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Jets: what and why

4+ Hard scatterings of
partons occur early in
collisions and subsequent
products may interact
with a medium

4+ Jets found via clustering
algorithm (de facto
standard: anti-kt) allow
access to hard scattered
parton kinematics

hadronic/QGP fluid

direct photons

4+ Moditication of jets is
used to probe existence
and properties of a QGP

Z

modified from Fig. 1 of http://de.arxiv.org/abs/1412.7781v1
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Inclusive jet measurements in small systems
4+ Measure event activity (EA) at large backward rapidity and map geometrically to NV,

oll

4+ Probe for final state effects with nuclear modification factor
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Ry4+au 7 1 when binned by event-activity (EA)

R <1 & R™ > 1
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Semi-inclusive jet measurement

4+ Measure jet spectra per trigger ($) in EA bins

+ Sg, is selt-normalized with respect to collision PN

B T
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ALICE h+jet (semi-inclusive) measurement
4+ 2018: Measured jet spectra per trigger
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Current status + STAR preliminary 4 ATLAS measurement hints that jet
spectra modification scales with x;
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Current status + STAR preliminary 4 ATLAS measurement hints that jet
Jet spectra EA-modification scorecara spectra modification scales with Xp

SNN
> ATLAS: p+Pb
Ii) inclusive R - |
O | MG  ico hins of x, scaling o '3 ATLAS 2013 p+Pb data, 27.8 nb"’
= anti-k, R=0.4, s,y = 5.02 TeV
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Current status + STAR preliminary 4 ATLAS measurement hints that jet

Jet spectra EA-modification scorecara

SNN
= ATLAS: p+Pb
o inclusive
8' Inclusive (also hints of x, scaling of
LO)

ALICE: p+Pb modification)
semi-inclusive

STAR: p+Au
semi-inclusive

PHENIX: d+Au
Inclusive

200 GeV

RCP

1.4

0.4

spectra modification scales with x,

4+ This talk presents first p+Au, high-

Xp, geometry-independent

measurement at RHIC energies
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Jet and EA measurement at STAR

BEMC
A\ //';/7;, L N
* /7
p Atny TPC BBC
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Version 4/16/01- 2
Updated 2/25/02

+Time Projection Chamber (TPC): charged tracks with pr at Inl<1.0
+Barrel Electromagnetic Calorimeter (BEMC): energy deposition, primarily neutral particles at Inl<1.0
+Beam-Beam Counter (BBC): plastic scintillators in two rings: 2<Inl<3.4 and 3.4<Inl<5.0

2 *BBC, in Au-going direction, corrected for z-vertex and luminosity, is EA estimator
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STAR p+Au collisions in 2015: EA deciles, triggers, and jets

4 Minimum bias events: set EA deciles definition

4 BEMC triggered events: high transverse energy (E+) hits in BEMC:

D+ Au — trigger=MEhit 4 X

4 Charged jet spectra in TPC
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BBC signal (EA) to mid-n correlations
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BBC signal (EA) to mid-n correlations

O —
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BBC signal (EA) to mid-n correlations
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BBC signal (EA) to mid-n correlations
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BBC signal (EA) to mid-n correlations
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Clustering charged tracks into jets
+ Jets: 4+ Binned in A in /8 slices from the trigger

4+ anti-kt ¢ Jet spectra presented in this talk are raw
uncorrected, detector level
4+ R=0.4

4+ Tracking efficiency is EA-independent* &
+ Inl<0.6

negligible underlying event

- SO—3O%EA/ S70_90%EA €XPected to be
insensitive to track corrections
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Recoil and transverse spectra

1

Detector level uncorrected
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So_302eA!S70—00%EA SUPPression caused by simple dijet kinematics?
charged Jets

Hard parton scatterings result
in jets that influence both:

4+ Charged jet spectra at

In| <1
4+ EA from BBC at
—S<np< =2

(outer BBCne -2,-34
inner BBCn € -3.4, -5)

= EA dependent bias in

pp—trigger+jet ‘ +X

TPC ?

oPp—trigger+X o

O

EA
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PYTHIA study — where the leading full jets go ~ * Cluster R=0.7 full jets for

(<] OuterBBC 1 € (-2, —3.4) 7] <7

Inner BBC 57 € (—3.4, —-5) 4+ Two with max p are
“leading” and

“subleading”

Inclusive Events

X
PYTHIAS

o
|
-
R

nsubleading full jet

o N A

leading full jet
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PYTHIA study — where the leading full jets go ~ * Cluster R=0.7 full jets for

(<] OuterBBC 1 € (-2, —3.4) 7] <7
Inner BBC 57 € (—3.4, —-5) 4+ Two with max p are
Inclusive Events leading” and
“subleading”
5. R
s°OF PYTHIAS ‘0_2 + A \eading jet axis hits
24 F 10” .
8, f o+« BBCin ~40% of
S7r e :
= o -8-6 inclusive events
.0_7
.0—8
.0—9
10710
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PYTHIA study — where the leading full jets go ~ * Cluster R=0.7 full jets for

(<] OuterBBC 1 € (-2, —3.4) 7] <7
InnerBBC n € (3.4, —5) 4+ Two with max p are
Inclusive Events Triggered Events “leading” and
3.4 x 107" % events “subleading”
Seb TR . Procutral > 8 GeV/c |n|<1
2 | PYTHIAS ; pT’"e”tg‘:'f = WO‘z 4+ A leading jet axis hits
24 - [0’0’: 10 .
8§ f PPV5=200GeV | KX o+ BBCin ~40% of
roll ‘ - F b3 : :
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- OF ¢ LR o
2 B e e e B, e 2 107 4 Hits outer BBC in ~2%
- | : | -8 .
. 7 9 of triggered events
6F s il i 70_10
6 -4 -2 0 2 4 6 6 4 2 0 2 4 6 10 = inflates EA
i n .
eading full jet leading full jet

~30% Events in BBCouter | ~2% Events in BBCouter

~9% Events in BBCinner ~1x10-3% Events in
BBCinner
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PYTHIA study — where the leading full jets go
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4+ Cluster R=0.7 full jets for
[nl <7

4+ Two with max p are
“leading” and
“subleading”

0 4 A leading jet axis hits

”. BBC in ~40% of
0° inclusive events
o’ 4 Hits outer BBC in ~2%

of triggered events

- - - - A A A - -
I
(@)

= inflates EA

4+ Rarely hits outer BBCin
triggered events with 8
GeV/c charged jet
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PYTHIA study — where the leading full jets go ~ * Cluster R=0.7 full jets for
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PYTHIA jet spectra results

BBC,_ M €[345 O BBC,, m€E234 ¢ BBC,, e[25]
10 s, Inner BBC b'v Outer BBC ¥ Full BBC
+ Expect less 2 v"'v 'v,", . 70-90% EA
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PYTHIA jet spectra if dijet bias is removea

Example event Method
| eading Jet ”

16 David Stewart



PYTHIA jet spectra if dijet bias is removea

Example event Method
| eading Jet "

4+ In each event, read EA signal from

the BBC opposite of leading/
subleading jet with max(Inl)

,,,,,,
~~~~~~

16 David Stewart



PYTHIA jet spectra if dijet bias is removea

Example event Method
| eading Jet “

4+ In each event, read EA signal from

the BBC opposite of leading/
subleading jet with max(Inl)

= Remove all dijet constituents
from BBC

= Remove suppression of

So—30%EA!S70-90%EA Aue to dijets
in outer BBC
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PYTHIA So_z00eA47370—90%5A With and without dijet bias

4+ Using "“opposite-side” BBC tor EA sorting reduces

suppression by ~constant tfactor for outer and tull, but not
inner, BBC

< DR =2 il e T e T Tttt P_Y:I'I:II_Aé e BBCInner
§ § pp /s = 200 GeV —9— BBC,ter
S o » BBG,
D lw E+ BBCinner-opp
+ BBCouter-opp
_*_BBCfU”'ODP .......
AEﬁBBC-outer
A . :
30 - BBC-inner .
: AEABBC-fuII
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Suppression persists with BBCinner EA selection

SO 309%EA
S70-90% EA
N
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+ Smaller expected dijet
kinematic eftects in p+Au
collisions than pp
collisions, due to multiple
soft collisions measured
with hard collisions

4+ Suppression of

SO—3O%/S7O—9O% perSiStS
with EA selection by

BBCinner or BBCouter
instead of BBCy
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Conclusion

4+ Clear suppression ot § /S in
Jet spectra EA-modification scorecara PP 0—-30%"~70—-90%

200 GeV p+Au collisions at STAR

4+ Suppression indicates there is either:

NN A. Event activity related modification
> ATLAS: p+Pb ,
© inclusive of jet spectra
N Inclusive (also hints of x, scaling of . .
O ofx, , . . relativ
> | e e B. EAbiasforo,,. ogert et‘m elative to
semi-inclusive
Otrigger
- ® Not a trivial dijet bias
O semi-inclusive : : .
O 4+ Suppression measured in similar x,
) PHENIX: d+Au .
Q ranges as in d+Au and p+Pb at RHIC

and LHC energies, respectively

Qo
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SO 30%/S7O 90% aH A¢ b|nS

= Detector level uncorrected - LI .
c 5 STAR Preliminary Open Markers: 70-90%EA Full Markers: ngh EA:
"Z-°—’- p+Au 4 /sy = 200 GeV Full Markers: 0-30%EA 0-30%
S aRntl CI)<T4ra|w cﬁ]aaggd jets _ @ (7/8)n< | Ad|<n
nes<
non- backgjrgund subtracted (6/8)m< [AQ[<(7/8)m
A E+ > 8 GeV/c trigger in BEMC (5/8)m< |A¢ |<(6/8)m
statistical errors only —— (4/8)n< | A |<(5/8)m
I ; —%— (3/8)n< | Ad |<(4/8)m
b - ¥ (28)n< |Ad |<(3/8)r
* _ —l— (1/8)n< |A¢ |<(2/8)n
@ —— [Ad]|<(1/8)n
+
* 7
| C
— o O
] ] ] ] ] ] I i i i i ! i -x- i ! ] ] ] ] ] ] ] ] ] ] ] ] I ] ] . . R R
3 21.8F iXi:*: 4 Both near and recoil jets suppressed in high EA
3 21.6 —¥a relative to low EA
Pl {1 4pm 98— . .
1 o0% 4+ n.b.: These are charged jet spectra; the near-side
' : g : : :
1 e : jets have a neutral energy fraction (NEF) bias
+ $ because near side must also always contain the
i o neutral trigger
4+ This NEF bias is not present in the recoil jets
TR N TN TR SN SRR N TN SRR SN A T SR SRR NN TR A SR MO S T R . . . .
. 20 " 20 ac 4+ This NEF blas.on the near-side is expected to
p . (GeV/c) decrease at higher prjet
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Average maximum track pr per event

4+ Strong positive correlation evolves to anti-correlation with harder triggers

© —
>
o 3.5 [ ——_ 4 " '
g B y y . »
= _E i STAR Preliminary
O\c}l_ B p+Au 4 /sy = 200 GeV
5 E Efficiency corrected charged tracks
\E/25 ° ——— ® o o ° o |r]trac|<s| <1.0 .
B ~— Minimum Bias Events
2 :— «— Trigger ET >4 GeV
— =— Trigger ETE (8,12) GeV
1.5 — N E S . ]
:I | IA I | _I —I | I | | | | I | | | | I | | | | I | | | | I | | | | I | | | |
0 10000 20000 30000 40000 50000 60000

Event Activitygsc
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Spectra in three EA bins for raw, uncorrected tracks

Minimum Bias Events (Left Column) BEMC Triggered Events (Right Column)

% E:CJ) 10_3 ;_ .:..?.6_100% 2070 ;E 70-100% 30-70% 0-30% «,x\ﬁ-%w.
e E ——— 70% <EA <100% \ :E:,-" — +— 70% < EA < 100% ‘m\w
ST 30% < EA < 70% ’ 30% < EA < 70% W
F. ——— 0% <EA<30% ] —— 0% <EA<30% F
0_5 :_. . ﬁR Preliminary ”||I
S BT B B RS RS ST U TS SRS U T T T N T T TR T N TR T T T N T T TR T N TR TR T T N TR T T T NN T T T N B
O 10000 20000 30000 40000 50000 60000 0 10000 20000 30000 40000 50000 60000
EAgsc EAggc
TAR Preliminary X
Sgtictosrl\llgvelion(igreevcted ‘4. ?ﬂ?r”., *
charged tracks Inl<1.0 " T T
g
4 “T?*
) | IR I T U T T T R T T SN B R e i D |
90 1 30 40 50 60 70 80 90
(N,
120, "'""w"*ﬂo.
AT, ey
-A-A-A'-A-.. - *&h&‘."
-A-A- @ reliminar k -.: d A
T A_A_‘o .s p+AI\A>% |= 200 Gev ’?x—‘**
-A-.A._A_ ., detector level uncorrected
e charged tracks Inl<1.0
45 %99
Tt
] ] L ] ] ) l ) o M I ] ] I ] ] ]
20 30 40 50 60 70 8(():h ) 10 20 30 40 50 60 70 8(<);h
1 (Zp_) (Zp_)
< -e "
. OD-I—-I 0—1 "’ & ’:’,‘m
S IS ¥ bt
Z| 310 T g
£107° x Sy
© Ty At 2N
107 ¥ =
> Ty STAR Preliminar "*‘"‘“ T
e () _ *’_ y '.«“Q—,“
zZ 10 5 ’*ﬂ.’ p+AW /SN = 200 GeV .’-Q.,. .’T .,. x‘ _?
~ - -’-ﬂ# detector level uncorrected
10 6 h’-_’,”;’“ charged tracks Inl<1.0
W’ Sl 2 -
1 0_7 ] ] ] ] B * Itx*“sl-’.’ ] ] ] ] ]
0 5 10 15 20 25 ) 5 10 15 20 25
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.........

Fvent and track cuts

+Event cuts: 4 Jots:
+Vertex Ranking > 0 +R=0.4
*|Zprimary vertex] < 10 cm 4+anti-kt clustering algorithm using FastJet 3.3.0
4+7ZDCx < 27,000 §frc;2nkzosed of detector level, un-corrected

+|Zuertex - Zvertex position detector| < 6 €M 4+|n|<0.6 (for jet center — individual tracks may

+Track cuts extend to |n
*Nhits/Nhits—possibIe > (.52 +Are not bac
+DCArack < 3 cm

<1.0)

<ground subtractea

+The trigger which defines =0 is defined as the
highest Et BEMC hit in the event

+0.2 GeV < pr,track < 30 GeV +The azimuth of the jets are relative to the trigger

§‘q|<1,0 in the event

g =,
=z z
7 " 355 e
7 v iy SR
. o e
s T
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ALICE 2016 measurement: R-~p binned by EA

2

o B L L

. > 18] Faotltanik o, A= 04 e

4+ Hybrid method developed to i i Zosalics = ALICE 6060%
: : : [ -0.8<y*<-0.3 (ATLAS) S AR 60 d07 %7):

remove dynamical biases in Laf -

: . 1.2F 2

N_, determination | -

. . 0.8 -

4+ Resulting EA binned R, pb b __
: . 0.4F —

(labeled as Q,py, to indicate use o _f

of hybrid method) tfouna ) Y R T

20 40 60 80 100 120

(GeV/ce)

p p

T,chijet’ " T, jet

consistent with unity at xp~0.05
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Priors and Unfolding

+A single embedding response matrix was generated for all charged tracks, necessitating the relative production
spectra of each particle species

+Measurements of n*, i, p, and anti-proton data up to about 10 GeV at exist at STAR for d+Au and pp collisions
at 200 GeV

4+  spectrum has been measured up to about 5 GeV/c in 200 GeV pp collisions at STAR (PLB616, 8 (2005))
4+ K+ spectrum has been measured up to about 2.3 GeV/c in 200 GeV d+Au collisions at PHENIX (PRC 75, 64901

(2007)) 10° :
' Tt & d+Au: M.B.X10" ===l ovy Fit P A d+Au:20-40% X10?° [P © p+p :NSD ‘jij
& O d+Au: 0-20% X10° T % ¥ d+Au:40-100% X10' 2
-
o . >
T 10fe 5
- 1

> v 3
. Al ~
S 1R o
’;,_ *i A K \E
° o W
> TR A hn 3
.4 AT O% ~
}_ ' 4 A RN
a 10°} Be A, 0Py =
s S A O™™% b
QL Q :'\}’ﬂh A D g
- % v, A.D 5

= 10° i

> % P n
N J
E 7 Qt; Y\‘ 4
10 ! ’
&Q
Y

1073 - 5 8 10 C ; 8 10 0 i 6 8 f 6 8 10
Transverse Momentum P, (GeV/e)
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Kaon prior

4+ From both the pp and d+Au data, the n* and n- spectra were my scaled (with a scaling factor of 2.0 from (PRC 75, 064901
(2007)) to generate the K+ and K- spectra

4+ Each spectra was fit with a Levy function; these functional forms provided the priors uses to weight and sum the six
particle species’ response matrices to a single charge particle response matrix

4+ Differences in the final result from using the Kaon spectra from the d+Au collisions vs using the spectra from the pp

collisions were accounted in the systematic errors fo the results. See prior slide for reference for measured data.
STAR & PHENIX d+Au 200 GeV

— 1EO
= o, STAR pp 200 GeV
g 101 e
Z =
S ?%A_ OOO
1072 = %%o
g = 4, O
= sl 4 O —— STAR ot
G 107 E . N©
= — ¥ O
- 0
1074 &= A}AAO Nl KS
— x
— A O N
107° &= 2 0 — STAR KmT scaled 7"
= +
— A
10-5 X o
= A O
— +
107" &= <
= ¥ ?
1078 = %
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIIIIIII
1 2 3 4 5 6 7 8 9

’
% #
Y 7

P,

127N gpyeP ) (A2N/dp_ci)

=t

—h

OIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| I.|I‘IIIIII| I

—h
<

— —
S 9
w \}

— — —
e < <9
o )] I

—
<
~

1078

* o
o’
°®

—e— STAR Ic+(pT)
—eo— STAR Jc'(pT)
—— STAR K;T scaled n+(p )

—— STAR KmT scaled n'(pr)

—4— PHENIXK*(p)

—a— PHENIXK'(p_)

+ o
i+ @
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Standard FastJet3 background estimator

Jet Median Background Estimator, skip 2 hardest, In |l<4 area =0.1

ghost ghost
= —o—
c|° 1@ EA70-90%
AF —— EAy30
107 -
= S%STAR Preliminary
- prAU /sy = 200 GeV 4+ Background is O for:
+* %0 Anti-kr raw charged jets B .
107° = ®eg¢ ***‘ R = 0.4, Injets|<0.6 :A7o_90% : 95% ot events
= O o000 - 8 GeV triader in BEMC =Moo 85% of events
e 0 e T
107 - %o e
oo T*
B ﬁ){}+ +%
O
4 @
107 E O-P-O T
B L1 1 1 | I I I | I I I | 1 1 1 | I I I | | |L| | | % 1 | L1 1 1

0.5 1 1.5 2 2.5 3 3.5 4
p (GeV)
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/Sy correlation of mid-n hard jet to backward-n energy deposition

—~ 1.5

4+ CMS measured energy deposition at k- 4§_ CMS -6.6<n<-3.2 o
—6.6 < < —5.2 as a function of leading E\ _'3§_ ~eading charged jet 1<z
charged jet at || < 2 I:IJ_91-2§_ Vs=7TeV
4+ This is plotted to the right as a ratio the _/g 1. £ +— Vs=276TeV

energy deposition in inclusive events E\ ;zt“‘+ ______ + _______ f ___________ * ______________ "G?OQTGV _____

+ Found for mcreas.lng mid-n jets: B \':'?J/O_9 ? 2 2 . (Thispresentationm _ O.2TeV>
4+ Enhancement in \/E = "] TeV collisions 0.8] PR ¢
4+ Slight enhancements that turns over in 0.7§—| o f -

\/E — 276 TeV 5 10 15 20 o5

4+ Suppression for \/E =09 TeV Lead charged jet pT (GeV/c)
Present study at STAR even lower at

Vs =02TeV 4+ Would naively artificially depress EA classitication

4+ Suggested in study possible cause of of events with hard mid-n jets

energy conservation = Enhance $745_ggq and suppress So_300./370_907
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Theory result: modity Glauber to conserve pioi(p/d) in p/d+A collisions

+ Traditional Glauber treats all Ny collisions as equal
+Modity Glauber for depletion of energy (ptotal) Of the proton/deuteron

+Primary result: more high energy jets (from Nco) are correlated with lower overall multiplicity
(by energy conserva’uor%

+Takeaway: jet suppression and enhancement is predicted to result from misbinning EA

Kordell Il & Majumber Phys. Rev. C 97 (2018) ; : .
jet High EA jet Low EA
88-100% R(p/d)A < 1 & R(p/d)A > 1

N
(e

® 60-88%

ge Of N events
—h
()

o

High EA events getting less counts

% (I:han
o

5 10 15 20
Leading i’ pT (GeV)
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