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Before We Start

STOP ME if | go too fast or you have questions!!

| know | talk too fast, so please interrupt me — my goal is not to cover as much
material as possible: it's to uncover as much material as possible



Heavy Flavor...From Top To Bottom

= |'m going to talk about the top and ELEMENTARY
the bottom quarks PARTICLES

= |'m an experimenter, so | will focus
on hows and whys:
— How do we know what we know?
— Why is this interesting?
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Three Generations of Matter




Reminder: Cabibbo-Kobiyashi-Maskawa Matrix
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CKM Matrix Il

U

(974 227 .004)
227 973 .042
\.008 042 .999/

Numbers don’t give me a
very good intuition for
what’s going on

Here the shading reflects the
magnitude
of the components: black = 1

and white = 0.

=  Because the CKM matrix appears squared in any observable, it acts even more

like a diagonal matrix

— The weak interaction apparently does not like to cross family boundaries



“The” Unitarity Triangle

B=(1,0)

=  “The” is a terrible (but common) way to describe this phenomenon
— There are six unitarity triangles (but not all are independent).

=  Magnitudes of CKM matrix elements give the sides
=  Phases of CKM matrix elements give the angles

= Non-unitarity of the 3x3 CKM (for instance, a 4t family) causes the “triangle” not
to close.



Top Quarks

=  The CKM matrix tells us the 15t key fact
about top quarks

- BF(t 9Wb) = 100% Detector View

= Top quarks events are categorized by how
the W’s decay:
— “dileptons” (4/81)
“lepton + jets” (24/81)
“all hadronic” (36/81)

el vel

All jets 44%
Physicist Interpretation Quark View
T+jets 15% ,, q
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™+ 1% V, q
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An Early Top Event
e_-I-A-_jEI_eALenI fit eut\rino jet #3  jet #1

40758_44414
24-September, 1992

TWO jets tagged by SVX
fit top mass is 170 +- 10 GeV

e, Missing E;, jet #4 from top
jets 1,2,3 from top ( 2&3 from W )

+—\5 cé timeters —»

Tevatron
beam pipe

——K—SVX tags
Two Vertex Views
( note scales )
<« 3meters — » \
Tracking View Primary d
Vertex Secondary

Vertex
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And One More Recent

neutrino

light quark jet

light quark jet

electron
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And One To Show The Improvement in Graphics

SATLAS B0 ‘ UA Pa P
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Run Number: 158582, Event Number: 27400066 *{'" %1
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\

10



Top Quark Pair Production
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Expected Reaction:

Bo-ring....

- »”
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Why so Boring?

= How did | know this would get you to
yawning?

= Because data and theory agree.

= We make more progress by seeing a disagreement between data and theory.
— They can’t both be right. (They can, however, both be wrong)

\‘}U”_ \
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The Dog That Didn’t Bark

=  Consider the following supersymmetric model:
— A stop squark weighing close to 175 GeV

— Alight LSP 7%X+bzl‘%Wb

— A chargino that weighs close to 80 GeV
— No other funny business

= Now the stop decays look very much like top decays

— ldentical final states, and near-identical kinematics
e The stop “hides” under the top.

= Where it can’t hide is the overall rate — the cross-section is about 30% of the top’s
— We could see a 10% discrepancy, so at 30 we exclude this.



Single Top - A Less Boring Example

t-channel s-channel

Theoretical cross section predictions at Vs = 1.96 TeV

1.98 £ 0.25 pb 0.88 + 0.11 pb

= Directly probes Vtb.

= This is electroweak production — but note that it is comparable to QCD production of ttbar.
Why?

15



The Sort of Events We Look For

DO event

You have: b Jet
one and only one top
a second b-jet
(possibly) additional jets

b Jet

Neutrino

T
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The Data

= The rate of single top is
close to expected.

— That means Vtb is near
1, again, as the SM
predicts.

= The backgrounds are
difficult
— There are so many of
them.

— The uncertainty on the
background is larger
than the predicted
signal. This makes an
ordinary counting

experiment impossible.

Candidate Events

400

200

" ATLAS Preliminary
- 2 jets tag

200

' I ' ' '
156 pb'@ 7 TeV
I single-top t-channel
[ single-top Wt-channel
M single-top s-channel
M
I W-+heavy flavour -
[ W+light jets
Diboson
P Z+jets _
Il Multijets
+ ATLAS data

MC normalized to SM prediction

400

600
H, [GeV]

Maybe the result isn’t
so exciting, but the fact
that it can be measured
at all is amazing.
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Turning to B’s

Apart from being a good transition slide, this points out the key feature in b-
identification- b’s live a long time. (ct is about % a millimeter).
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Mixing
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MiXing II ".N\
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,
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work for particles other
than kaons, like B’s.

20



ixing
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Or even D’s
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Some Mixing Facts

It is useful to discuss
mixing in terms of a
variable unimaginatively
called “x”.

X is the mixing frequency
in units of the lifetime —
i.e. a particle mixes on
average before it decays.

Decays with original flavor

Decays with opposite flavor

Time (in units of lifetime)

This has x =.774 which is equal to x, for the B, meson.
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More Mixing Facts

K’s and B’s mix like crazy
— K, has x near 200
— Byhasxy=.774
— B hasx,=26.2

D’s hardly mix at all
— Xxisaround a percent

— (thereis also y mixing, which | won’t
discuss)

WhY?
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The Magic of Mixing

The mixing rate has the virtual quark mass

in the numerator.

— The heaviest quark dominates.

K’s and B’s mix through the t-quark. The D
meson has to mix through a b-quark, which

is 35x lighter.

The same calculation explains

why the B, mixes so much
more readily than the B,.
— Indeed, this tells us that

the branching fraction
BF(t &> Ws) is larger than
BF(t - Wd). Even though
we haven’t seen either
decay.

and

Amy

Amyg

Am
Amy

W W
d u.c.t S

G2 9
G 2dedeBBd7letf2 my [ M) VeV,
G2 9
()ij fB.Bp.npmy f2(my /My )|VisVa|
mp, fp Bp, |Vis|?
mp, f5,Bp, | Vi
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The Magic of Mixing Il

The mixing rate has the virtual quark
mass in the numerator.

— The heaviest quark dominates.

| can make the box supersymmetric by
sprinkling twiddles around.

Even with very, very heavy sparticles, |
can have a very large SUSY-induced
mixing:
— Mixing “touches” the physics at a very
high scale.

& &
P
d u.c.t S

2
m, __mg
T
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Experimentally, How It Works

= B’s are produced in pairs of opposite flavor.
=  When one decays, | know the flavor of the other.

Lepton

BO

EO

Lepton Of course, the devil is in the details...
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Now is a Good Time to Discuss The Major Players

Experiment Years Beam Number of b
pairs

ARGUS 1982-1992 e'e Few 100K

CLEO 1979-2000 e'e ~ 10M

UA1 1981-1993 p-pbar ~ 500 M

CDF 1992-2011 p-pbar ~40B

DO 2001-2011 p-pbar ~40B

BaBar 1999-2008 e“e (asym.) ~400 M

Belle 1999-present |e'e (asym.) ~700 M

Mixing was discovered by the observation of same-sign lepton pairs by ARGUS and UA1

27



An Example e+e- Detector

28



Electrons vs. Hadrons

= Atan e+e- machine works like this:  e"e” — Y (4§) — BB

= A hadron machine can produce 100’s or 1000’s times as many B’s.
= However, the number of useful B’s is much smaller.

You need to be able to trigger on them — that usually means a leptonic decay
(1/10), or sometimes a long flight distance

Hadron colliders are less good at detecting neutral particles (LHCb is an
exception) —so you want decays with zero photons or neutrons

Often you need a significant boost to reconstruct all of the decay products
+ + + -
B —=J/YK",J/yYy — u u
1% X 6% =.0006
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Bs mixing: some data

Bs’s mix fast — 26.2 times faster
than they decay.

CDF took the mixing curve, and
“wrapped it around itself” 26.2
times.

— This integrates out over the

amplitude, and lets us see the
phase.

The scale on this plot is 350 fs —
about 1/10th of a millimeter.

CDF Run Il Preliminary L=1.0fb"

2
s T
=R
S [
€0
< -
o [
L L
i T
. —e— data
o[ — cosine with A=1.28
—lllllllllllllllllllllllllllllllllllll
0O 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Decay Time Modulo 2rn/Am, [ps]
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CP-violation

= You can see CP violation in the interference between two amplitudes:
— In this case, through the direct and mixed path to two final states.
— Probes phases in the unitarity triangle

= With interference effects, effects are strongest with two comparable amplitudes.
— (a+b)?2=a?+2ab + b?

= |n kaons, the effects are small. Because B’s mix like crazy, and because even
without mixing you can have two different Feynman diagrams leading to the same
final states, the CP asymmetries can be large — like 60%. (For kaons, they are a
part per thousand)

A multi-hour lecture in itself!
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Why Asymmetric B-Factories?

This is a consequence of the weirdness of quantum mechanics.

B,=B is observed
@ BB

i You need a boot to turn a
e BB oscillati n time difference into a
/ : distance difference.

““

e'|--.>-

ahe, -
? : BorB?

LY
|

time | " The key variable in oscillations

is not t, but At.
When does a neutral B meson know its flavour?
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Combining all Measurements

1.5

1.0

0.5

00—
B (04

05 [

'1 -0 — :
B % i 'Y sol.w/cos 28<0  —
— ICHEP 10 (excl, at CL > 0.95) —

_1_5_||||||||||||||||||||||||||||_

-1.0 -0.5 0.0 0.5 1.0 1.5

Global fits of all the
measurements — sides
and angles — suggest
the unitarity triangle is
either closed, or very
close to closed.

33



A Fourth Genera tion?

(e u)(T) (0)

Vo |V || Vs Vv

+ ?
ull ¢ |l ¢ t

(d\s o) \o)



A Fourth Generation

There are severe electroweak constraints on such a generation.

First, the neutrino must be heavy (>45 GeV)
— Otherwise the Z would decay to these
neutrinos, which would be visible in the Z
width and branching fractions (20% invisible).

Next, the quark and lepton doublets need to be
almost degenerate:
— The W mass loops are sensitive to the mass
differences between doublet members

e The top and bottom already have
“saturated” this.

Ghad [nb]

30

20

10

[ ALEPH
DELPHI
L3
OPAL

L ¢ average measurements,
error bars increased
by factor 10

86 88 90 92 94
E_ [GeV]
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A Tight Fit

In addition to precision EWK, there are
other difficulties a 4t generation faces:

— Remember, neutral K’s and B’s mix quickly,
but neutral D’s mix slowly.

— With 3 generations, this is because the
heaviest u-type quark (top) is much heavier
than the heaviest d-type quark (bottom)

— With a heavy, degenerate 4t generation,
this is no longer true: it would have to be
due to CKM suppression

e Adds 3 new angles and 2 new phases:
enough to do this.

» |t's possible to have a 4t generation, but all of the parameters associated with
it have to magically conspire to make it look like there are exactly 3
generations.
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B-quark Production

Qj
o
o

g 4
' We organize these diagrams

as “flavour creation”,

7 b 9 Qooooooo!

> b “flavour excitation” and
g ) = 5 gluon splitting”.
4 o .
' At collider energies, the NLO
g - b g b contributions are huge.
p
> b
C
b (&
a
g g q > e > q
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Reminder: Portrait of a Simple QCD Calculation

One part: the
calculation of the
“hard scatter”

PERTURBATIVE

38



N
Reminder: Portrait of a Simple QCD Calculation

: One part: the
: calculation of the
: "hard scatter”

Another part:
connecting the
calculation (which
involves gluons)
to protons (which
contain gluons)

NON-PERTURBATIVE

° 39



Reminder: Portrait of a Simple QCD Calculation

: One part: the
: calculation of the:
: "hard scatter”

X

Another part:
connecting the
calculation (which
involves gluons)
to protons (which
contain gluons)

n

L)
L Y
v

QS

L
L 4

U UU

Last part: the fragmentation
VD of final-state gluons into jets
0 0 :  of particles

NON-PERTURBATIVE NON-PERTURBATIVE

L 4

QA

} PERTURBATIVE |
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Comparison with Experiment

Parton
densities

Fragmentation

Our experience has been that
progress is made when we
already know 2 of the 3 parts.

— Experiment then constrains
the third.

It is possible to gain
information when this is not
true, but the situation is much
more confusing.
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The b-quark cross-section saga

= At DPF92, CDF reported bottom quark
cross-sections a factor of at least two
greater than theory.

= This was at a center of mass energy of
1800 GeV.

= The 1989 UA1 measurements at 630
GeV agreed better with theory
— However, both theoretical and

experimental uncertainties were
substantially larger.

Community reaction: someone (i.e. CDF)

probably mismeasured something. Wait a while
and this will go away.

0(Prs>Promm Yol < 1) (nb)

pp —>bX, vs =1.8 TeV

5
10 E T T T I T T I l T
C —— NLO QCD: m,=4.75 GeV, A,=215 MeV
MRSDO, g=tho=v(m, +p;")
s o f2< < 24y, 4.5<m,<5.0 GeV
10* ., T B o X (1989)
E N Y O eDX (1989)
“\“\ y ® uX
NN v
vV ¥X
10°F E
10°F E
- CDF Preliminary N W
| Some meosurement errors ore correloted
101 L 1 1 | 1 L 1 | 1 1 1 ~;‘~ e
0 10 20 30 4(
Pr.min (GeV)
100

_I I T I T T
PP collisions, VS = .63 TeV, |y|<1,5,' keok™"

10 ~-.\<:lata points UAl

—— mp=4.75 GeV. A,;=260 MeV,
DFLM. fty = v{m; +ke?)

So-r 4.5<mp<S GeV. 180<A,<360 MeV,

Mo/ BBy

.01

o{pp ~b+X) [ub]

~a
.
-

.001

-
.

0001

30 © 40
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But, it didn’t go away.

=  More recent CDF measurements
showed the same difficulty — the
theory underpredicts the data by
the same factor

= This problem was not going away

= Note that CDF (and also DO)
measures only the high p; tail of
the cross-section
— Most b’s were invisible.

0 (Pro>> Promine 1Yl <1 ) (”b)

10°

10

10°

10

- CDF Preliminary \
i Some meosurement errors ore correlated s

L 1 1 | 1 1 1 | 1 1 s
0 10 20 30

pp —>bX, vs =1.8 TeV

LI llll,'

T

T l T T

— NLO QCD: m,=4.75 GeV, A,=215 MeV
MRSDO, p=go=v(m, +p;’)

..... Yo/ 2 < < 2 iy, 4.5< M, <5.0 GeV

B eX

e DX
WYX
,wx'x

< 4 0

pT,min (G ev)

43



Commentary on measuring the top 10% of
something

Just how important

could the other 90%
be anyway?
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Understanding the x-axis: p-(min)

= |deally, one would like to measure the differential cross-section do/
dp.

— Allows comparison with theory in magnitude and shape of the cross-
section.

= |f this is difficult, one could quote just the total cross-section.
— Many experiments are insensitive to the cross-section below a p,
threshold.

— It makes no sense to quote the total cross-section if you have no
acceptance to anything below (e.g.) 10 GeV, where the bulk of the cross-

section is.

— To deal with this, experiments quote the cross-section at a certain p,{min):
the point where 90% of the b’s lie above.
e This 90% is pure convention — we could have picked some other number
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A Comment On Sociology

100

o(pp ~b+X) [ub)
g2 &

001

0001

I ! ) |

pp collisions, V5 = .63 TeV, |y|<1.5, kpsk™™
10 *-,\Slata peints UAl

. my=4.75 GeV. A,=260 MeV, Is thi
) DFLM. gy = +/{my +kr') s this
N -oor 4.5<mp<S GeV. 160<A,<260 MeV,g 779
KN ¥ Mo/ R<pu<Zpy agreement

-~ -
- -~
~ ~

e )
‘h “
-~ ~
~~~~~~
-~ =
-

\\
‘\-
-

] [ | | | | :

10

This was eventually resolved,
building on a set of CDF
measurements a few years ago.
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Events/5 MeV/c?

Step 1: Measure the J/y yield in selected p; bins

CDF Runll Pre||m|nary OAPt(;,Lp,)AO 25 GeV/c CDF Run Il Prellmlnary 5 OAPt(uu)A5 5 GeV/c

2000 : : 10CDF Run ] Prellmlnary 12. 0APt(},|.p,)A14 0 GeV/c
T T I I T T T
- 358A26 Events ] - 18,200A200 Events 1 ' 1551A60 Events | |
80~ Luminosity = 14.8 pb" . " Luminosity = 39.7 pb™ ] [ Luminosity = 39.7 pb!
i 1500 | 250 ]
60| v L v o
0 1000 v 50 _
40 ) £
[
] g
] w i
L B 25 _
20l 500 I
1
0 . 0 | | ol 1., R AL N
965 205 305 325 335
285 295 305 325 335 285 295 305 325 335 /§
M(up) c;eV/c52 Mon) Gevio 2 M) GeV.
pr < 250 MeV (lowest bin) 5.0 <p; < 5.5 GeV 12 <pr <14 GeV

Yield is fit in each bin, corrected for acceptance and efficiency,
and the cross-section bin-by-bin is calculated.
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Step 2: Convert This To a Cross-Section

0 CDF Run Il Preliminary
T T T | T T T | T T T | T T T

@ Data with stat. uncertainties

10

—
Q

do/dp(ByBAO.6) . Br(J/y5up) nb/(GeV/c)

do/dp,(ByBAO.6) . Br(J/ySuy) nb/(GeVi/c)

o TTTT
D
oo
-
N
N
()]

p+(J/y) GeVic

o-BF(J/y — uu)=240=17. nb

100

75

50

25

CDF Run Il Preliminary

T | T T | |
@® Data with stat. uncertainties
—— Systematic uncertainties

p-(Jly) GeV/c
(for |y| <0.6)

RN
(o)
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Step 3: Measure the Fraction of J/y’s from b’s

"= Most J/1p’s do not come
from b’s. But a sizeable
fraction are produced mm
away from the interaction
point. These are b
daughters.

CDF Run 2 Preliminary

w

Signal Region Events

—
o

Total Fit

N

J/y Contribution

Background Contribution

L

2 03
J/y ct [cm)]

—
o

Candidates / 12.5 um
o

—
I 1 N i
\ 5

-0.2
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\ |
Step 3 (continued) - Do this in each bin of p-.

1.25 < p; < 1.5 GeV (lowest bin) 5.0<p;<5.5GeV 10 < p; <12 GeV
CDE Run Il Preliminary 1.25 A py{J/y) A 1.5 GeVic CDF Run Il Preliminary 5.0 A py(J/y) A 5.5 GeV/c CDF Run Il Preliminary 10 A py(J/y) A 12 GeVic
2L AL B B IR BRI AL LR BN B B
—— Total Fit ; : —— Total Fit : : —— Total Fit ;
— Total Jiy Contribution ] i — Total Jiy Contribution ] [ — Total J/y Contribution 7]
oL b5J/y X Contribution | ) | b5J/y X Contribution | T b5Jhy X Contribution |
F —— Background 3 —— Background —— Background 3
l g §
o o o
0 10 4 © 10F 4 0 10°F E
c - [ t
g 3 g i
Lo 4 Wb = - 10" E
ald L ME
1E -3 = = 5 1E E
3 ! E 1 F I EE!!k_ L L :
-2000 -1000 0 1000 2000 3000 -2000 -1000 0 1000 2000 3000 -2000 -1000 0 1000 2000 3000
L ()P (Jiy). M(Jy) pm L ()P (Jhy). M(JAy) pm Lo ()l (Jly).M(Jy) pm
9.7+1.0%Db’s 14.3+0.5%Db’s 27.9+1.0%Db’s
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The Fraction of J/y’s from b’s

The outcome of Step 3

The trend is clear

— High transverse
momentum means a larger
beauty component

“Flattening out” at low p;
is because the J/y p;is
dominated by B decay
kinematics, not p(B)

The LHC experiments see exactly the same thing. It’s not at all clear why.

Fraction of J/y events from b-hadron decays

0.60

0.50

0.40

0.30

0.20

0.10

0.00

10
p(Jy) GeVic

20
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CDF Run ] Prellmlnary OAPt(pp)AO 25 GeV/c

Why is the lowest bin at 1.25 GeV? Rreorrreepssesitts
80~ Luminosity = 14.8 pb™! .
* The fit has problems converging down here L oo
— It’s bitten by four factors at once: E sl
e The b fraction is small: about 9% E’ i
e The J/y acceptance (and therefore yield) is small 20
— At 1 GeV, acceptance is 20% of what it is at 2 GeV
e The variable Lxy (=Rxy cos(0) ) loses separation power 0 bt .
_ _ , 065 5es 305 c52 325 335
— Not because the flight distance is small M(pp) GeVi/

— Because the J/4 flight direction is no longer aligned
along the b flight direction
— B’s are being miscategorized as prompt
e The sideband subtraction becomes less certain:
— We lose the left sideband

= However, CDF has already reached p(b) =0 at 1.25 GeV
— Pushing lower improves the precision of the measurement, but
— it does not improve the p; reach!
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Step 4: Infer the J/y-from-b Cross-section

do/dp(Jhy) . Br(J/ySpp) nb/(GeVic)

10’

10"

102

CDF Run Il Preliminary

- 'ttt S
S @ Data with statistical uncertainties ]
B —— Systematic uncertainties -
(Includes correlated uncertainties)
YT ST S T TR TR WO [T TN SR S N SN SR WA N
0 4 8 12 16

p-(J/y) GeVic

CDF almost gets to the
turnover at low p-.

This is what CDF considers
the primary measurement
and should be used to
compare with theory —
points are uncorrelated

Approximately 80%
of the cross-section
IS measured.
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The Total Cross-Section

= CDF corrects this to o(b):

— Remove the 5.88% J/1 branching fraction to mu pairs

— Remove the 1.16% b-hadron (inclusive) branching fraction to J/y + X
— Correct to £1.0 units of rapidity vs. £0.6

— Divide by two to get the single flavor b cross-section
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do/dp(JAy)*Br(JAy—sup) nb/(GeV/c)

The

1

10 FT--a 71

From B

Answer:

I T T T T T T
X Data with total uncertainties

T T T T T T T

—— FONLL theoretical prediction
————— Theoretical uncertainty

L 4"|||

1 IllIlIII 1 L L1111l

1 IIIIIllI

1 0'3 1 1 1 1 [ 1 1 1 1 ] 1 Il 1 1 I 1 1 1 1

0 5

10

15
p-(Jy) GeV/

20
C

CDF measured J/y
from b decays
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= Since the total cross-section agreed, but the high-p; portion did not, we had a
shape problem, not a size problem.

— The spectrum was stiffer than previously thought — causing us to mistake one for the

other.

= Understanding fragmentation was the key — getting from the o(b-quark)
calculation to the o(b-hadron) measurement.
— Once that was understood, the other parts (PDFs and detailed calculation) followed.

— All three contributed at some level.
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What Happened?

= PDF’s changed
— About a 20% effect

= Calculations available to NLL
— About a 20% effect

* Fragmentation functions changed

— remember, pQCD predicts quark
production, but experiments measure
hadron production

— Fragmentation cannot change the total
cross section, but does change the
spectrum

— About a 20-50% effect

All these pull in the same direction, so the

agreement is now substantially better than in
the past.
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The Future

= ATLAS and CMS have already collected top samples comparable to CDF and DO
— Of course “collected” and “analyzed” are two different things
— Ultimately, they will have samples hundreds (thousands?) of times larger.

= LHCb has been enormously successful so far — there is a real hope it can reach e+e-
like event understanding with pp-like rates.

— If I gave this lecture a week from today, they would surely be a major player.

= BELLE is still running (or will after KEK recovers from the tragic earthquake.

= There is talk of a “Super B-factory” with ~50x the luminosity.
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The Compact Muon Solenoid

[ MUON CHAMBERS | [ INNER TRACKER | | CRYSTAL ECAL.

—.-——-_.1l

VERY FORWARD
CALORIMETER

Total Weight  : 14,500 t. e S

Overall diameter: 1460 m
RETURN YOKE

Overall length : 21.60m | SUPERCONDUCTING COIL |
Magnetic field : 4 Tesla
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ATLAS = A Toroidal LHC Apparatu$S

Muon Detectors

Electromagnetic Calorimeters

Solenoid \.\

Barrel Toroid Inner Detector

Hadronic Calorimeters

< Detector characteristics
Width: 44m

ﬁ Diameter: 22m

P Weight: 7000t

CERN AC - ATLAS V1997

Forward Calorimeters

End Cap Toroid

Shielding
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LHCb

ECAL HCAL
SPD/PS
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Things To Remember

= Thus far, top quarks behave exactly as predicted. Unfortunately.

= Thereis arich phenomenology in B quark physics
— e.g. mixing, CP-violation

— This is largely due to having multiple amplitudes for a given process, often of
comparable size.

= Again, the predictions are borne out in the data

— There is no evidence that the 3x3 CKM matrix is inadequate to explain anything
= The years-old b-quark discrepancy was eventually solved

— Patience is a virtue

— A “QCD Prediction” is not a simple thing

— | didn’t tell you about all the blind alleys people went down. Progress is not a linear
thing.
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The b-quark cross-section saga

= At DPF92, CDF reported bottom quark
cross-sections a factor of at least two
greater than theory.

= This was at a center of mass energy of
1800 GeV.

= UA1 measurements at 630 GeV agreed
better with theory

— However, both theoretical and

experimental uncertainties were
substantially larger.

Community reaction: someone (i.e. CDF)

probably mismeasured something. Wait a while
and this will go away.

0(Prs>Promm Yol < 1) (nb)

pp —>bX, vs =1.8 TeV

5
1 O E T T T I T T I T l T
C —— NLO QCD: m,=4.75 GeV, A,=215 MeV
MRSDO, g=tho=v(m, +p;")
s o f2< < 24y, 4.5<m,<5.0 GeV
10* ., T B o X (1989)
E N Y O eDX (1989)
“\“\ y ® uX
\( v
vV ¥X
10°F E
10°F E
- CDF Preliminary N W
| Some meosurement errors ore correloted
1 01 L 1 1 | 1 L 1 | 1 1 1 ~;‘~ e
0 10 20 30 4(
Pr.min (GeV)
100

_I I T I T T
PP collisions, VS = .63 TeV, |y|<1,5,' keok™"

10 ~-.\<:lata points UAl

—— mp=4.75 GeV. A,;=260 MeV,
DFLM. fty = v{m; +ke?)

So-r 4.5<mp<S GeV. 180<A,<360 MeV,

Mo/ BBy

.01

o{pp ~b+X) [ub]

~a
.
-

.001

-
.

0001

- 20 30 ’
X [Gev] 40

64



But, it didn’t go away.

=  More recent CDF measurements
showed the same difficulty — the
theory underpredicts the data by
the same factor

= This problem was not going away

= Note that CDF (and also DO)
measures only the high p; tail of
the cross-section
— Most b’s were invisible.
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Commentary on measuring the top 10% of
something

Just how important

could the other 90%
be anyway?

66



do/dp(JAy)*Br(JAy—sup) nb/(GeV/c)

The

1

10 FT--a 71

From B

Answer:

I T T T T T T
X Data with total uncertainties

T T T T T T T

—— FONLL theoretical prediction
————— Theoretical uncertainty

L 4"|||

1 IllIlIII 1 L L1111l

1 IIIIIllI

1 0'3 1 1 1 1 [ 1 1 1 1 ] 1 Il 1 1 I 1 1 1 1

0 5

10

15
p-(Jy) GeV/

20
C

CDF measured J/y
from b decays

Allowing unfolding
to the b x-sec

do/dp(H,) nb/(GeV/c)

107k

10"

ly|<0.6

LI BN B B S S e e e
X Data with total uncertainties

......

= FONLL theoretical prediction

----- Theoretical uncertainty

.
.

0=29.4+04" ub

5 10 15 20 25

p+(H,) GeV/c

= Since the total cross-section agreed, but the high-p; portion did not, we had a
shape problem, not a size problem.

— The spectrum was stiffer than previously thought — causing us to mistake one for the

other.

= Understanding fragmentation was the key — getting from the o(b-quark)
calculation to the o(b-hadron) measurement.
— Once that was understood, the other parts (PDFs and detailed calculation) followed.

— All three contributed at some level.

67



Argonne°

NATIONAL LABORATORY

4, U.S. DEPARTMENT OF




