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Hard probes in CMS

- |EMand

calorimeters: jets, y, Z

Muon system
W,Z, heavy flavor
guarkonia

HF
event selection
centrality
event plane

Inner tracker:

charged particles
PF jets, displaced vtx, y isolation, u reco

- Excellent resolution of tracking, calorimetry, muon systems
- Trigger selectivity

Over a large range in rapidity and full azimuth

Full palette of hard probes along with access to the bulk medium
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Run 1: operations
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Rare “object” triggers sample

high-p- track

high-multiplicity
ultra-central collisions
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Run 1: HIN 23 published/submitted papers

Modification of jet shapes ... QO Higher order flow ....
. Study of the production of charged...[ |

20 Multiplicity and transverse momentum dependence of...[
- Observation of long-range, near-side angular correlations...[
18- | Observation of sequential Upsilon suppression in...|l'_ :
. Measurement of the azimuthal anisotropy of... : )
16 - [ Study of W boson production in..)(
= |  Measurement of jet fragmentation into charged..|
14 Measurement of the pseudorapidity and centrality...( )
| [cumasasememeasswees) ) | 13 PAPErs on hard probes
121 [ Admaelesovopyclchanecpariceses | Q recent Physics Analysis Summaries
- Measurement of the elliptic anisotropy of...[ »
104 [ Jet momentum dependence of jet quenching...] ) CheCk OUt
- [ Study of high-5p_T$ charged particle suppressinn,,.|.' ) CMS HIN PubIIC RGSUltS Daqe |
8 - | Suppression of non-prompt J$\psi$, prompt J$\psi§,.| ( - -

- Centrality dependence of dihadron correlations and...[ )
B | Measurement of Isolated photon production in..J[_ )

-  )Dependence on pseudorapidity and on centrality...

4 __Indications of Suppression of Excited $\Wpsilon§... |
. | ",-Lung-range and short-range dihadron angular correlations...
24 . )[Study of Z boson production in... |

- _ )Dbservation and studies of jet quenching... |
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIN

The approach and outline:

/

istri ' i hadrons
Parton Distribution Function ‘/«/

Parton Distribution Function | :
Hard-scattering cross-section 7

Fragmentation function

 Part 1: B
— Hard probe production in PbPb
— Compared to productioninpp |
— Updates in Z, b-jet, y-jet, FF, jet shapes, J/y v, , and
NEW high luminosity pp reference

e Part 2:

— Hard probe production in pPb compared to pp
— quarkonia, dijets, y-jet, charged hadrons

QGP+nPDF
effects ?

=

-  nPDF ?

=_
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The R,, collection

1 d°N. /do.d ) o, EPJC 72 (2012) 1945 , PLB 715 (2012) 66, PLB 710 (2012) 256
Run = N d NAA / dgT d” ~ "QCD medium HIN-12-014, HIN-13-004, HIN-12-004, HIN-12-003
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- CMS *PRELIMINARY PbPbys,, = 2.76 TeV
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A. Florent, Th ,16:40, W,Z Pr (M ISEVI k. Jung, Tue,14:10, bjets Pr [GeV]

CJD

Colorless probes unsuppressed; hadrons and jets - modified
Less b-hadron suppression at low p+; b-jets - similar to g/g jets
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http://link.springer.com/article/10.1140/epjc/s10052-012-1945-x
http://link.springer.com/article/10.1140/epjc/s10052-012-1945-x
http://www.sciencedirect.com/science/article/pii/S0370269312007654
http://www.sciencedirect.com/science/article/pii/S0370269312007654
http://www.sciencedirect.com/science/article/pii/S0370269312007654
http://www.sciencedirect.com/science/article/pii/S0370269312002286
http://www.sciencedirect.com/science/article/pii/S0370269312002286
http://www.sciencedirect.com/science/article/pii/S0370269312002286

Probing the medium with dijets and y+jet

CMS Experiment at LHC, CERN
Data recorded: Sun Nov 14 19:31:39 2010 CEST

. \\ Run/Event: 151076 / 1328520

Lumi section: 249

CMS,

Subleading Jet
70 GeV

Leading Jet

205 GeV

CMS Experiment at LHC, CERN \

Data recorded: Mon Dec..5-23:36:38/ 2011 EDT

\Run/Event; 183013
Lumi-section: 1114

Photon
(191GeV)
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Large dijet momentum imbalance in PbPb

Photon tag:

» Access to enriched guark-jet sample
 Calibrated energy loss (initial parton p;)

Julia Velkovska
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#EWE y+jet updated with pp reference !

CMS Preliminary |s,, -2 76TeV, PbPb 150 pb pp 5.3 pb CMS Preliminary \Js =2.76TeV, PbPb 150 pb pp 5.3 pb
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N N

Fraction of photons Jet-phot M\bal
with jet partner et-photon pr(im)balance

. . CMS-PAS-HIN-13-006
Detailed studies vs photon pr. g garbieri Th 15:40
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Can we find the lost energy ?

PRC 84 (2011) 024906

Tracks in Tracks out of
the jet cone the jet cone
All tracks AR<0.8 AR>0.8
o sasceve 0 gge TO@ e 1@ G cone ]
[ [ o5-1.0Gevre T cms0-30% 1 ]
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Fragmentation function and jet shapes

Is the jet energy in PbPb Is the jet energy in PbPb
redistributed In particle p; ? redistributed in radius ?
Fragmentation functions Differential jet-shapes

along jet-axis
track

1 P

C=In—; z= Fractional radial

-r ——

z plet energy distribution
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Fragmentation

function and jet shapes

Is the jet energy in PbPb
redistributed In particle p; ?
Fragmentation functions

Is the jet energy in PbPb
redistributed in radius ?
Differential jet-shapes

Depletion at mid p; and radius; enhancement at low prand larger radius

"'CMS Preliminary JL'dt; sount s 'CMS PP, s, =276 TeV | |
: anti-k, jets: R = 0.3 17| |Ldt=150 pb’ _
15 B 100 < pft <300 (GeVic) =« i - anti-k; jets: R=0.3 .
a I 0.3 <M <2 18t —— l
Q. i track b 1 = - .
S : P >1 GeV/c : Ec;_.
% ]I T S . S | %
& B » . * 4
» @ 1 A ot , .
i 1T P > 100 GeVie
. ENS i 03<* <2 |
~ 0-10% { 0.5+ 0-10% pfr“"“" >1 GeV/c -
| ] ] 1 | 1 1 1 l 1 1 | | ] ] ] | ] | | | | ] ] ] ] | ]
0 2 4 Y. Mao, Mon 13:50 D 01 02 03
CMS-PAS-HIN-12-013 F, = |n(1/z) Y. Lai, Tu 11:00 r arxiv:1310.0878
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Quarkonia probe Initial temperature

c:-% 800_—| L L L B L Y I L L B é 14_ L L L L
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— O L. = -1 7 - .

S 6005 pp shape L= 150pub 7 i ]
— [ p >4GeVic - 1 ;

o -7 5 K Inclusive y(2S) (6.5 < p_ < 30 GeV/c, ly| <1.6) i

é 5002_ h _: 0 8-_v Y(3S) (|y| < 2.4), 95% upper limit 1

W oob » E “L o r@S) Iyl <2.4) i

- £ 7 [ m prompt Jhy (6.5 < p. <30 GeVic, |y| <2.4) i

300/ - 085 v(18) Iyl < 2.4) 7]

200 — 0.4 ]

- n I . -
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Mass(uw) [GEVfCQ] 0 0.2 0.4 0.6 0.8 1 1.2
A E [GeV]

PRL107 (2011) 052302, JHEP 05 (2012) 063
PRL109 (2012) 222301, CMS-PAS-HIN-12-014

CMS-PAS-HIN-12-007, CMS-PAS-HIN-12-001 Suppl‘eSSiOn ordered
by binding energy
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Does suppression depend on path length ?

14—
0.25 T I | I | | | | | | | | | | | | | L | | g — I I | | I —
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o F Lu=150up o ENEW 128 PbPby s, = 2.76 TeV .
L % n<08  ALTLE i ]
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OW P+ C
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ngh P L. Benhabib , Fri 12:00 plenary
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Similar v, for all: path length dependence | 7770 0
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What have we learned from hard probes in CMS

PbPb data?

1. High p+ jet suppression:

large average dijet and _
photon-jet p; imbalance Constrain amount of E loss

No suppression in colorless probes

3. p; difference found at
low p; particles far away from the jets

Constrain

- E loss
E‘%“ mechanism
3 fragmentation

2. Jets remain bac<-to-back and
shower
R 2t evolution

4. Observation of modified jet
,-~ fragmentation function and jet shape

5. b-jets are also quenched
low-p; b-hadrons: less E . than light g/g

E loss flavor dependence

6. Quarkonia melt with the expected pattern

Access to initial T

chaS,
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Doesn’t quite work as “control” in all events
p Pb

High-multiplicity pPb collision at Vs, =5 TeV 418 particles detected !

CMS, /|
é Julia Velkovska Hard Probes 2013, Stellenbosch, South Africa 15



Ridges everywhere !

2010: Discovery ridge in pp é(.)lz pilot “:cn:.d N bPb 2013 pPb run:
High multiplicity events IScOVery 01 Tdge in p flow harmonics studied

High multiplicity events PLB 724 (2013) 213
JHEP 1009 (2010) 091 PLB 718 (2013) 795 (2013)
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I I [ 0.3<p_<3GeVic -
l I s} {].02_— ]
(b) I > )
Pb Pb I i 1
> —_— N 0% ' | oof PbPbys =276 TeV -
| | : PPb {5, =502 TeV |
I I 0.00 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
I 0 100 IZIJU 300
I Nnﬁllne
I tri
|
\ /

4
\\———————————/

W.Li, Th 11:30, plenary
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Y (1S5,2S,3S) and event activity

n-;:]\-m}-_ TT |IIII|II TT TT IIII:I:'IﬂIr‘IFI,III-I.II IIII_—
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200}
100F
Sk s Pretminery ]
= ] = —
> [ M=188 BPb (5, = 5.02 TeV]
(G} - 4 GeVic i
1200 L =31nb" —
< L ]
(o] .
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E 200 C ™ data .
o I — total fit
500 C —-—- background ]
400F
200F

- _| I ||| | I | A | | | | L A I | I I |_
- CMS Preliminary I3syY(s) L(2S)1{13) ]
- o ® pPb5.02 Tev @ pPb 5.02 TeV
— di PbPb 2.76 TeV
- v, <24 ]
o :
C pp + s pPb E
- %‘ ¢ 4 PbPb
- o .
- + 4 pPb & | ’
— " £ —
- , ]
— T L —
:I L1 | | | | || | | | | || | | 1 1 I:

10 107 "y 10°
LT
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« Less suppression of excited states in pPb compared to PbPb
* Interesting behavior vs event activity in all collision systems
 What is the correct reference for PoPb collisions ?

o
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Is there jet quenching in pPDb for dijets?

CMS-PAS-HIN-13-001

0.28 -I L L L I LI L I r I ri I r I ri I LI I L L I- 0.78 _I LI I | LI I | L L I | L L I | L L L I L DL L L L

0o5L CMS Preliminary R 0.76F  anti-k,(PFlow) R=0.3 E

- pPb J L dt=18.48 nb™ : 0-74F  Ag, , > 213, In|<3 E

0.24 - n 072F -

ol = - -

ok @ ? C.) © 4 = %7t c: o O ° S :

© : ® - 2 068k ¢ ° 3

0.2F - - .

[ 0.66 -

0.18| ] 0.64F 3

[ ] 0.62} —

0.16 L1 1 1 I L1 11 I L1 11 I L1 11 I L1 1 1 I L1 11 I 1 I L1 1 1 I L1 11 I L1 11 I L1 11 I L1 1 1 r

0O 10 20 30 40 50 60 0O 10 20 30 40 50 60
N4 ey PP (Gev)

no significant

no significant _
momentum imbalance

angular decorrelation

No final state effects=> Can we access the initial state ?
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Probing nPDF with dijets and hadrons

« Terminology: what is where and what are we after ?

X - fractional momentum from a colliding nucleon carried by the parton

large x from nucleus .
° dN/dn | small x from nucleus

backward /\ \ “forward”

Antishadowing and -8 0 8 -
EMC effect ? Mp, Shadowing *
p PDb
e %

CMS, !
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How to get to different x values ?

0.5E* PYTHIA + HIJING

_ _OPE—PYTHIA All EFTIP
] C 3
5 :%0.45— - ;

© . .

Min. bias
dN/dn
8 0 8 ! :
nP—; : 1
Te I I ':\,' IR
L '“I]I]D[I[Itlﬂliltluuunn-.....: . E
EMC r --DDDDDDD’%DDuun.n..l -
i ceeogJ0o0oos e s A T
] —— nll DDI:IDEIunn-I- -
P L AUANILCER S
. . o o e ”D[D:DDD”"I"" 1
Antl-shadowmgb | N S T T
i B EERERE nOpdo e
2 coeovsani0oe - |
10 o opoe o
Shadowing| CMS-PAS-HIN-13-001
10—3\..\I\.\.I..\.\....\.\.\I.\.\
-3 -2 -1 0 1 2 3
My D. Gulhan, Moday 14:30

» Dijet ndistribution correlated with parton x from Pb
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How to get to different x values ?

CMS Preilminary pr 31 nb 1

\SNN =5 02 TeV

0.6F

[T B B B B B B B B B R e IS B [ R T T

X pr @ %p, 120 p.,>30GeVic (b) 1 A9, >21/3 (c) 1

-+ PYTHIA+HUING - F I :

» _OSE_PYTHIA Al EFT E;'F[h” <20Gev T 20Gev<E M <25GeV ]

ol T C ] I .

Z‘-G C_ 50.4 E_ so _E: 28

© 7 03f ’ 5
|2 02 .
0.‘13 t—L;

> @ 3 © 3 "

050 25GeV<E, MY<30Gev } ey 45 40 Gev ]

5| o4 ! 1 :

Z-c ‘I‘""_'_l* ]

© Anti- shadowmg

Shadowingb

The shape of the distribution evolves with event activity
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What to expect for hadron Ry, ?

1'85_ pPb \'s,, = 5.02 TeV _
1.6 —
1.4 =
1.2 —
s b
0.8 —
0.6F -
- EPS09 fDSS NLO =° y=0 ]
0.4_— ]
0.2F _ =
B Helenius et.al, JHEP 1207 (2012) 073 _
O_I | III| | | | | IIII | | | || III| _I

1 10 107

p_ [GeV/c]
<€ ! >
Smaller Q2 and x Large Q2 and x
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New; The R, data !

pp reference interpolated from lower and higher energy data

2: T TT1T] T T T T 1r1T] T T T T 1T1T] :I CMS_PAS_H'N_lZ_Ol?
1 .8;— —e— pPb ﬁ = 5.02 TeV, charged particles _; K. Krajczar, Monday 16:20
1.6 3 ~77"7. 1 | Anti-shadowing:
—~ 1.4F T .9e33. 4 [larger than predicted
vV - - gef=Ts=t ] |although, with large
= 1.2 Hm”””ﬁ””ﬁ?:”uuuuuuu 1 | systematic uncertainty
EO 1 f_ .......... - .n.n.;;E sesss EEEL:H” ___________________ _f
— - e e T oo oe T ]
& 0.8 nnno.u”u — |\Icoll
o B l"...uu _
- ,_,'_‘.uu'" |
T o6 —ef = Correlated
0.4F N - Parti
[ CMS Preliminary . artially correlated
0.2 N,=6.9 - 10% from pp reference
O B 1 1 111 | | | 1 | I I | | 1 | | 1 1 111 | _I
10 0°
p_ [GeV/c]
< ! >
Smaller Q2 and x Large Q2 and x

CMS, /|
é Julia Velkovska Hard Probes 2013, Stellenbosch, South Africa 23



Look for asymmetry in hadron yield vs n.,

Yasym= Yield Pb-going |2y CMS-PAS-HIN-12-017

I i -8 0 8 .
Yield p-going o, mansr
B LI |||| I I I LI | I i I I| |I LI I|_IJ- B L I I I LI : I i I I| |I LI I|_I
1.8 o 1 1.8 o En
6F St 1 16F 5 U
o . oo 1 ~— . oo =1
< 14 : v 14f . 5
= B 04f 1] _E B & _E__'i'_ 04f 1]
:O 12_— 02""“21)"““1%)‘““‘36"""86"‘"%3;) — = :O 1 Ziﬁgﬂw ® 'E'--g OEWW - -
~ - . T - ~ - fe ST e T
B A S D S S O
=) B § - - "oy
£ 0.8 ~ £ 0.8 Y
@ - . > - ]
>_‘° 0_6:— ——e—— pPb |s,, = 5.02 TeV, charged particles —: >_‘° 0 6:— ——e—— pPb |s,, = 5.02 TeV, charged particles —:
_ CMS Preliminary ] _ CMS Preliminary ]
0.4 = 0.41- -
0-2:|||||| 1 Lol 1 1 lIlIIl-_[ 0-2:|||||| 1 Lol 1 ] lIlIIl-_[
10 10° 10 102
p. [GeV/c] p. [GeV/c]
<€ —>
Small x from Pb Increase in Small change in
" denominator | L -2r9e Q2 and x shadowing region | | antishadowing
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What can we learn about nPDF ?

Normalized to unit area pp PDF nPDF
CMS Preliminary 05F L | o (b) R ‘Hlllllll‘llllll(l;l_
: C
pPb 35 nb” 0.021~ b Py 1 o002t -
Sy = 5.02 TeV/ o _ " N t ]
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A0, ,> 213 ool % s cTio 1 o0l « CT10+EPS09 __
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* On absolute scale, nuclear effects could be
bigger, as seen in charged hadron Rp, of :
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* In 2013 CMS has collected and analyzed:
— 31 nb! of pPb collisions, 5.4 pb! of pp collisions

» Updated results with high-statistics pp reference
— Consistent picture of dense and hot matter in PbPb

» Highlights from pPb collisions:

— high event activity produces long-range correlations,
but no jet-quenching

— guarkonia production is correlated with event activity in
all collisions systems

— The Initial state nPDF are modified!

— Constraining these modifications will further the
understanding of the final state effects
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Enjoy the exciting CMS results coming In:

3 plenary, 7 parallel presentations
and 2 posters

« D. Gulhan, Monday 14:30, Dijets in pPb

 Y.Mao Monday 13:50, Jet shapes and FF

« D. Moon Monday 16:40, Quarkonia

« K.Kraijczar Monday 16:20, RpPb

« Y. Lal Tue plenary 11:00, Jet measurements
« K. Jung Tue 14:10, b-jets

« W. LI Th 11:30, Flow plenary

V. Knuenz Th 15:40, Quarkonia polarization, pp 7 TeV
« R.Barbieri Th 15:40, Photon-jet in pp, pPb, PbPb
 A. Florent Th 16:40, W,Z

« L.Benhabib Fri 12:00, Quarkonia plenary

* Y Yilmaz poster: Jet reconstruction

M. Jo poster. Charmonium

CMS, !
Z Julia Velkovska Hard Probes 2013, Stellenbosch, South Africa 27



o
’é Julia Velkovska Hard Probes 2013, Stellenbosch, South Africa 28



RpPb with PYTHIA reference
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Large event activity

._I LI I T nri I LI I L LI I | LI l_.
- o > 120, P, > 30 GeV}c :
06 Ad _>2nr/3 S . —_
390'5 5 . ¢$ : E
& 0.4[ ] E
Z L b &
2 0.3 : V
%o.s _ o
< o2f i =
~ £
0.1t ] 7
5 ~ >_“’
f |* ' f
J_]_'JJ'I 111 I L 111 I LIi1 1 I L1 11 I L1
-2 -1 0 1 2 3
ndijet

CMS-PAS-HIN-12-017

T TTT I I I T IIll|||||||||||||||I|||||I|I|I|Il
. 25} = i
N T o $ 1]
- ngU 1-'* H;ﬁ% _E —
B - 1 . 1
L : 114;#5 $ _
— > F T
i sk i
i n_ [GeVic) T |
| EED&EEEM—E ; } _
_E—'—‘_:!:E * 1) 0
n ii_—$ Wgets - 4
[ pPb -1|'s|,IN = 5.02 TeV, charged particles |
| CMS Preliminary E; HF (jn|>4) > 40 GeV -
i L 1 111 | | | ] L 1111 | | L1 11 I_l

10
P, [GeV/c]

« Consistent picture from charged hadrons and dijets
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Small event activity
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* Consistent picture from charged hadrons and dijets
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Mean x vs p- for charged hadrons: PYTHIA Z2
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