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Introduction

ner-=p

* Jet production and properties are modified in heavy ion collisions
* Study of jets in Pb+Pb collisions should tell us about e.g.:
— properties of de-confined matter created in heavy ion collisions
— radiation of energetic color charges in this de-confined medium
* Study of jets in p+Pb collisions should tell us about e.g.:
— Initial state effects
— correlations between soft and hard processes
*LHC heavy ion runs & ATLAS:
— Run 1: Pb+Pb: Vsyy = 2.76 TeV, Lt = 0.15 nb™
pp: Vs = 2.76 TeV, Lint = 4.2 pb?
p+Pb: Vsyn = 5.02 TeV, Lint = 29 nb?t

— Run 2: Pb+Pb: Vsyy =5.02 TeV, Lint = 0.5 nb*?
pp: Vs = 5.02 TeV, Lin = 28 nb'?
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Physics of
p+PDb collisions
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* Clear Cronin peak in central collisions
* Magnitude of Rppp strongly depends on the choice of the Glauber model
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Inclusive charged particles
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arXiv:1605.06436
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* Magnitude of Rypp increases with y* towards Pb-going direction (both in

peaking region and plateau region)
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Inclusive jets
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Rppp for jets: While the Rppp IS consistent with unity when evaluated
inclusively in centrality (left), it is not unity when evaluated differentially
in the centrality (right).
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Inclusive jets
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PLB 748 (2015) 3

92-413T

o T4 —— —
« [ATLAS 2013 p+Pb data, 27.8 nb™'
anti-k,, R=0.4, \s, = 5.02 TeV]
1.0 ==~frrogmmmm e e mmm e -]
i . 0-10% /60-90% 3
:_ 4 +36<y” . _Z
0.4F v +28<y" -
- ¥ +2.1<y"<+28 - +_:
¢ +1.2<y" < +2.1 -|' —
- 4 +08<y'<+12 | ]
40 100 1000

p, X cosh(<y*>) [GeV]

*Rer / Rppp, SCales with the total momentum of a jet for jets in the positive
forward region suggesting a dependence on x of parton in proton.

 How much of the centrality dependence (= dependence on ZE- in the
negative forward region) comes from the dependence of ZE; on x in
Individual NN collision?
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Correlations between soft and
hard production in pp

*What is measured: correlation between the dijet kinematics and the

magnitude of the UE in the for-
ward region in pp collisions

* Motivation: modeling of particle
production, reference measur-

ement to better understand
the centrality in p+Pb
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Q% Correlations between soft and
, hard production in pp
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*What is measured: correlation between the dijet kinematics and the
magnitude of the UE in the for-
ward region in pp collisions
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Correlations between soft and

hard production in pp

PLB 756 (2016) 10-28

|et

Anti-correlation is
stronger when
Naier APProaches

the ZE;

measuring region

ref avg
AXEE Y = (ZE )p. " €50-63GeV, I | <0.3)
i T T T T T I I% T T ]
1_ /% ]
- , 4 % |
A|_0.8_ / i /% /é—+— |
| 7 % % _|
2 8 -
+12<n”et<+21 .
ATLAS
—E 0.3<n™ <403 —]
0'2‘ nd”et \“‘S 2.76 TeV, 4.0 b+
(*] 21<n™ <12 PP, P
_%% 28<7ﬂm< 21Qf» _@Ex e%GS&W|n|<O®

40 1 OO

.. this can be evaluated as a function of
x-target and x-projectile (~ Bjorken x)
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Correlations between soft and
hard production in pp
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The target is the analogue of the nucleus in p+Pb collisions, projectile
analogue of proton ... small sensitivity of ZE; to x-projectile suggests that
effects seen in p+PDb jets are not due to trivial anti-correlation in
individual nucleon-nucleon collisions (e.g. “energy conservation”).
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Physics of
Pb+Pb collisions
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at high-pt

Charged particle spectra
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Inclusive jet suppression

anti-k, R = 0.4 jets 2011 Pb+Pb data, 0.14 nb™" | 1 d2Nj’te)tbpb
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Jet fragmentation

ATLAS-CONF-2015-055

pseudorapidity of jet
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Jet fragmentation

pseudorapidity of jet
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ATLAS-CONF-2015-055

Centrality dependence
*Enhancement at low -z
and at high-z

* Suppression at
Intermediate z

Jet pt dependence
*No significant
dependence on jet pt

Rapidity dependence
Hint of a difference in the
enhancement for different
rapidity ... consistent with
prediction in
arxiv:1504.05169

cs. ICHEP 2016 16
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: Jet fragmentation —
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Tells us how many extra/missing particles is present in a given pt range
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Jet fragmentation —
flow of energy

ATLAS-CONF-2015-055 |~
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* To quantify the flow of momentum:

PT . max
P%h = / (D(PI‘)|cent - D(PT)|pp) PT dpr
PT.min

.. as a function of Npart
Tells us how much pr is carried by extra/missing particles in a given pr
range
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Dijet production

. ] 2 ><_J 4 A
ATLAS Preliminary 0-10 % olo 2013 pp data, 4.0 pb
anti-k, R = 0.4 jets, {5, =276 TeV —1=23.5
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* Updated dijet asymmetry measurement
* Uses 2D bayesian unfolding to correct for the detector effects in pt; and
pPT2 Simultaneously

*Energy loss very different for two jets in the system

38th International Conference on High Eneray Physics, ICHEP 2016 19 I


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-052

Dijet production

pt of jet
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45
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*Neighboring jet production quantified using Annulus around the test jet

guantity previously measured at Tevatron ) | Neighbouring jet
Cp \
_test X
I 5 AN,
RAR = —— e _t’t(EteSt’E%br' ,AR)
degf JAET ; dET® ,Tmin
... the rate of neighboring jets that accompany >
a given test jet. n

* To quantify the centrality dependence the central-to-peripheral ratios, p(Rar),
also evaluated.
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Neighboring jet production
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* Central-to-peripheral ratio of Rar as a function of neighboring jet Er.

* Decrease of suppression with increasing jet Er.
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Di-muons In ultra-peripheral
collisions In run 2
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ATLAS-CONF-2016-025 |-
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* Di-muons produced in the electromagnetic interaction between the two nuclei
* The photon flux well modeled by STARLIGHT 1.1
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Summary

*p+PDb collisions:

Inclusive jet Rppp IS centrality and pseudorapidity dependent

Pseudorapidity dependent anti-correlation between “soft“ and “hard*
production seen in pp collisions have implications for p+Pb physics

Charged particle production ... dependence on the Glauber model

* Pb+Pb collisions:

Charged particle Raa measured up to 150 GeV, jet Raa Up to

400 GeV ... almost no y dependence, sizable suppression even
for 60-80%

Jet internal structure measured differentially in jet pt and rapidity

First fully corrected di-jet measurement exhibits very pronounced
difference between Pb+Pb and pp collisions

Production of nearby jets quantified
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Correlations between soft and
hard production in pp

n =+1.5
0%
Xproj

= +0.5

00 ¢ 1 M — +oo
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Correlations between soft and
hard production in pp

n =+1.5
Bt -
Xproj

= +0.5

00 ¢ 1 M — +oo
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Jet event shape correlations

ner->

* Study the dependence of the dijet asymmetry on the angle between the
leading jet and second order event plane => help constraining the path
length dependence of the jet quenching.

 Evaluating second Fourier coefficient of mean A;:

(AN @ = W) = AT (1 + 257 cos(2 x [¢! P2

L T T ‘ T T T ‘ T T T ]

B ATLAS Preliminary ]

250 Pb+Pb \'s),=2.76 TeV -

< - * (0-10)% ]
T 20 (30-40)% .
= C ]
© - - _
’_\'8 15— *‘f" “"_._'.' ET1>1 00 GeV i
3} e ot 7
=z 1{ L Ep,> 25 GeV -
= ¢ %o, R=02jets -
0.5 M —

[ & —

, - ]

C \ L | g | 7

0 0.2 0.4 0.6 0.8 1
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Jet event shape correlations

ner-=p

0.02|
R=0.2 % T R=03 % T R=04
| (c,)=-0.010 £ 0.004 % ]l (c)=-0013+0004 = 1 {c,)=-0.015+0.005
O ool == == = = R I %ot BT 23 U= -
_0.02k ' N __"'.ﬁﬁ S| RO 00 e e es __.ﬁﬁﬁ |
[ ATLAS Preliminary
—0.04F ph.pp y5,,=2.76 TeV T T T
-|||||||||||||.|||“||||||||||||||||“||||||||||||||||-
20 40 60 80 20 40 60 80 20 40 60 80
Centrality [%]
(;gbs ¢, small (<2%), negative indicating slightly
Cr) = Res 0T, larger A, for leading jets oriented out-of-plane
es{2'} than for jets oriented in-plane.
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Correlations between soft and
hard production in pp

Forward UE production

X i/t — . .
proj/trag depleted if x-target is large
_ AN RARRRRERRNRAREN | ""TW
~ i T T ... but only
W i EREE T ]
g =2y + 8l  amodest
ﬁh sk j variation with
= : < varying
0.4 .10 [ Data, 4.0 pb” QA Xx-projectile
 ATLAS i L~ PYTHIA 6 AUET2B i
0.2F op, V5 < 2.76 TeV i |L == PYTHIA 8 AU2 .
(SE - (S )™ < 50:63 GeV, ™ < 03 HERWIG++ UE-EE-3
v b s b 1 L
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Correlations between soft and
hard production in pp

ner-=p

(a) p+Pb collision

n, = +0.5

-00 £— M N — +o°
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Correlations between soft and
hard production in pp

* Anti-correlation can be evaluated also Py
as a function of x-projectile and x-target | “proj/trag = /5

* Example of configurations:

projectile jets target
0 —®
n<o n>0

x-target large

projectile jets target
0— =@
n<o n>0

x-target small
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Jet yields and Rppy,

ner-=p

< I .11 I I I l I T T, T T o T T — T T —
! r th .21« J|0 *  +08<y <+1.2, x10° b L L . L - _ .
g o -1.2<;t< 08 x10° +1‘2<i‘<+2_‘!, «10° 5 S1ep 21y +_2.8 1L ey e ] arX|V:1412.4092
; 106 T O -08<y<-03 %100 W +21<y <+28 x10 — 1 [ -E[- r i
> L 0 03y <0300 A s28<y<sas a0t — L 00T oo ow T TF 7
Q,_'_'loil | T +0.3<y' <+0.8 x10° A +3.6 <y < +4.4, 1 | T $ p+Pb, 0-90% 1
g B iesﬂaa 2013 p+Pb data, 27.8 nb”_| i EPS09caleulation 1 o ().Q()0p Rpr Compared
b - == . ]
o 2] == anti-k, R=0.4 | 1+ +0.3 0.8 - .
S0 e T — L aTev i << $ to NLO with EPS09
= F I o 0-90% i . NPDFs
- == == L= =i= -9U0% . bea ool
= 1 = -+ s - ] i
- == $¢¢## - et - 7 i iff
o 7 ke 4= 3 B 7 °
o2l Tetelw T B ] 1 *Rypp does not differ
- = -+ ] T
- T e 1 much from unity if
10 mg‘aza * 1 measured inclusively
oL E = o T e 1 In centrality, but ...
C =7 |
- =& - P ]
10° S T i
10710 :_ = 4 o
B ATLAS m 0.4 VSyy =502 Tev L 2013 p+Pb data, 27. 8n b
10—12 T = antl-kt,‘ R=0.4 -F 2013 Qp data, 4.0 pb
20 100 1000 40 100 1000 40 100 1000

_/\ p. 1GeV] py [GeV]

R | (I/Nevt) dzNier/dec{y*
-00% i i =
0-90% jet yields pPb T o 7 dprdy
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Sral 1369y <+ad L i28Ly <36
......................... A j Rep
| " Fﬂi
1l B:'H g .;‘.HH<‘*<.‘¢_ T ] a - <I*<+ - <‘*<_
AL gyt rias - ﬂ-ﬁ.-i-*- £ 2.1 yﬂ 8 1 & 0.3<y*<+0.3 |08 <y <03 :
- i ﬁﬂ 1T 1 ¥ 1410 ]
1 +1.2 <y < +2.1 1_0.2.§§ p T N .|.! 1.02-%%%&* Il ‘_.J _10% F ik ﬁl'!
pRmmen o Ty o RESE-TiE
AL i 161 JL | _ AL ]
1l +0.3 < y <+0.8 1_05.. ';‘,r:'_;;_g:?j;; L . 4., ol--pEEaEE ¥ ..... 4.,
i "E-*-l*ﬁ'ﬂ*' 04 1 1 0.4 2013 p+Pb data, 27.8 nb”" |- {5y = 5.02 Tev i
__ o« 4 L ‘ 1 ) ] 2013 pp data, 4.0 pb! [ anti-k,, R=04 B
1 T 40 1000 40 100 1000 40 100 1000 40 100 1000
AL I P, [GeV] P [GeV]
| |
__—O.8<y)‘*<-0.3 4
1"‘"**::53% - * Rep strongly varies with centrality exhibiting
il *'1;17 decrease with increasing pt in all three centrality
1L ‘ Tl1 bins.
1 21<y <12 ] _ _
13&,_*2# 1 °1f Rppy is unity and Rcp decreases thery there
o s FF| [t eweww Hp ] must be enhancement in peripheralicollisions
N Jf Fy e 41 wrtto pp. Indeed, this is observed.

20 100 800 20 100 800 : -
p.1cev) * The use of Glauber-Gribov only amplifies these effects.
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Jet Rypp and Rep

ol AT T ' T T T T T e DL ' AL LA LR '
o [ATLAS 2013 p+Pbdata, 27.8 nb™" JE - )
anti-k, R=0.4, Sy = 5.02 TeV] g g g -+, T 4
(0] "L TSR o e Tt DPLEE DU FRRTRRRS
] . 0-10%/60-90%  3f ey |
B als 4 ]
3 A +36<y"<+4.4 ElS A +03<y" <+0.8 -*F E
0.4F ¥ +2.8<y*<+3.6 HF v -0.3<y*<+0.3 -
-+ +2.1<y*<+2.8 1 ¥ -0.8<y*<-0.3 ]
— ¢ +1.2<y*<+2.1 I ¢ -1.2<y*<-0.8 L
[+ +08<y"<+1.2 1E 21 <y" <-1.2 ]
40 100 40 100

p, X cosh(<y*>) [GeV]
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Inclusive jet suppression

ner-=p

> 0.1 . T . . -
k= ~ ATLAS Preliminary |Uncertainty components -
< 0.09 anti-k, R = 0.4 Hl jets Baseline in situ JES —
@ = —— Flavor : inclusive jets 3
© 0.085 \Sw=2.76Tev —— Cross calibration =
S o072 O<Inl<03 Data period =
N M . -
o e Quenching 7
% 0.06 = Total uncertainty =
S 0055 —12011Pb+Pb:0-10% =
2 e ] 2011 Pb+Pb:60-80% 3
S 0.04=_ [ 2013 pp =
L - .
0.03= =
0.02E =
0,01 Erarasms s T tnasma e =
O: | I 1 1 1 1 I 5 1 . 1 » 1 =

30 40 50 60 10 2x10°  3x10
P, [GeV]

*Detailed estimation of jet energy scale uncertainty.

* Using in situ techniques (y+jet and Z+jet) and limits on the impact of
modified fragmentation on jet energy scale.

* Same level of rigor as in precision pQCD measurement should be
a standard for precision HI measurements in the run Il.
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Z boson production in p+Pb

Data/Model
-0 — -0
o1 O, (@] o1 O,
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o
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=
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---- MSTW2008 (NNLO)

Eﬂm -
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p+Pb2013,L =29 nb™
\fsNN =5.02 TeV

|IIIILIII||

Data / CT10+EPS09 (NLO)
| , |

|IIII|IIII

}
! | ! [

=t

R T

Data / MSTW2008 (NNLO)
| | | |
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-
I||| |

|IIII

-2 0
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Z boson production in p+Pb

— — T I T T —
2.5— ATLAS =
- p+Pb2013,L =29 nb' |
Q>, oF + L+ \ Sy = 5.02 Te E
N L ]
> Y A, _
© _ ]
—-51.5 ﬁ
O — —
3 1 Glauber (@,=0) -
\Z/ B {® 0-10% Centrality T
o ' 10-40% Centrality .
— 0.5 | @ 40-90% Centrality ]
# — CT10 (NLO) .
- ! L . | | L
T [ T [ I T
g‘l 5 .
S *°
=10
8 r
‘DU -
05 — : | : : | |
154 | | |
o -
TR SO
oC 1.0 - .¢ * i # ++
0.5 | ! . | . |
2 0 2 Y,

Agreement of the data with
NLO CT10 in the forward
region may be accidental
<= centrality dependence

of the yields is seen

[ 2

More central collisions,
more nuclear matter
Involved => expect larger
modification

(Ncoll>;)er‘i;);'1€r(1.’
<Ncou>cenrra£

dNEenrra!/d}E

peripheral *
dN? Jdy},

Rep(y,) =
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Fragmentation functions in
different generators

QI o1 ! ! 3%} LI | ! ! ! or TR 1] L ! ' ! L L
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J/Psi and Psi(2) in p+Pb

N
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Isolated prompt photons

LNy NYEU (pr,n,CYW (pr.1,C)
T —_—
Neyt (C) d PT Nevt(C)Etot(pTanaC)ApT
|
P b
Non-tight C I I ]\]Sl‘g — Z\[Slg — NObS NObS NO S
: i D = Ny~ = Iy B yobs
o (NE™ = coN3E)
P sig _ a7obs obs S1g
Tight A B Ny~ = Ny" = Rokg (NB BNy ) ( NS — ¢y Nzig)

) 10 20 30
E® (AR _ =0.3) [GeV]
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Ran

| anti-k, R = 0.4 jets

[ Sy = 2.76 TeV

2011 Pb+Pb data, 0.14 nb™
2013 pp data, 4.0 pb™’

100<pT{‘]2GGeV |y | <21 126<pT<‘ISSGeV [y|<21
OD SIO 160 ‘|5IO 2(:!0 2éD 360 35IO 4[IJD 0 SIO I(I)O 1EI;D 2(I}0 25;0 3[I)O 35IO 460
( Npart ) < Npan )
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Ry, IN Pb+Pb for R=0.4 jets
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R

iIn Pb+Pb for R=0.4 jets
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Jet and event shape correlations,
system size from a simple mode|

[ T T T T | I T | I | T | _
- ATLAS Preliminary L0-10)% 4
0.29F Pb+Pb |s5,=2.76 TeV =
- (10-20)% -
-~ E;>100 GeV o
028 T (20-30)% &
- B> 25 GeV @ < > & ]
< 027 R=0.2jets <9 (30-40)% Q¥ ]
O & S ‘
0.26 3 § | simple geometric picture: The
- < (40-60)% O P9 picture:
- p . colliding nucleons are treated as
0.25— disks in the transverse plane. The
- (60-80)% mean in-plane and out-of plane
0.24— ™ 4 sizes are obtained as 2Rp,-{b;,,)
- é | 1'0 — and V4R,,*-(b,,,)* respectively,

System Size [fm] where R, Is the radius of the Pb
nucleus (7.4 fm) and (b,,,) is the

mean impact parameter for the
given centrality interval.
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Jet and event shape correlations

ner-=p
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Jet and event shape correlations,
Cc, differentially in g,
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Neighboring jet production

* Neighboring jet production quantified using
guantity previously measured at Tevatron

Ntest
1 jet dN_nlt)r.
Rar = ——rew Jte i (EF™, Exy i AR)
degtS [dET® ; dET® n

A

I“""‘-‘. Neighbouring jet

Annulus around the test jet

... the rate of neighboring jets that accompany
a given test jet.

* R,k evaluated also differentially in neighboring jet Et
N_test

jet

dZ N_nbr.
Jetl test

dRar 1
dErrlEbr B dN.teSt/dErtI?St Z dE}lgstdE%br T,min’

jet i=1

b
ES AR)

... Which are the E; spectra of the third (or n) jet given the test jet E;

* To quantify the centrality dependence the central-to-peripheral ratios, p(Rar),
also evaluated
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Correction flow
for neighboring jet vields
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Central to peripheral ratio of R,; as a function of test jet E-.
—> suppression factor of about 0.5
—> suppression rather flat with E;

} similar trends as in the inclusive jet R¢p
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Central to peripheral ratio of R,z as a function of neighboring jet E;.
Decrease of suppression with increasing jet E; ... may be expected for the
configuration of magnitude of neighboring jet E; approaching the magnitude
of test jet E; (the per-test jet normalization in the R,y effectively removes the
suppression).
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