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Current and future High Energy Hadron Colliders

. LH
Tevatron, Fermilab o

p soufce

Main Injector. ¢ 5
(new)

2 Km diameter  pp collider at 1.96 TeV , .
8.5 Km diameter  pp collider at 14 TeV

Most important goals:

— Explore mechanism of EWSB: SM Higgs boson?

— Explore the energy spectrum beyond the weak scale: new physics?



Some immediate challenges for the
Tevatron:

— Production of a light SM Higgs

— dingle-top production



Precision EW Physics tests the consistency of the SM
and constraints my

LEP, SLD, and Run I+II of the Tevatron have and are thoroughly testing
the Standard Model (SM) of EW interactions (see LEP EWWG web page)
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The Blue

Sand plot and constraints on
mp
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. dearches for a light SM Higgs Boson
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Tevatron Higgs searches

combined CDF /DO thresholds
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Projected Significance for LHC Higgs searches
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Associated production of SM Higgs with weak vector
bosons at the Tevatron

— Cross sections for SM Higgs — SM Higgs decay branching

production @ Tevatron ratios

103 -_ S TeV 11 T T T I — ]

G [fb]
qq — Wh

10

10 | qq — Zh

g8.qq —> tth

TeV4LHC Higgs workin g group

|

100 120 140 160 180 200

m,, [GeV]



Theoretical Studies of Signal

— NNLO QCD corrections have been calculated for the signal
[0.Brien, A.Djouadi and R.Harlander, 2004]
— O(a) EW corrections have been calculated for the signal

[M.L.Ciccolini, S.Dittmaier and M.Kramer, 2003]
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Associated production of SM Higgs with weak vector bosons:

some recent experimental results

— Results for W H associated
production, August 2007
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—. dingle-top production



SM Single-Top production

>
q
w
t

LO diagrams for s and (a)
t channels: w b
t

(b)

Wolfenstein parametrization of the CKM mixing matrix:
1— 22 A AXN3(p — in)
Vorym = A ] — 122 AN2 + O\
AXN3(1 — (p+in)) —AN? 1

So t — Wb almost 100% within the SM



Theoretical Studies of Signal

— NLO QCD corrections have been thoroughly studied

[T.Stelzer, Z.Sullivan and S.Willenbrock, 1998; B.W.Harris, E.Laenen, L.Phaf,
Z.Sullivan and S.Weinzierl, 2002; ...]

— NLO EW corrections have been calculated for the (SM and

MSSM) Signal [M.Beccaria, G.Macorini, F.M.Renard and C.Verzegnassi, 2006]
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Candidate Events

SM Single-Top production: some recent experimental results

— CDF data sample, August 2007
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Putting constraints in models

CDF Run Il Preliminary L=1.5 fb’’

=~ 9 g RN R R R R RERRE ERRRE RERRR
2 ; O 95%CL ]
45 F B 68% CL -
© : e CDF II Data ]
4 F m SM Prediction -

B O Top-Flavor (m =1 TeV) 3

35 L T.Tait. C.P.Yuan O Ztc FCNC (thc:gZ) _:

C PRDGE 014018 A 4th Family {Vts=0'5] 3

3t o Top-pion (m=250 GeV) -

2.5
2
1.5
1
0.5
0

00,51152253354455
o, (pb)

BSM




Light SM Higgs associated Single-Top production
production with W and Z bosons

W/Z bb QCD production most important irreducible
background!



W /Z bb production

e NLO calculation,
with m, = 0 approx-
imation available 1in
MCFM  (z.ern, L.Dixon
and D.Kosower] [J.Campbell and

R.K.Ellis]

100

Vs=2TeV, B84GeV < My, < 117GeV -

NLO

10 20 50 100 200
u [GeV]

[R.K.E1llis and S.Veseli, 1998]

— Kinematical cuts imposed in massless approximation:

T
.'.KQ%B > My,

o (pp+pp)° > 4my.

— Frror difficult to quantify (~ 10% from LO estimates)



The Calculation

General Structure of Hadronic Cross Sections:

o(pp(p) — W/Z bb) =

1 A
> 5 / dr1das []—",L-( 1y 1) FPP (g, 1) G35 (21, a0, ) + (21 x2)}
—~ 1+

For large transfer momentum &(x1, z9, t) can be calculated
perturbatively in oy



LO calculation with full m; effects

LO Feynman diagrams:
Subprocesses at LO:
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LLO calculation with tull my etfects
(cont. )

—— C(Calculation straightforward, can be fully automatized.

But LO cross section has a large theoretical uncertainty:

— Opening of new production channels at higher orders

— Large dependence on renormalization and factorization

scales



Including O(ay) corrections

A g
05L0($17$27M> — Oé?(ﬂ) {fiL’O(ajlaaj2)+ 451_#)fz'NLO(£E17$27M)}

a-iI}O(xlax27 :u) + 55-5.140(3:1,:62,”) )

~NLO ~virt ~real
00, = 05 +0; .

e Virtual Corrections: one-loop diagrams x LO amplitude
— Whb: qf — Whb
— Zbb: qq@ — Zbb and gg — Zbb
e Real Corrections: tree level diagrams with extra parton
— Wbb+k: qf — Wbb+ g and q(q)g — Wbb+ ¢'(7)
— Zbb+ k: q@ — Zbb+ g, g9 — Zbb+ g and
12(q)g — Zbb + q(q)



Virtual corrections: calculating 67"

Grirt = / A(PSs) Y | Aviwe(if — W/Z bD)[?

where:

S Avie(ij — W/Z bD)) ZZ (Aol + ADAD) =373 2Re (ApAl,) -
D

—— Use dimensional regularization to regularize UV and IR

divergencies

—— UV divergencies are canceled by a suitable set of

counterterms

A real

— IR divergencies will cancel with &;;



Virtual corrections: calculating 67"

Some of the Wbb Diagrams

— Counting: 2 diagrams at LO - ~30 at NLO - 2 pentagons



Virtual corrections: calculating ¢;7"

Some of the gg — Zbb Diagrams
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—— Counting: 8 diagrams at LO - ~100 at NLO - 12 pentagons



~ v1rt

Virtual corrections: calculating ;" - The Integrals

In{o’ul"‘“”}(ql, e Q1N s My 1) =
/ ddt {1 tHL .. t.un}
m)* 12 —mgllt + @) —mi] - [t +q +- -+ gm-1)? —m;, ]

—— Tensor integrals reduced using the Passarino-Veltman

(PV) method

—— Intermediate spurious divergencies — appearance of

inverse powers of (GDs

Challenging computation: At least two independent codes and non trivial
checks



One check: Comparing to Unitarity Methods

We have compared analytically some of the most complex pieces of our
calculation to results produced by using generalized unitarity [z.Bern, L.Dixon

and D.Kosower]

9% «—/ wZ

e b

top _
Bl,t b

e Extract box contributions using BCF ansatz [R.Britto, F.Cachazo and
B.Feng] and compare to coefficient of corresponding box in our

calculation

e In the future we expect to use our results as playground for one-loop

unitarity techniques including (up to 2) massive fermions lines



Real corrections: calculating o; Areal

preal = / A(PS1) S | Areat (i — W/Z Bb+ B)|?

— IR divergencies extracted using Phase Space Slicing (PSS)

method with two cutoffs 1.r.ovens,L.7.Bergnann,B.u.Harris]

— PSS introduces two unphysical parameters: 0, and 0.



Real corrections: calculating areal - PSS 6, and 4. cuts

1. Soft cut for extra parton: F, < d,./s/2 defines:

6_rea1 _ &soft + 5_hard

6%/t calculated in the soft limit (E, — 0).

2. Collinear cut for extra parton: (1 — cosf) < 0. defines:

6_ha7“d Ahard/coll 465 ~hard/non—coll

ghard/coll calculated in the collinear limit (6 — 0).



Real corrections: calculating o

A real

Independence of the total cross section of d, and d. cuts
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O(ay) corrections: combining virtual and real pieces

Virtual

Sample of loop diagrams:

Qi {b
|2, 995
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in M S renormalization scheme

Sample of diagrams with extra parton:
b b
& i a—ei
b % \b
e
b b
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PSS used to extract IR divergencies

—— After renormalization, 6" is UV finite

~ virt

— IR-divergencies of o

A

canceled by IR-divergencies of

— Remaining IR-divergencies reabsorbed into PDF's

—— Final Hadronic cross section is finite

a.real



Numerical Results for the

Tevatron



Experimental Setup

— CKM matrix: Vg = V.e = 0.975 and V,,, = V.4 = 0.222
— PDFs: LO results 1-loop evolution of ooy and CTEQ6L1,
NLO results 2-loop evolution of o, and CTEQG6M.

— Mass Values: My, = 91.1876 GeV, My, = 80.410 GeV and
my = 170.9 GeV. A fixed bottom-quark mass
my = 4.62 GeV



Jet Algorithm

We have used the £k jet algorithm with pseudo-cone size

R=0.7.
b-jet
b-jet
— Inclusive Cross Section: events with & //‘
two (b+b) or three (b-+b+ j) jets resolved
contribute to the cross section V’
l?ght—jet
—— Bxclusive Cross Section: only events et

b-jet

with two (b+b) jets resolved contribute to

light—jet
K
the cross section /

This is the same convention used by MCFM (all following
massless results have been obtained using this program).



Experimental Cuts

e Transverse momentum of the b-jets: p; > pi min (15 GeV)
for both b and b jets.

e Pseudorapidity: |17| < Mmaex (2) for both b and b jets.
e We require both b-jets are tagged.

e If a jet passes p; and n cuts we say it is resolved.



Wbb: Production

NLO QCD corrections impact on total cross sections

Table 1: Summary of LO and NLO Wbb total cross sections, for both massive
and massless calculation, setting p, = pur = My + 2my,.

Cross Section myp # 0 (pb) [ratio]  myp = 0 (pb) [ratio]
o© 2.20][-] 2.38[-]

oNLO inclusive 3.20[1.45] 3.45[1.45]
oNLO exclusive 2.64[1.2] 2.84[1.2]




Wbb: Scale Dependence

5

and Theoretical Uncertainty

cuts: p, > 15 GeV
Inl<2

1 R=07

— LO
—— NLOinclusive i
- NLO exclusive

05 1

2 4
Mk

—— Bands obtained by varying both ur and pur between pg/2 and 4pug (with

po = my + My /2).
e LO uncertainty ~ 40%.

e Inclusive NLO uncertainty ~ 20%.

e Exclusive NLO uncertainty ~ 10%.



Wbb: Scale Dependence for massive and massless calculations
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Wbb: my; distributions, LO-NLO comparison
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W bb:

do/dm,; (fb/GeV)

dG/dmbB (fb/GeV)
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Ao (pb)

Wbb: m, effects, LO-NLO comparison
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Zbb Production

NLO QCD corrections impact on total cross sections:

Table 2: Summary of LO and NLO Zbb total cross sections, for both massive
and massless calculation, setting p, = pur = Mz + 2my.

Cross Section mp # 0 (pb) [ratio] my = 0 (pb) [ratio]
o© 2.21[-] 2.37[-]

oNEO inclusive 3.34[1.51] 3.64[1.54]
oNEO exclusive 2.75[1.24] 3.01[1.27]




Zbb: Scale Dependence and Theoretical Uncertainty

5 T T T T
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-+ NLO exclusive

cuts: p, > 15 GeV
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—— Bands obtained by varying both ur and pur between pg/2 and 4pug (with
po = mp + My /2).
e LO uncertainty ~ 40%.
e Inclusive NLO uncertainty ~ 20%.
e Exclusive NLO uncertainty ~ 10%.



Aa (pb)

Zbb: m, effects, LO-NLO comparison
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Sumimary

e We have calculated the NLO QCD corrections to W/Z bb
production at hadron colliders including full bottom-quark
mass effects

e 40% LO uncertainty is reduced to 20% for inclusive NLO
production and to 10% for exclusive NLO production

e Mass effects reduce by 7% to 9% the total cross section

e Our results are of relevance to the search for a SM-like Higgs
particle and to the measurement of single-top production,
both processes of great interest to the high energy
community.



Outlook

e Currently studying the impact of our calculation on for
single-top searches, where we also consider final states with
less than two b-quarks

e [ HC results are on the way. Since at the LHC gluon
initiated processes are enhanced, we expect some
fundamental differences to appear

e Natural extension to other important processes like ~tt, Ztt
and vbb production

We expect to use our analytical results as a play- |
e ground for more automated techniques for one-loop g

computations |BiackHat collaboration [D.Maitre, WCLHC talk]




Back up slide

Weekly Integrated Luminosity (pb™)
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Scale Dependence for massive and
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Zbb: my; distributions, LO-NLO comparison
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Zbb: myy distributions, massive-massless comparison
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