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High p; charged particles
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Suppression of high p; particles in AA collisions
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Why do we study jet quenching with jets?

« Theoretically calculable,
Infra-red/collinear safe

« Allow the use of a well defined
object (by algorithm) to study
“the final parton energy” and

http://www.digitalpicturezone.com/digital-pictures/30-colorful-examples-of-high-speed-bullet-photography/

how the energy is distributed
with respect to the direction of the out-going parton

« Allow us to select quenched jets (i.e., jets from partons which have
lost a lot of energy when passing through the medium)
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Charged particle spectra in pp
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Jet spectra in pp
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Where does the lost energy go?

» Reconstructed jet analysis
— Jet spectra / Ry,

— Dijet / photon-jet asymmetry

« Energy redistribution inside the jet cone:
— Jet FF and jet shape

« Energy distribution out of the jet cone

— Missing p; measurements
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Charged particle and jet R, (QM2014)
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Preliminary ATLAS and CMS R,,
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Preliminary ATLAS and CMS R,,
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Preliminary ATLAS and CMS R,,
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Preliminary Jet R,, at LHC

ALICE new result 10-30% ATLAS new results on jet Ry,
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Jet R,, In PbPDb collisions at LHC

1 . T T T T T | .
09  Pb+Pb s, =2.76 TeV =
- —e— CMS anti-k; jet R=0.2 0-5% .
08 e ALICE anti-k, R=0.2 jet 0-10% -
07E  —e— ATLAS anti-k; R=0.4 jet 0-10% -
§ 0.6 — o ++ + —
nd - | =
-+ 0.5 : o ¢ h‘L N
0, = - ¢ o -
) 041 + — | —
035 =
- * ] + 7
- ® _
0.2 =
0.1 =
: | | | | | | | | | | | :

30 40 50 60 100 200 300 400

Jet P, (GeV/c)

Establish a rising trend from low to high jet p;

Yen-Jie Lee (MIT) 3rd Workshop on Jet Modification in the RHIC and LHC Era 12



Jet R,, In PbPDb collisions at LHC
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Jet R,, In PbPDb collisions at LHC
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Dijet asymmetry A, in RHIC and LHC
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Dijet energy ratio (imbalance)
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Fraction of jets with an away side jet

 Given a leading jet with p; > 150 GeV/c, >90%
of them has an away side partner
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v-"Inclusive jet” correlations

* Photons serve as an unmodified energy tag for the jet partner

* Ratio of the p+ of jets to photons (x,,= peY/p;Y)
IS a direct measure of the jet energy loss
» Gradual centrality-dependence of the x;, distribution
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X], spectra vs photon py.
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Updated pp reference for photon-jet analysis

PLB 718 (2013) 773
CMS-PAS-HIN-13-006

Photon pT > 60 GeV/c, Jet pT > 30 GeV/c
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Photon+jet correlation at LHC

CMS published result photon+inclusive jet
Photon p; > 60 GeV/c, Jet pr > 30 GeV/c
ATLAS preliminary photon+leading jet
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Lose constant fraction of energy

What will happen if we take the amount of lost energy (O(10%)) from
photon-jet / dijet measurement and use that to modify PYTHIA jet p-

spectra?
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Lose constant amount of energy

What will happen if we take the amount of lost energy (O(10GeV)) from
photon-jet / dijet measurement and use that to shift PYTHIA jet p; spectra?
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Compared to LHC data

Blue dashed line: jetp; 2> 0.9 p; Red dashed line: jet p; 2 p; — 15 GeV
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° - - _s— ALICE anti-k, R=0.2 jet 0-10% .
10 RN 08 —e— ATLAS anti-k, R=0.4 jet 0-10% =
10 R R PYTHIA anti-k R=0.2p — 0.9p_ ]
5 3 07 e PYTHIA anti-k; R=0.2 p.— p_- 15 GeV/c.. 1
10° = - = .
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10M & 0.3 . —
1012 ; ........... PYTHIA anti-k, R=0.2 p - 0.9 p_ 0" E_ .. . _E
3 | ' C T - -
107 ... PYTHIA anti-k, R=0.2 p_— p_- 15 GeVlc 01F E
10™ E E -
E | | | | 11 | | | | | | | 1I1'11. D : I 1 1 1 1 1 1 | 1 | | :

102 103 30 40 50 60 100 200 300 400

Jet P, (GeV/c)

Constant fractional energy loss doesn’t describe the trend established by
ALICE+CMS data

The resulting jet R,, could be reproduced by shifting the jet spectra by -15 GeV
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Jet guenching with jets

O(10 GeV) energy goes out of the jet cone

~
A .
I 4N \
I &d \ﬁ/
| W5 -
<o -
= -
= Q -
-\!:
)
!\
\\" ) O
N
00"00'&‘0"’00'
”'
=D
“" S ‘
_3 3 medium
- o /
=) [/
N
/
\
S !
’I

Yen-Jie Lee (MIT) 3rd Workshop on Jet Modification in the RHIC and LHC Era 25



Jet guenching with jets

Inside the jet cone?

O(10 GeV) energy goes out of the jet cone
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Jet Fragmentation at LHC

Using Jet Energy as a reference [N LN e e e e s e s s
180 ® CMS-HIN-12-013 j
CMS FF R,, compared to T 0-10%/p
— B j
ATLAS FF R = 16[ 100 < pb < 300 GeV/c
= - o ATLAS QM2014 '
. 141 0-10%/60-80%
Z = p, Tk [ p et o’ f pi > 100 GeVi/c v -
o 1.2 —
@] B ﬁ[ﬂ ]
=4I Q’]E‘]Bﬂl _________ . el -
Qualitative consistent results & : @.@D’f‘ﬂ * -
between CMS and ATLAS g 08¢ g
o 0.6 —
ATLAS update: indication of 04F e L
enhancement Of |OW§ oo b by b by
- : : 0 1 2 3 4 5
(high z) particles in the
. I & =1In(1/2)
jet cone I
High p; particles Low p- particles
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Photon-hadron correlation

Using Photon Energy as a reference

'_ The FF shape can not be explained by

zT — .-,«-__-:.._ -

1 08 06 04 0.2 - simple shift of pp fragmentation function
5<p, <9 GeV/c x 0.5 <p’ <7 GeV/c .
1 IAq)-TI:I < JT/2 |I| ‘@ g 2,5 i T T T T | T T T 1 | T T T 1 | T T 1 T 11 I T 171 |
8 107 + I FF(50% energy loss) /FF(pp) -
= | - PRL 111,032301 (2013) 21 .
t.’g - p+p/Au+Au —y + h + X i + i
=402 - ® 8
2107 o PHENIX Au+Au 0-40% @ 200 GeV 151 -
S I _
. * - global sys = = 8.8% i i
10° = PHENIX p+p ] I + ______________________________ + _________________ ’
- global sys =+ 8% (a) - 1
. . _Y_ . . N — . ; N . — . N . . N : :
25 --- BW-MLLA in medium E_ =7 GeV 0Sr B
, ~~~ YaJEM 9-12 GeV/c i i
:E 1.5 E] ) - == 0 ol b b e b b |
= 3 e 0 05 1 15 2 25 3
05 ... TR f &=In(1/z)
ol E@ - global sys = = 6% (b)
0 0.5 1 1.5 2 2.5 Track pr ~2 GeV
E=In(1/z) -
Associated yield T Enhancement of low p; particles
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Consistent picture: excess of low p- particle in the jet cone

Prteut.
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Jet guenching with jets

O(1 GeV) “radiated energy” or

“medium recoil”
carried by low p; particles inside

the jetcy

O(10 GeV) energy goes out of the jet cone

-
M Xy
11 M
llll :", j’ fi ’\
S WY == -~ . How about the
H 111 region close to the

jet axis?

medium
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Inclusive jet spectra: jet Ry,

Compare PbPb to pp data

Anti-k; jets with
R=0.20.304

If PbPb = superposition of pp

CMS PAS HIN-12-004

Yen-Jie Lee (MIT)

: (a}l T T T I T T T T I T T T T ‘ T T T T | 5: | (Ib)I T T ‘ T T T T | T T T T | T T T T | f: | (Ic}\ T | | f
- CMS Preliminary = R=0.2 E Bayesian PbPb\(s,, =276 TeVi E
70-90% - R=03 E 50-70% j Ldt=129 " 30-50% ]
{ —~+R =04 - g :
"#####4} * ir —— t**ﬂ#‘Hr i —— .
3 =1 1 3z ‘ EEeN LY 4 E
= Anti-k, Particle Flow Jets ES E E
E [T T T I T T T T YT T N T N SO BRI | ;: v v v v by vy e e by b by by Tl
100 150 200 250 300 100 150 200 250 300 100 150 200 250 300
Jet P, (GeVic) Jet P, (GeVic) Jet P, (GeVic)
T L L L o L L | T [ | T | T
- (d) Uncertainties = (e) F M 3
In|<2 TAA + Lumi = = 3
5-10% + 0- 5% =

i— 10-30% — Uncorr statistical —i—

Total systematics —F

R R RS R
100 150 200 250

AR I =
300 100

Jet P, (GeV/c) @

PRI T T T T N AT
150 200 250

Jet P, (GeV!c}@

Strong suppression of inclusive high p; jets
A cone of R=0.2, 0.3, 0.4 doesn’t catch all the radiated energy
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Do we collect the radiated energy with large cone size?

Anti-k; jets with Ratio of R, with different cone sizes
R=020.3,04,05
o 20 ]
‘f’r_n_g% : o 0-10% -
Ea :
1. ]
| 114 STk S e —
M/ g S B e o Y |
1 : (= T

RepR705) RepR0-2>1 40 0 70 100 200

s p_ [GeV]

—> recovery of lost energy, change in jet shape T

with respect to the pp reference

ATLAS Jet Rp R703) [ R, (RF0-2) ~ 1.0 0.2
Allows to recover up to 0-4% more jet energy when moving from R=0.2 - R=0.3
in PbPb collisions than pp reference
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Jet shape vs. R,, ratio

Ratio of jet shapes in PbPb and pp collisions ~ Jét shapes: how the energy is
distributed as a function of

’ 5_' MS PbPH, '\fsu =276 TeV '_ R (distance between jet and track)
' L dt =150 pb” | |
- anti-k; jets: R=0.3 -
T B el
E L .
E“--.
i
u:""'h-
= p'*' > 100 GeVic
! 03<M*<2
0.5F 0-10% Py >1GeVie + o5 B TP
T L B B I S *R=03 |
o L6 . . B R=04
0 04 02 03 g T TR

ATLAS Jet Rep (R=0.3) / Rys (R=0.2) ~ 1.0 0.2

Allows to recover up to 0-4% more jet energy I S E
than pp reference 40 50 60 70 100 __ .. 200
PP p, [GeV]
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Jet shape vs. R,, ratio

Changing the R from

Ratio of jet shapes in PbPb and pp collisions

L dt =150 pb”

anti-k; jets: R =0.3

sl 'Tus POPD, Vo =276 TeV | "
——

> (r)F’bF'b /p(rf”

_ A =100 GeVic
I 0.3< <2
0.5 0-10% pfr'“" >1 GeV/c
I RN RS AN RN SR ST SN NN SO S R N B
0 0.1 0.2 0.3
R

ATLAS Jet Rep (R=0.3) / Rys (R=0.2) ~ 1.0 0.2

Allows to recover up to 4% more jet energy

than pp reference

Yen-Jie Lee (MIT)

0.2
CP

RE IR

1.8

1.6F

O.B_I 1 1 1 I I 1 i
40 50 60 70 100 i _ 200

0.2 to 0.3 recover
more radiated energy

CMS observed this
change in R recover

~1% more energy in
PbPDb than pp

CMS and ATLAS

| results are roughly compatible

" PbaPb (5 - 276 TeV 0-10%

R ATLAS =

- L e R=03

o ...... " R=04 1
""" xR=0.5
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e
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1 dN 1 dN

recoil — ( N d )20-50 = ( N  d )8—9
trig OPT jer wrig OPT jer
Agecoill B=0.2)/Ag,..i(R=0.4) Agecoill B=0.2)/Ag,..;(R=0.5)
B 0,0
[ —4— ALICE data o T+ —4— ALICE data
B % Shape uncertainty 11 B % Shape uncertainty
~ [_] correlated uncertainty E_ 1.2~ [_] correlated uncertainty
- ALICE [l PYTHIA Perugia:Tune 0,10 &11 E - _ALICE Il PYTHIA Perugia:Tune 0,10 &11
il é’ 1 I
- 2t
- o 08
: !b oo
C E £ 0.6 o E *
C .E ;F - L % = — —
- 8: 30.4f s, | ——
= =i TT[20,50]-[8,9] ﬂm - =i TT[20,50]-[8,9]
- _g p:‘nnsl;.ﬂ_'lﬁ GeV/c anti-k.l. 02; g p:on31>0_15 GeV/e anti-kT
- 2 Pb-Pb {Syy=2.76 TeV 0-10% i £: Pb-Pb {5,=2.76 TeV 0-10%
L IlllllilllIIIIIIIIIIIIIIIIIIIIIIIIIIIII|IIII —III|IIIE II|IIIIIIIIIIIIIIIIIII|III|IIII|IIII
10 20 30 40 50 60 70 80 90 100 DD i0 20 30 40 50 60 70O 8O0 90 100
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Indication of recovery of the lost parton energy
with larger cone size

Consistent picture between CMS, ATLAS and ALICE
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Caveat: jet shape depends on jet distance parameter

cs, ﬁ 2.76 TeV

anti-k; jets{ R= 0.7

anti- k jets R=03 f
pJEt > 100 GeV/c - = | | | —— p;l:rData{lu’E=7TleV) ]
+ £, —— Pythia Tune 22
1 0 RIEIIERRE .0. 3 & je & 2 I R 1ﬁ“---Py’:h|'aPerugi'a20’|l]“
3 T :
C - - Pythia T D6T 1
. == ptrack >1 GGV/C Pﬁh::a une
= [ T ] Ny e Herwig++
~ s i i g
Q. : == | 1
E B ; R,
e PbPb —o= : R .
oppreference g 1 [ =
0 :
1 0-1 : 70100/0 .............................. R 1ﬂ=1-~CM$}Ldt-36@---}?{-‘4 ....................... .
110 GeV < Py < 125 GeV ]
0 01 , 02 03 O S Y Y VR TR TR

* Important to perform analyses with different cone sizes radius (r)

« Comparison between jets reconstructed with different cone size is tricky
« At the same jet p;: Essentially comparing a different set of jets

« Small distance parameter + cut on jet p; = selecting on narrow jets
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Jet guenching with jets

O(1 GeV) “radiated energy” or

_ “medium recoil”
O(10 GeV) energy goes out of the jet cone carried by low p; particles inside
the jet cone

.

Hint of less quenching
with larger R

R=0.5 can’ t capture all
the radiated energy

“'r :‘ -
. - medium
=)
2 /
Vi
\ /
\
N !
~ ll

How far does the lost energy go?
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Missing p-/lin 2010 ( IC5 calojet)

PR . I _ § : Track
MISSIHg pT”' T — —PT COS ((PTrack T (PLeading ]et)
Tracks Out of the jet cones
0-30% Central PbPb Excess towards sub-leading jet
IIIIIIIIIIIIIIIIIIIII|||||||||||'|'||'|'|||||IIIIIIIIIIIIIIIIIIIIIIII
: CMS 0-30% | © In-Cone | (@ Out-of-Cone
ol Pb+Pb \s,=2.76 TeV T CMS 0-30% AR<08 T o
i f" dt=6.7ub" T Pb+Pb\s, =2.76 TeV T
i . + del:B.mb" 1 =
_. 20f , r | + -+ §
_Q - Y ! . + 4
S of ' = e
A . . 1
-9': I ® >0.5GeVic ]
20} [ 05-1.0GeV/c .
I [ 1.0-2.0GeV/ic ]
i _ [ 2.0-4.0GeVic 1
-40r R=0.5 Inside the jet cones [ 4.0 - 8.0 GeV/c B
i Excess towards leading jet BN > 8.0 GeV/c '
b by v b vy v b b e v b b v v b s s b s b by v by v by by
0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4
/ A, \ Ay A,
balanced jets unbalanced jets
Tracks in Tracks out of
the jet cone the jet cone
All tracks AR<0.8 AR>0.8

The momentum difference in the dijet is
balanced by low p+ particles outside the jet cone
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Lost energy at RHIC and LHC

— |

PRL 111,032301 (2013)
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S
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Tracks in Tracks out of
the jet cone the jet cone
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20~ - =
!
20}
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Lost energy: found in large A@(AR)
with respect to the away-side jet axis,
converted to low p+ particles.
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2014: Multiplicity difference vs. A,

A; = (PP )/ (Pr17P12)

PbPb - pp
=

CMS-PAS-HIN-14-010

- —s— PbPb 150 ub

t —=— pp 5.3 pb”

- —— PYTHIA+HYDJET
- - PYTHIA

£ 50-100 %

——
\]sNN=2.76 TeV

30-50 %

10-30 %

CMS Preliminary

pTI1 > 120 GeV/c
- P, > 50 GeV/c
o A¢‘I,Z > 51/6

M. In,| <16

TR~

anti-k, Calo R=0.3
I, | <24
p“" > 0.5 GeVic

émmmﬁ?

o

_5:||||||||||||||||||||||||||

;LJ

0 01 02 03 04

A,

(

A,

01 02 03 04

A,

I|IIII|IIII|II 1
01 02 03 04

NI A
01 02 03 04
AJ

Multiplicity difference (in acceptance) increases as a function of A,

The increase is larger in PbPb

The enhancement in PbPb compared to pp increases with centrality

Large A;, 0-10% — 15 extra particles
3rd Workshop on Jet Modification in the RHIC and LHC Era
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2014 Missing p+

What is the multiplicity and
spectrum of particles that
balance the “extra” lost p;?

Calculate the missing p; for

charged particles in different p-
ranges

Dijet
72(¢py + (TT-¢,))

Yen-Jie Lee (MIT) 3rd Workshop on Jet Modification in the RHIC and LHC Era 41



Results - Missing p+Vvs. A,
CMS-PAS-HIN-14-010

A
pp53pb’ 1 PbPb 150 ub” PoPb 1 PbPb 1 PbPb
_ 40F CMS Preliminary 50-100% 30-50% T 10-30% T 0-10%
© ; —— O
> 20F I T
. A
=_F
o -20F o pp
40 ‘?EBEB ]
. -40F o - pp C
(pl 1 I - PYTHIA (Truth) Sy = 2.76 TeV ] :
. ] e T S B R B B o B o o o o e L e e s e
i ' 0 1 92 03 04 Fpppp . pp 1 PbPb - pp PbPb - pp PbPb - pp
P I P (nl<2.4)
T ] T ' 40F50-100% 1 30-30% T 10-30% 0-10%
: |:|0.5-1.0 20k 1
; [ ]1.0-2.0 .
| []20-40
. | _ -20F
I Bl 4.0-8.0 p, >120 GeVic
| B s0-3000  -40f P, >50 GeV/c T
| ¢ >05  beoooeeoeo ot VTN TR TN R TN T AT TR S T T T T
I 0 01 02 03 04 01 02 03 04 01 02 03 04 01 02 03 04
AJ AJ AJ AJ

(pdljet lkpl

Access to high p; particles increases as a function of A,

In pp — Balanced by 2-8 GeV/c particles

In PboPb —— Balanced by particles with p; <2 GeV/c
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Results - Missing p;vs. AR
SR . o -

v I

nl.In,|<0.50, A >0.22
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Results - Missing prvs. AR
o |

P |

AR S ? ... 1 Similar shape of the
O LT |
n » balancing distribution in
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Results - Missing p;vs. AR

_ PbPb  Y5=2.76TeV 150ub"
PbPb 0-30% 0-30 % CMS Preliminary 1 AJ > 022
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Lost energy at RHIC

R=0.2 cone > R=0.4 cone

Anti-kr R=0.4, p11>20 GeV & p12>10 GeV with preut>2 GeV/c

Anti-kt R=0.2, p1,1>16 GeV & pr2>8 GeV with prcut>2 GeV/c

c 0221 g 02

2 osE O pp HT ® AuAu MB Matched 02 o

5} rem cus0 2 GeV © O pp ® AuAu MB Matched

e 0180 Py = , (L 0.18 pe>0.2 GeV

w v a ®  AuAu HT Matched p°*'>0.2 GeV —

e T C cut

S 0161 $ 3 o 0.16 + ®  AuAu HT Matched pS"">0.2 GeV
@ - W o0.14

:+: Au+Au 0-20%
Anti-K; R=0.4

0.14 E—+P +:?: Au+Au 0-20%
==

0.12- :$:+ Anti-K | R=0.2 0.12

0.1 0.1
- _E]_
= —— AR 0.08 i\ﬁ“ -
0.08 Preliminary :?: Preliminary
0.06 0.06F =+=
0.04F- p';e“(pi"'ﬂ GeV)>16 GeV i 0.0aF- p'T'E""(p:"t>2 GeV)>20 GeV -
- | + : - —‘ }—
0.02F p3UPt(pi"'>2 GeV)>8 GeV —0— 0.02F pf"b'-ea"(p:“‘ﬁ GeV)>10 GeV I
0 [ 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 | 1 L | 1 1 1 L | L 1 1 1 | L 1 :PH:‘ 1 0 [ 1 | 1 1 | 1 1 1 | | 1 1 1 1 ‘ 1 1 1 1 I 1 1 1 1 | 1 1 | 1 I 1 | 1 1 I 1 1
0 0.1 0.2 0.3 0.4 05 0.6 0.7 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
AU Al

Dijet transverse momentum balance is recovered with anti-k+ R=0.4
jet reconstruction!!

Selection on the hard fragmenting jet may bias the production vertex
of the jets toward the surface of the medium
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Jet guenching at LHC

Artist’s view of a di-bullet event
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Summary and outlook (1/2)

What' s the fraction energy radiated out of the L
jet cone? g :A#Liii“;l;ipi:%i’f:.%l%"iz@
ER B il
From jet R,, and photon-jet: ~10% of the jet energy go o g
out of the jet cone at high p;, O(10 GeV)

40 50 60 100 260 300 400
Jet P, (GeVlc)

To figure out the AE(p+) directly from data:

- Important to measure triggered jet differential cross-section using different
trigger objects (using ideally isolated photons for CMS+ATLAS / leading
hadron in ALICE)

- Measurements with different distance parameters

- Measure jets from gluon, quark and heavy quark separately using W+jet,
Z+jet, photon+jet and dijet events

Can we recover the lost energy by jet
reconstruction with large R?

Lost energy is recovered slowly, R=0.2-0.5 doesn’ t recover all the lost energy

Different behavior observed (in STAR) if biased jet fragmentation selection is used
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Summary and outlook (2/2)

nnnnnnnnn

Jet structure modified?

Excess of low p; particles inside the jet cone. '!%«gfs;;;,:.:;u.r;;,;

Modified jet FF and/or jet shapes can be explained by different cI;;:es of models
Which part of it is coming from the changing g/g fraction?

How does parton energy loss depend on the fragmentation pattern?

Can we learn more using sub-jet reconstruction? y

Fluctuation of jet fragmentation modification?

Where does the lost energy go? =

The lost energy is carried by low p; particles far away from the jet cone
Distribution of lost energy: Initial configuration (2/3/multi-jet) + medium effects?
Can we Kkill the effect by biasing the jet fragmentation?

Can we Kkill / enhance the effect by requiring / rejecting a third jet in the event?

What are the alternative way to select quenched jets?
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Backup slides
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