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Introduction: Ridge in p + Pb collisions

(b) CMS pPb |s,, =5.02 TeV, 220 < NJ%'"™ < 260
' AN u
1<py”<3GeVic o

1<p™*<3GeVic

Intriguing long range correlation
(“ridge”) seen in two particle angular
correlations in high multiplicity p+Pb
collisions.

Peripheral subtraction revealed “double
ridge”.

Arising from correlations in the initial
state or through final state interactions??

" Dedicated p+Pb run at LHC in 2013
VSyy =5.02 TeV, Integrated Luminosity ~28 nb~1

® \What is new:

® Measurements extended to higher p than existing results employing a

recoil subtraction procedure.

® First 5 Fourier harmonics associated with the long-range correlations,

for two different ‘event-activity’ definitions.
® Comparison of v, values between p+Pb and peripheral Pb+Pb collisions

with comparable multiplicity



ATLAS detector and dataset
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" Analysis uses charged particle tracks in the Inner Detector (ID) for
constructing correlation functions.

| Forward Calorimeter (Fcal)

" ‘Event activity’ characterization uses tracks reconstructed in the ID or the

total energy in the forward calorimeter (FCal) on Pb-going side.

" Benefits from dedicated triggers implemented using the ATLAS L1 and
HLT systems to enhance the number of high multiplicity events selected.



‘Event activity’ selection
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" Events are binned into several ‘event activity’ bins.
" Event activity = Characterized using:
* N, ° : Number of charged particles with p; > 0.4 GeV in the
1D
e E.PP :Total transverse energy on the FCal on Pb-going side ..

" Events with low values of N_,"¢¢ or E-F? are called “peripheral’ and
those with high values are called ‘central’ ,



2PC Analysis — recoll subtraction

ATLAS Preliminary
rec
N =220 V=502 TeV, L_ =81 nb*
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YAOAN) = Yegee(A0) + Ya(A.AN) + Yy (Ag,An)
7 \ \

Signal of interest Away-side recoil Near-side jet peak

m Jet peak & recoll in central collisions are estimated from the
peripheral collisions and subtracted.



2PC Analysis — recoll subtraction

ATLAS Preliminary
& _ -1
\Sp=2-02 TeV, LInt =31nb
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dg ; dg it
B(A¢, An)dA¢dAn (S (A¢, An)
Y (Ag, An) = f max ( B ZYAM)
7T77A B(A¢7 An)
per-trigger yield in 2D combinatorial background by,

Y (Ag, An) = Y(Ap, An) — @Y (A, An)

peri

a is chosen such that -
ayre =Y yN-Peak _ f Y(An)dAn -+ f Y(An)dAy
N- peak N- peak Ani<1 2 J24An<s




YA, An)

2PC Analysis — recoll subtraction

Before subtraction

Y™ (A, An) = Y(Ap, An) — a

NEC > 220

ATLAS Preliminary
& _ -1
\Sp=2-02 TeV, LInt =31nb

1< pib<3 GeV
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After subtraction
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Ridge at hlgher pr

-'7<p <9 GeV
X 1<p <3 GeV
[ 2<pn<5

[ 5<pj <7 GeV

[ 9<p <12 GeV

[ ATLAS Preliminary
| \S=5.02 Tev

Fer-trigger yield

[ Y "(Ag), N > 220

/ B(Ad)dAd

YCOT'T' (A(I)) —

= Near-side ridge
I visible through
the entire pr
range studied.

Yield on away-
side also larger
than recoil
component.



Ridge at hlgher DT
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" |ntegrated yield on near-side:
® Increase with py
* reaches maximum ~ 3 -- 4 GeV
and then decreases.

Vine = [, YO () dAG

Near-side ridge
visible through
the entire p,
range studied.
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Away side — Near side

= 2nd 3rd and 4t order JEOS
harmonics cancel in the
difference.
0.6

Yield from recoil
matches the yield
difference for 1 <

0.4
pr <3 GeV \
* Holds irrespective of
pr

= At other p,2,
differences are seen

-(a) 1 <pj_~'° <3GeV,2<|An| <51
| —&— Near: |AO|<Tt/3 . ]
- _m- Away: [A0[>21/3 _ "
B |
L —— Difference m
| |

==Y, - ¢ ¢

u °

* attributed to long
range v,.

® Similar observation as
function of E,F?

Vine = [, YO (A) dAG
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a b
YU (Ad) ~ 1+ Ep20pn cos(Add) . va(pr®) = J LT
vnn (77, 0T°)

" Bias in un subtracted values from recoil component.
* Increases even harmonics
* Decreases odd harmonics
= Subtracted values remain positive, throughout the p; range. H



v, VS py for different n
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Vp factorlzatlon
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Check factorization assumption: v, (p;?) = 2= (prepr?)
\/vn,n (pr?.pr?)

" (Good factorization seen for v, and v4, particularly at low p,
suggesting a global anisotropy.
* Factorization holds within 4% for v, <4 GeV and for v; < 3
GeV.
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= V, show less variation for N, "¢>150, while v, continue to increase

= Recoll contribution does not affect the v,, for large N, but
significant deviations see for smaller N, ¢
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Similar behavior seen for E;° dependence
= V, show less variation for N, "¢>150, while v, continue to increase

= Recoll contribution does not affect the v, for large N_,¢, but
significant deviations see for smaller N, "¢
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Mapping N, ec-dependence to E PP dependence”
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s The v, values for N " is plotted at corresponding <E;"> value,
using the N "¢ vs E;"P correlation data.

= (Good consistency suggest that two event-activity definition captures
the same azimuthal anisotropy of the long-range correlation.



V1 - First order harmonlc n p+Pb
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" Before recoil subtraction show mostly a linear dependence on p;¢
= After recoil subtraction, a characteristic p-%? dependence
* Similar to that seen in central Pb+Pb collisions
* Attributed to long-range v, from density fluctuations which is —ve
at low p and +ve at higher pr.
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Dipolar flow in p + Pb
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" Employ similar factorization as other harmonics, but account for
sign change

: v11(pr, PF)
" vy, can be factorized as  vi(pr) = o
1
o1 (PF") = sign(pr — p}) \/‘Ul L(PiEE, D) Py = 1.5 GeV

" Good agreement, suggesting a single particle modulation. .



Comparlson of Un In p+Pb and peripheral Pb+Pb.
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Uy, scallng between the p+Pb and Pb+Pb systems.
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Summary and Conclusions

= The long-range correlation in high multiplicity events persists to pr ~
12 GeV.

" v, VS pr and event-activity.
* First 5 Fourier harmonics measured
« The magnitude of v,, decrease with increasing n.
» v, found to increase with N,,"*¢ and E+"?, but v, shows a
saturation at higher event activity values.
« The first order harmonic, v4, is found to cross zero ~ 1.5-2.0 GeV
and increases to ~0.1 for p; > 4 GeV.

= Comparison with peripheral Pb+Pb
* v,(pr), n=123, are compared between p+Pb and Pb+Pb
collisions with similar multiplicity.
« Similar shape in p; observed, once a scaling is applied to
account for the difference in mean p; between the two systems.
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Summary of systematic uncertainties

Summary of relative percentage uncertainties on PTY.

Residual pair acceptance [%]
ZYAM procedure [%] 0.
Tracking efficiency & material [%]| 4.

0

LD | -
NCRIEVEEES NN
.:-;[

Residual pileup [%]

Summary of relative percentage uncertainties on v,,.

n=1ln=2\n=3\n=4\n=>5

a
Residual pair acceptance %] -5 | <05 14 | 712 | 720
ZYAM procedure [%] 0.6 | 0.3 | 0.3 | 0.5 | 0.6
Tracking efficiency& material [%] 1 04 | 08 | 1.2 | 24
Monte-Carlo closure [%] 4 1 2 4 8
Residual pileup [%] 02102 |02 02]02
Uncertainty on scale factor o [%] §-30(0.2-10(0.2-12{0.2-14| 1-14
Choice of peripheral events
for N3¢ > 160 or £ >100 GeV [%]| 4 1 1 2 4




High multiplicity triggers
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== N[y T=150, EX' 50 GeV o B - %, -
0% HLT 1 -f;l-"- ~ 107 = ET:"' . -
- NA>130, B >10 GeV L
6~ NELT>100, E-' =10 GeV ] - i
1 1 1 1 1 |ET 1 1 :E 1 | 1 1 1 1 1 1 TTHLl_ 1_ | 1 1 1 1 | 1 1 1 1 | 1 1 %
0 100 200 300 0 100 200
NG ET° [GeV]

24



N.,7¢¢ — E;F? correlation for MB and MB+HMT
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Event activity classes

Event-activity classes based on N° Event-activity classes based on E3"
Neie range fraction (BY) (Vi) (New) | By range fraction (BY) (Niw)  (New)
(GeV] (GeV] [GeV]
[0,40) 0.58 125 190 244+1.1 < 25 0.59 10.2  21.7 28.0+1.3

140, 80) 0.32 35.3 564 74.44+3.3| [25,50) 0.27 35.1 547 T2.2+£3.3
[80,110) 0.081 56.8 91.7 12246 50,75) 0.096 61.5 81.4 108+£5

(110, 140) 0.023 742 121 1617 || [75,100) 0.025 845 106 141 +£6
[140,180)  0.0053  93.0 153 2039 || [100,130) 0.0051 110 130 173 +8
[180,220) 4.6 x 10~% 116 192 255412 | [130,165) 5.6 x 107 141 156 208+ 9
[220,260) 2.6 x 107> 136 231 307+ 14 || [165,200) 2.7 x 10~> 174 186 248+ 11
260,370) 1.2 x 107% 158 271 361 £ 16 | [200,300) 1.0 x 107 208 214 284413

« Some of the event activity classes used in the analysis and the fraction of MB
events in each class
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Analysis Overview — |l : Recoil subtraction

" Use yield in peripheral event class to estimate contribution from away-side jet,
momentum conservation etc (recoil component) (ATLAS 2012, ALICE 2012, ALICE
2013)

" Ascale factor, a, is applied to take into account the increase of the near-side jet yield

(CMS 2013) _ yN-Peak / yN-Peak
@ = Y /Y ,
peri
[ I - | I I | | I | | | | | | | I | | ]
T YeaNG 22208 O (8) [Ad] < 3 ) pN-paak _ f Y(Ar})dm]_l f Y(AmdAn
0.3 T Yeer(E, 210 GeV} 1<p” "<3GeV - A< 3 Ja<ihnies

by varying the An region used for
long-range subtraction
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g_ . _@— Ycorrt - Y VShn y i Where, Y(AU) — ~KA¢|<] Y(Aﬁb, A?})A(b
(1] 0-2 | ceniral pen Lmtg 28 nb p+Pb | 1

T - i

@ i i

c | 1 =™ Stability of jet yield is evaluated
% 0.1 ® l!.l..'.'g Q"!qo.qgl L
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Analysis Overview — Il

ES” 2100 GeV_~T E7” 2100 GeV_~T>

® Recoll subtracted
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®" Fourier harmonics ;
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2n 2Vp  cOS(nA)
i=] L B A LR [ AL ) I = [ [
° - ATLAS Preliminary 2<|An|<5 (¢c)q = C ,unsub . (d) 7 . .
> | \eo=502Tev <o <3Gy 60 L Exgmub , :—2 , ] ™ Factorization:
D | y = - < H_)If_-; N —_ 3 A | 3}( _— _
5 6-6_ L..=28nb (Zﬁu ] 0-15: - . o Wgnsubx3 v Vyx3 ] Un(pTa) =
i S CUN O ee, — Vnn (Pr%pr?)
o sub ol CO e e e EF @ e o i )
o - Y (Ap)  F 0.1~ . - o 29 @] )
6.4 o - = § \/vn,n (pr»pr)

i T e E . i

I 0.05_—‘5 Qggﬂgaﬂ ]

_ [ “ . B ovaw

6.2 ! ! = i 1 | \ N
0 1 7 3 % 2 4 | B(Ap)dAd S(Ad)
Ad IAn| =
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® Fourier harmonics are also evaluated from the unsubtracted distribution,

Y (Ad), in a similar manner and are denoted by v, ,%" and v, . .



Near side — Away side (ll)
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 Away side yield in E;? < 10 GeV is ~ 2x that in N, ¢ < 20




v, in different N_;,"°¢ classes
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« Similar p; dependence in other event-activity classes as well.
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Dipolar flow in Pb+Pb
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« v,1(pr?, pr?) in peripheral and central event classes from Pb+Pb collisions.
* In central event class the non flow contributions are suppressed.



Dipolar flow in Pb+Pb (II)
L ATLAS  0-5% -
- Pb-Pb ys,,,=2.76 Te\A
: Lint= 8 pub™ _
0. 1—2<i1an|<5 1 +* vi(pr)in Pb+Pb obtainted from a
simultaneous fit to

U1,1(PTa,PTb) = vl(pTa)vl(pr) _KpTapr

* Negative at low p; and positive at higher p
« Changes sign between 1 and 1.5 GeV




Compare to ridge in peripheral Pb+Pb collisions

(b) CMS pPb |'s,, = 5.02 TeV, 220 < N, ™ < 260

(a) CMS PbPb |s,, = 2.76 TeV, 220 < NJy "™ < 260
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Larger jet contribution in similar muliplicity selected p+Pb collisions.



Away side — Near side (II)
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» Near side ridge is visible through the entire p;¢ range studied.
* Yield on the away side is also larger than the recoil component.
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Integrated yield vs p (Il)
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* Integrated yields above ZYAM background on the near side and away side.

» Near side yield increases with p, reaches maximum around 3 - 4 GeV and then
decreases.

« Away side yield has large contribution from recoil component.



Ridge at high py, Ez"” class
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v, VS pr, E-FP classes
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