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Evidence for single-fop-quark production
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This flagship measurement of the Fermilab Tevafron has been sighted.
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Weak interaction structure

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

* Measure CKM couplings
“direct measurement of V"~

* Measure Lorentz structure
“spin correlations”

8
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Why we look at single-fop-quark production
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Why measure CKM elements V,,?

Assuming 3 generations and unifarity, V;, are well defermined.

Vuda  Vus Vb 0.9739-0.9751 0.221 -0.227  0.0029 - 0.0045
Vea Ves Ve |=| 0221 -0227 0.9730-0.9744 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 consfrained.

{ 0.9730-0.9746 0.2174-0.2241 0.0030-0.0044 .. \
0213 -0226 0968 -0.975 0039 -0.044 ...
0 -0.08 0 -0.11 007 -0.9993...

Single-top-quark production cross section

proportional to |V;,|%. g Wq th g%ﬁ;t
Measure BR(t — Wb)in tt, extract |V i g Vo 5 W

: b—V, V,
from o, with an error ~§o /2. ’ ’
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First measurement(s) of V;;

AV, falls along the black line.

DY
5 CDF Run Il Preliminary, L=955 pb™ -
\-/m 45 r |1 ; [ ' —
o 4| b0 amy ] Extracted: Vi, =1.3£0.2 (s +t)
4 ;*\\I\G ® SM Prediction 7
a5k . @ DO Decision Tree ; ° g Only ‘/tb ~ 1 O/
5 _3.4 ¢ EVIDENC 5 1
30 E tonly: Vi, = 1.5
L CDEME s+t = 4.9+-1.4 pb |
25 i
2 b O\\\\Ytb:1.3+—0.2 7 CDF
* s+t (ME): Vi = 1.0
e sort(ML): Vi = 0.3

6

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

The additional 1fbo~* of data on tape will clarify this.
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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 fop 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)

2.0IIII|IIII|IIII|IIII-

N - N acKgroun
I L cos ) [ e,

1 al’ s v 1
(t—blv) 1 (1+
U'—py dcost 2 Ny + N,
0 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? :
We'll come back to this. .. 00

—
(9,

LI
|

Single top '3, = d,
1.0 : ~
' el 1

do /dcos 0 (fb)

©
W

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

W
b th t 6 th b b th w
Weak interaction structure Direct or indirect new physics
New t-¢g couplings mostly affect

1 t-channel measurement (IWbj).
t —i%thW“%(l —s) * Larger V,, or V,; give PDF

W enhancement 1o oy.

Goal: Determine the structure of v ,
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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New physics in s-channel vs. t-channel

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

10

NLO( R)
NLO — ]

1F - q W t
—~ S B
2 = ]
o = i e -_—
) q b
b 107! |- .
102 L || R R | L
500 600 700 800 900 1000

Mass of nT (GeV) Mw: (GeV)

T. Tait, C.P Yuan PRD 63, 014018 (2001) Z.3., PRD 66, 075011 (2002)

CDF Run Il Preliminary, L=955 pb1

g 5n+‘ |:|95‘7CLH B “m;
o 4 - L - SV i
4 1o ® SM Prediction .
RN @ DO Decision Tree 1
il TN | |
Lo s+t=49+-1dpb Measuring both production cross
Z'Z | sections provides strong constraints on
o i mMany New physics scenarios.
e — e
AN N . EZ—t—C
1525 3 Es 4 a5 s e

4th generation, t—T mixing? G (pb)
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Model-independent W' searches

e Run |: CDF set bound

/ """" My > 536(566) GeV. PRL 90, 081802 (03)
W i e Runli
£ | =0 My > 630(670) GeV. Dg, PLB 641, 423 (06)
=3 My > 760(790) GeV. CDF, Note 8747

N i+ Runllireach ~ 900 GeV (w/ 2 fo=).

M,
Z.S., PRD 66,

LHC can test SM-like W’ bosons up to 5.5 TeV!

350 400

450
5 (GeV

10

9"/ 9su

0.1
0.05

500

550 600

075011 (2002)

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

Model-independent W’ at LHC

o Trr I L I T .l T I I T I I T I T I Trr I T I LI 104 E
E  perturbative limit 3~ E .
C — =~ 10 Dominant Backgrounds
= F Wjj small with > 1b-tag
orbifolded L-R _ g 102

E [top-flavor top-flavor see-saw 3 S 10k 3.6M/(1TeV)
- 10 fb! R
[ , / 30 fh! = 10E
/ perturb. limit 100 fb~' 10 k
- 300 fb~! ER 3

I 1l l L1l l 111 l 111 l 111 l 111 l Ll l 111 l 111 10_2

12 3 4 5 6 7 8 9 10 0.5

MW/ (TeV)

Z.S., hep-ph/0306266
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Understanding Perturbative QCD

The real reasons to study
single-tfop-quark production

A generdlized Drell-Yan and DIS leads to deeper understanding.

First required use of b PDF.
 First real test of heavy-quark PDFs.
* Progenitor of the PDF uncertainty formulae you currently use.

Intrinsically multi-scale

Progenitor of techniques to calculate exclusive final states of massive
systems.

* Massive dipole formalism (MDF), tightening up of PSSM2
Clearest case where NLO jet matching is required.
and MUCH, MUCH more.
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Angular correlations:
the current frontier
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CDF and Di have signals, and yef. ..
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Why the Mahlon-Parke spin-basis works

Both s- and t-channel single-fop 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+cosf?, ;)

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

* t-channel d in highest-E; non-b-tagged jet j;
3/4 of the time. = o oc (1 +cos !, )
For rest, = o oc (1 + cos 6 ; cosbl, )

dilution cos 6}, =1—Q*/(E{E} ) ~ 0.86

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

and W3 production af NLO

do /dcos 6 (fb)

g
o

—
(9]

o
n

5
o

—_
o
T T

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

Original comparison of
t-channel single-top

ents/0.2

done at LO.

Used in neural-nets
by CDF and D¢.

and Wjj background *

CDF Run Il Preliminary, L=955 pb™
L B L L L B BN N B
H Wbb ] Mistags

ttbar
100 | E t-channel O Wwc+Wcc M Ze,,t,Diboson
Syst. Error

eleQ 0} pajedas ojied ajuop

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

Is The background redlly 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

iINn the top quark rest

frame. How much of these correlations is an artifact of that frame?

Does this lead to better discriminates between S, B? e.g., ways to

avoid b-tagging? Are there other useful partic

le correlations?
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LO vs. NLO aft the Tevatron

|5
W

w
(=]
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.

N
W

20 F

[ ]
do /d cos 9;1 (fb)
S @

[
[
T

. °
T

—_
~

s-channel

NLO = LO x K-factor

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

W4j (4+Wbb, Wee)

o
do/dcos 6 (fb)
S ©

LS} B [=)} o
L0 ILJL I B L B B e

, <
T

[oe]
wn

[S3
S

NLO = LO x K-factor

—_
W
T T

do /d cos 0§j1 (fb)
=

Spin-dependent ME fed info PYTHIA/HERWIG get all T s
correlations (not all shown), as long as NLO-matched Oél'l'é'l'l%%ﬁ?fﬁgﬁ?o3 o
ME are used for t-channel. s e 08
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Can you avoid b-tfagging?
No, but if raises a subflety. ..

In the top rest frame, the b recoils against the

W (and the ¢), while j; wants to be close 1o e.

i Proposal: Define "b” to be the

o jet with the largest angle w.r.t.
b e™ in the top rest frame.
Correct b>80% for s-/t-chan.
Y. Equiv. cut: cosft.,, < cos 05

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. .

W34 looks like S|gnoll

40 T T 1T T

- t-channel before cut N

35 777" t-channel~ 1.9 x s-channel 1 =471,

SRTRTERS W jj/100 before cut ik

30 :_,'._'.-_ WJ]/lOO Wbb/l 3 el L 1':
[ ri H

(9]
LI L

—_ [\ [\
e

9]
L LN LR

do/dcosb; (fb)
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NLO cos0;; vs. cost, vs. cos b, — correlations

t-channel 5 : :
NLO-LO< 3% 3"
o < 0 8 g S 03 [ AN

< < . LR
0.2 " =, N \\\‘\\‘\‘\\s\\\; N
ES £y 3702 AR
2 0.1 2 2 IR
< < < 0.1 RN
<. ~ ~
§) c\]b Nb
5.\% 0 ~= = 0

s-channel

g 2 g
NLO_KX I_O &;50_ 3 ES5()
g o. 8 g 0.
negligible =0 k S0
g g ’ 5o \\ 53 0.
: £ 0. e g g o.

also true in g0 e s £
Z 0. Z -.’;:::,,_5'@\\\\\\\\ > 7 < < 0.
£ 0. N2 ”“:t\\\\\\\ = £ L 0.

QY

all Wjj

t € NLO/10Q £ NLO/109 2
cosf,; looked 3, o -
flat, but sum of < o

s % 0 2
2 pedaks + tails. < <5 <
gg ~ 0. s
t t
= cosly; <cosl; e, T

Zack Sullivan, Southern Methodist University — p.19/29



The power of reliable angular cufts

| propose these acceptance cuts as a starting point:
1. cosf, < cos; .

UCH AN B LS UL UL LS
t t - i "'"-E t-channel -
2. cosby,; <cosb; . AT B R
; I Wbb —-=--
3. cos 0y, < 0.6-0.8. Zoaf E
4. cos Héjl > (0-0.4 Or cos Géb > —0.8. :gos -+ —
. Mbj1 > 80120 GeV 5 02 _.l —
= 0.1 -
ReSU”: S/ B ~ 1.25 X SO/ \V BO ’ E!EH '-"..-',_.jl"-zl:nlr:.'-a_];';_!‘}hI-.ll
0 FHEYE

S/B%SXSO/BO 0 50 100 50200 250 300
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
for ALL processes.
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cos0;; Vs. cost, vs. cost; at LHC

t-channel . < <
€12 =120 =120 ¢
! ! 210 S 100 8 100 N
Similar to < e <ol Uk
% 6 % 60 2 60 A
Tevatron g, £ gof W
£ 2 £ 20 £ 20 N 1
N 0 0 SR
R > Ay

(fb)

3 3
IV bb S f % s’ N
— < | < S | \
=10 F - = ‘..'
Small and - 3 3 I
it 2 sF ] <] 2L
opposite 5 > E = >
' 0 & . R .
single-top!!! 5 s > == S
3 ~0. b
< Cos ge NG 7 COS&; NN

COS&,{'(, Q2 N L

The main background at LHC is from tt, but there are large Hondles here.

NOTE: ¢ 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-fop-quark theory status

NLO cross sections

Tevatron(t + t) LHC (&) LHC ()
t-channel 1.98+02pb 15594+ 72pb 90.7+4.2pb
s-channel 0.88 £0.1 pb 6.6+0.6pb 4.14+04pb
Wtp,s < 50 GeV) ~ 0.07 pb ~ 33 pb ~ 33 pb

Z.S., PRD 70, 114012 (2004); J. Campbell, E. Tramontano, NPB 726, 109 (2005)
Spin-dependent NLO exclusive cross sections

MCFM 5.1 MC@NLO 3.3
Matrix-element calculation Showering MC (w/ HERWIG)
of t-,s-channel, Wt of t-,s-channel
Gives distributions Gives events

Need to verify angular correlations
BOTH tools should be used to confirm quality of predictions.

Single-top-quark theory is in good shape.
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Dominant backgrounds fo W' production

Dominant Backgrounds Sleorchinglfor peaks in the Wbj
W4 small with > 1b-tag 3 finAl state is proven to be the best
way to look for W’ production
~3.6M/(1TeV) above 1 TeV.

cf. Full simulation in Z.S., hep-ph/0306266

This is dominated by single-top-
quark production af large
0.5 1 1.5 2 2.5 3 3.5 4 iNnvariant mass,

If the b fag is relaxed, Wjj > tj, with the same shape.

Both this figure, and the possibility of a 6 TeV W’ signal, provide a clue to
what really differentiates physics af the LHC vs. physics at the Tevatron. ..

And challenges one of the most common misstatements. . .

Zack Sullivan, Southern Methodist University — p.23/29



PDFs confrol relevant physics af LHC

LHC@xPDR)vs.zatQ=o x 14TV 3 important pivot points:

1025 T T IIIIIII IIIIIII

wk 1 200 GeV wy, ~ uswes — Valence is

0w 3 important here.
L ]

)/

B x g \ ; 21eV uya > g— above aTeV,
SR D = valence quarks dominate.
1073 | T xb -
- 00 e ey STCVR 5TeV PDFs “running out”
B TN BRI R AN — nothing heavier gets
0.001 001 0.1 ! produced on-shell.

This explains large average rapidity for qq, qg events
— ¢va1 PUlled to large z, g and ¢geo Want small x.

The LHC is not a glue factory for physics you care about.

— Color-neutral particles couple to quarks, not gluons.
— New colored parficles fend to be heavy (1+ TeV), and see valence.

This figure is almost identical fo the Tevatron (at /7 fimes the energy).
What differs is that LHC is a pp collider. This changes everything.
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Example /uminosif]y
(with power counting) af LHC

LHC (a"z?x Luminosities) vs. z at Q = x x 14 TeV

1025 T T T T T T T T T 1 u VAVAVAVAY/ 4
Lo wz((uﬂ-l-gdg — -
E- . oasx°(ug +ag) ———— =
. : T~ , gzing(ggg ] Z
S o100 agri(u+d)” —— 5 7 g”GGGG“ u
-g \ 2 jet’ sum - _
g 10-1 E_ _E g 0000 u U \/\/\/\/\Z
=
3 [ ]
1072 -
{3 s ; AN 1
Qd% 103 :_ \ _: q‘ VOlu_VOL
C ] =
104 — 200 GeV 2TeV\§V — g 6e60 u 1 % 1
105 L il R ]

0.001 0.01 0.1 1
z

From a luminosity (with power-counting) point of view,
/ =~/ +1jet~ 7+ 2jetsl (Samein W + X, Wbb+ X, Zbb + X, etc.)

. . Naive jet counting
Color factors and topology are important: < Il.defined

= This is VERY sensitive to cufs. or poorly-defined

In W35 and t-channel single-top, uvaiuva IS iMmportant at a few TeV.
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Tevatron is pp At lower energy
— a fofally different luminosity balance

Tevatron (a?z?x Luminosities) vs. z at Q = z x 1.96 TeV

w’;(ua + ddg
asx (gﬁq —2|- dg

o (g9) This is what we are used fo.

Nﬁ_a#—d) .
‘2 jet’ sum .
] ]
x ] Above Z threshold:

§§ ; Z>7Z+1>7+2.
500 Ge \

; A nice ordering of jets.

a”z?x Luminosities

200 GeV

0.01 0.1 1

1-tag Zc + X n-jet distribution

700 | | I ]
- . NLO —— 1
WATCH OUT * R
500 =
Jet counting fails in some Sanf N E
cases at the Tevatron too! Sa0f 1
Zcj > Zc, Wej > We, etfc. w0 :
This is a teaser. . . 0 + ¥ E
0 [ | | |
1 2 3

n jets
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Single-fop-quark production is the new
Drell-Yan and DIS

q A Trot = 4.9 £ 1.4 pb (D
: .5 pb (CDF)
1. We study single-top-quark production to
* measure V;, = 1.3 + 0.2 (D))
* measure V — A inferaction and top-quark polarization

* search for entire classes of new physics (FCNC, charged currents)
e most importantly, fo understand perturbative QCD

2. We must critically examine correlated angular distributions
* These are useful for single-top itself, and vital in backgrounds

3. LHC is a valence-quark factory (and quark-gluon, and gluon-gluon)

* We must find a way to either calculate exclusive final states that
are stable against experimental cuts or

* ook for alfernate quantities for which we can calculate.,

It will be vital to the success of the LHC to develop close interactions
pbetween theory and experiment of the type single-top-quark
production has enjoyed.
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Extra slides
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PDFs at Tevatfron ~ scaled down LHC

Tevatron (zx PDF) vs. x at ) = x x 1.96 TeV

102 T T T T LELILILI T T T T LELILILI T T T T LI L} I:
10! -
10° \ :
e /f\ 3
TXg —— \ ]
é 10_2 T X Uyq] 3
T X Usea ]
103 rXb —— -
10—4 20 GeV 200 GeV|500 GeV -
10—5 1 1 1 1 L1 11 1 1 1 1 L1 11 1 1 1 1 I-
0.001 0.01 0.1 1
X

LHC (zx PDF) vs. z at ) =z x 14 TeV
102 E T T T LI II T T T LI II T T T LI IE
o E .
00— -
E 101 ;>< _;
~ [ TXg —— ]
3102 = T X Uy -
[ T X usea —— i
1073 Txb— -
10+ | 200 GeV 2 TeV ]
—5 i 1 1 1 L1 1.1 II 1 1 1 L1 1.1 II 1 1 1 1 I-
0.001 0.01 0.1 1
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