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Initial-state anisotropy

1990s

Final state:
f(pr,@,N) ~1+2v,(p;.m)cos[2(p- ¥y )|  Elliptic flow



Initial-state inhomogeneity

2003-2005

*\ Wep: Direction of
| ‘I’\l‘»zp e Maximum particle
e density
Final state:

f(st(P,n) ~ 1+2V2(pT,77)COS[2(¢ EP, PP)] E”lpth flow



Initial-state inhomogeneity

2010

+2v,(p,,n)cos :S(q) -y, )]

+2v4(pT,17)cos-4

+2v, (pT,n)cos[S

t...

Wep: Direction of
maximum particle
density

Elliptic flow

Triangular flow



Initial-state inhomogeneity

2012-2013 Y ep: Direction of
maximum particle
density
(particle properties

Final state: dependent

f(or, @) ~1+2v,(py.m)cos|2

( p
+2v,(p,,n)cos :3(¢ -, (pT’TI))-

Naturally true -
for any Fourier ~ +2V4(pPr.m)cos|4

decomposition -
P +2v.(p,,1n)COS 5(

t...



Decode the initial-state inhomogeneity

2012-2013 Y ep: Direction of
maximum particle
density
(particle properties

Final state: dependent

f(st(Psn) ~1+ zzvn(pT9n)COS|:2(¢_ ‘Pn (Pw’?))]

Local hot spots perturb the event plane of a smooth
background, in a (p1, Nn,...) dependent fashion.

W_(p+, n) contains details of the lumpy initial state:
fluctuations in r, d and n directions



Flow factorization breaking in p+

V. (pr.pr)=v (pr)xv, (py)

(two-particle)  (single-particle)

——dueto EP W (p,), caused by “lumpy” initial state

. V a, b )
r(pt,ph)= a nAipT pr) —— ~(cos[n(¥,(p)-W,(p)])
\/VnA(pT,pT)\/VnA(pT,pT) arXiv:1503.01692
pPb, 220<N,, <260 0-0.2% ultra-central PbPb
2.5<p’ <3.0 GeV/c 2.5 <p’<3.0 GeV/c
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Longitudinal dynamics: QGP expands in 3D

f(pr,9,m) ~ 1+2§ v, (Pr.1) COS[H(¢-‘Pn(PT@)]

s

Gateway to a full 3D description of initial-state
fluctuations and dynamics of system evolution



Flow is not quite boost-invariant in rapidity

With respect to W_at a fixed n
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v, magnitude or W_orientation?
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“Extended longitudinal scaling” of v,

PHOBOS - PRL 94, 122303 (2005)

>0 055_ i ® 19.6 GeV
E k ***'#‘v : ?§b4§ee\>/
0.041- B Y J | A 200 GeV
- S i/
~ A-. ¥ ++‘ v i
0.03" N v - k
- L. el
0.02;—" ? * ¥ . + l _ ' ¥
0.01 ¢ + +
- ®
0 -
10 -8 -6 -4 -2 0oy 2
Still not understood
Rapidity dependence of

v, magnitude or W_orientation?
(energy density, n/s)  (geometry, initial state)



Longitudinal dynamics: W_(n) fluctuations

Wounded nucleon model CGC-based model

Torqued fireball Correlation length of gluon field j,wik
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Dumitru et. al., arXiv:1108.4764

Bozek et.al., arXiv:1011.3354

Rapidity dependent granularity
Global twist of gluon field fluctuations

Next, quantify this effect experimentally and
compare to theoretical calculations



How to probe W _(n) fluctuations experimentally

How about factorization ratio?

" JvnA<naV,"2§?7v7:<m,nb> ) <C°S[”(‘I’n ()=, ("b))]>

CMS Preliminary A 35-40%
POPb (S =276 TV |

Problem:

A narrow window of An ~0

=> significant nonflow from
near-side peak (jets,
clusters, resonances etc.)

Need to find a way to always guarantee a large An!



NS DETECTOR Compact Muon Solenoid (CMS)

STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter : 15.0 m Pixel (100x150 pm) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 pm) ~200m?> ~9.6M channels
Magnetic field :3.8T
SUPERCONDUCTING SOLENOID
— Niobium titanium coil carrying ~18,000A

MUON CHAMBERS

PRESHOWER

Inl< 2.4
CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL) In|< 5.2
~76,000 scintillating PbBWO, crystals
In|< 3.0
Tracker Inl< 2.5

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

Nearly 41t acceptance coverage

Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

13



How to extract W _(n) fluctuations?

Redefine “factorization ratio”> """ )= ({cos[n(9" - ")]))
V_ (2, b VnA(Tna!nb)
rn(namb) = Vné(( na nb) | V(1 b) |
nA Tl !n ) nAIn o1
HF- Tracker HF+

| | | | | | | >
-5.2 -3.0 -2.4 0 24 3.0 5.2

M

HF towers (tracks) weighted by E; (p-) CMS, arXiv:1503.01692

Ensure all pairs used have n gap > 2 units!



How r.(n3,n®) is related to factorization and
W_(n) fluctuations?

If V_, factorizes or W _(n) indep. of n,
(v, (=1, 0"))

=1 (for symmetric system)
(v,(1")WV,01")

r(m,m’)=

Otherwise,
(v, ("W, (")eos[n(W ,(-n") =¥, ("))
(v, "WV, (") cos[n(P ()= (7" )])

<cos[n(\I’n(—77a) = lpn(le))]> .
~ - - (for symmetric system)
<cos[n(‘1’n(77 )-W¥,(n ))]>

r(me,m’)=

~(cos[n(W (") -, (-n*)])
(two EPs separated a gap of 2n?)




Va2
|

r(°,m") = (cos[2(W, () - W, (-n“N]), An = 2n2
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Centrality dependence of r,(n3,n®) in PbPb

r(1°,m") = (cos2(W ,(n") = ¥, (-n*D])
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Roughly linear increase with n gap,
except for 0-0.2% centrality



Nearly no p dependence ...
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Higher-order r.(n3,n®) in PbPb
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Centrality dependence of r,(n2,n®) in PbPb

r (°,1") = (cos[3(W, (") = ¥ ,(-n*)])
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Little centrality dependent, consistent with expectation?



Centrality dependence of r,(n2,n®) in PbPb

r, (0" =~ (cos[4(W , (")~ W ,(-n)])
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Also roughly linear increase with n gap

r, is related to r,, esp. for peripheral events
(linear vs non-linear contributions)



Empirical parameterization: r,(n*.n") =™ =1-2F"y‘

CMS PbPb centrality(%)
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Trend qualitatively consistent with participant
fluctuations in Glauber model

F-B participant plane fluctuations
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Comparison with AMPT model
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How is v.{EP} affected by EP decorrelations?

HF- Tracker HF+

|
-5.2
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How is v.{EP} affected by EP decorrelations?

HF- Tracker HF+

| | | | | |
-5.2 -3.0 -24 0 24 3.0 5.2

ODS —_— A
v (cos2(p- W) Ans3
RA RA

V, =

Resolution correction:

R, — \/ (cos(2(¥£ —¥E))) (cos(2(4 —¥S)))
{cos(2(¥7 ~¥3)))
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How is vz{EP} affected by EP decorrelations?

Tracker

30 24 24 30

If U, depends onn

R R <COS(2(‘I’§ - ‘P;))><cos(2(111; -y ))>
a =Ry (cos2(W; - ¥3)))

Ry (cos(w; - w3 )
R <cos(2(111; -y ))>

W W, W :real EPs

U
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How is vz{EP} affected by EP decorrelations?

Tracker

30 24 24 30

<cos 2(¢p -V )>
RA

vV, =
) EP method measures
(cos2(p-W3) 1 v, W.r.t midrapidity EP

Ry <COS(2(‘I’§ -, ))> /
<COS 2(¢ - lIJ;)> > ~ <COS 2(¢ - \Pg )>
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P~

—~
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Some thoughts and remarks

Will these studies invalidate all previous v, results
(assuming factorization)? No, just need to be
reinterpreted as v, w.r.t. plane at a give (py, n)

What particular constraints to 3D hydrodynamics
from these data”?

Could “extended longitudinal scaling” of v,
somehow related to the plane decorrelations?



Principle Component Analysis (PCA) in n space

Bhalerao, PRL 114 (2015) 152301
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Due to short-range correlations,
IS it applicable experimentally?

Should be possible to fit the
modes w/o diagonal V , terms




QGP in small systems (?)

Asymmetric (torqued?) QGP fireball
on p- and Pb-going side?

CMS Preliminary pPb \s,,=5.02 TeV
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Again, is it n-dependence of v, or W _?



A subtlety in pPb as v, (-n“) =V, (n")

r(ne,m")= mx Vn(nb)xCOS[n(‘Pn(‘"a)“Pn("b))D
o wam%xcos[n(%m“)—‘I’n<’7b>>]>

\

Do not cancel!

Let’s take a ‘geometric mean’

VnA (‘ﬂa ’ ﬂb) VnA (77a ’ —7’]b)
VnA (T]a s nb) VnA (_Ua s _nb)

\/rn(n“,n”)xrn(—n“,—n”) =\/

(v, G eosn(W (=) =W, " N]) (v, (0, (0" )eosln(W (1) =W, (~n")])
(v, 0, (") cos[n(W () =W, 0" NT) (v, (=), (=n")cos[n(P ,(~n*) =W ,(-n")])

+(cos[n(W, (") =W ,(-n" )

~ [(eos[n(W,(=n") =W ,(n"))]) {cosln(¥, (")~ ¥ ,(=n"))])
(cos[n(W, (") =W ,(1"D]) (cosln(¥ ,(-n")=W (=" )])

Drawback: p- and Pb-side averaged ,not differentiable



Multiplicity dependence of r,(n2,n®) in PbPb
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> Intuitively, fluctuations should be larger in pPb
» New constraints on the origin of ridge in pPb



Direct comparison of pPb and PbPb data

Empirical parameterization: r,(n°,n") = ™" =1-2F"n"

PbPb centrality(%)
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What’s next

Experimentally,

« Quantitatively disentangle n dep. of v, and W,

» Disentangle global twist vs random W fluctuations?
* p- vs Pb-side in high-multiplicity pPb



Summary

» New handles on the initial state and transport
from detailed two-particle correlation structure

» New results of longitudinal factorization breaking

« Evidence for EP fluctuations in n
* New constraints on longitudinal dynamics
* Promising for completing the picture of QGP evolution in 3D

» Stronger effect observed in high-multiplicity pPb



Backups



W _(p+) fluctuations in pPb and PbPDb
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Significant effect
toward central PbPb
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