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Why single top is way cooler than ttbar?

At least three reasons...
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Reason #1| :Teenager vs Newborn

single-top
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® Bornin 1995 ® Just a few months old!

® Good :We already know him well ® Good :a whole new world to explore

® Bad :We ask him a lot! ® Bad :sleep deprivation...
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Reason #2 :
Single top comes in more shapes and forms!

* Strong process: (LO at O(s?): *Weak process : same diagrams as the top decay!
~ |0 pb at Tevatron * Surprising” large cross section:
~ | nb at the LHCI14 ~ 3 pb at Tevatron

*Top discovery mode. ~ 300 pb at the LHC14

*Weak Potential : m¢ *Weak Potential : CKM, anomalous couplings.

* BSM Potential : Large * BSM Potential : Large
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Reason #2 :
Single top comes in more shapes and forms!

' q q g /
W

; 4%
*“Drell-Yan” production mode.  *“DIS” production mode. * Associated production
*Tevatron is sizable (~1pb), quite * Largest cross sections * Sizable cross section (60 pb)
small at the LHC14 (~10 pb). thanks to the t-channel W. at LHC 4, but difficult.

* Fully inclusive x-sec known at  * Sensitive to FCNC involving *Template for tH* production.
NNLO (leading Nc). top. Four-fermion interactions.  * b initiated

* Channel to search for new * b initiated *Interferes with ttbar at
charged resonances (H* orW).  * Final State: | or 2 b’s,W, NLO : subtle definition.

Four-fermion interactions. forward jet * Final State: Ib, 2W and jet
* Final State: 2 b’s +W veto

“No brainer” “Interesting!” “Challenging!!””

*Theorist’s comments
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Example: Direct constraints on the 3rd row of CKM

Remember that R is not so sensitive to Vi, as we already know that Vi, > Vis,Vid

d,s,b

. R: A mUA| 117 [ 1 — Xz 19292  \xz 19 . 11z |2
I

Clbag = RS Y [VilPol ™ +2(|Vigl* + [Vis[?)o™
1=b,s,d

2 _s—ch
O2btag — R ‘V;fb| o
n.b.: naive estimate |

1% [viar vd T TVYTST Vs Y Lol Yo
d,s,b ;
q t

Enhancement due to large d and s densities

% ~ (Vial? + Vsl + Vg )"

7 51 Signal becomes similar to t-channel (only | b-jet)
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Reason #3 : More work for theorists

Current observation relies quite strongly on our confidence that signal is well
described by theory and MC’s.

Uncertainty on the Vtb extraction obviously depends on precision of theory
predictions. Source of errors : PDF (beware the bottom quark!), scales, &s, mp, me.

Still work to do to match the accuracy of the older brother :

. t-channel
Calculation s-channel

(2—2) (2—3)

© All three 2—2 channels available in MC@NLO [Frixione et al.], W/ spin correlations!

®AIll MC implementations currently available for single top processes neglect mp,
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Heavy initial state quarks

Both the t-channel as well as the VWt associated
production have a (heavy) b quark in the initial state

q q g L
z /j:
b t b W
There is an equivalent” description with a gluon splitting to

b quark pairs
t

q q g
%t gw
g b q

b

* At all orders. At fixed order differences arise...
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Collinear logarithms

Both t-channel and Wt production are enhanced by a
collinear logarithm

This results from integrating over a t-channel

propagator
1 1 q

Y

t—m;  pa+m; \])/V

t = (ps —pg)°, PT = P

: PT max dpt2r B
0 pT +m;

_ P, =
AP spll.ttlng g fimes 44 with splitting
function b removed

matrix elements
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Resummation into PDF

—— do(qg — ¢'tb) (azs) / dx ) ,
. ~ [ —= — P, . b ¢
Putting it together dlog p2. . o —Py—aq fql X d(gb— q't)

But the first part resembles the evolution equation for a quark:

dx

dfq s
s~ (52) [ S Prafa + Pianil

So when the logarithms really dominate, we can replace this

description by o(qg — ¢'tb) ~ o(qgb — ¢'t)

Scale of the bottom quark PDF should be related ptmax
At all orders both description should agree; otherwise, differ by:
® evolution of logarithms in PDF: they are resummed

® ranges of integration (obscured here)

® approximation by large logarithm
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b-initiated processes
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Schemes

Two different ways of computing the same quantities:

g b

|. It does not resum (possibly) large logs (=norm.

uncertainties)

2. Going NLO might be difficult.

3. Mass effects are there at any order in PT.

4. MC implementation with ME/PS merging a bit
involved.

|. It resums initial state large logs in the b
pdf, leading to more stable predictions

2. Going NLO (and NNLO) “easy”.

3. Mass effects are normally corrections and
enter at higher orders.

4. Implementation in MC relies on mass
effects given by the PS, which are presently
not very accurate.

Let’s see a couple of examples...
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tWV in the 5F

o o o

Interference with tt at NLO= non trivial problem : definition of the process is at stake

[Tim Tait:(2000),A.Belyaev & E. Boos(2001)]. First MC viable solution proposed
[Campbell,FM,Willenbrock,LH2005] and implemented in MCFM [campbell, Tramontano, 2006].

However, interference is tamed with a (b-)jet veto = sensitivity to low pt partons = soft

resummation = MC with PS and with NLO needed. X
Diagram Removal : Sﬂ-ﬁ

Diagram Subtraction : (Sﬂﬁ T Iaﬁ T Dm;j - ‘Dﬂ\_‘ﬁ)

Result: tW can be defined in
cord DR *a MC-friendly way

Dashed: DS § * (de facto) non-ambiguous way.
Potted: LO j [Frixione, Laenen, Motylinski, Webber, White,2008]

[White, Frixione, Laenen, FM ,arXiv:0908.0631]

Upshot: 5F the most convenient choice to move the
interference problem one order higher!

plrete) - 10 Gev

a/bin (pb)
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Scheme choice in Higgs production

10 7

rr r °r 1 r r 1
o(pp—hg,+X) [pb]
Vs =2TeV

M, =175 GeV

CTEQ4AM

Les Houches 03
HO corrections+
Scale choice!

A IR B T
100 120 160
Higgs Tevatron Workshop 1998
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ACOT formalism

Sensible way to combine the two approaches was formally identified some
time ago: ACOT formalism [aivazis, collins, olness & Tung, PRD50, 3102 (1994)]

Roughly: use the bottom PDF (“5 flavor scheme”, 2 = 2) when the

“spectator b’ is not important, otherwise keep it explicit (“4 flavor
scheme”, 2 — 3)

But what to do in the intermediate region?

® Deciding factor -- simpler to calculate with one less external leg

All higher order calculations
so far have been performed

in the 5F (2 = 2) scheme b

Terms from 4F (2 = 3) enter at NLO.

Properties of spectator b are only LO

g
All calculations presented so far set my=0 in final state for simplicity
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Need for matching in the 2 = 2 calculation
At LO, no final state b quark

At NLO, effects related to the spectator b only enter at this order and not
well described by corresponding MC implementations

“Effective NLO approximation”: separate regions according to pr(b) and use
(N)LO 5F (2 = 2)+ shower below and LO 4F (2 — 3) above
/ \

dN dP,(b), GeV~!
dﬁfdpr(b)a Pb}"GEV 2-2ejent/ 7(b), Ge

Sum 1.8
CompHEP, Py(b) > 20 GeV

.................... . PYTHIA, P;(b) < 20 GeV 1.41 matched

Lol at |10 GeV

0.6-

Boos et al., s : i
Phys. At. Nucl. : : -' 0.2

69, 1317 (2006) 20773040750
| Py(b) (bin = 1.00 GeV)
N

® Ad hoc matching motivated by necessity, but theoretically unappealing.

® Done in a formally consistent way in MC@NLO (but W|th mp=0)
DESY, Single Top Workshop, 14 Sept 2009




NLO in the four-flavor scheme

® Use the 4-flavor (2 = 3) process as
the Born and calculate NLO

® Much harder calculation due to
two different masses and extra parton

® Spectator b for the first time at NLO 9

® Compare to 5F (2 = 2) to asses logarithms and applicability

® Starting point for future NLO+PS beginning at (2 — 3)

q q
A Y «
T A g

e
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Checks of the calculation

Real emission including subtraction terms checked against
MadGraph & MadDipole

Gauge invariance, CP, m¢ & mp symmetry

® Two different reduction schemes

® Most interesting check comes from crossing the whole calculation
q q' e b
Change couplings, 7
W t M¢ — M, sign of

| boson virtuality \
g et b
Nason & Oleari, NPB 521, 237 (1998)
® Excellent agreement found
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Setup

Process implemented in the MCFM parton-level NLO code
Use m=172 GeV and mpy=4.5 GeV
For the 5F (2 = 2) scheme, use regular PDF

For 4F (2 = 3) calculation, PDF’s need special treatment for
consistency

® the b quark should not enter the evolution of the strong coupling
or the PDF: MRST2004FF4

® could also use a 5F PDF and pass to the 4F scheme using transition

rules b)’ Cacciari et al., JHEPO5, 007 (1998)

We use second option: CTEQ6.6 PDF set for both
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Scale dependence

| ' ' | | I .
ag%*% at NLO (solid) and LO (dashed) in pb - Both schemes much Improved
%3 at NLO (solid) and LO (dashed) in pb - from LO

5F (2 = 2) only mildly sensitive
to scales at NLO (use m¢ in
what follows)

4F (2 = 3) expected to be
worse, but isn’t much

Hardly a region of overlap
between the two

4F (2 = 3) prefers smaller scales

L - than m,, particularly at the
u/m, ’ ' Tevatron
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Similar behavior inWQ :2—1| vs 2—2

[Campbell, FM, Mangano, Tramontano, in progress]

2—>1 LO dashes mW= 80.4, mQ= 4.5
2—>1 NLO solid Tevatron, Run II
2—>2 LO dashes

2—>2 NLO solid

Conjecture: “Universal behaviour” for the scale dependence of the
5F and 4F calculations.
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Scale dependence 2 — 3

® Due to the near-factorization between the heavy and light quark
lines we can vary the corresponding scales independently

® Expect smaller scale for heavy line due tog — bb  splitting

e Tevatron, LHC is similar "#(2 > 3) at NLO (solid) and L0 (dashed) in fb (ML=mt/l4) heavy scales

| o(2 » 3) at NLO (solid) and LO (dashed) in fb (u*=m,/2) | ﬁxed,
/light varying

3 light scales
Preference for scales smaller ; ‘ ] fixed,
than m: - 1 heavy varying

heavy line, as expected

Choose central values:

pr =my/2, pg = my/4
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t-channel best cross sections : 2—2 vs 2—3

[Campbell, Frederix, FM, Tramontano, 0907.3933]

L 5F (2 > 2)

N
o
<)

[y
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o

[\V]
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o

[
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(9}

Tyot+t) [pb]

ono(t+t) [pb]
oo(t+t) [pb]
)
3

—_
(Y}
o

Tevatron scale (dots) | LHC (10 TeV) scale (dots)
| m,=172 GeV + PDF (dashed) ] — m,=172 GeV + PDF (dashed) —

LHC (14 TeV) scale (dots)
m,=172 GeV + PDF (dashed)

ot +1) 2 — 2 (pb) 2 — 3 (pb)

.
Tevatron Run II 1.96 J:H;g; fg:fg fﬂ;% 1.87 iﬁ;é‘f J:H;iﬁ fg:% fg:ﬁi

LHC (10 TeV) 13012 +3 2 124 2 +2 42 43

LHC (14 TeV) 244 +3 +3 43 234 7 5 43 4

Uncertainties: scales, PDE m: (1%), mb4%)
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t-channel best cross sections : 2—2 vs 2—3

Conservative combination of scale and PDF uncertainties
PDF uncertainty dominant at Tevatron, but not at the LHC

b-mass uncertainties at the same level as t-mass ones [Overseen in
previous studies].

Consistent at the Tevatron: logarithms not so important!?
For the LHC, the minor difference could point to either:
® J|arge logarithms being resummed
® b-pdf’s might not be accurate...

® Higher order corrections (NNLO for 2—2) important...
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Fourth generation x secs.

LHC (14 TeV), CTEQS.
Tyo(R~>2) [pb]
oo(2-3) [pb]

LHC (14 TeV), CTEQ6.6, in fb

LI IIIIIII
4
11 I|IIII|

200 300 500 700 1000
m,, [GeV]

The NLO 2—3 massive calculation can be also used to
make reliable predictions for t'b, b’t and b’t’ cross sections.

It is interesting to see where the cross over between the
QCD and the EWV productions are at the LHC.

g In these plots all the relevant CKM elements are set to one.
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0.20 dashed: do?*?/dn "_dashed: do?*3/dn light jet _]
¥ solid: do?*3/dn " [ solid: do®*3/dy ]
0.15 normalized [ normalized

Tevatron -
0.10 ]

0.05 Tevatron
F LHC

0.8 =—
-4

dashed: do®*?/dp,

| solid: do®**3/dp, — solid: dg?*3/dp,,
normalized 9 normalized

N DL L DL
- top quark dashed: do?®*3/dp, 1

Tevatron . Tevatron
LHC ] LHC

P(t) (GeV) P(i) (GeV)

Some differences, but typically of the order of ~10% in the
regions where the cross section is large
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Spectator b

S D L L
. dashed: do?*?/dn Spectator b
= solid: do®*3/dn

- normalized

Tevatron
LHC |
—+—

L T—
—2 0
n(b)

® First NLO prediction for this observable
® Slightly more forward in 4F (2 = 3), particularly at the Tevatron

® Deviations up to ~ 20%
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Spectator b

A D
dashed: do**?/dp, 0.06 [
solid: dg**3/dp,, :

normalized O°O4;

E Tevatron
— LHC

® First NLO prediction for this observable
® Slightly softer in 4F (2 — 3), particularly at the Tevatron

® Deviations up to ~ 20% : perturbatively quite stable
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Similar behavior inWQ :2—1| vs 2—2

[Campbell, FM, Mangano, Tramontano, in progress]

W+Q , Vs=8 TeV
mQ=4.7 GeV

LO
NLO
2— | +PYTHIA

1/0 do/dp(b) [fb/GeV]

10 20 30
pr(b) [GeV]

e pT spectrum of the spectator HQ unchanged

 no call for resummation

* the 2—2 prediction for the spectator theoretically solid.
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ME+PS comparison at LHC

—— MG/ME 2> 3
——— MG/ME+Pythia 2> 3

—— Pythia2—> 2

ug— dt(b)
LHC CTEQS6L1
Def Q%-ord. showers

—— MG/ME 2 3
——— MG/ME+Pythia 2 3

—— Pythia 2 2

=|_ ug— dt(b)

LHC CTEQ6LA1

I Def Q-ord. showers
i | ~1 1Ll l 1 Ll l 1 1Ll I 1 Ll l 1 1 l-ﬂ 11 I 1P 11 I | . I | . I [
20 40 60 80 100 120 140 160 180 2(

5 -4 -3 2 -1 0 1 2 3 4 ¢ 0
n(b) P+(b)

pT and n spectra of the spectator HQ from the 2— 3 prediction are
accurate and do not need any dangerous matching...

More work in progress with A. Giammanco, J. Bauer and R. Frederix.
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NLO MC at the LHC
NLOwPS : MC@NLO

Konstantinov et al., CMS AN-2009/024

(=]
-

1N diidP,

k=]
S
T

'IlllN d”llldp. Fribh IEH
1N 'ﬂN."'ﬂ‘l']!""" BF&R

5 30
F'T 2 _BFSR T_Iﬁlm_EFS-FI

®AIll MC implementations currently available for single top processes neglect mp,
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NLO MC at the Tevatron

[Aioli,Nason,Oleari,Re :

wPS : POWHE

|

|

|

solid: POWHEG :
dﬂlﬁhﬂs: PYTHIA x ﬂ.?
|

gl

I
llll.i]l.llllllil.illlll

—4 -2 0 2
Y&
NLO(2—2) +HERWIG NLO (2—2) +Pythia

Shower for initial states HQ needs to be corrected in HERWIG and in
general improved! Work in progress... (u.seymour. et al.;

®AIll MC implementations currently available for single top processes neglect mp,
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Applications of the new NLO calculation

Event though b quarks in the 4F (2 = 3) scheme are more forward
and softer, we expect to see more b’s than in the 5F (2 = 2)

In 5F (2 = 2) only a subset of real emission diagrams have a final
state b quark

Define “acceptance” as the ratio of events that have a central, hard
b over inclusive cross section:

a(|n(d)| < 2.5, pr(b) > 20 GeV)

Oinclusive
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Very large scale dependence for
5F (2 — 2),
— effectively a LO quantity

NLO 4F (2 = 3) much more
stable

Dramatic effect at the Tevatron,
important at the LHC.

DESY, Single Top Workshop, 14 Sept 2009

Acceptance

I ' ' F I
Acceptance: o(|n(b)|<2.5, p(b)>20 GeV)/c in %

2 > 2 at NLO (solid)
2 > 3 at NLO (solid) and LO (dashed)

0.2 0.5 1.0
M/ my

4 —=32%—> DO

—>»29%> best

—>|7%—> CDF

1 —»36%—> best
1 =—»27%> CMS




t-channel single top at Tevatron

[Frederix, FM, Schwienhorst, Les Houches 2009]

— MCFM K __ MCFM
2—=3 NLO 07 2—=3 NLO
___ CompHEP s ___ CompHEP
+Pythia I +Pythia
CompHEP s _ CompHEP
o parton level parton level

ik
S

T

do/dp_ [pb/GeV]

—
=

Fa
TT

10°F Z

_|J||||L||||J||||L||||||||...;l....l...;lm[:], _J L i i L0 s PR PR T S
0 10 20 30 40 50 60 70 %? %& J? . 2 4 6

spectator p. [Ge spectator b n

DO has used samples obtained by COMPHEP+Pythia with a “hard pt
matching” that are in good agreement with the 2—3 NLO predictions.
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Consequences for single top observation!?

Difficult to say a priori, but work in progress
Naively:
® No change in total cross section (s + t channel) = significance of the

observation and Vtb not much affected. Needs to be carefully checked!

More events that were considered s channel before are in fact t
channel, because more t channel events have also a spectator b quark

DESY, Single Top Workshop, 14 Sept 2009



Consequences for single top observation!?

® Difficult to say a priori, but work in progress
® Naively:
® No change in total cross section (s + t channel) = significance of the

observation and Vtb not much affected. Needs to be carefully checked!

More events that were considered s channel before are in fact t
channel, because more t channel events have also a spectator b quark

b ,
q < ! !
>%< - §<b
q b ’ b e+t

Measured t channel might go up, s channel might go down!!
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s and t channel separation at CDF

\.

CDF Il Preliminary 3.2 fb™ Aln(L)

.
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® CDF has published separated
results for the cross sections
based on the |17% acceptance.

ot

Could this explain (at least part
of) this 2 sigma deviation!?
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CDF single top groups are
addressing this issue.

o

0051152253354455
s-channel cross section [pb]

CDF note 9716
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Lesson from the 2— 3 t-channel calculations

Single top (multivariate) analyses rely heavily on the MC’s for the
expected signal (and to a less extent background) distributions.

We should always keep in mind that the adjective “NLO” can only
be meaningfully associated to an observable NOT to a calculation!!

iii. In any case, the effect of theoretical uncertaintes (scale and PDF
uncertaintes) on the analysis should be always estimated in situ.

iv. Single top can also be thought as a template to other difficult
searches at the LHC.

DESY, Single Top Workshop, 14 Sept 2009



Conclusions

S Single top offers unique and exciting opportunities for testing the
SM and probing new physics at the Tevatron and even more at the

LHC.

>X€ Theory and MC’s under continuous improvement to match the

needs of the experimental analyses (which are more demanding than
those of ttbar!).

S Single top is also one of most “influential” examples of processes
that can be described with heavy quarks in the initial state : known
but always hot QCD issue.

N/
e A lot of work and fun ahead...
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