* Previously

- Jet clustering
- Jet fragmenation

* Today
Sublet clustering
Background subtraction
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Reminder of jet clustering algorithm

We learned a jet clustering (anti-k;) algorithm. What can be
the basic building block in clustering algorithm?

In theoretical calculation or MC simulation, obviously it is the
final stable particles, with accurate kinematic information

In the real experiment, it is Energy block having finite
position/energy resolution

If the detector has 100% efficiency and perfect momentum
resolution, then the sum of the energy blocks must be same
to the true jet energy

19-Apr-22 Yongsun Kim



Compact Muon Solenoid

Si tracker

Charged particles

EMcal

Photon, electron

Hcal

Jet

Covers 2rn radians in azimuthal angle
and very wide pseudo-rapidity



Calorimeter Jet : Traditional method

“Traditional” jet reconstruction
Calorimeter Towers

o 1HCALcell ~0.1 (A¢ xAn)

o 25 ECAL crystals ~ 0.01 (A¢ x An)
Does not make use of ECAL granularity
Jet resolution driven by HCAL.:

— HCAL resolution ~ 100%/VE \

— non-compensating - non-linear response \

Low p; charged hadrons bent outside jet \

Purely calorimetric jet reconstruction does not
take advantage of the full versatility of CMS
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Particle Flow as the jet component block

Particle flow reconstructs all stable particle in the event: h*", vy, h? e, n
clusters and tracks Particles

M
HCAL :
Clusters

+

neutral |
hadron !

eCAL I
Clusyers

* On average jets are:
~ 65% charged hadrons, ~ 25% photons, ~ 10 % neutral hadrons
 Using the silicon tracker (vs. HCAL) to measure charged hadrons
o Improves resolution, avoids non-linearity
o Decreases sensitivity to the fragmentation pattern of jets
» Used extensively in ALEPH, CMS and proposed for the ILC
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Subtraction of background by underlying event

N DN, B b %
- '1 CMS Experimeqt &t the'lHC, CERN:
CMS Experiment at LHC, CERN % ¥
e Dat orded: Sun Nov 14 19:31:39 2010 CEST 2 3 GM

Jet 1, pt: 70.0 GeV]

Particles Towers Jet

M
neutral :
charged "
hadrons \
Background
For instance, An x Ad subtraction and

Anti-k; algorithm is used

. ot clusteri
in most of CMS publications 0.076 x 0.076 in barrel Jet cHstering



Pileup Subtraction

p, [GeV/c]

Boston Jet
Workshop ‘14

v




P, [GeV/c]

Boston Jet
Workshop ‘14

1. Background energy per tower calculated in strips of n.
Determine <p1> and 0(p7)

Subtract <p7> + N*0(p7) (Noise suppression)

Estimate background
for each tower ring of constant n

estimated background = <p> + N*o(p;)

v

Background level



Pileup Subtraction

¢ A A

n e

P, [GeV/c]

1. Background energy per tower calculated in strips of n.

Boston Jet Determine <pt> and G(pT)
Workshop ‘14 Subtract <pt> + N*O(pT) (Noise suppression)
A
7 -

Background level



Pileup Subtraction

P, [GeV/c]

¢ A

® O

°© @

1. Background energy per tower calculated in strips of n.

Boston Jet Determine <pt> and G(pT)
Workshop ‘14 Subtract <pt> + N*O(pT) (Noise suppression)
A
7 -

Background level
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> n
2. Run anti k; algorithm on
background subtracted towers



P, [GeV/c]

Pileup Subtraction

¢ A

o ©
© @

1. Background energy per tower calculated in strips of n.

Boston Jet
Workshop ‘14

v

Background level
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3. Exclude reconstructed jets

Determine <p1> and 0(p7)
Subtract <pt> + N*OSpT) (Noise suppression)

>

> n
2. Run anti k; algorithm on
background subtracted towers



Pileup Subtraction

¢ A A

n O
—)

* o °© @

> n > n

1. Background energy per tower calculated in strips of n. 2. Run anti k; algorithm on
Bocton Jet Determine <p7> and o(pr) background subtracted towers

Workshop ‘14 Subtract <pt> + N*OSpT) (Noise suppression) (I) A

O

P, [GeV/c]

— —

[
»

» N > n

Background level3 gyclude reconstructed jets
Recalculate the background energy
Subtract <p;> + N*o(p;) (Noise suppression)
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ileup Subtraction

P, [GeV/c]

»n > n

1. Background energy per tower calculated in strips of n. 2. Run anti k; algorithm on

Socton ot Determine <p7> and o(pr) background subtracted towers
Workshop ‘14 Subtract <pt> + N*OSpT) (Noise suppression)
O A b A
A 1 1 O
¥ O
11
1 1
-> 11 ->
X O
1 1
> 11
1 1
Background level : > i > N
. 3. Exclude reconstructed jets 4. Run anti k; algorithm on background subtracted

Recalculate the background energy towers to get final jets
Subtract <p;> + N*o(p;) (Noise suppression)
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New algorithm using Forward calorimeter

CMS Preliminary

i3 <|n <5
Dl < 1.479

n
2

CMS DETECTOR STEEL RETURN YOKE v ey T R SR
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter : 15.0m Pixel (100x150 ym) ~16m* ~66M channels
Overalllength ~ :28.7m Microstrips (80x180 wm) ~200m? ~9.6M channels
Magnetic field ~ :3.8T
SUPERCONDUCTING SOLENOID
f— Niobium titanium coil carrying ~18,000A

o3

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m* ~137,000 channels

|

190 gy

Vo 0
fewc)

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)

Brass + Plastic scintillator ~7,000 channels

5% cent. 3
Run 182915
LS 118 Event 2570555

- Energy deposited at the forward calorimeter is used to estimate the
underlying event energy distribution in the mid-rapidity

- Training done with minimum-bias events
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New algorithm using Forward calorimeter

L83 <|nl <5
Znl < 1.479

w3

Hcal Forward

Steel + quartz fiber
~2000 channels 7 2
3 Inl <> 5% cent. %" \\*,/ 5n

Run 182915 3n
LS 118 Event 2570555

- Energy deposited at the forward calorimeter is used to estimate the
underlying event energy distribution in the mid-rapidity

- Training done with minimum-bias events
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Underlying Event Subtraction

T — s T T Z TR T TS TS 7 : 10A IT - Soopnn B

— 10

pr(GeV/c)

NI
NS
-

SN NP
‘ :

-10

Before UE subtraction After UE subtraction

e|n order to subtract UE energy from each particle-flow candidate, a Voronoi
algorithm is used to estimate the associated area

CMS DP 2013/018
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Performance
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200 400

200 400

200 400

200 400

CMS Simulation

PYTHIA+HYDJET
PbPb

V/Sun =2.76 TeV
Anti-krR=0.3

Inl < 1.4

» FastJet pA
o [terative PU
= HF/Voronoi

p7°" (GeV/c) @

Improvement in the jet energy resolution and jet energy

closure compared to iterative algorithm



Performance v.s. Event Plane Angle
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Improvement in the jet energy resolution and jet energy scale
closure as a function of |Q-wgp|
CMS DP 2013/018
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Negative Energy Balancing

(GeV
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« Aequalization step is introduced to balance the negative fluctuation (after
subtraction) with the positive fluctuation to reduce the positive bias in jet energy
reconstruction

«  Optimization is based on the worst remaining negative energy in a cell, and

minimum overall energy transfer, and expressed as a linear optimization
problem

 Right: Thickness of the black line indicates amount of energy transfer, red/blue
energy gain/loss
CMS DP 2013/018
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Underlying event subtraction algorithm

50-100%

30-50%
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Qﬁgﬁﬂﬁg seg n
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0-10% CMS Simulation
PYTHIA+HYDJET
PbPb
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» FastJet pA
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Improvement in the jet energy resolution and jet energy
closure compared to previous algorithm
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Correlation study: Di-jet imbalance

PRL 105 (2010) 252303

J
J

40-100% \ [S\y=2-76 TeV 0-10%

ATLAS

) dN/dA
()

Quantified the
momentum impalance
of di-jet pairs by

- (pT,1_pT,2)/(pT,1+pT 2

y @D

j Peripheral coll. Central coll.
4 Small QGP Bigger QGP

(1/N
evt
18]
(1 /NM) dN/dA

=

Physics messages

1. Significant Di-jet energy imbalance was observed in the head-on
PbPb collision

21



PRL 105 (2010) 252303
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- (pT,1_pT,2)/(pT,1+pT,2)

Correlation study: Di-jet imbalance

J

(1/N_) dN/dA
evt

.................

5. =276 TeV 0-10%
\‘ NN ATLAS ]

y,

/
7

evt

(1/N ) dN/dAd

‘ 10‘1_

Ap =] d1— ;|

Physics messages

(]g-"‘l""l""l
[ @®Pb+Pb Data

[ Op+pData

- ;‘DHIJING+PYTHIA

1. Significant Di-jet energy imbalance was observed in the head-on

PbPb collision
2. Angular correlation of jet pairs is consistent with pp coll

ision
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PbPb - MC
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e PbPbVs, =276TeV

1F 1
F Ldt =150 ub
r N

2N PYTHIA+HYDJET

[ Centrality 0-20%
F 120 <p_ <150 GeV/c

150 < P, < 180 GeV/c

Anti-k; (PFlow), R=0.3 3
Py, > 30 GeV/ic

180 < P, < 220 GeV/c

,.;_

Wl
E)

Momentum correlation of di-jets

PLB 712 (2012) 176

Significant asymmetry of energy of
jets observed while angular
correlation is kept.

Monotonic to pT of jet



Newton’s 3" |aw

Track
< cos ((PTraCk - (PLeading ]et)

Investigate the momentum of all charged
particles projected on the leading jet axis

24

= Y

Tracks

—PT

Subleading jet
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\\\\\\\\\\\\ UL /////////

$ %
W, &
//////J,H ) \\\\
p Track
T p Track ||
AD T
| A
Leading jet



Newton’s 3" |aw

Investigate the momentum of all charged
particles projected on the leading jet axis

0-30% Central PbPb

.l LI ] LI L I L L I L L l LI l-
| CMmS 0-30% .
40 - Pb+Pb \s_=2.76 TeV 1
I det=s.7pb“ @
__ 20}
&)
?9’ 0 K3 e ¢
A K2 hd —
¥
-20-
L Total momentum is
40 conserved! .
L1 1 1 l L1 1 1 l L1 11 l | . l L1 1 l_
0.1 0.2 0.3 0.4
/ A, \
balanced jets unbalanced j

Ay =Py Py (P +P; )

25

= Y

Tracks

Track
—Pr

COS ((PTraCk -

(PLeading ]et)

|

excess away from
leading jet

<

excess towards

leading jet

|

jets

Subleading jet

\\\\\\\\\\\\ﬂ A1

ﬂ‘//////

Leading jet




Newton’s 3" |aw

Differential profile as a function of distance from leading jet was studied
- High p; imbalance at small AR
- was balanced by low p; particles in subleading jet direction upto large AR

19-Apr-22

F T T T T T LI L T LI L
45? —e— PbPb 150 pb™ E V5. =2.76 TeV ¥ ¥ CMS Preliminary 3
= 40F —=—pp5.3pb” ¥ + + 3
& 350 — PYTHIA*HYDJET I i ]
E ---- PYTHIA ] }
§ 3OF ; E ; b ¥ ;
2 o5f 50-100 % 3 10-30 % i E E
@ 20F 3 3 ¥ 3
OE) - [E - - :
$ o 4] o
= |
25¢  p,,>120GeVic E3 anti-k, Calo R=0.3
a 20 P, 50 GeVic Inml <24 +
T 1sf A9, , > 5n/6 p*>0.5 GeVic 1 + k +
0
£ o nimi<is i i
® 4] 5 ® ®
i = ey n
3]
'5 N 1 N L PR URT SR T N S S S N lTJ RN TR SR N S S S S S U SR R [ S S S S
50 100 50 100 50 100 50 100
A Priz (GeVl/c) A Pz (GeVl/c) A Pz (GeV/c) A Pz (GeV/c)

Multiplicity difference

AR = /DR jor + Al e
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Newton’s 3" |aw

Differential profile as a function of distance from leading jet was studied
- High p; imbalance at small AR
- was balanced by low p; particles in subleading jet direction upto large AR
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40

P; 1>1 20, pT2>50 GeV/c
In1|,ln2|<0.50, A¢1!2>5n/6
anti-k; Calo R=0.3
Intrk|<2.4

ptTrk (GeV/c):
[Jo.5-1.0[J2.0-4.0
[ ]1.0-2.04.0-8.0

# >0.5 [J8.0-300.0

Newton’s 3" |aw

Differential profile as a function of distance from leading jet was studied
- High p; imbalance at small AR
- was balanced by low p; particles in subleading jet direction upto large AR

" pp 53pbT

] PoPb 150ubT

CMS Preliminary +

---pp cumulative

— PbPb cumulative

PbPb  |s=2.76 TeV]

0-30 %

AR = /DR jor + Al e

Yongsun Kim
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Overall observation

1. Missing energy was converted

into multiple soft particles
~0(1) GeV

2. Missing energy is largely

deviated from jet axis
AR > 0.8 (>45 deg)

Result supports the QGP heating
model

pT

Large angle soft radiation
“QGP heating”

AdS/CFT

JHEP 1010 (2010) 099
Phys.Rev. D79 (2009)
JHEP 0810 (2008)
JHEP 0805 (2008) 037



Fragmentation Function of jet

Observable:
1
E C — 1n E ’ T pjet
3 In jet cone R < 0.3,
E Track pr > 1 GeV/c
3 Per Jet Normalization:
j : FF integral = # of particles per jet

Track pr = 35 GeV/c Track pr =1 GeV/c
at Jet pr = 100 GeV/c
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N track / d@
)

FF —underlying event subtraction

llllllllllllllllllllllllllllllllll

o} All tracks in jet cone
tracks from underlyin
After subtraction
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(1) Plot raw FF in jet cone

O All tracks in jet cone

=
. (=)
©
=)
> 5
Jet Event
a
-2 n 2



N track / d@

FF —underlying event subtraction

(1) Plot raw FF in jet cone

O All tracks in jet cone

32

o} All tracks in jet cone l:
racks from underlyin
tAfter subtraction ’ 'Ek;) ‘
Vo =
Jet Event
-2 n 2

(2) Obtain FF contribution from
heavy ion background using n
reflected cone.

tracks from
underlying events



FF —underlying event subtraction

(1) Plot raw FF in jet cone

O All tracks in jet cone

o} All tracks in jet cone l:
tracks from underlyin PR
After subtraction & 8
| Bkg !
\ 7 QJ
=l NS
~ Smm= ©
x >
> E
Z o
©
k3l
=z
= Jet Event
-2 n 2

(2) Obtain FF contribution from
heavy ion background using n
reflected cone.

tracks from

underlying events

(3) Subtract (2) from (1)

[ After subtraction
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FF —underlying event subtraction

(4) Compare to pp reference (1) Plot raw FF in jet cone
(fragmentation in vacuum) O  Alltracks in jet cone

Camimb
Y
{ Bkg }

)
\\ ,I
~ S ’/

Jet Event

o} All tracks in jet cone
tracks from underlyin
After subtraction

Exclude

-2 n 2

(2) Obtain FF contribution from
heavy ion background using n
reflected cone.

tracks from

underlying events

(3) Subtract (2) from (1)

[ After subtraction
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10 CMS Preliminary

Jet Fragmentation Function

50% - 100%

PbPb
pp reference

30% - 50%

Systematic uncertainty

10% - 30%

Jet p, > 100GeV/c, Inl <2
Track p, > 1 GeV/c,r<0.3

0% -

10%

Peripheral coll.

35

0 1 2 3 4 5
E=In(1/z track
( _ P
Z jet
P
Central coll.



Shock wave of Z-tagged jet seen in 47 angle

PRL 128 (2022) 122301 |
Tues 5:10 PM

70-90% .50 -70% .30 -50% .0 -30% Kaya Tatar
CMS ﬁ 5. 02 TeV Pbe 1.7 nb™, pp 304 pb1
[ 7e' PbPb  Cent. 70-90% " Cent. 50-70% " Cent. 30-50% " Cent. 0-30% ]

20f ' p.\_

=) - [0l pp .
£ ' pZ>30 GeV/ N
= 15F S§k>1 GeeV/: + + | +ﬁ
Y ¥ of ° ° + "
A3 AL e e
T |o 5:_ ~$7 + + + ‘+ o " + o o + ’ + o _
-2 ) ) $ +3*$ g o o 0 ° i o0 ° o ?) 8 o ° ]
Y il bbbt it vt wieduti vt A il Sieds Fwied vl i b i el wids S ird redet i et Sl drids vt vt

Hybrid [l CoLBT

+ + + i A wilo wake

PbPb - pp

00.51152253051152253051152253051152253.

Aq)trk,Z (rad) th (rad) trk,Z (rad) trk,Z (rad)

* Direction of parton’s initial momentum is obtained from Z, thus allowing
precise measurement of angular correlation
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Shock wave of Z-tagged jet seen in 47 angle

PRL 128 (2022) 122301

—>
A

g.' +1 1 More particles ,
_é Medium enhanced
S
e [ B LT L L e

% -1 4 Less particles,

H Medium depleted
= |

0 AD = |¢:DZ - Cbtrk| T
Behind jet Near jet

©

©

e

S~

N

Tues 5:10 PM
Kaya Tatar

CMS Cent. 30-50%

] 30-50%

salaaaa s | | e T

2053
A¢ _ (rad)

trk,Z

05 1 156 2 25 3 05 1 1.

Ad _(rad)

trk,Z

More particles enhanced by medium depending on A¢
Provides novel constraints for modeling medium-parton interaction .
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Events / 0.5 GeV
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The W boson Mass and Muon g — 2: Hadronic

Uncertainties or New Physics?

Peter Athron, Andrew Fowlie, Chih-Ting Lu, Lei Wu, Yongcheng Wu, Bin
Zhu

There are now two single measurements of precision observables that have
major anomalies in the Standard Model: the recent CDF measurement of the
W mass shows a 7¢ deviation and the Muon g — 2 experiment at FNAL
confirmed a long-standing anomaly, implying a 4.2¢ deviation. Doubts
regarding new physics interpretations of these anomalies could stem from
uncertainties in the common hadronic contributions. We demonstrate that
the two anomalies pull the hadronic contributions in opposite directions by
performing electroweak fits in which the hadronic contribution was allowed
to float. The fits show that including the g — 2 measurement worsens the
tension with the CDF measurement and conversely that adjustments that
alleviate the CDF tension worsen the g — 2 tension beyond 5¢. This means
that if we adopt the CDF W boson measurement, the case for new physics
is inescapable regardless of the size of the SM hadronic contributions.
Lastly, we demonstrate that a mixed scalar leptoquark extension of the
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Low energy SUSY confronted with new

measurements of W-boson mass and muon g-2

Jin Min Yang, Yang Zhang

The new CDF Il measurement of W-boson mass shows a 7o deviation from the

Standard Model (SM) prediction, while the recent FNAL measurement of the

muon g — 2 shows a 4.2¢ deviation (combined with the BNL result) from the SM.

Both of them strongly indicate new physics beyond the SM. In this work we

study the implication of both measurements on low energy supersymmetry. With
an extensive exploration of the parameter space of the minimal supersymmetric
standard model (MSSM), we find that in the parameter space allowed by current

experimental constraints from colliders and dark matter detections, the MSSM
can simultaneously explain both measurements at 2¢ level. The favored

parameter space, characterized by a compressed spectrum between bino, wino

and stau, with the stop being around 1 TeV, may be covered in the near future
LHC searches.
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Explaining The Muon g — 2 Anomaly and New CDF Il W-
Boson Mass in the Framework of (Extra)Ordinary Gauge
Mediation

Xiao Kang Du, Zhuang Li, Fei Wang, Ying Kai Zhang

The SUSY contributions Aa,, to muon g — 2 anomaly can not even reach 3¢ in ordinary gauge
mediated SUSY breaking (GMSB) scenarios because of the strong correlations between the colored
sparticle masses and the uncolored EW sparticle masses. An interesting extension to GMSB is the
(Extra)Ordinary Gauge Mediation (EOGM), which can relax the correlations between squarks and
sleptons with non-universal choices for N3 and Ny, . We find that EOGM scenarios with

Nefr3 << Ny can explain the muon g — 2 anomaly within 3¢ range, however can not explain the
new W-boson mass by CDF II. We also propose to extend EOGM with additional adjoint Xg and X3
messengers at a high scale of order 1.0 X 10'* GevV, which can shift the gauge coupling unification
scale to the string scale. Such EOGM extension scenarios with adjoint messengers could spoil the
unwanted gaugino mass ratios and give large SUSY contributions to Aay, for Nyy3 < Nygr,
which can explain the muon g — 2 anomaly within 1o. Besides, because of the large messenger
scale of order 1.0 X 10'* GeV, such scenarios will in general lead to large |A,| at the EW scale,
which can accommodate the 125 GeV Higgs easily and possibly lead to smaller EWFT as well as
BGFT. We discuss the possibility to explain the new CDF Il W-boson mass in the GMSB-type
framework at one-loop level. We find that SUSY contributions may marginally account for the new
W-boson mass in the region with both sleptons and wino being light.
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A Model of Vector-like Leptons for the Muon g — 2
and the W Boson Mass

Hyun Min Lee, Kimiko Yamashita

We consider a simple extension of the Standard Model (SM) with a vector-like lepton
and a local U(1)’ symmetry, motivated by the recent experimental anomalies in the
muon g — 2 and the W boson mass. The U(1)’ symmetry is spontaneously broken
by the VEVs of the dark Higgs scalar and the second Higgs doublet, giving rise to the
mixing between the muon and the vector-like lepton. As a result, we obtain the
desirable corrections to the muon g — 2 and the W boson mass simultaneously,
dominantly due to the Z’ gauge interactions. We also discuss the consistency of the
model with the Z boson decay width and the Higgs couplings.
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W jet before LHC era

R=0.4

W boson
Mw = 80 GeV/c?

0|

R=04



W jet today

1
q
Boosted
W boson R=1

Events / 4 GeV

Pull
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High pt W bosons merges two jets forming one fat jet

Should cope with UE background

e Development of jet grooming
e e.g. pruning, trimming, MDT, SoftDrop ...

|t tee "ot Lt "
po T N
— 50 100 — "m0

Mgp B=2 [GeV]



Jet grooming for QCD jets

Jet grooming is useful to remove soft divergences, thus converges the
experiments to analytic calculations (e.g. NLLO)

Useful for study of jet substructure
SoftDrop (Larkoski et al)
e Sudakov safe and insensitive to as

SoftDrop

Before After



SoftDrop Example

Jet from PYTHIA
e pT =400 GeV
e 15 constituent particles

Softdrop condition :

min(pr1, pr2) ( AR ) P
> Zecut
Pr1 + P12

Typically z=0.1,3=0

min(pr1, pr2)
PT1 + P12

> 0.1

Numbers mean the pr of
each constituent ( GeV)



SoftDrop Example

Step 1
Recluster constituents with
Cambridge/Aachen algorithm.

C/A algo merges the closest
constituents regardless the pt




SoftDrop Example

Step 1
Recluster constituents with
Cambridge/Aachen algorithm.

C/A algo merges the closest
constituents regardless of pr.

This purely geographical clustering
makes the tree of

2 -> 1 branches.

It also represents the chronicle order of
jet branching

—
S'_

3.6—

Early nodes

Latest node

»

C/A clustering order

>



SoftDrop Example

0.82 GeV
Step 2 0.32
In order from latest to earliest *
nodes, check SoftDrop condition 399 GeV

mln(pTlapTQ) > 01
PT1 + P12

In this iteration,

ptl =0.82 GeV

pt2 = 399 GeV
=> SoftDrop condition fails , and
0.82 GeV branch is dropped



SoftDrop Example

Step 2

Check the SoftDrop condition at o
the joints, in the inverse order of 4 GeV

re-clustering

min(pr1, pr2) 0.1
pPr1 + P12

In this iteration, .
pTl =4 GeV 395 GeV

pt2 = 395 GeV

=> SoftDrop condition fails , and
the branch is dropped



SoftDrop Example

Step 2
Check the SoftDrop condition at

the joints, in the inverse order of
re-clustering

mln(pTlapTQ) > 01
PT1 + P12

In this iteration,

ptl =9 GeV

pt2 = 386 GeV
=> SoftDrop condition fails , and
the branch is dropped

386 GeV

9 GeV



SoftDrop Example

Step 2
Check the SoftDrop condition at

the joints, in the inverse order of
re-clustering

mln(pTlapTQ) > 01
PT1 + P12

In this iteration,
ptl =92 GeV
p12 = 243 GeV

=> SoftDrop condition is met, thus
Iteration ends.

Y

5 —
166

68—

Jo—

4 —

243 GeV

92 GeV



SoftDrop Example

92 GeV

2
- —0.27
a3

Jet splitting function zgis an important substructure variable

provides the earliest fragmentation of jet .



Theory (MLL; all)
—— Pythia 8.219
1do 60 11 0 = Herwig 7.0.3
odz. zg5 | T Sherpa 2.2.1

et > 150 GeV
mMDT / SDp—g : Zew = 0.1

LSS =

asymmetric

symmetric

'-I-' 1 CMS 2010 Open Data _

pofC > 1.0 GeV
AK5; || < 2.4 1

PHYSICAL REVIEW LETTERS

Highlights Recent Accepted Collections Authors Referees Search Press

Exposing the QCD Splitting Function with CMS Open Data

Andrew Larkoski, Simone Marzani, Jesse Thaler, Aashish Tripathee, and Wei Xue

Track z,

Phys. Rev. Lett. 119, 132003 — Published 26 September 2017

QCD Splitting Function using CMS Open Data

SoftDrop results in data and various models converges for any jet

splitting configuration!



Gluon radiation mechanism induced by QGP

First splitting happens

before the jet escapes the QGP

Then, would QGP see this splitting?
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Gluon radiation mechanism induced by QGP

First splitting happens

before the jet escapes the QGP

Then, would QGP see this splitting?

If yes, gluon radiation will happen

from two separate sources.

If no, gluon radiation will happen

coherently.

PLB 725 (2013), 357 Casalderre-Solana et al.



First splitting happens
before the jet escapes the QGP
Then, would QGP see this splitting?

If yes, gluon radiation will happen from

two separate sources.

If no, gluon radiation will happen

coherently.

In the antenna radiation picture, the resolution scale of gluon emitter is determined by the
medium properties
If medium can resolve splitting of sub-jets, the medium-induced radiation comes from two

emitters
PLB 725 (2013), 357 Casalderre-Solana et al. 3



Quenching can modify jet substructure

arxiv1210.7765

Loss of c.oherence reducgs the Radiation of gluons induced by QGP
correlation between subjets modifies the virtuality of jet
—> Suppression would modify the jet —> would modify jet mass

splitting function



Challenge in heavy ion experiment

Large UE background

e Should subtract up to 150 GeV for a R=0.4 cone

e Should subtract up to 100 particles

e Particle-level subtraction is necessary instead of cone-integrated one

e Constituent subtraction algorithm can solve this problem
Reclustering in Softdrop requires high spatial resolution of constituents

e ParticleFlow (CMS)

e Tracks (ALICE)

T HCAL

: : Clusters
neutral | .
hadron : m detector

&
5 %
I

ParticleFlow algorithm in CMS



SoftDrop performance in CMS framework

Distribution of zg in MC and data

CMS pp 27.4 pb™ (5.02 TeV)
102 E L I L I L I LI | LI | LI I L IE
[ 140 <p!’ <160 GeV ¢ Data ]
| antik, R=0.4, mJ<13 U PYTHA ]

10 SoftDrop p=1.5,z =0.5, AR, >0.1
- arxivl805.05145
.'i;o— B
3 = | Less
£ 4L
o groomed
107

pp data vs MC

(@)
1=
(/)]

PbPb 404 ub™(5.02 TeV)
IIIIIIIlIlIIIlII_

102

Centrality: 0-10% ¢ Data
140 < p < 160 GeV U PYTHIA+HYDJET
.

antik; R=0.4,In | <13

SD B=1.5, zcut=0.5, AR;,>0.1

Less
groomed

More
groomed

03 04 05 06 07 08 09 1

pT,g/pT

PbPb data vs MC

For PbPb case, the peak is shifted and smeared by resolution,

but the simulation reproduces the data well



Jet splitting function in PbPb vs pp (CMS)

More central collision

Pb
Pb .

VSun = 5.02 TeV, pp 27.4 pb™', PbPb 404 ub™

Pb' IPb

LN B AL B UL BN B B ML L BN N
10F cMS Centrality: 50-80% Centrality: 30-50%  + m- Centrality: 10-30% + Centrality: 0-10% -
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PbPb/pp

18F
1.6F
1.4F
1.2

0.8}
0.6}
0.4}
0.2k

Jet splitting function in PbPb vs pp (CMS)

s
ke,

- N
:_ " Centrality: 0-10%

= PbPb

Pb

Pb

Central
collision

The subjet pairs became more
imbalanced in central PbPb collisions.

QGP can recognize the splitting
pattern of jets!

<



PbPb/pp

10F cMS Centrality: 50-80%
8: = PbPb -
- @ippsmeared ]
6 -
4 S _
[ s 2
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Jet splitting function in PbPb vs pp (CMS)

B pPrai + D7,

Pb

Peripheral
collision

The subjet pairs became more
imbalanced in central PbPb collisions.

QGP can recognize the splitting
pattern of jets!

No signal for peripheral collisions

<



Take Home Messages

16k Apne Centrality: 0-10% -
1 4:_ CM/S 140<pT'jet< 160 GeV _:
:
Jet Quenching is the energy loss phenomenon % oK E
of a jet via gluon radiation induced by QGP. s B e m
- o 08p e 2 Y T
Precision measurement of jets can shed L EWEL TN o
light on the pQCD of high energy parton 0.6 Coherent antenna BDMPS"z-}'.‘f_ri:'i".?f-/“ E
] 014:_—q 1 GeV/fm?, L = 5 fm _:
and QGP medium F = = §=2GeV/in’,L=5fm
01 02 03 04 05
Z
g
Jet Substructure is a great tool to test the
state-of-the-arts pQCD calculation, and an -E ATLAS Preli'mina'ry B
interesting signal to probe QGP N .
Interesting signal to probe Q L Pb+Pb 0-10% :
1.5F 126<p <158 GeV
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