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LHC decade

* First years of the LHC will probe a new frontier of physics at the Terascale
DM, SUSY, UED, Exotics, etc.

* Focus here on New Heavy Resonances.

; | Production probes the large X region
LSp % gluon x 1710 1 where valence-quarks dominate.

| % For early discovery at the LHC
(7 TeV and |16 luminosity),
helps if the NP is €XOtiC

X Colored - large production rate

x f(x)

1.0}

up—bar ™,
0.5F

X Novel, easily detected collider
signature
charged leptons, heavy flavor jets, MET, etc
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Sextet scalar/vector and same-sign top pair production

* Quark-quark initial states can produce * It is important to be alert to the
color sextet and anti-triplet resonances observation of a pair of same-sign
— top quarks.
I X3=6+3
_ * Same-sign top pair production
I X3=1+8
. U
* Observation of sextet scalar/vector would
imply changes in RGE unification equations
* The scalar couplings ()\C;%b ) and vector
: : u
couplings are not proportional to quark
masses; bounds from Tevatron data
x1-] T ab i '
L~ ¢j K’ q, CT)\R Pray + h.c. * Potentially large cross section

* Signature: same-sign char_ﬁed lepton

. pair, b-jets, and large ME
* K is a Clebsch-Gordan factor.

* top quark polarization is crucial
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Models

* Effective Lagrangian

L = (91245 im2qL + 91ru5dR) P61,1/3
+ giR@dR(I)es,L—ws T gilR@UR@G,lA/s gL = ( Zi
+ 930495i727qL - P 3.1/3 ¢ = CGT
+ gzgwdm/gﬂ 176 + gQC]L’}/MuRV 2.5/6 + h.c.,

tr, iR tr,
(1)6’3_ e < (1)6,1_ - < ‘/'62«%<
tr iR tp

* One can measure the polarizations of both top quarks to determine the spin of
heavy resonances and also determine their gauge quantum numbers.

We implement full spin correlations in our Monte Carlo simulation.
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Color sextet scalars

R. N. Mohapatra, Nobuchika Okada, Hai-Bo Yu,

Chuan-Ren Chen, William Klemm, Vikram Rentala and Kai Wang,
Jonathan M. Arnold, Maxim Pospelov, Michael Trott, Mark B. Wise,

llia Gogoladze, Yukihiro Mimura, Nobuchika Okada, Qaisar Shafi,

% Electroweak quantum numbers

U(l)y |QI=1T3+Y]| couplings to
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Constraints from the Tevatron
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Production cross section
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Narrow decay width

my 2
24

mmmm) possibly sharp peak in the tt invariant mass spectrum

mae
* T(® — qq) ~ 16_7r)‘3q T(V = qq) ®

o(uu — ® — tt) = op(uu — ®) x A2 Br(tt),

Br(tt)
= O — tt) x \?
oo(uu = © — tt) x A7 Bro (&)

MR B 4m? 2m?
AR S \/1‘ w (=)
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Signal and backgrounds

* Signal topology

t b M
() }( o+
. same sign di-muons,
ST * L 2beetsand MET
¢ L b ’
U )

o+ better reconstruction
W than for electrons

I/() —r

* Prominent backgrounds (ALPGEN)
pp — tt_—> bBW—i_W_, W+ — £+V, W— — _7], B — £+ } Dominant
pp — WIW,ij, W — £ty
pp—>WTWW-, WH 4Ty, W™ — jj
o> IZWTW ™, Z =00 WH 0Ty, W™ — jj

backgrounds
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Simulation details

* Acceptance cuts
Pr. > 20 GeV

Pr,4 > 50 GeV

7] < 2.0
|77j| < 2.5

* leptons
* jets:

* separation: ARy ;5 > 0.4

* Tagging rates / Mistag rate
€csp = 10%, for pr(c) > 50 GeV

€u,d,s,g—b ~ 1%

* Energy smearing
0FE a

b
E  \/E/GeV ®

* leptons: a=10%, b=0.7%
a = 50%, b= 3%

* Jets:

* Signal and background (pb) before and after cuts, for 6 values of mass

me Br(tt) No cut With cut| me Br(¢t) No cut With cut|Background No cut With cut

500 0.35 288.44 1.71 800 0.45 91.04
600 0.41 193.67 130 |900 0.46 65.14
700 0.43 133.46 0.93 |1000 0.47 46.72

0.65 tt 97.62  0.0032
0.45 WWijj  9.38  0.0014
031 | WWW/Z 0.03 0

Ed Berger (Argonne National Lab)
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First early hint at LHC

* More positive di-muons

* same-sign top pairs contribute an asymmetry in charge multiplicity

* strong dependence on sextet scalar mass owing to PDF dependence
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* Same-sign charge ratio gives an independent check on scalar mass

Ed Berger (Argonne National Lab)
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Discovery potential

* Simple cuts to extract signal: * Shown are numbers of signal events;

* Same sign di-muons * about 4.6 background events
% Two jets with pT>50GeV 7TeV L£L=1fb1
100 §I||||||||||||!|||||||||||||I'l|’|l|’|’|’|’|LL|J,IJ{|(’)88el\;e]ﬁtlsllIlg
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RS d _
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5 ol = _
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Questions to be answered

(2) Does each jet + lepton pair
reconstruct a top quark!?

(1) Are the muons and missing X
from W-boson decays!?

o« p
t? SN Need full event
. ¢ <~ w? X reconstruction
\ 0 | H’+ Difficulty:
‘ t? . W e identical muons
RN and b jets

(3) What is the mass
of the resonance!

’(5) Are the top quarks

(4) What is top quark
polarization!?

from a scalar decay!?
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MT2 method

* Question: how can one measure the mass of heavy particles if they are produced
in paire and then decay into visible and invisible particles?

. |
|
, ﬁsible final state l

Warm up: measuring the mass of
the W boson in the leptonic decay
channel -- MT variable.

m = 2( E; By — pi - pr)

The true mass of the W boson SogpEuEEuen)p . GOSEEEERERRG
satisfies
C / B,
2 2 -

2

The end point of the transverse B B3
mass distribution is the W boson q
mass. - q, Ba

Invisible final state }
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MT2 method

* When there are two heavy particles decaying into visible particles and invisible
particles, the MT2 variable may be used to measure the mass of their parent.

mro(Minvis) — C. G. Lester and D. J. Summers, hep-ph/9906349

min [max[mT(m”ww,p )) my(Minvis; p(z))]]
(1) _(2)
Py Py

Visible final state ’

znms) —

mT(mznus P
\/mvis + minvis + 2(E%i8E§ZWiS - vaw ’ pézwis) ;\ /

* The MT?2 variable is a function of the """_““. ‘""“““‘
momenta of visible particles ( o, ,3 )

. Cz
and missing transverse momentum. lts

upper bound yields the mass of the \
parent particle ( C) : 4

B

Invisible
final state
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W-bosons in the intermediate state ?

* MT?2 of charged leptons and MET

lllllllllllllllllllllllll||||I||ll|l|ll|llll
b +
: H - (a) -
W2 -
P b t? LLXI
e }ET e[ -
- m,,,
t? WO Xo 'g i W
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b2 Ho g
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Top quarks in the intermediate state?

* MT?2 of lepton-b clusters and MET

* Two combinations of lepton-b clusters o

* Choose smaller MT2 (correct
combination found with 95%

probability)

lllllllllllllllllll

i - (b)

v
)
f}
-9
Tk
|/o do/d m..,
I |

lllllllllllllllllll

—— correct | —
—— wrong | _

0 100 200 300 400

Mro(puibs, ug bj, Br)
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Full kinematic reconstruction

* Four unknowns and four on-shell conditions

6 unknowns
-2 from MET

2 _ 2
mW1 T (pp'l T le) ) )
9 9 Quartic equation
Ty = Pua Pt bR e ) a0
2 2 PL\V1 a p,\V1 Pz \V1 C Pz\V1 —
mi, = (Pw, + Ps,) |
9 o Fwe-complex, two real solutions
my, = (pwz il pbz) —
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Reconstructed event distribution

* Strong correlation between the true * The mass of the heavy resonance
pgl and reconstructed pgl can be determined:

200: O.3_|l|||l||||||ll_
150 | § E (a) me = 700 GeV E
True 100; SD.: E L E
p;l 50 _ Q 02 - -
0t 4 \::: E E
| £ F -
-50 — -
' B 0.1 —
100 | O = -
. A = -
~ — .
-150 [ — — .
_200:....I....l....l....l....l....l....l...- 0.0:l l I l l I :
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Top quark polarization and resonance spin

* Polarization correlates with angle between 0.0 SRR RRRRE RN RN

top quark spin and charged lepton momenta - (©) ]

. 0.04 - — Reconstructed B

ldl(t—bev) _1( N -N_ e E Nocut :

I'  dcosf 2 Ny + N_ S 003 =

. . 'U L -

* Charged lepton typically follows top quark spin % - ]

. S 002 -

* Right-handed top quark yields =(1 + cos6) = - -

2 001 -

* Roughly 30 events required to distinguish 0.00 7 | '_'Olg' | '(l)' - IO|SI - '_]
from unpolarized case ' cosO, '

Polarization of the top quarks can be determined to be right-handed

0t A
t t
" Scalar!! >

Are the top quarks from a scalar decay? Yes !
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Color sextet vector meson

* The vector sextet must be a SU(2) doublet. It couples to a left-handed quark and
a right-handed quark according to:

(6,2)
(6,2)

. GUQS’}’”PRD V}“ + h.c.
: eijQ,‘f’y“PRU V;, +h.e.

o=

ol

* The first expression leads to single top quark production while the second
results in the production of same-sign top quark pair with opposite polarization.

* Can we measure the polarizations of the top quarks to distinguish the
color sextet vector and scalar mesons!?

Yes!
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Color sextet vector mesons

* Production cross sections

3 T 1 L B B :Q\ "‘_..‘ ‘ rrrprrrp e e e T T
a0t uu—Vv (@) s uu-V-tt (b)
b :\ E b \\ E
107 E : *
[ 10t — E
102 - 10 TeV g I |
I 14 TeV E | :

10 e e P b P b B 10 oo e b b b b

400 600 800 1000 1200 1400 1600 180 400 600 800 1000 1200 1400 1600 1800
m,, (GeV) m, (GeV)
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Color sextet vectors

* Top quarks are oppositely polarized, 1400|} ]
but the net polarization distribution 1200 ]
of the two identical top quarks ;
exhibits a flat profile (i.e. like 1000 - o -
unpolarized top quarks). -q:) 300! A T H I _

= :
Z 600 i

* Even though the flat profile of sextet 400!
vectors is different from the one for :
scalars, it is interesting to see if we 200/
could determine that the top quarks ol :
have L and R polarizations. -1.0 -05 00 0.5 1.0

c0SOhe (71)
Ed Berger (Argonne National Lab) Heavy Particles at the LHC ETH Zurich 201 | 25



Lepton energy and top quark polarization

* Lepton energy distribution is sensitive to top quark polarization.

(a) left-handed top (b) right-handed top
t N Z t
b — — b
- (_EAVAVAVAVAVAVAVAVAVAVAY o S AVAVAVAVAVAVAVAVAVAVAVY >
fr— . — —
r+ r+
I+ W (left—hand) I‘)[/(lefl—hand]
l-f-
\X / / /
— b b —
S AVAVAVAVAVAVAVAVAVAVAVY p— > - — (_EAVAVAVAVAVAVAVAVAVAVAY 2
U/ ,Izl_on q ‘/VI-LI_ ong
t boost direction t boost direction

Leptons from right-handed top quark decay are more energetic
than those from left-handed top quark decay.
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Lepton energy and top quark polarization

* Lepton energy distribution is sensitive to top quark polarization.

L T - I | f 1
5| t (tr)
P
'Q — _ -
t§ tr (L)
= 1
O | l 1 L |
0 0.5 1.0 1.5 2.0
x = 2E¢/E

C. R Schmidt and M. E. Peskin, Phys. Rev. Lett. 69, 410(1992)
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Discovery potential

* LHC (7 TeV and | inverse fb luminosity )

p. > 50 GeV
il < 2.5

Asymmetric cuts on
lepton pT

p‘gﬂGreater 2 50 Gev

pgi*essef > 20 GeV
Ine| < 2.0

ARjj,jg,ee > 0.4

10

[
ol

Br(V—tt)

2
g X
[E—
OI
(\9]

107

I
—_—

:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII|l|I|||I||II||:
C TN
™~~~ ‘000 e\]ent

e y V- _

Q) C
(\'\'X\ (5\0

— e S -
N . 100 events 3
L T §
- 10 event®_3

——
—_—

—

Hadronization region (FV <300 MeV)

500 600 700 800 900 1000

m,(GeV)
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Top quark polarization measurement

* Before lepton energy selection

0.02

0.015

0.01

1/0 do/dcos6

0.005

0

rrr|yrrrprrryrrrp r T T T T T T T T T T T T T T T
| \ \ \ \ \ \ \ \

i Flat profile is distorted (a) i
7 by kinematic cuts. .

-1 -0.8-0.6-0.4-0.2 -0 0.2 0.4 0.6 0.8 1

cos@M+

*

0.025

0.02

0.015

1/0 do/dcos6

0.005

0.01 |

g oot

After lepton energy selection

(b)

T

lesser

55 greater i i

-1 -0.8-0.6-0.4-0.2 -0 0.2 0.4 0.6 0.8 1
cos@u+

* Roughly 98 (67) events required to distinguish vector lesser (greater) from

vector unpolarized case

Ed Berger (Argonne National Lab)
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Top quark polarization measurement

* Apply the same analysis to sextet scalar (gauge singlet)

0.025 ] ‘ T R 0.025 -
0.02 : 7 0.02 greater
lesser | Wi
2 %
S 0.015 S 0.015
z BHE -
© * greater ' B
= = ,
yr 0.01 B 0.01
: ! sl : .
0.005 | 0.005
0 kl ! l ! Lo ! ! | 0 L
-1 -0.8-0.6-0.4-0.2 -0 0.2 0.4 0.6 0.8 1 -1 -0.8-0.6-0.4-0.2 -0 0.2 04 0.6 0.8 1
COSGM+ COSBH_'_
1

The 5(1 + cos @) shape of sextet scalar still remains with a moderate distortion.
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Summary

* Color sextet scalar and vector mesons may be a long shot they offer good discovery
potential in early LHC running at 7 TeV

* Enhanced cross sections relative to EVV scale new physics
* 30 events (scalar) and 100 events (vector) sufficient

* Naturally large same-sign dilepton rates allow background rejection

% Search strategy - —
Optpt 2> Op— - /
> MT2

spin | gauge #

trRtR |tLtL titr
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LHC decade

Fermilab SSC

CERT l LHCl

T
1 mb-

—_— [~ Ef>0.03Vs

| =

o =

—

o

o 1Tubf- -

] ; jet

- |2 EX>025VS
o

(@)

h e

o ow—sfv)—__
—

D 1nbl

O
— mmp=2OOGeV —~=
1 pb
T Higgs .
my, = 500 GeV
I l

0.001 0.01 0.1 1.0 ~

VS TeV

10%em? sec™

Events / sec for £

% Rate for £ = 10%*cm 257!

Inelastic proton-proton reactions: 109/8

bottom quark pairs: 5x 10°/s
top quark pairs: 10/s
W — tv 150/s
Z — U 15/s

0.2/s

Higgs boson (150GeV):

Gluino, Squarks (1 TeV): 0'03/8

(I) LHC is a factory for SM and new

TeV scale physics.

(2) What new physics may be
observable at 7 TeV? And how!

Ed Berger (Argonne National Lab)

Heavy Particles at the LHC ETH Zurich 201 |

33



Production cross sections at NLO

* NLO QCD corrections for single color sextet scalar production are available

Han, Lewis, McEImurry, 0909.2666

lo-iv T T'C\('iil,'mlvlI ]O-;.' l'lU‘ ~ Tevatton 1
Antitriplet : Sextet
10¢ VS =2TeV E 10 VS =2 TeV E
| 1 | .
— NLO 2 — NLO
R 107 (1O 7
10 a
‘ 107} 1
Al N Ly .\\‘ N Al _— 1\.\-“ ) “1‘ .\ : ]
10500 750 1000 1250 1500 10500 750 1000 1250 1500
m, (GeV) m,, (GeV)
b -~ ' LHC = 4l ' LHC -
10 S Antitriplet 10 - Sextet :
\/S: 103» \/S:

- — NLO Tl c
- LO R,

500 750 1000 1250 1500 500 750 1000 1250 1500
m, (GeV) m (GeV)
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Questions to be

answered

(2) Does each jet + lepton pair
reconstruct a top quark!?

(I) Are the muons and missing X
from W-boson decays!?

/S H
t? AN Need full event
“_ Sealar / Vector < W? ~ X reconstruction
Difficulty:
identical muons
and b jets

(3) What is the mass
of the resonance!

(4) What is top quark
polarization!?

(5) Are the top quarks from

a scalar or vector decay!?

Ed Berger (Argonne National Lab) Heavy Particles at the LHC ETH Zurich 201 |
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Reconstructed event distribution

* Can we determine the spin of the
heavy resonance!?

Not easy !
0.0SIllllllllllllllllll

0.04

= — Reconstructed -
100EI”II“Hllll:”IIl”””IIII'IIlL',I—I—IJ'LU—”{Sngel\]IeII{ISI”l_ % E —Nocut E
C CDF: o(tt+tt) ="~ 1 8 003 -
e g S 132 w
—————— 0 S
'k o — 03 - -
= AN 7 = E— —
@ ; COQ T ’E b 0'02 - —
@ » - - 1 = o n
‘S 0.01
- 20 .
(\!(3 10 § ’—”’/,,— é : _
[ Hadronization region (I' ;) <300 MeV) ] 0.00 S b by LT
10-3 IIIIIIIlI|IIIlIIlIIlIIlIIIIII|IIIIIIIIl|IIIIlIIII|IIIlIIIII _l _0.5 O 0.5 l
400 500 600 700 800 900 100(

m_ (GeV) cosB,

It requires ~ O(1000) events to
verify the flat distribution.

Not realistic for early LHC!
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MT2 method

* When there are two heavy particles decaying into visible particles and invisible
particles, the MT2 variable may be used to measure the mass of their parent.

o
o
(2]

mr2 (mi nvis ) - ;

—— M, = 160 (GeVic")
o M, = 170 (GeVIc’)

. 1 2
min [ma.x[m;r (minvis; p'(]‘ )); my (minvis ; p’(]‘ ) )]] - M, =180 (GeV/cz)

1) _(2)
p.py

e
o
'
TT T

mT(minvis; p%{wis) =

e

o

N
TTTTT

Fraction/(5 GeV/c?)
o
8

2 2 VI§ INVIS _ VLS | INULs
\/mvis + M nvis + 2(ET ET Pr™ *Pr )

o
o
-t
T

o
TTT

* The MT2 variable is a function of the S0 100 ";2‘((;;3‘};2)' 200 250
. . . CDF Il (3.4 b")
mome.nt? of visible particles ( cx, ,3 ) .
and missing transverse momentum. lts « Data
upper bound yields the mass of the 15 [_]Signal+Bkgd
parent particle ( () . |_|Bkgd only

tagged

Events/(10 GeV/cz)
o5

* The method has been used in the top

quark mass measurement at the S0 100 150 290 250 300
Tevatron. m,, (GeV/c?)
CDF collaboration, Phys. Rev. D 77, 112001 (2008)
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Top quark polarization

* Among the top quark decay products, the charged lepton is maximally correlated
with top quark spin.

1dT(t — bly) 1 N, - N_
- =—(1 0
( " Ny +N- o )
* 0 is the angle, in the top quark rest frame, between the direction of the charged

I'  dcosf 2
lepton and the spin of the top quark. In the helicity basis, top quark spin is along
its direction of motion.

(a) left-handed top (]_ — COS 9) (b) right-handed top (1 -+ COS 9)
t n Z t
b — — b
- [ _KAVAVAVAVAVAVAVAVAVAVAY o S AVAVAVAVAVAVAVAVAVAVAVE >
fr— - —— —
U'('[{'( fl—hand) u;(j[Le [t—hand)
. n
[ [+
WAAM [ — > - — [ W
W L+ ong W Long
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Lepton energy and top quark polarization

* Peak positions are |

isted as follows:

Hao Zhang, EB, Qing-Hong Cao, in preparation.

B value left-handed top quark right-handed top quark
B2 ar [ 3\
0.91,1) |- 2w [~ exp (B +InB + ) B(1+B)
1-8)2 7 [__1-38 28 1+8)2 1438 1438
(0.52,091)| —G=22W [ =% exp (-B+In B + 2 | |- {05 W [ (3 exp (- 1122
_32 L 2 3
(0,0.52) %ﬂ—) (1 — 1?;arctanhﬁ) —%l (1 1*3' arctanhﬂ)
B= m'fv W . . .
m2 is the Product Logarithm function
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