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Overview

* Motivation and Previous Results

* Samples and Event Selection

e Jet Reconstruction with New HF/Vorono1r Method
e Track Reconstruction and Corrections

* Observables and Results
* Hemisphere Multiplicity Difference
* Missing prv. Aj
* Missing prv. AR

* Summary and Plans
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Motivation (I)

* Diyet imbalance observed 1n B
PbPb collisions as part of first | HH
LHC heavy 1ons run ;,“ ' 1"

* Enhanced relative to pp, .

marked centrality dependance A e o1 ]
02 04 06 08 1

Phys.Rev.C84:024906,2011

e (Can ask:

* Where does the missing
momentum go? (Outside the
jet cone?)

Event Fraction

* How is the total momentum
distributed amongst particles
in different pt ranges?

Event Fraction
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Motivation (II)

M= T —PF*c0s (Prack — Preacing et Phys.Rev.C84:024906,2011
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Motivation (11I)

* Diyet imbalance observed 1n cone (Aj) 1s not fully recovered
until large AR

* Lower momentum contribution preferentially towards the
subleading jet axis

* Large AR momentum contribution also preferentially
towards the subleading jet axis

* Can still ask (and to be presented):

* What 1s the distribution of this momentum 1mbalance as a
function of AR?

* How does this compare to pp?
* In contrast with previous comparisons to PYTHIA+HYDIJET
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Samples and Selection

« PbPb data at 2.76 TeV with integrated luminosity of 150 ub!
*  Tracks reconstructed over 3 iterations
* (Calo jets, reconstructed with anti-kt R = 0.3, Voronoi subtraction
* pp data at 2.76 TeV with integrated luminosity of 5.3 pb-!
* Tracks reconstructed over 7 iterations

* (Calo jets, reconstructed with anti-ktR = 0.3

 High pr trigger in PbPb and pp, require jet with pr > 80 Gev/c

b ° R N N N L L L LR L
o DIJ et SeleCthn I CMS Preliminary  no p, or n cut 1
i Simulation O <2.
*  pr.>120GeV/c Impact of cuts —> ™" ’3Scu
* pT 2 > 50 GeV/C . i p:;>5o GeV/c o Inl<2.5, pT>O.5 GeV/c:
’ S AG>5/6, In |, In |<1.6
()
¢ Ilinl < 1.6 (0.5) - — -
«  Ad> 576 ; ¢ 8 %
* Track Selection T E
- PYTHIA
* pr>05GeVic TN
ml <24 0% 01 02 03 04 05 06 07 08 09 1
.« Inl<2.
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Jet Reco. w/ Vorono1 Algorithm (1)

* New CMS underlying event subtraction algorithm

* Model the underlying event at mid-rapidities by the transverse
energy eta dependence and Fourier harmonics at forward rapidity

* Subtraction of the underlying event performed on constituent
basis

* energy subtracted from individual towers
* results in negative towers

* Equalization to remove negative towers
* Energy is redistributed
* Smear jets by transferring energy locally to negative towers

fac | N -
’?%il 8/18/2014 7 Ill
= |
< —



Jet Reco. w/ Vorono1 Algorithm (1I)
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Random cone E; after UE subtraction (GeV)

* Random cone study in minimum bias data shows result consistent with
zero through centrality and deviation of less than 1 GeV/c as function of 1)
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Track Reco. and Corrections

* Correct for efficiency and

, 1 |
take rate in both pp and PbPb | o' Fo88g, gen. r%akrticle ]
. : e o feco. tr "o, f
* Additional secondary rate @ 10°F "5 o corrected trk B E
. . =i Al c 4
correction applied to pp 5 107¢ “Sag., g
- > 10"k - L
* Correction parameters are: S 10%E ]
. . S el : i
* Centrality (event density) Z 107k -
. 107 PYTHIA+HYDJET = PYTHIA E
| %) 108 E HI Tracking L pp Tracking .
. (I) ] HHHH :HHi e
* T] 1-QGoe}@@o@e}@@oee)@-oﬁgé}ql%?_%Om@QQ-QQOQQQQ.@QQ@@@@Q%)_CF_CE_ .
*  Minimum ARje (local density) :DD“““DDDDDDDDDDDDD%%i:
« Good agreement with truth 8 DDDDDDDDDDDH% I

after correction in all o5- o7 1 CMS Preliminary l
parameters - | Simulation '

* Left: example in e

P PT 1 10 10° 1 10 10
p. (GeVic) p. (GeVic)
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Observables: A Cartoon Picture

Define cones w.r.t. individual

Project onto diet axis .
jet axes

N .
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Observables: Dijet Axis

- I I | I I I I | I I I I -
Define new axis for projection of track - PYTHAMHYDJET oS Simulaton -
°e0 ° - Background only particles -
pT: DlJet AXlS 5__ Projection axis: Lead jet ¢ __
o [ o030% o |
* Qdijec = (P1 + (7T - ¢2))/2 g | i
+ CMS-HIN-10-004 used leading jet axis 4 | = © 0 '
[ pP (GeV/c) ]
« Leading axis results in non- S %32;3 Ejg:g .
cancellation of background in AR - e 505 Mco-s000
* Dljet aXIS makes pT Sum Symmetrlc - PYTHIA+HYDJET CMS Simulation :
w.r.t. dijet system, background cancels & sacioroundony parices -
- Projection axis: Dijet ¢
g [ 030% ]
5 Oﬁﬁ%
A :
%. [ p-;I)-article (GeV/C) :
> s [ Jos-1.0 [ ]20-40 -
q) [ ]1.0-20 B 40-80 i
: - ¢ >05 Bl 8.0-300.0
ol v
0 0.5 1 1.5 2
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Observables: Multiplicity Ditference

t « CMS-HIN-10-004, observed
tracks in subleading hemisphere
> e of lower prthan leading

e (Can revisit observation with a
multiplicity difference

measurement
Define:
ted C ted
(1)2 Amult = N%?(rrec : |A¢Trk,average>7t/2 o NTrcl)(rreC © |A¢Trk,averagc<n/2’
v v
Hemisphere 2 Hemisphere 1
%f 8/18/2014 . Illil-




Observables: Missing prv. Aj

o * Revisit to missing pr measurement
* More differential in centrality
* Examine relative to pp

* Define sum of track momentum
projected onto dijet axis:

q’ = Z —pr €08 (@i — Ppijet).

,,,,,,,, Phys Rev.¢84:02400.2011
.() 30-100% 0-30%
| CMS
401~ pbepb Vs _=2.76 Tev
- fu:-uub“
- 20
R —
> b ==
8 of
-A.- -
v |
20+
What do we expect after subtracting pp? |
I Elk .......................... Lo e ol ol gl oy
0.1 0.2 03 04 0.1 02 03 04
AJ AJ
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What 1s the full distribution this samples?

cms?g
|

Observables: Missing prv. AR (I)

What 1s the missing prdistribution

8/18/2014

>

through large AR?

e Do we recover full imbalance?

* How does this compare to pp?

Define binning:

AR = \/ A‘P%rk,jet + A”%rk,jet

AAAAAAAAAAAAAAAAAAAAAAA

AAAAAAAAAAAAAAAAA

.......

qu- (GeVic)
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[ CMS 0-30%
401~ pb+Pb Vs, =2.76 TeV

- fL dt=6.7ub"
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Observables: Missing prv. AR (11)

102 (a) [ (b) [ (c) [ (d) [
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Phys.Rev.C84:024906,2011
AR = \/ A(P%rk,jet + Aﬂ%rk,jet

 [imited here in AR due to statistics
and acceptance

* Need mid-rapidity jets
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Results: Multiplicity (I)

_CMOS-PAS- HIN 14-010
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* As function of Ay= (pt.1 - pr2)/(pr.1+ pT2), InCreasing
multiplicity towards subleading hemisphere

* excess approaches 15 particles in most central PbPb relative to pp
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* As function of Apr.12= (pr.1- pr2), similar picture

Results: Multiplicity (1I)

_CMS-PAS-HIN-14-010

Hemisphere A,

PbPb - pp

- —e— PbPb 150 ub
S
. —— PYTHIA+HYDJET
= ---- PYTHIA

_ 50-100 %

p 5.3 pb’

\ Syn=2-76 TeV

30-50 %

10-30 %

CMS Preliminary

| | | | | | | |
?
—
o
R

‘ P > 120 GeV/c

anti-k; Calo R=0.3

20f  p_ > 50 GeVic I m <24
15F A, ,>5n/6 3+ pP>05Gevrc 1 } 1 +
1of mbmi<16 : H T
3 i 04 4 ¢ i

T ¥ o == L m B © L EE

Of + 1 1
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* excess approaches same rough numbers in PbPb central
collisions towards subleading hemisphere
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Results: Missing prv. Aj

pp53pb’ 1 PbPb 150 ub™ IpoPb IPoPb PbP ;
__ 40F CMS Preliminary 50-100% +30-50% T 10-30% 0-10% E
O _ _ :
S 20 IIZ-':_-_ |::|:-- 7
q) 1 | e s
] - _
:AI—
¥ -20}o pp
¢ PbPb
40 o PbPb - pp
- .PYTHIA (Truth) \Sw=276TeV ¢ o f b
LR Y L L D S LI B B L L
O|0”k0(l1nl<0224)0 2 04 tPbPb-pp PbPb - pp PbPb - pp PbPb - pp
T ' 40r50-100% 30-50% 10-30% 0-10%
[]os5-1.0
[ ]1.0-20
[]2.0-40
B 4.0-80 p, >120 GeVlc il nl <1.6
B 8.0 - 300.0 P, >5o GeV/c Ap, >5n/6
¢ >0.5

01 02 03 04

0102 03 04
AJ

* Replace 2.0 - 8.0 prparticles in pp

0.1 02 03 04
AJ

0102 03 04
AJ

* Compared to pp, see a centrality dependent excess of 0.5 -
2.0 pr particles towards subleading hemisphere
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Results: Missing prv. AR (1)

 Inclusive Aj selection

CMS-PAS-HIN-14-010

20 .
---pp cumulative
— PbPb cumulative |

" PbPb
0-30 %

T I T T T T I T T T T

Syn=2-76 TeV,

40—

P; 1>1 20, pT2>50 GeV/c

6\ -
In1|,ln2|<0.50,A¢1,2>531:/6 S 0

anti-k; Calo R=0.3 8
Intrkl<2.4 A

p‘Trk (GeV/c):
[Jo.5-1.0[]2.0-4.0

[ ]1.0-2.0M04.0-8.0
+>0.5 [l8.0-300.0

AR

AR

Excess through large AR

* See a centrality dependent enhancement of low pr particles in

PbPb relative to pp
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Results: Missing prv. AR (1I)

CMS-PAS-HIN-14-010

LI B R D IR N N N B L B B L H HNN B B B B L B L B [ T 11 11 17T [ rrrr[rrrr|rrrr o T T T T T 11

op 53pb’ | PbPb 150ub’ | PbPb  Ysy=2.76 TeV]
CMS Preliminary 1  30-100 % 1 0-30% |

%-20_ o PP ---pp cumulative
& PbPb | _
I o PbPb-pp | — PbPb cumulative |
_40 PR ST T S N T TR ST TR [N SN SO SR SN SN N S T

P; 1>1 20, pT2>50 GeV/c

hr]1|,hq2|<0.50, A¢1 2>5TE/6
anti-k; Calo R=0.3

Ay<0.22)n I<2.4

p‘Trk (GeV/c):

[Jo5-1.0[]2.0-4.0
[ ]1.0-2.004.0-8.0 -
¢ 0.5 [l8.0-3000 0.5 1 1.5 0.5 1 15 2

AR AR

e A; <022 selection 0.5 - 1.0 pr excess through large AR

* Some enhancement of 0.5-1.0 GeV/c particles in PbPb relative
to the same selection 1n pp
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Results: Missing prv. AR (111)

CMS-PAS-HIN-14-010

llllllllllllllllllll

_ op 53pb’ | PbPb 150ub” PbPb  |s,,=2.76 TeV]
I CMS Preliminary }  30-100 % L 0-30%
S — ~ | s 1 =5 TP
<¥_¢l—-”’> § 0 s
s 3
Pdijet ~
: A /
. & -20 7 __pp cumulative
— PbPb cumulative
q 40—t ] 5 _,,],,,],,,,,,,],,,,__,]::::::::::::{::::_
. PbPb-pp 1 PbPb-pp

p. >120, p_ >50 GeV/c I Ll =

T1 T.2 0 g @ I a g |

I 1<0.50,A¢, >Bx/6 L i N

1 2 1,2 > === :
. _ ()} '

o anti-k; Calo R=0.3 S| A
A;>022, In I<2.4 A
trk = |__5_

p‘Trk (GeV/c): v

[J0.5-1.0[02.0-4.0 Z o

|:|1.O-2.O-4.O-8.0 10- | | | 'R T N T T T T A N N A [
#>0.5 [l8.0-300.0 - 0.5 1 15 0.5 1 1, 2

AR AR

e A;>0.22 selection 1.0 - 2.0 pr excess through large AR

* See a greater enhancement of low pr particles in PbPb relative
to the same selection in pp, particularly 1.0-2.0 GeV/c
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Results: Mlssmg prVv. AR (I1V)

PPy (sy=276Tevisoub’ | CMS-PAS-HIN-14-010

0-30 % CMS Preliminary

——

h.l,n,|<0.50, A >0.22
 1<2.4,Ap  >5n/6
p. >120, p. >50 GeV/c

T|’1;}:’:T’2::}::::: 05'2OG6V/CPT
| — balances in PbPb

Ilt

In pp, out-of-cone
radiation for Ay > 0.22
selection carried by
third jets

, 2.0-8.0GeV/cpr
balances 1n pp

N
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Results: Missing prv. AR (V)

 PoPo s=276Tevisow® | CMS-PAS-HIN-14-010

0-30 % CMS Preliminary

—a )
g 0 E——— Curves of integrated
s B T —_—» missing pr similar
A _ . .
o0 1 shape, adjust starting
| 1<0.50, A >0.22 p oint?
D I, |<2.4, Ag, ,>5m/6 i '
Totals within 1 GeV/c b, 5120, p. 250 GeVlc -
of zero outside of cone R
of R=04.
oV
Difference between
PbPb and pp 1n |
momentum of particles ~ppoumuiative 12040
' ' 5 N 8.0-300.0 .
making up imbalance. — PbPb cumulative 880
I P I T R R T B
0 0.5 1 1.5 2

lcms;;
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Results: Missing prv. AR (VI)

 PoPo s=276Tevisow’ | CMS-PAS-HIN-14-010

0-30 % CMS Preliminary i

_ PbPb 150ub’ | CMS Preliminary

- - S - pp 5.3pb’ San=2.76 TeV
—Ee—mm EEE |y J<0.50, ¢, 56 -
’ | § - P, 120, p, >50 GeVic .
(0]
(D O —
e /\ n |
i =91:

|T]1|,|T]2|<0.50, AJ > (0.22
Intrk|<2.4, A¢, >5m/6 -
A,>0.22

p.>120, p. >50 GeV/c ] <
T T2
R I S R - pi*>0.5 GeVic, I 1<2.4 -

- - _40 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1

0 0.5 1 1.5 2

—— 0-30% shifted |
—— 30-100% shifted |

Cumulative
N
o

AR

Adjusting for starting
point, curves in PbPb
- op cumutative 0-2 and pp approximately
- B 50 - 3000 | the same

— PbPb cumulative

0 0.5 1 1.5 2
AR

N .
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Summary and Plans

* Dijet momentum 1mbalance can be recovered by summing
over large angles

* Subleading jet particles are characterized by higher multiplicities
at a lower momentum

* Relative to pp, observe lower momenta and higher multiplicities

e 20-8.0GeVinpp->0.5-2.01in PbPb
* Integrated curve very similar after adjusting first bin

* Currently pursuing generator comparisons:
» Particularly for AR distribution, look for low pr
enhancement through large angles and integrated curves

* Working with generator authors to integrate into framework
useable by CMS collaboration in spirit of Lisbon Accord (I
believe our next topic?)
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Backup: Gen. Pythia w/ Cuts

CMS-PAS-HIN-14-010

- CMS Preliminary ,  no p_orn cut .

Simulation 0 l<2.4

S p. >120 GeV/c > p>0.5GeV/ic |
pT2>50 GeV/c O |ﬂ|<2-5, pT>O.5 GGV/C:

6\ -

> [ A5U6 Infini<1.6 :

g O 5T 0 S _|
A ore g g _

v L IS )

- PYTHIA .
Generator-level R =0.3

| | 11 | [ 111 | [ 111 | [ 111 | [ 111 | [ 111 | L 111 | [ 111 | [ 111 | [ 111
-10
O 01 02 03 04 05 06 0.7 08 09 1
A,
Chs, | -
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Backup: Jet pr scale and resolution
(ZPVIES I?A&ES ]E[IPQ' 141 ()‘()

S /|
1 8/18/2014

ZCMS Preliminary IT]|<2 antl k CaIO R O 3 e PYTHIA
g _ o.3[Simulation \'Syy = 2.76 TeV PYTHIA+HYDJET-
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Observables: A cartoon picture (1I)
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Backup: In-Cone
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Backup: Out-Cone
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