◮ Hard physis is urrently out of reah for this approah. (Needmatrix element orretions.) Minimum bias works well.DIPSY 19 Christo�er Flensburg Lund University



The model�Heavy ionsExlusive di�rative exitation� A paranthesis(Heavy ions)
◮ 1 proton (1 triangle) -> A nuleons (A triangles).
◮ Distributed with Wood-Saxon + hard ore.
◮ Then run Program as normal!

◮ Interations between nuleons happen naturally from theSwing.
◮ Big news for heavy ions, but not subjet of this talk.
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Heavy ions�Exlusive di�rative exitationConlusions� Hard!Toy model�Solved!Exlusive di�rative exitation: Hard!
σND =

∫ d2b〈1− e−2F 〉
σdi� ex =

∫ d2b(〈(1− e−F)2〉 − 〈1− e−F 〉2)
◮ Amplitude does not fatorise into probabilities of �nal states.Harder to make a Monte Carlo implementation.
◮ Origin of di�rative exitation is �utuations in interationamplitude between di�erent asades.

◮ Can not alulate the amplitude from a single �nal state.
◮ Strong interferene at amplitude level: aneling ontributions.DIPSY 21 Christo�er Flensburg Lund University



Heavy ions�Exlusive di�rative exitationConlusions� Hard!Toy model�Solved!Exlusive di�rative exitation: Toy model
◮ Inoming state (mass eigenstate) |0〉
◮ Can emit gluon (β) or not (α). Unitary: α2 + β2 = 1.
◮ Absorbed into non-di�rative states when sattering.Interation eigenstates with eigenvalues 1− e−∑ fi .
◮ Can emit/absorb (inverse rotation) gluon also after sattering.
◮ AElasti = β2e−f0−f1 + α2e−f0 .

β e−f0−f1 β α e−f0 α

◮ ADi� ex = αβ(e−f0−f1 − e−f0).
β e−f0−f1 α α e−f0 −βDIPSY 22 Christo�er Flensburg Lund University



Heavy ions�Exlusive di�rative exitationConlusions� �Toy modelSolved!�ResultsExlusive di�rative exitation: Solved!
◮ A single real �nal state asade is ollided with a large numberof virtual asades.

◮ Takes time, but an do alulations at amplitude level.
◮ Collide several similar real �nal states, to alulate�utuations.

◮ Takes even more time, but neessary.
◮ No extra parameters! Exlusive di�rative exitation eventgenerator as predition from inlusive and non-di�rativeminimum bias.

DIPSY 23 Christo�er Flensburg Lund University
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Heavy ions�Exlusive di�rative exitationConlusions� �Solved!ResultsPreliminary Results: HERA Single Di�ration
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Heavy ions�Exlusive di�rative exitationConlusions� �Solved!ResultsPreliminary Results: HERA Single Di�ration
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Exlusive di�rative exitation�ConlusionsBakup SlidesConlusions
◮ BFKL-based dipole model in transverse spae, evolved inrapidity.

◮ Inludes saturation, on�nement and most of NLL.
◮ Does exlusive non-di�rative observables and now full eventgenerator.

◮ Monte Carlo implementation: DIPSY arXiv:1103:4321.
◮ Now also exlusive di�rative exitation.

◮ Calulates �utuations at amplitude level.
◮ No extra parameters, all prediiton!
◮ Agrees very well with Hera data.DIPSY 31 Christo�er Flensburg Lund University



Exlusive di�rative exitation�ConlusionsBakup SlidesNon-di�rative interation probability
◮ Non-di�rative interation probability is total - di�rative:2(1− e−F )− (1− e−F )2 = 1− e−2F
◮ The non-interation probability fatorise (F =

∑ fij)1− e−2∑ fij = 1−∏ e−2fij
◮ assuming independent interations, the non-di�rativedipole-dipole interation probability between dipole i and j is1− e−2f ij .
◮ This an be used to determine the interating dipoles in ourMonte Carlo implementation: DIPSY.DIPSY 32 Christo�er Flensburg Lund University



Exlusive di�rative exitation�ConlusionsBakup SlidesDetails on extrating Final State...
◮ There are plenty of subtleties where perturbative QCD giveslittle guidane, but that still a�ets observables. SeearXiv:1103:4321 for further details.

◮ reweighting of some k⊥-max in evolution.
◮ deiding what parents to put on shell.
◮ formulation of ordering and oherene.
◮ and more.

◮ These are �rst deided by self onsisteny (frameindependene) and tuning to inlusive observables.
◮ Last freedom in model-spae is left to be tuned to exlusiveobervables suh as harged partile distributions.DIPSY 33 Christo�er Flensburg Lund University



Exlusive di�rative exitation�ConlusionsBakup SlidesFinal State radiation and Hadronisation
◮ FSR �lls up the remaining phase spae (emissions that areunordered in p±).
◮ FSR with the ARIADNE Monte Carlo, based on the LinkedDipole Chain model.
◮ Hadronisation with the Lund String Model using PYTHIA 8.

DIPSY 34 Christo�er Flensburg Lund University



Exlusive di�rative exitation�ConlusionsBakup SlidesMore possibilities
◮ DIS �nal states.

◮ Inlusive and semi-inlusive data is well desribed.
◮ Current version an generate γ∗p �nal states, but have not yetbeen ompared to data.

◮ γ∗A inlusive and exlusive observables.
◮ By �rst tuning AA, pA and γ∗p to data, it should be reliable.

◮ Di�rative �nal states.
◮ Triky (interations are not independent), but underway.
◮ Hope to return soon with results.

DIPSY 35 Christo�er Flensburg Lund University



Exlusive di�rative exitation�ConlusionsBakup SlidesSwing motivated by frame independene
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Exlusive di�rative exitation�ConlusionsBakup SlidesSwing motivated by frame independene
◮ Same state reated with di�erent interation frames y0,marked by dashed vertial line.
◮ the asades and interation desribed in 4 steps going fromup to down.
◮ What is a multiple interation ((23) interating with (64), and(02) with (57)) in the left senario, is a swing ((34) with (25))and a single interation ((35) with (01)) in the right senario.
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Exlusive di�rative exitation�ConlusionsBakup SlidesSwing giving 2 → 1 merging
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Exlusive di�rative exitation�ConlusionsBakup SlidesSwing giving 2 → 1 merging
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Exlusive di�rative exitation�ConlusionsBakup Slides
εn at RHIC and LHC
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Exlusive di�rative exitation�ConlusionsBakup Slides
φn −ΨB at RHIC and εn for CuAu
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Exlusive di�rative exitation�ConlusionsBakup SlidesAA
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Exlusive di�rative exitation�ConlusionsBakup Slidesaverage E dens. at �x B = (0.8R , 0fm), entral η
pp B=1.28fm, average. (GeV/fm2)
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Exlusive di�rative exitation�ConlusionsBakup SlidesInterpretating ε2
◮ Glauber: entral η density ∼ Npart A(x⊥) + Npart B(x⊥).
◮ KLN: entral η density ∼ min(Npart A(x⊥),Npart B(x⊥)).
◮ DIPSY: entral η density ∼ Npart A(x⊥)Npart B(x⊥)Ssat(x⊥, ...).
◮ Glauber MC underestimates ε2.

d d=
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Exlusive di�rative exitation�ConlusionsBakup SlidesVirtual vs Real gluons
◮ The interating gluons (and their parents) are saved, theothers are reabsorbed.
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◮ The interating gluons (and their parents) are saved, theothers are reabsorbed.
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Exlusive di�rative exitation�ConlusionsBakup SlidesVirtual vs Real gluons
◮ The interating gluons (and their parents) are saved, theothers are reabsorbed.
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Exlusive di�rative exitation�ConlusionsBakup SlidesThe Dipole Swing: Saturation.
◮ Turns large dipoles into small dipoles.

◮ Dynamially generates a saturation sale Qs from loal gluondensity.
◮ Small dipoles have smaller interation probability →saturation.
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Exlusive di�rative exitation�ConlusionsBakup SlidesATLAS exlusive data
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Exlusive di�rative exitation�ConlusionsBakup SlidesATLAS exlusive data
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