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1. Understanding electroweak (EW) physics
* What is single-top-quark production?
 Why do we study it?

2. Understanding perturbative QCD

* The new Drell-Yan (DY) and Deep Inelastic Scattering (DIS)
(or, dealing with the lump we swept under the rug)

e \What we've had to learn about the cross section

3. Applied understanding
* A new paradigm for inferpreting higher-order calculatfions
* Examining the connection between theory and experiment
* The impact of angular correlations
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What is single-top-quark production?

Why do we study it?
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ﬁ/// What is single-fop-quark production?

Top quark pairs were discovered in 1995 via strong force production:

q t
>Mmm<
q f

Single-top-quark producTion Is an electroweak (EW) process.

Vib Vib

t-chonnel s-channel Wt-associated
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N~ Signatures and NLO cross sections

Production modes are distinguished by the number of fagged b jets.
NLO cross sections (pb)

Signature Tevatron(t + t) LHC(t/t)

u d |+
E << ebjBr/ubiEr (1 bjet)  1.98+0.2  155.9/90.7 + 5%
b tg
b

b
“W‘Q' ebbBr/ubbFr (2 b-jets)  0.88+0.1 6.6/4.1 + 10%
d b v

b W
ﬁ W WHEW b (i — 1b jeb) ~ 0.07 ~ 33/33
Q6066 t{
b

Z.S., PRD 70, 114012 (2004); J. Campbell, F. Tramontano, NPB 726, 109 (2005)

The Tevatron has produced ~ 20000 single-top-quark events (/7 fo—1)
(vs. ~ 50000 tt events)
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" Candidate single-fop-quark events
Dy N

Run 177034 Evt 10482925 e 31 Gav
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Triggers:

1 MET B ev

2 particle ICD s

K -
S
e
phi
._.;1

Bins: 105
Mean: 1.156
Rms: 3.85 . mu particle et 27.2
Min: 0.00933 MET et: 28
Max: 27.4

Zack Sullivan, lllinois Institute of Technology - p.6/45



bo discovery of single-fop-quark production

This flagship measurement of the Fermilab Tevatron has been observed!

Candidate Events

Candidate Events
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| B wWqq
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20 [ Zz+jets
[ QCD
i e data
101
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[ Z+jets
[ I QCD
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CDF 1l Preliminary 3.2 ib” Aln(L)
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—=4.5F
c = 30
= E 9.7% C.L.
o 3.5E = SM(NLO) | £
g 3E- “ SM(NNNLO)f |,
32.5%—_ ....... 55
3 2F .
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=
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051152253 354 45
s-channel cross section [pb]

CDF: 50 s+t =2.3"0% pb
sonly: 1.4 pb, t only: 1 pb

D{: 50 s+t = 3.94 + 0.88 pb

(Theory expects 2.86 £ 0.24 pb)

CDF hep-ex:0903.0885; PRL 101, 252001 (08);
D@, hep-ex:0809:2581; PRL 98, 181802 (07)
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What is single-top-quark production?

Why do we study it?
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N’ Why we look at single-top-quark production

q g t
W <
t g © by W

b~ Vi Vio

Weak interaction structure Direct or indirect new physics

9 New t-q¢ couplings mostly affect
t —z‘%%qw‘%(l ) t-channel measurem.en’r (Wbj).
e Larger V;, or V4 Qive PDF

W. enhancement 1o o;.
Goal: Determine the structure of W
the W-t-q vertex. t
Measure CKM couplings .8 Vias
(] | .
“direct measurement of V" e FCNC produc’non modes from,
e.g. Z-t-c, increase o;.
* Measure Lorentz structure 7
“spin correlations” J t

s-channel looks like t-channel,
since distinguished by number
of b-tags.
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N~ New physics in s-channel vs. t-channel

t + b resonant production affects s-channel (Whbb)
| Charged scalars (spin-0) W’ bosons (spin-1)

1 T 1
NLO (novg)
NLO —— 1
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| | @
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T. Tait, C.P Yuan PRD 63, 014018 (2001) Z.S.. PRD 66, 075011 (2002)
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350 @ DO Combined (6/07) E . .
: Measuring both production cross

sections provides strong constraints on
Many New physics scenarios.
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Z-t—C
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" Whj" o, (pb)

ofo.s 1 15 2 25

4th generation, t=T mixing?
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Understanding perturbative QCD
through single-top-gquark production
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NG .
\/// Structure of an observable cross section

Oobs. = | f1(x1, p1) fo(za, )R M|?RAP.S.QD;(p;) ... Dy (py)

Theorists factorize (break) the cross section into:

* |Initial-state IR singularities swept into parton distribution “functions”.

These are not physical, but include scheme dependent finite terms:

MS — the current standard
DIS — ill-defined in all modern PDF sets, could be fixed, but useless.

* A squared matrix element, which represents the bulk of the
perturbative calculation effort.

* Phase space which you may not want to completely integrate out.
= Exclusive cross sections (jet counting), angular correlations

* Fragmentation functions or jet definitions.
These provide the coarse graining o hide final-state IR singularifies.
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N°  Drell-Yan and DIS

The traditional testbed of perturbative QCD have been restricted to
Drell-Yan production, ete™ 1o jets, or deep inelastic scattering (DIS).

€ (Ve)

+ + : e
" ) W@ﬁ\z:j 2
] ) _ J
H(vy) € g J P j

A key property that all three processes share is a complete factorization
of QCD radiation between different parts of the diagrams.

e Drell-Yan  — Initial-state (IS) QCD radiation only.
e eTe™ —jets — Final-state (FS) QCD radiation only.

* DIS — Proton structure and fragmentation functions probed.
Simple color flow.
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- s-/t-channel single-top-quark production
N’ (A generalized Drell-Yan and DIS)

A perfect factorization through next-to-leading order (NLO) makes
single-top-quark production mathematically identical to DY and DIS!

Generalized Drell-Yan. Double-DIS (DDIS) w/ 2 scales:
IS/FS radiation are independent. = Q2 up = Q% + m?

Color conservation forbids the exchange of just 1T gluon between
the independent fermion lines.

T Massive forms: m;, ms, and m; /m;, are relevant,
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.. Rethinking the initial state:
\/’/}" W -gluon fusion — t-channel single-top

Look at the internal b.

W-gluon fusion (circa 1996) The propagator is
1 _ 1

a (P, Py — 2P, F
g W Pg :Eg(l,O,O,l),PEZ (Eb7ﬁTapz)
oy  Eunn (B ~ 03
dp? 1
~ CYS ln (QQ—F;?J%) _'_ O(&S> prCUt p%—i_,l;nz - 1n (p%’cut—i_mg)
my,

The same procedure for the W
leads to the massive formula for DIS.

q
q Each additional order adds another
e (%)
b TG00 g
g WWG‘B Looks bad for perturbative expansion. ..
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ﬁ/// Resummation of large logs and b PDF

Use Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equation to sum
large logs due to (almost) collinear singularities in gluon splitfing.

b o< as In(p?/m3) x g

3.0 P
dln(,u2)N27r Qg®g‘|‘% QQ@Q,Q<<9 61%2.55
NSz.o:
Pay(2) = §[z2 +(1-2)7. Sus)
2 as( ,I' 2) ;:0.5:
p— _P = -

ool v uand 0
10 100 1000
Barnett, Haber, Soper, NPB 306, 697 (88) p (GeV)

Olness, Tung, NPB 308, 813 (88) Stelzer, 7S, Willenbrock,
Aivazis, Collins, Olness, Tung, PRD 80, 3102 (?4) PRD 56, 5919 (1997)
Aside: In the MS scheme, b(u < my) = 0.
DIS scheme is not uniquely defined for heavy quarks.
Do you choose F; = 0 (fraditional) or define w.r.t. MS?
The first attempt to calculate single-top failed because the DIS scheme
was used. Bordes, van Eijk, NPB435, 23 (95)
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N . .
\/// New nomenclature and classification

New Leading Order

bwasln(%z) X ¢

b

t-channel production
Named for the “t-channel”
exchange of a W boson.

u .

W
_>\/VV<_ (P‘%V > 0)
d b

s-channel production
Named for the “s-channel”
exchange of a W boson.

do /dnj, (pb)

dor/dny (pb)
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Classifying processes by analytfical structure
leads directly to kinematic insight:

Jefts from t-channel processes are more

q
@t (Py, < 0) forward than those from s-channel.
b

0.20

jet from t-channel

b jet from s-channel
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N/ Rethinking the proton

Using DGLAP was NOT just a math trick!

This “valence” picture of the proton
IS not complete.

Larger energies resolve smaller structures.

The probability of finding a particle inside the
proton is given by PDFs (Pcr’ron Distribution
Functions) ¢ e e

10" k

10° E

Lok
L 10!
o

” L
8 1072 F

1073 :_ =

3 E
F E

L |\
10-4 | LHC 1/3 o
' Q=ux14TeV 1

—_ L 1 1 1 L1 1 1 1 1 1 1 1L llll 1 1 1 1 ]

1072 L
0.001 0.01 0.1 1
xr

b (and ¢) quarks are full-fledged memibers
of the proton structure
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N’ Rethinking several physical processes

UA % C—rvvn/

u 4]
7 - g660—C

Starting with a ¢/b gives us:

bb — h Largest SUSY Higgs cross section
Zb/Zc Affects LHC luminosity monitor

Zbj/Zcj Higgs background

Why is this important?
Zc at Tevatron

1-tag Zc + X n-jet distribution
700 T T

| R
- NLO ——
600 |- T LO —— 3

500 [ -

€ 400 | " .

= C ]
S 300 —
~= - b

200 .

100 -

0 - | |
1 2
n jets

w [~ H

Parton luminosity can be
more important than
counting powers of !

This is exaggerated at LHC:;
Z =~/ +1jet~ Z+ 2 jets!

Wbj  Largest single-top background (True of W + X as well))

efc.

s jet counting poorly-defined
(theoretically) at LHC?
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—... RRethinking the maftrix element.
\/’/}" A practical problem for experiments

The same large logs that lead to a reordered perturbbation for -channel
single-top, implied a potentially large uncertainty in measurable cross
sections when cuts were applied.

Recall; --channel and s-channel are distinguished by the number of b-jets.

A problem: About 20% of the time, the extra b-jet from the t-channel
process is hard and central.

I

q
Real problem: Is the b contamination 20%, 30%, 10%"? q W

b

g oue

ol

Another problem: To distinguish from ¢¢, the cross section in the
W + 2 jet bin has to be known.

Counting jets is IDENTICAL to performing a jet veto.

Inclusive cross sections are not enough, we need to calculate
exclusive cross sections
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N/ Fully Differential NLO Techniques

e In 2001, there were few matrix-element fechniques or calculations
that could dedl IR singularities in processes with massive particles.

* Experiments were mostly stuck using LO matrix elements to predict
semi-inclusive or exclusive final states.

* We needed methods to provide the 4-vectors, spins, and
corresponding weights of exclusives final-state configurations.

These needs led to work on 3 techniques:

* Phase space slicing method with 2 cutoffs.
L.J. Bergmann, Ph.D. Thesis, FSU (89)

cf. H. Baer, J. Ohnemus, J.F Owens, PRD 40, 2844 (89)
B.W. Harris, J.F Owens, PRD 65, 094032 (02)

* Phase space slicing method with 1 cutoff.
W.T. Giele, E.W.N. Glover, PRD 46, 1980 (92)
cf. W.T. Giele, EW.N. Glover, D.A. Kosower, NPB 403, 633 (93)

E. Laenen, S. Keller, PRD 59, 114004 (99)

* Massive dipole formalism (a subfraction method) coupled with a

helicity-spinor calculation. Invented to solve single-top production.
cf. L. Phaf, S. Weinzierl, JHEP 0104, 006 (O1)
S. Catani, S. Dittmaier, M. Seymour, Z. Trocsanyi, NPB 627,189 (02)
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N’ Massive Dipole Formalism (subtraction)

Onio _ / dO_Real+/dO_V1rtual
n—+1 n

e o fo

e do4 is a sum of color-ordered dipole terms.

e do must have the same point-wise singular behavior in
D dimensions as do ',
= do? is d local counterterm for do”.

e [, do** is analytic in D dimensions, and reproduces the soft
and collinear divergences of do .

e Some advantages over Phase Space Slicing are:

e You can easily project out spin eigenstates.
— Explicitly test different spin bases at NLO affer cuts.

e Event generators use color-ordered matrix elements.

* Both methods have some contribution to n-body final states from n + 1
phase-space. Hence, you must do 2 separate integrations.
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N’ Phase Space Slicing Method (2 cutoffs)

B.W. Harris, J.F. Owens, PRD 65, 094032 (02)

The essenftial challenge of NLO differential calculatfions is dealing with
initial- and final-state soft or collinear IR divergences.

Divide phase space info 3 regions:
_— / / dE,; dE deosbi; 1, soft: E, < §,v/3/2 gluons only
Sij —cosbi;) 2. colinear: 3ss, 845, ... < 0.8

3. hard non-collinear: (finite,
particles well separated, £ > 0)

If E; ; —0 “soft” singularity

If 0;; — 0 "collinear” singularity Phase space plane (sss, 545)
IDEA: Infroduce arbitrary cutoffs Iy 5

(8. 6.) to remove the singular s 1623
regions. . . - 5 4

We traded dependence on physical c| Finite 3-body

observables (energy, angles)
for logarithmic dependence on

} 65512 m 5(:512
arbitrary parameters (In d,, In d..) |
> X c > S35
B T
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N~ Subtraction vs. phase space slicing

In practical terms, the difference in methods is in how to infegrate in the
presence of infrared singularifies.

= lim { 01 A e P(z) — 1F(O)}

e—0* T €

Subfraction: Add and subfract F(0) under the integral
1
I = lim { / 9 < 1P(z) — F(0) + F(0)] — %F(O)}
0

e—0* T

1
— / du [F(z) — F(0)], finite up to machine precision
o <L

PSS: Integration region divided intotwo parts0 < x < dand d < z < 1,
with § < 1. A Maclaurin expansion of F(x) yields

I = lim { ’ d—xa:GF(a?) + 1 d—x:ceF(:c) — 1F(O)}

e—0* €T s X €

1
— / d—xF(x) + F(0)Ind + O(9), take lims_,o numerically
S xr

Remaining In ¢ singularities removed by summing all integrals I;.
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N~ Explicit t-channel calculation (soft)

Soft region: 0 < E, < 6, %

) — go0) [@ LU= (dmpu®" AA
doy™" = do [27TF(1—2€) s €2 i € i

AL = 30
t _ _ by (m* —t)°
Al = Cp [1 61lndg QID(sﬁ) ln( "

6 1n> 0s —2Inds +41Ind, 1n( t)
s

(m? — t)? s +m? s —t t
21n 6, 1 1( ) 1 oMi, (14 —
ein n( m2s +s—m2 "2 +1n® s 2l +5ﬁ
1 S m2 t U
_ 2 2(—) In2 oL _ 9L
2 . m2 +m m2 —t + el m2 12 s+ u

where the top-quark mass is denoted as m, and 3 = 1 — m?/s.

AL = O

Y
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ﬁ/// t-channel (collinear)

Hard region divided into hard collinear (HC) and hard-noncollinear (HC)

— HC computed numerically in 4 dimensions.
— HC where invariants s;; = (p; + p;)? or t;; = (p; — p;)? in the
denominator become smaller in magnitude than §..s.

Singular regions from FS radiation give:
as T(1—¢) [(4mp®\ ] [ A
27TF(1—26)< S )] (e +AO>

Ay = Cg (21n58 — g —21nﬁ)

dUI(DHC,FS) _ da}g())

7 7T2 2 2) 3
5—?—ln 0 —In“ B+ 2IndsIn 5 — Ind, 21n(53—|—§—21n5

Singular regions from IS radiation give:

2\ € sc
ij g (0) | s ['(l—¢) (Amp 7H Aj sc | fH
do,; ¢ do,, [27T (= 26) p fi (2, pr) + - + A | fi (2, 1F)

As¢ = Cp (211158 + %) Ase =CF (211158 + g) In (i)

52

Ay = Cp

fH (2, ur) is a universal modified PDF.
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N t-channel (virtual)

Virtual contribution has two pieces. One «x Born, one not:

g P(]. — E) 47T,u2 ‘ Ag AY 174 g ~ (V)
27TF(1—2€)< s ) <e2 B +(2w>d%
2] — [1]} Note: A =t/(t — m?)

{[=

{;321n <_‘22)] + —g —2In(1—)\)—In (%)”
ol () ()

% (W) - gln (%) —21n(1—)\)1n(7732) _6

In (1—)\)—an(l—)\)—21n(1—>\)+2Lig(>\)—%2]}

V) 11, 5 5 . Mm2su m? 1 ’
de,"’) = —=¢*Vual?IVl?C l dl's ,
7t 529 W WVl "Cr—= n<m2—t) (t—MVQV) 2

We can keep track of light- and heavy-quark confributions separately.
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N~ t-channel (summing it up)

We now see cancellation of singularities:
St AL+ AY =3CF + (—3CF) =0
DAY+ AY + A +245¢=0 (e.9..Cp[1+3/2+(-3-5/2)+2(3/2)] =

Final 2-10-2 result

0'(2) Z/dl’ldxg ZIZl ,up)fH (xg,,up)x

[da(o) (Ab + AY + Ao + 245°) + d&l()‘/)}

ol | f10 @ pe) £ ) + FE @) £ @, )| 4 (1 o ) |
Final 2-t0-3 result

1
(3) — = 4 2 2 .
o) = §a b:/dajld:cgzs 9 V|2 [ Vio| T (p; )d s

s () AN the luminosity functions L;;,y = fH (:cl,upl(h))f{b (w2, pLpi(n)) Are
evaluated using the scales at the light(heavy)-quark lines, respectively.

ofinal — 5(2) 1 50) js cutoff independent
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ﬁ/// Curt-off dependence of NLO correction

Each term is logarithmically divergent for small 4, 4.

Logarithmic dependence on the cutoffs cancels in any IR-safe
observable at the histogramming stage.

15. L R L

| FRr e
10F pi, = Q% + mj -
- 3 body " "]
o) Sum
g ot ]
S E E
_5:— _:
2 body
10 F E
-0.05 f—+—+—++HHHH——+—+HHHH——— - ———
5-0.10 s = = _
= X = _ ;
©-0.15 | - 3
020 it i i L wad
107° 107 1g—3 1072 107!
»
days hours minutes

At the end we take §, and ¢, To zero via numerical computation.
This can take along time. ..
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—... Rethinking jet definifions and phase space:
N~ Experiments need exclusive t + 1 jet at NLO

ZTOR Z.S., PRD 70, 114012 (2004) (hep-ph/0408049)
# b-jets tj (Wbj) tjj (Wbjj)

s-channel =2  0.620pb 3% 0.168 pb *22% Every number here,

_ 24 even the concept of
=1 0022pb7,% (NNLO) t-channel single-top,

t-channel =1 0.950 pb F1¢% 0.152 pb t17% required a new or

revised understandin
=2 0.146pb*2% 0278pb % cocD J

Cuts: pr; > 15 GeV, |n;| < 2.5, no cutson ¢ * b PDFs — t-channel

Jet definifion: ARk, < 1.0 (& ARcone < 0.74) o
e PDF uncertainties

Breakdown of shape-independent uncertainfies * multiple scales: my /m
Process xdm(GeV) u/2-2p PDF b mass as(dNLo)
s-<channelpp  253%  T20% 13i% <0.5% +£1.4%
P aoe% 2% T50% <04% +1.2%
t-channelpp  19:%  +4% % < 1%  £0.01%
pp Loee% 3% L% <1%  +0.1%

* 2 expansions: as, 1/1n

Fully differential NLO
jet calculations
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Applied Understanding

Jet calculations
Theory vs. experiment
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N~ Phase Space Slicing = physical picture

Let’s retfurn to the construction of phase space slicing:
Whenever 2 massless particles get too close (612 — 0), we draw a cone

around them.
m
w

Physically you can think of phase space slicing as forming a “pre-jet” that
is much smaller than any measurable jet of radius R. (6. < dr)

Unlike inclusive NLO calculations, exclusive NLO calculations are only
well-defined in the presence of a jet definition or hadronization function.

— The mathematics of quantum field theory tfells us we cannoft resolve
the quarks inside of these jets!
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N
Vi

How do we inferpret exclusive NLO calculations?

"Paradigm of jet calculafions”

« We are calculating extensive objects, i.e., jefs not
“iImproved quarks.”
— NLO calculations are not well defined w/o a jet definition.

T A
Y

- "Bad things” happen if you freat jets as partons. ..
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ﬁ/// Transverse momenta distributions atf NLO

d

At LO, a d-quark recoils against the top quark in t-channel. @t
b

\\ ”
NLO d—Je’r (no cufts) We measure the highest ET Je’r

Sl LA B LR B B B SURLL A BLELL ] O LN

r LOX1.09 —— 1 i LOx0.99 (DDIS) —
r —001 NLO (MDF, = my) ] L NLOx1.03 (PSS, u = m;)

20 |- boni0 = 0.01pb NLO(PSS,p:mz) . i NLO (PSS, DDIé)i
S NLO (PSS, DDIS) —— %lS 5 ]
] I ]

L 4 ) o
21sf ] s [ ]
! S10f ~ 3% gainover LO (> 20GeV) .
~§<10 E_ h § : [~ NLODDIS*NLOmg 1
~ <. -
s | S [
= [ < 5 -
5 L
0 -l 11 1 l 11 1 1 l 11 1 1 l 11 1 1 l 11 1 1 l 11 1 1 l 11 1 1 l 11 1 l: O 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1
O 10 20 30 40 50 60 70 80 0 20 40 60 8 100 120 140
pra (GeV) prj, (GeV)

The highest E+ jet recoils against
the top. The measurable change
iIN shape is comparable to the
scale uncertainty.

e Perturbation theory is not
terribly stable atf low pry
(or even high pra).

e This is not what we want.
Be careful what you ask for!
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ﬁ/// Jet distributions depend on jet definition

Just like the experimentalists, theorists must study the effect jet algorithms
with different cone sizes R will have on measurable properties.

Ratio of do(R)/dpr; TO
do(R =0.74)/dpr;

LI B

T 1 I T T 1
R=04 — ]

R=10—

ﬁ\l_l

= [ h
I L ]
A~ r i
E/l.O_ i
RS

> o -
= f ]
go.g_— T

0-8 [ PRI T NN SR TN T SN TR T S AN SN N TR AN TN TN SN AN T S SO A T T
0 20 40 60 80 100 120 140
Prj, (GeV)

For “reasonable” values of R the variation is < 10%, but this must be
checked for all observables. (Note: theoretical uncertainty < 5%)

Upshot: NLO exclusive calculatfions give jets not partons.

Without some thought, mismatches between theory and experiment
can be larger than the theory error alone would indicate.
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N~ Event generators vs. NLO t-channel tb (W bb)

2.S.,PRD 70, 114012 (04)
Initial-state radiation (ISR) is generated by backward @’ e

evolution of angular-ordered showers. z §<
= The jet containing the extra b comes from soft ISR, Wémm DR i
B L e L B S L VRSN IR L I I
[ NLO —— A : g%SOXPYTHlA P > 15 GeV 1
- 2.75xPYTHIA ——— ] o5 L ——— 1.37xHERWIG -
4 137<xHERWIG ——— 4 - .
— i ’773'1‘ <25 B
2 I %‘ LR S RN R LA 20
% 3 :_ % 1 :— - é C
=T S 0 S15F
LIS ANG R 3 1 = &
S S 0,07 Callealintininl, 10F
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[ pro, (GeV) 5 F
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e PYTHIA/HERWIG completely underestimate the Wb final state.
e The background to WH — Wbb is much larger than we thought!
« Lesson: n-jets+showers # n + 1 jets. = Need NLO matching.
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<:- How do we solve this conundrum?
\/‘/}' We return fo the lessons of single-fop. ..

A simple prescripfion (variants used by CDF and Df)
Classifying processes by analytical Normalize to the exclusive cross

structure yields kinematic shapes: sections: Wbj, Wbb, Wbjj, Whbj
V. D V. : lat |CDF Run Il Preliminary (1.12 b | | ...
ou observe You simulate gD Run | o) o
q o v, B EW & Single Top
LUl 80 o T I weigh Faver
g 3 NN 22 07 IR Nenw
‘/‘/ bj W §7O 77 ///%%/-W Charm
F 60 7 7 7777777, [ wgotom
b U
8 77777
I —
(o]
4 330
q W 5
MZ bb t 10
b — 0 2 3 4 25
(o faay b Number of Jets
D(_Z Run Il Preliminary L=09fb"

35F

This procedure is reproduces NLO
by construction, but is fedious.

Several groups have begun to
incorporate NLO matching into
event generators (MLM, CKKW, MC@NLO)
Significant work remains fo verify
T these new methods.

X
I’]Lea\ding Untagged Jet

Events

—

30;
25;
20;
15;

10F
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N’ What is the next step?

Because single-top-quark production is a weak-inferaction process, there
are strong angular correlations between all final state leptons and jets.

These correlations are enhanced by coupling between particle spins,
momenta, and boosts given by the sfructure of the proton.

t t
cos 0, VS. cos b,

Use of these correlations will improve single-top-quark measurements.
At LHC, single-top-quark will be one of the largest backgrounds

to supersymmetry, Higgs, W/, etc.!

Strong angular cuts are typically required in these difficult analyses.

One theme that will dominate many LHC analyses is our understanding
of angular correlations, and the stability of our theoretical predictions
of measurable quantities.
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N Beginnings of understanding
Ttor = 3.94 £ 0.88 pb (DY)

g 000‘0‘ . .
i >Mw< j; 2.3+ 0.6 pb (CDF)
Vib Vib

2.86 &+ 0.24 (theory)

Single-top-quark production forces us to reconsider our infuitions and
develop new tfechnologies that push the frontiers of perturbative physics:

1. Understanding electroweak physics
 \We have a first measurement of weak intferaction structure.

g
Z | Vip = 1.07 + 0.12 (Df)
t LV, ALl — tb
G 1”31 =) 0.91 +0.11 + 0.07 (CDF)

Angular correlations will play an important role in improving S/B

* Anything that modifies the effective coupling of ¢ fo anything
effects single-top

* Any new charged current (W’) is observable up to 5.5 TeV at LHC
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N Beginnings of understanding

2. Single-top-quark production is the new Drell-Yan and DIS
Tobs. = /f1(5131,Ml)f2(332,M2)®\M\2®dP-S.®Di(Pi)---Dn(pn)

g B — b/c are inside the proton

I ' — Anallytic structure gives direct
\ S 17 ke kinematical insight
g 7 '
. NJuHE — New processes & new guestions:

How do we reliably calculate Zb+ X, Ze + X, Wb+ X, etc.?
s jet counting well-defined at the LHC?

* There are 3 new mathematical techniques to calculate exclusive
jet observables: MDF, PSS1, PSS2

* Single-top was the first process for which all theoretical
uncertainties were studied:

Heavy-quark parton distribution uncertainties
Kinemartic uncertainties and stability of an exclusive final staftes
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N Beginnings of understanding

3. Single-top-quark production has emboldened us to reexamine

our interpretations of QCD M

* The “paradigm of jet calculations” &

Exclusive NLO calculations intrinsically describe jets, not quarks.
This infroduces a new layer of subtlety when comparing
experimental results to theoretical predictions.

e There are now many matching schemes to improve the coupling
of theory and experiment: MLM, CKKW, MC@NLO
— significantly better understanding is needed

The story of single-top-quark production has been one of success
engendered by a close inferplay between theory and experiment.

The next decade is your opportunity expand our understanding in
a new age of precision quantum chromodynamics.

THANK YOU
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N’ Why we look at single-top-quark production

q g? t
W v 3
t g tb Np
b~ Vi b b Vib W

Weak interaction structure

q
t—ﬁ —i%thV“%(l —v5)
W

Goal: Determine the structure of
the W-t-q vertex.

* Measure CKM couplings
“direct measurement of V;,”

* Measure Lorentz structure
“spin correlations”
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ﬁ/// Don’t we know V7?7

If we assume 3 generations, unitarity tells us [V, |? + |Vey|? + |Vip|? = 1:

Vuda  Vus Vb 0.9739-0.9751 0.221 -0.227  0.0029 - 0.0045
Vea Ves Ve |=| 0221 -0227 0.97/30-0.9744 0.039 -0.044
Vie  Vis Vi 0.0048 -0.014  0.037 -0.043 0.9990-0.9992

PDG, PLB 592, 1 (2004)

Relaxing the assumption of 3 generations, V;; is barely constrained.

( 0.9730-0.9746 0.2174-0.2241 0.0030-0.0044 .. \
0213 -0226 0968 -0975 0.039 -0.044 ..
0 -0.08 0 -0.11 007 -0.9993...

K : : , )

Other new physics (e.g., SUSY) can also invalidate the indirect constraints
Any measurement of V, #£ 0.9991 is proof of new physics.
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N° Measurement of Vj, ‘

CDF/Dy look at t decays %

BR(t— Wb) 1Vip |2

= 0.97%0.09

BR(t—Wgq) Via 241 Ves |2+ Vi |2

= |Vip| > 0.89 at 95% C.L.
D, ex0801.1326; CDF, PRL 95, 102002 (05)

They assume unifarity to extract V,
You redlly need to measure the full
and partial widths at a linear collider.

Single-top-quark production cross
section is proportional to |V, |2,

Measure BR(t— Wb) in tt, extract
[Vis| from o, with an error ~§o; /2.

T
b Ve |

th

CDF Run Il Preliminary, L=1.5 fb

— S T
2 - ] 95%C.L.
w 45 @ 68%CL -
o) e CDF Il Data (MVL)
4 m SM Prediction =
O CDF Data (ME)
35 [ @ DO Combined (6/07)
3 .
. 25 ]
3 g
? 2 Vtb=1.3+-0.2 /
15 E
1 'Y =
0.5 £
06"05 1 15 2 25 3 35 4 45 5 6
"Whj" o, (pb)
AVy, falls along the black line.
Winter 2009 results:

D Vi, = 1.07 +0.12 (s + ¢)

CDF: Vi, =0.91 £0.11 £ 0.07 (s + 1)
sonly: Vi =~ 1.2, tonly: Vi, = 1.0

0V ~ 0.1 1s pushing theory error!
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