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The word for "eight" (@ |y ) in Chinese (Pinyin®) sounds similar to the

word which means "prosper" or "wealth™) - short for " ? « ", Pinyin:!f)
from Wikipedia

Outline

Q History: discoveries and interpretation

QO Masses and their consequences

Q Perturbative calculations and resummations
QO Charm and bottom hadronisation

QO Top mass and experimental studies

@ WonOt cover charm and bottom decays and oscillations, ¢
many aspects of top physics



Previous lectures and reviews

CTEQ 2007: Zack Sullivan Top role in SM and beyond

CTEQ 2006: Carlo Oleari Details of pQCD calculations

arXiv:0805.1333 W. Bernreuther Top quark physics at the LHC

arxXiv:0712.2733 R. Kehoe et al CDF and DO results

hep-ph/0003033 M. Beneke et al LHCWorkshop: top

hep-ph/0003142 P. Nason et al LHC Workshop: bottom

...and many more of cours
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Depnition

By dePnition, Oheavy quarksO are the ones whose
mass is larger than the QCD scale

Charm, mdl.5 GeV

Bottom, m d5 GeV m>>" d300 MeV

Top,m d170 GeV




Discovery: charm

The brst heavy quarkharm was simultaneously discovered in 1974
(the ONovember revolutionO) in ppbar collisions at BNL and e+e- at SLAC

e e Observation of HUGE PEAK with
| 242 Bentss ) 1T extremely NARROW WIDTH
70| SPECTROMETER [Phys. Rev. Lett. 33,1406 (1974), Phys. Rev. Lett. 33,1404 (1974)]

- B2 At normal current
60 F [1-10% current

_ This was very soon interpreted as due to
i | charm-anticharm bound state

(6]
o
T

If we assume that the recently announced reso-
nance® with mass =3 GeV is orthocharmonium,
Eq. (5) fixes a,. Preliminary estimates give®
I';=3 keV and I', =75 keV. Their ratio gives a, i
~0.26. This, along withmg:=1.5 GeV, implies [De RUJU'&, Glashow PRL 34]

I';~0.8 keV and I', = 20 keV, surely low ~~* -~ o . o -
! vV and T, eV, surely low We say that it is a hadron withJ* =17, I =0";

*
|Appelquist, Politzer, PRL 34| a S, bound state of a charmed™® quark ®' and
its antiquark with mass below twice the mass of

the lightest charmed hadron: “orthocharmoni-
um.ug Thus,lo

EVENTS /25 MeV
N
o
T

The existence of #OURTHquark had beempredicteda few years earlier:

PHYSICAL REVIEW D VOLUME 2, NUMBER 7 1 OCTOBER 1970

Weak Interactions with Lepton-Hadron Symmetry*

S. L. Graswow, J. Intorouros, aNp L. Marantf
Lyman Laboratory of Physics, Harvard Universily, Cambridge, M assachuseits 02139
(Received 5 March 1970)




The November revolution

The charm discovery was a big deal because:

¥ It completed the second family, superseding GeII-Manln
OEightfold wayO, Sta(a)

¥ Made SU(2)xU(1) consisterit Standard Model
¥ It cemented our belief in QCD (asymptotic freedom)

It is iIndeed worth recalling that in those early years the extremely importa
role of charm waswell recognized

=~ ‘. - —w—— — — e el

to experiment. For the sake of simplicity we
specialize to the standard sequential Weinberg—
Salam-Glashow -Iliopoulos-Maiani® model of weak
interactions and the color gauge theory of strong
interactions®; it will be obvious that our remarks

[Collins,Wilczek, Zee, PRD 18 (1978) 242]



Why a ORevolutior

Hadronic resonances are normally LARGE, since they decay by strong
Interaction and have therefore very short lifetime:

| . 1
10 %21 10 &£ s2 I == 101 200 MeV

| (ete # hadron}

/ I(e"€ # ()
\/S- [GeV]
1.1 150 MeV !+ 1 85MeV !+ 43MevV ! y» ~ 0.1 MeV

How could the new resonance have a width a factor of
100/1000 smaller, and yet be a strongly interacting particle?
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The JI width

Long answer:
see extra material at the end of lecture

Short answer:
ItOs due to the existence of simall strong coupling
at the OlargeO scale set by the charm quark m:




Is the J# really a charm-anticharm bound state

How can a hadronic system not be (much) sensitive to the strong forc

Obvious answer: itOs amall system  NB. Proton radius ~ 1 fm ~ 1/(200 MeV) ~ 1/ !

Two masses m orbiting each other | _
Heisenberg uncertainty principle: QCD potential: Coulomb + linear
1 15 1

| =
= 2p 2(mM/2v mv

To estimate v, consider the Virial Theorer

1
IT" = # -IV"
2 Im 4 =
and brst energy leve Ei=1 == —lg
22+ 3
P LAY |
= .
y , :
== ] 2y =—=> | :
> vl Sl S(Umy?) v! 0.5c — W o -
and consequently A
1 1 NB. Tight bound system below
| ool 023 0m threshold for DDbar decay
/50 MeV 3l JI (on the contrary, phi -> KKbar)

=> further explanation for small width



dror every complex problem, there Is a solution tha
simple, neat and wr@fQH-L. Mencken

lg» ! 100KeV 1. 1 25MeV
Further evidence of asymptotic freedoge. small coupling)
#(CS)is T $.(g)is0”
decays tahree gluons decays tawo gluons
Suppressed by a factor &, T,(ortho) 5 2

= (m? = 9 a,
helped by a small coefpcient; ~ Is(para) 69 |
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Discovery: bottom

In 1977 the Upsilon (bbar bound state) was observe
for the Prst time at Fermilab
[Phys. Rev. Lett. 39 (1977) 252]

The discovery of the bottom quark, thelFTH
points to a new family, the third.
Hence, weOll then need to Pn8IXTH quark

T Less than three years had passed between the
discoveries of charm and bottom.
: ] ”f i But then, the waiting got longer.....
”J AR)P h. "
~ ‘]II“ S s
I [NB. Upsilon also very narrow.
° GeV) ? [Large width here due to experimental resolution]
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..... or did it?

UA1 OalmostO discovers the top quark with m=40 GeV in 19¢

ABSTRACT

_ror the production of an isolated large-transverse-momentum

lepton in association with two or three centrally produced jets, The two-jet events cluster around the
W2 mass, indicating-f the Intermediate Vector Boson. The rate and features of these
events are not consistent with expectations of known quark decays (charm, bottom). They are,
here tis the sixth quark (top) of

the weak Cabibbo current.

[Phys. Lett. B147 (1984) 493]

..... 0oo0ops!
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Discovery: top

The top quark is bnally really found at Fermilab by the
CDF collaboration in 1994, with a much larger mass, ~ 175 Gg

Phys. Rev. Lett. 73 (1994) 22

| 1 B L ‘ - - — e ——
, 36 |
v Data after SVX/SLT tagging ; g \ ;
_ 35 [ :
= Background SVX + SLT 5‘ £ ? |
102 E | 3 BE .f/l
" = C (Y .

[ 5 L — _§°33 3 \*\ */’/

( ! . 33 I ”
.lllll.lllllll sl el

| 4
150 160 170 180 190
Top Mass (GeV/c?)

)
Events/10 GeV/c

Number of Tags

Top Mass (GeV/cz)

Excess of events with many jets.
Needs very good control of background
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Such a heavy top was a surprise. However, the lower limit had been increasing anc
had been hints from analysis of electroweak data, where the top mass enters via

corrections

240 | ' T ' T ' T T T ' 1 ' 1
) _. ¥t I! | |
‘\\ \ ..
. direct measurements
}:E:— | ‘ — -

Ny | SM pts |

40 4

| 1 991 | 1 1997 | 2001 20

Year Quigg

You might notice, however, how knowing the top mass helps a lot in predicting it



Heavy Quark Masses
E 1(JP) = of

Mass m = 1.27f8:(1)I GeV Charge =

)

(O | NSRS TN

e Charm = +1

1(JP) =o(3)

The DG L
te”S yOU Charge = —

Mass m = 4.20f8:(1); GeV ) (MS mass)

e Bottom = —1

W=

[<] 1Py = 0(3+)

Charge = % e Top = +1

<Mass m = 1712 £ 2.1 GeV ’b] (direct observation of top events)

Same symbai® but different objets: not their best choice of notation

Only for bottom itOs at least (partially) clear which mass they are quotin
Charm and top, anybodyOs guess (or knowledge)
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Heavy Quark Masses
1
pll m

1
Higher orders: + | m, = bare mass
p " mO " I 0

Need for
renormalisation

Leading order: > !

(pole) mass #m

(At least) two possible renormalisation schemd§bar andon-shell,
leading to to different mass debnitions:

The pole mass m (or M) The MSbar mass m(")
(real part of the pole (A short-distance mass,
of the propagator) evalutated at the

renormalisation scal&)
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Heavy Quark Masses: pros and con

Thepole mass Is more physical (pole = propagation of particle, though a
quark doesnOt usually really propagate -- hadronisation!) but is affedted)
distance effectst cannever be determined with accuracy better th”éuagCD

The MSbar mass is a fully perturbative objeabot sensitive to long-distanc
dynamicslt can be determined as precisely as the perturbative calculation
allows. Of course, it is alstlly artibcial.

D

M 1 /a, e\ 2 i
= LT3 (O—) + (a—) (—1.0414 N, + 13.4434]
mlm . T T
The two masses are relatqgu PR .
. - — 3597 N2 — 96 65 N - FQF
by the perturbative relation: + ( - ) (0.6527 N — 26.655 Ny, + 190.595)
+ ...+ O
O ocp)
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Heavy Quark Masses: summary

MSbarm{m) Pole: M

Charm 1.27 +0.7 -0.11 Ge))/ 1.3--1.7 GeV

Bottom 4.20 +0.17 -0.07 Ge\ 4.5 --5 GeV

Top ~ 163 GeV 172.6 + 1.4 GeV




Heavy guarks are different: the dead con

The time a coloured particle takes to hadronize is that taken by the colour Peld to
travel a distance of the order of the typical hadron size: tO ~ R ~ 1V

Boosting to the lab frame we Pn

tgadr: t!! = RE = ER2 = "EZ light quarks
tgadr_ tr= R; heavy quarks

Consider now OshakingO (i.e. accelerating) a quark.
The regeneration time of a gluon Peld of momentum k around it is given &

K
treger*(k)_ k_z
For gluons suchtha ki " !, ky" E we have téeger(k)! tgadr
A heavy quark will therefore hadry, {rege | EE e EE 1" S m o,
behave like a light one only if Q tg 1K) ! - $ %" o

m! k# b E
Gluon transverse momenta leading to longer regeneration times will instead |
suppressed(as the heavy quark is not there any more!!)

e is called the Odead coneO (no radiation from the he
' guark in a collinear region close to the quark)



The ODead ConeO in perturbative Q

Consider gluon emission off a heavy quark using perturbation theor

Cells ke 1 2m?
real 2 = F: S n 1]
D (X’ k' ] rT]2) o 2" 1|| X k|2 +( 1" X)2m2 X(l X)

(kf +(1" x)2mP)2

In the massless casém=0) we have ¢
non-integrable collinear singularity:

2 & 2
Dixi2)dR = o2 T
0)

o

The presence of the heavy quark mas
suppresses instead the radiation at smi
transverse momenta and allows the
Integration down to zero

[NB. The cone is not really fully dead, just feeling unwell...

=> We can calculate in pQCD heavy guark total cross sections and momentum distributior



A Massive Calculation

hip)
| | Eh.
et e — V(Q) — hip)+ X TP TR,
X
B mesons at LEP

o AL BLRLEME I T
Perturbative calculation: : m = 475 GeV

vq® = 91.2 Cev
_ s )2 . . (w)'-3 .L"..)
Ldo 6(1—1?)+${CF+CF [ln < )
+

/e do/dx,

211‘{"_.31:2 log .'l?—(l“(ll__r‘r) ) +(1+.1'2)+%( ‘: _2
+  (37°-3)s(1-2)|} + O(%F) _ .
0
heavy quark mass &gt 11
Xz

Obviously, bPnité good description of data

Back to this problem later on
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Heavy Quark hadroproduction

NB: light quarks
and gluons only,
In the Initial state

|

Leading Order
diagrams:
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Next-to-Leading Order calculation also available:

[Nason, Dawson, Ellis;
Beenakker et al, 1988-198¢

Virtual corrections

Real corrections

3
107E | T I T I

[At the time, quite a massive (no pun intended) calculation PP—b+X, Vs=630GeV

NNLO started only very recently and still in progress] 0 B

min
IYI <1‘5 ’ pT >pT

(1 b)

+ X)
=

cpp—~b

First data: UA1 in 1990 |

Good agreement with NLO
QCD predictions
WITHIN UNCERTAINTIES

0 10 20 30 40 50 60

p™" (GeVi/c)
T FIG. 4
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How does the NLO calculation look like?
o(S) = Zfdxldzg 6¢,-(z,z38,m3,p3) FA (z,,p)FjB(x,,u)

LO NLO 2
fis (o, & )* 190) + 8 1)1 () + 77 (0) ()] + O(e*)

[ O\

Must be calculated Can be derived from LO
ﬂ explicitly
{0} THe
90) = B2 2+ )
(0) ULLY PSR 1+8Y _on_
fog () = 192[;309 + 1 p+16)in(l_ﬁ) 28 — 31p
fﬁ'}(p) = f,(?(»o} =0 velocity of the

heavy quark

p=4T , B=\1-»p
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NLO short distance cross sections
gqgbar

g = 7: [3 41n*(8p%) - -~,3 m(a;’) - _]

+ﬂp[a¢, t g*’-(a,lu(s,e*) | a,) t B4 (a3 In(84%) + a.) + apf® In(83%) + aglnp + a7 In” ij

s = )190) [§ In (:‘ - 19—0] (22)
S — [l2ﬁ In?(88%) — —ﬂin(s,a’) s 4 ’} ol
7 1'36 il 42

+ [ao + 52(01 In(837%) + az) + a3f* In(847) + p? (04 inp + as In’ P)

+o{agn g+ ay ln’p)] + (niy “‘)10;4,. [m(:—fg) —26]

f.i;) — ﬁ[ﬂ?(ao ]nﬁ - al) + _3‘(63 lnB r 03) . i P’(ﬂq lnp -+ Gg in2 P) gq

+p(a¢ lnp 4+ a7 In? p)]
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Threshold resummation

Large logs in the threshold regioq)( 0) prompt for all-order resummation

. . . [See SullivanOs lectures
Various calculation, to different levels of accuracy. details, references]

Good nomenclature: NLO+NL(, NNLQ | J™= New: Moch. Uwer

arXiv:0804.1476

Bad nomenclature: NNLO+NNNLL [Nothing ONNO in here, just a series

(and variants thereof) expansion of the NLL Sudakov
exponent to higher orders]

1400 ——T—T———T——T———T———T—
1200 i_ O, ¢ [PD] at LHC _f
1000 __ -“::;‘:;;e;.-:-;;;_-;i; - _ NNLO o5 WOUId seem to be a big improveme
800 F S ==+ Not entirely clearwhy (production at LHC not
600 F = necessarily threshold-dominated).
w00 £ 3 _ | .
- NLO ] Estimation of theoretical uncertainties

200 3 NINLO(mox) | E often a delicate issue

"5 1m0 s 180

26



Theoretical uncertainties

In1 Phys= g i.e. independence of cross
dinp2 sections on artibcial scales

|deally

This only holds for all-order calculations.
In real life residual dependence at one order
higher than the calculation

v

Vary scales (around a physical one) to
ESTIMATHhe uncalculated higher order

NB. Such uncertainty is a....known unknown, but still an unknown

The Obest valueO of a sEt@otbe bxed using dath,
as if it were a physical parameter.

[High energy physics version of OThereOs no free It

27



The rule of thumb on uncertainties

! (pb)
12 B -\. T T T T T ™
+ Lo k
OTypicalO j L :
behaviour of a = \ —
Cross-section I g
W.I.L. s_cale Uncertainty
variations

OReasonableO scale variation

- A LO calculation gives youraugh estimate  of the cross section

-A NLO calculation gives yougood estimate of the cross section
and arough estimate  of the uncertainty

-A NNLO calculation gives yougood estimate of the uncertainty
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Theoretical uncertainty: an example

pp>H+X
1 | Ll T T T I 1 1 1 1 | 1 Ll T T I T 1 1
5 —
NNLO ] Example:
Ve = 14 TeV i ) i
i Higgs boson production
. SRS at the LHC
X MRSTZ2001 pdfs i . ) :
| i Anastasiou, Melnikov. Petriello,
= I m,/R £ u £ 8m, | hep-ph/0501130
= - NLO 1
S | i
2
- TTOTITOTS) :\
i LO RS i "
f = ] Scale variations
0 i 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 @M
O 1 2 S | 4

NB .This example shows that the center of the NLO band has nothing to do with the mc
accurate theoretical prediction.

Theoretical uncertainty bands are not gaussian errors!
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Top @ Tevatron

Standard procedure: vary renormalisation and factorisation scales.
But, better do so independently

(NLO+NLL, m=175 GeV)
*1 6.82>6.70>6.23 pb 0.5 <&R I,_lm <2

*1 6.97>6.70>6.23 pb 0.5<&, M <2 && 0.5 <& /& <2
R, F

OFiducialO region

Order £5% uncertainty along the
diagonal, a little more considering
Independent scale variations

BTW, the PDF uncertainty (£10-15%) i
probably the dominant one here
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Independent scale variations

Sometimes, varying scales together can be misleading!

bottom at the Tevatron

Al

*(lyl<1) : 28.9 > 23.6 > 20.&b
Q5<&Rﬁ&0<2

*(ly|<1) : 34.4>23.6 >17.8b
Q5<&R#&O<26%105<&d&F<2

The scales uncertainty increases freni8% to +35%
when going off-diagonal
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Independent scale variations

Sometimes, varying scales together can be
Very misleading!
Case in point: bottom cross section at the LHC:

*(ly|<l) : 122>120>11%b Only a+4% uncertainty when
0.5<&p &y <2 varying the scales together.......

*(ly|<1) : 178 > 120> 7%Rb
0.5 <&R I’—l&O <2 && 0.5 <&R/&F< 2

....which becomes#40% one
when going off-diagonal!

\- J
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Top @ LHC

Going to independent scale variations matters more at the LHC
(NLO+NLL, m = 171 GeV, scale uncertainties only)

*. 970 > 908 > 860 pb 0.5 <&R I,_lm <2
*: 990 > 908 > 823 pb 0.5 <&R I,_lm <2 && 0.5 <&R/&F< 2

This would not have been obvious looking only at NLO
0.5 <&R,I‘—lm <2
0.5 <&R,I‘—[m <2 && 0.5 <&R/&F< 2

* 977 >875>774pb

Lesson to take home here: every process/energy can be different.
Uncertainty estimates should always be carried out in detail,
and not Ocarried overO from a supposedly (or hopefully) similar case
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Top @ LHC: one more lesson?

Compare -
NLO+NLL, same as before:

*> 970 >908 > 860 pb 0.5 <&R Illm <2
* 990 > 908 > 823 pb 0.5 <&R I,_lm <2 && 0.5 <&R/&F< 2

with
NLO+NLL, different choice for subleading terms -
*. 964 > 945 > 939 pb 0.5 <&R I,_lm <2
*: 1041 > 945 > 861 pb 0.5 <&R,|‘—lm <2 && 0.5 <&R/&F< 2
Lessons:

* different central values, but within uncertainties of Ochoice 10
*Ochoice 20 has very small uncertainty for equal scales, O(2%).

*when the scales are kept different, both choices are compatible (as they ¢

In NNLO Approx the Ochoice 20 was made and uncertainties were studied

equal scales. Could this explain its very small uncertainty?
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Differential cross sections

Do we actually observe charm
and bottom quarks? o———

Of course not!

pp— b+ X, Vs=630GeV

min
lyl <15, p; >P.

Real measurements are done with (decay *::j*
products of) charmed and bottom _ o E N
hadrons, i.e. mainly D and B =

< 10!

The Oold schoolO called for Oreconstructng N
from such measurements the bare quarks " TNy,
Cross section, present the data in this way AN

(see plot) and compare the latter to

pPQCD predictions. “::::fT‘fﬁj;;
r UAL
Is this a good idea? o]

p:‘" (GeV/c)
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Arbitrary separation

An experiment

Py

Non-perturbative:

Perturbative: hadronization
gluon radiation

Not being the b quark a physical particle,
the quark-to-meson transition cannot be a physical observable
its details depend on the perturbative calculation it is interfaced with.
Deconvoluting to the quark level is therefore AMBIGUOUS
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Observables

More modern attitude
(also made more easily feasible by computer power):
compare at (or as close as possible to) the observable level

N i‘ ragm dfacaye

CD
Full process pppP Q Ho
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Sketch of inclusive production

heavy hadron observable particle

\
heavy quark \

Non-perturbative
fragmentation

Weak decay

hard

process
Describe it with: pPQCD

di (b! B! J") _di(b),

f(b! B)" g(B! J/")

dpr d [Br

38



Non-perturbative fragmentation

What do we know about it?

If the quark idight not much. ItOs a process-independent artibc

object (factorisation theorem) which we must extract from data
(e.g. pion fragmentation functions)

If the quark isheavy Its fragmentation function is still ambiguous
but we can tell something more about it:

* we know itOs a (parametrically) small effect

* we can relate it to the hadronisation scale and to the heavy quark

* we can test this on D and B data
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Bjorken and Suzuklca 1977

It boils down to: a heavy object is hard to slow down
We can see it in the following wajkely another MenckenOs simple and wrong solution....)

H=0Qq

The heavy quark has momentum P =

P=my
Q
0 P 2P = zmvq muvg, the light quarks have momentum
N q=Av, q = Avg, with A a hadronic mass scale
q
For the binding we need vo ~ v, = v. We have then
P=zP+gq muv = zmuv + Av

and therefore

Final result: a heavy quark only loses on average a
fraction" /m of its momentum when hadronising.

| o N -—1)A A
pQCD substantiates this by indicating: "z =1 - ( — Ao (F)

40



e

1/0 do/dx

Test of scaling in D and B fragmentation

+ | n n non-perturbative
€ QX HQX __— contribution \
" O /m )
O( /mcharnf) bOttom
0QCD
3.0 T T T | T T T T T T | — T T T 4 —T—T T ' T ‘ T | T T T | I s
- BELLE D*" . i
s [ CLEO D** | © ALEPH: <xp> = 0.7M§u 0.009
Tk 1 - SLD: xg> = 0.709 08 I
s O <Xp> + ’_I::J_I ¢
2.0 | Fa i
L J;‘ [-.:ET »ﬁ{
1.5 § 2 N
¢ [ Bottom E o
1.0 | > - T -
1 o -
N L L .
0.5 | i e % .
_ e %]
0.0 YR B | TR R | T B | T R | O— 1 ﬁl-';|J 1 | L1 | TR R B | | TR l'E;
0 0.2 0.4 0.8 0.8 1 0 0.2 0.4 0.8 0.8 1
X Xg

& non-perturbative contribution limited in size and compatible with expectatiot

@ high-accuracy expt. data allow it to be precisely determined
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Test of scaling in D and B fragmentation

LEP B meson data translated to Mellin space:

510.50 E* .
! saco : N (k) dx= #Y L
0
0.10 |— —
: Fig In this space
! IIIII convolutions become products
III
{ n — [ "
Hf IX expt— lX pQCD'X np

non-perturbative QCD

42



Test of scaling in D and B fragmentation

XN 1% moments can give a more quantitative picture:

N 2 N=2 moments (i.e2Y «)

c @ 10.58 GeV 0.7359

c @ 91.2 GeV (NS) 0.5858 ( )

c @ 91.2 GeV (full) 0.5954 pQCD N LL

b @ 91.2 GeV 0.7634

BELLE D*T — D" (ISR corr.) | 0.6418 + 0.0042

ALEPH D** (ISR corr.) 0.4920 + 0.0152 data

ALEPH B 0.7163 + 0.0085 (Very precise!)

CLEO D*% 0.8777 0 050

BELLE D*+ — DY 0.87273 006 data

ALEPH D** 0.84010-922 an —

Tab. 2 and eq. (4.2) 0.868 _

ALEPH B 0.9387T0-0%% DQCD
nae+0.016

SLD B 0.9317 a0

(N! 1)!
m

charm~1-0.16
bottom ~ 1 - 0.06

+adaand! ! 0.25GeV

Compatible with Dy° = 1!
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=
o
o

d! /dp(ppbar " B + X, |y| < 1) (nb/GeV)

B-mesons differential cross sections @ Tevatron

FONLL, CTEQ6M, Kart. # =29.1
NLO, same as above
NLO no fragm

CDFB™ " J/$ K

CDF Hb,',l \|]J
CDF Hy /$ X ——

f +=0.389
AII data rescaled to B™ and |y| <1

0 S 10 15 20 25 30 35 40

pr (GeV)

Good agreement, witminimal non-perturbative correction

NLO is sufpbcient for correct total rate prediction
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Lessons Iin heavy quark fragmentation

QO Charm and bottom are heavy and have limited non-perturbative
contributions, but still hadronise

QO We can predict to some extent their non-perturbative fragmentation
functions

QO After pQCD has done its job (gluon radiation, possibly resummed) the
remaining contribution is small and scales as predicted

Q the non-perturbative fragmentation functionambiguous and non-
observable, and must be matched properly with the pQCD part

Q© Even a small contribution can be enhanced by steeply falling spectra
transverse momentum distributions) and lead to large effects. Hence,
Importance of proper treatment of fragmentation in hadronic collision:
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The top exceptior

YouOll have noticed that the top was not discovered brst as a bound st
Why ?

1
mtlé

The revolution time of a ttbar bound state goes lik tg !

For the top quark this yields g ~ 10-2° <

On the other hand, as member of a weak isospin doublet, a heavy tc
can decay weakly.

1 - Gemy 1 mi | 28
VVI t = —1 1 — # # — # 10 “° ¢
i1 b = g 2 Sy mp

[NB. The OrightO number with all the numerical factors itOs actually a lot closer t¢I¢

So a heavy (>> My) top vanishes before a toponium can be formec

[Bigi, Dokshitzer, Khoze, Kuehn, Zerwas, PLB 181 (1986) 15



The top exceptior

A similar, even more stringent, argument applies to standal
hadronisation, i.e. the formation of t-(light quark) states

Hadronisation takes acertain time, namely the time for gluons tc
propagate the distance of a typical hadron radius R ~ 1 fm:

thagr! R/IC! /1 1 10 **s

Recalling the top weak decay

. 2 1/ 3 NB. Neglected pretty
SO thal tdecay< thadr If m > (MWI ) | 10 GeV  big numerical factors

Real limit larger.

One more, a heavy top quark with mass larger than the W bosor
will therefore



Top decays

Classibed according Top Pair Decay Channels

to the W decay
antilepton-neutrin |8 % 7))
quark-antiquark T o|®
c[+|.L
ol cCc| +
5 S|3 0
1S ) %Q,‘S
antiproton W® [ lepton-antineutrin ~ (?/
quark-antiquark @ tautjets
) : 0,0
. | =1 muon+je
dileptort low yield, low bckgd & electroftjets
lepton+jet higher yield, moderate bckgd
all hadronichighest yield, huge bckgdiq,@ e’ (W ! ud cs

: : A . 11%11%11%  33% 33%
NB. the tau is usually considered a OhadronO]
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The top mass

Why are we Iinterested In a precise measurement of the top m
Indirect handle on the Higgs mass

—— 6
{ —LEP1 and SLD y

m, .. = 144 GeV

-

y 3 Adyo, =
80.5 - -~ LEP2 and Tevatron (prel.) 4 5 - — 0.02758£0.00035 -
68% CL _// ==+ 0.02749+0.00012

4 *+ incl. low Q° data -
3 —_ —
y —
o1 27 }
80.3 1 4 | |
m,, [GEVA y - -
144 1000 0 Excluded \ .. / Preliminary
150 175 200 30 100 300
Mt [GeV] m, [GeV]

A 2 GeV change in nthanges the limit on mby ~20 GeV
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The top mass

Mass of the Top Quark (*Preliminary)

Measurement M, [GeV/c]
CDF-l di-l T 167.4 + 11.4
D@-l  dil o 168.4 + 12.8
CDF-Il di-I* —@rt 1712+ 3.9
DZ-Il  di-I* . 4 173.7 + 6.4
CDF-1 1+ e 1761 x 7.3 What is this mass?
D@-1 14 | —o— 180.1 = 5.3
CDF-Il |4 _I 172.4 + 2.1 What are we
-1l |+j/a* 70.5 = 2. I
Bl e - WRBRER actually measuring??
D@-Il |4j/b* L s 173.0+ 2.2
CDF-I all-j ; o 186.0 + 11.5
CDF-Il all-* o 177.0 + 4.1
CDF-II Ixy : 180.7 + 16.8
| M, =172.6 +/- 1.4 GeV/c?
Tevatron Run-l/II* ‘:l X2/d0f =6.9/ 11 (81%)
150 17:'0 1!190
M,.. [GeV/c?] March 2008

top

« Relative uncertainty: 0.8% D GlenzinskiOs talk at Top 2008
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The top mass

Since the top does not hadronise,
can we measure Its pole mass to any given accuracy?

Not really
Th | ! '
e top mass is usually
measured througlkinematic J \ W ; W*/ 1+ (e*)
distributionsof the top decay b . ~_ b
products, thebottom quark /‘ ‘

among them w7

N S -

hadronisation and decay

The hadronisation (= long-distance) uncertainties enter the t
mass determination through its decay products
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The top mass

A second source of uncertainty
J v

W

t . Ty (e*)

@

I )
hadronisation and decay

Processes of this kind are or
calculated/simulated at
tree level in pQCD

Presently no higher-order calculation relates a kinematical distribution
for top mass extraction to the mass parameter in the QCD lagrangiat

We are therefore measuring l@ading ordeipole mass
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The top mass: a NLO extractior

Actually, there is an observable, dependent on the top mass, calculate
higher order in pQCD: thetotal ttbar production cross section

theory Example of extraction by DO:
DO I+jets Run 11 900 pb™ —_
68% CLco:tour M¢ = 170 £ 7 GeV

(pb)
2

b
«

—t
Illllllll-rllllllllll T

w2 world average top quark mass

-t
N

@ Fairly large uncertainty, bu

@ compatible with kinematic
measurements, and

tt cross section
o

@ we know exactly what we
are measuring.

IIIIIIIIIIII

Might become competitive

mmﬂooco

L Ly a L L5

150155 160 165 170175 180185 "Ith NNLO calculation and
top quark mass (GeV) better measurement
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ttbar cross section at the Tevatro

CDF Run " F'rellminary'

April 2008

DO Run ll preliminary*

March 2008

" Cacciari et al. JHEP 0404:068
‘Lepton+Track
(L=1070 pb )

“Lepton+Track:, Vertex tag
(L=1070 pb )

‘Dilepton: Vertex tag
(L=2100 pb )

'Dlleplon .
(L=2100 pb )

“Lepton+Jets: Kinematic AN
(L= 760 pb )

°Lepton+Jets: \fertex Tag
(L=1120pb )

‘Lepton+Jets: Soft Electron Ti
(L=2000 pb )

‘Lepton+Jets: Soft Muon Tag
(L=2000 pb )

"MET+Jets: Vertex Tag
(L=311pb )

All-hadronic: Vertex Tag
(L=1020 pb )

‘Combined(old, SLT,all-had)
(L= 760 pb

| l I

777 Kidonakis, Vogt PRD 68 114014 (2003)

(2004)

6.0+£0.6+£0.9+0.3

/ 8.2+0.5+0.8+0.5

8.3+1.0 +19+0.5
7.3+0.5+0.6+0.4

é% |
[stat)= [syat):(lumi)

| I |

Assume m =175 GeV/c”

I+jets (b-tagged and topological, PRL)

H®-H 7.42 +053 +0.46 +0.45 pb
910 pb™
I+jets (from B(t—Wb)/B(t-Wq), PRL) -o—i 8.18 *°%° 1050 pb
910 pb-* ™ os TEF
dilepton topological H—e—H 6.8 : 4 pb
Iftrack b-tagged)’ H—e——H 51 opb
tautlepton (v0oe0) H——o H 8.3 " pb
tau+jets | Py i §q4 T 202 pb
alljets (129 H Py H 4.5 '+03 pb

Cacciari et al, JHEP 0404, 068 (2004)

(stat) (syst) (lumi)

|
o 2 4 6

8 10 12 14

o(pp — tt) (pb)

A.CastroOs and V. SharyyOs talks at Top 2008

my,, = 176 GeV ‘ A
Kidonakis and Vogt PRD 68, 114014 (2003)
‘ | F— ‘
0 2 4 6 8 10 12
o (pp — tt) [pb]

Overall uncertainty ~ 10%
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Top quark perspectives at the LI

LHC Is a top factory:
8 million ttbar pairs at L = 10 fb* /year

Unfortunately, itOs also a background factoryE. :-(

The expectations for mass and cross section
measurements are therefore not signibPcantly better
than already achieved at the Tevatron:

I ' m! 1 GeV '|'””! 5" 10%
- {0
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" [See Z. SullivanOs
S I n g Ie tO p lecture at CTEQ O07

q(q7)
| > q t b t b > —>— — W
|
| W b
v W . v
| ‘4
b e t 7 b g % g S

t-channel s-channel tW associated production

Essentially electroweak processes: proportional to (and therefore probe ff

Moreover, source of highly polarized top quarks:
Investigations of charged weak current interactions possible

Predicted cross sections (NLO) at the Tevatron:
t-channel s-channel tW associated production

20+ 0.2pb 0.9+ 0.1 pb 0.1 pb

Cross section not much smaller than ttbar, but measurement more
challenging because backgrounds are larger
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Single top

CDF and D@ tb+tgb Cross Section

corDessentroes Il 190t
COF Matrx Elements ‘ 2208 o
ggl—;bh!eural Networks o 20 :g: pb
g_g';bL"ke“hOOd Funcs, - 18 :gg pb
corcomnston | o 227 1o
gggqas:on Trees 49 ::: ob
gg g?trlx Elements 48 ::2 pb
8gf?yesnan NNs 44 ::i pb
2: é:ombinauon E 4.7 :::; pb
B N. Kidonakis, PRD 74, 11 (2006) Miop = 175 GeV
Z Sulvan, PRD 70, 11 (2004)
0 é 1'0

o (pp = th+X, tgb+X) [pb])

Measurements compatible
with predictions (~ 3 pb), bu
still large uncertainties

J. Lueck and S.Jabeen talks at Top 20(
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Conclusions

QO Heavy quarks are nice to pQCD: large mass means small

running cou

© Charm and
In sufbcient

nling and collinear safety

nottom hadronise, but the effect tends to be si

y Inclusive observables: predictivity is maintal

QO Top behaves essentially as an electroweak particle

QO A number of tools which have recently appeared for study
todayOs (and tomorrowOs) top physics: ALPGEN, MC@N
POWHEG, MADGRAPH, E.. , without forgetting the
evergreen PYTHIA and HERWIG
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Extra material



The JI width

If I is produced in the interaction of an electron and a positron via a photon |

must therefore have thesame quantum numbers as the photon: J=1

If we assume that its decay into hadrons
goes via gluons, the Landau-Yang theorel
(a vector particle cannot decay into two
vector states) implies there must be at lea
three of them in the Pnal state

We write the decay width as ! (381 | 3 gluong = |R(0)|2||\/|(ch5! 3 gluon3|2

Probability of bnding the /

two quarks at the same poin

annihilation probability at rest

We now need the tools to perform the calculations of the two terms.
We shall use aCoulomb approximation for the brst term and theQCD
Feynman rulesfor the second




The JI' width

: 4|
Coulomb potential:  V(r) ! " -§~r§

4 4 s

Solving the Schroedinger equation we bn |R(0)|* = =4 _-lg =

(Bohr radiug? \3 2
=z Colour factors

The QCD probability for /
annihilation into 3 gluons will also 13" 5 4"2" 9)

be proportional to the cube of the IM(a@! 3 gluon3|® = — 18 5
strong coupling:

Finally: 1 (°S;! 3gluond "# 2

The strong coupling runs with the scale. At what scale should | take |
The renormalization group bxesiit ! (Q,g,1) = ! (Q,8Q),Q)

so thal 1 3S1! 3gluong " [#g(4n)]°

In 1974, however, we had no measurement for the strong coupling at
scale around 3 GeV. We did not even know if such a perturbative
coupling existed!



The JI width

Two options for checking the consistency of the pictur

1. - Try to rescale a lower energy decay widt

From 1 (" ! 3#)" 600 keVv one canextrac ! g((1GeVW?)! 0.53
Asymptotic freedom scales this tt ! s((3 GeW?) ! 0.29

My $s(M2.) °
(3" hadrong= S PSP e 73kev OK

2 My $g(M3)

2. - Use leptonic width to eliminate wavefunction and extract value of strong coupling

E 2
From !(J" ! leptond= |R(O)|’IM(qw! €'e )= % g#em IR(0)|?# 3 keV
D" ! 18#%$2
and £ epIony $em # 0.04

| (J" ! hadrony 5(#2" 9)$3

weget !5(3GeV?d)! 026 (OKI

Good consistency between strong coupling values. Good estimate of hadronic widt



