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Why single top & new physics
  Top = heaviest particle 

strongest  coupling  to Higgs/EWSB 

studying its EW production 
will teach us about EW symmetry breaking sector
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FIG. 3: Single top-quark production in hadronic collisions via the charged-current weak interaction.

This figure is taken from Ref. [11].

type) is increased by about an order of magnitude; while the gluon- or b-induced processes

are enhanced by about a factor of 100.

TABLE III: Cross sections, at next-to-leading-order in QCD, for top-quark production via the

charged current weak interaction at the Tevatron and the LHC.

!(pb) s-channel t-channel Wt

Tevatron (
!

s = 2.0 TeV pp̄) 0.90 ± 5% 2.1 ± 5% 0.1 ± 10%

LHC (
!

s = 14 TeV pp) 10.6 ± 5% 250 ± 5% 75 ± 10%

3. Top quark and Higgs associated production

Of fundamental importance is the measurement of the top-quark Yukawa coupling. The

direct probe to it at the LHC is via the processes [25]

qq̄, gg " tt̄H. (9)

The cross section has been calculated to the next-to-leading-order (NLO) in QCD [26, 27]

and the numerics are given in Table IV. The cross section ranges are estimated from the

uncertainty of the QCD scale.

The production rate at the LHC seems quite feasible for the signal observation. It was

claimed [28] that a 15% accuracy for the Yukawa coupling measurement may be achievable

with a luminosity of 300 fb!1. Indeed, the decay channel H " !! should be useful for

the search and study in the mass range of 100 < mH < 150 GeV [29, 30]. However, the

potentially large backgounds and the complex event topology, in particular the demand on
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claimed [28] that a 15% accuracy for the Yukawa coupling measurement may be achievable

with a luminosity of 300 fb!1. Indeed, the decay channel H " !! should be useful for

the search and study in the mass range of 100 < mH < 150 GeV [29, 30]. However, the

potentially large backgounds and the complex event topology, in particular the demand on

7

x10/100



Christophe Grojean Single top & New Physics Naples, 19th.Dec. 2o132

Why single top & new physics
  Top = heaviest particle 

strongest  coupling  to Higgs/EWSB 

studying its EW production 
will teach us about EW symmetry breaking sector

q

q

t

b

W
q

q

b
t

W

g t

b W

FIG. 3: Single top-quark production in hadronic collisions via the charged-current weak interaction.

This figure is taken from Ref. [11].

type) is increased by about an order of magnitude; while the gluon- or b-induced processes

are enhanced by about a factor of 100.

TABLE III: Cross sections, at next-to-leading-order in QCD, for top-quark production via the

charged current weak interaction at the Tevatron and the LHC.

!(pb) s-channel t-channel Wt

Tevatron (
!

s = 2.0 TeV pp̄) 0.90 ± 5% 2.1 ± 5% 0.1 ± 10%

LHC (
!

s = 14 TeV pp) 10.6 ± 5% 250 ± 5% 75 ± 10%

3. Top quark and Higgs associated production

Of fundamental importance is the measurement of the top-quark Yukawa coupling. The

direct probe to it at the LHC is via the processes [25]

qq̄, gg " tt̄H. (9)

The cross section has been calculated to the next-to-leading-order (NLO) in QCD [26, 27]

and the numerics are given in Table IV. The cross section ranges are estimated from the

uncertainty of the QCD scale.

The production rate at the LHC seems quite feasible for the signal observation. It was

claimed [28] that a 15% accuracy for the Yukawa coupling measurement may be achievable

with a luminosity of 300 fb!1. Indeed, the decay channel H " !! should be useful for

the search and study in the mass range of 100 < mH < 150 GeV [29, 30]. However, the

potentially large backgounds and the complex event topology, in particular the demand on

7

q

q

t

b

W
q

q

b
t

W

g t

b W

FIG. 3: Single top-quark production in hadronic collisions via the charged-current weak interaction.

This figure is taken from Ref. [11].

type) is increased by about an order of magnitude; while the gluon- or b-induced processes

are enhanced by about a factor of 100.

TABLE III: Cross sections, at next-to-leading-order in QCD, for top-quark production via the

charged current weak interaction at the Tevatron and the LHC.

!(pb) s-channel t-channel Wt

Tevatron (
!

s = 2.0 TeV pp̄) 0.90 ± 5% 2.1 ± 5% 0.1 ± 10%

LHC (
!

s = 14 TeV pp) 10.6 ± 5% 250 ± 5% 75 ± 10%

3. Top quark and Higgs associated production

Of fundamental importance is the measurement of the top-quark Yukawa coupling. The

direct probe to it at the LHC is via the processes [25]

qq̄, gg " tt̄H. (9)

The cross section has been calculated to the next-to-leading-order (NLO) in QCD [26, 27]

and the numerics are given in Table IV. The cross section ranges are estimated from the

uncertainty of the QCD scale.

The production rate at the LHC seems quite feasible for the signal observation. It was

claimed [28] that a 15% accuracy for the Yukawa coupling measurement may be achievable

with a luminosity of 300 fb!1. Indeed, the decay channel H " !! should be useful for

the search and study in the mass range of 100 < mH < 150 GeV [29, 30]. However, the

potentially large backgounds and the complex event topology, in particular the demand on

7

WL dominates
⇒ probe top/EWSB interactionsx10/100
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Higgs&top: a so important couple

1.The top Yukawa coupling is fueling several fundamental issues of the SM

 it destabilizes the weak scale, aka the hierarchy problem (mH2 corrections)
 it destabilizes our vacuum (λ corrections)
 it controls the birth (gg➝h) and the death (h➝γγ) of the Higgs

2.We have only an indirect knowledge of this important coupling

 tth is the mainstream channel to directly see the top Yukawa
 th is an interesting challenger and offers complementarity information

3.The top-Higgs offsprings

 stops in susy
 fermionic top partners in Little Higgs/composite Higgs: t’ t5/3 ... 
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Outline

1   Top & Higgs sector
Degeneracy in Higgs couplings determination
t+h as an alternative to tth?

2  Top partners and vector-like top
composite Higgs models

4

Disclaimer: 
not a comprehensive talk on single-top & new physics
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Top & Higgs sector

1
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Now what? What’s next?
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“With great power comes great responsibility”
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Now what? What’s next?
“With great power comes great responsibility”

Voltaire & Spider-Man

“With great discoveries come great measurements”
BSMers desperately looking for anomalies 

(true credit: F. Maltoni
actually, first google hit gives a link to an article of 

the Guardian on... the Higgs boson!) 

which, in particle physics, really means
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Now what? What’s next?
“With great power comes great responsibility”

Voltaire & Spider-Man

“With great discoveries come great measurements”
BSMers desperately looking for anomalies 

(true credit: F. Maltoni
actually, first google hit gives a link to an article of 

the Guardian on... the Higgs boson!) 

which, in particle physics, really means

Higgs properties
1

JPC
Important & nice to see progresses but 
“this question carries a similar potential 
for surprise as a football game between 

Brazil and Tonga” Resonaances

Higgs couplings
2

BSM implications
3

LBSM =?

http://resonaances.blogspot.jp/2012/10/higgs-new-deal.html
http://resonaances.blogspot.jp/2012/10/higgs-new-deal.html
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Higgs couplings = test of Naturalness?

SM + Higgs

Mass

SM New�m2
H = + ⇠ 0

The more natural the theory the more the Higgs rates deviate from SM

+

+ +

p=0 p=0 p=0 p=0 ⇠ m2
H

�(125 GeV)2
✓

⇤

600 GeV

◆2 g2⇤
16⇡2

⇤2
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generically

Generically, natural scenarios come with deviations of the Higgs coupling

nice to be able to measure Γ
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Chiral Lagrangian for a light Higgs-like scalar

A few (reasonable)
 assumptions:

γγ WW & ZZ

EWPD

Flavor

Contino, Grojean, Moretti, Piccinini, Rattazzi  ’10 + many others refs.

a = b = c = d3 = d4 = 1
c2 = cWW = cZZ = cZ� = c�� = . . . = 0

SM

 spin-0 & CP-even

 custodial symmetry

 no Higgs FCNC         
(generalization of Glashow-Weinberg th.)

O(p2)

L =
1

2
(@µh)

2 � 1

2
m2

hh
2 � d3

6

✓
3m2

h

v

◆
h3 � d4

24

✓
3m2

h

v2

◆
h4 + . . .

�
✓
m2

W WµW
µ +

1

2
m2

Z ZµZ
µ

◆✓
1 + 2cV

h

v
+ bV

h2

v2
+ . . .

◆

�
X

 =u,d,l

m (i)  ̄(i) (i)

✓
1 + c 

h

v
+ b 

h2

v2
+ . . .

◆}
+
↵em

8⇡

�
2 cWW W+

µ⌫W
�µ⌫ + cZZ Zµ⌫Z

µ⌫ + 2 cZ� Zµ⌫�
µ⌫ + c�� �µ⌫�

µ⌫
� h
v

+
↵s

8⇡
cgg G

a
µ⌫G

aµ⌫ h

v

+cW (W�
⌫ DµW

+µ⌫ +W+
⌫ DµW

�µ⌫)
h
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+ cZ Z⌫@µZ

µ⌫ h

v

+O �
p6
�

+

✓
cW

sin ✓W cos ✓W
� cZ

tan ✓W

◆
Z⌫@µ�

µ⌫ h

v
}
O(p4)

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
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Not enough data/sensitivity to 
determine all these parameters

But we can put some of the SM 
structures under probation

➾ ➾ ➾

➾ ➾ ➾

still large LO parameter space

4 operators @ O(p2): cV, ct, cb, cτ

2 operators @ O(p4): cg cγ

(contribute to the same order as O(p2) to gg➛h and h➛γγ)

➾ ➾ ➾

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
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Espinosa, Grojean, Muhlleitner, Trott ’12 
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Fit to LHC Higgs like data, inclusive

Atlas 95%CL exclusion

CMS 95%CL exclusion
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90%
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Two minima:
(a,c)=(1.13,0.58)

(a,c)=(0.96,-0.64)

χ2=2.86

χ2=1.96

SM

note: a fermiophobic 
Higgs is disfavored by 

data (mostly VBF 
channels)

SM 82%CL 
away from 

best fit point

PreMoriond’12
Azatov, Contino, Galloway ’12

for similar analyses, see also Carni, Falkowski, Kuflik, Volansky ’12

Higgs coupling fits

http://arXiv.org/abs/1202.3697
http://arXiv.org/abs/1202.3697
http://arXiv.org/abs/1202.3697
http://arXiv.org/abs/1202.3415
http://arXiv.org/abs/1202.3415
http://arXiv.org/abs/1202.3144
http://arXiv.org/abs/1202.3144
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positive interference 
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FIG. 7: Update to the global fit. To the left we have only updated the WW ATLAS signal in Table I to the value in

Table II. On the right we have also added the ATLAS ⇤⇤ and Tevatron data on pp̄ ⇥ b b̄ and pp̄ ⇥ W+ W� as shown

in Table II.

Channel [Exp] mh[GeV] µ (µL)

pp ⇥ W W ⇥ ⇥ ⌥+ ⇥ ⌥� ⇥̄ [ATLAS] 126 0.2+0.6
�0.7 (1.3)

pp ⇥ b b̄ [ATLAS] 124 �0.8+1.7
�1.7 (3.5)

pp ⇥ ⇤ ⇤̄ [ATLAS] 124 �0.1+1.7
�1.7 (3.4)

pp̄ ⇥ b b̄ [CDF&D0/] 125 2.0+0.8
�0.7 (3.2)

pp̄ ⇥ W+ W� [CDF&D0/] 125 0.03+1.22
�0.03 (2.4)

TABLE II: Summary table of reported signatures with events related to the Higgs mass scale of interest (mh ⇤

124 GeV) where excess events have been reported. Moriond 2012 update with new numbers to supplement (or

replace) entries in Table I.

Appendix B: Moriond 2012 Update

In this section we present updated results including the data presented at Moriond 2012 [40]. The

most significant change in the data that was used in Table I is an update to the ATLAS measurement of

pp ⇥ W W � ⇥ ⌥+ ⇥ ⌥� ⇥̄. In addition, ATLAS reported best fit signal strengths in the pp ⇥ b b̄ and

pp ⇥ ⇤ ⇤̄ channels while CDF and D0/ reported a broad excess in pp̄ ⇥ b b̄ events. Further, CMS has now

also supplied best fit signal strengths as a function of mh, allowing various Higgs mass hypotheses to be

fit to. In this Appendix we include these experimental results in our fit and supply supplementary plots for

various Higgs masses (refining also our determination of the 95% C.L. exclusion limits).

10

Espinosa, Grojean, Muhlleitner, Trott ’12 

Azatov, Contino, Galloway ’12

65%
90%

99%
SM

for similar analyses, see also Carni, Falkowski, Kuflik, Volansky ’12

note: a fermiophobic 
Higgs is disfavored by 

data (mostly VBF 
channels) at 97%CL

SM 88%CL 
away from 

best fit point
(~2σ)

(a,c)=(0.99,-0.64)
χ2=6.3

Two minima:
(a,c)=(1.18,0.55)

χ2=7.5

    Moriond’12

Higgs coupling fits

http://arXiv.org/abs/1202.3697
http://arXiv.org/abs/1202.3697
http://arXiv.org/abs/1202.3697
http://arXiv.org/abs/1202.3415
http://arXiv.org/abs/1202.3415
http://arXiv.org/abs/1202.3144
http://arXiv.org/abs/1202.3144


Christophe Grojean Single top & New Physics Naples, 19th.Dec. 2o13

0.6 0.8 1.0 1.2 1.4
-2

-1

0

1

2

a

c

7&8 TeV LHC data & Tevatron

11

Espinosa, Grojean, Muhlleitner, Trott ’12 

SM

for similar analyses, see also

note: a fermiophobic 
Higgs is disfavored by 

data (mostly VBF 
channels) at 99.99%CL

ie 4σ

SM 93%CL 
away from 

best fit point
(~1.8σ)

(a,c)=(1.05,0.63)
χ2=41.4

Two minima:
(a,c)=(0.86,-0.64)

χ2=41

July’12

Warning
need to rescale 
independently 

7 & 8 data sets

(on July 4th, only 7 and  
7+8 combination were 

available)

Montull, Riva ’12

Carni, Falkowski, Kuflik, Volansky, Zupan ’12

Ellis, You ’12

Giardino, Kannike, Raidal, Strumia  ’12

Corbet, Eboli, Gonzalez-Fraile, Gonzalez-Garcia  ’12

Higgs coupling fits

http://arXiv.org/abs/1202.3697
http://arXiv.org/abs/1202.3697
http://arXiv.org/abs/1202.3697
http://arXiv.org/abs/1207.1716
http://arXiv.org/abs/1207.1716
http://arXiv.org/abs/1207.1718
http://arXiv.org/abs/1207.1718
http://arXiv.org/abs/1207.1693
http://arXiv.org/abs/1207.1693
http://arXiv.org/abs/1207.1347
http://arXiv.org/abs/1207.1347
http://arXiv.org/abs/1207.1344
http://arXiv.org/abs/1207.1344


Christophe Grojean Single top & New Physics Naples, 19th.Dec. 2o13

0.6 0.8 1.0 1.2 1.4
-2

-1

0

1

2

a

c

7&8 TeV LHC & Tevatron data

12

Espinosa, Grojean, Muhlleitner, Trott ’12 

SM

Mid-July’12
for similar analyses, see also

Montull, Riva ’12

Carni, Falkowski, Kuflik, Volansky, Zupan ’12
Giardino, Kannike, Raidal, Strumia  ’12

Corbet, Eboli, Gonzalez-Fraile, Gonzalez-Garcia  ’12

note: a fermiophobic 
Higgs (c=0) is 

disfavored by data 
(mostly VBF channels) 

at 97%CL

Higgs coupling fits

http://arXiv.org/abs/1202.3697
http://arXiv.org/abs/1202.3697
http://arXiv.org/abs/1202.3697
http://arXiv.org/abs/1207.1716
http://arXiv.org/abs/1207.1716
http://arXiv.org/abs/1207.1718
http://arXiv.org/abs/1207.1718
http://arXiv.org/abs/1207.1347
http://arXiv.org/abs/1207.1347
http://arXiv.org/abs/1207.1344
http://arXiv.org/abs/1207.1344


Christophe Grojean Single top & New Physics Naples, 19th.Dec. 2o13

0.6 0.8 1.0 1.2 1.4
-2

-1

0

1

2

a

c

7&8 TeV LHC & Tevatron data

12

Espinosa, Grojean, Muhlleitner, Trott ’12 

SM

Mid-July’12
for similar analyses, see also

Montull, Riva ’12

Carni, Falkowski, Kuflik, Volansky, Zupan ’12
Giardino, Kannike, Raidal, Strumia  ’12

Corbet, Eboli, Gonzalez-Fraile, Gonzalez-Garcia  ’12

Text“disfermiophilia”“disfermiophilia”

the current data likes 
“negative” coupling to 

fermions
≈

positive interference 
between top and W in 

γγ channel 

note: a fermiophobic 
Higgs (c=0) is 

disfavored by data 
(mostly VBF channels) 

at 97%CL

Higgs coupling fits

http://arXiv.org/abs/1202.3697
http://arXiv.org/abs/1202.3697
http://arXiv.org/abs/1202.3697
http://arXiv.org/abs/1207.1716
http://arXiv.org/abs/1207.1716
http://arXiv.org/abs/1207.1718
http://arXiv.org/abs/1207.1718
http://arXiv.org/abs/1207.1347
http://arXiv.org/abs/1207.1347
http://arXiv.org/abs/1207.1344
http://arXiv.org/abs/1207.1344


Christophe Grojean Single top & New Physics Naples, 19th.Dec. 2o13

0.6 0.8 1.0 1.2 1.4
-2

-1

0

1

2

a

c

7&8 TeV LHC & Tevatron data

13

Higgs coupling fits

SM

Espinosa, Grojean, Muhlleitner, Trott ’12 

http://arXiv.org/abs/1202.3697
http://arXiv.org/abs/1202.3697


Christophe Grojean Single top & New Physics Naples, 19th.Dec. 2o13

0.6 0.8 1.0 1.2 1.4
-2

-1

0

1

2

a

c

7&8 TeV LHC & Tevatron data

13

Higgs coupling fits

SM

ggF
h⌥ZZ�
ggF
h⌥ZZ�

ggF
h⌥⇧⇧
ggF
h⌥⇧⇧VBF

h⌥⇧⇧
VBF
h⌥⇧⇧

CombinedCombined

SMSM

⇥2.0 ⇥1.5 ⇥1.0 ⇥0.5 0.0 0.5 1.0
⇥1.0

⇥0.5

0.0

0.5

1.0

1.5

2.0

⌅c⇧

⌅c
g

cV⇤cb⇤c⌃⇤1

ggF
h⌥ZZ�
ggF
h⌥ZZ�

ggF
h⌥⇧⇧
ggF
h⌥⇧⇧ VBF

h⌥⇧⇧
VBF
h⌥⇧⇧

CombinedCombined
SMSM

0.0 0.5 1.0 1.5 2.0
⇥3

⇥2

⇥1

0

1

2

3

cV

c b

cb⇤c⌃⇤cg⇤9�2c⇧

ggF
h⌥ZZ�
ggF
h⌥ZZ�

ggF
h⌥⇧⇧
ggF
h⌥⇧⇧

VBF
h⌥⇧⇧
VBF
h⌥⇧⇧

CombinedCombined
SMSM

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
⇥1.0

⇥0.5

0.0

0.5

1.0

1.5

2.0

cV

⌅c
g

⌅c⇧⇤2�9 ⌅cg, cb⇤c⌃⇤1

ggF
h⌥ZZ�
ggF
h⌥ZZ�

ggF
h⌥⇧⇧
ggF
h⌥⇧⇧

VBF
h⌥⇧⇧
VBF
h⌥⇧⇧

CombinedCombined
SMSM

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
⇥1.0

⇥0.5

0.0

0.5

1.0

1.5

2.0

cV

⌅c
g

⌅c⇧⇤2�9 ⌅cg, c⌃⇤cb⇤cV

Figure 2: The allowed parameter space of the e�ective theory given in Eq. (2.1), derived from

the combined ATLAS and CMS constraints for mh = 125 GeV. We display the 1⇤ allowed regions

generated from Higgs produced via gluon fusion (ggF) decaying to �� (pink), or to ZZ� � 4l (blue),

and Higgs produced via vector boson fusion (VBF) decaying to �� (beige). The “Combined” region

(green) shows the 90% CL allowed region arising from all channels. The dashed lines show the

SM values. The top left plot characterizes models in which loops containing beyond the SM fields

contribute to the e�ective 5-dimensional hGa
µ⇥G

a
µ⇥ and hAµ⇥Aµ⇥ operators, while leaving the lower-

dimension Higgs couplings in Eq. (2.1) unchanged relative to the SM prediction. The remaining

plots characterize top partner models where only scalars and fermions with the same charge and

color as the top quark contribute to the e�ective 5-dimensional operators, which implies the relation

⇥c� = (2/9)⇥cg. The results are shown for 3 di�erent sets of assumptions about the lower-dimension

Higgs couplings that can be realized in concrete models addressing the Higgs naturalness problem.

The top right plot was added in v2 to allow a direct comparison with the results of Refs. [27] and

[28]. 8
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Figure 9: Isocontours of 68%, 95% and 99% probability in the plane (a, c) for a 125 GeV Higgs

coming from CMS (left) and ATLAS (right). In each case the posterior probability has been

constructed using the method described in sec. 3.

channels performed by CMS also points to (see Fig. 4 of Ref. [24]). We thus find that such

a pattern of rates can be easily reproduced for c ⇤ �1, which ensures an enhanced ��

while predicting a gluon fusion production cross section close to its SM value. The second

maximum of the probability is for (a ⇧ 1.15, c ⇧ 1.0). It is smaller than the first peak, as

the shorter isocontours indicate. This solution roughly corresponds to the combined best fit

of CMS where all rates are 20% � 30% larger than their SM expectations (R�� ⇧ 1.4 and

RWW = RZZ ⇧ 1.3 for (a = 1.15, c = 1.0)). While the maximum at c ⇧ 1 already emerges

from the fit when including the channels WW , ZZ and �� alone, we find that the ⇥⇥ search

plays an important role in shaping the highest peak and excluding points with large and

negative c.

The plot on the right of Fig. 9 shows the best fit in the plane (a, c) obtained using the

full 2011 ATLAS data set (
�
dtL ⇥ 4.9 fb�1) [28]. Compared to the corresponding analysis

of CMS, the sensitivity of the h ⌅ WW inclusive search in ATLAS (in which the 2-jet VBF

category is not singled out) is much weaker in the fermiophobic region c ⇤ 0. This implies

a much broader region where the posterior probability is large, instead of two disconnected

smaller islands. Furthermore, the excess in the ZZ channel seen by ATLAS leads to a best
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Figure 7: The Tevatron constraints on the couplings (a, c) of a possible Higgs-like particle h
with mass ⇥ 125 GeV arising from the (left) b̄b and (centre) WW � final states, and (right)
their combination.

Figure 8: The constraints on the couplings (a, c) of a possible ‘Higgs’ h particle with mass
⇥ 125 GeV obtained from a global analysis of the available CMS, ATLAS, CDF and D0 data.

WW � and �� sub-channels discussed above.

The same features are visible in Fig. 9, where we see how the preference for the ‘anti-

dilaton’ scenario arises. As previously, the upper left panel is for the pseudo-dilaton scenario

with a = c, the upper right panel is for the anti-dilaton scenario with a = �c, the lower left

panel is for fermiophobic models, and the lower right panel is for the MCHM5 model. In the

case of the pseudo-dilaton scenario (which includes the Standard Model and the ⇥ ⇤ 0 limit

of the MCHM5 model when V = 246 GeV), we see that the values of V favoured by the

CMS, ATLAS and Tevatron data, while overlapping, do not coincide, whereas they coincide

perfectly in the ‘anti-dilaton’ case. The preference for a/c < 0 can be traced to the fact

that both CMS and ATLAS see �� signals that are somewhat enhanced compared to the

Standard Model, which can be explained by positive interference between the top and W±
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Figure 2: The allowed parameter space of the e�ective theory given in Eq. (2.1), derived from

the combined ATLAS and CMS constraints for mh = 125 GeV. We display the 1⇤ allowed regions

generated from Higgs produced via gluon fusion (ggF) decaying to �� (pink), or to ZZ� � 4l (blue),

and Higgs produced via vector boson fusion (VBF) decaying to �� (beige). The “Combined” region

(green) shows the 90% CL allowed region arising from all channels. The dashed lines show the

SM values. The top left plot characterizes models in which loops containing beyond the SM fields

contribute to the e�ective 5-dimensional hGa
µ⇥G

a
µ⇥ and hAµ⇥Aµ⇥ operators, while leaving the lower-

dimension Higgs couplings in Eq. (2.1) unchanged relative to the SM prediction. The remaining

plots characterize top partner models where only scalars and fermions with the same charge and

color as the top quark contribute to the e�ective 5-dimensional operators, which implies the relation

⇥c� = (2/9)⇥cg. The results are shown for 3 di�erent sets of assumptions about the lower-dimension

Higgs couplings that can be realized in concrete models addressing the Higgs naturalness problem.

The top right plot was added in v2 to allow a direct comparison with the results of Refs. [27] and
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Figure 9: Isocontours of 68%, 95% and 99% probability in the plane (a, c) for a 125 GeV Higgs

coming from CMS (left) and ATLAS (right). In each case the posterior probability has been

constructed using the method described in sec. 3.

channels performed by CMS also points to (see Fig. 4 of Ref. [24]). We thus find that such

a pattern of rates can be easily reproduced for c ⇤ �1, which ensures an enhanced ��

while predicting a gluon fusion production cross section close to its SM value. The second

maximum of the probability is for (a ⇧ 1.15, c ⇧ 1.0). It is smaller than the first peak, as

the shorter isocontours indicate. This solution roughly corresponds to the combined best fit

of CMS where all rates are 20% � 30% larger than their SM expectations (R�� ⇧ 1.4 and

RWW = RZZ ⇧ 1.3 for (a = 1.15, c = 1.0)). While the maximum at c ⇧ 1 already emerges

from the fit when including the channels WW , ZZ and �� alone, we find that the ⇥⇥ search

plays an important role in shaping the highest peak and excluding points with large and

negative c.

The plot on the right of Fig. 9 shows the best fit in the plane (a, c) obtained using the

full 2011 ATLAS data set (
�
dtL ⇥ 4.9 fb�1) [28]. Compared to the corresponding analysis

of CMS, the sensitivity of the h ⌅ WW inclusive search in ATLAS (in which the 2-jet VBF

category is not singled out) is much weaker in the fermiophobic region c ⇤ 0. This implies

a much broader region where the posterior probability is large, instead of two disconnected

smaller islands. Furthermore, the excess in the ZZ channel seen by ATLAS leads to a best
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Figure 7: The Tevatron constraints on the couplings (a, c) of a possible Higgs-like particle h
with mass ⇥ 125 GeV arising from the (left) b̄b and (centre) WW � final states, and (right)
their combination.

Figure 8: The constraints on the couplings (a, c) of a possible ‘Higgs’ h particle with mass
⇥ 125 GeV obtained from a global analysis of the available CMS, ATLAS, CDF and D0 data.

WW � and �� sub-channels discussed above.

The same features are visible in Fig. 9, where we see how the preference for the ‘anti-

dilaton’ scenario arises. As previously, the upper left panel is for the pseudo-dilaton scenario

with a = c, the upper right panel is for the anti-dilaton scenario with a = �c, the lower left

panel is for fermiophobic models, and the lower right panel is for the MCHM5 model. In the

case of the pseudo-dilaton scenario (which includes the Standard Model and the ⇥ ⇤ 0 limit

of the MCHM5 model when V = 246 GeV), we see that the values of V favoured by the

CMS, ATLAS and Tevatron data, while overlapping, do not coincide, whereas they coincide

perfectly in the ‘anti-dilaton’ case. The preference for a/c < 0 can be traced to the fact

that both CMS and ATLAS see �� signals that are somewhat enhanced compared to the

Standard Model, which can be explained by positive interference between the top and W±
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• How do we get the solution with negative for the        channel?
• Defining

then for the inclusive, VBF and associated production one has

Recall
W loop

top loop

• Looking only at ,  if  a  ‘true’  signal                                  is assumed, then in addition to
there is another point giving the same event yields:

Injecting the SM as true signal, one gets
• Including all other channels and real data, obtain the plots shown before. 
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Figure 3: Feynman diagrams for the processes pp ! thj and pp ! thjb.

�LO(pp ! thj) [fb] �LO(pp ! thjb) [fb]

cF = 1 cF = �1 cF = 1 cF = �1

8 TeV 17.4 252.7 5.4 79.2
14 TeV 80.4 1042 26.9 363.5

Table 1: Leading-order cross sections for the processes pp ! thj and pp ! thjb (with pbT > 25
GeV and |⌘b| < 2.5) at the LHC. The parameter cV has been set to 1.

Having analyzed the behavior of the partonic cross section, we can now turn our attention
to single top and Higgs associated production in hadron collisions. At the LHC, t-channel
single top production goes through an initial-state gluon splitting into a bb pair. Such a
process can be e�ciently described by a 5-flavor scheme where b’s are in the initial state and
described by a perturbative b PDF, Fig. 3(a). In this scheme, the non-collinearly enhanced
contribution, where the spectator b (i.e. the one not struck by the W boson) is central and at
high pT (see Fig. 3(b)), is moved to the next-to-leading order term. This contribution, which
we indicate with pp ! thjb, is finite and can be easily calculated at tree-level, contributing
to a final state signature with an extra b-jet, a useful handle to suppress the background.
In Table 1 we present the rates for th production in the 5-flavor scheme, fully inclusive as
well as with the requirement of the extra b to be in the tagging region, for 8 and 14 TeV,
in the cV = 1, cF ± 1 cases. Our analysis in Section 3 will consider both processes, which
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taken into account. The cross sections in Table 1 were computed usingMadGraph 5 [25] with
CTEQ6L1 PDFs [26], setting the factorization and renormalization scales to the default event-
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ŝ & 1TeV, where
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p
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ground is the largest of all, but it is removed by the require-
ment on the minimum bb̄ invariant, since the !mistagged" cs
pair comes from W decay.11
Although each background in the 4b-tag analysis is com-

parable to the signal, there are only a few signal events with
30 fb!1. Therefore, there is little hope of observing a signal
in this channel, unless significantly more than 30 fb!1 can
be delivered while maintaining the same detector perfor-
mance. At high luminosity (L"1034/cm2/s), it is anticipated
that the minimum pT for jets must be raised to 30 GeV. In
Table V we study the signal and backgrounds in this scenario
!the b-tagging efficiency is also lowered to 50%". After all
cuts, the t t̄ bb̄ backgrounds are now each twice as large as
the signal, because these backgrounds involve missing a jet,
which is more likely with the increased jet pT threshold. The
number of signal events in 300 fb!1 is about 10, with about
55 background events. Significantly more integrated lumi-
nosity would be needed to see a signal in this channel.

IV. PRODUCTION OF SUPERSYMMETRIC HIGGS
BOSONS

It is interesting to ask whether there could be an enhance-
ment in the signal when the production of nonminimal Higgs
bosons is considered. With this aim we have investigated the
production of a light CP-even !h" and a CP-odd !A" Higgs
boson in the MSSM.
The Higgs boson sector of the MSSM is the same as the

2HDM presented in Appendix A except that it depends !at
tree level" on only two free parameters, which can be chosen
to be mA and tan# . The tree-level relations between the
Higgs boson masses are modified by radiative corrections
that involve the supersymmetric particle spectrum, mainly of
the top sector $3–5%. Since the analytical form of the correc-
tions is quite involved !see Ref. $39%" we used HDECAY $38%
to evaluate the Higgs boson masses and the mixing param-
eter & , given mA , tan# , and information on the top-squark
mixings and masses.

For large mA , the masses of the heavy Higgs bosons ap-
proximately coincide, mA!mH!mH#, while the CP-even
Higgs boson remains light. This is the so-called decoupling
limit, where the standard-model couplings and particle con-
tent are recovered. In the case of large tan# and small mA ,
one finds that mh!mA and the Higgs boson couplings to the
vector bosons and to the fermions are different from those
predicted by the standard model. In particular, there is a
strong enhancement of the bottom-quark coupling to both the
h and the A, which can give rise to interesting signatures at
the colliders $6,40–42%. We focus our attention in this area of
the parameter space, which is not excluded by the measure-
ments from the CERN e$e! collider LEP $2%, choosing
mA%120 GeV and 10%tan#%50.
In Fig. 13 we show the cross section for production of the

CP-even Higgs boson h and CP-odd Higgs boson A in as-
sociation with single top as a function of mA and tan# .
These are calculated using tree-level matrix elements gener-
ated by MADGRAPH $32% !and checked against those obtained
by COMPHEP $33%" convoluted with the parton distribution
function set CTEQ5L $34%, and with the renormalization and
factorization scales set equal to the Higgs boson mass. We
assume a simplified scenario where the third generation di-
agonal soft-supersymmetry-breaking squark masses are de-
generate, with a common value MSUSY"1 TeV, and the
mixing between the top squarks maximal, Xt"At!' cot#
"!6MSUSY , with '"!200 GeV !for an extensive discus-
sion on the other possible choices, see Ref. $6% and refer-
ences therein".
As shown in Fig. 13, for tan#&30, the cross sections are

indeed enhanced with respect to that for a standard-model
Higgs boson. However, the increase is never very large. This
is basically due to two reasons. First, from the arguments
presented in Sec. II and Appendix A, unitarity imposes large
cancellations among the various diagrams, even in the
MSSM Higgs boson sector. In this respect, the production of
the CP-odd state A is particularly instructive. Because of its
CP quantum numbers, this state cannot couple to two W’s
and therefore the contribution from the second diagram in
Fig. 1 vanishes. One might guess that the destructive inter-

11In actuality, some of this background will remain due to jet
resolution.

FIG. 11. Example of a Feynman diagram contributing to the
signal in the 4b-tag analysis.

FIG. 10. Reducible backgrounds in the 3b-tag analysis coming
from the production of a t t̄ pair and jets. The c quark coming from
the decay of a W is misidentified as a b quark. In t t̄ production !a"
the s quark is the forward jet while in t t̄ j production !b" the s-quark
jet is missed.
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The region !q2!MW
2 dominates, in analogy to single top

production "23–25#. Since we also assume that the charge of
the b jet is not measured, the signature for this processes is

3b"1fwd jet"l#"p” T. $3%

In order to estimate the number of events in the detector, we
have chosen the acceptances as shown in Table II, corre-
sponding to low-luminosity running (L$1033/cm2/s). With
30 fb!1 we expect around 120 events. When the b-tagging
efficiency (&b$60%) and lepton efficiency (& l$90%) are
included, the number of expected events goes down to 23.7
Although the final tally is low, this is more than half of the
number of events expected for the t t̄ h process after branch-
ing ratios and reconstruction efficiencies are taken into ac-
count "30#. However, the impact of the backgrounds is more
severe for a Higgs boson plus a single top, as we discuss in
the following.
The largest sources of irreducible background are from

single top production in association with a bb̄ pair, coming
either from the resonant production of a Z boson (tZ) or
from a higher-order QCD process, such as the emission of a
gluon subsequently splitting into a bb̄ pair (tbb̄). Although
the final-state particles in the above processes are exactly the
same as in the signal, the typical invariant mass mbb̄ of the
b’s in the final state is quite different. Let us study the ide-
alized case where the t is reconstructed with 100% efficiency,
such that we know which b comes from top decay. For tZ the
distribution in mbb̄ is peaked around the Z mass, while for
tbb̄ it is largest at small invariant mass. We require that the
invariant mass of the bb̄ pair lies in a window mh#2' ,
where '$11 GeV is the expected experimental resolution
"7#. Assuming a Gaussian distribution, we estimate that 40%
of the events coming from tZ fall in this range $for mh
$115 GeV), decreasing quickly for larger Higgs boson
masses. The cross sections for the signal and these two irre-
ducible backgrounds are given in Table III with the cut on

the invariant mass of the bb̄ applied $second row%. We see
that the backgrounds are comparable to the signal after this
cut.
An important reducible background comes from the pro-

duction of a t t̄ pair "with t t̄!(W"!l"()(W!! c̄s)bb̄#, as
shown in Fig. 10$a% $fourth column of Table III%.8 This pro-
cess contributes to the background when the c quark coming
from the hadronic decay of one of the W’s is misidentified as
a b quark and the s quark is the forward jet. A mistag prob-
ability &c$10% is included in the cross sections quoted in
Table III.9 Even in the idealized case where one top quark is
reconstructed with 100% efficiency, the number of back-
ground events is very large. This background is drastically
reduced by requiring the presence of the forward jet $third
row of Table III%, but it is still large compared with the sig-
nal. To reduce this background further one can exploit the
fact that the forward jet and the bc that fake the Higgs boson
signal all come from top decay, so their invariant mass is
nominally 175 GeV. We therefore require that the invariant
mass of the forward jet and the bb̄ pair exceed 250 GeV
$fourth column of Table III%. This essentially eliminates the
t t̄ background,10 while maintaining most of the signal.
There is a related background, t t̄ j "shown in Fig. 10$b%#,

of which one cannot so easily dispose $fifth column of Table
III%. In this case the amplitude is dominated by the exchange
of a gluon in the t channel and the jet is naturally produced

7The efficiencies are taken from Ref. "7#.

8Other sources of reducible background come from the production
of a W in association with four jets of which three are $or are
misidentified as% b quarks.
9The mistag probability quoted in Ref. "7# is &c$14%, but no
specific effort was made to minimize it. We assume that it can be
reduced to 10% while maintaining high b-tagging efficiency.
10In actuality some of the background will pass the cut due to jet
resolution.

FIG. 9. Rapidity distributions for the final-state particles $the
lepton and the b from the top quark, the b’s from the Higgs boson,
and the jet% in the t channel at the LHC.

FIG. 8. Example of a Feynman diagram contributing to the sig-
nal with three b tags. The final-state particles are explicitly shown.
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We study the production of the Higgs boson in association with a single top quark at hadron colliders. The
cross sections for the three production processes (t channel, s channel, and W associated" at both the Fermilab
Tevatron and the CERN Large Hadron Collider !LHC" are presented. We investigate the possibility of detect-
ing a signal for the largest of these processes, the t-channel process at the LHC, via the Higgs boson decay into
bb̄ . The QCD backgrounds are large and difficult to curb, hindering the extraction of the signal. Extensions of
our analysis to the production of supersymmetric Higgs bosons are also addressed. The cross section is
enhanced for large values of tan # , increasing the prospects for extracting a signal.
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I. INTRODUCTION

The discovery of the Higgs boson as the culprit for elec-
troweak symmetry breaking !EWSB" is one of the most chal-
lenging goals of present and future high-energy experiments.
Within the standard model !SM", the mass of the Higgs bo-
son is basically unconstrained with an upper bound of mh
!600"800 GeV $1%. However, present data from precision
measurements of electroweak quantities favor a moderate
mass (113 GeV#mh!200"230 GeV) $2%. In addition, the
minimal supersymmetric version of the SM !MSSM", which
is one of its most popular extensions, predicts a Higgs boson
with an upper mass bound of about 130 GeV $3–5%. Thus the
scenario with an intermediate-mass Higgs boson (113 GeV
#mh!130 GeV) is both theoretically plausible and well
supported by the data.
Detailed studies performed for both the Fermilab Tevatron

and the CERN Large Hadron Collider !LHC" !see, for ex-
ample, Refs. $6% and $7%, respectively" have shown that there
is no single production mechanism or decay channel that
dominates the phenomenology over the intermediate-mass
range for the Higgs boson. Associated production of Wh or
Zh $8% and t t̄ h $9,10%, with the subsequent decay h!&&
$11–13% and h!bb̄ $14–18%, are presently considered the
most promising reactions to discover an intermediate-mass
Higgs boson at both the Tevatron and the LHC. In this case
one of the top quarks or the weak boson present in the final
state can decay leptonically, providing an efficient trigger.
The major difficulties in extracting a reliable signal from
either of these two channels are the combination of a small
signal and the need for an accurate control of all the back-
ground sources. In this respect, it would be useful to have
other processes that could raise the sensitivity in this range
of masses.
In this paper we re-examine the production of a Higgs

boson in association with a single top quark (th production"
at hadron colliders $19–22%.1 This process can be viewed as
a natural extension of the single top production processes
$23–28%, where a Higgs boson is radiated off the top or off

the W that mediates the bottom-to-top transition. As in the
usual single-top production, the three processes of interest
are characterized by the virtuality of the W boson in the
process: !i" t channel !Fig. 1", where the spacelike W strikes
a b quark in the proton sea, promoting it to a top quark; !ii"
s channel !Fig. 2", where the W is timelike; !iii" W associated
!Fig. 3", where there is emission of a real W boson.
There are two reasons a priori that make the above pro-

cesses worthy of attention. The first one is that, based on
simple considerations, one would expect Higgs boson plus
single top production to be relevant at the Tevatron and at the
LHC. While top quarks will be mostly produced in pairs via
the strong interaction, the cross section for single top, which
is a weak process, turns out to be rather large, about one-
third of the cross section for top pair production $29,30%. If a
similar ratio between '(th) and '(t t̄ h) is assumed, it is
natural to ask whether th production could be used together
with Wh , Zh , and t t̄ h as a means to discover an
intermediate-mass Higgs boson at the LHC. With this aim,
the t-channel process has been previously considered when
the Higgs boson decays into a pair of photons, with the result
that too few events of this type would be produced, even at
high-luminosity runs, at the LHC $20–22%. Since the domi-
nant decay mode of the Higgs boson in this mass region is
into bb̄ pairs, this suggests searching for it using one or more
b tags, in the same way as the t t̄ h analysis is conducted. This
possibility is pursued in the present paper.
The second reason for considering Higgs boson plus

single top quark production is that it gives a rather unique
possibility for studying the relative sign between the cou-
pling of the Higgs boson to fermions and to vector bosons
$22,31%. Measurements of Wh and t t̄ h production rates test,

1We always understand th to include both top quark and top an-
tiquark production.

FIG. 1. Feynman diagrams contributing to the t-channel produc-
tion of a Higgs boson plus a single top quark.
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14 TeV 80.4 1042 26.9 363.5

Table 1: Leading-order cross sections for the processes pp ! thj and pp ! thjb (with pbT > 25
GeV and |⌘b| < 2.5) at the LHC. The parameter cV has been set to 1.

Having analyzed the behavior of the partonic cross section, we can now turn our attention
to single top and Higgs associated production in hadron collisions. At the LHC, t-channel
single top production goes through an initial-state gluon splitting into a bb pair. Such a
process can be e�ciently described by a 5-flavor scheme where b’s are in the initial state and
described by a perturbative b PDF, Fig. 3(a). In this scheme, the non-collinearly enhanced
contribution, where the spectator b (i.e. the one not struck by the W boson) is central and at
high pT (see Fig. 3(b)), is moved to the next-to-leading order term. This contribution, which
we indicate with pp ! thjb, is finite and can be easily calculated at tree-level, contributing
to a final state signature with an extra b-jet, a useful handle to suppress the background.
In Table 1 we present the rates for th production in the 5-flavor scheme, fully inclusive as
well as with the requirement of the extra b to be in the tagging region, for 8 and 14 TeV,
in the cV = 1, cF ± 1 cases. Our analysis in Section 3 will consider both processes, which
lead to final states containing 3 and 4 b-jets respectively, once the decay of the Higgs to bb̄ is
taken into account. The cross sections in Table 1 were computed usingMadGraph 5 [25] with
CTEQ6L1 PDFs [26], setting the factorization and renormalization scales to the default event-
by-event MadGraph 5 value. As an estimate of the theoretical uncertainty on the signal, we
have computed the fully inclusive cross sections at NLO in QCD, in the 5-flavor scheme, using
aMC@NLO [27–29] and CTEQ6M PDFs [26]. The results are reported in Table 2, where
the uncertainties correspond to variations of the factorization and renormalization scales with
µF = µR around µ = (mt + mh)/2 from µ/2 to 2µ. The NLO cross sections appear to be
extremely stable under radiative corrections and therefore we deem the theory uncertainty of
the signal rates in our analysis negligible.
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Table 2: Cross sections at NLO in QCD for the process pp ! thj at the LHC. The parameter
cV has been set to 1.
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Figure 4: Cross section for pp ! thj at 14 TeV normalized to the SM one, as a function of
cF for three choices of cV . Solid, dashed and dotted lines correspond to cV = 1, 0.5 and 1.5
respectively.

The striking enhancement of the hadronic cross section for cF 6= cV is shown in Fig. 4,
where �(pp ! thj) for an LHC energy of 14TeV, normalized to its SM value, is displayed as
a function of cF for three di↵erent choices of cV (very similar plots are obtained considering
8TeV and/or the pp ! thjb process). For example, for a standard hWW coupling, i.e.
cV = 1, a top Yukawa with equal magnitude and opposite sign with respect to the standard
one (cF = �1) yields an enhancement of the cross section of more than a factor 10.

As noted above, perturbative unitarity in Wb ! th scattering is lost at a scale ⇤ &
10TeV for cV , cF ⇠ O(1). Figure 5 clearly shows that after convolution with the PDFs the
contribution of the region

p
ŝ & 1TeV, where

p
ŝ is the center of mass energy of the th system,

to the hadronic cross section is negligible. This implies that our perturbative computations
can be fully trusted. Indeed Fig. 5 demonstrates that the relative contribution to the cross
section from large values of

p
ŝ is more sizable in the SM than for cF 6= cV . This is compatible

with the di↵erent behaviors of the partonic cross section in the two cases, shown in Fig. 2.
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ground is the largest of all, but it is removed by the require-
ment on the minimum bb̄ invariant, since the !mistagged" cs
pair comes from W decay.11
Although each background in the 4b-tag analysis is com-

parable to the signal, there are only a few signal events with
30 fb!1. Therefore, there is little hope of observing a signal
in this channel, unless significantly more than 30 fb!1 can
be delivered while maintaining the same detector perfor-
mance. At high luminosity (L"1034/cm2/s), it is anticipated
that the minimum pT for jets must be raised to 30 GeV. In
Table V we study the signal and backgrounds in this scenario
!the b-tagging efficiency is also lowered to 50%". After all
cuts, the t t̄ bb̄ backgrounds are now each twice as large as
the signal, because these backgrounds involve missing a jet,
which is more likely with the increased jet pT threshold. The
number of signal events in 300 fb!1 is about 10, with about
55 background events. Significantly more integrated lumi-
nosity would be needed to see a signal in this channel.

IV. PRODUCTION OF SUPERSYMMETRIC HIGGS
BOSONS

It is interesting to ask whether there could be an enhance-
ment in the signal when the production of nonminimal Higgs
bosons is considered. With this aim we have investigated the
production of a light CP-even !h" and a CP-odd !A" Higgs
boson in the MSSM.
The Higgs boson sector of the MSSM is the same as the

2HDM presented in Appendix A except that it depends !at
tree level" on only two free parameters, which can be chosen
to be mA and tan# . The tree-level relations between the
Higgs boson masses are modified by radiative corrections
that involve the supersymmetric particle spectrum, mainly of
the top sector $3–5%. Since the analytical form of the correc-
tions is quite involved !see Ref. $39%" we used HDECAY $38%
to evaluate the Higgs boson masses and the mixing param-
eter & , given mA , tan# , and information on the top-squark
mixings and masses.

For large mA , the masses of the heavy Higgs bosons ap-
proximately coincide, mA!mH!mH#, while the CP-even
Higgs boson remains light. This is the so-called decoupling
limit, where the standard-model couplings and particle con-
tent are recovered. In the case of large tan# and small mA ,
one finds that mh!mA and the Higgs boson couplings to the
vector bosons and to the fermions are different from those
predicted by the standard model. In particular, there is a
strong enhancement of the bottom-quark coupling to both the
h and the A, which can give rise to interesting signatures at
the colliders $6,40–42%. We focus our attention in this area of
the parameter space, which is not excluded by the measure-
ments from the CERN e$e! collider LEP $2%, choosing
mA%120 GeV and 10%tan#%50.
In Fig. 13 we show the cross section for production of the

CP-even Higgs boson h and CP-odd Higgs boson A in as-
sociation with single top as a function of mA and tan# .
These are calculated using tree-level matrix elements gener-
ated by MADGRAPH $32% !and checked against those obtained
by COMPHEP $33%" convoluted with the parton distribution
function set CTEQ5L $34%, and with the renormalization and
factorization scales set equal to the Higgs boson mass. We
assume a simplified scenario where the third generation di-
agonal soft-supersymmetry-breaking squark masses are de-
generate, with a common value MSUSY"1 TeV, and the
mixing between the top squarks maximal, Xt"At!' cot#
"!6MSUSY , with '"!200 GeV !for an extensive discus-
sion on the other possible choices, see Ref. $6% and refer-
ences therein".
As shown in Fig. 13, for tan#&30, the cross sections are

indeed enhanced with respect to that for a standard-model
Higgs boson. However, the increase is never very large. This
is basically due to two reasons. First, from the arguments
presented in Sec. II and Appendix A, unitarity imposes large
cancellations among the various diagrams, even in the
MSSM Higgs boson sector. In this respect, the production of
the CP-odd state A is particularly instructive. Because of its
CP quantum numbers, this state cannot couple to two W’s
and therefore the contribution from the second diagram in
Fig. 1 vanishes. One might guess that the destructive inter-

11In actuality, some of this background will remain due to jet
resolution.

FIG. 11. Example of a Feynman diagram contributing to the
signal in the 4b-tag analysis.

FIG. 10. Reducible backgrounds in the 3b-tag analysis coming
from the production of a t t̄ pair and jets. The c quark coming from
the decay of a W is misidentified as a b quark. In t t̄ production !a"
the s quark is the forward jet while in t t̄ j production !b" the s-quark
jet is missed.
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The region !q2!MW
2 dominates, in analogy to single top

production "23–25#. Since we also assume that the charge of
the b jet is not measured, the signature for this processes is

3b"1fwd jet"l#"p” T. $3%

In order to estimate the number of events in the detector, we
have chosen the acceptances as shown in Table II, corre-
sponding to low-luminosity running (L$1033/cm2/s). With
30 fb!1 we expect around 120 events. When the b-tagging
efficiency (&b$60%) and lepton efficiency (& l$90%) are
included, the number of expected events goes down to 23.7
Although the final tally is low, this is more than half of the
number of events expected for the t t̄ h process after branch-
ing ratios and reconstruction efficiencies are taken into ac-
count "30#. However, the impact of the backgrounds is more
severe for a Higgs boson plus a single top, as we discuss in
the following.
The largest sources of irreducible background are from

single top production in association with a bb̄ pair, coming
either from the resonant production of a Z boson (tZ) or
from a higher-order QCD process, such as the emission of a
gluon subsequently splitting into a bb̄ pair (tbb̄). Although
the final-state particles in the above processes are exactly the
same as in the signal, the typical invariant mass mbb̄ of the
b’s in the final state is quite different. Let us study the ide-
alized case where the t is reconstructed with 100% efficiency,
such that we know which b comes from top decay. For tZ the
distribution in mbb̄ is peaked around the Z mass, while for
tbb̄ it is largest at small invariant mass. We require that the
invariant mass of the bb̄ pair lies in a window mh#2' ,
where '$11 GeV is the expected experimental resolution
"7#. Assuming a Gaussian distribution, we estimate that 40%
of the events coming from tZ fall in this range $for mh
$115 GeV), decreasing quickly for larger Higgs boson
masses. The cross sections for the signal and these two irre-
ducible backgrounds are given in Table III with the cut on

the invariant mass of the bb̄ applied $second row%. We see
that the backgrounds are comparable to the signal after this
cut.
An important reducible background comes from the pro-

duction of a t t̄ pair "with t t̄!(W"!l"()(W!! c̄s)bb̄#, as
shown in Fig. 10$a% $fourth column of Table III%.8 This pro-
cess contributes to the background when the c quark coming
from the hadronic decay of one of the W’s is misidentified as
a b quark and the s quark is the forward jet. A mistag prob-
ability &c$10% is included in the cross sections quoted in
Table III.9 Even in the idealized case where one top quark is
reconstructed with 100% efficiency, the number of back-
ground events is very large. This background is drastically
reduced by requiring the presence of the forward jet $third
row of Table III%, but it is still large compared with the sig-
nal. To reduce this background further one can exploit the
fact that the forward jet and the bc that fake the Higgs boson
signal all come from top decay, so their invariant mass is
nominally 175 GeV. We therefore require that the invariant
mass of the forward jet and the bb̄ pair exceed 250 GeV
$fourth column of Table III%. This essentially eliminates the
t t̄ background,10 while maintaining most of the signal.
There is a related background, t t̄ j "shown in Fig. 10$b%#,

of which one cannot so easily dispose $fifth column of Table
III%. In this case the amplitude is dominated by the exchange
of a gluon in the t channel and the jet is naturally produced

7The efficiencies are taken from Ref. "7#.

8Other sources of reducible background come from the production
of a W in association with four jets of which three are $or are
misidentified as% b quarks.
9The mistag probability quoted in Ref. "7# is &c$14%, but no
specific effort was made to minimize it. We assume that it can be
reduced to 10% while maintaining high b-tagging efficiency.
10In actuality some of the background will pass the cut due to jet
resolution.

FIG. 9. Rapidity distributions for the final-state particles $the
lepton and the b from the top quark, the b’s from the Higgs boson,
and the jet% in the t channel at the LHC.

FIG. 8. Example of a Feynman diagram contributing to the sig-
nal with three b tags. The final-state particles are explicitly shown.
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and the jet% in the t channel at the LHC.

FIG. 8. Example of a Feynman diagram contributing to the sig-
nal with three b tags. The final-state particles are explicitly shown.
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We study the production of the Higgs boson in association with a single top quark at hadron colliders. The
cross sections for the three production processes (t channel, s channel, and W associated" at both the Fermilab
Tevatron and the CERN Large Hadron Collider !LHC" are presented. We investigate the possibility of detect-
ing a signal for the largest of these processes, the t-channel process at the LHC, via the Higgs boson decay into
bb̄ . The QCD backgrounds are large and difficult to curb, hindering the extraction of the signal. Extensions of
our analysis to the production of supersymmetric Higgs bosons are also addressed. The cross section is
enhanced for large values of tan # , increasing the prospects for extracting a signal.
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I. INTRODUCTION

The discovery of the Higgs boson as the culprit for elec-
troweak symmetry breaking !EWSB" is one of the most chal-
lenging goals of present and future high-energy experiments.
Within the standard model !SM", the mass of the Higgs bo-
son is basically unconstrained with an upper bound of mh
!600"800 GeV $1%. However, present data from precision
measurements of electroweak quantities favor a moderate
mass (113 GeV#mh!200"230 GeV) $2%. In addition, the
minimal supersymmetric version of the SM !MSSM", which
is one of its most popular extensions, predicts a Higgs boson
with an upper mass bound of about 130 GeV $3–5%. Thus the
scenario with an intermediate-mass Higgs boson (113 GeV
#mh!130 GeV) is both theoretically plausible and well
supported by the data.
Detailed studies performed for both the Fermilab Tevatron

and the CERN Large Hadron Collider !LHC" !see, for ex-
ample, Refs. $6% and $7%, respectively" have shown that there
is no single production mechanism or decay channel that
dominates the phenomenology over the intermediate-mass
range for the Higgs boson. Associated production of Wh or
Zh $8% and t t̄ h $9,10%, with the subsequent decay h!&&
$11–13% and h!bb̄ $14–18%, are presently considered the
most promising reactions to discover an intermediate-mass
Higgs boson at both the Tevatron and the LHC. In this case
one of the top quarks or the weak boson present in the final
state can decay leptonically, providing an efficient trigger.
The major difficulties in extracting a reliable signal from
either of these two channels are the combination of a small
signal and the need for an accurate control of all the back-
ground sources. In this respect, it would be useful to have
other processes that could raise the sensitivity in this range
of masses.
In this paper we re-examine the production of a Higgs

boson in association with a single top quark (th production"
at hadron colliders $19–22%.1 This process can be viewed as
a natural extension of the single top production processes
$23–28%, where a Higgs boson is radiated off the top or off

the W that mediates the bottom-to-top transition. As in the
usual single-top production, the three processes of interest
are characterized by the virtuality of the W boson in the
process: !i" t channel !Fig. 1", where the spacelike W strikes
a b quark in the proton sea, promoting it to a top quark; !ii"
s channel !Fig. 2", where the W is timelike; !iii" W associated
!Fig. 3", where there is emission of a real W boson.
There are two reasons a priori that make the above pro-

cesses worthy of attention. The first one is that, based on
simple considerations, one would expect Higgs boson plus
single top production to be relevant at the Tevatron and at the
LHC. While top quarks will be mostly produced in pairs via
the strong interaction, the cross section for single top, which
is a weak process, turns out to be rather large, about one-
third of the cross section for top pair production $29,30%. If a
similar ratio between '(th) and '(t t̄ h) is assumed, it is
natural to ask whether th production could be used together
with Wh , Zh , and t t̄ h as a means to discover an
intermediate-mass Higgs boson at the LHC. With this aim,
the t-channel process has been previously considered when
the Higgs boson decays into a pair of photons, with the result
that too few events of this type would be produced, even at
high-luminosity runs, at the LHC $20–22%. Since the domi-
nant decay mode of the Higgs boson in this mass region is
into bb̄ pairs, this suggests searching for it using one or more
b tags, in the same way as the t t̄ h analysis is conducted. This
possibility is pursued in the present paper.
The second reason for considering Higgs boson plus

single top quark production is that it gives a rather unique
possibility for studying the relative sign between the cou-
pling of the Higgs boson to fermions and to vector bosons
$22,31%. Measurements of Wh and t t̄ h production rates test,

1We always understand th to include both top quark and top an-
tiquark production.

FIG. 1. Feynman diagrams contributing to the t-channel produc-
tion of a Higgs boson plus a single top quark.

PHYSICAL REVIEW D, VOLUME 64, 094023

0556-2821/2001/64!9"/094023!12"/$20.00 ©2001 The American Physical Society64 094023-1

: 

(enhancement 
of ~2 only
for h ➛γγ)

Farina, Grojean, Maltoni, Salvioni, Thamm ’12

15

Breaking the degeneracy
direct measurement of top-higgs coupling

Farina, Grojean, Maltoni, Salvioni, Thamm ’12

68% and 95% CL exclusion region vs current Higgs coupling fit

LHC 8TeV 25/fb LHC 14TeV 50/fb

 indirect: combination of various channels (indirect)
 direct: tth, still challenging and won’t be sensitive to the sign of the coupling

new process with large interference

http://arxiv.org/abs/arXiv:1211.3736
http://arxiv.org/abs/arXiv:1211.3736
http://arxiv.org/abs/arXiv:1211.3736
http://arxiv.org/abs/arXiv:1211.3736


Christophe Grojean Single top & New Physics Naples, 19th.Dec. 2o1316

Short vs long distance contributions to gg➙h
 inability to resolve the top loops

 the bearable lightness of the Higgs: rich spectroscopy w/ multiple decays channels
 the unbearable lightness: loops saturate and don’t reveal the physics @ energy physics (*)

contribution, evaluated in the large-mt approximation, and we normalize it with the exact mt-
dependent Born cross section, !LO(mt). More precisely, we multiply the O("4

S) contributions by
the ratio !LO(mt)/!LO(mt ! ").

2.1 Numerical results

We have implemented the exact heavy-quark mass dependence in a new version of the numerical
code HNNLO. The program HNNLO is a parton level event generator that allows the user to compute
the Higgs production cross section and the associated distributions up to NNLO in QCD perturba-
tion theory, and to apply arbitrary infrared-safe cuts on the Higgs decay products and the recoiling
QCD radiation. The program includes the H ! ##, H ! WW ! l$l$ and H ! ZZ ! 4l decay
modes.

In the following, we present only a limited sample of the numerical results that can be obtained
with our program. We consider Higgs boson production in pp collisions at

#
s = 8 TeV and we

use the MSTW2008 sets of parton distributions [44], with densities and "S evaluated at each
corresponding order (i.e., we use (n + 1)-loop "S at NnLO). Unless stated otherwise, we set the
renormalization and factorization scales to the Higgs boson mass, µR = µF = mH , and we set
mt = 172.5 GeV and mb = 4.75 GeV.

The first quantity that is important to test with the modified program is the inclusive cross
section. In Table 1 we study the impact of heavy-quark masses at NLO. We report the NLO cross
sections evaluated with the exact top and bottom mass dependence, normalized to the NLO result
in the large-mt limit.

mH(GeV) !NLO(mt)
!NLO(mt!")

!NLO(mt,mb)
!NLO(mt!")

125 1.061 0.988
150 1.093 1.028
200 1.185 1.134

Table 1: Impact of the heavy-quark masses on the inclusive NLO cross sections. All results are
normalized to the mt ! " result.

From Table 1 we see that the mass e!ects change the cross section at the few percent level,
and that the bottom contribution decreases the cross section by a few percent. This e!ect is
well known, and it is due to the negative interference with the top-quark contribution. We have
compared our results with those obtained with the numerical program HIGLU [5, 7] and found very
good agreement.

We now move to consider the impact of mass e!ects on the pT cross section. Such e!ects have
been studied at NLO in earlier works [45, 46, 47, 13, 48, 49].

In Fig. 1 (left panel) we plot the pT spectrum of the Higgs boson at NLO with full dependence
on the masses of the top and bottom quarks and we compare it with the corresponding result in
which only the top-quark contribution is considered. Both results are normalized to the result
obtained in the large-mt limit. To better emphasize the impact of the bottom quark, in the right

4

e.g. Grazzini, Sargsyan ’13 
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doesn’t “see” the finite mass of the top 
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(e.g. 4th generation)
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Fermionic Resonances for a Composite Higgs
[Agashe, Contino, Da Rold, Pomarol ‘06]

Custodial symmetry: exotic top partners
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Light composite Higgs from “light” resonances
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for similar results, see also

&

true spectrum in explicit realizations

Nice AdS/CFT interpretation

M = 1/2 $ dim[O ] = 3/2 $ light free field decoupled from CFT
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Searching for Exotic Top Partners

[Contino, Servant ’08]Search in same-sign di-lepton events
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q
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b̄W�

W�
discovery potential (LHC14TeV) 

M5/3=500 GeV (σxBR≈100/fb) → 56 pb-1

M5/3=1 TeV (σxBR≈2/fb) → 15 fb-1

 tt+jets is not a background [except for charge mis-ID and fake e-]
 the resonant (tW) invariant mass can be reconstructed

        

















 














Figure 3: Production cross sections at the LHC for T5/3 as functions of its mass. The dashed line
refers to pair-production; the solid and the two dotted curves refer to single production for the
three values of the coupling (from highest to lowest) !T5/3

= Y! sin "R = 4, 3, 2. Cross sections for
B are given by the same curves for the same values of !B = Y! cos "L sin"R.

and M = MT5/3
(M = MB), ! = !T5/3

= Y! sin "R (! = !B = Y! cos "L sin "R) in the case
of T5/3 (B). For example, setting ! = 3 gives ! = 31 (82) GeV for M = 0.5 (1) TeV. Single
production proceeds via the diagram of Fig. 2, and becomes dominant for heavier masses,
see Fig. 3. For simplicity, although it is likely to be important for extending the discovery
reach to larger masses, we will neglect single production in the present work. We will argue
that this should not a"ect significantly our final results, and that it is in fact a conservative
assumption.

Finally, it is worth mentioning that no direct bounds on the heavy quark masses MT5/3
,

MB exist from Tevatron, as no searches have been pursued for new heavy quarks decaying
to tW . The CDF bound on heavy bottom quarks b", Mb! > 268 GeV, is derived assuming
that b" decays exclusively to bZ [25]. We estimate that for M = 300 GeV (500 GeV), the
pair-production cross section of T5/3 or B at Tevatron is 201 fb (1 fb). For M = 300 GeV
this corresponds to ! 35 events in the same-sign dilepton channel, before any cut, with an
integrated luminosity of 4 fb#1, suggesting that, although challenging, a dedicated analysis
at CDF and D0 could lead to interesting bounds on MT5/3

, MB.

3 Signal and Background Simulation

We want to study the pair production of B and T5/3 at the LHC focussing on decay channels
with two same-sign leptons. We consider two values of the heavy fermion masses, M =
500 GeV and M = 1 TeV, and set !T5/3

= !B = 3. As explained in the previous section,
such large values of the couplings are naturally expected if the heavy fermions are bound

5

single prod.
pair prod.

[Contino, Servant ’08]

Fermionic Resonances

The T5/3 and the B can be pair or singly produced
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Single production (model dependent)

Fermionic Resonances
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Pair production (model independent)

[Mrazek, Wulzer ’09]
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Rich phenomenology of the top partners

Aguilar-Saavedra ’09
l± + 4b final state

Aguilar-Saavedra ’09
l± + 6b final state

γγ final state
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l± + 4b final state
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Rich phenomenology of the top partners

same final states as tt
Bini, Contino, Parisse, Vignaroli ’11

Barcelo, Carmona, Masip, Santiago ’11
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O&er BSM searches wi& single top
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W0! tb̄ Signal Phenomenology

I Motivation: KK excitations, technicolour.
little higgs etc.

I Signature: same as SM s-channel pro-
duction W0 ! tb̄ W0 ! t̄b

I Define effective Lagrangian (x-sec. predictions available up to NLO)

L =
V 0ij

2
p

2
f̄i�µ
✓
g0Rij

(1 + �5) + g0Lij
(1 � �5)

◆
W 0µfj + h.c.

g0L,R = left/right-handed couplings V 0 =

8>><
>>:

VCKM; quarks
�ij ; leptons

I Allowed decays:
Decay hadronic leptonic
W0L X X + SM interference
W0R, m(⌫R) ⌧ m(W0) X X
W0R, m(⌫R) > m(W0) X –

I Common choice: SM interf. + W0L: g0L = gw g0R = 0
W0R: g0L = 0 g0R = gw

SM interf. + W0mixed: g0L = gw g0R = gw
I Why W0! tb̄ searches?

I Direct leptonic searches have lower sensitivity to leptophobic W0
I Many models with large 3rd generation couplings ‘ disfavours all-hadronic searches
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Figure 6: Observed and expected 95% CL limits on the W0-boson cross-section times branching ratio
prediction, as a function of the mass of the W0 boson, for (a) left-handed and (b) right-handed W0 bosons.
The one and two standard deviation excursions from the expected limits are also shown. Theoretical
predictions with ±1 standard deviation uncertainties [6] are represented by a solid red line and a band,
where leptonic decays of W0R bosons are not allowed and, for W0L bosons, interference with the SM is not
considered.

of the form in Eq.(1). Limits can also be set for g0/g > 1, as models remain perturbative up to a ratio
of about 5 [6]. A given hypothesis g0 for a W0 boson of mass mW0 is excluded if the resulting expected
cross-section is higher than the cross-section limits derived previously. The W0-boson cross-section has
a non-trivial dependence on the coupling g0, coming from the variation of the resonance width, �W0 , that
is proportional to g02. This di↵erence in the intrinsic W0-boson width makes the signal cross-section
sensitive to the initial-state quark PDFs, in addition to the g02 dependence of the production vertex. The
scaling of the W0-boson cross-section as a function of g0/g and mW0 is estimated using MadGraph. The
impact of NLO corrections on this scaling is found to be of a few percent at maximum and is neglected.
Figure 7 shows the observed and expected 95% CL limits on the ratio g0/g, as a function of the mass of
the W0 boson, for left-handed and right-handed W0-boson couplings. Limits are shown up to a g0/g value
of 2, where the signal selection e�ciency is not a↵ected by the increase of �W0 .

10 Summary

This note describes a search for W0 ! tb̄! l⌫bb̄ in 14.3 fb�1 of proton-proton collisions at a centre-of-
mass energy of 8 TeV with the ATLAS detector. Events with a lepton, missing transverse momentum,
and two b-tagged jets are selected, and multivariate discriminants are constructed using boosted deci-
sion trees. By fitting this observable in data to the expectation, the consistency of the Standard Model
background hypothesis can be tested. Data are consistent with the Standard Model expectation and no
presence of W0-boson signal events is observed. Exclusion limits at the 95% confidence level are set on
the mass of the W0 boson and on its e↵ective couplings. Masses below 1.74 (1.84) TeV are excluded for
left-handed (right-handed) W0 bosons, while the expected limit is 1.56 (1.72) TeV.
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FCNC top production
e.g. E.. Yazgan @ top’13 
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FCNC at the LHC
Brief Overview

FCNC in decay: t! qZ

I CMS-PAS-TOP-12-037
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Ldt =19.5 /fb

I CMS-PAS-TOP-12-021
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I JHEP 1209 (2012) 139
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FCNC in production: qg! t

I ATLAS-CONF-2013-063
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I PLB 712 (2012) 351
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‘ No evidence for FCNC found
For details please refer to Efe Yazgan’s talk (next talk in this session)
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Conclusions

‘top + Higgs’ is a crucial couple for HEP 
single top channel can help us understanding EWSB

understanding the top sector will tell us if the universal is
 natural
 metastable 
 near-critical


