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IREEERSIMIT s the ONLY quark

B ifaramatlral mass

Miop = Y21 V/vV2 =174 GeV= v; = |
't “'strongly” Interacts with the Higgs sector.

2. that decays semi-weakly, and before hadronizing
= b/ Aocp = 2+ 102 s
Tiop = D/ Tiop = /(G me [Vip|¥/8TT/2) = 50105

(with h=6.6 1075 GeV s)
Compare with Tp = (GF2 mp> [V k) = 10-125)

[t i1s a “naked” quark : flavor and EW physics at their best!
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Largest cross section (LO at &s?):

~ |0 pb at Tevatron
s Ui ol ] @]

Precision physics studies
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b=

Weak process : same diagrams as the top decay!

Cross sections smaller than QCD but enhanced by a
lower energy cost:

~ 3 pb at Tevatron
e oUporain @V

Three independent channels.
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WE KNOW A LOT ALREADY FROM THE TEVATRON...

loEiqlaremass: | /3.5 £ |.| GeV

SR IE @ Eross section

« W-boson helicity fractions

 Spin correlations between the top quarks are measured by fitting a double distribution
» Forward-backward asymmetry: A = 0.15 £ 0.0/ £ 0.02

* M, pt, Hrdistributions

* Decay width: [t < 7.4 GeV at 95% C.L

* Branching fraction:
ety = 0,61 at 957 CIL

B Celileteharee 0 = 4/5 excluded at 8/7% C.L
* Single top production cross section
» Measurement of |Vis| = 0.88 £ 0.0/

» Discrimination between t- and s-channel production
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WE KNOW A LOT ALREADY FROM THE TEVATRON...

loEiqlaremass: | /3.5 £ |.| GeV see K. Soustruznik’s talk

» ttbar cross section see A. Lister’s talk
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 Spin correlations between the top quarks are measured by fitting a double distribution
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* Branching fraction: see K. Rao’s talk
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PROGRESS IN SM TOP PREDICTIONS

Top pair cross section and distributions:

Updates of total top pair cross section (NLO QCD + threshold res. (NLL)) Moch, Uwer; Cacciari et al; Kidonakis, Vogt
NNLL extensions at threshold: two slightly different definitions of threshold Czakon et al; Beneke et al.;Ahrens et dl.
Forward-Backward asymmetry from threshold resummation Almeida et al; Ahrens et al.,; Antunano et al; Kidonakis;
Top pair invariant mass very close to production threshold (resonance peak) Hagiwara et al; Kiyo et al.

Partial results towards top pair total rate at NNLO QCD Czakon; Bonciani et dl. ...

Top pair + jets: top as a background to Higgs searches: H— W*W- and ttH

pp — tttjet Dittmaier et al; Melikov, Schulze

pp — tt bb Bredenstein et al,; Bevilacqua et dl.

pp— tt ) Bevilacqua et dl.

tt(+jet) production including decay at NLO QCD Melnikov, Schulze; including weak interference corrections Bernreuther, Si
tt spin correlations revisited Mahlon, Parke; Bernreuther, Si

Single-top:

Single top t-channel production at NLO QCD in 5 and 4 flavor schemes Campbell, Frederix, FM, Tramontano

Single top Including decay at NLO QCD Falgari et al.

Monte Carlo at NLO:

Wt production at NLO QCD in MC@NLO Frixione et al; White et al.
tt+ | jet in via the POWHEG-Box Cardos et dal..

4F 4 in aMC@NLO Frederix.et dl.
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Top pair cross section and distributions:
e Updates of total top pair cross section (NLO QCD + threshold res. (NLL)) Moch, Uwer; Cacciari et al; Kidonakis, Vogt
* NNLL extensions at threshold: two slightly different definitions of threshold Czakon et al; Beneke et al;Ahrens et al.
* Forward-Backward asymmetry from threshold resummation Almeida et al;Ahrens et al.;Antunano et al; Kidonakis;
e TJop pair invariant mass very close to production threshold (resonance peak) Hagiwara et al; Kiyo et al.
 Partial results towards top pair total rate at NNLO QCD Czakon; Bonciani et al. ...

Top pair + jets: top as a background to Higgs searches: H—= W*W- and ttH
* pp — tttjet Dittmaier et al; Melikov, Schulze
* pp — tt bb Bredenstein et al,; Bevilacqua et al.
* pp— tt ) Bevilacqua et al.
(t(+jet) production including decay at NLO QCD Melnikov, Schulze; including weak interference corrections Bernre

Single-top:
 Single top t-channel production at NLO QCD in 5 and 4 flavor schemes Campbell, Frederix, FM, Tramontano
 Single top including decay at NLO QCD Falgari et dl.

Monte Carlo at NLO:
e Wit production at NLO QCD in MC@NLO Frixione et al; White et al.
e tt+ljet in via the POWHEG-Box Cardos et al.
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PROGRESS IN SM TOP PREDICTIONS

Top pair cross section and distributions:
e Updates of total top pair cross section (NLO QCD + threshold res. (NLL)) Moch, Uwer; Cacciari et al; Kidonakis, Vogt
* NNLL extensions at threshold: two slightly different definitions of threshold Czakon et al.; Beneke et al.;Ahrens et dl.
* Forward-Backward asymmetry from threshold resummation Almeida et al;Ahrens et al.;Antunano et al; Kidonakis;
e TJop pair invariant mass very close to production threshold (resonance peak) Hagiwara et al; Kiyo et al.
 Partial results towards top pair total rate at NNLO QCD Czakon; Bonciani et dl. ...

Top pair + jets: top as a background to Higgs searches: H—= W*W- and ttH
* pp — tttjet Dittmaier et al, Melikov, Schulze
* pp — tt bb Bredenstein et al,; Bevilacqua et al.
* pp— tt ) Bevilacqua et al.
e tt(+et) production including decay at NLO QCD Melnikov, Schulze; including weak interference corrections Bernreuther, Si
* tt spin correlations revisited Mahlon, Parke; Bernreuther, Si
Single-top:
 Single top t-channel production at NLO QCD in 5 and 4 flavor schemes Campbell, Frederix, FM, Tramontano
 Single top including decay at NLO QCD Falgari et dl.

Monte Carlo at NLO:
* Wit production at NLO QCD in MC@NLO Frixione et al; White et al.
e tt+ljet in via the POWHEG-Box Cardos et al.

N aMC )N O aderix et a
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PROGRESS IN SM TOP PREDICTIONS:
EXAMPLE 1: SIGMA(T TBAR)

i 2 2
OPGe = Z/ dwldfv2 fa(ajlmu%)fb(aj%u%’) X &abeX(:ElaanaS(M%{)v QQ ) Q2 )
o e
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PROGRESS IN SM TOP PREDICTIONS:
EXAMPLE 1: SIGMA(T TBAR)

i 2 2
OPGe = Z/ dwldfc2 fa(ajlmu%)fb(x%u%’) X &abeX(:ElaanaS(M%{)v QQ ) Q2 )
0 e

~ 2
a1 Jg e (VSO T g0
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PROGRESS IN SM TOP PREDICTIONS:
EXAMPLE 1: SIGMA(T TBAR)
Q QQ)

uE U

1
ox =3 [ duidzs fulon i) fo@a, k) x Gapox (@1, 22, 053),
0

A 2
a1 Jg e (VSO T g0

[Dawson et al, Beenakker et al., Bonciani et al. Kao,

Total cross section at NLO: Wackeroth, Bernreuther et al, Kuhn, Scharf, Uwer]
ol = T4 ot 5+ #log B + -1
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PROGRESS IN SM TOP PREDICTIONS:
EXAMPLE 1: SIGMA(T TBAR)
Q QQ)

uE U

1
ox =3 [ duidzs fulon i) fo@a, k) x Gapox (@1, 22, 053),
0

~ 2
a1 Jg e (VSO T g0

| [Dawson et al, Beenakker et al., Bonciani et al. Kao,
Total cross section at NLO: Wackeroth, Bernreuther et al, Kuhn, Scharf, Uwer]

ol = T4 ot 5+ #log B + =y

Total cross section at NNLQO: [Czakon et al., Moch et al, Beneke et al. Ahrens et al, Kornert et al.

o_ #  #log’B+#logB+#
7 o

- #log* B+ #log® B+ ...+ ¢
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PROGRESS IN SM TOP PREDICTIONS:
EXAMPLE 1: SIGMA(T TBAR)
Q QQ)

uE U

il
ox — Z/ d$1d332 fa(ajlaui_’)fb(x%u%’) X &ab%X(thQaaS(M%{)?
0

~ 2
a1 Jg e (VSO T g0

[Dawson et al, Beenakker et al., Bonciani et al. Kao,

Total cross section at NLO: Wackeroth, Bernreuther et al, Kuhn, Scharf, Uwer]
ol = T4 ot 5+ #log B + -1

Total cross section at NNLQO: [Czakon et al., Moch et al, Beneke et al. Ahrens et al, Kornert et al.

o_ #  #log’B+#logB+#
7 o

Beware: NNLO corrections not known exactly yet!!

- #log* B+ #log® B+ ...+ ¢
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PROGRESS IN SM TOP PREDICTIONS:
EXAMPLE 1: SIGMA(T TBAR)

pole mass —
Langfeld, Moch, Uwer 2009 3

o [pb]
o
=3} LN
|
I
i
¥
1l | 11l

5 F Tevatron h ~. _E
5 b MSTW 2008 NNLO :

s E m =173 GeV :
3.5

Approximated NNLO results:
very good scale dependence improvement:
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PROGRESS IN SM TOP PREDICTIONS:

EXAMPLE 1: SIGMA(T TBAR)

85 |
. 10 —
¢ pole mass E 95 Tevatron ]
75 Langfeld, Moch, Uwer 2009 3 ¥ -
_ 8 ] g MSTW 2008 NNLO ]
7 -.-hj ~~~~~~~~~ e 8.5 m(m) = 163 GeV -
6.5 ~-. \H_- 8 i
ﬁ ot x .. _f - AN N
c \ s O f = — - e —_ E
[ __ =] - - - _h:--'-- ‘-"'“'_"'Lh-l--.‘
55 \ ] ? g I /J-- -__H_hh“'m_ ._.--h-“ >
5 b Tevatron . J e g
: : 65 | ’ . 3
45 E MSTW 2008 NNLO : ]
[ i 6 F .
3 m =173 GeV E X ]
: ] 55 | MSbar mass .
35 Langfeld, Moch, Uwer 2009 ~ o]
1 d - ' '
L] TP 1

Even better if the MSbar masstisiisSEaRE
parameter in the calculation : possibility of
extracting the mass from the cross section.

Approximated NNLO results:
very good scale dependence improvement:

23rd Recontres de Blois - May/June 201 |

Monday 30 May 2011



PROGRESS IN SM TOP PREDICTIONS:
EXAMPLE 1: SIGMA(T TBAR)

pole mass —
Langfeld, Moch, Uwer 2009 3

o [pb]
o
=3} LN
|
I
i
¥
1l | 11l

5 F Tevatron B .~ _E
5 b MSTW 2008 NNLO :

s E m =173 GeV :
3.5

Approximated NNLO results:
very good scale dependence improvement:
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6.8 ' /s = 1.06 T
: V5 = 1.96 TeV]

6.6 B~o pg* = 400 GeV:
= e e
364‘ - _
= s :
L 6.2 - TS _
6.0 [ IR
R e —
0r | 1.5 2

1L // ,ude{ Ahrens et al. 201 |

i

Different approach (SCET).
Prediction 1s somewhat lower than previous results.
Differences are smaller at the LHC




PROGRESS IN SM TOP PREDICTIONS:
EXAMPLE 2: WWBB

» Calculations beyond LO so far used the narrow width approximation for the top quark pair
production: tops are assumed to be stable
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PROGRESS IN SM TOP PREDICTIONS:
EXAMPLE 2: WWBB

» Calculations beyond LO so far used the narrow width approximation for the top quark pair
production: tops are assumed to be stable

g _ b
\QQQQ t‘ / s
* However, top quarks . W~ Yy
decay, so the true LO f et

. . : W
diagram Is this one . ) Ve
t
gy}y \ b
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PROGRESS IN SM TOP PREDICTIONS:
EXAMPLE 2: WWBB

» Calculations beyond LO so far used the narrow width approximation for the top quark pair

production: tops are assumed to be stable

\QQQQ t

- However, top quarks
decay, so the true LO
diagram Is this one

gy}y a \
Mgyt e

ERMRECERinclie ale quite a
few more diagrams of

|
the same order.. g ‘99}9/ L
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PROGRESS IN SM TOP PREDICTIONS:
EXAMPLE 2: WWBB

» Calculations beyond LO so far used the narrow width approximation for the top quark pair
production: tops are assumed to be stable

g _ b
\Q{QQ t’: / e
« However, top quarks W U
decay, so the true LO t ¥ .
diagram is this one W )
= Q Ve
t
q ‘9}9)/ \
9 /

\QQQQ t _

; — - W= 2!
|

B i ctiere are quite a vWV\A<< Ve

few more diagrams of

|
the same order... g 395)/ ]

 Gauge invariance guides us to include also single-resonant and non-resonant
production. Note that there is interference between the diagrams above

S
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PROGRESS IN SM TOP PREDICTIONS:
EXAMPLE 2: WWBB

T

nog - p

» Recently, the full NLO computations to the WWbb "¢, ¢ JMNMV/{ e Ry T

process were calculated by two independent groups t -EE b tN\WQ\ b
1 + ot

Denner et al.; Bevilacqua et al. b e
= —— € - = <
gypy t W v g t \
et
Ve

=

S

S

» Consistent description of top palr; single top and g b gw
. : t _ t
non-resonant contributions at NLO oo 1 A
t

- w
W e p, g oo,
» Particularly important when cuts require tops to be )
off-shell I
b ~
L

b
g
g _
b
-
% "

t
et

- No need to disentangle top pair and VWt and apply

separate K-factors when studying the “top”
background to e.g. H = WW

Ve

b w+
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PROGRESS IN SM TOP PREDICTIONS:
EXAMPLE 2: WWBB

if1Q

3
%%‘9
&

R ccmuls e il NLO computat?ons to the WWhb : Ak CVIS'\[Q=7' TcVIl_ '='3;611;b' AR
process were calculated by two independent groups ¢ it

Denner et al.; Bevilacqua et al = W
" | 60 1
G g JOPP
» Consistent description of top palr; single top and 50 Wiidte,
non-resonant contributions at NLO 40 '
» Particularly important when cuts require tops to be 30
off-shell
* No need to disentangle top pair and Wt and apply
separate K-factors when studying the “top” .
background to e.g. H = WW 0 1 2 3 4 5
. ij
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PROGRESS IN SM TOP PREDICTIONS:
EXAMPLE 2: WWBB

» Compared to the LO WWhbb production, the NLO corrections do not lead to an overall
change in normalization:

- LHC (7TeV) N0 —— | = Tevatron  no ;
= ' - - '
§ [

—
2 1
é?'E
S
S 0.1
2.5 ! : |
2l NLOLO —— 2.2 Nolo
1'5 i 1.5 Denner et al. -
0.5 ' . . . 0; - T —— S -
0 50 100 150 200 250 20 50 100 0 200
Plimes [GOV] pr,[GeV]
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PROGRESS IN SM TOP PREDICTIONS:
EXAMPLE 3: COLOR CHARGE ASYMM.

o(Ay > 0)+ o(Ay < 0)

Tevatron

top LHC
anti-top

top
anti-top

o
n n

A?JTEV — (e (V1 AyLHC = |yt‘ —‘ yf‘

Other definitions are used: lab frame at Tevatron, central charge [Antunano, et al] and one-side
asymmetries [Wang et al. 2010] at the LHC which depend on a cut. Acc at the LHC has been introduced
by CMS (in terms of pseudo-rapidity). LHCB does not need any special definition [Kagan et al.]
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PROGRESS IN SM TOP PREDICTIONS:
EXAMPLE 3: COLOR CHARGE ASYMM.

Inturtive picture:

“ ¢

> <:/ =

A e
5. SN EE VN

q t
-t gt
q _|__Q_
qg-kt-k q-kt-k

The probability to emit a gluon Is larger the more the top Is accelerated (lke in QED) and
therefore going backwards, so the contribution to the Arg asymmetry is negative

P )<

The virtuals have to cancel the soft divergences of the reals and therefore the contribution
s of the opposite sign and In fact positive and much larger.

In the soft limit \Asoft|2 ~ \Abom\2 ( ) q-t=E,F:(1— cosf)
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PROGRESS IN SM TOP PREDICTIONS:
EXAMPLE 3: COLOR CHARGE ASYMM.

M,; < 450 GeV

M,; > 450 GeV

CDF —0.116 == 0.154 0.4754+0.114
MCFM 0.040 4+ 0.006 0.088 +0.013
A" _
H'E__+ tt parton - level
CDF data 5.3 fb
| — #nLoocp
0.6 1+ »
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events

100

de facto
confirmed by DO
and by dilepton channel in CDF.

~CMS Preliminary = edata

- 36 pb'at\'s =7 TeV Bt

I e+jets, u+jets Wsingle top.
AZ°=0.018+0.034 B Z+jets

FW-+jets

[]Qch
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PROGRESS IN SM TOP PREDICTIONS:
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EXAMPLE 3: Arg (COLOR CHARGE ASYMM.)

A

3
tf Aayg -

—Bozfngr...

CC_CO&%«—

—Da%—l—...
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Observable only
known only at the leading order!




PROGRESS IN SM TOP PREDICTIONS:
EXAMPLE 3: Arg (COLOR CHARGE ASYMM.)

3 4
Atf N A&S P BOéS e Observable only
@@ CO&% A DCM% B known only at the leading order!

s* (NNLO) calculation for the sigma(ttbar) not available yet. However,

| Improved approx NNLO results indicate no major changes
[Almeida et al; 2010 Ahrens et al. 2010; Antunano et al 2010.; Kidonakis 201 ]

2. Studies on tt] indicate that the nature of the asymmetry is twofold and

no genuinely new contributions should arise at higher order.
[Melnikov & Schulze, 2010]

3. EW corrections are small [Kuhn & Pagani 201 1]
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PROGRESS IN SM TOP PREDICTIONS:
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EXAMPLE 3: Arg (COLOR CHARGE ASYMM.)
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3 4
A&S i BaS T Observable only

Atf =
o Ca% + Dad + ...

s* (NNLO) calculation for the sigma(ttbar) not available yet. However,

| Improved approx NNLO results indicate no major changes
[Almeida et al; 2010 Ahrens et al. 2010; Antunano et al 2010.; Kidonakis 201 ]

2. Studies on tt] indicate that the nature of the asymmetry is twofold and

no genuinely new contributions should arise at higher order.
[Melnikov & Schulze, 2010]

3. EW corrections are small [Kuhn & Pagani 201 1]

Note, on the other hand, the interesting pattern:

ttbar : LO=0 +Virtual>0 (large) + Real<O (small) = 0.05

t tbar | : LO<O0 (-0.08) + Virtual>0 (large) + Real<0 (small) = -0.02

e[ O <0

Virtuals always dominate : what about the two-loop contributions! to be seen..

known only at the leading order!
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OUTLINE

® [he mportance of being Top

® Precision SM lTop Physics

® Top as tool for BSM pheno: strategies with examples™

® (Outlook

*see also G. Moreau’s talk
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Ok, top Is special and a lot of data coming,
but why are we getting so excited about It/
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Ok, top Is special and a lot of data coming,
but why are we getting so excited about It/
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TOP AS A LINK TO BSM

The top quark dramatically affects the stability of the Higgs mass.
Consider the SM as an effective field theory valid up to scale A:

t WZ B
3 1 1
e 872 2 | 1672 g | i &

Putting numbers, | have:

A 2
BIEE e [ (2TeV): - (100 GCeV)- + (500G
: 10TeV
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TOP AS A LINK TO BSM

ree loops

i ~ (200 GeV)?

top gauge niggs N
(200 GeV)? = m3y + [—(2TeV)? 4 (700 GeV)? + (500 GeV)?] <1OTeV>
Definition of naturalness: less than 90% cancellation:

At < 3TeV At < 9TeV At < 12TeV

One can actually prove that this case in model independent way, Le. that the scale
assoclated with top mass generation is very close to that of EWSB
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TOP AS A LINK TO BSM

There have been many different suggestions! Fortunately, we
can say that they group Iin | +3 large classes:

|. Denial: There is no problem. Naturalness i1s our
problem not Nature's. Pro’s: we'll find the Higgs.
Cons: that's It.

2. Weakly coupled model at the TeV scale:
Introduce new particles to cancel SM “divergences'.

3. Strongly coupled model at the TeV scale:
New strong dynamics enters at ~ | TeV.

4. New space-time structure:
ntroduce extra space dimensions to lower the
Planck scale cutoff to | TeV.
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natural quark
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TOP AS A LINK TO BSM

There have been many different suggestions! Fortunately, we
can say that they group Iin | +3 large classes:

|. Denial: There is no problem. Naturalness i1s our

problem not Nature’s. Pro's: we'll find the Higgs. TOtP lls thle only
@on: that's it natural quark

Top parters, new
2. Weakly coupled model at the TeV scale: scalars/vectors

Introduce new particles to cancel SM “divergences”. possibly strongly
coupled with top.

3. Strongly coupled model at the TeV scale:
New strong dynamics enters at ~ | TeV.

4. New space-time structure:

ntroduce extra space dimensions to lower the
Planck scale cutoff to | TeV.
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TOP AS A LINK TO BSM

There have been many different suggestions! Fortunately, we
can say that they group Iin | +3 large classes:

|. Denial: There is no problem. Naturalness i1s our
problem not Nature's. Pro’s: we'll find the Higgs.
Cons: that's It.

Tep tisitnecaselit
natural quark

Top parters, new
2. Weakly coupled model at the TeV scale: scalars/vectors

Introduce new particles to cancel SM “divergences”. possibly strongly
coupled with top.

3. Strongly coupled model at the TeV scale: Top: t-tbar bound

New strong dynamics enters at ~ | TeV. states, colorons. fop
Is not elementary

4. New space-time structure:
ntroduce extra space dimensions to lower the
Planck scale cutoff to | TeV.
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TOP AS A LINK TO BSM

There have been many different suggestions! Fortunately, we
can say that they group Iin | +3 large classes:

|. Denial: There is no problem. Naturalness i1s our
problem not Nature's. Pro’s: we'll find the Higgs.
Cons: that's It.

Tep tisitnecaselit
natural quark

Top parters, new
2. Weakly coupled model at the TeV scale: scalars/vectors

Introduce new particles to cancel SM “divergences”. possibly strongly
coupled with top.

3. Strongly coupled model at the TeV scale: Top: t-tbar bound

New strong dynamics enters at ~ | TeV. states, colorons. fop
Is not elementary

4. New space-time structure:
ntroduce extra space dimensions to lower the
Planck scale cutoff to | TeV.

KK-excitations
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BSM : TOP-DOWN APPROACH

New Physics

Signatures/Observables
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BSM : TOP-DOWN APPROACH

INET R Rnysics model with top partners (SUSY, U EDHES R
* Consider viable benchmark points.

* |dentify the signatures with top.

* Set exclusion limits on the model parameters

* Optional : learn “model independent’” lessons...
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BSM : TOP-DOWN
Examples: signatures with top:
B+ X gg — tt (th) + X
> |915) 2 A EATAR VA

- 't = b b WHW-

T
000000000 -
° ) ) _’
it P | <;\ t
000000000
1
IO PS

APPROACH

In general, very rich and energetic final states, large Hr , very spectacular and “easy’ to detect in principle.
Looks great, if one model at the time Is studied.
In fact, very difficult to discriminate which NP leads to it.
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BOTTOM-UP APPROACH

New Physics

Signatures/Observables
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BOTTOM-UP APPROACH

Model independent (bottom-up) strategy for New Physics
|. Focus on a specific SM observable that is

a. naturally sensitive to BSM
b. I1s well-predicted & possibly “background free”

and look for deviations

2. Look for“exotic top signatures” (no-SM equivalent),

23rd Recontres de Blois - May/June 201 |
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BOTTOM-UP APPROACH

New Physics
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Signatures/Observables
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NEW PHYSICS : TWO POSSIBILITIES

SM New Physics

> ERERe
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10} |

12 New Physics

> ERERe
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NEW PHYSICS : TWO POSSIBILITIES

g
= Lo = gy MQWMWP
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NEW PHYSICS : TWO POSSIBILITIES

e—ci—I
dim A" =
dimgo =1

dim ¢ = 3/2

9 e dim=6
o Leps = ESMJrZ O

Bad News: > 60 operators [Buchmuller, Wyler, | 986]

Good News :an handful are unconstrained and can signifcantly contribute to top physics!
[Aguilar-Saavedra 2010, Willenbrock et al. 2010, Degrande et al 2010]
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MODEL INDEPENDENT BSM SEARCHES:
EXAMPLES

. Search for resonances In Mtbar (and boosted tops)
I EFT approach to ttbar (including Arg)

Il. (Exotic: Same sign tops)
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MODEL INDEPENDENT BSM SEARCHES:

EXAMPLES

. EFT approach to ttbar (including Are)

Il. (Exotic: Same sign tops)

23rd Recontres de Blois - May/June 201 |

Monday 30 May 2011




0.005

0.004

0.003

0.002

0.001

0.000

28

NEW RESONANCES IN TTBAR

A NLO, CTEQ6M, LHC

1/0 do/dm

300

400 500 600 700
tt invariant mass [GeV]
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Interesting observable.
Shape very well predicted.

This could be also used to
measure the top mass!

Reconstruction systematics
s different from the usual
top mass invariant mass
reconstruction.

Any BSM effect would distort
this shape =>

| goo Model iIndependent search

for new Physics!

i =
%az?g

5

=




NEW RESONANCES IN TTBAR

In many scenarios for EWSB new resonances show up, some of which preferably couple to
3rd generation quarks.

q t
>\/\/<,/\< > . < v
q t q t q t

EEnmiENreeTnUmber of models, In this case Is more efficicmnt o dder et
independent” search and try to get as much information as possible on the quantum
numbers and coupling of the resonance.
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NEW RESONANCES IN TTBAR

In many scenarios for EWSB new resonances show up, some of which preferably couple to
3rd generation quarks.

q t q t q t
q t q t q t

EEnmiENreeTnUmber of models, In this case Is more efficicmnt o dder et
independent” search and try to get as much information as possible on the quantum
numbers and coupling of the resonance.

jleRN e e spin of the Intermediate
resonance spin correlations should be
measured.

't therefore mandatory for such cases to have
MC samples where spin correlations are kept
SRR [ malnx element pp=X=tt=61 s
used.
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NEW RESONANCES IN TTBAR

Color <['L’}f]) SM-interf

(1,0) no
(O gle

(O, 1) ves
(e 0 no

O

[sm,sm] yes/no

(10),(0. D) (L 1).(1-1) Vies
(10) ves

0.1) ves

O | OO | OO | O [ COHACES (=G e

o Wies
[Frederix, FM, arXiv:0/ 1 2.2355]
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NEW RESONANCES IN TTBAR

. Discovery

/. Spplln

3. Couplings
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NEW RESONANCES IN TTBAR

1000 do(pp -+ (Z'/g* ») tt)/dm; [fb/20 Gev]

Bog :— Hg = fbp = Mg, = & TeV

Lo, CTEQSLL, LHE |
' By | M
. Discovery ol T
5n§ T _'_ r ' — O°*Br

10 &

B —— GQCD only
5 L —mme- Z' Color singlet
I g? Color octet {vector coupling)

......... g% Color octet (axial coupling)

1250 1500 1750 2000 22560 25600

; ti invariant mass [GeV]
/. Sipila

3. Couplings
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NEW RESONANCES IN TTBAR

. Discovery

/. Spplln

3. Couplings
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NEW RESONANCES IN TTBAR

| Discovery

/. 5ol 9Z
v

CS angle
O PR EU RO RIS [ N BN B B
=10 -5 :..:{8] 0.5 1.0 —-1.0 —0.4 ul:l::w] 0.6
(e) (d)

3. Couplings
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NEW RESONANCES IN TTBAR

. Discovery

/. Spplln

3. Couplings

1 do 1
2 _ L -
odcosfidcos_ 4 (1 + fiprg D cos 0 cos 01
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NEW RESONANCES IN TTBAR : BOOSTED TOPS

[Kaplan et al., 2008, Thaler et al, 2008, Almeida et al. 2008, Salam 2008]
See Abdesselam, ArXiv:1012.54 12 [hep-ph] and Boost20 1 | Conference in May
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MODEL INDEPENDENT BSM SEARCHES:
EXAMPLES

. Search for resonances In Mtbar (and boosted tops)
I EFT approach to t tbar production

SIS ETEiSame sigh tops)
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MODEL INDEPENDENT BSM SEARCHES:
EXAMPLES

. Search for resonances In Mtbar (and boosted tops)

roach to t tbar production

SIS ETEiSame sigh tops)
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EFFECTIVE FIELD THEORY APPROACH

TO T TBAR PRODUCTION
[Aguilar-Saavedra 2010, Willenbrock et al. 2010, Degrande et al 2010]

Very few operators of dim-6:

Dim-6 operators that affect top pair
production at tree level by
interference with the SM
(QCD) amplitudes (we neglect weak
corrections)
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CP-even

operator

process

0% = i(¢* 7' D,.9) (g7 7! q)

top decay, single top

@i —aastn t)ng/fV (with real coefficient)

top decay, single top

O™ = (@y.'d) @y 7’ q)

single top

O = (q‘a““)\At)ggGﬁy (with real coefficient)

single top, qq, gg — tt

Oc = fapcG2 GBPGTF

gg — tt

i51C
En

-l
=

Ogc = (97 9)GL, GA# g9 — tt
7 four-quark operators qq — tt

CP-odd
operator process

Ow = (go**7! t)&WL{V (with imaginary coefficient)

top decay, single top

Oic = (cja“”)\At)éGf},} (with imaginary coefficient)

single top, qq, gg — tt

Og = fapcGArGBrGSH

gg — tt

O4c = 5(¢79)GL, GAH

gg — tt




EFFECTIVE FIELD THEORY APPROACH
TO T TBAR PRODUCTION

Very few operators of dim-6:

Dim-6 operators that affect top pair
production at tree level by
interference with the SM
(QCD) amplitudes (we neglect weak
corrections)

Top-philic operators
(modifying top couplings
and not only gluons couplings)
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CP-even

operator

process

0% = i(¢* 7' D,.9) (g7 7! q)

top decay, single top

@i —aastn t)qBW/fV (with real coefficient)

top decay, single top

Oy” = (@y.7'a)) (@ ')

Oc = fapcGA GBPGCH

single top

gg — tt

0o = L(679)G 2, G

gg — it

CP-odd

operator

process

Ow = (go**7! t)&WJV (with imaginary coefficient)

top decay, single top

Olyen = (cja“”)\At)éGf}y (with imaginary coefficient)

single top, qq, gg — tt

Og = fapcGAYGBPGSH

gg — tt

045 = 5(¢7 )G, G4

gg — it




TTBAR PRODUCTION

One can show that you end up with five main operators,

1
i — ‘C%M | A2 [ghOhg S CRORQ R CLRO%GJ I (R > L)}

and In case one Is Iinterested only in total rates (and spin iIndependent / FB symmetries)
only three parameters are left : g, cv=cr+CcL and aa = ar- ar

- <

Chromomagnetic operator Op, = (HQ) e el GA Four-fermion operators

Egg.mm< T LT qq annihilation:
o both chg and 4-fermion operators

SM SM

gluon fusion i O q t
corrections from chg only S R S
¥ KA
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O(T TBAR) : TEVATRON Vs LHC

w3
o

85% at TeV

VS

4

80% at LHC/
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| D et ) l | T l | B B l b -a l LILEL

[’ Cacciari et al., arXiv:0804.2800 (2008)

T I T LI | I LI

~2Kidonakis & Vogt, arXiv:0805.3844 (2008)

- Langenfeld, Moch & Uwer, arXiv:0906.5273 (2009)

Dilepton i 7.27+0.71:0.46+0.42

(L=4.3 b é‘g (stat) (syst) (lumi)
i

Lepton+Jets (ANN) gL 7.63:0.37+0.35:0.15
(L=4.6 fb i
) .

Lepton+Jets (SVX) ;'p 7.14+0.35+0.58+0.14
(L=4.3 o) i
i

All-hadronic g:ff 7.21:0.50+1.10+0.42
L=2.9fb i
- }ﬁ
V1

CDF combined glg 7.50+0.31:0.34+0.15

+*IDOF= 0.60 b m=172.5 GeV/c?

I T — l | B L,l L L1 l Ll Ll l L L 1
5 6 7 _8
o(pp — tt) (pb)

|

L
9 10




O(T TBAR) : TEVATRON Vs LHC

w3

85% at TeV

VS

80% at LHC/
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| D et ) l | T ] LI | T l b -a l T | pe | I T LI | l | ot Pl |

[l[l! Cacciari et al., arXiv:0804.2800 (2008)
~2 Kidonakis & Vogt, arXiv:0805.3844 (2008)
[ Langenfeld, Moch & Uwer, arXiv:0906.5273 (2009)

CDF combined
72/DOF= 0.60

7.50+0.31+0.34+0.15
m,=172.5 GeV/c?

Dilepton - 7.27+0.71:0.46+0.42
(L=4.31b") g (stat) (syst) (lumi)

/
Lepton+Jets (ANN) | 7.63+0.37+0.35:0.15
(L=4.6 fb) /

i

i
Lepton+Jets (SVX) 2 7.14+0.35+0.58+0.14
(L=4.3fb) 5

i
All-hadronic - 7.21:0.50+1.10+0.42
(L=2.9b") /

é

g

g

?

B l LA L 1 1 L L1 l I
5 6 T
o(pp — tt) (pb)

The gg channel is only very roughly constrained!!!
VWe might have missed some big and important NP effect
connected with an gg inrtial state (such a scalar..).

EFT gives us the possibility of studying deviations in a
model iIndependent way.




EFFECTIVE FIELD THEORY APPROACH
TO T TBAR PRODUCTION

do do gy VM Chg 1 3
. T 20040, it
(99 = 1) = —= + V20.9.— AQ( 8>
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EFFECTIVE FIELD THEORY APPROACH
TO T TBAR PRODUCTION

do do gy VM Chg 1 3
. T 20040, it
(99 = 1) = —= + V20.9.— AQ( 8>

| Extremely simple formulas!!
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EFFECTIVE FIELD THEORY APPROACH
TO T TBAR PRODUCTION

do do gy VM Chg 1 3
. T 20040, it
(99 = 1) = —= + V20.9.— AQ( 8>

| Extremely simple formulas!!

2. The operator Ong can hardly be distinguished from the SM in gluon fusion
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EFFECTIVE FIELD THEORY APPROACH
TO T TBAR PRODUCTION

do do gy VM Chg 1 3
. T 20040, it
(99 = 1) = —= + V20.9.— AQ( 8>

dt

| Extremely simple formulas!!

2. The operator Ong can hardly be distinguished from the SM in gluon fusion

3. Distortions in the shape of the distributions can only come from gqg annihilation
= small effects at LHC

4. Even and odd contributions for qq — ttbar, the latter give rise to Ars

23rd Recontres de Blois - May/June 201 |

do do Gy P L@, c
e (qq— T tf) - (1 B . 2 ) = T ((CAa 5t Aa) 3(7'2 = 7'1) T 4gschg\/§vmt)
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EFFECTIVE FIELD THEORY APPROACH
TO T TBAR PRODUCTION

ERempR=ioar total cross section at levatron depends ‘on' Doth=erfneERE s

and
constrains thus a combination of these parameters.

4

total cross section
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EFFECTIVE FIELD THEORY APPROACH
TO T TBAR PRODUCTION

* [The pp => ttbar total cross section at Tevatron depends on both chg and cw
constrains thus a combination of these parameters.

and

4
total cross section

tt invariant
mass shape

g,.a.
35
!

i51C
N
r
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EFFECTIVE FIELD THEORY APPROACH
TO T TBAR PRODUCTION

* The pp => ttbar total cross section at LHC strongly depends mostly on cng and can be
directly used to constrain the allowed range for cng

!
total cross section

. J
A Y .
LN %
N A
. A
. ‘9
.

tt invariant
mass shape

section limits

4
LHC total cros¥
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EFFECTIVE FIELD THEORY APPROACH
TO T TBAR PRODUCTION : CONSTRAINTS

PR e N i il o 0
Tevatron measured O+ = Osm
2_
o _
==
D) ~—
5
S =
el
(D] >
T >
?\l’/ Q
_2—
Al
|

ChgX (1TeV /A)?

(chromomagnetic moment operator)
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EFFECTIVE FIELD THEORY APPROACH
TO T TBAR PRODUCTION : Args

o (cos@; > 0) — o (cosb; < 0)

lab. frame
o (cosb; > 0) 4+ o (cos b, < 0)

AFB ——

AP =0.05 £0.015. AZXP = 0.15 + 0.05(stat) £ 0.024(syst),

$

SR (RS0 e, + 0012800 s e ) (

aga -
A

C aa and C 'aqare only constrained by the asymmetry and
not by the total cross section or the invariant mass distribution
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EFFECTIVE FIELD THEORY APPROACH
TO T TBAR PRODUCTION : Args

o (cos@; > 0) — o (cosb; < 0)

lab. frame
o (cosb; > 0) 4+ o (cos b, < 0)

AFB ——

AP =0.05 £0.015. AZXP = 0.15 + 0.05(stat) £ 0.024(syst),

$

SR (RS0 e, + 0012800 s e ) (

aga -
A

C aa and C 'aqare only constrained by the asymmetry and
not by the total cross section or the invariant mass distribution

0.00 ¢

: : ~0.02 |
Link to resonant models possible!  _j4

Example: axigluon ~0.06

< —0.08 e Axigluon
DA q t 2 —-0.10 * e
CAG/A o _QQAQA/mA 0117 0

_O 14 7’ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\ ]
1000 1500 2000 2500 3000 3500 4000

M4
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EFFECTIVE FIELD THEORY APPROACH
TO T TBAR PRODUCTION : SUMMARY

Non-resonant top philic new physics can be probed using measurements In top pair
production at hadron colliders

This model-independent analysis can be performed in terms of 8 operators.

Observables depend on different combinations of only 4 parameters:

o(gg — tt),do(gg — tt)/dt < cp,

o(qq — tt) S Gy G
do(qq — tt)/dmy < Chg, CVy
Arp el Oy

spin correlations = Gt s C Al
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MODEL INDEPENDENT BSM SEARCHES:
EXAMPLES

. Search for resonances In Mtbar (and boosted tops)
I EFT approach to t tbar production

Il. Exotic: same sign tops
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MODEL INDEPENDENT BSM SEARCHES:
EXAMPLES

. Search for resonances In Mtbar (and boosted tops)

I EFT approach to t tbar production

I, Exotic: same sign tops
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SAME SIGN TOPS

[Rajamaran et al,, 201 |][C. Degrande et al., 201 |], [Aguilar-Saavedra et al. 201 | ], [E. Berger et
RGP Cao et al, 201 |] [Hao Zhang et al., 201 0],[C. Bauer et al. 2010 [SHtinstC s et

. Gao et al. 2009],[S. Bar-Shalom et al ,2008]....

Exotic signature :“easy’ to identify in the same sign channel (double lepton decay)
or In the charge asymmetry. (single lepton decay). At the LHC enhanced by PDF

q\\<t
. aa t
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SAME SIGN TOPS

[Rajamaran et al,, 201 |][C. Degrande et al., 201 |], [Aguilar-Saavedra et al. 201 | ], [E. Berger et
RGP Cao et al, 201 |] [Hao Zhang et al., 201 0],[C. Bauer et al. 2010 [SHtinstC s et

. Gao et al. 2009],[S. Bar-Shalom et al ,2008]....

Exotic signature :“easy’ to identify in the same sign channel (double lepton decay)
or In the charge asymmetry. (single lepton decay). At the LHC enhanced by PDF

q t
q -t s-channel
\( 3bar or 6 color
» q
g
q el i
t-channel
| or 8coleR
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SAME SIGN TOPS

[Rajamaran et al,, 201 |][C. Degrande et al., 201 |], [Aguilar-Saavedra et al. 201 | ], [E. Berger et
RGP Cao et al, 201 |] [Hao Zhang et al., 201 0],[C. Bauer et al. 2010 [SHtinstC s et

. Gao et al. 2009],[S. Bar-Shalom et al ,2008]....

Exotic signature :“easy’ to identify in the same sign channel (double lepton decay)
or In the charge asymmetry. (single lepton decay). At the LHC enhanced by PDF

q t
q -t s-channel
\( 3bar or 6 color
» q
g
q el i
t-channel
| or 8coleR

()
q

The t-channel can be linked to the
Arg for neutral particle exchanges!

23rd Recontres de Blois - May/June 201 |

Monday 30 May 2011



i51C

g3
Hip
&

SAME SIGN TOPS

Resonant approach:

List all possible particles that can be exchanged erther in the s-channel or in the t-channel

Symbol Rep. Interaction Lagrangian Sym.
B, (1,1)o — (Q%Q’_Li’r#%j + g;;uRY" URj + Q%J—Rﬂpdﬂj) B, g=g
W (L,Adj)o  —gijqiv*7'q; W, g=4'
G, (Adj, 1) (g.i_ﬂz,-ﬁ*‘ qr; + ghur A uR; + ghdryH AdR;) GE g=g
Hy (Adj,Adj)o  —giqLiv* T 3qu; H! g=4g'
Q, (3:2)_s  —gijfabclrib Y €qL jc Q> + h.c. -
}?ﬁ (6, 2‘]_% —gij% [ﬂmﬂ*;r'“fqijb + ﬂmﬂ-ﬁfqiﬁ] yﬁubf + h.c. —~

@ (1, 2]_% —Gi;qLiUR; ¢ — Q%@Lz‘dﬂj ¢+ h.c. -
i (Adj,2)_4 — g0 up; B — g1qLi%-dR; ©° + h.c. -
0 (6, 1]_% —gij% [ﬂﬁmu"j{jb + u.H;-buRjﬂ] Q% 4 hee. g=g’
by (6, Adj}_é —Gij3 [quT €qi + quibT Equa] Yiabt 4 he. g=g’

[Aguilar-Saavedra et al. 201 | ]
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SAME SIGN TOPS

Effective approach:

= 1
Lg?m:t% = (CRRORR i c(l)(’?(l) (3)0(3) (1) 0(1) (8) 0(8)) iy
with:
W=l ur| [(ry.uR] o) = Qry*ar] |Qryuar] 7)) = @t il |G o
O — Qry*ar] trYu ur] @ = Glsat s [Faam & v

All the effects given by the (heavy) resonances written before can be written in terms of the operators.
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SAME SIGN TOPS

Effective approach:

= 1
L?ﬁ]m:t% = (CRRORR i c(l)(’)(l) (3)0(3) (1) 0(1) (8) 0(8)) iy
with:
W=l ur| [(ry.uR] o) = Qry*ar] |Qryuar] 7)) = @t il |G o
O — Qry*ar] trYu ur] @ = Glsat s [Faam & v

All the effects given by the (heavy) resonances written before can be written in terms of the operators.

do 1 S
s <|cmw2+mf>< =L
A very simple calculation leads to -
the differential cross section: 3 ( 1) ‘ (8) | ) % 2 t)2 L (mf — u)2
CLR 16752
m
- (1o 3 (eet) - G ) ]
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SAME SIGN TOPS

The Tevatron constraints on same-sign tops [CDF/PHYS/EXO/PUBLIC/ 1 0466
(pretty weak)

[TeV]

LR

ICI/A?

CDF RunlI Preliminary j L=6.115'

Excluded at 95% CL

| Il
4

IC I/A*[TeV?]
LL

[TeV™]

IC__I/A?

*
4 wn

I I T T T I I T

3.5

CDF RunlI Preliminary _[ L=6.115'

yya

Excluded at 95% CL

CLR

Il
o

| | I I
0.5 1 1.5 2 25 3 3.5 4 4.5

IC I/A*[TeV~]
LL

constraints from ttbar cross sections and Invariant mass distributions and relations

cvoX (1 TeV/A)°

: """" = ] Nf-\
L i ~
I ] >
L J (D)
0 = =
T
' 5 Lo N L A 5 L
I . ] S [
=) ) 2 4

cyyX (1 TeV /A

5t

\\\\\\\

vvvvvvv

S

caaX (1 TeV/A)

—c'saX (1 TeV /A

Vv=—

0 ]
0
] s
. ;
gt o
—4 =3 = on e B

cyy=—Ca X (1 TeV/A)

Upshot: t-channel scenarios are disfavoured. No constraints for tt at the LHC.
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OUTLOOK

® Jop-quark physics is still crazy after all
these years.

23rd Recontres de Blois - May/June 201 |

Monday 30 May 2011



OUTLOOK

® Jop-quark physics is still crazy after all
these years.

® Predictions and simulations for SM (and
BSM) top signatures have reached an
unprecedented accuracy.
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OUTLOOK

® Jop-quark physics is still crazy after all
these years.

® Predictions and simulations for SM (and
BSM) top signatures have reached an
unprecedented accuracy.

® Several strategies at work to use top as
a tool to enter the TeraVvorld..
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® Jop-quark physics is still crazy after all

these years.

® Predictions and simulations for SM (and
BSM) top signatures have reached an
unprecedented accuracy.

® Several strategies at work to use top as
a tool to enter the TeraVvorld..
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OUTLOOK

® Jop-quark physics is still crazy after all
these years.

® Predictions and simulations for SM (and
BSM) top signatures have reached an
unprecedented accuracy.

® Several strategies at work to use top as
a tool to enter the TeraVvorld..

BRl@atnis exciting 201 |
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CREDITS

This talk 1s based on work and material by many people and in particular by C.
Degrande, R Frederix, C. Grojean, A. Signer and S. Willenbrock, whom | thank all.

Thanks to all top-philic collaborators for the great fun in the last years
and even more for that to come:

(random order)

John Campbell, Stefano Frixione, Eric Laenen, Chris White, Scott Willenbrock,
-rancesco Tramontano, Christophe Grojean, Rikkert Frederix, Celine Degrande,
Jean-Marc Geérard, Geraldine Servant, Jeremy Andrea, Emi Kou, Benjamin Fuks,
Andrea Glammanco, Vincent Lemaitre,...
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