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f Outline

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, deadling with the lump we swept under the ruQ)

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

3. Applied understanding
* A new paradigm for inferpreting higher-order calculations
* 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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)" What is single-fop-quark production?

Single-top-quark production is an electroweak (EW) process.
q t 8 oy, t
T oG L
W p—
b th g 6 th b b th w
t-channel s-channel Wt-associated

In the Standard model (SM) this involves the exchange of a W boson,
whose LO (or NLO) virtuality labels the process.

Process W virtuality
t-channel q° < 0(g* ~ —m3, /4
s-channel q° > m;

Wi-associated  ¢? = m3, (on-shell)
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f' Signatures and NLO cross sections

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

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

u d l+
B
b t v

b ebjBr/ubiBr (1 bjet)  1.98 £0.2 155.9/90.7 + 5%

b
u W t{<l+
U ebb B/ ubbEr 2 bjets)  0.88 + 0.1 6.6/4.1 + 10%

b w
v
g 76066 t{
b WTW b (tt — 1b jet) ~ 0.07 ~ 33/33

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

The Tevatron has produced ~ 5000 single-top-quark events (2 fo—*)
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A candidate event from D{

Run 177034 Evt 10482925

Fun 177034 Evt 10482825

= 37 Gay
Triggers:
1 MET
B co
e | =
L. P e
| - s 30
Sl i
| - — f___,-." A
= ET
K = (GaV)
380 :. 3 <
> -
b, \E’ - -
S & b= T AT
-T—-“.‘ \'\ L . .-——'F-‘--.
180" : g
ph ' \\,.--"'f’. 11
\\'. - ' ’jl" 0
Bins: 105 o
Mean: 1.15
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Max: 27.4
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f Evidence for single-top-quark production

This flagship measurement of the Fermilab Tevatron has been sighted!

§ ... COF FunllPreliminary, L-og5 pb” 3 measurements by Df find
CN H 95%CL single-top at 3 + o.
© - e CDFII Data (ML) ]
4t 5 SV Prediction ] 2 measurements by CDF
a N DO Decision Tree E w u s o
B[WEN ; exclude” single-top at 95% C.L.
_ 3 _ : .
Bys b st =49+-1dph 1 measurement by CDF is
i o consistent w/ single-top.
L5 i Net result
1E . - o
cnggi % R D@ observes: s+t =4.9+ 1.4 pb
00705 1 15 2 25 3 35 4 45 5 ¢ (Theory expects 2.9 + 0.3 po)

"Wb;" o, (pb) |T WOI’kSl
CDF Notes 8585, 8588; D@, PRL 98, 181802 (2007)

Twice as much data is currently being analyzed for late summer.
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What is single-top-quark production?

Why do we study it?
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f Why we look aft single-fop-quark production

q . t
8 "oy
— \% -
toq b W

b th th

Weak interaction structure

q
= é —i Vi 5 (1 = 5)
W

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

* Measure CKM couplings
“direct measurement of V"~

e Measure Lorentz structure
“spin correlations”
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f' Rare Decays

The partial width T(t — bIW) = [Vyp|? S (1 j’;w )(1+ QQW (1 — O(ay))

|‘/tb‘ X 142 GeV.

cf. K.G. Chetyrkin et al., PRD 60, 114015 (1999); A. Denner and T. Sack, NPB 358, 46 (1991);
R. Migneron and A. Soni, PRL 66, 3105 (1991).

Next most likely Standard Model decays are:

BR (¢t — sW) ~ 1.6 x 1073 assuming |V;s| = 0.04
BR (t — dW) ~ 1 x107% assuming |V;4| = 0.01
BR(t - bWZ) =~ 1076-10""

BR (t — X) < 107!, X from a FCNC

Can we see these at the LHC? How would we know?
Any decay other than t — bW is a good sign of new physics.

Current limifs are very permissive: c

BR (t — Zc¢) < 0.33 CDF, PRL 80, 2525 (1998) i (will change soon)
4
7z
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f' Isn’t V,,, measured in tt?

Both CDF and D@ have measured branching fractions in tt.

BR(t — Wb) _ Vi 2

= = 1.03£0.2
BR(t — Wyq) Vial? 4 [Vis|? + [Vio|?

D@, PLB 639, 616 (06); CDF, PRL 95, 102002 (05)

Assuming exactly 3 generations and no new physics, unitarity implies:
Vial? + | Vis|? + Vi | = 1
= | V| > 0.78 at 95% C.L. (cf. Particle Data Book)

But if we assume 3 generations, unitarity tells us vy, To 4 decimals:

Vua  Vus Vb 0.9739-0.97561 0.221 -0.227  0.0029 - 0.0045
Vea Ves Vo =] 0221 -0227 0.9730-0.9744 0.039 -0.044
Viae@  Vis Vi 0.0048 -0.014 0.037 -0.043 0.9990 -0.9992

PDG, PLB 592, 1 (2004)
We have shown consistency, but not much more.
ALL we really know is [Vi,| > |Vial, |[Vis|.
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)" Is this a problem? How DO we gef Vy,?

* 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 -0.975 0039 -0.044 ...
0 -0.08 0 -0.11 0.07 -0.9993...

K : f : )

* New physics could add to the branching fraction in the denominator,
or lead to a fake signal. (e.g. ¢ — ¢'x{ — ¢ WD)

There is no way tTo measure V,, in fop-quark decays without measuring
the full and all partial widths (say, af a linear collider).

Single-top-quark production cross section

is proportional to |V;)?. qﬁ qu Wﬁ;f
Measure BR(t — Wb)in tt, extract |Vi| A 7T N ey,

from o, with an error ~jo, /2.
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I First measurement(s) of Vy,

AV, falls along the black line.

DY
5 CDF Run Il Preliminary, L=955 pb™ —
. 45 F ! . Y ' —
© . ° Ccly)FHData (ML) 1 EXTrGCTed- V;tb 13 IIZ 02 (S —|— t)
4 o ® SM Prediction 1
35 A ® DO Decision Tree E ° g Only ‘/tb ~ 1 O,
3| E tonly: Vi, = 1.5
L CDFME s+t = 4.9+-1.4 pb |
2.5 P :
2 * O\\\\Ytb:1.3+—0.2 7 CDF
e sort(ML): Vi = 0.3

6

s only (NN): Vi, =~ 0.9;
t only (NN): Vi ~ 0.3

The additional Tfo~! of data on tape will clarify this.
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f' Observing Lorentz structure in single-top

 The V — A structure of the Lagrangian produces a 100% correlation

between the direction of the d quark and the spin s; of the fop quark.
M. Jezabek, NPBPS 37B, 197 (1994)

* The large width of the tfop quark (~ 1.5 GeV) allows it to decay before

it depolarizes (~ AéCD/mt =1 MeV), or hadronizes (~ Agcp = 300 MeV).
A. Falk, M. Peskin, PRD 49, 3320 (1994)

Ny — N T g ]
I L cos ) : e,

1 dr(t—>blu) _ 1(1 4
['t—p1) dcost 2 Ny + N
6 is The angle, in the fop-quark rest frame,
between the direction of the charged lepton
and the spin of the top quark.

Does this hold at NLO? after cuts? i
We'll come back to this. .. 0ol

,_\
n

T
]

Single top '3, = d,

do /dcos 0 (fb)
=
|
|

©
W

T. Stelzer, Z.5., S. Willenbrock PRD 58, 094021 (98)
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)" Why we look aft single-fop-quark production

q 7 t
8 0oy
Ty q>M%<t ’
t g Vie N3

b th b th w

Direct or indirect new physics
New t-qg couplings mostly affect

1 t-channel measurement (IWbj).
t —i%‘/}w“%(l —s5) * Larger V;, or V,,4 give PDF

Weak interaction structure

enhancement 1o o;.

w
Goal: Determine the structure of W
4
the W-t-q vertex. ds™ Vs
* Measure CKM couplings * FCNC production modes from,
“direct measurement of V" e.Q. Z-t-c, increase o;.
7
* Measure Lorentz structure y
u,c

“spin correlations”
s-channel looks like t-channel,

since distinguished by number
of b-tags.
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f New physics in s-channel vs. t-channel

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

T T I T T
NLO (no vr)
NLO — ]

10

_ +
pp/ PP—>7 X

. g | ] q>N‘i"m<t
o i 51071 i _ q/ E
b i ]
Massof"i i 500 I 600 I 3\28[// I(GEO(; I 900 I 1000
T. Taif, G.P Yuan PRD 63, 014018 (2001) 7.S., PRD 66, 075011 (2002)
s CDF Run Il Preliminary, L=955 pb™
2 ,HDWCL
o+ ] w5 Chripua (ML) i
4 F-lo B SM Prediction .
\\\ @ D Decision Tree
il TR | |
Lo s+t =4.9+14pb | Measuring both production cross
Z'Z L i sections provides strong constraints on
B many new physics scenarios.
CDFI}I s % = N D: >Eth/Vts
0.5 Y AN : JZ-t—c
00 Ws_ | 15 2 25 3 35 4 455 ¢
4th generation, t—T mixing? S, (pb)
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Using single-fop to search for
f arbifrary charged-vector currents (\W')

Working definition: A W’ boson is any particle that mediates
a flavor-changing charged vector or axial-vector current.

some model classes
Left-right symmetric models: Broken SU(2), x SU2)r

- Generic mixing of Wi, -Wg
R. N. Mohapatra, J. Pati, A. Salam, G. Senjanovic, . ..

- Orbifold-breaking — suppressed mixing, enhanced couplings
Y. Mimura, S. Nandi, . ..

- Supersymmetric L-R models

M. Cvetic, J. Pati, . ..

Models with addifional left-handed W’
- Little Higgs: SU(B)/SO(5), SU6)/SP(6), SUN)/SUN-1), . ..
T. Gregoire, N. Arkani-Hamed, S. Chang, H. C. Cheng, A. Cohen, |. Low,
D. E. Kaplan, E. Katz, O. C. Kong., A. Nelson, M. Schmaltz, W. Skiba,
D. Smith, J. Terning, J. Wacker, . ..

- Topcolor — topflavor, leptophobic topflavor seesaw, generic mixing

H. Georgi, H. J. He, E. Jenkins, X. Li, E. Ma, E. Malkawi, D. Muller,
S. Nandi, E. Simmons, T. Tait, C. P Yuan, ...

- Extra dimensions: Kaluza-Klein modes of the W

A. Datta, P O’'Donnell, T. Huang, Z. Lin, X. Zhang, . ..
- Non-commuting extended technicolor

R. Chivukula, E. Simmons, J. Terning, . . .

+ 1000°s more
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f' Model-independent searches for W’

Fully differential NLO W' cross section and widths w/ arbitrary Lagrangian:
L= LT (gRew cos (Vi PrtgrsinCVE PL) W' £, +H.c.

Complete factorization of couplings proven for ALL models.
Z.S., PRD 66, 075011 (2002) (hep-ph/0207290).

The differential cross section looks like:
1 2N, Rit(t — m?) + Ryu(u — m?)

dPS
25 3 (§— M2,)2+ M2, T2, ’

002/611@(12@

If W' =W, W, orsmall mixing: |V|=|A]

4 712 /112
g |\Vi 7Vl
= R,=0; Ry="—""5—

= onro = o, up to overall factor: (g'/g.,,)?

This holds for any final state, but s-channel single-top is special. . .

b
The final state is fully reconstructable!l > f{<l*
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f Model-independent searches at the Tevafron

80 IIII llllllll I llllllll Illl
E LO><129/2 3
OE —— NLO 3
60 F 3
9 = -
8 50 F -
2 F My =500GeV
=40 F 3
E -
T30 F _
o) -
= o
20 -
10 F -
0— ........ | R

300 350 400 450 500 550 600

Z.3S., PRD 66 075011 (2002)

The invariant mass of
the Wb provides a
nice sharp peak with

little o no background.

Run |I: CDF set bound (SM-like)
My > 536(566) GeV. PRL 90, 081802 (03)

Run II;
My > 630(670) GeV. Dg, PLB 641, 423 (06)
My > 760(790) GeV. CDF, Note 8747

Run Il reach ~ 900 GeV (w/ 2 fbo~1).

Use spin correlations to tell if W’ has
left- or right-handed interactions.

95% C.L. Limit on Coupling - COF Run ll Prefiminary: 855 ph'1

-y ; ' ' //
1

Ga F

0.6 -

[+ [+ P

b4 |

| | Ewcluded Region

Obserwad Limi for MW < Mig)
0.2 | ——— Ohserved Limi for 8I0W = Mi#) |
Standard Modes

Y 400 500 800 700 8OO 300
W' Mass (GeV)
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f' Robust model-independent searches arf LHC

SlgnoI+Bockground VS. Bockground for MW, =4 TeV

My =4 TeV - N 3.5

g/g=1 1 3.0

LHC, 10fb~" f
Signal region ] = 2.5
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[} L
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51.5_—

—_
8]

lllll

S
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Wijj 9/9=1
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[
I
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I
|

g £
£ 10F
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T 0.5F
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| |
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2.5 3 3.5 4 4.5 5 0 1 2 3 4 5
Myjp, (TeV) My, (TeV)

Single-top-final state has: 4x the signal as W’ — v, a mass peak, a signol
whether W’ is left- or ngh’r handed, better confrolled backgrounds, .

10 g 10
E' perturbative limit 7 .
. = 10% E Dominant Backgrounds
. = W7 small with > 1b-tag
orbifolded L-R g 102
= =
3‘” 1 E [top-flavor ~top-flavor see-saw 3 & 10! T —3.6M/(1TeV)
RSN C 10 fb~! =
' 30 1! ] =W
;/ perturb. limit 100 fb T I =0
0.1 / 300 fb-! e < 10 .
0-05||||||||||||||||||||||||||||||||||||: 10721111||||||||||||||||||| J
1 2 3 4 5} 6 7 8 9 10 0.5 1 1.5 2 2.5 3 3.9 4
MW/ (TeV)

Maer 159 1 an-ph/0306266
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LHC can test SM-like W’ bosons up to 5.5 TeV!



Complete coverage of Litflest Higgs early
I atlHC

Not just Little Higgs, but all models that mix with the W to produce rafios

of couplings satisfy
1 - 1 g 11 1
91 92 gn 9§M 0.427

Thus, 1.02g,,,< g1.2...<V4m (Upper limit of effective theory).

— For all Littlest Higgs models there will be at least 1 W’ with
0.187 < g’/gSM < 5.34, and preferentially g’/gSM ~ 1

2.5 - T T T T

] f<1 TeV __________________________
b ERE W= WHJFWZJ’H’_; ey o fed
=
L5k &
‘§ 1 F
%1.0: ] =
= ] > fb~!
= F 1 ~ —~1
S0 BR(H - bh)=0 E ) 100 $*1
[ . . o 0.1 3 _— 300 fb~! —
0.8.01 1 5 0.05 :
gl/gSM . %
Decays to WZ/W H—Wbb increase N
! ' 1 P) 3 4 5 6 7 8 9 10
the measured cross section! My (TeV)

You either discover or rule out the entire parameter space in 1 year!
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Understanding perturbative QCD
through single-tfop-quark production



I Drel-Yan and DIS

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

+ + : e
" ) >W@]%$] W .
_ : , J
y (Vu) € q J P .
J

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

* Drel-Yan  — Initial-state (IS) QCD radiation only.
* eTe” —jets — Final-state (FS) QCD radiation only.

* DIS — Profon structure and fragmentation functions probed.
Simple color flow.
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s-/t-channel single-fop-quark production
(A generalized Drell-Yan and DIS)

A perfect factorization through next-to-leading order (NLO) makes
single-top-quark production moThemc’riCQIIy io’enﬁcaﬁ To DY ond DIS!

N W g 000 w b t
g g1 b _
M 666@ b Kb
5 b

q (b)

a
1 G@&a\ Lo @@\ d
g S

2 S N & w
q

Q T =

0oy T ¢ 666 (N \
b b b QQ,Q,Q’ Q_Q_Q_Q_Q_Q_QJ g QL g

b
(c) (d) (

Color conservation forbids the ex- g q 4~ som 9 g
change of 1 gluon between the b%‘”b@i%b%q’
t t t
® ) 0

|
S
|

=

fermion lines.

Generalized Drell-Yan.

IS/FS radiation are independent. Double-DIS (DDIS) w/ 2 scales:
= Q% pn = Q%+ m;

T Massive forms: m;, my, and m; /my, are relevant,
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f Structure of an observable cross section

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

Theorists factorize (break) the cross section into:

 |Initial-state IR singularities swept info parton distribufion “functions”.

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

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 to hide final-state IR singularities.
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Rethinking the initial state:
f' W -gluon fusion — t-channel single-top

Look at the internal b.

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

(Pg—P;)?—mi — —2PyPg
— Eg(la 0,0,1), Py = (Ep, pr; p2)

p:
_|_
Eyp: (P ~ (07 +my)
, dp7 1
~ (g ln (QQ’I:L—;F% ) + O<058) prCUt p%—k?ni - ]Il (p%’cut—i_mg)
b
my ~ 35mp! o In ~ 7-.8 The same procedure for the W
leads o the massive formula for DIS.
q/
q Each additional order adds another
2 2 n
— I ot ()|
bfcter g ’
- WWG‘Z Looks bad for perturbative expansion. ..
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)" 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 splitting.

b o< ag In(p?/m3) x g
3.0 prrrr—T—rrrr

>
n

dQ<M2) g o .

Pag(2) = 5l + (1 - 2)?].

2 O‘S( x 2)
— —P
Qa, 1) = = (mQ>/ Q)9 3 # e
10 100 1000

Barnett, Haber, Soper, NPB 306, 697 (88) # (GeV)
Olness, Tung, NPB 308, 813 (88) Stelzer, ZS, Willenbrock,
Aivazis, Collins, Olness, Tung, PRD 50, 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 Fy = 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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f' Improved perturbative calculation

New Leoding Order

% p ;
g

666@

(b)

2

b~ oy ln mg) X ¢ ﬂ
b

b QQQ_,Q’ Q_Q_Q_Q_Q_Q_QJ g QQ\QQQQQJ g

The t-channel W exchange (d) .

naturally lead to _
1 q 60w ad~
the nomenclature of | g4 5 g, g
t-channel production bv»——<w “v—<w T sy
t t
@ (h) Q'

This is not just a mathematical frick.

The b (and ¢) quarks are full-fledged members of the proton structure.
Leads to: bb — h, the largest SUSY Higgs cross section at large tan ﬂ.b>
h

> Qg

Zb/Zc, Zbj/Zcj, Wb, ... e

b
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f' t-channel single-fop is Double-DIS

As mentioned before, color conservation forbids the exnange of a gluon
between the light-quark lines and heavy-quark lines.

The inclusive cross section is reduced to calculating structure functions.

2
1 g° 1 o 1 2 2 2 { 2 2
do= L4 o) — QW 2dW? |3F) (21, Q) Fi (w2, Q

77T s (8) (Q2—|-M3V)2(7T) CAWLAWs [3Filen, @), &)

W2+Q 1 W2‘|‘Q2
— —Fl(xlaQ )FQ(CC27Q2) Q> B EFQ(QZ17Q2)F1(Z'2,Q2) 1Q2
2
] (WZ+Q*)(WF+Q?)
+ F: L1, : F: L2, ’ (S_ )
2( 1 Q ) 2( 2 Q )(W12—|—Q2)(W22+Q2) 2Q2
SQ? 1
i e i)
3( 1 Q ) 3( 2 Q ) (W24+Q?)(W2+Q?) 2 b
_ @ = QA = By =22 Fs, Fy = 2F Wi
T W12—|—Q2’x2 W22+Q21 1 — 1, '9g = 24XJ2, I'3 = 3
(2, Q%) = a(w, #*) " |

Oés(ﬂ)fl dz [Hq > Q2 ,u )\) ( Ny )—i—Hg(Z Q2 M )\) (% /LQ)}
H,; ~ splitting funchons plus corrections
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Uncertfainty in the b PDF will soon dominafte
)" fhe t-channel single-fop uncertainty

rote) = 0 (1) [0, (£) oot

my < zZ

Find the uncertainty using the 41 PDFs of CTEQ6. Since the minimum (z)
of the PDF fit is nof the minimum of the observable O, we define the

Modified Tolerance Method as an improved measure of the uncertainty:
16

2

5O, = \/Zjil (max[ O(204+t)—0(29),0(0—t)—0(2),0])

5O_ = \/Zjil(max[O(zg)—O(zg+t),O(Zg)—()(zg—t),o])2 S

Z.S., PRD 66, 075011 (2002); 2
Z.S., P Nadolsky, eConf C010630, P511 (2002); =10
eConf C010630, P510 (2002) & |
8 8
Single-top motivated: 2

* The first heavy-quark PDF uncertainties.

* Asymmetric PDF error equations for
observables. x
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Using scale variation to estimate
)" higher-order uncertainty

Standard lore says that the choice of scale in a perturbative calculation
is arbitrary. .. Standard lore is not quite correct.,

If single-top-quark production were exactly Drell-Yan or DIS, then there
are unigue scale choices.
U W { w4
K b Ty
d b - t
h
py R~ My ) ) )
= Q% pp = Q +mj.

The PDFs were extracted assuming these scales. Therefore, it is
mathematically incorrect to choose any other scale for DY or DIS.

/

This means there is a subtle (small?) systematic error in all calculations
that had not been previously recognized.

With the DDIS choice of scales, the NLO correction to the
iNnclusive cross section is zero within errors.
This will be true for some particle distributions as well!
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Scale (u) dependence of the t-channel
f' jets and ftop

* The shapes of the p and n distributions do not change if you
vary the scales. Only the normalization changes.

w4
* If you vary the 4 independent scales’ at the same time qﬁ
you underestimate the uncertainty. T

w/2=2p | LOy (my) NLO; (my) | LO; (DDIS)  NLO, (DDIS)
fixed 0.95pb  1.03 pb 1.07 pb 1.06 pb

w & pn | 1% +2.5% 1% +3.5%
T s A 1527 4%
n 7% +1% T8 % +0.6%

* Summing the independent variations in quadrature predicts
~ +11% uncertainty at LO (consistent with the results).

* At NLO we get ~ +4% uncertainty due to scale variation.

T (2 factorization, 2 renormalization)
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Rethinking the matrix element:
f' A practical problem for experiments

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

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

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

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

g "ouet b

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

Counting jets is IDENTICAL to performing a jet veto.

Again: Counting jets is IDENTICAL fo performing a jet veto.
Inclusive cross sections are not enough.
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T Fully Differential NLO Techniques

* In 2001, there were few matrix-element techniques or calculations
that could deadl IR singularities in processes with massive parficles.

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

* 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, EEW.N. Glover, D.A. Kosower, NPB 403, 633 (93)

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

* Massive dipole formalism (a subtraction method) coupled with @

helicity-spinor calculation. Invented to solve single-tfop production.
cf. L. Phaf, S. Weinzierl, JHEP 0104, 006 (01)
S. Catani, S. Dittmaier, M. Seymour, Z. Trocsanyi, NPB 627,189 (02)
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f' Massive Dipole Formalism (subfraction)

Onio _ / dO_Real+/dO_V1rtual
n—+1 n

e [ o fo

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

* do must have the same point-wise singular behavior in
D dimensions as do't.
= do? is d local counterterm for do”.

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

* Some advantages over Phase Space Slicing are:

* You can easily project out spin eigenstates.
— Explicitly test different spin lbases at NLO after cuts.

* 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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)" Phase Space Slicing Method (2 cutoffs)

B.W. Harris, J.F. Owens, PRD 65, 094032 (02)
Phase space plane (sss5, s45)

Phase space is divided into 3 types
of regions using two parameters: d,, J..

845
A

e collinear: for any invariant
334,13, 835, . - < 008
C o : ~
Finite 3-bodly soft: By < 6:v/3/2 |
both are integrated out analytically.

- <— d.512

OS85 —

— 8es1a * hard non-collinear: (finite, all particles
| well separated and non-soft)
C , Is infegrated numerically.

| > S35
e ! After adding virtual and mass
The triangles marked m give factorization tferms, all poles cancel.
vanishing contribution for §. < 4.

S m

Logarithmic dependence on the cutoffs cancels in any IR-safe
observable at the hisftogramming stage.
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f' Subfraction vs. phase space slicing

In practical terms, the difference in methods is in how to integrate in the
presence of infrared singularities.

= lim { 01 A e P(z) — 1F(0)}

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

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

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

e—0* €T s X €

1
— / d—xF(x) + F(0)Iné 4+ O(9), take lims_.o numerically
S xr

Remaining In § singularities remnoved by summing all infegrals I;.
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I Explicit t-channel calculation (soft)

Soft region: 0 < B, < §, ¥

) — o0 [@ LU= (dmpu®* o L
doy™" = do [27TF(1—26) S €2 i € i

AL = 30
t _ _ _ by (m* —t)°
Al = Cp [1 61lnos QIH(sﬂ) ln( —

6 1n> 0s —2Inds +41Ind, 1n( t)
s

(m? —t)? s +m? s —t t
21n 6, 1 1( ) 1 Wi, (14 —
e n( m?s +s—an m? + 1o’ s8 Tkl +56
1 S m2 t U
| 2(—) In? oL 9L
2 . m? +m m2 —t + ol m2 12 s+ u

where the top-quark mass is denoted as m, and 8 = 1 — m?/s.

AL = Cp

Y
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f 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®\° Aq
27 ['(1 — 2e) ( s ) ] (T+A°>

Ay = Cg (21n58—|— g —21nﬁ)

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

7 7T2 ) 2 3
5—?—111 0 —In“ B+ 2IndsIn 5 — Ind, 21n(53—|—§—21n5

Singular regions from IS radiation give:

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

A€ = Cp (211158 + %) Ase =CF (211158 + g) In (i)

52

Ay = Cp

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

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

g P(]. — E) 4’7'(’,&2 ‘ Ag AY 174 g ~ (V)
zwr(1—2e)< s ) <e2 B +(2w>d%
2] — [1]} Note: A =t/(t — m?)

{[=

{;32111 <_‘22)] + —g —2In(1-\)—In (%)”
ol () ()

% (W) - gm (%) —2In(1—A)In (7;) _6

In (1—)\)—ln2(1—)\)—21n(1—)\)—|—2L12()\)—%2]}

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

We can keep track of light- and heavy-quark conftributions separately.
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f' t-channel (summing it up)

We now see cancellation of singularities:
St AL+ AY =3CF + (—3CF) =0
DAY+ AY + A +245¢=0 (e.9..Cpr[1+3/2+(-3-5/2)+2(3/2)] =
Final 2-10-2 result

22) > [ s {520 o) 175 1) 5

[da(o) (Af + Ay + Ao + 245°) + d&é‘/)}
o dol® | FI @y, p) [ (@2, ) + FE (0, ) 1772 (@2, )| + (21 22) §
Final 2-to-3 result

1 _
o =3 / dwrdzags [ g Vaal'IVal*F(p)dLs

s () AN the luminosity functions L;,y = fH (;cl,ﬂpl<h))f{’2 (w2, pLpi(n)) Qre
evaluated using the scales af the light(heavy)-quark lines, respectively.

ofinal — 5(2) 1 50) js cutoff independent
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f' Cuf-off dependence of NLO correction

Here 6. = §,/300, using CTEQSM1 PDFs.

IS
- pi = Q? ]
- 3 body 1
5F ]
) Sum E
& 0F ]
S
SE ]
' 2 body ]
-10 = -
-0.05 f—+—+—++HHHH————HHHH—— - ———
2-0.10 F = = = —
& C = .
©-0.15 F - 3
_0'20: 1 L1 |||||| L 11 |||||| L 11 |||||| L T ||||:
1075 1074 1073 1072 107!
ds
»
days hours mMinutes

The 2-to-2 and 2-t0-3 components of the correction each depend
logarithmically on the cutoffs, but the sum depends only linearly on
d. and §,. So take 4. and §, 1o O.
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Rethinking jet definitions and phase space:
f' Experiments need exclusive t + 1 jet af NLO

ZTOR Z2.5., PRD 70, 114012 (2004) (hep-ph/0408049)

# b-jet t7 (Wb t19 b7
s J 1)13 i (W 1‘721 Every number on
s-channel =2  0.620pb 7 7% 0.168 pb T13%  nis oage, even the
=1 0.022pb *% (NNLO) concept of -channel

t-channel =1 0.950pb % 0.152pb 1% single-fop, required o
iy 0.146 pb T21% 0.278 pb +21%, new or revised under-

standing of QCD.
Cuts: > 1 V, |n; 2.5,N fsont
prj > 15 Ge ‘773‘ <2.5,NOCUTS O e b PDFs — t-channel

Jet definition: ARy, < 1.0 (% ARcone < 0.74)

' o * PDF uncertainties
Breakdown of shape-independent uncertainties

Process xémi(GeV) u/2-2p PDF b mass as(dnLo) * multiple scales

s-<channelpp  520%  T20% *31% <05% +1.4% * 2 expansions: as. 1/1n
—1.97 3.3
PP Go96%  E2% Tio% <04% £1.2% e Fully differential NLO
— —1.6 +11.3
t-channelpp  177:5% +4% T % < 1% £0.01% jet calculations

PP ore% 3% Tio% <1%  +0.1%
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Applied Understanding

Jet calculations

Theory vs. experiment
Angular correlations
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)" Phase Space Slicing = physical picture

Physically you can think of phase space slicing as forming a “pre-jet” that
Is much smaller than your final jet of radius R. (0. < dgr)

LA
Y

The essential challenge of NLO differential calculations is dealing with
final-state soft or collinear IR divergences.

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

Zack Sullivan, Southern Methodist University — p.45/64



i.

How do we interpret fully differential NLO calculations?

Paradigm of “jef calculafions”

- We are calculating jefs not “better partons.”
— NLO calculations are not well defined w/o a jet definition.

T A
T

- "Bad things” happen if you freat jets as partons. . .
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f ransverse momenta distributions at NLO

d

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

NLO d_JeT (no cuts) We measure the highest ET Je’r

25_””'””' """" o LOX1.09 — ] 20—
LN S0y Lo = 0.01 pb NLO (MDF, pi = my) ] i LOX0.99 (DDIS) —
20 | NLO (PSS, pp = my) ] L NLOx1.03 (PSS, = my)
S0 NLO (PSS, DDIS) —— 1 - NLO (PSS, DDIS) —— 1
S5 ] %15 3 ;
. S | ]
EIO - é:l() R ~ 3% gain over LO (> 20 GeV)
S04 S ~ NLOppis—NLO,y,, i
¥ =] _
O: -111111111111111111111111111
pra (GeV) 00 20 40 60 80 100 120 140
prj, (GeV)
* Perturbation theory is not The highest E+ jet recoils against
terribly stable atf low prg the top. The measurable change
(or even high pra). iNn shape is comparable to the

o scale uncertainty.
e This is not what we want.

Be careful what you ask for!
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I Pseudorapidity of highest-Ey jet j,.

One of the most distinct features of the t-channel exchange is that

the final-state light-jet fends to be very forward.
0.30 [

F LOx0.99 ——
- thy x 1.07
C NLO ——

The highest-Er jet (51) is slightly more central at NLO than at LO.
This is expected since j; takes most of the recoil of the top quark.

Note the double-DIS character of isolation between heavy-quark

radiation and light-quark radiation is maintained. Having an additional b
does not change 7,,.
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f' Jet distribufions depend on jet definition

You can study the effect of the cone size used in the k algorithm on
the reconstructed pr and n of the jet.

Ratio of do(R)/dpr; tO Ratio of do(R)/dn; tO
do(R = 0.74)/dpr; do(R = 0.74)/dn,
1~2:"'I"'I"'I"'I"'II'%':'O'LIL;: 1'02_"'I""I""I""I""I""I""I'é%'(l)té”l”'

R=10— [
’;31.1 31.01 = :
=) i ] (=) | i
H [ w l T‘Mﬁﬂmﬁﬂﬂﬂ -
%1.0 100 = =
= I 1 ~ i 1
5 ] ~ [ |
509 1 099 7]

0‘8-1 PRSI IS S S T S S T '- 098- I NS S A S A S A IS AT AT AT ISl AT AT AT A AT A A AT i
0 20 40 60 80 100 120 140 U5 4 3 2 0 1 2 3 4 3

prj, (GeV) My

For “reasonable” values of R the variation is < 10%, but must be
checked in any given analysis.

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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What do theory and experiment have fo
I do with each other?

THEORY

N\

QEvenT genero’ror9

experiment

Experimentin..ry = Hadrons fromn Monte Carlo tuned to data.
TheOIYexperiment = MoONte Carlo event records of «, e, ~, efc.

Zack Sullivan, Southern Methodist University — p.50/64



I Event generators vs. NLO t-channel tb (W bb)

Z.S., PRD 70, 114012 (04)
Initial-state radiation (ISR) is generated by backward ﬂ\%’ -y

l+

evolution of angular-ordered showers. B3 §<
— b t v
= The jet containing the extra b comes from soft ISR. .47 b,
Jb
5 -l T I LI I LI L I LI L I LI L I LI L I LI | |- 30 -I L I INILIlél LA I LA I LA I LA I_
' NLO —— - 275%PYTHIA  PTin > 15GeV 3
- 2.75xPYTHIA —— ] 25 F——— 1.37xHERWIG -
iy 137xHERWIG —— : ]
- [ |77j1| <25 B
% - § SRECLARNRRRYLRRELRRERLERN RL 20 |—
B 9} L - ~ -
23r ° 1k 1 =
S £ ] g
~ I S ] S5k
soF AL &™E 1 &
'% go.ol -|| I|||I|||I|||I|||I||| . 10 :_
L 0 20 40 60 80 100120140 -
- Prey (GeV) : sk
O -l ] I L1l I L1 1 I L1 1 ] 0 :l 1
0 20 40 60 80 100 120 140 3 2 1 0o 1 2 3
pro, (GeV) Mo,

* PYTHIA/HERWIG completely underestimate the Wab 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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)" Matching showering event generafors fo NLO

A simple prescription for success

1. Generate all phase-space configurations using Madkvent/CompHER
2. Feed the events into PYTHIA/HERWIG and shower them.

3. Create 4 samples with a given jet definition, e.g. cones with AR = 0.7,
or kr with AR = 1, and minimal cufs:

—t+jt+bt+j+t+j+0b

- Remember that comparisons are made at generator level,
.e. apply jet reconstruction to n*s, 48, et or u* inside jefts, etfc.
in the event record.

4. Normalize each sample to the NLO prediction affer cuts, and with
the same jet definifion.

- NLO jets must be E+ ordered.

0. Finally, feed into the detector simulations.
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I  CDF and D§ have signals, and yet. . .

CDF Run Il Preliminary, L=955 pb™ CDF Run Il Preliminary, L=955 pb™
S [ eDaa W Wb O] Mistags | © 180 [ eoDaa W Web [ Mistags
3 90 I H s-channel W ttbar [0 Nonw 1=z % I H s-channel [ ttbar [0 Nonw 1=z
p [ [ tchannel [0 Wc+Wcc M Ze,,t,Diboson ] £ 160 I I tchannel [0 Wc+Wcc M Ze,u,t,Dibosod S
% 80 F [] syst.Error | g d>> A [ syst.Error ]z
€ : 18 w 140 [ + 18
& EA 120 [ 1o
19 L o
4 & [ g
i 100 |- é 3
| o 80 |- 1o d
7 2 2 u
1Y (Y
60 |- b
] w
B 40 - ] t
—f 20 [ —& == ] b
e | | E = —: 300 prrevprerrprrpTeTTTTO LA RAAM AR
100 125 150 175 200 225 250 275 300 -3 -2 -1 0 1 2 3 R LL[J‘J?(DDIS) ’
Minub,, .. (GeV) am 250 NLO (DDIS) ] 3
200 | ;
£
D@ Run Il Preliminary, 370 pb'1 D@ Run Il Preliminary, 370 pb'1 :;150 E
3 C 3 F
2 100 —— t-channel (x10) 2 g0 — t-channel (x10) T f
E [ s-channel (x10) T s s-channel (x10) 100 |
@ sol B i o 70; I it ) E
- W-jets, WW, WZ g W-jets, WW, WZ oF
sol - Multijet 60? | | Multljet N
—— Data % —— Data 5
40F-
30F-
20F
10
— E B L S L B
o g e : 0 Y | Background
100 200 300 400 500 600 -4 -3 -2 -1 0 1 2 4
Reconstructed top mass using the leading b-tagged jet (GeV) Lepton charge xn btagged jot [
15 ]
Single-top is dominated by a | W jlet back d. 3
INgIle-TOP IS aomindre y alarge + 2 Jet background. : .t :
=
5
% Spi lations from interactions hel
Can 100% spin correlations from V' — A interactions help?
Y} I N RN B
-1.0 0.5 0.0 05 1.0
cos @
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Angular correlations:
the current frontier
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I Why the Mahlon-Parke spin-basis works

Both s- and t-channel single-top are matrix elements go like:

pa - (Pt — me8¢)][pe - (Pt — Mg st)]

In top rest frame, p, = m,(1,0,0,0), and s, = (0, §).

A

Choose top spin projection s = d. = o o (1+cosé?, ;)

» s-channel 98% of d from p
= 0 o (1+cos0, )

* t-channel d in highest-E; non-b-tagged jet j;
3/4 of the time. = o « (1 + cos 6’ )

et j1
For rest, = o oc (14 cos 0y ;, cos Oy, ;)
dilution cos 0, =1 —Q?*/(E}E% ) ~ 0.86 p

We are saved by kinematically-induced correlations. uﬁ
i.e., --channel pole pushes jet forward. b t
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Angular correlations in single-top-quark
and W3 production af NLO

do /dcos 6 (fb)

e iy = g
n o n o

o
1 ©

Z.S., PRD 72, 094034 (2005) (hep-ph/0510224)

: e e {  Original comparison Of  _ cormnemimean. s

: 1 t-channelsingle-fop &,/ & B | [0
: Single top : and Wjj background “ | " e
- {1 done at LO.

Used in neural-nets
by CDF and D¢.

cos 6

. Do spin-induced angular correlations survive higher-order radiation?

Is The background readlly insensitive to the angular distributions that
typify the signal? If so, does this survive complex cuts on the data?

The angular distributions are properly defined in the top quark rest
frame. How much of these correlations is an artifact of that frame?

Does this lead to beftter discriminates between S, B? e.Q., ways fo
avoid b-tagging? Are there other useful particle correlations?
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I LOvs NLO

%)
W

w2
(=}
TT

t-channel

Insensitive to top reconstruction (similar in LAB
frame) — top is non-relativistic, so little boost.

Additional ISR b-jets confuse which jet has the d.

)
W

[353
(=)
TTTTTTTTT

([ J [ ]
do [dcos 8%, (fb)
w S O
o ARRREAREEE

s-channel

NLO = LO x K-factor

* [ssue: Dominated by fop reconstruction.
e Wfittfoe+FEr.
* | naively assigned a random b jet to top decay.

W4 (+Wbb, Wee)

da/dcos 8l (fb)

NLO = LO x K-factor

do[dcos 8L, (fb)
>

Spin-dependent ME fed into PYTHIA/HERWIG get all o RO
correlations (not all shown), as long as NLO-matched O;Ij'é'l'?f%j%?iiﬁ?o? o
ME are used for t-channel. s e 08
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Can you avoid b-tagging?
I No, but it raises a subtlety. ..

In the top rest frame, the b recoils against the
W (and the ¢e), while j; wants to be close to e. Wij looks like signal!

d 40 N T T T T I T T T |'I .
t channel before cut

Proposal: Define “b” to be the 355_ ----- C-channcl~ 1.9 x s-channel 3

e W j§/100 before cut gt i g
- ng/loo Wbb/l 3l "y 1
\ ri :rH‘" o L

o, w ¢ jet with the largest angle wrt, s~
b e™ in the top rest frame.
. Correct b>80% for s-/t-chan.,
Y. Equiv. cut: cos 6 L < COS O

(9]
L L

—_ [\ [\
=]

9]
L LN LR

do [dcosbt; (fb)

—_
]
TTTTT

Angular cuts generically induce correlafions.
This is why we need reliable predictions.
Warning: Two experimental biases select the
largest angle jet (this cuf):
1. b-tagging o E7y, picks jet recolling vs. .
2. Top-mass cut, also picks jet recoiling vs. .
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I NLOcosb!; vs.costl, vs. cosb

t-channel
NLO—-LO< 3%

(fb)

t .
bj1

dcos 9!, (fb)

dcos @

ej1

t .
€J1
t

d% [dcos 6%, dcos 65, (fb)

d%r /dcos 0

d% /dcos 6

s-channel
NLO—-KxLO

negligible,
also true in

(fb)

t .
bj1

dcos 6
dcos 6%, (fb)

t .

€j1
t .
eJj1

e
TITFARNR
N
LR
X

L e R
e ::-:e.o.”’/:&\\\\\ >
07 5

SN

d% [dcos 0t dcos 0} i, ()

d%r/dcos 6
~N
d’c /dcos 0

all Wjj

f £ NLO/10g 5 g
cosf,; looked Sod E -
flaf, but sum of ="
2 peaks + fails. £ < <

£ 0. E= g

t t
= cosOy; < cosl;
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)" The power of reliable angular cuts

| propose these acceptance cuts as a starting point:
1. cos®f, < cosOl, .

O s AR I IS UL IR
t t - i "'"-E t-channel -
2- COS ebjl < COS eejl [ 0.5 :_ ,‘, :E:' 25X%}(.:]l‘lja]nlnoeé ————' E
L 1T Wb -----
3. costy; < 0.6-0.8. 2 04 _I' E
4, cosf; > 0-0.4 Or cosf, > —0.8. :§0-3 I—;
. Mbj1 > 80120 GeV 5 02 _.l
0.1 [
Result: S/vB ~ 1.25xSy/v/By. 3 S
0 .

S/B ~ 3 X SO/BO 0 50 100 ]\}IS(_) 2:)Jo ;50 éoo
Overall S ~ 0.4x Sy, but B ~ By/7!

— These correlations are not completely utilized in the Tevatron analyses.

— Strong angular cuts are typical in difficult analyses: SUSY, H — WW/, ...
We MUST check angular correlations for the LHC analyses.
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I cosO., vs. cosBl, vs. cost), at LHC

g g z

t-channel €
12 =120 ’55120
' ' g 10 8 100 S 100
Similar to < = s < g
Tevatron i T o
eva % 4 = 40 < 40
£ 2 L 20 £ 20
0 Q\

(fb)

3 2
7 = s w <5 5
W bb - Y
- = L

Small o

mall and - x R

: < 5| < < T
opposite s b £ P8 £ < z
' 1l W& 05 S = 05
single-top!!! VRS A == o

»r s P 0.5 §
C‘OS%[. Q‘p N ~] «© COS&I,‘ Q‘? N -7 & COS&’; Qb N ~7

The main background at LHC is from tt, but there are large r;ondles here.

NOTE: ¢t production is just like s-channel, i.e., if you boost the system to
average n = 0, cos 07, is the relevant angle, where p is on the same side

as the electron.
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Single-top-quark production is the new
I Drel-Yan and DIS

q o t
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Single-top-quark production forces us to reconsider our intuitions and
develop new tfechnologies that push the frontiers of perturbbative physics:

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

q
t_{ —i-S- Vit 5 (1 — ) Vip = 1.3 £ 0.2 (D)
w

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

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

* Any new charged current (IW') is observable up to 5.5 TeV
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Drell-Yan and DIS.

2. Single-top has changed how we think about the cross section.
Tobs. = /f1(331>,ul)f2(56'2,M2)®\M\2®dP-S-®Di(m) ...Dy(pn)

* The b (and ¢) are fundamental parts of the proton.
Including their contribution in improved pQCD calculations is
essential in obtaining the correct cross sections and kinematics.

e Studying the effect of scales is subfle.

s-channel = Drell Yan, u = M3

t-channel = DDIS, = Q% pup = Q%+ m?

* There are 3 methods to calculate NLO ME: PSSM, PSSM2, MDF
Differential production included in ZTOR

* Exclusive jet cross sections including spin effects and fop decay:

MCFM 5.1

Matrix-element calculation
of t-,.s-channel, Wt

Gives distributions

MC@NLO 3.3

Showering MC (w/ HERWIG)
of t-,s-channel

Gives events
Need to verify angular correlations
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3. Study of single-top has forced us tfo be more exact

* The "paradigm of jet calculations”
Differential NLO calculations describe jets, not partons

* NLO matching is essential to model many processes
There are now many schemes: MLM, CKKW, MC@NLO
— significantly better understanding is needed

e Angular correlations are relatively untested at NLO.
Most searches for new physics require tight cufs on phase space.
This induces large sensitivity to correlations.

It will be vital to the success of the LHC and beyond to develop
close interactions between theory and experiment of the type
single-top-quark production has enjoyed.

The study of single-top production has led to a decade of discoveries
You will lead the next decade of discovery

Zack Sullivan, Southern Methodist University — p.64/64



	 centerline {�lack small CTEQ Summer School 2007 } 
	Outline
	 {Blue {LARGE What is single-top-quark production?}\ 
ullchar \ {LARGE Why do we study it?}} 
	What is single-top-quark production?
	Signatures and NLO cross sections
	A candidate event from DZero 
	Evidence for single-top-quark production
	 {{LARGE What is single-top-quark production?}\ 
ullchar \ Blue {LARGE Why do we study it?}} 
	Why we look at single-top-quark productionhspace *{-1in}
ullchar 
	Rare Decays
	Isn't $V_{tb}$ measured in $t�ar t$?
	Is this a problem? How DO we get $V_{tb}$?
	First measurement(s)
of $V_{tb}$
	Observing Lorentz structure in single-top
	Why we look at single-top-quark productionhspace *{-1in}
ullchar 
	New physics in $s$-channel vs. $t$-channel
	Using single-top to search for\[-0.25ex] arbitrary charged-vector currents ($W^prime $)
	Model-independent searches for $W^prime $
	Model-independent searches at the Tevatronhspace *{-5em} 
	Robust model-independent searches at LHChspace *{-5em} 
	Complete coverage of Littlest Higgs early\[-0.25ex] at LHC
	 {Blue {LARGE Understanding perturbative QCD}\ Blue {LARGE through single-top-quark production}} 
	Drell-Yan and DIS
	$s$-/$t$-channel single-top-quark production\ {�lack (A generalized Drell-Yan and DIS)}
	Structure of an observable cross section
	Blue {Rethinking the initial state:}\[-0.25ex] Red {$W$-gluon fusion $
ightarrow $ $t$-channel single-top}
	Resummation of large logs and $b$ PDF
	Improved perturbative calculation
	$t$-channel single-top is Double-DIS
	Uncertainty in the $b$ PDF will soon dominatehspace *{-1in}\ the $t$-channel single-top uncertainty
	Using scale variation to estimate\[-0.25ex] higher-order uncertainty
	Scale ($mu $)
dependence of the $t$-channel\[-0.25ex] jets and top
	Rethinking the matrix element:\[-0.25ex] A practical problem for experiments
	Fully Differential NLO Techniques
	Massive Dipole Formalism (subtraction)
	Phase Space Slicing Method (2 cutoffs)
	Subtraction vs. phase space slicing
	Explicit $t$-channel calculation (soft)
	$t$-channel (collinear)
	$t$-channel (virtual)
	$t$-channel (summing it up)
	Cut-off dependence of NLO correction
	Green {Rethinking jet definitions} Black {and phase space:hspace *{-5em} }\[-0.25ex] Red {Experiments need exclusive $t+1$ jet at }{�lue NLO}hspace *{-1in}
	 {Blue {LARGE Applied Understanding}\ 
ullchar \ {LARGE Jet calculations}\[0.5ex] {LARGE Theory vs. experiment}\[0.5ex] {LARGE Angular correlations} } 
	Phase Space Slicing $
ed Rightarrow $ physical picture
	
ullchar 
	Transverse momenta distributions at NLO
	Pseudorapidity of highest-$E_T$ jet $j_1$.
	Jet distributions depend on {�lack jet definition}
	What do theory and experiment have to do with each other?
	Event generators vs. NLO $t$-channel $t�ar b$ $(Wb�ar b)$hspace
*{-.5in} 
	Matching showering event generators to~NLOhspace *{-.5in} 
	CDF and DZero  have signals, and yet$ldots $hspace *{-1.5in}
ullchar 
	 {Blue {LARGE Angular correlations:}\ {LARGE the current frontier}} 
	Why the Mahlon-Parke spin-basis works
	Angular correlations in single-top-quark    and $W!jj$ production at NLO
	LO vs. NLO
	Can you avoid $b$-tagging?\ No, but it raises a subtlety$ldots $
	NLO $cos 	heta ^t_{ej_1}!$ vs. $cos 	heta ^t_{eb}$ vs.$cos 	heta ^t_{bj_1}$
	The power of reliable angular cuts
	$cos 	heta ^t_{ej_1}!$ vs. $cos 	heta ^t_{eb}$ vs.$cos 	heta ^t_{bj_1}$ at LHC
	Single-top-quark production is the new Drell-Yan and DIS.
	Single-top-quark production is the new Drell-Yan and DIS.
	Single-top-quark production is the new Drell-Yan and DIS.

