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ENERGY LOSS IN INCLUSIVE DIJET EVENTS

« jet quenching is a characteristic feature of the QGP
« observed through measurements of jet asymmetry in dijet systems ]
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Data recorded: Sun Nov 14 19:31:39 2010 CEST
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Lumi section: 249

—
—
—
—
—
—
—
—
—
—
—
—
—
—
—

O
w

1 1 1 I 1
CMS e PbPbv\s, =276TeV
f Ldt = 150 ub”

Jet 1, pt: 70.0 GeV

10N

o

O N

N &)
LN UL BLELELE B

N\
=== PYTHIA+HYDJET

O
—
O

R
AR

Event Fract
o

Jet 0, pt: 205.1 GeV

* 0-10%

] T{_L:h_‘__._b L1
02 04 06 0.8

A, = (pT,1-pT,2)/(pT,1+pT,2)

—L

6 Nov 2019 Quark Matter 2019 2 I I




JET SUBSTRUCTURE IN PBPB COLLISIONS (INCLUSIVE JETS)

» differentiate between different energy loss mechanisms

 Jet fragmentation function

et |2
é’jet — In ‘p] |
- trk , pyjet

P P
projeCtionOf L DL L L L DL LR DL L A DL DL L L DL AL L DL LN DL L LA DL EL A S DL DL L LR DL L LN DL L L DL LN DL Y DL L LA DL DLELELELEN BLELELELE DL LA S DL DL L LN L LI DL L L
track momentum " 1 sE CMS i i ® PbPb 3100 < piet< 300 GeV/C p%rac“ > 1 GeVic, R< 03
. : O . PbPb \/SNN 276 TeV % 1+ —ppreference data Jet T 5
onto jet axis < 1.6F j : £ —Pp £0.3 < [0 < 2 ! ¢
S Q 150 ub"~ i £ k3 o :
© E— 1'4. . T o] ¢:: T ® |—
Zﬁ 0O 1-2;_ 1| | |I—?—..." 1 ° " _
S 5 1?'."+‘III=¢I£IE|I+: Mo ™ — e T~ 3T Sta = Tel - ~ Moo el - -
50 08 i % t ~lele i *lefe :
< o6k i S i -I
N 04_ 70 1000/0 __ 50 700/0 __ 30 50°/o __ 10 30°/o __ 0-10% _

0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
& =1In(1/2) E=1In(1/2) E=1In(1/2) E=1In(1/2) & =1In(1/2)

depletion at mid-&, enhancement of large-& (low-pt) hadrons

CMS
. 6 Nov 2019 Quark Matter 2019 3




CMS.

JET SUBSTRUCTURE IN PBPB COLLISIONS (INCLUSIVE JETS)

» differentiate between different energy loss mechanisms

« et shape
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depletion at mid-r, enhancement at core and edge
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INCLUSIVE DIJETS IN PBPB COLLISIONS

* Inclusive dijets are good probes of the medium, with caveats
« coloured - both jets are subject to medium-induced energy loss
« “surface bias” - selections based on final state momentum biases jet population
« parton flavour dependence - quark and gluon jets quench different
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ELECTROWEAK BOSONS IN PBPB COLLISIONS
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e good proxy to the initial energy of partons produced in the hard scattering
e production processes constrain quark/gluon fraction of recoil parton
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FLECTROWEAK BOSONS IN PBPB COLLISIONS e

« electroweak bosons are good probes of the medium
e colourless - not subject to medium-induced energy loss
e good proxy of the initial energy of partons produced in the hard scattering
e production processes constrain quark/gluon fraction of recoil parton
e  cross sections: photons > Z bosons; background: photons > Z bosons

« Zbosons « photons (isolated photons)

« reconstructed through dilepton channels « background mostly from neutral meson decays
« subtracted using a template fit method
« signal template: Monte Carlo, background: data sideband
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BACKGROUND SUBTRACTION (EVENT MIXING)

« Jets and tracks from the underlying event are uncorrelated with the photon
« minimum bias (MB) events are another source of uncorrelated jets and tracks

« estimate contribution of background by embedding the photon into MB events
« select events with similar characteristics: event activity, vertex position, event plane

« subtraction for jet-based observables is straightforward

isolated-photon+jet event

MB event

RAW jets
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BACKGROUND SUBTRACTION (EVENT MIXING)

« Jets and tracks from the underlying event are uncorrelated with the photon
« minimum bias (MB) events are another source of uncorrelated jets and tracks

« estimate contribution of background by embedding the photon into MB events
« select events with similar characteristics: event activity, vertex position, event plane

« contributions from background tracks and background jets must both be subtracted

[RAW-BKG] jets
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MOMENTUM IMBALANCE IN PBPB COLLISIONS S

* isolated-photon/Z-boson + jet correlations in PbPb @ 5.02 TeV
« clear evidence for in-medium jet energy loss

mean X, shifts to lower values, integral is suppressed

CMS anti-k; jet R = 0.3, p '>30 GeV/c, 'l < 1.6, InYI < 1.44, p > 60 GeV/c, A<|>JY > \'S\y = 5-02 TeV, PbPb 404 ub™, pp 27.4 pb” (5w =502TeV  PbPb 404 ub, pp 27.4 pb”
T T T T T T T N DL R B B [ S R B AL A R RS SA BE BAAE RN RRAE ERRE RN RRAN
-Pbe Cent 50 100% Cent 30 50% Cent. 0 - 10% 1 . CMS /&l PbPb, 0-30 % |
1.2F L 16 pp (smeared) ., ool O Smeared pp ]
[ i p > 60 GeV/c |
- anti- ijetR 0.3 -
MRS p’et>30 GeVic ]
15 t m’e‘|<16
1_IZN 0.4'_ Aq) >—Ic |
-L+
0703 04 08 08 T A e e 2
jet;Z
X, =p-/
iz =P /P;

e results give a crude picture of jet quenching
« more detailed measurements required for a complete description
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PHOTON-TAGGED JET FRAGMENTATION FUNCTION

 enhancement of low-pr particles, depletion of high-prt particles
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PHOTON-TAGGED JET FRAGMENTATION FUNCTION

« enhancement of low-pT particles, depletion of high-pT particles

-—--=

=5-->
\S\y = 502 TeV ptTrk > 1 GeV/c, anti-k_jet R = 0.3 :
PbPb 404 b’ P > 30 GeV/e, || < 1.6
pp 27.4 pb” p! > 60 GeV/c, '] < 1.4, A¢jy>%
4[CMS Cent.30-100%}  Cent.0-30%: plet |2
- Supplementary ' ; :
» - '@ PbPb i : ptrk . p]et
= [@ 3 1o pp (smeared) T ﬂ ]
2y, | T _
ol o i 1 6 C 0 ¢ 1 projection of track
— “’2 o momentum
-3 onto jet axis
4
:::I::::}::::}::::I:;:I::::}::::}::::I::: B Y12
1.8} + : Prl
- T trk Y -
% 1 -6 :_ _::_ + +—  W— pT . pT B ’——'_,: “
= 144 +-f S - _ : P
O 12F . + + " . : TA~A '
al ] T ] 4% S s L=t
®)] 1—+#** """" - —__—* """" e B o
" 0.8} it _: : L
F t 5 projection of track el NV
| ] transverse momentum i
1 4 onto

CMS. = -
- _~~| 6Nov2019 Quark Matter 2019 20 I I




PHOTON-TAGGED JET FRAGMENTATION FUNCTION

- stronger modification for & than for @et - jets are quenched

\S\y = 502 TeV ptTrk > 1 GeV/c, anti-k_jet R = 0.3 \S\y = 502 TeV ptTrk > 1 GeV/c, anti-k_jet R = 0.3
PbPb 404 b P > 30 GeV/e, | W™ | < 1.6 PbPb 404 b P > 30 GeV/e, | W™ | < 1.6
op 27.4 pb”! pl > 60 GeV/c, In'| < 1.44, A0, > % op 27.4 pb’! pl > 60 GeV/c, In'| < 1.44, A9, > %
4 L CMS Cent.30-100% } Cent. 0 - 30% | 4 L CMS Cent. 30-100% } Cent. 0 - 30% |
[ Supglflggentary ' : l Supg/glggentary ' :
T @ T @
X k= i 1 1 X i 1
= [ 3f T ] = — 3 T N -
= %P [ O pp (smeare.d) I - ¢ : = P;-’c“;p [ O pp (smeared) . I .
O [ o & T v ol O [ g © | 5 +:
—B_ 2l 8 T X ] B 2f ow | o T . e o 0
TF e 1 e ¢ 1r .= T . 3
o ! o R °
_Q_I | | | |:TO._I ! | L | | +I T | | | Q | | | |
(@}
o
~~—~
i©)
al
i©)
al

CMS
. 6 Nov 2019 Quark Matter 2019




MODEL PREDICTIONS (FRAGMENTATION FUNCTION)

 models describe data to different extents
« enhancement at large € (low-pt particles) underestimated
« SCETg and CoLBT-hydro models describe trend of observables

o iImproves agreement of hybrid model with data
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PHOTON-TAGGED JET SHAPE

« distribution of jet energy in transverse direction with respect to jet axis
« complementary information to jet fragmentation function
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PHOTON-TAGGED JET SHAPE (COMPARISONS)

« comparison to inclusive jet shapes - no dip at intermediate r
e Increased quark/gluon ratio
 lower jet pt threshold - jets lose more energy

pYr > 60 GeV/c

pr' > 30 GeVic p > 100 GeV/c
' Cent.0-10% . ePbPb
. W PbPb ' © pp reference |
10 @ mpp | 10F
— i o 1 - | e
= o - —o=
A S -,
8 | =S
. ] 107, 1%
E : 1.5.-l 1 I ':_
o 2'5:_ N Q - N
o : ] — ¢ —o— :
~ 2:' E lc'{
i 15_ _§ 1..—.?._....__...._ ........... -
S il 1% =
al 1'_____! ______________ _ @
[ H 1
05' ||_ 05-1....1....1....1?
0.1 0.2 0. 0 01 0.2 0.3
r
I

photon-tagged inclusive
CMS, N e
/| 6Nov2019 Quark Matter 2019 24 I I




PHOTON-TAGGED JET SHAPE (COMPARISONS)

« comparison to inclusive jet shapes - no dip at intermediate r
e Increased quark/gluon ratio
« lower jet pT threshold - jets lose more energy
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PRL 121 (2018) 242301

SUMMARY

« Jet substructure is a good probe of parton modifications and medium response
« EW bosons constrain initial parton momentum and quark/gluon fractions

* In-medium jet energy loss and modifications of jet fragmentation functions and jet shape

« relatively unmodified jet core
« depletion of intermediate pr particles
« enhancement of low pr particles away from the jet axis
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QUARK/GLUON FRACTIONS

CPYTHIA6Z2 Truth __ gyuon

1.2 n iat Y &= light quark —
- v-jetp; > 30 GeV g heavy quark
s 1
k)
5 0.8
' &
V-jets Z 06
&
L
0.4
0.2
n 1 1 1 1 L 1 l I
CPYTHIAG Z2 Truth __ qiyon CPYTHIAG Z2 Truth __ giuon -
121 4i iat nlead light quark — 1285 s Z &= light quark —
- di-jet ™’ > 30 GeVigm heavy quark - Zjetpy > 30 GeV gy heavy quark
o o
QL 2,
- N 0-8 “6 0-8
dijets : . :
g f ©
" 04l = " 04
02| - 02f
n : | - 0 } |

6 Nov 2019 Quark Matter 2019




:fﬁﬁﬁ__ﬁﬁfﬁfﬁﬁ"ﬁﬁﬁffﬁfﬁﬁﬁ:ﬁﬁfﬁfﬁﬁﬁﬁﬁﬁﬁfffﬁﬁﬁﬁﬁﬁﬁfﬁfﬁﬁﬁ}ﬁﬁﬁffﬁfﬁEfﬁﬁé?"ff}fﬁﬁ?’%éfééﬂ/ﬁié:
 —p¥=60GeV/c

— pJet —: 90 GeV/c

10NN AR(Jettrk> ________ 0 ______________ _

(GeV/c)

trk
|
|

0.5 1 1.5 2 2.5 3 3.9 4 4.5
jet

g

CMS
6 Nov 2019 Quark Matter 2019 29




(S = 5.02 TeV PbPb Data
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ISy = 5.02 TeV, PbPb 404 ub™, pp 27.4 pb’ ISy = 5.02 TeV, PbPb 404 ub™, pp 27.4 pb’

T 171 | L | L | L | L | T 171 | L | L L | T 171 | L | L | L | L | T 171 | L
B pYr > 60 GeV/c, n'l < 1.44, Aq)j > % CMS ] B pYT > 60 GeV/c, n'l < 1.44, Aq)j > % CMS

. Y ) . Y .

1o [Lanti-k;jetR=0.3, p‘ft >30 GeV/c, W*'l<1.6 ] 1o [anti-k;jetR=0.3, p’f‘ >30 GeV/c, *'l1<1.6 ]
- pl“>1GeV/c i - pl“>1GeV/c i
5 8| . -8l & 7
“up C 150-100% | WhT50-100% 4 F b o
< :(:!i) = o é\ :(+6) — = + + i
T [30-50% @ e . T [30-50% g -
5 [ ] (o} )y F -
S 4 Loao - S 4 1000 H =
- =2 == - Tl )
-0-10% g + PbPb b L 0-10% = + PbPb i
0o ¥ % | pp (smeared) _ 0 % w < | pp (smeared) _

I T | | I | | I | | I | | I | | I T | | I | | I | I | | I T | | I | | I | | I | | I | | I T | | I |
[ 50-100% (+3) 4 ] [ 50-100% (+3) ]
4 EF g XK i 4 o e oo K 7
- f o e
Q C 30-50% (+2) o [ 30-50% (+2) ¢ ¢
Q - Q - -
Nl e S ~ 3 o g O S
f B f B . I N
- 10-30% (+1) - 10-30% (+1) _____ — i
L 2w m 2 2 g w e S ¢ """" -
C 0-10% C 0-10% o ]
1 __. """" 6 """"""""""""""""""""""""""" 1 __ """"""""""""""""" '.' """"""""""""" __
- . ° o o :
[0 J A | (o —— | | Ll | | | |

05 1 15 05 1 15 2 25 3 35 4 45
§Y
T

CMS
6 Nov 2019 Quark Matter 2019




