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Outline

4 Semi-analytical dist’ for inner-jet energy flow:

(i) jet mass => perturbative @ high mass =>

(i) angularity <-> 2-body (iii) planar flow <-> 3 body.
4 First measurements: CDF preliminary:.
4 Can improve systematically? Template method.

4 Summary




Jet Mass-Overview

4 Jet mass-sum of “massless” momenta in h-cal
inside the cone: m45 = () .. Pi)*, ri2 =0

4 Jet mass is non-trivial both for S & B for
concreteness mostly focus on top-jets.
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4 Naively the signal is .J o §(m; — m;)
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Non trivial top-jet mass distribution

4 Naively the signal is .J o §(m; — m;)

4 In practice m'; ~ m; + omocp + 0mpew

PR

Can understood detector smearing.

perturbatively

fast & small~10GeV
Pure kinematical bW(gQg)

dist’
IN/out cone
~0.2 GeV
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QCD jet mass distribution

4 Boosted QCD Jet via factorization:

dO’i 2 Mn 2 man
dm.; = J'(ms,p;p"™,R°) o (pT )
| /([]”J ,]i =1 l = Qq e

- can interpret the jet function as a probability density functions for a jet with a given pTto
acquire a mass between mJ and mJ + dmJ

Full expression:

do e i /i g
_ %“HB il E /dz dzy &, (Tg, Pr) ST, Pr)—==52 (24, Xp, 1, PT)
dm3, dm3, dn e dprdn

- 2 o, 2 (€) (112 : /3 %% {3 el P 2
S (.mu,l. m3,, 0, pr, R°) /i (m3,, 0, pr, R®) ;" (m3,, 0, pr, R®)




QCD jet mass distribution

4 Boosted QCD Jet via factorization:

dO’Z 1 mzn Tt
de_J(me Rz) (T )

= Q.G
dm . :
/ For large jet mass & small R,
- can interpret the jet fun no blg corrections == 2N pT to
acquire a mass between leading log can be captured via

, perturbative QCD!
Full expression:

dO'HAHB—nh Ja / : '
= dx, dxy ¢, (z,, pr) dOu(2y, Pr
dm?, dm?_dn Z b PalZa; Pr) Ob(Zp; Pr)

ab—cd (
d p;rd

S ('1712]1,772.32,77, p]-,RQ) Jl(")(m%l, n, pr, R%)J; (d)(m T2 T, T R?)

La, Ty, 1), pT)




QCD jet mass distribution, Q+G

Main idea: calculating mass due to A

two-body QCD bremsstrahlung: E_S




QCD jet mass distribution, Q+G

Main idea: calculating mass due to
two-body QCD bremsstrahlung: 2

'](f'l")'c(’I?lj,p"j’« R) it (XS (])j) C 10g ( ]1 )

T g m.y

Cr = 4/3 for quarks, C'y = 3 for gluons.




QCD jet mass distribution, Q+G

D S 46 R pp
JER)C(m pr, R) ~ as(pr)— log ( I )

TIM, g mg

Cr = 4/3 for quarks, C'y = 3 for gluons.

Data is admixture of the two, should be bounded by them:

Fo SO (3 [do° (R

dopred( ) = (g Dpdt) Z do” (R)

de dr nj 4 pper bound A de
= S DY

[ do° (R)
: ( dpr )




Jet mass distribution theory vs. MC

Sherpa, jet function convolved above p

Jot Mazs(C4 P1 > 1000 GsV)
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Jet mass distribution theory vs. MC

C4 Jet Mass (PT = 1500 GeV)

Events /5 GeV /100 fb™
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Jet mass distribution theory vs. MC

1200

1000

C4 Jet Mass (PT = 1500 GeV) —— Sherpa
NN ///7/77 Pythia
T MadGraph
Top Mass Window :
, s Gluon Hypothesis
X =._Quark Hypothesis

Events /5 GeV /100 fb™
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Rough agreement with MC,
however, sizable discrepancies
between tools!

Tevatron => mostly quarks.
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Jet sub-structure
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angularity; planar flow <=> no manipulation of jet energy deposition
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|IR-safe jet-shapes which distinguish
between massive & QCD jets?

4 Successes in high jet mass => jet function
well described by single gluon radiation.
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|IR-safe jet-shapes which distinguish
between massive & QCD jets?

4 Successes in high jet mass => jet function
well described by single gluon radiation. ¢

+ Once jet mass fixed @ high scale

= |Large class of jet-shapes become perturbatively calculable

‘ AﬂgUlarity (2_b0dy final State). Berger, K'ucs and Sterman (03)
my Z 0),6'_‘ . )il

/

Almeida, Lee, GP, Sterman, Sung, & Virzi (08)

ul

T,(R.p — ; sin“0; [ 1 —cos6; |
(R. pT) m;z’ i S 1 —cos

1< jet

emphasize cone-edge radiation




2-body jet’s kinematics, Z/W/h

4 Angularities distinguish between Higgs and
QCD jets (2-body only one variable<=>ysplitter):

th 1 dJQCD 1

~— X 2 VS. | |
dTa — |a| (7,)"" d7, = la|




2-body jet’s kinematics, Z/W/h

. Psg(F,
p;L'(HS) = ((ZJ‘L-/(ZQS)/JI => P;E(%a.) ’ R(;f_a) o (T )

- pQCD(;,:a )




2- bodLjets kinematics, Z/W/h

P*(0,) = (dJ*/db,)/J* =

R™2 vs. T_, for z=0.05

1
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FIG. 3 (color online). The ratio between the signal and back-
ground probabilities to have jet angularity 7_,, R7-2.
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FIG. 4 (color online). The angularity distribution for QCD
(red-dashed curve) and longitudinal Z (black-solid curve) jets
obtained from MADGRAPH. Both distributions are normalized to
the same area.
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2-body jet’s kinematics, Z/W/h
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FIG. 4 (color online).

The angularity distribution for QCD

(red-dashed curve) and longitudinal Z (black-solid curve) jets
obtained from MADGRAPH. Both distributions are normalized to

the same area.
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2-body jet’s kinematics, Z/W/h
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QCD jets vs top jets via planar flow

4 QCD jets are democratlc & broad, shown both
for cone & anti-kt jets.

SISCone Pr--N
QCD Jet ’f ESEo

ﬁﬁ
‘8_
[[[[ rJ_r,_,- i

o ‘L_'_‘_A_ A
s _———hl_ A
1)

4 QCD-linear, top-planar E- deposmon in the cone
4 IR-safe E-flow tensor: I = _Z w, Lisk Pid
M. J

w; Wy

4 Planar flow:  Pf = 4(1('t'([ﬁ§’) g -
B (elin ) (A1 + A2)?




Planar flow, QCD vs top jets

Planarity(P_=1TeV 140 GeV < M, < 210 GeV) | —— Sherpa QCD
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Planar flow, QCD vs top jets

Planar flow, Pf (P.=1 TeV, R = 0.4, "no mass cuts")
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Planar flow, QCD vs top jets

Planarity(P_=1TeV 140 GeV < M, < 210 GeV) | —— Sherpa QCD
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Planar flo8 D vs top jets

Planar flow shows

a “typical” QCD

Planarity(P_= 1 Te[S=l eI -4l —— Sherpa QCD
O be calculable — (= MadGraph QCD
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Planar flow, QCD vs top jets

Planarity(P_=1TeV 140 GeV < M, < 210 GeV) | —— Sherpa QCD
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Planar flow, QCD vs top jets

Planarlty(P =1 TeV 140 GeV <M, <210 GeV) I —— Sherpa QCD
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Boosted massive jets
@ CDF

R, Alon, E. Duchovni, GP & P. Sinervo, for the CDF'; blessed preliminary data;
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The data to be looked at

CDF Preliminary

Cut Flow
All Data. 5.95 tb-! 75,764,270 events
R=0.4 R=0.7
At least one jet with p; > 400 GeV/e, 0.1 < n| < 0.7, 3136 events 3621 events
and event quality cuts
mye < 100 GeV/e* and Sy 1 < 4 2579 events 2576 events
(with p£e= > 100 GeV/e and MI corrections)

CDF Preliminary

Events with at least one jet within p, interval and 0.1 <|n| < 0.7 and passing top rejection cuts

py Interval (GeV/c) R=0.4 R=10.7

400 < pr <500 2428 events 2431 events

pr = 500 151 events 145 events




Jet mass distribution

CDF Run Il Preliminary

0.03 - o
- Midpoint R=0.7, 400 < P, < 500 GeV/ic,01<|n | <07
: e Data (all jets)
0.025 B e «wssfp==== Pythia6.14
B PDF Systematic Uncertainties
© = _ .
- 0.02— 3 -1
> - 3 L..=595fb
) E
= I
..'T.a' 0.015H “A-
815 L
=% 0.01 . B
; -
C -
0.005— A
E a®
e RS S
AR A AR hesd TS0y Vi o YO Fossy e kP T
0g® 50 100 150 200 950 %00

m'* [GeV/c?]

Distribution of jet mass after MI correction for jets with 400 < pr < 500 GeV/c, cone R=0.7, data and QCD MC
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Jet mass distribution, high mass region

CDF Run Il Preliminary

:_ Midpoint R=0.7, 400 < p’:" <500 GeV/c,0.1 <" | <0.7,
0.008 - p*? > 100 GeVic, m™" < 100 GeVic®, S <4
i Data
0.007}
= ‘ ---------- Pythia 6.14
lg‘ 0_006 = Systematic Uncertainties
= B
8 0.005 :_ TheoryC (gl )
E (=" Theory Curve (quarks)
S 0.004 :—+_+_ L, = 5.95 fb”
Q| g
< 0.003 5
R N -
0002 N\ -
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Jet mass distribution, high mass region
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Midpoint R=0.7, 400 < p|°" <500 GeV/c, 0.1 <" | <0.7,

pJTm >100 GeVic, m" -

Data nicely interpolates
between quark and gluon jet
functions consistent with
mostly quark case!

L L

- !

L l L
150

200 300

m*"' [GeV/c?

19



Angularity (m Z@)

Arbitrary Units / bin of 0.002

CDF Run Il Preliminary

MldpomtR-074OO<pJ < 500 GeV/c, 0.1 < |n*"'| < 07,
90 <m ' <120 GeV/c? p’e‘2>1OOGercm <100 GeV/c®, S

———  Data
Systematic Uncertainties

------------ Pythia 6.1.4

Theory (quarks)

L
1 ++ 7L++ Y .o

M ET

0.02 003 004
jett
T2
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Angularity (m Z@)

CDF Run Il Preliminary
M|dp0|ntl=t--07400<pJ < 500 GeV/c, 01<|11 "l <07,
90 <m ' <120 GeV/c? p’e‘2>100 GeVie, m - <100 GeV/c®, S

M ET

—p—— D ata

Systematic Uncertainties
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Angularity (mZH)

CDF Run Il Preliminary
Midpoint R=0.7, 400 < p!:" < 500 GeV/e, 0.1 < |n*"'| < 07,
90 <m"" <120 GeVic?, p* > 100
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Angularity (mZH)

CDF Run Il Preliminary

0-2: MldpomtR 0.7,400 < p" < 500 GeVic, 0.1 < 1| < 07,
-
018kl | i 90 <m ' <120 GeV/c? p’*‘2>100 mer <4
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Planar flow

Arbitrary Units / bin of 0.1
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Planar flow

Arbitrary Units / bin of 0.1

o5 CDF Run Il P Gllif=lgige 1 val=
: - MC QCD &
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Planar flow, no mass cut

CDF Run Il Preliminary
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Planar flow, no mass cut

Arbitrary Units / bin of 0.1
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Template Method
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Template Overlap Method

€ Pf/ angularity are 2 variables in a multi-body
kinematical-variable phase-space => info’ is lost.

¢ Can we be more systematic in our approach!?
Fixing jet mass & pT @ LO in PQCD:

single parameter for 2-pronged decay;
four (5 without W mass) parameters for 3 pronged decay.




Template Overlap Method

¢ Template overlap: functional measure of how well
jet-energy-flow matches flow of a certain template
calculated from |st principle (LO, partonic)

|f > = top distribution
lg > = massless QCD distribution
We need a probe distribution, |f >, such that
R = (f Hf ) 1s maximized.
. dE(7) dE(f
general overalp functional: Ou(j, f) = (j|f) = I[ ds(zj)’ déf)]




Example, top jet:“Golden Triangle™

E(pz, Dy)
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Template Overlap Method

€ Any region of partonic phase space for the

boosted decays, {f}, defines a template

€ Ansatz: good (if not best) rejection power using

signal distribution for templates

¢ Define “template overlap” as the maximum

functional overlap of j to a state f[j]:
Ov(j. f) = max (s} F(j. f)
¢ Can match arbitrary final states j to partonic

partners f[j] at any given order in PQCD.




Constructing a functional

€ A natural measure of the matching between

state j and the template: weighted difference of
their energy flows (employ a Gaussian)

Ov'F)(4, f) = max_(r) €Xp

1 dE(5)
— ([ a9
202, (/d [ df?

_dE(f

= f))Z:

Alternatively, we may choose F to be a normalized step
function around the directions of the template momenta pi

for a given template, with direction of particle a, 7. & its energy E®, :

Ov(j,p1...pn) =

for an n-particle final state

max_(ry exp
Tn

B

20
a=1

(i

12 (/dznd U

d?n

)
O(r,nS)) — EWY) )
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Three-particle Templates and Top Decay

- @ Construct template: three particle phase space

for top decay t—=b+W =b+qg+q
with (pq + pq)z — 1\[‘21

4 d.o.f.: most straightforward method by 4 angles:

| )polar and azimuthal angles that define b and W
directions in the top rest frame

2)polar and azimuthal angles that define
q and gbar directions relative to the boost axis
from the W rest frame




Three-particle Templates and Top Decay

- @ Construct template: three particle phase space

for top decay ¢t —b+W —=b+qg+g
with (pq +pg)° = My

4 d.o.f.: most straightforward method by 4 angles:

| )polar and azimuthal angles that define b and W
directions in the top rest frame

2)polar and azimuthal angles that define
q and gbar directions relative to the boost axis
from the W rest frame

J

Lorentz transformations => 4 angles identified determine the
energies and directions of the three decay products of the top at LO
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Three-particle Templates and Top Decay
@ jet mass window 160 GeV < mj <190 GeV,

cone size R = 0.5 (D = 0.5 for anti-kT jet),
jet energy 950 GeV < Ej < 1050 GeV.

¢ Template Overlap with data discretization

" . . 2™
| | 1 ta+1 Ja+1 | |
O»-l..'(j, f) = maxX_(r) €xXp | — Z 2? ( Z Z E(]h [) — E(iaaja)(f)

00 = Eliq, ja)¥ /2.




Ov with top-jet @ partonic level

Proof of principle, nearly a perfect match

1.07 \\\\\\\\\\\\\\\ ... ]

0.8

0.6-

Pf

04/

02k

0.0+ . . . . AN

OviM 7=Miop, Pp=1000 GeV)

Figure 2: A scatter plot of template overlap, Eq. (6) and P f for LO parton-level MC output
for top quark decay, with Py =1 TeV, my,, = 174 GeV.
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Three-particle Templates @ Jet Level
(after showering, hadronization etc.)

035 Pythias |[, Top | MG/ME || Top

030 | W w QCD jet

00 02 04 06 08 10 ‘ , ,
Ov(M y=myop, Py=1000 GeV) OV(My=myqp, Po=1000 GeV)

03@ | Sherpa .]bp
. u QCD jet

0.25 AN

S
8
/
I
C
~.
Q

Top

|l do
o dOv

0.10

005

0.00 ‘
0.0 0.2 04 0.6 0.8 1.0
Ov(M j=myyp, Po=1000 GeV)




Three-particle Templates and Top Decay

¢ Combine with Planar flow- distinguish between

“3-prong”’ events with large template overlaps.

¢ QCD jets with large Ov tend to have smaller

planar flow than top decay events.
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OV(My=micy, Po=1000 GeV)

Three-particle Templates and Top Decay

O'(Jl;-m.'_ Po=1000 GeV)
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Three-particle Templates and Top Decay

MC Jet mass cut only Mass cut + Ov +Pf
Top-jet efficiency [%] fake rate [%] | Top-jet efficiency [%] fake rate []
Pythia8 58 3.6 21 0.022
MG/ME 52 3.7 11 0.017
Sherpa, 34 3.2 7 0.032

Table 1: Efficiencies and fake rates for jets with R = 0.5 (using anti-kp: D = 0.5), 950
GeV< Fy <1050 GeV, 160 GeV< my <190 GeV and my,, = 174 GeV. The left pair of
columns shows efficiencies and fake rates found by imposing the jet mass window only. The
right pair takes into account the effects of cuts in Ov and Pf in addition to the mass window.
For the different MC simulations, we have imposed various cuts on Ov and Pf variables:

for Pythia8 Ov > 0.6 and Pf > 0.4, for MG/ME Ov > 0.7 and Pf > 0.39 and for Sherpa
Ov > 0.6 and Pf > 0.48.
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Three-particle Templates and Top Decay

MC Jet mass cut only Mass cut + Ov +Pf
Top-jet efficiency [Z D et efficiency (%] fake rate %]

Pyth 0.022
MG /MX ot 0.017
Sherpa ) Rejection Power: 0.032

Table 1 Pythia: 1 in 1000 \5). 950

GeV< MadGraph: 1 in 600 pair of

columns i v. The
right pa Sherpa: 1in 200 indow.
FOI‘ the »

for Pythiad ; s :
O 5 06 A without optimization!

ariables:
or Sherpa
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Three-particle Templates and Top Decay

¢ Template method among highest rejection

powers.




Three-particle Templates and Top Decay

¢ Template method among highest rejection

powers.

® Method theoretically defined, while no strong

dependence on jet-reconstruction & no
manipulation of soft radiation is made!




Three-particle Templates and Top Decay

0.6. 1 : l l 5..“110 2.0 3I0
Fake Rate [%)]

i — ——— e 0 39 50—
[ o |
245:_ S [| —owoo
§40 g“o — 0v>04
= £ 1| —owos
2 35 000 gm_- —— 007
5 - . L
2 oof — 004 5 [
— 0 E 20-
3 | —— 006 % f
| 25F T
3. J/ —O0v=07 3-10._
0561 5 10 01 02 05 10 20 50 100 200
Fake Rate [%] Fake Rate [%]
60_;
i
Pf >0.6and Ov > 04 §4o:
g2
2
@ 30r . i
3| different generators yield
2 20p -
- different energy flow patterns.

caution regarding interpretation

of tests for all methods;
especially those that rely heavily
on the anticipated structure of
soft radiation in final states




Three-particle Templates and Top Decay

¢ Template method allows for systematic

Improvement:
e.g. by incorporating the effect of gluon emission

in the template, or by weighting phase space by
squared matrix elements.




Three-particle Templates and Top Decay

¢ Template method allows for systematic

Improvement:
e.g. by incorporating the effect of gluon emission

in the template, or by weighting phase space by
squared matrix elements.

¢ Can also optimize the cut for getting higher

rejection power




Two-particle Templates and Higgs Decay

¢ Construct template: two particle phase space

for top decay  1f) =™ = pi,p2)

@ Higgs: at fixed z = mj/Po <<1, Os distribution is

peaked around Bs in its minimum value

=> decays “democrathic” (sharing energy evenly)
dJ 1

0, = 6

¢ lowest-order QCD events is also peaked, but

much less so dJICP
df

1
o —
s




Two-particle Templates and Higgs Decay

@ jet mass window |10 GeV < mj <130 GeV,

cone size R = 0.4 (D = 0.4 for anti-kT jet),
jet energy 950 GeV < Ej < 1050 GeV.

¢ Template Overlap with data discretization

- | -
1 X
O'U(__]., f) — m&«‘iﬂgm exXp | — Z 27 ( Z Z E(l‘* l) o E(Zaw.]a)(f))




Iwo-particle Templates and Higgs Decay

L) L) ""'Yl L) L) ""'7' L} L) ""l" L) L4 "'IIY' L} L4 ""'Y'
-
v -

 [m Higgs [ MG/ME

0.25}
Q 0:20-
| B 0.15-

0.10-

| do
d Ov

0.05-

0.00.

0.0001 0.001 0.01 0.1 N
Ov(Mj=mpy, Py=1000 GeV)
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Iwo-particle Templates and Higgs Decay

0.5 1 2 3 5 10 20

N
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T 1 T T 1

(g
-
1 T T T 1

—
-
| I R B

h—Jet Efficiency [%] (MG/ME)
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Two-particle Templates and Higgs Decay

® The templates can be systematically improved

by including the effects of gluon emissions, which
contain color flow information




Two-particle Templates and Higgs Decay

® The templates can be systematically improved

by including the effects of gluon emissions, which
contain color flow information

@ The effects of higher-order effects can be partly

captured by using Planar flow

(expect soft radiation from the boosted color
singlet Higgs to be concentrated between the b
and bbar decay products, in contrast to QCD light
jet)




Iwo-particle Templates and Higgs Decay

vvvvvvvvv

0.10

1 do

o d Pf

00 02 0.4 0.6 0.8 1.0
Pf(szm.H, P0=1000 GCV)




Iwo-particle Templates and Higgs Decay
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Iwo-particle Templates and Higgs Decay

¢ Combined with angularity or ©s : can improved

rejection power (Osand angularities are related)




Two-particle Templates and Higgs Decay

¢ Combined with angularity or ©s : can improved

rejection power (Osand angularities are related)

¢ Compared to angularities, ©Os is a parameter for

two-body template states, which already provides
useful information on physical states, as well as a
clear picture of their energy flow.




Iwo-particle Templates and Higgs Decay
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Iwo-particle Templates and Higgs Decay
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Iwo-particle Templates and Higgs Decay

~J
-
—

o
-
|

Rejection Power:

combining jet mass
cut (fake rate: 4.5%, efficiency: 79%)
efficiency of 9.3%, a fake rate of 0.084%

9
-
T

[—
N

[—
-

(rejection power 1: 110)

h—Jet Efficiency [%] (MG/ME)

without optimization!




Summary
4 LHC => new era, boosted massive jets important for
studying QCD & NP discoveries.

4 Jet function (gluon emission) gives correct qualitative
description of data => 2 body physics; quark jets.

<4 Angularity distribution further confirmed this description,
affected by jet algorithm, data differ from Pythia.

4 Planar flow (3 body) shows larger deviation at large masses.

4 Template Overlap method - provides a theoretical handle with
good rejection power (systematically improvable).
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Three-particle Templates and Top Decay
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