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Introduction

4 In the SM (& beyond) top is unique:

only ultra heavy quark, m; ~ (H)
iInduce most severe fine tuning;
controls flavor & custodial violation;

linked to EW breaking in natural models.




Introduction

4 In the SM (& beyond) top is unique:

only ultra heavy quark, m; ~ (H)
iInduce most severe fine tuning;
controls flavor & custodial violation;

linked to EW breaking in natural models.

4 Direct info’ is limited (Tevatron)
4 At the LHC: 107 top/yr

4 SM: more than 104 top/yr withv: > 5.




The challenge of highly boosted tops

— First, let’s consider NP particle e ,
whose dominant decay channel Is
ttbar: X might be heavy
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The challenge of highly boosted tops

— First, let’s consider NP particle e ,
whose dominant decay channel IS
_'9/7 ®
3 /v®
R

* Alas, above a TeV, top becomes similar to a light

ttbar: X might be heavy

jet, signal is lost!




The challenge of highly boosted tops

— First, let’
whosé
-t 7

New object emerges, W
top jet!




Resolution problem \w boosted tops

+ The hadronic calorimeters cannot go
below R~0.4 R? = An* + A¢?
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Resolution problem \w boosted tops

4+ The hadronic calorimeters cannot go
below R~0.4 R? = An? + Ao¢?

(Why: Hadronic granularity is R~ 0.] x 0. ]

m? = (p1 +p2)® ~ 202°[1— (1= R2/2)] = p* B2
pure geometrical mass: 1M ~ [ P
(say with R,p = 0.2,500, m ~ 100GeV)

\_ J

4 If R between decay products of top is smaller
than 0.4, you cannot resolve the top into daughter
jets. (top jet = single jet)




Boosted top (w/z/h) jets & collimation

Partonl
| eve

Highly Boosted Tops:
High Collimations!

AR vs. Pt AR = \/An? + A2



Boosted top (w/z/h) jets & collimation
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Top jets at the LHC




Top jets at the LHC

(1) Jet mass.
(i) Jet substructure.




Top-jets @ the LHC

4 Are they different from high pr light jets?

S/

3~1/140, for pr() >1000 GeV.

R=0.4

(~20 pb for jj+X, ~140 fb for ttbar+X)

4 top-jet: call for theory, analysis & techniques

Most (naive) direct attempt - mass tagging

Skiba &Tucker-Smith, PRD(07); Holdom, JHEP (07); Frederix & Maltoni (0712.2355); Ellis, Huston, Hatakeyama, Loch &
Tonnesmann, PPNP (08); Agashe et. al. PRD(07).




Rejection based on jet mass

4 Jet cone mass-sum of “massless” momenta in
IR .9 N2
h-cal inside the cone: m5 = () _,.p F5)°, P2 =o

4 Jet cone mass is non-trivial both for S & B

4 Understand S&B distributions from 1st
principles & compare to MC “data”

4 Add detector effects




Cone top-jet mass distribution

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

4 In practice: m'; ~ m; + dmocp + dmpw

detector smearing.

T (my,my, R, pr) ~ / dmgcp dmpw dmg 0(me — my) 0(my — moep — mew) X

J éCfD(777-QC'Da R, PT) X J Zj‘W’ (77?-El-t-’,~ my /(])T R ))




Cone top-jet mass distribution

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

4 In practice: m'; ~ m; + dmocp + dmpw

T

Can understood detector smearing.

perturbatively
ast & small~10GeV

T (my,ms, R, pr) ~ / dmgcp dmpw dmg 0(mg — my) 0(my — moep — mew ) X

J :?co(,‘777-QC’Da R.pr) % Jz)w-'(mEl-t-’a m¢/(prR)) .




Cone top-jet mass distribution

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

4 In practice: m'; ~ m; + dmocp + dmpw

T

detector smearing.

Can understood
perturbatively

ast & small~10GeV Pure kinematical
T (my,me, R, pr) ~ / dmgcep dm bW(QQ) dist’
iIn/out cone
much longer




Cone top-jet mass distribution

Sherpa => Full Simulation

TalVePal ¥
|_ L_-' P‘\A\‘!' V .'

Preliminary (Transfer function “Full Simulation”)

Jet Mass Distribution (C4 p:"" > 1000 GeV) —

' tt Transfer

QO



QCD cone jet mass distribution

We are interested in the following processes:
He(pa) + Hy(po) — J1(77?'31s])1,T, R)+ X

Ha.(])a,) + Hb(pb) — J1(772313])1,T$ R) + J2(772327])2,T$ R) + X




QCD cone jet mass distribution

We are interested in the following processes:
H,(pa) + Ho(pp) — Ji(m35, ,p1r, R) + X

Ha.(pa.) + Hb(])b) — -]1(77731,])11']“, R) + .]2('77232,])2,-]", R) + X

Factorized hadronic cross section:

doy,Hg—nx (R A6 x|

dx, d: R

dprdmdn Z e lbo ) $5(T5 )(IJ)Tde(lﬂ( 26, P11, m, R)
PDF




QCD cone jet mass distribution

We are interested in the following processes:
Hu(pa) + Ho(py) — Ji(m3,,p17. R) + X

Ha'(pa..) + Hb(pb) — ']1(772313])1,7‘3 R) =+ J2(772327])2,Ts R) + X

Factorized hadronic cross section:

doy ,Hg— 11X A6 x|

di, d R

deded’? Z e lbo ) $5(T5 )(l])Tde(lﬂ( 26, P11, m, R)
PDF

abe

perturbative (Born)
Hard Cross-section

dog Hp—nx(R 4 >
* prdm ydn Z /dl dxp O Ub(lb)Hab—w.\(la, Ty, pr, 1, R)

abe

At the xJi(my, pr, R).
leading order - ~—

Jet function



QCD cone jet mass distribution

Boosted QCD Jet via factorization:

, do(R) do°(R)
dm;J° =1 = J(mr.pr. R .
/ J dordm, Z (my,pr, R) dop

where c represents the flavour of the jet, and where

da = Z/dl dzy, &, ob/di)/(lmJ dOabcX .
— dprdm Jdn




QCD cone jet mass distribution

Boosted QCD Jet via factorization:

, do(R) . do°(R)
dm;J° =1 = J(mir.pr. R .
/ J dordm, Z (my,pr, R) Do

where c represents the flavour of the jet, and where

da — Z/(ll dzy, &, ob/(ln/(lmj dGab—cx .
- dprdm Jdn

Contact with Data (MCO):

dapred(R) o Z Je (.772"]’])1“’ R) (d(f | (R))
c MC

dprdm j dpr




QCD cone jet mass distribution

Boosted QCD Jet via factorization:

do(R) do°(R)
dmyJ° =1 J( R |
/ ! dprdm Z (ms, pr; B) dpr

, and where

For large jet mass & small R 5. b /dn /de A ap—ex (R
- ho large logs =>
J*can be calculated via
perturbative QCD!

dprdm Jd7] '

PT ) MC




QCD Jet mass distribution, Q+G

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

41C 1
as(pT)Trm; log (T an ( ) V4 — 2:3>

as(pr) -C log (RPT> ;

T g m




QCD Jet mass distribution, Q+G

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

o, (pr) 1C - log (1

~

T g 2

4 C., R
as(pr) == log ( .

T g m g

quark jets: C) =Cr =3
gluon jets: ¢, =Ca =3




QCD Jet mass distribution, Q+G




QCD Jet mass distribution, Q+G

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

Jz?(l)(7n"2]s Po,J;, R) -

C"F.‘B'i /'Bi d cos 05 O-S(ko) 34
4"2'31-. cos(R) T (2(1 — [3; cos 95) - -32) (1 — [3; cos 05)
{j (1 + cosfg)? 1

1= Brcos0s) R+ )1 = Brcosbs) — 2(1 T cosfa)) |

3(1+ 3) L (2(1 + 3;)(1 — B;cos Bs) — z2(1 + cosbs))*
22 z4 (14 cosfg)(1 — 3;cosbs) ’

my,

,. . __ My _ 2 4 2 S
8; = \/ 1 — m?,,-, / P} J o Hﬁ Po,J; = \/ mj. + pr. and kg =

pO.Jl ”2

2 1—3;cosflg”

T (m3, o, R) =

t

C'43; / Ba d cos g Q'S(ko)
16m3 Jeostry m™ (1 —[Bcosfs)?(1—cos?bs)(2(1+ 3)— 22)

X (,34(1 + cosf0s)? + z%(1 — cos? 0g)(2(1 + 3;) — 2%) + (1 — cos 5)*(2(1 + 3;) — 3'2)2)2




QCD Jet mass distribution, Q+G

1l do
Jf= — —— (Gluon Jet Functions, Py = 1 TeV,R=04)
o dM,;

--  Runming coupling
- Fixed coupling
Eikonal (no—recoil, ixed coupling
— 1/M;




Jet mass distribution theory vs. MC

Revisiting our prediction:
dapred(R) - Z ']C ('ﬂlj,])]‘,R) (CIUC(R))
c MC

dprdm dpr




Jet mass distribution theory vs. MC

Revisiting our prediction:

, {
40 pred( R Z J(my,pr, R) 6o LiY)
dprdm dpr MO

But, in practice, cannot distinguish partonic
origin of a jet: can only give bounds: js - js

do red(R)




Jet mass distribution theory vs. MC

F(QCD R=0.4 Jets) — Sherpa
I ' ' ' ' ' ' ----MadGraph

c(pb)/ 20 GeV

100070501706~ 1150 1200~ 12501300 13561300 1450 1500
P, (GeV)




Jet mass distribution theory vs. MC

Sherpa, jet function convolved

Jet Mass(C7_I" > 1000 GeV) —— QCD Lead Jet Mass
12

Jet Mass(C4 I3r > 1000 GeV) — OCD Lead Jet Mass
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Jet mass distribution theory vs. MC

C7 Jet Mass (PT = 1000 GeV)

; MadGraph
s Top Mass Window

Gluon Hypothesis
Quark Hypothesis

o
N

Events /5 GeV /25 fb"
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QCD jet mass dist’ under control!

Sherpa (C KKW) R = 0.4 Gluon Prediction

With Full Detector | 49(P_>1000 GeV) =04 Losd det Mass (FulSim)
Simulation d MJ T _ _ R = 0.4 Lead Jet Mass (Truth)
imuia R = 0.4 Quark Prediction
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QCD jet mass dist’ under control!

*F*{ejection Ratio: (#of events for m-A < my < mi+4) / (total # of events)

e Can use our jet function to calculate it:

o0 doc (R 210 GeV
U(R)upper bound = / dpr ( 7 )> / J? (my,pr, R)dm;
pmin A dpr Mc J140GeV

o0 c ) 210 GeV
U(R)lower bound — / ( ) / Jq (vapTa R) de
pin - MC J 140 GeV

e Matches well with MC simulation (within 10%)

e For QCD dijet background, double mass tagging will
reduce the background (typically, €, ~ 15%)




QCD jet mass dist’ under control!

R = 0.4 Fractional Fake Rate vs P#EAD |
0.2
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Cross Section Uncertainty

Process

(Generator

PDF

Matching

Cross Section

SHERPA 1.0.9
SHERPA 1.1.2
SHERPA 1.1.2
MG /ME 4
MG/ME 4
Pythia 6
Pythia 8

CTEQG6M
CTEQ6M
CTEQ6L
CTEQ6M
CTEQ6L
CTEQ6L
CTEQ6M

CKKW

CKKW

CKKW
MLM
MLM

141 tb
149 tb
281 fb
68 tb
56 fb
157 tb
174 tb

SHERPA 1.1.0
SHERPA 1.1.2
SHERPA 1.1.2
MG/ME 4
MG/ME 4
Pythia 6
Pythia 8

CTEQG6M
CTEQ6M
CTEQ6M
CTEQ6L
CTEQ6M
CTEQ6L
CTEQ6M

CKKW

CKKW

CKKW
MLM
MLM

10.2 pb
21.3 pb
15.8 pb
8.54 pb
9.93 pb
13.7 pb
13.3 pb

Table 1: Cross sections for producing final state R = 0.4 leading cone jets with ppr = 1TeV
and |n| < 2. Generation level cuts were imposed as follows. Final state partons from the
hard scatter were required to have pr > 20GeV. For MG/ME, final state partons have
In| < 4.5. Processes with a trailing () suffix indicate that 2 — 2 and 2 — 3 processes are
represented.
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Ex. SM ttbar vs. di-jet background!

pplead’ cut

Cone

S (0% JES)

Ao

+5% JES

A;

-5% JES

1000 GeV
1000 GeV
1500 GeV
1500 GeV

C4
C7
C4
C7

293
478
32

35

-31.5%
-33.1%
-30.4%
-34.0%

358
616
44

52

-16.4%
-13.7%
-4.3%
-1.9%

230
358
21
24

pTl ead cut

Cone

B (0% JES)

A,

+5% JES

A;

-5% JES

1000 GeV
1000 GeV
1500 GeV
1500 GeV

C4
C7
C4
C7

2475
6272
204
196

5.8%
7.2%
16.7%
23.4%

2914
8190
380
732

24.5%
40.0%
50.8%
82.1%

1919
4894
196
330

ble mass tagging at 25 fbo' with detector resolutio
—nergy Scale (JES)

look hopeless
b-tagging

without high
efficiency!

Njes — NrrurH
NrruTH

S/B~0.11

Ajgs =




Ex. SM ttbar vs. di-jet background!
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Ex. SM ttbar vs. di-jet background!

Jet Mass

Peak Resolution
7000 Background Fit

Background + Signal Fit

6000

5000

4000

3000

2000

1000

O[TTTI




Ex. SM ttbar vs. di-jet background!

Jet Mass |

7000~

6000}

5000 |-

4000

3000
2000

1000

o rtihprih

Background + Signal

+detector

0




Ex. SM ttbar vs. di-jet background!

Jet Mass |

jet_mass

Entries 301892
Mean x 0.8949
Meany 0.8937
RMS x 0.2652

0.2664




Ex. SM ttbar vs. di-jet background!

Jet Mass | jet_mass
Entries 267914

Mean x 0.8675
) |Meany 0.8664

B RMS x 0.241
100 [BMSy  0.2441

80—

60

40




Ex. SM ttbar vs. di-jet background!

to distinguish Signal
from Background!




Pseudo-rapidity independence

‘ QCD Jet Mass (P,r > 1 TeV) \ C7 Lead Jet (Inl < 1)

0.08

C7Lead Jet(1.0<nl <2.5)

=
=
o

y Uglts
o
&)

Arbitrar
o
o
=

o
=)
@

o
o
(¥

OIIlIIIIlIIII|IIII|IIII|IIII|I

-~
ceconduy oF - e e

|||||||||||||||||-|"'|"-i;_,1_ ----- ]

l [~
100 150 200 250 30 350
M, (GeV)

o)




Average Jet Mass (IR Mass cut needed)

—— QCD JetsR=0.4
—— QCD Jets R=0.5
.| —— QCD Jets R=0.6
.| —— QCD Jets R=0.7

800 900 1000 1100 1200 1300 1400 1500
P; (GeV)




Jet sub-structure




Why jets? What else?

+ QCD amplitudes have soft-collinear singularity

4 Observable: IR safe, smooth function of E flow

Sterman & Weinberg, PRL (77)

+ Jet is a very inclusive object, defined via
direction + pt ( + mass)

+ Even R=0.4 contains O(100) had-cells =>
huge amount of Info’ Is lost




Jet-shapes

+ “Jet-shapes” = inclusive observables
dependent on energy flow within individual jets

+ Once jet mass is fixed at a high scale

= |arge class of jet-shapes become
perturbatively calculable

= |R safe jet-shapes combined with
provide a bridge between

Direct theory prediction —




Jet-shapes

ples
al jets

Can analyze a single event by a
variety of jet shapes

=> the resolution associated with

each one need not be dramatic!

N

Direc <




|R-safe jet-shapes which know top from
QCD jets?

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

4 QCD, top: linear, E-deposition in the cone

Almeida, SJL, Perez, Sterman, Sung, & Virzi, c.f. Wang, Thale: similar event shape, “sphericity tensor”

arXiv:0807.0234 arXiv:0806.0023

P Di% Dit
4 IR-safe E-flow tensor: IF = — 7y, 2k i

}

4 det(l,,) A Ao
Planar flow: Pf = —— = —
* v J t'l'(—['ur)z ()\1 T /\2)2




Planar flow (Pf), QCD vs top jets

4 LO: Pf ~ 0 for QCD (2-body decay)

1 d.J ) |
7 ((Ipf)‘;’body B O(pf)

O(1) for top: smooth
(for Istropic = 3-body decay, Pf~1)

4 NLO (due to large m): O(xs) for QCD
nominal for top




Planar flow (Pf), QCD vs top jets

Planar Flow(P_=1 TeV 140 GeV < M, < 210 GeV) J— Sherpa QCD
----- MadGraph QCD

ST Sherpa tf
" MadGraph i

[ ' ' ' ] ]
..... Ty LSS S PR S ——
' ' ' ' ] ] '

0.1 0.2 0.3 04 05 06 0.7 0.8 0.9
Planar Flow




Planar flow (Pf), QCD vs top jets

Planar flow, Pf (P_.=1 TeV, R = 0.4, "no mass cuts")

-=-- QCD Jets
—=— Top jets

0.7 08 0.9 1
Planar flow (Pf)




What about 2 body jet, Z/W/h

Berger, K'ucs and Sterman (03): introduced for e+e- annihilation

* AﬂgUlarltleS On a COne: Almeida, SJL, Perez, Sterman, Sung, & Virzi,

arXiv:0807.0234

- l - 7['9.,: —, 7'1'92: )
TQ(R,pT):E E Wi 8111'(2R> l_COS(QR)

X L=

P*(0,) = (dJ*/dbs)/J* => P*(7,)

R(7a) = — {Ta)




Theory: angularity, QCD vs Z

R*-2 vs. t_5, for z=0.05

— Long.
--  h==x1

\ \ \ \ \ \ \ \ \
0.01 0.0150.02 0.03 0.05 0.07 0.15 0.2 0.3
T2




Madgraph: angularity, QCD vs Z

Angularity,t, (a=-2,2=0.05, R = 0.4) I

——Z, 4 Jets
--u-- QCD jets

0.3

IIIIFIIIIlIIIIlIIllIIIII

OO

0.1 . 0.14
Angularity (t_,)




Top Polarization

+ Daughter particles remember top polarization
+ For Urel’ top: =chirality

=»(Can do polarization analysis like it was done for
the tau

4+ Want to use Pt to probe top polarization: Pris a
directly measured gquantity

- Different from spin-spin correlation where you
expand in s wave (for non-relativistic top)




Top Polarization

Left—Handed W Longitudinal W




Top Polarization

Left—Handed W Longitudinal W




Top Polarization

+b quark:

- back-warded (soft Pr)
for tr

_forwarded (hard P) IR

for tL

+For SM, parity even
(PT distribution will be
flat) look for new Left-Handed W Longitudinal W
Physics where parity Is
violated




Top Polarization

~70%

e |epton:forwarded for tr

W direction

back-warded for t_ of fight

A

tr

\

W direction
of flight

Left—Handed W Longitudinal W




Top Polarization

e |epton:forwarded for tr
back-warded for t.

A

tr

\

W direction
of flight

Left—Handed W

~70%

W direction
of flight

Longitudinal W

BSoosted Longitudinal W: letpon is forwarded




pr(top) > 11eV MG/ME

P,(b) distribution | —— Py(b) from t,
- - ..u-- P7(b) from t
R
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pr(top) > 11eV MG/ME

P (lepton) distribution —— P+(I) from tL
..u-- P7(I) from tR

|
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I:I|III|III|III|III|III|III|III

| | ] ] ] : I I --.--.'l"'l" J_

200 400 1000 1200
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efor example with the KK gluon, you'll see suddenly only leptons/bs that follows the RH curves

Leptonic Top




PT. LEPTON

Sherpa (CKKW) 240
Without Detector 220
Simulation 200

PT.LEP’TON
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: lepton PT is harder near
Example' KK gluon the KK gluon plateau




PT. LEPTON

Sherpa (CKKW) 240
Without Detector 220
Simulation 200

PT.LEP’TON
----SM TRUTH
-~ RS TRUTH
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N
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Also relevant for SUSY: heavy stop decaying into top and wino, etc...

: lepton PT is harder near
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My vs. <pr(b)> for Mxgc=3TeV
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My vs. <pr(b)> for Mxgc=3TeV
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Also relevant for SUSY: heavy stop decaying into top and wino, etc...

Example: KK gluon




Summary

4 LHC => new era, precision top physics
4 Theory+technique to tag t/W/Z/h jets

4 Understand jet mass, but it’s not
enough

4 Introduce Jet-shapes: very useful, but
more to do (exp’+analyses+theory)




BSackup: Top
Polarization

e Polarization: daughter particles
of top still remembers the t
iInformation

e b is forwarded for t.

Left—Handed W Longitudinal W Right—-Handed W

e |lepton is back-warded for 1.

W direction
of flight

¢ |[epton is in general better spin ViL
analyzer compared to b-quark, t|_
but b can be used for the
hadronic top Y ) 1@

W direction
of flight




Backup: 30% B-tagging efficiency & 1% light jet
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