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Relativistic Heavy lon Collisions

« Trying to answer two
fundamental questions
in the high density
QCD:

Quarks and Gluons
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« Where is the critical — o —
point of the QCD : a
phase diagram?
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« What are the
properties of Quark
Gluon Plasma?
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Quarkonia as a tool to probe the QGP
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Different states have different binding energies
Loosely bound states “melt” first!
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Probe the QGP with high energy quarks and gluons

Quark-gluon plasma is incredibly
strongly interacting — It even stops
very high energy quarks and gluons
passing through it
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Flavor dependence of parton energy loss

CMS;;
i

From QCD:
« Color charge:
E
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oss IN gluons > E, . in quarks

 Kinematics: “Dead cone effect”:
E,.<. IN quarks > E, ., In heavy quarks
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Flavor dependence of parton energy loss

* From QCD:

Color charge:
E, < IN gluons > E . in quarks
Kinematics: “Dead cone effect”

E,... in quarks > E,. in heavy quarks
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Flavor dependence of parton energy loss

From QCD
« Color charge:
E, < IN gluons > E . in quarks
« Kinematics: “Dead cone effect”:

loss

E,.<. IN quarks > E, ., In heavy quarks
| Collisional Radiative
Heavy Quark vs. Light Quark: energy loss energy loss

Changing the ratio of
collisional and radiative energy loss
- Determination of the

elastic energy loss coefficient (é)

E gfﬁE
| E-AE

X
(medium)

Heavy flavor jet and hadron analyses cover a wide kinematics range
- Suppression of induced radiation at low p; and the disappearance
of this effect at high p+
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Quarkonia production at LHC

Charmonium production
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Quarkonia production at LHC

Charmonium production 5 07TF - =
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Quarkonia production at LHC

Charmonium production 5 07TF - =
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Open Heavy Flavor Production (1/4)

Leptons from heavy quarks

Secondary vertex

3

b
Primary vertex/
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Sample O(10%) of b cross-section



Open Heavy Flavor Production (2/4)

Non-prompt J/yp

Leptons from heavy quarks

Secondary vertex

3

b
Primary vertex/
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Open Heavy Flavor Production (3/4)

Non-prompt J/yp
Leptons from heavy quarks
Primary vertex/ Exclusivé B meson decays

J/Ip+1(2) tracks decay channels sample O(0.01%) of b cross-section

Secondary vertex
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Open Heavy Flavor Production (4/4)

Non-prompt J/yp

T N
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I
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b-jet reconstruction
b-tagged jet sample O(100%) of b cross-section
and ~70-90% of the b quark energy
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Non-prompt J/yp

<

b-jet reconstruction

Requirement: flexible trigger system, muon / electron detection,
secondary vertex reconstruction, jet reconstruction

CMS

Conpac thon s
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CMS Detector

EM and calorimeters
photons, isolation, jet reco

...

Inner tracker:
charged particles
vertex, isolation

Pb
i< 2.4
HCAL n<52  Irack impact
ECAL so Parameter resolution
nees | 100Um@1Gevic
e Inj<2. o 20 ym @ 20 GeV/c

CMS

Conpac thon s
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Quarkonia production: Dimuons
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Prompt and non-prompt J/ @
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J/W R,a VS, centrality in PobPb collisions
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J/Y v, vs. transverse momentum
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Y(2S) / J/¥Y Double Ratio
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Quarkonia production: Dimuons
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Upsilons in PbPb collisions

PRL 109 (2012) 222301
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Sequential suppression of the three states
in order of their binding energy
Yen-Jie Lee (MIT) Heavy Quark Physics In Heavy-lon Collisions 23



Upsilons in PbPb collisions

PRL 109 (2012) 222301
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Suppression of the five quarkonia in PbPb collisions
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« The suppression of 5 quarkonia was observed in PbPb
Well-ordered with binding energy: Quarkonia melt in quark matter
Caveat: Including feed-down, recombination ...
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Upsilons in pp, pPb, and PbPb
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Y (2S)/Y(1S) ratios as a function of event activities
p+tp ptPb Pb+PDb

Vs. forward calorimeter transverse energy
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Y (2S)/Y(1S) ratio decreases as a function of event activity!
(1) More associated yield with Y(1S5)?

(2) Large event size (multiplicity) affects Y states?
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(b)-jet Quenching

Non-prompt J/y

e ~

/4‘
I
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b-jet recé)nstruction

CMS

Conpac thon s
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b-jet Production Mechanisms

Flavor Creation (FCR)
g b
; jiK 5

EPJC 73 (2013) 2301

Flavor Excitation (FEX) Gluon Splitting (GSP)
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Heavy flavour
0.5 quark excitation

Pr
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b-jet production

Pythia 6.423

LO b-b productmn (F
sub-dominant at the

At NLO:

= Excitation of sea quarks > b(b) +
light dijet, w/ b(b) at beam rapidity

= Gluon splitting into b and b which

'. h can be reconstructed as a single jet

30 100 l 200 1000
bjetp [GeV]

E-loss of split gluons can be

CR
) different from primary b quarks

LHC
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Heavy Flavor Jets

Schematic b jet in HI

medium extent

« Standard flavor definition used in CMS:

o If there is a b quark within AR<0.3 from jet axis, then it's a b jet
o Same for c jets, except b quarks take priority

* HF jet = HF hadron + energy in cone
« HF hadron need not be fully reconstructed

* b quark need not be primary (for instance g=>bb), although
typically assumed for e-loss calculations!
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Tagging and Counting b-quark Jets

Select b-tagged jets using “Secondary Vertex Tagger”
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Monte Carlo simulation
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PbPb b-Jet Spectra

CMS ISy = 2.76 TeV * Efficiency corrected and
T resolution unfolded
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5 |- 10°
Z
g

- —

 Clear indication of b-jet
suppression seen

-
o
=

IIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| T

ik
N 10°
D.b
< 10 y
1 . 7
° £ S
10" | | | =
I R SR N | | | CMS HIN-12-003
100 150 200 250

b-jet P (GeV/c) PRL 113, 132301 (2014)
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1 _2 ICMSj T T T T | T Ivr% =1 2:7F6 Te}, . | I(:I:MISI T | T 1T L | I I\‘:II%I I=I |2I.I7§ |-I-Iel}/l
0-100% Ml <2 E . ) < 2
s i B L
- PbPb, 150 pb” ] C S PbPb, 150 ub i
0.8 PP-53pb . 0.8 8 pp.5.3pb’ 7
e & : i
_"ql 0.6 e = =l f:____:._ E 0.6 B Eg 2 Bé B
_é [ : . _{5 B o -
o4 W : ] 0.4 " -
- pQCD: PLB 726 (2013) 251-256 - - g
i B g-138 | : |
0.2 B g™ =20 — 02— |e 80 < p_ <90 GeV/c B
L - gmad=2_2 - : A 90<pT{110 GeV/c :
-1 T | T P T T T (E [ TR W :- 0""|""|""|""|""|""l""|""
0 100 150 200 250 0 50 100 150 200 250 300 350 400
b-jet P, (GeV/c) N2
: : L .. CMS HIN-12-003
« Evidence of b-jet suppression in PbPb collisions PRL 113, 132301 (2014)

« Suppression favors pQCD model with stronger jet-medium coupling
« Are there cold nuclear effects contributing to the observed suppression?
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pPb b-jet Spectra

CMS Preliminary s, =5.02 TeV L=35nb"

—
<,
-

o 9 - | Dat:a_. -I2.5 l: n:m-::-tlf. (:-If. 1057 ©
.S_ E 107 F —e— Data, -1.5<n_ <-0.5(x 10°)

108 £ Data, -0.5 <y, <0.5 (x 10°) =
,_1____(_2, - q—— —=*— Data, 0.5<n_ <15 &
10" g PYTHIA (matched v_ ) 5
2[5 10 FL

°lg 10°F "L 1.
~| € 107F L. = , =
= 30 B | B
1°E Tla | .
1026, L. ) E
10F ™. " 5
1k L . .

107 : 3 )
102F :
103 T L1 .

100 200 300 400

b-jet p. [(GeV/c]

cMms, !

b-jet spectra shown
for various selections

iN Ny

pPb Spectra scaled
by T, to be
compared to PYTHIA
reference

Minimal suppression
or enhancement is
observed

CMS PAS HIN-14-007
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b-jet Fraction

CMS

b-jet Fraction and R p, in pPb Collisions

Conpac thon s

CMS Preliminary  \s, = 5.02 Te
JELEE I RN AR TR TR i TR LR AU IR R

L=35nb"

I]I'I[]lITIT]'ITI]ITl]T_

I i
[+ pPb Data, 5.02 TeV
PYTHIA Z2

| T Lo iy

| R T N O T T |

100

350 400

200 250 300
b-jet P, [GeVic]

150

Nuclear Modification Factor

0.5

0

CMS Preliminary
25— —

pPbL=35nb™"; PbPb L = 150 ub™

I pPb Luminosity Unc.

B o et R, (0-100%). <2 -
[ pPb Reference Unc.

E b-jet R”'™A -2.4<n_ <16 —
pA CM -1

0

L | L L1 | L L | L1 A ]
100 200 300 400
b-jet P, [GeVic]

Measured b-jet fraction is consistent with PY THIA prediction
b-jet Rp, Is consistent with unity within the quoted systematical

uncertainty

Suppression of b-jet in PbPDb collisions is not from initial / cold

nuclear effects

Yen-Jie Lee (MIT)
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B Meson Production in pPb Collisions at 5.02 TeV

o 1t

CMS PAS HIN-14-004 1201~ N
. CMS Preliminary  pPb |/s = 5.02 TeV
Three component fit for signal extraction: 100~ :0<f3<:f; Gevic L =34.8 nb”
. y <1,
 Signal g [ ™ < Data B°
. . = 80— —Fi
« Combinatorial background from J/y-track(s) o Signal
«  Non-prompt component from other ol i
B-meson decays that form peaking structures 8 ﬁ\% | 505 J/UK*0
. + : 0 0* c 40 4 N}
(e.g. in B* analysis, bkg from B°— J/y K%") Tt )
Fully reconstructed B meson signal in heavy f
ion collisions! 05152 53 54 55 56 57 58 5
M, (GeV/c?)
200 GMS Preliminary  pPb Sy = 5.02 TeV 70 CMS Preliminary  pPb |5, 5.02 TeV
1801 10<p’<15 GeV/c L =348 nb" ol 10<p’<60 GeV/c L=34.8 nb"
160l Iy | <1.93 : ly, <193
Buaof " Data B S0 e B
Di20] : LiSignal N “"iSigna
o f 3 -~ Combinatorial o 40 . .
oo [(IB—=Jhyp X % . . =~ Combinatorial
s BT JIgKY mlr | BOJye
W g |
40:""‘1[)' """""" . 4 He

R
._ =
Om“'l':".."'l""l""JL|JL11LJ | ol || O_Il ||||||JLJ-!'l|_|T‘JJL|11||||||||J|||l|1|| Ldod
5 5. 52 K3 5. 55 56 57 58 549 2] 51 52 53 & 55 56 57 58 59
2
Mg (GeV/c?) M, (GeV/c?)
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Nuclear Modification Factors: RpAFONLL

(4) ppe
]
REONLL (4,1} — dpr /P
pA pPT) = A x| JoFONLL )
dpt PP

2.5 — 2.5 — 2.5 —

"CMS Preliminary  p+Pb ys = 5.02 TeV CMS Preliminary  p+Pb ys, = 5.02 TeV CMS Preliminary  p+Pb ys, = 5.02 TeV

r - -1 - _ 1 - - 1

5 - E' REJENLL L,=348nb ) - E| R;{:NLL L,=348nb , - E| REENLL L, =348nb
[ []SystL +BR B " [Syst.L_+BR B - []Syst.L_+BR B,
Syst. err. from FONLL pp ref. i Syst. err. from FONLL pp ref. i Syst. err. from FONLL pp ref.

1.51 15 15

i I < [ < :

o - D:a‘ : D:a_ :
Lty L + Uy + L
0.51 0.5 I:{': 0.5

Lt | L1 l e | L Lt | Lt | — l LL L1 i 1111 | | | | L 111 | L 111 | L 111 | L 111 | 1111 i 1111 | | | | L 111 | L 111 | L 111 | L 111 | 1111
% "0 20 30 40 50 60 70 %10 20 30 40 50 60 70 %10 20 30 40 50 60 70
p; (GeVic) p, (GeVrc) p, (GeVrc)

lYcml<1.93

« R A"ONtis compatible with unity within given uncertainties

for the three B-mesons
CMS PAS HIN-14-004
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b-jets vs. Fully Reconstructed B Mesons

p+Pb

o CMS Preliminary Shn 5 DE Te‘v‘ L 3: nt:u1
el 1 1 1 1 1

2.5
z i ' . -CMS Preliminary  p+Pb s = 5.02 TeV
5« - |I| bietR™T, 2.4 <16
EI'I'& _ . RFONLL L, =34.8 nb’’
—_ 2 l:] LInfalding UIncertainty ] 2_ El
D i i ~ [ Syst L +BR B*
E i | I~ int
Syst. err. from FONLL pp ref.
16 ] -
i 1.5
. i

:
0.5 _ i I
K - Lurnnoaity Uncertainty ] 0.5
- - Aeforarce Urcartainty . B
o— i
D 1UD EUD SDU q‘nn lJJI llllllll'lllllll]JJ]JJl
00 10 20 30 40 50 60 70

b-jet GeVic
] DT[ ! p. (GeV/c)

« Measurements of nuclear modification factors of b-jet
and B mesons are consistent with unity over a wide
pr range

CMS PAS HIN-14-004 CMS PAS HIN-14-007
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Flavor Dependence of Jet Quenching

Indication of Rya(B) > Raa(D) > Raa(1T) at low py

(However, spectra slope are different) Pb+Pb
§ 2_IIII|IIIII‘IIIII|III||IIIIIIII|IIII|IIII_
oC igb Pb-Pb, |\ s\, =2.76 TeV
E ALICE ALICE
1 _6 L ) PRELIMINARY
_ eAverage D°, D', D" lyl<0.5, 0-7.5%
1 4— owith pp pT-extrapoIated reference
- = Charged particles, nl<0.8, 0-10%
1.2 4 Charged pions, ml<0.8, 0-10%
Jf et st e et

0.8

0.6
0.4 &%

0.2

IJ|III[I!I|IIl|iIIIIII|JIlII[I]IIIllI

1II|IIIIIIIII|II

lIIIIIlII]IIlIlIlIIIIIII||II1|IIII

I
5 10 15 20 25 30 35 40

/ P, (GeV/c)
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Flavor Dependence of Jet Quenching

Indication of Raa(B) > Raa(D) > Raa(Tr) at low py Indication of Raa(b-jet) ~ Raa(all jets)
(However, spectra slope are different) at high jet py Pb+Pb
< 2__|||||||||||||||||||||||||||||||||||!||_ 2-5_"|"'||||ll|llll|llll_
<C ~ [ 7] * =
0 4 af Pb-Pb, |'s\, = 2.76 TeV B - CMS *PRELIMINARY PbPbys,, = 2.76 TeV :
. . i J. L dt = 7-150ub™ i
- ALICE ALICE -
1.6 ’ PRELTHINARY 2 [ —a— *Inclusive jet (0-5%) | <2 =
T eAverage D°, D', D" lyl<0.5, 0-7.5% 0 " e *biet (0-10%) | <2 .
1 4— owith pp pT-extrapoIated reference | i i
- = Charged particles, nl<0.8, 0-10% ] B .
1-2:_ e Charged pions, Inl<0.8, 0-10% B 15 ]
| ——,-- e — 18 T :
"D CMS Preliminary r - -
0.8~ b->Jiy # btosecondary Jiy | L i 2 n
C In|<2.4] 0-100% ] _
0.6 —] _ +
§ B A
0.4_ ﬁ.%_'_L —_ 05 B A I‘A A ‘+L + * + 4 i
C 4l L u 4
0.21- 3 - -
O:IlI|l||l||l||]||l|||l|Iillll|l||l||lll: O-"I""I""I""I"'l-
0 5 10 15 20 25 30 35 4C 100 150 200 250 300
p. (GeVic) p. [GeV]
T

b quark jet (quark jet) ~ inclusive jet (dominated by gluon jets)?

Contribution from gluon splitting?
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Gluon Splitting Contribution

» HF studies: matched partons are not necessary heavy quarks!

b jets D mesons Non-Prompt J/y
~30-40% ~40-50% ~20%

o |

Gluon Splitting =

20%

Gluon Splitting

35% ’

Flavor Creation,
Excitation and Others

55%

Flavor Creation,
Excitation and Others

65%

Flavor Creatlon,
Excitation and Others

80%

Estimated from PYTHIA 6

= Non-negligible for both jets and hadrons.
= Even more important for charm than for bottom at LHC energy!
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Beyond b-jet, B and D R,,?

Flavor Creation (FCR) Flavor Excitation (FEX) Gluon Splitting (GSP)
g b g b g b

Can we remove / suppress GSP?
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Angular dependence of gluon splitting

Plot from Matthew Nguyen

Hard splitting ~ Soft splitting

= High Q? splitting
o Tend to give 3-jet topology
o More b-jet-like w.r.t. e-loss
= Low QZ? splitting
o May be clustered as a single jet
o More gluon-like w.r.t. e-loss

1200_1|||||||||||||||||||||||||||||
” PYTHIA 6 (Gen-level)

1000 - [l A1l dib-jets

both primary

800

600 — Anti-k;, R=0.3
- Leading jet p; > 40 GeV/c 8
400 |- Paired w/ all jets, p; > 20 GeV/c _

200 -

0 0.5 1 1.5 2 25 3
A ¢ [rad]

= Smooth variation
between topologies
= Merged jets visible
= Some GSP back-to-back
A Pythia poorly describes
angular dependence
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Leading b subjet / hadron

Cut on hard fragmenting b jets to suppress
Gluon Splitting contamination?

b-jet 80<p;<120 GeVi/c
iy ranean

00 F- . All b jets
350 | |primary

300 [

250 F
200 F
150

100

1 I 1 1 | I 1 1 | | I | | | I | | (I
0 20 40 60 80 100 120

Leading B P, [GeV/c]
Plot from Matthew Nguyen

Hadron p; does give some separation
between primary and split gluon jets

cMS, /|
Yen-Jie Lee (MIT)
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PLB 726 (2013) 251-256
— T T T T T T T T
; p+p collisions, LHC s = 2.76 TeV -
y| <05 b-jetanti-k, R=0.3

— usual b-jet |
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Requiring a leading b-quark reduces the
Gluon Splitting contribution
i



2015 Run |
p+p at 5 and 13 TeV
Pb+Pb at 5 TeV

To operate at higher energy, the LHC was shut down for consolidation work to be performed. Some 1,700 magnet interconnections
were reinforced, including more than 10,000 superconducting splices. Photo Maximilien Brice/CERN

Conpac thon s
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b-jet pr As

Simulation for pp @ 7 TeV

ymmetry

PbPb Projection for HL-LHC
Doubly tagged di-b-jets

ATLAS EPJC 73 (2013) 2301 0 3 TTTT TTTT | TTTT ‘ T'TTT | TTTT | IQMI% Ilpltzlojﬁlcltlilolrl]l T

o 1 4 T T T T L |
< ATLAS | . - * Projected {s=5.5TeV,L=10nb" 1
*é 1 _2‘_ Simulation - 0250 ¢ stat. uncert. for 160 ub” 7
€ [ e Powheg + Pythia 6.423 . N pr,> 100 GeV ]
@ 17 m Pythia 6.423 - c - p,, > 30 GeV .
o} - v Herwig++ 2.4.2 + ] _8 0.21- centrality : 0-10% N
< 0.8[ 5 Pythia 6.423 + EviGen ] o B .
¢—+— i L * N -

L _ .
0.4 + — > 0 1—_ R
» i L A . g
_*_—¢—=*= T B T .
0.2_ . - N AN ’
- TrUth dljets .hr_ ? TeV E 0 _I L 11 | 1111 | L 111 ‘ L 111 | ‘I‘I I.‘I 1 PI 180 “I hi»ld-l..ln...l-J-J J L1l 111 I_
0.2 5'0' ' 'K')O 00 300 0 01020304 0506 0.7 08 09 1

Leading jet P [GeV]

* Much reduced systematics for A, w.

= Large A} selection: a sample domi

flavor creation
CMS ;

A= (pT,1-pT,2)/(pT,1+pT,2)
CMS-PAS-FTR-13-025

r.t. inclusive jet spectra
nated by primary b jets from
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D meson and charm jet cross-section

CMS VS = 2.76 TeV
E I | L | | o | | L I L | | j || | i [ | L | I: 1 05 rl rr I L3EE I I LS I e I [ I LEE I_'-H
1600 — = -1 —e— Data 3
< Jn CMS Preliminary - - PbPb, 150 ub .
21400 1 \s = 7TeV _' 4, i Blbjets
o . S 10°L 80<pT<9{]GeWc In| <2 -cjets |
&.4200 o @ = o o
= i 0] = 0-100% [ light jets 3
> - 0 i ]
L1000 hii P i
[ ] ~ 10° =
800 - 2 = E
- 1 3, .
600~ - 5 i
5 1 g1 ;
4001 - 3
B p+ p | g ]
g ] 10 E
U L | 111 | L1l | 11| | L1l I 111 | | ] | | | | [ L1l | I_. E
0.14 0.142 0.144 0.146 0.148 0.15 0.152 0.154 0.156 0.158 ]
M(Krr,) - M(Kr) [GeV/c] 0 1 2 3 4 5 8

Secondary vertex mass (GeV/c?)
» c-jet Rate ~ 2-2.5x b jets

D / D* meson reconstruction

without particle identification * More difficult to tag

o Shorter ¢t 100-300 um
o Smaller multiplicity
o Softer vertices

CMS?g : e I i
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Statistical Reach in 2015 and beyond

2011 2.76 TeV PbPb data (0.15/nb) (Hutiet
b-jet

2013 5.02 TeV pPb data (35/nb)

B meson
b-jet

2015-17 5.1 TeV PbPb data (1.5/nb)

& Cmpresdion

)

D®) meson

B meson

b-jet
| | | | | | | 1 | | | | | | | | | | | | | |
1 10 10° 0°

p, (GeV)
HL-LHC (10/nb): (b)-jet quenching at O(TeV)
ttbar production
CMS /!
% Yen-Jie Lee (MIT) Heavy Quark Physics In Heavy-lon Collisions 48



Summary and Outlook

* CMS Results and Data Tables:
https.//twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIN

* LHC Run Il and Ill data will solve open questions
o More “exclusive’
o Quarkonia production:

o High statistics Charmonia and Bottomonia spectra measurements
o Can we understand / separate the direct and feed-down quarkonia?
o “Turn on” of the quarkonia suppression in the peripheral events
o Can we understand more about recombination of J/y, ¢(2S) and Y states?

o Elliptic flow measurement of Charmonia (and Bottomonia)

o Flavor dependence of parton energy loss:

o High precision B(D) meson and b(c)-jet spectra and flow measurements

o HF jet pair asymmetries and angular correlations

o HF jet “fragmentation functions” / sub-jet structure

o Multiple channels (dijet, photon-jet, W/Z-jet) to separate gluon, light quark
and heavy quark jets

CMS /1 _ o I B =
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Backup slides
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-jet Analysis St

Sy = 2.76 TeV
PN e

PbPb, 150 ub ' =
e Data, 0-100% ]
= 0-10% x 10

4 10-30% x 10°
v 30-50% x 10
+ 50-100% x 10°

'

al

150 200 250
b-jet P, (GeVic)
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Jet Reconstruction and Composition

clusters and tracks

M
HCAL :
Clusters

neutral .'
hadron |

ECAL
Clusters

Anti-k; algorithm is used in most
CMS publication

On average, charged hadrons
carry 65% of the jet momentum

Measure the known part
Correct the rest by MC simulation

Optimize the use of calorimeter and tracker
Example: “Particle Flow” in CMS

CMS;;
i

Yen-Jie Lee (MIT)

Particles

M

Towers Jet

Background
subtraction and
jet clustering

0.076 x 0.076 in barrel

Electrons
1%

Neutral
Hadrons
9%

_—

A typical high p; jet




o [GeV/c]

Underlying Event Background

73
Q&

v

Multiple parton interaction

Large underlying event from soft scattering

¥ Need background subtraction

I H N
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Background Subtraction

o [GeV/c]

’CMS 5 Yen-Jie Lee (MIT) I I I i I-



cMms, !

o [GeV/c]

Background Subtraction

1. Background energy per tower calculated

Background level

Yen-Jie Lee (MIT)

in strips of . Pedestal subtraction

Estimate background

for each tower ring of constant n
estimated background = <p;> + o(p+)

» Captures dN/dn of background

» Misses ¢ modulation — to be improved




o [GeV/c]

CMS?g

Background Subtraction

1. Background energy per tower calculated
in strips of . Pedestal subtraction

Background level

Yen-Jie Lee (MIT)




P, [GeV/c]

Background Subtraction

1. Background energy per tower calculated 2. Run anti k; algorithm on background
in strips of . Pedestal subtraction subtracted towers

Background level

I H N
Yen-Jie Lee (MIT) I I"



P, [GeV/c]

Background Subtraction

1. Background energy per tower calculated 2. Run anti k; algorithm on background
in strips of . Pedestal subtraction subtracted towers

Background level

3. Exclude reconstructed jets

H N
Yen-Jie Lee (MIT) III"



Background Subtraction

o [GeV/c]

1. Background energy per tower calculated 2. Run anti k; algorithm on background
in strips of . Pedestal subtraction subtracted towers

¢ A

A 4

\

n » N
3. Exclude reconstructed jets
Recalculate the background energy

Background level

CMs, | _ I e
Yen-Jie Lee (MIT) I I"



Background Subtraction

o [GeV/c]

1. Background energy per tower calculated 2. Run anti k; algorithm on background
in strips of . Pedestal subtraction subtracted towers

I
I
I
I
[ e
I
— I —
I
I
: ° @
R I
. 1 |
Background level . 4 > N
0 3. Exclude reconstructed jets 4. Run anti k; algorithm on background
Recalculate the background energy subtracted towers to get final jets

CMs, | _ I e
Yen-Jie Lee (MIT) I I"



Summary of Jet Reconstruction

clusters and tracks
M

HCAL :

Clusters 3 A A A

1 correction

Background L Jet energy

subtraction correction
Remove underlying MC Simulation
events contribution PYTHIA

CMS 1 o
I Yen-Jie Lee (MIT) III"



b-jet tagging algorithms used in heavy ion collisions

(1) Secondary vertex tagger: use 3D flight distance significance

Veto on secondary vertex with mass
within 0.05 GeV of Ks mass
(Used in the main analysis)

HE==
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b-jet tagging algorithms used in heavy ion collisions

(1) Secondary vertex tagger: use 3D flight distance significance

Veto on secondary vertex with mass
within 0.05 GeV of Ks mass
(Used in the main analysis)

; :V E tracks within dR<0.3 w.r.t. jet axis to come from

the primary vertex using the impact parameter
significance. (Used as “reference tagger”)
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Tagging Performance in Simulation

Performance in pPb
]"IISNN =5.02 TeV
1 1 | 1 1 1 1

Misidentification Probability

<

10

2
T

Performance in PbPb
IMTEI.?IE:ITEIV

PYTHIA (+ Hydjet)

CMS Simulation
L R LR B I R

—®= SV udsg ets, PbPb

~—*— gV udsg jets, pp

PbPb

D

nght jet rejectu

0 010203040506070809 1

b-jet efficiency

Perpr e e
@ 58V udsg jets, pp PYTHIA (+ HIJING)
> 1E e 88V udsg jets, pPb E
E -
o
B 4o
= 10
5 -
— .
w© 2 .t:ij.
g10% ¢ 3
E *-.
_g Uﬂ.b p P b
2 10% | |
n / ,,&fﬁ.
10.4_'i'§.'.|..|..a..|....|....|..z.
0O 010203040506 0.7 0.8 09

CMS Simulation Preliminary

b-jet efficiency

* b-jet efficiency plotted against probability of misidentifying
a light jet as a b-jet using secondary vertex tagger

« pPb and pp have identical reconstruction procedures =»

cMms, !

Yen-Jie Lee (MIT)

very similar tagging performance
CMS PAS HIN-12-003

1

CMS PAS HIN-14-007




Tagging Performance in Simulation

Performance in PbPb

—
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0 0102 03 040506 0?0809 1
b-jet efficiency

b-jet efficiency plotted against probability of misidentifying
a light/charm jet as a b-jet using secondary vertex tagger

pPb and pp have identical reconstruction procedures =

very similar tagging performance
CMS PAS HIN-12-003

cMms, !

Yen-Jie Lee (MIT)

c-jet rejection
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Tagging Performance in Simulation

Performance in PbPb Performance in pPb
CMS Simulation \/S,., = 2.76 TeV CMSI Slmulatlnn | W - 5.02 TeV
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* b-jet tagging working point: reject 99% of the
light jet rejection and 90% of the charm jet
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Heavy lon CoII|S|on Recorded by the CMS Detector
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5

Secondary vertex mass (GeV/c?)

= The real rate much smaller as UE b’s are much softer
= Pythia+Hydet: 2% of tagged jets in 0-20% match to UE b

* Flavor matched to Pythia signal event only = combinatorial
jets are INCLUDED in the light jet template (as they should)

Combinatorial b jets in PbPb?

= Back of the envelope
* bb x-section, |n|< 2 =45 pb
* pp inelastic x-section =55 mb
* For n,,+ = 1000, O(1) b jet/evt
* ~ 1% overlap prob. for AR < 0.3
« Comparable to b jet rate!



b-jet Purity vs. b-jet Transverse Momentum

Number of jets / 0.5 GeV/c?

CMS Preliminary

Sy = 2.76 TeV
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Good agreement between data and MC simulation was observed
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b-jet tagging algorithms used in heavy ion collisions

(1) Secondary vertex tagger: use 3D flight distance significance

Veto on secondary vertex with mass
within 0.05 GeV of Ks mass
(Used in the main analysis)

; :V E tracks within dR<0.3 w.r.t. jet axis to come from

the primary vertex using the impact parameter
significance. (Used as “reference tagger”)
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Data-driven Tagging Efficiency: Reference Tagger Method

|dea: use a weakly correlated tagger, Jet Probability Tagger (JP),
to derive Secondary Vertex (SV) tagging efficiency

Before SV selection

CMS,5.0fb" atNs=7 TeV

; 10° _¢ Data
- () —iit
12} I b jets
Q cjets
- 104 [ ey

I light-parton jets

—
cI'.||.'I

2

10

0 0.5 1 1.5 2 25
JP discriminator

C ftag Ntag
¢, (data) = 1615

no tag notag
f Ndata

CMS

Conpac thon s
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Jets /0.1

2,
T

After SV selection

CMS,5.0fb" at Vs =7 TeV arxiv:1211.4462

—¢-Data
(d) — it
P b jets
[cjets
[ light-parton
jets

102

10

0 0.5 1 1.5 2 2.5
JP discriminator
f, = purity from template fit
C, = fraction of jets with

Jet Probability Tagger information (~ 98%)
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Data-driven b-tagging efficiency

CMS Preliminary
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b-jet P,

MC tagging efficiency used as main result
Good agreement between data-driven and MC efficiencies was observed

Differences quoted as systematics
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Jet Quenching

Collisional Radiative
« energy loss energy loss
L E-AE_
-~
- \ ¥ E s ¥ AE
|
|
+ AE : E'.":".E
“ X
(medium)
CMS
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Motivation for Heavy Flavor Studies

Charm +
0.8 — pQCD Rad+El, PHOBOS .
— — pQCD Rad+El, KLN ;

— - AdSICFT D = 3, PHOBOS :
—~ 0.6 - AdSICFT D=3 KLN A i

L L I ' i 1 L Il 1 1
a0 100 150

P, (GeV)
At high py:
Very different prediction from pQCD £, L.,
and Ads/CFT (?) :
pQCD: Mild difference between light | 1
and heavy flavor mesons oy Lo

pr (GeV)

CMS . I o
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J/Y v, vs. transverse momentum
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Upsilons in PbPb collisions
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B meson production in pPb collisions

_ CMS PAS HIN-14-004
» Raw yields are corrected by acceptance and

efficiency
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Gluon Splitting Contribution

» HF studies: matched partons are not necessary heavy quarks!

b jets D mesons, non-prompt J/{
10 2L L L L g 1:| L L L L L B B
PYTHIA 6 (Gen-level) 7 5 F s+ D"
] S 0.9F -
B Al b jets i E L .
. Il b jets from GSP_| %0.31— + non-prompt J/y -
] 0.7} 3
. 0.6F . =
10° = - 40-50% E
- 05, E
- - L P *
0'4; et s 408 + +;
10 0.3F —
g 1 = + + .
g 020 |, , & 4 4 4t + + E
= o 0 .
5 30-40%  o01F 20% E
= | | Lol b bl
%o 60 70 80 90 100 110 120 130 140 150 S g tevccy
P, [GeV/c] T
PYTHIA 6

(From Matthew Nguyen)
= Non-negligible for both jets and hadrons.

= Even more important for charm than for bottom at LHC energy!
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Flavor Creation Candidate (pp @ 7 TeV)

Secondary Vertex
with its Tracks

with their tracks

| selectedyerices?

I
|
9
Secondary Vertices

/-”:;'/, i b =Error| oy yError| 2 tError| tracks| chiZ| ndof] Mass
e > -0,11300|0.02296(-0,13555| 0.01568|-13.43550(0.01293 5| 3.az2 5| 1473
= o -0,74276)0.01953|-0,66300| 0.01641]-13.11158[0.01011
e
e e
o i
=i
& ;
= = Reconstructed secondary .
/”// /f, o _ candidatestx
- //f*’/,;}"f vertices from b and ¢ quarks % xEnor| yErrar| z ZEror] tracks| chiz| ndof] Mass
e fs”;;ff naE114{0.01722| 023518|0.00724|-12 46443 |0 03243 7| 2102 7| 2085
7 /7“/ CMS Experiment at LHC, CERN
;,f/ Data recorded: Sun Aug 15 04:06:48 2010 CEST
i Run/Event: 142971 / 343407290
|/ Lumi section: 372
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Gluon Splitting Candidate (pp @ 7 TeV

Secondary Vertices y
with their Tracks

4 = Muon

in| hcandidates

- pt I phi theta | eta rapidity| v Wi Wy VI pdgld| s

hoandidates

k3 #Error| oy vErrar| z zError| fracks| chiZ| ndofl Mass
0.52547|0.01719|0.10480|0.00354 |7 79365 |0 03776 5| 6942 Bl 164
CMS Experiment at LHC, CERN 0.14905|0.00549)0.20935) 0.01723 |6 56758|0.02559 Bl 5687 9] zoza
Data recorded: Fri Jul 30 07:23:52 2010 CEST
' Run/Event: 141961 / 45761100
/ Lumi section: 74
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B-Bbar Angular Correlations in pp

JHEP 1103 (2011) 136

CMS +/s=7 TeV, L= 3.1pb! CMS +s=7TeV,L=23.1pb
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= Angular correlations of di-b-jets sensitive to GSP contribution

= “Inclusive vertex finder” adept at separating nearby b vertices
* Most generators (including PYTHIA) under predict small angle jet rate
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CMS Detector
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CMS Track Impact Parameter (IP) Resolution

CMS-PAS-TRK-10-005

CMS preliminary 2010 Ns=7TeV
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» Excellent pixel spatial
resolution in both rp and z
directions
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* Track impact parameter
resolution
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~ 15-20 uym (re and z) at high p+
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Data meets theory

CMS \'Syny = 2.76 TeV
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Differential Cross-section

B
_ 1 1 N ||yCM|<1.93
2 Ay Apr (Ace X €) - BR - Liyy |

doB

APT ||y onl<1.93

« pp reference : FONLL calculation is used
» (agreement with CDF, ATLAS and CMS data)

http:/lIwww.Ipthe.jussieu.fr/~cacciari/fonll/fonliform.html
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