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http://cp3wks05.fynu.ucl.ac.be/twiki/bin/view/Physics/ICTP2008

Top Quark Physics at the LHC

Authors

+ Fabio Maltoni lacturer)

Lectures

Find the pdf of the 2 x 1h lectures:

* Lacture 1 : Introduction to the top quark
# Lacture 2 : Producing top at hadron colidars

References

» QCD and Colider Physics by Keith Elis, James Stiding, Bryan Webber (Cambridge Monographs, 1988). General introduction QCD. The section on top iz an easy and efficient reading to lsam the basics.

+» Top physics at the LHC, by Banekse et al. : A complete documeant, though a bit outdated, thatl covers many of the interestings studies that will be perdormed at the LHC. A very useful referanca.

« Top Physics af the LHC, by Wemer Bemreuther : A nice and up-to-date overdew on top physics at the LHC. It has also a complete referance st that can be used for further studias.

* Top mass defintion, by M. Smith and 5. Willenbrock. This is an easy and very clear discussion that i will maks you appreciate the subtleties assodiated o a meaningful definition of a mass of a quark.

Exercises

Dacay

* Top widih: Calculate the width of the top quark.
+ Radiation from heawy quarks: the dead cone in E+E_ —— QQE

« W+ polarzation in fop decays.

Production

+ fop production : -H? production and single top at Tawvatron ws LHC.
* scalarvs fermeon lop cross sections 8i hadron coliders : Compare the production of scalar and fermion heavy color triplets in hadron coliisions.
+ Spin Correlations in top production ?

Light material on the heaviest quark

+ Movies
o |nteractive Flash version Mote you may want to zoom in!
o Fast mowvie {.awi) of colision
o Guided mowvie {movi of colision
+ Review
o Secrets of 8 heavwwsioht, by Kurt Risssalmann.
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Top Physics aims

—LEP1 and SLD
-+ LEP2 and Tevatron (prel.)

' ™\ 80.5 -

l. Measure all properties |p.ecision EW and QCD: _
(mass, coupllngs, Spln) to |Rare decays and anomalous| & 4,
establish indirect evidence |couplings.Flavor Physics. g

. CP violation.
for SM and BSM physics. N ) s0s
150

4 )

ll. Use top as direct probe ;?N:Ittzljl;tHdW’ 80O~ 1
5 an resonances, f -—-H
;‘;Mtheh I_EWSB sector and SUSY:tH" and t—=bH" or g 766G t
physics stop =t X.
\. J
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Top Physics aims | : precision EW

Indirect evidence for the existence of particles

July 2008

not yet detected can be inferred from quantum e
corrections.At tree level mw=mz cos Ow. At one loop: | _ | EP2 and Tevatron (prel.)
2
m2, ( _ m’_lgi) - \/gg (1 + Ar) 80.51 — LEP1 and SLD
m
- e 68% CL
t t -
-
W w Z Z (05)
b 7 - 804 s e
3a cos® Oy mj Eg
A’ﬁ;gp = — T 3
167 sin 9W M
H ___________
H N 80.3-
f \\' + WUWW 1
1la ms 150 175
Argiges = + lpg——"
B8 A8msin® Oy, my, m, [GeV]

Fabio Maltoni
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Top Physics aims | : precision EW

Beyond the SM precision measurements
can be also very useful. For instance in
SUSY, the corrections to the Higgs

mass are given by:

mgl ?’TI,EE

2
my

AM? ~ G gpm{ log

In fact top effects can be really
important in theories like SUSY:
Large and negative |-loop corrections
can turn the Higgs mass parameters
negative and even trigger ESWB.

4
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>~ Exciting the Higgs

p——

.
b
g : Exciting new - /
! t g ~, HY _
G degrees " c vr
q { of freedom "“<
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Top as a link to BSM

The top quark dramatically affects the stability of the Higgs mass.
Consider the SM as an effective field theory valid up to scale A:

t W,Z H
-
—-:-—O—:-—— —-h——* >— — > —
3 1 1]
2 2 2 242 222
mH—mHO _@ytA ~+ 16’}1‘29 A 1 ]_671'2}\ A

Putting numbers, | have:

(200 GeV)? = mi;o + [—(2TeV)? + (700 GeV)? + (500 GeV)?| (

A 2
10TeV )
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Top as a link to BSM

tree loops

8 m
mh? ~ (200 GeV)?

top gauge higgs

= A 2
(200 GeV)? = mio + [—(2TeV)” + (700 GeV)? + (500 GeV)?] ( : []TeV)

Definition of naturalness: less than 90% cancellation:

A: < 3TeV Ay < 9TeV A < 12TeV

One can actually prove that this case in model independent way, i.e. that the scale
associated with top mass generation is very close to that of EWSB =>
First new physics could be associated with top!!
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Available solutions

There have been many different suggestions! Fortunately,
we can say that they group in |+3 large classes:

. . . 4 )
|. Denial: There is no problem.Naturalness is our

g ¢ ’ : Top is the onl
problem not Nature’s. Pro’s: we'll find the Higgs. B

natural quark

Cons: that’s it. L )
4 )
Top parters, new
2. Weakly coupled model at the TeV scale: scalars/vectors
Introduce new particles to cancel SM “divergences”. possibly strongly
coupled with top.
\. J
4 )
3. Strongly coupled model at the TeV scale: Top: t-tbar bound
New strong dynamics enters at ~| TeV. states, colorons.
\. J
4. New space-time structure: [ )
Introduce extra space dimensions to lower the KK-excitations
Planck scale cutoff to | TeV. L y

“Signaling the dawn of the LHC era”, ICTP, 8-13 Dec 2008 Fabio Maltoni




Top as a template

(o
1

1
(04°]

Nall
—t
(0)¢]

Both involve production of heavy colored states
decaying through a chain into jets, leptons and Fr.
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Top as background

At the LHC, many measurements will need a good
understanding and control of tt and single top events.
A few examples:

® gg—H and qq—Hqq with H=>WW
® ttin single top measurements
® tt+jets and ttbb in ttH

e tt+jets in SUSY/UED searches (gluino pairs, stop pairs, tH"....)

jj

“Signaling the dawn of the LHC era”, ICTP, 8-13 Dec 2008 Fabio Maltoni



Outline

® The importance of being Top

o Truhand mys dboucTop |

® TJop in the making

® TJop simulations
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Charmonium is™ Unfortunately,
there, Bottomonium\ [ top decays too fast |
is there, what / for bound states 3 Radiation in top
about Toponium? to form... _ . events! Everybody knows
- -' - that top does not like
to radiate a lot...

Measuring the top
spin effects will prove
that hadronization does
not place!
ave you heard of
the latest top mass
measurement?..

Vtb? | just measure "B | don'’t understand
it in top decays! WERS Why everybody gets so
' excited about Top: is just
a quark like the
others!
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Basic facts about top

® |t is the SU(2)L partner of the bottom.
® t| = T3=+1/2, trsinglet.

® |ts mass is obtained in the EVVSB.

® Q=*2/3 and is a color triplet. Leptons

® All couplings are fixed by the gauge structure.

It is just as all other (up) quarks: what’s so special about it?
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Truth or Myth #1 : “Top is special” @
In the SM, it is the ONLY quark

|. with a “natural mass’’:

Meop = YeVIN2 =174 GeV= y, = |

It “strongly” interacts with the Higgs sector. This also suggests that
top might have special role in the mechanism of EWSB and/or
fermion mass generation.

2. that decays before hadronizing

Thad = h/Aocp = 22102 s
Teop = h/ Teop =1/(GF M |Vp|2/8MV2) = 5¢10-25s

(with h=6.6 1025 GeV )

b

(Compare with Tp = (GF2 mp° [Vbc|2 k)' = 10-125)
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T=0=
ity

What do we really know about top!?

Quantity Uncertainty Measurement Useful for...
Mass <1% invariant mass EWV fits (Higgs and BSM)
Spin consistent decay products BSM?
charge -4/3 excluded decay products BSM?
R 30% event counting BSM?
Wtb vtx 15% W polarization BSM
sigma(ttbar) 10% event counting QCD, mass
sigma(singletop) 30% event couting* Vi, 4th gen, BSM
Width <12.7 GeV direct Vw, 4th gen, QCD
http.//www-cdf.fnal.gov/physics/new/top/top.htmi
Fabio Maltoni

http://www-d0.fnal.gov/Run2Physics/top/top public web pages/top public.html
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Top mass history

240 T T T T T T T T T T T T
200 { =
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o 1 dlrect measurements
o 120 [ ' =
© I
=
o
] 1
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-
.u'
| SM fits
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18988 1551 1853 1855 189597 18595 200 2003
Year Quigg

Such a heavy top was a surprise. However, the lower limit had been increasing and there
had been hints from analysis of electroweak data, where the top mass enters via loop corrections.
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Mass definition

The top mass is so precisely measured (m=171.2 + |.5 GeV) that we have to worry
about its definition.

SN
7—m

Leading order: >
1

Higher orders: 4.
¥ —mp — X(p)

(At least) two possible renormalisation schemes: MSbar and on=-shell,
leading to to different mass definitions.

(pole) mass = m

mR = renor. mass

The MSbar mass is a fully perturbative object, not sensitive to long-distance dynamics. It
can be determined as precisely as the perturbative calculation allows.The mass is thought as

any other parameter in the Lagragian. It is the same as the Yukawa coupling. For example, it
could be extracted from a cross section measurement.
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Mass definition

The pole mass would be more physical (pole = propagation of particle, though a quark doesn’t
usually really propagate -- hadronisation!) but is affected by long-distance effects: it can never be

determined with accuracy better than AQCD'

The pole mass is closer to what we measure at colliders through invariant mass of the top decay
products. The ambiguities in that case are explicitly seen in the modeling of extra radiation, the
color connect effects and hadronization.

The two masses can be related perturbatively (modulo non-perturbative corrections!!):

Mipote = T(7TT) (1 - gﬁs(ﬁ) +8.28 (ﬁ*‘(m)) + - ) + O(Aqen)

s s
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Truth or Myth #2 :
“Vtb can be measured from top decay rates”

t
\ C|=C|,S,b The argument goes as follows.
2W+ The number of events where the top decays into b jets is given by
~ I'(t — Wb)

Nevents = (£ - €)o (D) - = (L - €)o(tt) - |Vi|?

). L't — Wq)

where we have used unitarity of the CKM:

Vaal? + [Visl? + Vsl = 1

The top cross section depends only on QCD and top mass and can be given by theory.
Lumi and efficiencies are exp. determined.

Do you agree?
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Vtb intermezzo

Let’s remind ourselves what the CKM matrix actually is

JI = [7L’Y#VCKMDL

By fitting all the information we have available mostly from K°-K° mixing, B-physics:

mass eigenstates

Ji = uryudr,

Ve Vus Vs 0.9739-0.9751 0.221 -0.227 0.0029-0.0045
Vea Voo Vo =] 0221 -0227 0.9730-0.9744 0039 -0.044
Vie Vi Va 0.0048-0.014 0.037 -0.043 0.9990-0.9992

“Signaling the dawn of the LHC era”, ICTP, 8-13 Dec 2008
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Vtb intermezzo

Let’s remind ourselves what the CKM matrix actually is

JI = (7L’Y#VCKMDL

By fitting all the information we have available mostly from K°-K° mixing, B-physics:

o mass eigenstates
J+ = ur-y d
p pL

0.9730-0.9746 0.2174-0.2241 0.0030-0.0044 ...

Vud Vns Vub

0.213 -0.226 0968 -09/5 0.039 -0.044 ...
Vcd Vcs Vc.b =

0 -0.08 0 -0.11 0.07 -0.9993...
Via Vis Va : : :

However most of such information, does not tell us anything directly on the last row.
It is the hypothesis of unitarity of the CKM which contraints the Vy; matrix elements.
For example the last measurements from CDF on B, - B; mixing gives

0.20 < |Via/Vis| < 0.22
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Truth or Myth #2 :
“Vtb can be measured from top decay rates”

t Counter arguments:

=d,S,b |.Assuming 3 generation unitarity leaves OUT the interestin
g8 Y g
BSM physics that this measurement explores (4th generation)
W+ In addition within 3 generation,Vy = 0.999..1!!

2. Number of events is proportional to the Branching ratio,
- I'(t — Wb) . Vi |
D tight TE = Wa)  |[Via|? + [Vis|? + |[Vao|?

where we already know thatViq,Vis <<V , so R~

independently of the overall scale of Vi4,Vis Vb and basically
independent of Vi,

R

Conclusion:Vy cannot be measured from the decay of the top. From where then? You need
quantities (almost) proportional to |Vw|? only. Two possibilities:

|. The width of the top
2. Single top cross section
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WV polarization

The SM vertex of the top decay implies that

it’s only the t. that takes part to the interaction.

! —i%ﬁq":‘“%(l —7s) _ _

This has straightforward consequences on the
possible helicity states of the on-shell W produced
in the decay.

Neglecting mp, this imples that the W can be only either longitudinally polarized or with negative
helicity

b t W b t W
= L ] = —— ] ————
b t w

How do we measure it?? The WV polarization is inherited by its decay products, which “remember
it” in their angular distributions.
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WV polarization

i dN(W — lv)
N dcost

= K [fosin® 0 + fL(1 — cos8) + fr(1 + cos )]

2
m
e t - 07
. .f“ = 2 2 A 0 = TU J/E'
w neg. direc- my, — My

e
~

e
2

[Illlllllllllllll‘? I|IIII|IIII

w(cosH)

-----------
-
-

o
()

-
-
-
.

0.4,
'Lefb-_l:landed o
0.3 "':::. Longitudinal
0.2 Right-handed
0.1 e
D'JL Lok l~-|-"r‘"f"'r'“l””\"‘;.”| I IR B B R A B |.|.-|'.;~f'|“r-r-|-.s.| L
-1

08 -06 -04 -02 0 02 04 06 O
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cost * Rather “easy measurement” .

* tion of tap

Fraction of longitudinal VW's
(basically the only ones we see in a pp collider!)

*The formula above is already not trivial since it says
that W polarizations don’t interfere! (This is true only
for Idim distributions!)

* Longitudinal polarization come from the Higgs
doublet (charged component).

* cos(0), which is defined in a specific frame, can be
related to m(lepton,bottom) or pt(lepton) , ergo
no top momentum reconstruction necessary!

Fabio Maltoni




Truth or Myth #3 :
“no hadronization = no resonance physics”

Consider how the charm and the bottom quarks were discovered:

— hadrons)

olete” — ptpu~)

o(eTe

R
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Very sharp peaks => small widths (~ 100 KeV) compared to hadronic resonances (100 MeV) =>

very long lived states. QCD is “weak” at scales >> Aqcp (asymptotic freedom), non-relativistic
bound states are formed like positronium!

as(1/r)
The QCD-Coulomb potential is like Vir)e _CF , Cr =4/3

Fabio Maltoni




Truth or Myth #3 :
“no hadronization = no resonance physics”

Let analyse the scales which characterise the bound state. The scales can be found using the

the enegy of the ground state and the virial theorem:

1m 1
Ey = —~—2—?£(CFC£S)2 with (T) = —a(V) gives U ~~ CF{f_ks('mv)

Ry =1/(Crasm:/2)

This equation can be solved iteratively

Scale Quantity e+e- toponium and gives scales that are all perturbative
and well separated.

m annhilation | 5 5 May | 172 GeV

time “Unfortunately” the formation time for
size the bound state is
mv R | 37KeV | 15Gev
: Torm =~ size/lv=mv? = |/(2 GeV)
mv2 FOI;I;nnﬂ?Zlon 25 eV 2 GeV Tweakdecay = Ttop/2 = ”(3 GeV) < Tform

So..... no resonance physis???
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Truth or Myth #3 :
“no hadronization = no resonance physics”

T The time scales, formation and decay, are not so widely
I different (by chance!). Therefore if we perform a threshold
scan in ete- we should be able to see an enhacement of
the cross section, due to Coulomb rescattering. The width
of the peak is proportional to the width (direct
measurement) and the position of the peak would allow a
very precise mass measurement. A serious calculation
gives:

o, (pb)

[Beneke et al, Hoang et al.]

1.6
14 | mm NNLO
NNNLO
12 | .
1t
a4
0.8 |
0.6 |
04 | L= (25 -80 ) GeV

340 350 351 352 353 354
Vs
Can something similar happen in pp collisions? It’s a good question!...Stay tuned!!
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Truth or Myth #4 :
“No hadronization < Top spin effects

We have now very clear that most probably (if Vi is indeed |) top decays before hadronizing,

Thad ~ h//\QC D~ 2. I 0-24 s > Ttop dec = h/ I_top 5. I 0-25 S

Therefore non-perturbative effects (soft-gluons) don’t have the time to change the spin of the
top which is then passed from the production to the decay. As a result the spin becomes a
typical quantum mechanical quantity and correlation measurements can be performed (see
tomorrow).

HOWEVER, one can also ask : Is the opposite true? if we see spin correlation effects do we
automatically put an upper bound on the width and hadronization? NO!
Spin-flips are due to CHROMOMAGNETIC interactions, which are mediated by dimension 5

operators: 2 —1
,C L h CT?L = (y iz . } AQCD
mag — Q'U 70 Q'u = Tip = N =2 Thad
4dmy My

If, for instance,V ~ 0.3, then top would start hadronizing into mesons and still conserve its spin!
[Falk and Peskin, 1994]
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How to measure top spin

W+

rrd

In particular one can easily show that for the top, the
lepton* (or the d), in the top rest frame, tends to be
emitted in the same direction of the top spin.

Note that this has nothing to do with W polarization!
In particular one studies spin correlations between the
top and anti-top in ttbar production and the spin of
the top in single top.

Results depend on the degree of polarization (p) of
the tops themselves and from the choice of the “spin-
analyzer” ki.

A d u b Je

r »~ 1 4r 1+ pkicosb

LO: 1 1 -0.32 -0.39 0.351

-032 0.2 —

NLO: 0999 097 031 -037 047 -031 I' dcost 2
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Truth or Myth #5 :
“The top does not like to radiate much”

pl+k

Consider gluon emission off a heavy quark using perturbation theory:

DI—Edl(I,ki, FH“) o (If-' g ! + 2 m ]

— — 21 =1
l o |1-z Bra-ame U7 @A -y

In the massless case (m=0) we have a
non-integrable collinear singularity:

1Lpz® Fdk;
/ D{z, k2 )dk2 = —F / L s
0 0

i 2
1l — 7 kJ_

D real

OTE
8
Il

The presence of the heavy quark mass suppresses the
collinear radiation at small transverse momenta and
allows the integration down to zero.

Be careful because it’s a frame dependent statement!

Fabio Maltoni
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Summary

® Top is by all means special!

® The CKM elements V4 ,Vis ,Vib are not very well
constrained (if unitarity is relaxed).Top decays do
not help much. Need for width or single-top
measurements

® Top anti-top pairs close to threshold can display a
“bound state” behaviour.

® Top spin is a good and interesting observable

® Jop mass screens collinear radiation

“Signaling the dawn of the LHC era”, ICTP, 8-13 Dec 2008 Fabio Maltoni



Outline

® The importance of being Top

® Truth and myths about Top

—— }

® TJop simulations
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Producing Top

Largest cross section (LO at &s?):

; ‘ ~ 10 pb at Tevatron
Strong ~ | nb at the LHC

Top discovery mode.

I TTEOTT——— !

Weak process : same diagrams as the top decay!

Cross sections smaller than QCD but enhanced
by a lower energy cost:

W ~ 2 pb at Tevatron
Weak / ~ 300 pb at the LHC

Three independent channels.
At the Tevatron sigma(t)=sigma(tbar). At

\ ) the LHC sigma(t)>sigma(tbar) (for s- and t-)
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From Tevatron to LHC

Tevatron

85% of the total cross section
|0 tt pairs per day

60% of the time there is extra radiation
so that pt(tt)>15 GeV.

tt are produced closed to threshold, in a
3Si[8] state. Same spin directions. 100%
correlated in the off-diagonal basis.

Worry because of the backgrounds: (W+jets,
WQ+jets,WWWHjets)

LHC

90% of the total cross section
| tt pair per second

Almost 70% of the time there is extra
radiation so that pt(tt)>30 GeV.

tt can be easily produced away from
threshold. On threshold they are 'Sol!8l state
with opposite spin directions. No 100%
correlation.

Background free*!

*Conditions apply. Consult with your local top expert before signing.

Fabio Maltoni
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Cross sections : from Tevatron to the LHC

Total cross section for ttbar
increases by a factor of 100, while
Drell-Yan only by a factor of 10.

Top will be one of the major
background to any new physics!

However, extra hard radiation is
much easier at the LHC than at the

200
150
100
50
0

Tevatron LHC/I0
Tevatron!
i top B w/io [ Z/10
b t W* 2 et vo| Z > et e W = e* v, Z > ete
P inclusive inclusive + 4jets + 4jets
TeV 7.6 2000 200 0.98 0.096
LHC 910 18500 1800 220 (20) 21 (2.1)
Gain

pt(j)>20 (50) GeV , |eta(j)|<3, DeltaR(jj)>0.7
“Signaling the dawn of the LHC era”, ICTP, 8-13 Dec 2008
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Master QCD formula

1 : 2

" Q
Ox = E / dx1drs folT1, u3) fo(za, u3) X Gabx (21, T2, as(0h), 5 —5)
a.b 0 #-F #R

Two ingredients necessary:
|. Parton Distribution functions (from exp, but evolution from th).
2. Short distance coefficients as an expansion in s (from th).

OuboXx = 00 + g0y —I—Cg%crg + ...

Leading order

Next-to-leading order

Next-to-next-to-leading order
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“Typical”
behaviour of a
cross-section

w.r.t. scale

variations

- A LO calculation gives you a rough estimate of the cross section

- A NLO calculation gives you a good estimate of the cross section
and a rough estimate of the uncertainty

Estimating TH uncertaintes

A
v L
\

\

O

b 10
]/‘/ Myiop

“Reasonable’ scale variation

Uncertainty

- A NNLO calculation gives you a good estimate of the uncertainty

“Signaling the dawn of the LHC era”, ICTP, 8-13 Dec 2008
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Top @ Tevatron

Standard procedure: vary renormalisation and factorisation scales.

(NLO+NLL, m=175 GeV) But, better do so independently
0. 6.82>6.70>6.23 pb 0.5 < PR p/m <2
o: 6.97>6.70 > 6.23 pb 05 <pp /m<2 && 0.5 < Yp/Hg <2

2

1.8

“Fiducial” region

16 |
1.4 j
Order £5% uncertainty along the
diagonal, a little more considering
independent scale variations

1.2
1
0.8

0.6

BTW, the PDF uncertainty (£10-15%) is
probably the dominant one here

0.4
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970 > 908 > 860 pb
990 > 908 > 823 pb

Top @ LHC

0.5 < pg p/m <2

[Cacciari et al., 2008]

. 1400 T T T 1 T | — T T T
40 - o o GI | [lpb]lat I|_H.IC | E’lQDD - Opp 1 [lpbl at LHC 4
1200 g Pt E & :
1000 1000 -
- . - .

ol .1 800 ——
o 2 E
600 | =4 600 - -
400 F J400 F -
F Bt = 200 [ e —

200 - = NLOQCD : C i NNLO 2 00x) ]
0 C oo b T 0 I T T N R N IR T T R N

165 170 175 180 165 170 175 180
m, [GeV] m, [GeV]

[Moch and Uwer, 2008]

The inclusion of leading terms that appear at NNLO seem to sizably reduce the errors!
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O:w:. PDF errors at the LHC

10 L L I L 805 —
] [Campbell,Huston,Stirling,2006]

2G

4L/ Tlo(2i=1)—e(2)) 1 800
i=1

795

790

percentage.error
m

785
780
775
770
765

Lol Lol L B Bl L] ?&?
—14
1{)—4 10—3 —2 1

sigma(tT) (pb)

L | L L L | L 1 1 I 1 1 1 I 1 1 1 I 1 1 1
184 186 188 190 192 194

mee. 0350 | Tev sigma(W) (nb)

2]
%]

* ttbar production sits exactly on the minimum uncertainty x for the gluon pdf.

* Unticorrelated with the W cross section.

* PDF error is very small compared to the scale uncertainties for low ttbar invariant masses.
* higher invariant masses start to probe x areas characterized by larger uncertainties.
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1400

1200

1000

800

600

W

measuring m¢from Oy

o pp » tt ) [pb] ]
NLO. CTEQ6M, LHC

+ 0.05

Red: fg = m,/2

Black:  ug = m,

Blue: Mg = 2m,

Dashed: p, = m /2

solid: pwp = m,

Dotted: u, = 2m,

| 1 1 1 1 | | 1 1 1 | 1

160 165 170 175 180

top quark mass, m, |[GeV]

t

The total cross section
depends strongly on the top mass.

This could be used to measure
the top mass from a cross section
measurement.

However, the error on the
total cross section is
theory dominated!

Tevatron has started doing this....

NNLO corrections and reduced
TH errors could make a top mass
extraction from the cross section
possible!

What about differential distributions?

Fabio Maltoni
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do/dmy : shape differences

Interesting observable.

Shape very well predicted.

[ |
0.005 —
L ///\‘;,
L // /”
| I,
0.004 — ’
0.003 —
0.002 —
0.001 —
0.000

1/0 do/dm
NLO, CTEQ6M, LHC

600

700
mass [GeV]

This could be also used to
measure the top mass!

Reconstruction systematics
is different from the usual
top mass invariant mass

reconstruction.

Any BSM effect would distort
this shape =>

| gooModel independent search
for new Physics!

300

tt invariant
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M spectrum at the LHC

low invariant mass

S | |

do/dmy [pb/GeV]
NLO, CTEQ&M, LHC
m, = 170 GeV

0=90% Otot

300 400 500 600 TO0
tt invariant mass [GeV]

* ~90% of the total cross section

* ttbar at threshold in a ISO[tt] state
* Shape very sensitive to the top mass
* High-statistics sample=

- early SM physics
- top rare decays
- low mass new resonances

high invariant mass
L L

do/dm,, [pb/GeV]

Mg = Hp = m, = 170 GeV |
NLO, CTEQEM
¢ (m,, > 1000 GeV} =20.9 pb

1072 |-

10~4 |-

m,, [GeV]
*my >1 TeV = ~2% of the total cross section
* Events are more 2jet like = different selection

* EW effects (e.g. P-violation) start to be important
* Relevance of qq+qg increases

*TeV Resonances searches

*Top partners searches

Fabio Maltoni
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do ! dM [pb/GeV]

=1
R

0.06 B L e L I L LB I

0.05

0.04

0.03

o.M

H 1111
335 340 345 350 355 360 365 3V0 375 380

[Hagiwara et al 2008; Kiyo et al., 2008]

Truth or Myth #3b:
“Resonance physics only accessible at the |[LC”

In hadronic collision, the interactions at threshold can
be either attractive or repulsive! Octet larger cross
section, but “‘bound state” effects are dominant in the
singlet. Effects compete. Until last spring, the common
lore was that PDF effects would smear any peak!
Precise mass measurement? Width measurement?

color-octet

Tevatron vs = 1.96 Tey

color-singlet

M [Ge\1

do / dM [pb/GeV]

16 I B L B I LA B B L

14

1.2

08 |
06 |
04 |

02 |

color-octet

color-singlet

LHC Vs =10TeV

H L1 11 Ll
335 340 345 350 355 360 365 370

M [GeV1

Fabio Maltoni
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Example of a model independent
search for New Physics in
the ttbar invariant mass

Model independent (bottom-up) strategy for New Physics :
|. Focus on a specific SM observable that is

a. naturally sensitive to BSM
b. is well-predicted & possibly “background free”

2. Search for a simple signature, eg “a peak’ in a “model independent”
way.

“Signaling the dawn of the LHC era”, ICTP, 8-13 Dec 2008 Fabio Maltoni



New resonances

In many scenarios for EWSB new resonances show up, some of which preferably couple
to 3rd generation quarks.

>\/VZ\//\< > ®< \
q t q t q t

Given the large number of models, in this case is more efficient to adopt a “model
independent” search and try to get as much information as possible on the quantum
numbers and coupling of the resonance.

To access the spin of the intermediate
resonance spin correlations should be
measured.

It therefore mandatory for such cases to have
MC samples where spin correlations are kept
and the full matrix element pp>X>tt>6f is
used.
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Zoology of new resonances

Spin Color (r:_’f]) SM-interf
0 (1,0) no
0 (0, 1) no
0 0 (0, 1) yes
8 (0,1),(1,0) no
0 [sm,sm] yes/no
| 0 (1,0),(0, (L, 1),(1,-1) yes
8 (1,0 yes
8 (0.1) “yes”
p) 0 == yes
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Phase |: discovery

1000

b0a

100

50

10

dalpp - (Z'/g* ») tt)/dm o [1b/20 GeV] 3

Mp = Mp = Mg, = £ TeV _]
Lo, OTEQAL1, LHC |

QCD only
L' Color singlet
g%} Color octet {(vector coupling)

g% Color actet (axial coupling)

1500

1750

2000

2250

ti invariant mass [GeV]

“Signaling the dawn of the LHC era”, ICTP, 8-13 Dec 2008

*Vector resonance, in a color
singlet or octet states.

*Widths
different

and rates very

* Interference effects with
SM ttbar production not
always negligible

* Direct information on
O°*Brand I.

Fabio Maltoni




Phase |: discovery

g ; ¢ voseeo—— ¢
25 I I I I I I I I T I I T I I I I I I T I
I | | | | | 1
- h da{pp ~ (¢ -} tt)/dm; [pb/10 GeV] .
i 'f! »tt) =1, a =0 1 , ¢ ooTToO——— f
20 — |-L: _
. | - — 400 GeV :
15 — _
| I_ ] :I T | T T T T | T T T T | T T T T | T T T T | T T_]
- 1 12 . dalpp > (@ -) t_)/dm“ [pb/5 Gev]]
10— _] N -1 BRE~ ) =1, -0 ]
Hs _ -~ ! ., LO, CTEQ6L1, LHC 1
i i :_i" ! fip = pp = My = 400 GeV —
- : R —— QCDonly
5 | — = H I | .
L _ - 5 a, =1 .
0= ' gl ]
400 500 C _
Non-trivial behavior (peak-dip) due to th 8 - B -
interference between the signal and the - [MadGraph] N ]
background, only if top width dominated by - | | | } B
r? | | | | | | | | | | | | | | | | II I

d—tt. [Dicus, Stange & Willenbrock 1994] 380 200 120 240 460

tt invariant mass [GeV]
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Phase |: discovery

1{}2 =3 T T T T T T T T T T T T T T T T T T T T =
ET ] | | | :
C dofpp -+ (G =) tt)/dm. [pb/20 GeV] N
. " 10, CTEQSL1, LHC B il
10% &= m, =600 Ge¥ — x/M_ =010 —3
E . n:ffﬂ=ﬂ.t]’? 3
i - K/ =004 ]
100 - &/H,=0.02 _ * Spectacular signature!

= —— &/M_ =001 3

T - *RS Model with first KK=600 GeV
1071 —
1072 =
1{]—3 | | | | | | | | | | | | | | | | | | | | | | | | | | I :

500 1060 1800 <000 2000 3000
tt invariant mass [GeV]
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Phase 2: ttbar angular distributions

1.ﬂ_|||||||||||||||||_
Bpin—ﬂ:

o8 -

> - :

CS angle o4 E

[ T T T T | T T T T | T T T T | T T T T
™7 S]I,U_id_nfdcusfﬂ‘] = D.I:I-""I""I""l""- I:I.D-""I""I""I""
5l | . -1.0 0.6 8.0 o5 10 1.0 0.6 0 0.5 1.0
- | —— 1o cut coals) canfg)
S 300 < my € 410 GeV !
1 tE 1
e 580 < my < B10 Ge¥ - (a) (b)
I S e 780 < my < B10 GeY P 18 [ 18
..... | C ] [
. L.
| |
i I

b= e

- oo ey T Lnd | r ] r ]

| Pz [ =1
- B L . n.Er— i nar- ]
e e ey By S | | . SR U RN BN
—1.0 0.6 0.0 08 1.0 D‘—ui.u 'y 0.0 0.5 1.0 n'ELu —0.4 0.0 0.5 1.0
cos{B) camif) ooalg)
ie) (d)

Robust reconstruction needed, but much easier than spin correlations...
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Spin correlat

Phase 3

“Signaling the dawn of the LHC era”, ICTP, 8-13 Dec 2008




T=0=
ity

Reconstruction issues

® Three possible different signatures (0, 1,2, leptons in the final state) entail

different event reconstruction strategies.
® Also the three different phases ask for (increasingly) sophisticated approaches

® To fix the final state (modulo combinatorics) we need |18 measurements.

0 lept | lepts 2 lepts
# measured 6x3 5x3+ Er +my 4x3+Er+(2mw,2my)
m(tt) no reco needed
reco
reco (no comb w/ constr) full reco w/ comb
cos O
(no comb w/ constr)
i corr full reco full reco 1 P S22
spin corr: + 4-fold spin comb + 2-fold spin comb

Fabio Maltoni
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Single-top
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-0~

Single-top

CTEQ6M, mt=172 GeV,th err=10%)
. o (pb)
Process Diagram Accuracy
TeVI LHC
q
; NLO
t-channel U4 Stelzer, Sullivan, .98 247
b= Vi ' Willenbrock ‘97
~ 5 1| (NNLO
s-channel >MV<_ Smith, 0.88 10.7
q b ~p | Willenbrock ‘96
8 Vg —1 NLO
tW /FJ:V Campbell, 0.07 66
by, W Tramontano ‘05
112}

All signals available in MCFM [Campbell, et al.] and in MC@NLO [Frixione et al.]. Most of
the backgrounds are also known at NLO. However, analysis still rely on LO calculations for

the heavy-quark fractions in W+jets events (largest background)

Fabio Maltoni

= room for improvement.
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q q b
t channel s channel
5 q t
SM info SM info
Largest rate, dominant at the LHC, where 62% Smallest at the LHC, where 63% top, 37% anti-top.
top, 38% anti-top.
o «|Vtb|2
o «<|Vtb|%
Forward jet in final state, top central, sometimes Very well known. DY might be used for
one extra forward bottom. FB asymmetric at the normalization.
Tevatron. Main background W+Q’s+jet (and tt at
the LHC). Central high-pt b-jet. Main backgrounds: tt, tj, and
W+Q’stjets.
Top is polarized along spectator jet (most of the
times) in the 2—2 configuration. Top is polarized along beam axis at the Tevatron.
BSM window BSM window
Sensitive to new production modes, Tait Sensitive to vector (extra W) and scalar (top
through FCNC (qc—qt). and  |pions) resonances.
Yuan, ‘00 |Spin correlations to study the handness of the

Associated Higgs production in SUSY. couplings.
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tW and tH”

Interest: Vi, measurement

The Cinderella of the three channels. Not studied as
much as s and t.Tiny at the Tevatron, sizeable at the
LHC. It is similar to tt: it just has one b-jet less!

Possible interesting signature: 2 leptons, missing g ¢
Et,and exactly one b-jet. A b-jet veto is needed for a

meaningful definition even at the TH level. .
Focus on Vtb. b "

Important background when tt + jet veto is
large (Ex: gg—H—=>WW).

Interest: Charged Higgs discovery
When my* > m¢, no overlap with tt production,no TH
need for a b-jet veto.

When my* < m¢, tt production, with t > H*b )\
dominates. Overlap with gb = tH* does not create a g+
problem for discovery.

Need to be careful in the transition region my*™ ~ m.

“Signaling the dawn of the LHC era”, ICTP, 8-13 Dec 2008 Fabio Maltoni



Example: Relaxing the unitarity constraint
in single top analyses

q =y O d,s,b
Current analyses at Tevatron assume Standard Model.
With more data independent direct limits on V4,Vis, Vib :
are possible. d,s,b § ¢
1.0 : 3 T 3 o 1.0 M - 1.0 -
0B k 7 o 0.8 -— ST 08—
_ u, i
_, oef 08| : — 08[-
= = 5 =
I I L R
G4 R 0.4 e ) 0.4 g_{ ;q-[.
oS
0z 0e -_-,-:qT : : [F-] i::.'f'
i %
ol%.ﬂ I I ¥ I{I?H I 08 1.0 ﬁ'%.u 0.2 0.4 0E 0.8 1.0 0%.0 02 0.4 Iﬂ.ﬂ (1] 1.0
V.l v, Vol

s = RY S Wl o2 (Vi + Vi)™

qg=d,s,b

O2b-tag — R| Vﬁ] |255-Ch- :D
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Outline

® The importance of being Top
® Truth and myths about Top

® TJop in the making

m—— |
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2. Parton Shower
4. Underlying Event
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How theorists (used to) make predictions!? .

Evolution is unitary and universal: ignore it!
Focus on the high Q%

® For low parton multiplicity include higher order terms in our
fixed-order calculations (LO—=NLO—NNLO...)

A 2
= Ogb—X — 009 T X501 + Qg0 + ...

® For high parton multiplicity use the tree-level results

Comments:

|. The theoretical errors systematically decrease

2. A lot of new techniques and universal algorithms are developed

3. Final description only in terms of partons and calculation of IR safe
observables = cannot be directly employed in experimental studies
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How experimentalists (used to) make predictions? ’

Fully exclusive final state description for detector simulations more
important = give up on the high Q? complexity.

® Describe final states with high multiplicities starting from
2 = | or 2 22 procs, using a parton shower, and then an
hadronization model

Comments:

| .Very flexible and tunable tools. Good description of the data possible

2. Catches the bulk (log-enhanced) part of the cross section

3. Predictive power for normalization and kinematic distributions for high-
pt multi-parton final states very limited

most known and used: PYTHIA, HERWIG, SHERPA*
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Improving our predictions

Common Principle:

Avoid the weakest link! Balance the accuracy over the steps in the
simulation chain. Improve not only the single steps but also their merging.

Two directions:

|. Matrix Elements + Parton Showers
Get fully exclusive description of many parton events ME+PS

correct at LO (LL) in all the phase space

2. NLO with Parton Shower
Get fully exclusive description of events correct at NLO in NLOwWPS

the normalization and distributions.

Fabio Maltoni
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/i ¢

Merging fixed order with PS

[Mangano]
[Catani, Krauss, Kuhn,Webber]

—pz _ SHERPA |

10 — —
'EF 3 K =16 —i=
—1I:2
J _Eﬁgg
""-|._| — -
'g|% 1 E

I

0 20 40 60 80 100 120 140 160 180 200
P ./ GeV

Double counting of configurations that can be obtained in different ways (histories). All the"
matching algorithms (CKKW, MLM,...) apply criteria to select only one possibility based on the
hardness of the partons. As the result events are exclusive and can be added together into an

inclusive sample. Distributions are accurate but overall normalization still “arbitrary”.
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0=

PS alone vs matched samples

A MC shower produces inclusive samples covering all phase space. However, there are regions of
the phase space (ex. high pt tails) which cannot be described well by the log enhanced (shower)
terms in the QCD expansion and lead to ambiguities. Consider for instance the high-pt
distribution of the second jet in ttbar events:

tt (a la Pythia)

P of the 2-nd extra jet

do/dP; (pb/bin)
>

10-1§_ ® Q% (wimpy) Y OSSR o WA\ A
- d W W
- O Q®(power) v °'4°
\)
102 4 P7(wimpy)

A P2 (power)
A A A [MadGraph]
10—3M| | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1
50 100 150 200 0 00 ( 400

GeV
Changing some choices/parameters leads to huge differences = self diagnosies. Trying to tune the

log terms to make up for it not a good idea = problems in other regions/shapes, proc dependence.
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0=

PS alone vs matched samples

A MC shower produces inclusive samples covering all phase space. However, there are regions of
the phase space (ex. high pt tails) which cannot be described well by the log enhanced (shower)
terms in the QCD expansion and lead to ambiguities. Consider for instance the high-pt
distribution of the second jet in ttbar events:

tt+0,1,2,3 partons + Pythia KtMLM

P of the 2-nd extra jet

do/dP; (pb/bin)
)

107 o Q? (wimpy)
E O Q? (power)
1025 4 P7 (wimpy)

A PZ (power) |
| | | | | | I:I\/IacllGraPI’]:| |
-3 | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 A
10 (f“‘l 50 100 150 200 250 300 350 100

In a matched sample these differences are irrelevant since the behaviour at high pt is
dominated by the matrix element. LO+LL is more reliable. (Matching uncertaintes not shown.)
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108 3 e —— — 1078
-7
= 10
<
2 =7
8 :
‘5‘{ 1078 | Tevetron tt production {107 gﬂ'
- i 1 :&-«.
HQ : Tevatron tf production Z
- - POWHEG ! P
1079 | NLO : POWHEG
- ’_’Jf‘rr NLO
—10 | ; R .. a_—— sl P | d -8
10 101 102 10-3 102 101 10
p¥ (GeV) (=)

* Soft/Collinear resummation of the pr(tt) =0 region.
* At high pr(tt) it approaches the tt+parton (tree-level) result.
*When ®(tt) 20 (P(tt) = 1) the emitted radiation is hard (soft).

* Normalization is FIXED and non trivial!!

Fabio Maltoni
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MC tools for top physics

Always the FIRST tools. Main purpose is to provide
an easily tunable description of the data.

Complete exclusive description of the events: hard
scattering, showering & hadronization, underlying
event.

Optimized for a few or several processes.

Based on a library of matrix elements (analytic or
numeric). Limited in breath but easy to use, and
optimal for specific studies.

Multipurpose Matrix Element creators and generators.
Calculations are automatic at tree level. Matching is
performed with the parton shower to produce
inclusive multi-jet samples. Some codes (Alpgen) are

optimized for multi-parton ME. Some codes are suitable
for BSM physics.

Combine NLO accuracy in normalization and shapes of
hard radiation with parton shower.“Best” tools when NLO
calculation is available (i.e. low jet multiplicity). Current
limitation is manual work=> small libraries. Only SM
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Conclusions

® TJop physics is rich and exciting

® TJop is the perfect lab where to test our
understanding of EW and QCD.

® Top offers also one of the most promising
windows on New Physics

® Room for new ideas both at the theoretical and
experimental level and new collaborations!

and if you really become crazy about Top...

“Signaling the dawn of the LHC era”, ICTP, 8-13 Dec 2008 Fabio Maltoni



TOP QUARK

Discovered at Fermilab in
15, the TOP QUARK
is as short-lived as it is
massive. Weighing in at
a hetty 175 GeV, its
lifetime, a mere 10794
sevond, is the briefest of
the six quarks. Top
Quarks are an enigmatic
particle whose personal
life: is sought after by

thousands of IZ'l]I'!.':-i-.[L'-lhlh

Aervlic felt with
gravel fill for
MATIMUm Mass.

2000000000000 $9-75 PLUS SHIPPING
LIGHT HEANY
TOP QUARK

SPARTICLLEZ0

...remember that you can always get one all for you!!
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