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Figure 1: Feynman diagrams for the single-top plus Higgs associated production in the t-channel
q b ! t q0H at hadron colliders. Higgs radiation by the initial b-quark line is not shown (see text).

The only fermion species that sensibly contribute to the above LHC fits are the top quark
(that enters in the loop of the main Higgs production mechanism gg ! H, and contributes with
maximal weight to the fits), the b quark and the ⌧ lepton, under the hypothesis Ct = Cb = C⌧ .

The two non-degenerate opposite-sign intervals for the top-Yukawa coupling arise from the
SM (destructive) interference between the W vector-boson loop and the top-quark loop in the
H ! �� amplitude. Indeed, the present moderate enhancement observed in the H ! �� rate
with respect to the SM predictions (see e.g. [14, 15], and references therein) could be related
to a decreased top-Yukawa coupling, or even to a change in the relative sign of the W -Higgs
and top-Higgs couplings. The latter could considerably enhance the H ! �� branching ratio,
without a↵ecting the gg ! H production rate.

A strictly fermiophobic Higgs interpretation, where Cf =0, and CV =1, has been excluded
by the LHC for the observed resonance. One should however keep in mind that, in realistic

fermiophobic models, non-vanishing Yukawa couplings are generated at least at the radiative
level by the chiral symmetry breaking induced by the non-vanishing fermion masses. Note that,
in e↵ective fermiophobic models, a radiatively generated top Yukawa coupling tends to have an
opposite sign with respect to its SM value [4].

In this paper, we address the problem of the determination of the relative sign of the ttH
and WWH couplings through the study of the Higgs production in association with a single top
quark at the LHC. While the magnitude of the top and W couplings can be directly measured,
respectively, through the Higgs boson production in association with a top pair (see [16] for
a recent study), and in vector-boson-fusion or HW -associated production, all these processes
are not a↵ected by the top and W couplings relative sign. The t-channel for single top and
Higgs associated production is, on the other hand, particularly sensitive to the Yt and gHWW

relative phase, because of the strong destructive interference in the SM matrix element of the
two Feynman graphs for qb ! tq0H in Figure 1 [17].

The associated production of a Higgs and a single top quark at the LHC and the SSC (the
Superconducting Super Collider) was analyzed in the SM for a light Higgs boson in [18]-[20]
(with [18] focusing on the H ! �� decay). In [21] (see also [22]), a Higgs decaying into bb̄
pairs was studied for the same process at the LHC. However, quite negative conclusions were
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 probe FCN couplings tuH, tcH  
 

 search for singly-produced tH resonances  
 

 test structure of  gHtt  coupling  
 (beyond what can be achieved by gg ➜ H, ttH) 
 . . . . . 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- g∗, the coupling strength to SM quarks in units of standard couplings, which is only

relevant in single production. The cross sections for the latter scale with the coupling

squared;

- RL, the generation mixing coupling, which describes the rate of decays to first gen-

eration quarks with respect to the third generation, so that RL = 0 corresponds to

coupling to top and bottom quarks only, while the limit RL = ∞ represent coupling

to light quarks only.

For some possible reinterpretation of this effective Lagrangian in terms of complete

models, see Refs. [9, 20].

2.1 Cross section parameterisation

The pp → T ′j → tZj process studied here is given by the set of Feynman diagrams

displayed in Fig.1.
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Figure 1: Feynman diagrams for the process pp → T ′j → tZj via couplings of the T ′ to

(a) first generation quarks and (b) third generation quarks.

The are two sets of diagrams, i.e. where the T ′ is produced due to the interaction with

light quarks (A1) or due to the interaction with the b quark (A3). From the Lagrangian in

eq. (2.1), these 2 sets of diagrams give production cross sections that scale differently with

RL, the mixing coupling. Further, the decay into a top quark and a Z boson scales with

RL too. We parametrise the production cross section and branching ratio BR(T ′ → tZ) as

follows:

σpp→T ′(MT ′ , RL) = A1(MT ′)
RL

1 +RL
+A3(MT ′)

1

1 +RL
, (2.2)

BRT ′→tZ(MT ′ , RL) = B(MT ′)
1

1 +RL
, (2.3)

where Ai(MT ′) (i = 1, 3) and B(MT ′) are numerical coefficients. In details, Ai represents

the production cross section for the heavy quark due to interactions to partons belonging

to the ith generation, while B is the T ′ branching ratio for its decay into a top quark and a

– 3 –
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in this talk focus on  gttH  tests  
 (including  gttH  CP properties !)
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➜ special role of top in EWSB ? 
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 Cf modifier of Hff couplings

1 Introduction

After many years of challenging experimental searches, a signal consistent with a Higgs-boson
has finally been consolidated at the LHC, with production rates compatible with the standard
model (SM) predictions [1, 2]. We are now entering a new phase in Higgs boson physics, where
(apart from looking for possible further Higgs physical states) the actual properties of this
new particle will be determined by measuring its couplings to the other known particles with
ever increasing precision. The Higgs couplings to heavy vector bosons were indirectly detected
through electroweak precision tests even before an Higgs signal direct observation [3]. On the
other hand, in order to constrain the Yukawa sector, which describes the Higgs couplings to
fermions, we have to rely on the Higgs direct-observation profile. Indeed, electroweak precision
tests are not yet sensitive at a measurable level to Yukawa coupling e↵ects, which enter only at
2-loop level [4]. There is now a first direct determination of the H ! bb̄ decay recently claimed
at Tevatron [5], while the LHC will likely be sensitive at the 2 � level to both the Hbb̄ and H⌧⌧
SM couplings with the statistics accumulated by the end of 2012 [6]. Nevertheless, by making
proper theoretical assumptions, one can already constrain at the LHC the actual characteristics
of the Yukawa sector of a Higgs boson [7]. For instance, by assuming a universal scale factor
Cf for the Higgs Yukawa couplings to all fermion species f

Yf = Cf Y SM
f , (1)

(where Y SM
f = mf/v is the SM Yukawa coupling and v = hHi is the vacuum expectation value

of the Higgs field) and a further scale factor describing the HV V (where V = W,Z) couplings

gHV V = CV gSMHV V , (2)

present data already constrains the fermion Yukawa couplings Yf to be inside two regions of
values of opposite signs [8, 9]. In particular, if no new physical degrees of freedom is present,
the ATLAS fit pinpoints at 95% C.L. the intervals [-1.5,-0.5] and [0.5,1.7] for the scale factor
Cf , and the interval [0.7,1.4] for the W/Z scale factor CV (where Cf,V =1 in the SM) [10]. On
the other hand, the CMS fit restricts the analysis to positive values of the Yukawa couplings,
and finds Cf and CV in the intervals [0.3, 1.0] and [0.7,1.2], respectively, at 95% C.L.2 [11].

One should keep in mind that an opposite sign in the Yukawa couplings with respect to
the SM prediction would have a dramatic impact on the EW breaking mechanism, even if its
magnitude were close to 1. This is because the relative sign of the Higgs coupling to fermions
and gauge vector bosons is crucial for recovering the unitarity and renormalizability of the
theory [12]. Therefore, a negative sign in the Yukawa coupling would be an evidence of new
physics that could manifest itself in many di↵erent ways. Starting from the appearance of new
Higgs bosons or weakly interacting resonances in the spectrum, in case one wants to recover
perturbative unitarity, up to a new strongly interacting regime of weak gauge bosons with
fermions above the TeV scale. Furthermore, flipping the sign of the ttH coupling may lead to
catastrophic vacuum instabilities [13].

2Note that ATLAS and CMS obtain the 95%C.L. Cf and CV intervals with di↵erent marginalization proce-
dures.
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notation : 

 real  gttH    (➜ CP conserving)

Y SM
t t̄ t H ! Yt t̄ t HY SM
t t̄ t H ! Yt t̄ t H
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dominant but indirect (top quark not 
observed  ➜ Ct  effects could be 
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Higgs$fermions$coupling$both$in$
production$and$decay

Bra
nd$

new

Higgs$fermions$coupling$both$in$
production$and$decay

Bra
nd$

new

direct (top quark observed)  
but not yet quite at reach 

  both  σ’s  depend  on  Ct2
 
➜ 

no  sensitivity to  gHtt  sign !

σ|8TeV ~ 20 pb

σ|8TeV ~ 130 fb
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BSM  theories  can predict  Cf <0  !
example : Minimal Composite Higgs Models 
global symmetry in a strong sector broken at a scale 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Example:$Composite$Higgs$

! $An!alterna>ve!to!SUSY,!which!removes!the!SM!hierarchy!problem,!!
!!!is!if!there!is!no!fundamental!scalar!!
!
! !A!composite!Higgs!could!result!as!a!pseudo&Goldstone!Boson!!
!!!from!a!global!symmetry!in!a!strong!sector,!broken!at!a!scale!fH!>!v!
!!!Higgs!mass!generated!at!1&loop!"!Low!mass!Higgs!natural!
!
!!ex)!!SO(5)!&>!SO(4) ! ! ! ! ! !1!Higgs!doublet!
!!!!!!!!!Minimal$Composite$Higgs$Model$(MCHM)!
!
!
!!!!!!!!!!SO(6)!&>!SO(5) ! ! ! !!!!!!!!!!!!!!1!Higgs!doublet!+!1!singlet!
!!!!!!!!!!SO(6)!&>!SO(4)!x!SO(2)!!!!!!!!!!!!!!!!!!!!!!!!2!Higgs!doublets!
!

Agashe,!Con>no,!Pomarol,![hep&ph/0412089]!

Georgi,!Kaplan!
Giudice,!Grojean,!Pomarol,!Ra\azzi!
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Signatures$of$Higgs$compositeness$

! !The!composite!Higgs!is!treated!in!an!effec>ve!theory!below!the!!
!!!compositeness!scale.!Role!of!fH!similar!to!pion!decay!constant!
!
! !Modifica>on!of!tree&level!couplings!in!MCHM!
!
!
!
!
!
!
!
! !Loop&induced!couplings!to!gluons!and!photons!indirectly!affected!!
!!!by!modifica>ons!to!top!and!W!couplings!
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ModelEindependent$coupling$measurements$

 Too premature to see deviations
for v/f~1/2!

from, e.g., Montull,Riva 
arXiv:1207.1716

SM

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
-2

-1

0

1

2

cV

c f

cgg=cgg=cZg=0, ct=cb=ct=c f

b̄b

⌧̄ ⌧

��V V

n=1
n=2

0.2 0.6 1 1.4
ghWW
ghWW
SM

-2

-1

0

1

2

ghff
ghff
SM

Figure 2: Predictions of a generic MCHM in the (ghff/g
SM
hff , ghWW /gSMhWW )-plane. The di↵erent curves corresponds

to di↵erent values of n, going downwards from n=0 to n = 5. The red part of the curves is for 0 < ⇠ < 0.25 and the
blue one for 0.25 < ⇠ < 1. The contours are the 68%, 95% and 99% CL for a 125 GeV Higgs as obtained in Ref. [15]
from the CMS data.

For m
Q4 ' 3 TeV, the Higgs mass Eq. (43) can be as small as 40 GeV. Larger values of m

h

imply

larger values of FL

Q1
, meaning thatm

h

⇠125 GeV can be obtained without light fermionic resonances

as we show in Figure 1. In this case, however, it is important to notice that extra contributions are

needed to reduce ↵ in order to have hs
h

i ⌧ 1.

3 Higgs couplings to SM fermions

In composite Higgs models the Higgs couplings to fermions generically deviate from their SM values

[12]. For the SO(5)/SO(4) model, the Higgs couplings to the SM fermions can be parametrized by
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blue one for 0.25 < ⇠ < 1. The contours are the 68%, 95% and 99% CL for a 125 GeV Higgs as obtained in Ref. [15]
from the CMS data.

For m
Q4 ' 3 TeV, the Higgs mass Eq. (43) can be as small as 40 GeV. Larger values of m

h

imply

larger values of FL

Q1
, meaning thatm

h

⇠125 GeV can be obtained without light fermionic resonances

as we show in Figure 1. In this case, however, it is important to notice that extra contributions are

needed to reduce ↵ in order to have hs
h

i ⌧ 1.

3 Higgs couplings to SM fermions

In composite Higgs models the Higgs couplings to fermions generically deviate from their SM values

[12]. For the SO(5)/SO(4) model, the Higgs couplings to the SM fermions can be parametrized by

Eq. (27). At low-energies p ⌧ m
Qi and in the limit ✏ ⌧ 1, the Higgs couplings reduce, for the case

of a generic SM fermion f
L,R

, to

Le↵ ' f̄
L

M f

1 (0)fRs
1+2m
h

cn
h

+ h.c. ⌘ f̄
L

f
R

m
f

(h) + h.c . (44)

From this we can obtain the hff coupling [12]:

g
hff

gSM
hff

=
2m

W

(h)

gm
f

(h)

@m
f

(h)

@h
=

1 + 2m� (1 + 2m+ n)⇠p
1� ⇠

, (45)

where we have used that m
W

(h) = gs
h

/2 [5] and written the SM hff coupling as a function of the

physical W and fermion mass, gSM
hff

= gm
f

/(2m
W

). For m 6= 0, Eq. (45) gives deviations of order

one from the SM expectations, even in the limit ⇠ ! 1. For this reason, we will concentrate on the

m = 0 case. In Figure 2 we show, for m
h

' 125 GeV and assuming that all fermions couple in the
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Looking for some way to experimentally 
discriminate the Cf sign .....

• linear  terms  in  Cf  needed  ➜  look for  
interferences  in  squared  amplitudes 

in decays: mainly in loop channels  

what  about  production  mechanisms ???
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Higgs a LHC

• Accoppiamenti con bosone di Higgs proporzionali alle masse:

➔ Produzione Higgs dagli accoppiamenti con bosoni W/Z o quark top

• Produzione a collider adronici:

• Decadimenti per bosone di Higgs di massa moderata (m
H
 < 300 GeV)

, Z

➜
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Figure 5: Results of fits for the 2-parameter benchmark model defined in Section 5.2.1 that probe di↵erent
coupling strength scale factors for fermions and vector bosons, assuming only SM contributions to the
total width: (a) Correlation of the coupling scale factors kF and kV ; (b) the same correlation, overlaying
the 68% CL contours derived from the individual channels and their combination; (c) coupling scale
factor kV (kF is profiled); (d) coupling scale factor kF (kV is profiled). The dashed curves in (c) and (d)
show the SM expectations. The thin dotted and dash-dotted lines in (c) indicate the continuations of the
likelihood curves when restricting the parameters to either the positive or negative sector of kF .
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  H	 ➜γγ  breaks Ct ➜-Ct  degeneracy
W and top loops interferes destructively in the SM 

Ct~+1(SM) ➜ Ct~-1 enhances BRγγ
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ATLAS-CONF-2014-009 σ(H➜γγ) ~ (5CV-Ct)2 
➜ gives asymmetric 
constraints for Ct ➜-Ct 

enhanced σγγ rates 
favor  Ct <0  ranges

CF

CV

���
SM = ���(CV = Ct = 1)

' ���(CV = �Ct = 0.66)

note !  
two solutions for any σγγ
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Single top + Higgs  production

 ask for an extra Higgs in single-top production  
 
 
 
 

 EW  process  where Higgs emission from a  W 
interferes with Higgs emission from a top-quark : 

     σ ~ a Ct2 + b CW2 + c CW Ct

9
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p p ➜ t H x     ( x = q,b,W )
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Fig. 3. Example Feynman diagrams for single top quark production at LO QCD. From left to
right: t-channel production as flavor excitation and as W -gluon fusion; s-channel production; tW -
channel production.

Table 2. Approximate NNLO QCD calculations of the total cross sec-
tions for single top quark and anti-quark production in pp collisions atp
s = 7 TeV. The first uncertainty corresponds to the scale uncertainty,

while the second one (where given) is the PDF uncertainty.

Production mode (author) �
t

[pb] �
t̄

[pb]

t-channel (Kidonakis 71) 41.7+1.6
�0.2 ± 0.8 22.5± 0.5+0.7

�0.9

s-channel (Kidonakis 72) 3.17± 0.06+0.13
�0.10 1.42± 0.01+0.06

�0.07

s-channel (Zhu et al. 73) 2.81+0.16
�0.10 1.60+0.08

�0.05

tW -channel (Kidonakis 74) 7.8± 0.2+0.5
�0.6 7.8± 0.2+0.5

�0.6

either considered through the b-quark PDF in the proton (flavor excitation,
massless scheme) or produced via gluon splitting g ! bb̄ (W -gluon fusion,
massive scheme);

• In the s-channel mode, a time-like W -boson is produced from two quarks
belonging to an isospin doublet, e.g., ud̄, and subsequently decays into tb̄;

• In the tW -channel mode, which is also called associated production, the
top quark is produced in association with a close-to real W -boson.

Single top quark production is interesting for various reasons. Its proof of ex-
istence provides a relevant test of the standard model. It is important to measure
all three production modes, since they are sensitive to the Wtb vertex in di↵erent
ways. Non-standard couplings would indicate the presence of contributions from
new physics. Also, single top quark production allows to directly measure the CKM
matrix element |Vtb| (assuming R = 1, see Eq. 3 in section 2.3), without making an
assumption on the number of generations, and to verify the unitarity of the CKM
matrix. Deviations from the SM expectation could indicate a possible fourth gen-
eration. The flavor excitation production allows constraints on the b-quark PDF,
though this requires significant statistics. Standard model single top quark produc-
tion constitutes a background in several new physics scenarios, for instance produc-
tion of a new W 0 or a charged Higgs H+ boson (tW - or s-channel signature). New
physics involving FCNC would lead to single top production via ug ! t (t-channel
signature).

The cross section for single top quark production in hadron collisions was calcu-
lated at NLO QCD ten years ago 75,76. The most recent calculations also incorporate
NNLL resummation 71,72,73,74. The numerical results are summarized in Table 2.

q q ’

tb

H

W

W

q q’

tb

H
W

(a) (b)

Figure 1: Feynman diagrams for the single-top plus Higgs associated production in the t-channel
q b ! t q0H at hadron colliders. Higgs radiation by the initial b-quark line is not shown (see text).

The only fermion species that sensibly contribute to the above LHC fits are the top quark
(that enters in the loop of the main Higgs production mechanism gg ! H, and contributes with
maximal weight to the fits), the b quark and the ⌧ lepton, under the hypothesis Ct = Cb = C⌧ .

The two non-degenerate opposite-sign intervals for the top-Yukawa coupling arise from the
SM (destructive) interference between the W vector-boson loop and the top-quark loop in the
H ! �� amplitude. Indeed, the present moderate enhancement observed in the H ! �� rate
with respect to the SM predictions (see e.g. [14, 15], and references therein) could be related
to a decreased top-Yukawa coupling, or even to a change in the relative sign of the W -Higgs
and top-Higgs couplings. The latter could considerably enhance the H ! �� branching ratio,
without a↵ecting the gg ! H production rate.

A strictly fermiophobic Higgs interpretation, where Cf =0, and CV =1, has been excluded
by the LHC for the observed resonance. One should however keep in mind that, in realistic

fermiophobic models, non-vanishing Yukawa couplings are generated at least at the radiative
level by the chiral symmetry breaking induced by the non-vanishing fermion masses. Note that,
in e↵ective fermiophobic models, a radiatively generated top Yukawa coupling tends to have an
opposite sign with respect to its SM value [4].

In this paper, we address the problem of the determination of the relative sign of the ttH
and WWH couplings through the study of the Higgs production in association with a single top
quark at the LHC. While the magnitude of the top and W couplings can be directly measured,
respectively, through the Higgs boson production in association with a top pair (see [16] for
a recent study), and in vector-boson-fusion or HW -associated production, all these processes
are not a↵ected by the top and W couplings relative sign. The t-channel for single top and
Higgs associated production is, on the other hand, particularly sensitive to the Yt and gHWW

relative phase, because of the strong destructive interference in the SM matrix element of the
two Feynman graphs for qb ! tq0H in Figure 1 [17].

The associated production of a Higgs and a single top quark at the LHC and the SSC (the
Superconducting Super Collider) was analyzed in the SM for a light Higgs boson in [18]-[20]
(with [18] focusing on the H ! �� decay). In [21] (see also [22]), a Higgs decaying into bb̄
pairs was studied for the same process at the LHC. However, quite negative conclusions were

2

(same for tb and  
  tW channels)

(t-channel)

interfer
ence te

rm in σtot  

sensitiv
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 σ(pp➜ t H + X) in the SM: 3 channels
sensitive to gHtt and gHWW 

   σ(t-channel) ~ 1/10 σ(ttH)
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Figure 1: Feynman diagrams contributing to the t-channel production of Higgs plus single
top.
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Figure 2: Feynman diagrams contributing to the s-channel production of Higgs plus single
top.
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2

Figure 4: Cross sections for production of Higgs plus single top at the Tevatron (pp̄,
√

s = 2
TeV) and at the LHC (pp,

√
s = 14 TeV). Cross sections for the t-channel, s-channel and W -

associated processes are shown. For comparison the cross section for tt̄h is also shown. The
set of parton distribution functions is CTEQ5L, and the renormalization and factorization
scales are set equal to the Higgs mass.

and the relatively-low machine energy, and its contribution is of the same order of magnitude
as that of the t-channel process. In contrast, the t-channel process dominates at the LHC.
For the sake of comparison, we have included in Fig. 4 the rates for production of a Higgs
in association with a tt̄ pair.

For intermediate-mass Higgs bosons, σ(th) is much smaller than σ(tt̄h), their ratio being
∼ 1/10 at the LHC and ∼ 1/50 at the Tevatron. This is surprising since the analogous ratio
between single-top and tt̄ production is ∼ 1/2 at both the LHC and the Tevatron.4

It is instructive to pin down the reason for this strong suppression. With this aim we
compare in Table 1 the ratio of the cross sections for single top, σ(t), and for a tt̄ pair, σ(tt̄),
with the ratio where the Higgs is also produced, σ(th) and σ(tt̄h). We explicitly single out
the contributions from different channels, since their relative importance changes with the
collision energy and initial-state particles. Looking at the leading contributions at the LHC
(t-channel for single top and gg → tt̄) in the first line, we find a suppression factor between
the two processes of about 0.33/1.1 ≃ 0.3. This is due to the destructive interference between
the two diagrams in Fig. 1 [22, 31].5 In Fig. 5 we have plotted the relative contributions
to the t-channel cross section from each of the two diagrams in Fig. 1, as a function of the
Higgs mass, at the Tevatron and at the LHC. At the LHC, for a Higgs mass of 115 GeV, the
cross section due to each diagram alone is ≃ 3.5 times larger than the complete cross section,

4As mentioned in the Introduction, the theoretical prediction for the ratio σ(t)/σ(tt̄) at the Tevatron and
the LHC is ∼ 1/3, when calculated at next-to-leading order in the strong coupling [29, 30]. However, since
our results for associated production of Higgs plus single top are only at tree-level, we compare quantities
evaluated at the lowest order.

5The separation of the amplitude into contributions coming from the Higgs coupling to the top quark
and to the W is gauge invariant. In the unitary gauge this corresponds to considering the two diagrams in
Fig. 1 independently.

4

where the Ct dependence is more critical, and the most favored regions of the LHC fits lie [10,
11]. Figure 2 shows that in the SM Ct = 1 case the destructive e↵ect of the interference of
the two diagrams in Figure 1 is maximal, and that a sign change in Yt produces a dramatic
enhancement in the p p ! t q H production cross sections.

Similarly, the destructive interference between the W and top loops in the H ! �� decay
gives rise to an enhancement in the width ��� after switching the Ct sign. On the other hand,
the overall BR�� dependence on Ct is mostly influenced, in the Cf = Ct hypothesis, by the Cf

impact on the Higgs dominant decay widths into b quarks, and ⌧ leptons.

Since the cross section and BR�� dependencies on Ct are both crucial for the results of the
present analysis, we plot in Figure 3 (for

p
s = 8 TeV) and Figure 4 (for

p
s = 14 TeV) the

ratios Ri of the Ct dependent �(p p ! t q H), BR��, and product �(p p ! t q H)·BR�� over
the corresponding SM values, for �1.5 < Ct < 1.5. An enlargement of the positive Ct range
is given in the lower plots of both figures. Going to negative Cf values has a dramatic e↵ect
on both cross sections and production rates for H ! ��. On the other hand, BR�� is mostly
sensitive to a reduction of the |Cf | magnitude, and less influenced by the Cf sign.

For the sake of completeness, we also evaluated the total cross section and Ct dependence
for the top-Higgs associated production with a W in the process g b ! WtH, and for the
s-channel qq̄0 ! tb̄H. We obtain (summing up cross sections over the two charge-conjugated
channels), at

p
s = 14 TeV,

�(g b ! WtH)SM ' 16.0 fb , (10)

�(g b ! WtH)Ct=0 ' 34.9 fb , (11)

�(g b ! WtH)Ct=�1 ' 139. fb , (12)

�(q q̄0 ! t bH)SM ' 2.26 fb , (13)

�(q q̄0 ! t bH)Ct=0 ' 1.49 fb , (14)

�(q q̄0 ! t bH)Ct=�1 ' 0.39 fb , (15)

to be compared with the t-channel cross sections, at
p
s = 14 TeV,

�(q b ! t q0H)SM ' 71.8 fb , (16)

�(q b ! t q0H)Ct=0 ' 276. fb , (17)

�(q b ! t q0H)Ct=�1 ' 893. fb . (18)

Although there is a nice sensitivity to Ct also in the W -associated production, we do not
concentrate on this process here, because of its lower rates with respect to the t-channel q b !
t q0H. Nevertheless, we checked that its contribution to our event selection analysis, optimized
for the p p ! t q H process, is negligible.
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partons) for calculating the cross sections. We do not impose cuts as we are presenting the

total cross sections here, except for the process pp ! thjb, where we have to impose cuts on

the final state b, j to remove the divergences. We use CTEQ6 [14] for parton distribution

functions with the renormalization/factorization scale equal to MZ .
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FIG. 5. Variation of the total cross sections versus CS
t for pp ! thX with X = j, jb,W, b in the

order of the size of cross sections at (a) LHC-8 and (b) LHC-14. We have taken Cv = CS
b = 1 and

CP
t,b = 0. No cuts are imposed except for the second process pp ! thjb in which we applied the

cuts in Eq. (8) to remove the divergence.

A. qb ! thq0

The Feynman diagrams are shown in Fig. 1. We have also included the subprocesses

with b̄ and all possible q and q̄ in the initial state. Therefore, both thj and t̄hj final states

are included. It is clear that both couplings Cv and CS,P
t can a↵ect the total cross sections,

while CS
b has a negligible e↵ect because of the small b-quark mass.

In Fig. 5 we show the total cross sections of pp ! thj (the curve at the top) versus CS
t

at the LHC-8 and LHC-14, and we have fixed Cv = 1 and CP
t = 0. It is clear that the cross

section depends crucially on the value of CS
t . The minimum cross section of thj appears

very near the SM value of CS
t = 1. The cross section keeps increasing for CS

t decreasing from

1 and for CS
t increasing from 1. On the other hand, the e↵ect of CS,P

b on the production

cross section is very small 2. In addition to the figure, we also show the cross sections for

2 The cross section multiplied the branching ratio �(pp ! thj) ⇥ B(h ! bb̄) strongly depends on CS,P
b ,
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Chang et al, arXiv:1403.2053

TABLE I. The leading-order production cross sections in fb for the processes pp ! th+X at 14

TeV (8 TeV) LHC, taking Cv = CS
b = 1 and CP

t,b = 0. We have not applied any cuts except for

the case with X = j + b for which we required pTb > 25 GeV , |⌘b| < 2.5 ; pTj > 10 GeV , |⌘j | < 5,

see text for details.

�(pp ! thX)[fb]

X = j X = j + b X = W X = b

CS
t = +1 (SM) 79.4 (17.1) 27.1 (5.95) 17.0 (2.89) 2.32(0.833)

CS
t = 0 305 (71.4) 90.0 (19.8) 34.4 (4.66) 0.368 (0.126)

CS
t = �1 1030 (249) 325 (72.8) 146 (19.8) 1.52 (0.536)

the LHC-8 and LHC-14 in Fig. 5. The minimum cross section occurs at about CS
t = �0.15,

which is far from the SM value, and the cross section increases approximately symmetric

about this minimum point. Being di↵erent from the three processes considered before,

qq̄0 ! thb is an s-channel process mediated by a mostly o↵-shell W .

E. Variation of the cross sections versus CP
t

So far we only concern the scalar component in the top-Yukawa coupling. In Eq. (2), we

can also have the pseudoscalar component in the coupling, which is proportional to i�5gP
hff .

In this subsection, we examine the variation of the cross sections when the pseudoscalar

component is present in the htt̄ vertex. It was shown in Ref. [3] that the scalar and pseu-

doscalar components in htt̄ are constrained nontrivially, as shown in Fig. 10(c) of Ref. [3].

The CS
t and CP

t are roughly constrained by an elliptical equation, given by [3]

1 =

⇣
CS

t

⌘2

(0.86)2
+

⇣
CP

t

⌘2

(0.56)2
.

We can parameterize CS
t and CP

t by

CS
t = 0.86 cos ✓ ; CP

t = 0.56 sin ✓ . (9)

The actual angle � presented in the plane of (CS
t , CP

t ) is related to ✓ by

tan � ⌘ CP
t

CS
t

=
0.56 sin ✓

0.86 cos ✓
= 0.66 tan ✓ ,
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Figure 5: Signal significance versus Ct. Di↵erent assumptions are made for the value of
R��

BR =BR�� /BRSM
�� . The black solid line represents the Yukawa universal-rescaling hypothesis,

where R��
BR is just a function of Ct, with Cb = C⌧ = Ct. The remaining (colored) lines refer to the

constant R��
BR = 1, 2, 3, 4 hypothesis.

S/
p
(S +B) ⇠ 10. This is shown in Table 3, where, for a set of di↵erent Ct values, we report

the corresponding significances S/
p
(S +B) at

p
s = 14 TeV, and integrated luminosity of 600

fb�1. For reference, we also show the number of tagged signal events according to the object
definitions in Eqs. (22) and (23), and the number of tagged events passing all the sequence of
selection cuts. The relevant number of background events (B = Btot) can be found in Table 2.
For convenience, we present in Table 4, the number of signal events and significances at

p
s = 14

TeV, for a reduced integrated luminosity of 60 fb�1, that could be collected by ATLAS and
CMS over about the first year of LHC running at

p
s = 14 TeV. In Table 5, the corresponding

results are shown at
p
s = 8 TeV, and integrated luminosity of 60 fb�1, where a few signal

events could be detected for negative Ct values, with statistical significances less than 2.

In Table 3, one can notice that, in the SM (Cf = Ct = 1), the large integrated luminosities
foreseen at the high luminosity (HL) LHC project (a few 103fb�1) are required in order to
measure a p p ! t q H ! t q �� signal.

In Figures 5–7, we compare, at di↵erent
p
s and integrated luminosities, the p p ! t q H !

t q �� signal significances obtained in the Yukawa universal-rescaling hypothesis Cf = Ct, with
the more model-independent framework of fixed values of the ratio R��

BR =BR�� /BRSM
�� . In

the latter case, the BR�� enhancement could arise from a new mechanism beyond the SM ,
that a↵ects only BR�� without influencing the p p ! t q H production cross section apart from
its Ct dependence. For example, the presence of new heavy physical states could contribute
to the H ! �� width, without a↵ecting the p p ! t q H cross section. One can see that an
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Figure 7: Signal significance versus Ct. Di↵erent assumptions are made for the value of
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�� . The black solid line represents the Yukawa universal-rescaling hypothesis,

where R��
BR is just a function of Ct, with Cb = C⌧ = Ct. The remaining (colored) lines refer to the

constant R��
BR = 1, 2, 3, 4 hypothesis.
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significance vs Ct follows 
signal strength pattern

Biswas et al,arXiv:1211.0499

 2 benchmark scenarios : 

 universal  Cf  (=Ct)  

 free  Ct ,and SM-like Cb=Cc=Cτ= 1
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��
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exclusion potential in (CV,Ct) plane at 8 TeV

H ➜ γγ  CMS-PAS-HIG-14-001;  (ATLAS) CERN-PH-EP-2014-179  

H ➜ bb  CMS-PAS-HIG-14-015

¯̄
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Figure 7: Regions of the (cV , ct) plane excluded at 95% CL by our analysis of th ! hbb̄ (3 and 4

b final states combined), at 8 TeV (left) and 14TeV (right), assuming an integrated luminosity

of 25 fb�1 and 50 fb�1 (dashed and solid respectively). The 68% and 95% CL contours of a

fit to current Higgs data are also shown, in green and yellow respectively. The top Yukawa is

assumed to be rescaled by ct, while we have set cb = c⌧ = 1. The Higgs coupling fit is based on

the data reported by ATLAS, CMS and Tevatron after ICHEP 2012 and collected in Ref. [28].

reaching a 2.9 � exclusion of the best fit point with ct < 0.

Our results therefore motivate the undertaking of a full-fledged analysis by the ATLAS

and CMS collaborations on one side, and the improvement on the accuracy of the theoretical

predictions on the other. In the former case, in addition to having a complete simulation of

th events, one could also study the possibility of improving the signal over background ratio

by using further discriminating variables (such as for example the di↵erent rates for th and t̄h

with respect to the main backgrounds which are symmetric) or multivariate analyses. On the

latter, it would be certainly interesting to evaluate the (possibly significant) impact of NLO

QCD corrections to signal and irreducible backgrounds, i.e., thj and tZj, a task that can now

be accomplished in a fully automatic way [15,29–31].

Further information on the Higgs couplings to heavy quarks could also come from other

processes at the LHC. One example is double Higgs production, gg ! hh. This process

proceeds through a triangle and a box diagram, which, again, interfere destructively in the

SM and therefore result in a sensitive probe of the Higgs-heavy quarks interactions, see, e.g.,

Refs. [32–34]. Finally we remark that complementary information could a priori also come

from the observation of Bs ! µ+µ� very recently reported by LHCb [35]. The measured

value of BR(Bs ! µ+µ�) agrees well with the SM prediction [36]. The SM contribution is

actually dominated by the interactions associated to the top Yukawa coupling and therefore

this measurement could be naively expected to provide a good probe of any deviation of the top

Yukawa itself. However, only the Yukawa interactions between the Goldstone bosons and the

quarks contribute to this process. What we have proposed to probe via th production is rather

13

free  Ct (with  Cf≠t = 1)  scenario

arXiv:1211.3736

8 TeV,  50 fb-1
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H ➜ bbH ➜ γγ, WW, τ	  τ

arXiv:1304.1822

can now be compared with real analyzes ! (see next talk…)

8 TeV,  50 fb-1

present data-set not yet 
sensitive to Ct ~ -1
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Figure 1: Left panel: NLO total cross section for Higgs production in association with light and heavy quarks. Right
panel: dependence of the pp ! Htj NLO total cross section on the top-quark Yukawa coupling yt. The 8 TeV LHC
result is rescaled up by a factor 252 (see table 1) in order for its SM cross section to coincide with the FCC-hh one.
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Figure 2: NLO total cross section for Higgs production in association with up to two electroweak bosons (left panel),
and with an electroweak boson and up to two jets (right panel). Cuts on the jet system are described in section 2
and in the caption of table 1.

and the growth for di↵erent multiplicities gets more uniform.
Decays of electroweak bosons (as well as those for any other types of resonances) have not been

considered in the simulations presented here, but can be included in MadGraph5 aMC@NLO with
various levels of accuracy. A first approximation consists of letting the bosons stable and then
acting MadSpin [27] on the final states. This procedure retains approximate NLO production and
decay spin correlations, and o↵-shell e↵ects of resonant diagrams [28]. A complete simulation,
which is obviously much more demanding in terms of computational resources, implies the direct
generation of processes featuring decay products instead of resonances in the final state. This is
by construction exactly NLO accurate, and retains all non-resonant e↵ects as well, but is possible
only for smaller multiplicities: so far it has been carried out in the case of up to three leptonically
decaying electroweak bosons [16, 3], and it is probably feasible for four-boson processes as well.

The inclusion of gluon-initiated loop-induced contributions, formally of NNLO accuracy, is also
possible (though not yet automatic) in the MadGraph5 aMC@NLO environment, as documented

5
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and with an electroweak boson and up to two jets (right panel). Cuts on the jet system are described in section 2
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and the growth for di↵erent multiplicities gets more uniform.
Decays of electroweak bosons (as well as those for any other types of resonances) have not been

considered in the simulations presented here, but can be included in MadGraph5 aMC@NLO with
various levels of accuracy. A first approximation consists of letting the bosons stable and then
acting MadSpin [27] on the final states. This procedure retains approximate NLO production and
decay spin correlations, and o↵-shell e↵ects of resonant diagrams [28]. A complete simulation,
which is obviously much more demanding in terms of computational resources, implies the direct
generation of processes featuring decay products instead of resonances in the final state. This is
by construction exactly NLO accurate, and retains all non-resonant e↵ects as well, but is possible
only for smaller multiplicities: so far it has been carried out in the case of up to three leptonically
decaying electroweak bosons [16, 3], and it is probably feasible for four-boson processes as well.

The inclusion of gluon-initiated loop-induced contributions, formally of NNLO accuracy, is also
possible (though not yet automatic) in the MadGraph5 aMC@NLO environment, as documented
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and the growth for di↵erent multiplicities gets more uniform.
Decays of electroweak bosons (as well as those for any other types of resonances) have not been

considered in the simulations presented here, but can be included in MadGraph5 aMC@NLO with
various levels of accuracy. A first approximation consists of letting the bosons stable and then
acting MadSpin [27] on the final states. This procedure retains approximate NLO production and
decay spin correlations, and o↵-shell e↵ects of resonant diagrams [28]. A complete simulation,
which is obviously much more demanding in terms of computational resources, implies the direct
generation of processes featuring decay products instead of resonances in the final state. This is
by construction exactly NLO accurate, and retains all non-resonant e↵ects as well, but is possible
only for smaller multiplicities: so far it has been carried out in the case of up to three leptonically
decaying electroweak bosons [16, 3], and it is probably feasible for four-boson processes as well.

The inclusion of gluon-initiated loop-induced contributions, formally of NNLO accuracy, is also
possible (though not yet automatic) in the MadGraph5 aMC@NLO environment, as documented
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and the growth for di↵erent multiplicities gets more uniform.
Decays of electroweak bosons (as well as those for any other types of resonances) have not been

considered in the simulations presented here, but can be included in MadGraph5 aMC@NLO with
various levels of accuracy. A first approximation consists of letting the bosons stable and then
acting MadSpin [27] on the final states. This procedure retains approximate NLO production and
decay spin correlations, and o↵-shell e↵ects of resonant diagrams [28]. A complete simulation,
which is obviously much more demanding in terms of computational resources, implies the direct
generation of processes featuring decay products instead of resonances in the final state. This is
by construction exactly NLO accurate, and retains all non-resonant e↵ects as well, but is possible
only for smaller multiplicities: so far it has been carried out in the case of up to three leptonically
decaying electroweak bosons [16, 3], and it is probably feasible for four-boson processes as well.

The inclusion of gluon-initiated loop-induced contributions, formally of NNLO accuracy, is also
possible (though not yet automatic) in the MadGraph5 aMC@NLO environment, as documented
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Process �NLO(8 TeV) [fb] �NLO(100 TeV) [fb] ⇢

pp ! H (mt,mb) 1.44 · 104 +20%
�16%

+1%
�2% 5.46 · 105 +28%

�27%
+2%
�2% 38

pp ! Hjj (VBF) 1.61 · 103 +1%
�0%

+2%
�2% 7.40 · 104 +3%

�2%
+2%
�1% 46

pp ! Htt̄ 1.21 · 102 +5%
�9%

+3%
�3% 3.25 · 104 +7%

�8%
+1%
�1% 269

pp ! Hbb̄ (4FS) 2.37 · 102 +9%
�9%

+2%
�2% 1.21 · 104 +2%

�10%
+2%
�2% 51

pp ! Htj 2.07 · 101 +2%
�1%

+2%
�2% 5.21 · 103 +3%

�5%
+1%
�1% 252

pp ! HW± 7.31 · 102 +2%
�1%

+2%
�2% 1.54 · 104 +5%

�8%
+2%
�2% 21

pp ! HZ 3.87 · 102 +2%
�1%

+2%
�2% 8.82 · 103 +4%

�8%
+2%
�2% 23

pp ! HW+W� (4FS) 4.62 · 100 +3%
�2%

+2%
�2% 1.68 · 102 +5%

�6%
+2%
�1% 36

pp ! HZW± 2.17 · 100 +4%
�4%

+2%
�2% 9.94 · 101 +6%

�7%
+2%
�1% 46

pp ! HW±� 2.36 · 100 +3%
�3%

+2%
�2% 7.75 · 101 +7%

�8%
+2%
�1% 33

pp ! HZ� 1.54 · 100 +3%
�2%

+2%
�2% 4.29 · 101 +5%

�7%
+2%
�2% 28

pp ! HZZ 1.10 · 100 +2%
�2%

+2%
�2% 4.20 · 101 +4%

�6%
+2%
�1% 38

pp ! HW±j 3.18 · 102 +4%
�4%

+2%
�1% 1.07 · 104 +2%

�7%
+2%
�1% 34

pp ! HW±jj 6.06 · 101 +6%
�8%

+1%
�1% 4.90 · 103 +2%

�6%
+1%
�1% 81

pp ! HZj 1.71 · 102 +4%
�4%

+1%
�1% 6.31 · 103 +2%

�7%
+2%
�1% 37

pp ! HZjj 3.50 · 101 +7%
�10%

+1%
�1% 2.81 · 103 +2%

�5%
+1%
�1% 80

Table 1: Production of a single Higgs boson at the LHC and at a 100 TeV FCC-hh. The rightmost column reports
the ratio ⇢ of the FCC-hh to the LHC cross sections. Theoretical uncertainties are due to scale and PDF variations,
respectively. Monte-Carlo-integration error is always smaller than theoretical uncertainties, and is not shown. For
pp ! HV jj, on top of the transverse-momentum cut of section 2, I require m(j1, j2) > 100 GeV, j1 and j2 being the
hardest and next-to-hardest jets, respectively. Processes pp ! Htj and pp ! Hjj (VBF) do not feature jet cuts.

here for the first time at the NLO in QCD. Given the smallness of their production cross section,
five-boson final states will be impossible to detect directly at the LHC, and very challenging also
at the 100 TeV FCC-hh. In particular, according to the three- and four-boson pattern displayed in
table 2 and in the tables of [3], the two five-boson channels simulated here should give a reasonable
estimate of the range of cross sections for this class of processes, namely all other five-boson channels
(whose simulation is possible, but has been left for future work) should have a total cross section
ranging from O(10 ab) to O(1 fb) at 100 TeV.

Three-boson cross sections increase by a moderate amount, of the order of 50, while the increase
for the four- and the five-boson channels is more significant, and grows with the multiplicity, as
displayed in the right panel of figure 5, especially at small center-of-mass energies, in the case of
many Z bosons. Indeed, at relatively small collider energies, requiring an extra massive particle
on top of a heavy system may shrink considerably the available phase space, hence the progressive
depletion at small

p
s increasing the number of Z’s; far from threshold this e↵ect is less pronounced,

4

Torrielli, arXiv:1407.1623

σ(100TeV) / σ(8TeV)

    √S = 8 TeV ➜ σ(tHj) ~ 10-3 σ(H)  
√S = 100 TeV ➜ σ(tHj) ~ 10-2 σ(H)
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Model and the production cross section is sensitive to the deviation of the couplings from

the the Standard Model values. The dependences on these couplings of the cross section and

Higgs branching ratios as well as the search strategy have been studied in [36, 37] assuming

CP-conserving interactions.

The structure of this paper is as follows. In Section 2 we introduce the scalar and pseu-

doscalar H-top couplings t and ̃t and discuss the current indirect experimental constraints,

paying particular attention to those provided by LHC constraints on the H-gluon-gluon and

H-�-� couplings, taking their correlations into account [40]. Section 3 presents calculations

of the total cross sections for H production in association with t̄t, single t and single t̄. We

show that, within the region of the (t, ̃t) plane allowed at the 68% CL, the total cross sec-

tion for t̄tH production may be considerably smaller than in the Standard Model, whereas

the cross sections for tH and t̄H may be considerably larger. As we show in Section 4, the

t̄tH, tH and t̄H invariant mass distributions may also be very di↵erent from those expected

in the Standard Model. We proceed in Section 5 to discuss the possibilities for t polarization

measurements at the LHC.

Our results indicate that the LHC operating at 13/14 TeV may soon be able to provide

interesting direct constraints on t and ̃t, including direct constraints on CP violation in

the top sector.

2 Indirect Constraints on Top-Higgs Couplings

We write the top-H couplings in the form

Lt = �mt

v
(tt̄t+ ĩtt̄�5t)H , (1)

where v = 246 GeV is the conventional Higgs vacuum expectation value (v.e.v.) and t = 1

and ̃t = 0 in the Standard Model.

As observed in [29], the ̃t coupling makes an important contribution to the electric dipole

moment of the electron de via a two-loop diagram of the Barr-Zee type. Assuming that the

H coupling to the electron is the same as in the Standard Model, and that there are no other

significant contributions to de, the recent upper bound |de/e| < 8.7 ⇥ 10�29 cm [41] can be

used to set the indirect constraint |̃t| < 0.01. However, we note that there is no experimental

information on the electron-H coupling, that no direct information on this couplings is likely

to become available in the foreseeable future, and that there could in principle be other

contributions to de that might cancel the two-loop top contribution, e.g., in supersymmetric

models. We therefore seek bounds on t and ̃t that are less model-dependent.

2

great sensitivity in tHj features also  
to pseudo-scalar coupling      !

 complex  gttH   (➜ CP violating)

̃t

t ⌘ Ct (̃t = 0)
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As already commented in the Introduction, the data from ATLAS and CMS on H pro-

duction at the LHC with ECM = 7 and 8 TeV provide indirect bounds on the coupling

parameters t and ̃t via the constraints they impose on the H-gluon-gluon and H-�-� cou-

plings, which have also been explored in [29, 38]. The interpretation of the H-gluon-gluon

and H-�-� constraints is also somewhat model-dependent, since they are obtained from data

on H production and decay into �� final states, and must rely on assumptions about the

H couplings to other particles. In considering these constraints, we assume here that the

couplings to other fermions and bosons are the same as in the Standard Model, i.e., f = 1

and ̃f = 0 for f 6= t, and W = Z = 1. This assumption is purely phenomenological but

motivated by the following reasons. There are several processes which can constrain W and

Z independently from t and ̃t [39] at the time when the luminosity required in this study

is accumulated. The e↵ect of f and ̃f (f 6= t) is almost negligible unless f � 1 because of

the suppression proportional to the Yukawa couplings of the light fermions. Moreover such

a possibility will be ruled out for the bottom and tau by the relatively precise H ! b̄b and

H ! ⌧⌧ measurements available at the time.

Under these assumptions, the available ATLAS and CMS data on H production and

decay were analyzed in [40] and constraints on the H-gluon-gluon and H-�-� couplings were

derived, taking into account the correlations imposed by the measurements: see the left

panel of Fig. 4 of [40]. The ratios

µgg ⌘ �(gg ! H)

�(gg ! H)SM
, µ�� ⌘ �(H ! ��)

�(H ! ��)SM
(2)

are represented there by c2g and c2�, respectively. Including the contribution to the Hgg loop

amplitude of the b quark and the contribution to the H�� loop amplitude of the b quark, ⌧

lepton and W bosons, following [29] one has in the notation of [40]

c2g = µgg ' 2
t + 2.6̃2

t + 0.11t(t � 1) ,

c2� = µ�� ' (1.28� 0.28t)
2 + (0.43̃t)

2 . (3)

The left panel of Fig. 4 of [40] displays regions in the (c�, cg) plane that are allowed by the

LHC data at the 68, 95 and 99% CL. There we see explicitly the anticorrelation between cg

and c� due to the fact that one may, to some extent, compensate for a possible enhancement

in the LHC H ! �� signal 1 by suppressing �(gg ! H), though this possibility is restricted

by the LHC measurements of the strengths of the other H signatures if one assumes that

f = 1 and ̃f = 0 for f 6= t, and W = Z = 1 as done here.

1We recall that this possibility is suggested by the ATLAS data, but not by the CMS data, so that the
Standard Model value of the H�� coupling is allowed at the 68% CL [40].
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Here GF is the Fermi constant, ↵s and ↵ are the fine structure constants for QCD and QED,
and NC , Qt(Qb) represent the QCD color factor and electric charge of the top(bottom) quark,
respectively. Note that we also include the contribution from the bottom quark since the
corresponding loop function A1/2(⌧b) is non-negligible.

As mentioned earlier, �H!gg and �H!�� and hence, total Higgs decay width �H change
from their standard model values due to the presence of modified ttH coupling. The following
ratio is suitable for evaluating this e↵ect:

�H

�SM
H

= BrSMH!others +
�H!gg

�SM
H!gg

BrSMH!gg +
�H!��

�SM
H!��

BrSMH!�� , (10)

where BrSMH!others = 0.913, BrSMH!gg = 0.085 and BrSMH!�� = 0.002 are the branching ratios at
around MH = 125GeV in the standard model [51]. We assume that the K-factors are the same
as those in the standard model and are dropped in Eq. (10). Figure 11 shows the deviations of
�H!gg/�SM

H!gg, �H!��/�SM
H!�� and �H/�SM

H as functions of the top-Higgs anomalous param-
eters a and b. The three ratios are more sensitive to the parameter b compared to a because
of the largeness of the loop function, A1/2(⌧t) ' 1.4 and 2f(⌧t)/⌧t ' 2.1. In negative region of
a, due to the constructive interference of W and the quark loop contributions, the deviation
in �H!��/�SM

H!�� turns out to be significant. Because the value of BrSMH!gg = 0.085 is not so

small, the ratio of the total width �H/�SM
H receives a sizable modification in the region where

�H!gg/�SM
H!gg is large.
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Figure 1: The regions of the (t, ̃t) plane allowed by the analysis of [40] at the 68 and 95%
CL (solid and dotted red contours, respectively). Also shown for comparison is the region
discussed in [29] (solid black contour). Black dots represent the simulated model points.

We display in Fig. 1 the regions of the (t, ̃t) plane that are allowed at the 68, and 95%

CL according to the analysis of [40]. At the 68% CL, the allowed region is a crescent with

apex close to the Standard Model point (t, ̃t) = (1, 0), bounded by the solid red contour,

whereas at the 95% CL a complete annulus is allowed, bounded by the dotted red contour.

For convenience we define the CP violation phase in the t̄tH coupling by

⇣t ⌘ arctan
⇣ ̃t

t

⌘
. (4)

For comparison, we also display the (smaller) crescent discussed in [29, 38], bounded by the

solid black contour. As already mentioned, if one assumes the Standard Model value of

the electron-H coupling and there are no other important contributions to the EDM of the

electron de, the experimental upper limit on its value imposes |̃t| < 0.01. Here we consider

the capability of future LHC measurements to constrain t and ̃t directly, considering for

illustration the full crescent allowed by the analysis of [40] at the 68% CL.

4

tκ
-1 -0.5 0 0.5 1

t
κ∼

-1

-0.5

0

0.5

1

ζ t SM

Figure 1: The regions of the (t, ̃t) plane allowed by the analysis of [40] at the 68 and 95%
CL (solid and dotted red contours, respectively). Also shown for comparison is the region
discussed in [29] (solid black contour). Black dots represent the simulated model points.

We display in Fig. 1 the regions of the (t, ̃t) plane that are allowed at the 68, and 95%

CL according to the analysis of [40]. At the 68% CL, the allowed region is a crescent with

apex close to the Standard Model point (t, ̃t) = (1, 0), bounded by the solid red contour,

whereas at the 95% CL a complete annulus is allowed, bounded by the dotted red contour.

For convenience we define the CP violation phase in the t̄tH coupling by

⇣t ⌘ arctan
⇣ ̃t

t

⌘
. (4)

For comparison, we also display the (smaller) crescent discussed in [29, 38], bounded by the

solid black contour. As already mentioned, if one assumes the Standard Model value of

the electron-H coupling and there are no other important contributions to the EDM of the

electron de, the experimental upper limit on its value imposes |̃t| < 0.01. Here we consider

the capability of future LHC measurements to constrain t and ̃t directly, considering for

illustration the full crescent allowed by the analysis of [40] at the 68% CL.

4

95%CL

68%CL

Ellis et al, arXiv:1312.5736

CP-violation  
phase in gttH : 

low-energy bounds on  
electric dipole moments 
!
!
(model dependent !)  
Brod et al, arXiv:1310.1385

|̃t| < 0.01 if e = 1



Barbara Mele 20Napoli,  4  December  2014

Ellis et al, arXiv:1312.5736

where the ranges of � is �⇡  � < ⇡. Nevertheless, if we restrict to the 68% C.L. region of

the Fig.10(c) of Ref. [3], the range of allowed � is approximately �2⇡/3  �  2⇡/3. We

show the cross sections versus � in Fig. 6, in which the shaded regions are those disallowed

at 68% C.L. obtained in Ref. [3]. It is interesting to note that the first three curves at the

top of the figure have similar behavior across � while the bottom curve has the opposite

behavior. Again it is due to the s-channel exchange mediated by a mostly o↵-shell W in the

last process.

One comment about the next-to-leading order (NLO) corrections is in order here. Since

the NLO QCD corrections to single-top plus Higgs production are very similar to single-

top production, we can roughly estimate the QCD corrections to the current processes by

looking up the NLO corrections to single-top production. A number of NLO and next-next-

to-leading order calculations existed in literature for single top-quark production [15]. The

NLO corrections to the process qb ! tq0 and qg ! tq0b̄ are very modest, usually less than

10%, while those of gb ! tW� and qq̄0 ! tb̄ can be as large as 40 � 50%. We shall estimate

the potential at the LHC using the process qb ! thq0, which has the largest cross section

among the signal processes, and therefore the NLO correction on the signal cross section is

a mere less than 10% e↵ect.
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FIG. 6. Production cross sections at the LHC-14 for pp ! thj versus � = arctan(CP
t /CS

t ) under

the constraint
⇣
CS
t /0.86
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+

⇣
CP
t /0.56

⌘2
= 1. We take Cv = 1. The shaded regions are those

disallowed at 68% C.L. by the Higgs data obtained in Ref. [3].
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Figure 4: Left panel: The ratios �(t̄tH)/�(t̄tH)SM (black lines), �(tH)/�(tH)SM (red lines)
and �(t̄H)/�(t̄H)SM (blue lines) as functions of arc tan(̃t/t). Right panel: The ratio
�(tH) + �(t̄H)/�(t̄tH) as a function of arc tan(̃t/t). In both panels, we display the values
of the ratios along both the inner and outer boundaries of the crescent-shaped region in Fig. 1
that is allowed by present data at the 68% CL. The horizontal lines in the left panel correspond
to a measurement of the cross section for t̄tH at the Standard Model level with an accuracy
of 20%.

in this case: the total invariant mass MtHj (or Mt̄Hj) and the two-particle invariant masses

MtH (or Mt̄H), Mtj (or Mt̄j), and MHj. In the following we present some invariant mass

distributions for the t̄tH and tHj (or t̄Hj) final states, starting with the total invariant

mass distributions. All the distributions shown below are idealized, as they do not include

the e↵ects of parton showering, object reconstruction, detector resolution, etc.. We also do

not consider the background contamination and the realistic selection cuts which will be

applied in experiments.4 These e↵ects could alter the shape of distributions, but the study

of such e↵ects lies beyond this exploratory work.

4 The background contamination is known to be a serious problem for the t̄tH process. In addition to
improving the techniques to suppress the the background, e.g using jet substructure techniques [30], a precise
estimation of the background shapes would be necessary to reduce the systematic uncertainties.
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This e↵ect is also seen clearly in the left panel of Fig. 4, where we see that �(tH) and

�(t̄H) reach more than 3 times the Standard Model values when ⇣t > 60o. A measurement at

the Standard Model level with a factor of two uncertainty would determine ⇣t ⇠ 0± 45o. As

seen in the right panel of Fig. 4, the combination of the decrease in �(t̄tH) and the increases

in �(tH) and �(t̄H) along the crescent imply that the ratio �(tH+ t̄H)/�(t̄tH) increases by

a factor of more than 20 along the crescent, compared to its value in the Standard Model,

⇠ 0.06.

4 Mass Distributions

We now examine the information that can be obtained from measurements of the invariant

masses of combinations of the final-state t, t̄ and H particles. In the case of the t̄tH final

state, there are three distinct combinations that can be measured: the total invariant mass

Mt̄tH , the tH (or t̄H) invariant mass MtH (or Mt̄H), and the t̄t invariant mass Mt̄t. In the

case of single t or t̄ production, there is also a forward jet j corresponding to the quark from

which the virtual W was emitted, as seen in the lower panel of Fig. 2. Hence there are again

three final-state particles t (or t̄), H and j, and therefore four measurable invariant masses
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to a measurement of the cross section for t̄tH at the Standard Model level with an accuracy
of 20%.

in this case: the total invariant mass MtHj (or Mt̄Hj) and the two-particle invariant masses

MtH (or Mt̄H), Mtj (or Mt̄j), and MHj. In the following we present some invariant mass

distributions for the t̄tH and tHj (or t̄Hj) final states, starting with the total invariant

mass distributions. All the distributions shown below are idealized, as they do not include

the e↵ects of parton showering, object reconstruction, detector resolution, etc.. We also do

not consider the background contamination and the realistic selection cuts which will be

applied in experiments.4 These e↵ects could alter the shape of distributions, but the study

of such e↵ects lies beyond this exploratory work.

4 The background contamination is known to be a serious problem for the t̄tH process. In addition to
improving the techniques to suppress the the background, e.g using jet substructure techniques [30], a precise
estimation of the background shapes would be necessary to reduce the systematic uncertainties.
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distributions for the t̄tH and tHj (or t̄Hj) final states, starting with the total invariant

mass distributions. All the distributions shown below are idealized, as they do not include

the e↵ects of parton showering, object reconstruction, detector resolution, etc.. We also do

not consider the background contamination and the realistic selection cuts which will be

applied in experiments.4 These e↵ects could alter the shape of distributions, but the study

of such e↵ects lies beyond this exploratory work.

4 The background contamination is known to be a serious problem for the t̄tH process. In addition to
improving the techniques to suppress the the background, e.g using jet substructure techniques [30], a precise
estimation of the background shapes would be necessary to reduce the systematic uncertainties.
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where the ranges of � is �⇡  � < ⇡. Nevertheless, if we restrict to the 68% C.L. region of

the Fig.10(c) of Ref. [3], the range of allowed � is approximately �2⇡/3  �  2⇡/3. We

show the cross sections versus � in Fig. 6, in which the shaded regions are those disallowed

at 68% C.L. obtained in Ref. [3]. It is interesting to note that the first three curves at the

top of the figure have similar behavior across � while the bottom curve has the opposite

behavior. Again it is due to the s-channel exchange mediated by a mostly o↵-shell W in the

last process.

One comment about the next-to-leading order (NLO) corrections is in order here. Since

the NLO QCD corrections to single-top plus Higgs production are very similar to single-

top production, we can roughly estimate the QCD corrections to the current processes by

looking up the NLO corrections to single-top production. A number of NLO and next-next-

to-leading order calculations existed in literature for single top-quark production [15]. The

NLO corrections to the process qb ! tq0 and qg ! tq0b̄ are very modest, usually less than

10%, while those of gb ! tW� and qq̄0 ! tb̄ can be as large as 40 � 50%. We shall estimate

the potential at the LHC using the process qb ! thq0, which has the largest cross section

among the signal processes, and therefore the NLO correction on the signal cross section is

a mere less than 10% e↵ect.
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Figure 6: The invariant mass distributions of t̄t (left panel) and tH (central panel) in t̄tH
production events. In each case, we display the distributions for ⇣t = arc tan(̃t/t) = 0 (in
black), ±⇡/4 (in dotted red) and ±⇡/2 (in solid red). The right panel shows the variations
with ⇣t of hMt̄ti (solid black) and hMtHi (solid red) along a contour passing trough the middle
of the 68% CL. crescent-shape allowed region in Fig. 1.

4.2 Two-Particle Invariant Mass Distributions

More information may be obtained from two-particle invariant mass distributions, and we

start by showing the two-body mass distributions in t̄tH production events. The left and

central panels of Fig. 6 show the invariant mass distributions of t̄t and tH, respectively, with

the same colour-coding as in Fig. 5. The peaks of the distributions are lowest for the SM

and highest for ⇣t = ±⇡/2 in both the t̄t and tH cases. The right panel of Fig. 6 shows the

variation with ⇣t of hMt̄ti (solid black) and hMtHi (solid red) along a contour passing trough

the middle of the crescent-shape allowed region in Fig. 1. The means of the two-particle

invariant mass distributions take their lowest values in the Standard Model case and their

maximum values for ⇣t = ±⇡/2 in both the t̄t and tH cases, as observed in the total invariant

mass distribution. The di↵erence between hMt̄ti and hMtHi is more than 100 GeV, despite

the di↵erence between mt and mH being less than 50 GeV, and is almost independent of ⇣t.

We do not show the t̄H invariant mass distribution as it is identical to that for tH.

We now turn to the two-particle invariant mass distributions in the tHj and t̄Hj pro-

duction events. The left, central and right panels of Fig. 7 show the t̄t, tH and tj invariant

mass distributions, respectively. In the t̄t case, the two-body invariant mass distribution is

most peaked in the Standard Model case ⇣t = 0, whereas for tH and tj, the distributions are

least peaked in the Standard Model case and most peaked for |⇣t| = ±⇡/2, as observed in

the total invariant mass distribution.

The left panel of Fig. 8 shows the variation with ⇣t of hMHji (dotted black), hMtHi (solid
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the same colour-coding as in Fig. 5. The peaks of the distributions are lowest for the SM

and highest for ⇣t = ±⇡/2 in both the t̄t and tH cases. The right panel of Fig. 6 shows the

variation with ⇣t of hMt̄ti (solid black) and hMtHi (solid red) along a contour passing trough

the middle of the crescent-shape allowed region in Fig. 1. The means of the two-particle

invariant mass distributions take their lowest values in the Standard Model case and their

maximum values for ⇣t = ±⇡/2 in both the t̄t and tH cases, as observed in the total invariant

mass distribution. The di↵erence between hMt̄ti and hMtHi is more than 100 GeV, despite

the di↵erence between mt and mH being less than 50 GeV, and is almost independent of ⇣t.

We do not show the t̄H invariant mass distribution as it is identical to that for tH.
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most peaked in the Standard Model case ⇣t = 0, whereas for tH and tj, the distributions are
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Figure 8: The mean values for the two-body invariant mass distributions in the tHj and t̄Hj
final states (left and right panel, respectively) as functions of ⇣t. The values of hMHji are
indicated by dotted black lines, the values of hMtHi and hMt̄Hi are indicated by solid coloured
lines (red and blue, respectively), and the values of hMtji and hMt̄ji are indicated by dotted
coloured lines.

Further, one can measure the single-(anti)top polarization either in the production plane or

perpendicular to it. The latter is particularly interesting, as it violates CP at the tree level.

5.1 Single-Spin Measurements

It is easy to see that the single-spin asymmetries actually vanish in t̄tH production, because

of the Dirac matrix factors in the vertices. However, the single-spin measurements are

interesting for tHj and t̄Hj production, because of the 1 � �5 factor in the Wtb coupling.

As already noted, the matrix elements of these processes have two competing Feynman

diagrams: one is proportional to the t̄tH coupling and the other to the WWH coupling, as

seen in the lower panel of Fig. 2. In the latter diagram, the t (or t̄) is emitted from the initial

b(b̄)-quark when it exchanges a W boson with a quark (or antiquark) in the other proton.

This t(t̄) quark therefore prefers the left-handed chirality. In the former diagram, t (or t̄)

is produced in the same way but subsequently emits a H, changing its chirality. One can

therefore expect that the tops in these processes are polarized to some extent, depending on

the details of the t̄tH coupling.

The angular distributions of the top decay products are correlated with the top spin
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perpendicular to it. The latter is particularly interesting, as it violates CP at the tree level.

5.1 Single-Spin Measurements

It is easy to see that the single-spin asymmetries actually vanish in t̄tH production, because

of the Dirac matrix factors in the vertices. However, the single-spin measurements are

interesting for tHj and t̄Hj production, because of the 1 � �5 factor in the Wtb coupling.

As already noted, the matrix elements of these processes have two competing Feynman

diagrams: one is proportional to the t̄tH coupling and the other to the WWH coupling, as

seen in the lower panel of Fig. 2. In the latter diagram, the t (or t̄) is emitted from the initial

b(b̄)-quark when it exchanges a W boson with a quark (or antiquark) in the other proton.

This t(t̄) quark therefore prefers the left-handed chirality. In the former diagram, t (or t̄)

is produced in the same way but subsequently emits a H, changing its chirality. One can

therefore expect that the tops in these processes are polarized to some extent, depending on

the details of the t̄tH coupling.

The angular distributions of the top decay products are correlated with the top spin
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Figure 6: The invariant mass distributions of t̄t (left panel) and tH (central panel) in t̄tH
production events. In each case, we display the distributions for ⇣t = arc tan(̃t/t) = 0 (in
black), ±⇡/4 (in dotted red) and ±⇡/2 (in solid red). The right panel shows the variations
with ⇣t of hMt̄ti (solid black) and hMtHi (solid red) along a contour passing trough the middle
of the 68% CL. crescent-shape allowed region in Fig. 1.

4.2 Two-Particle Invariant Mass Distributions

More information may be obtained from two-particle invariant mass distributions, and we

start by showing the two-body mass distributions in t̄tH production events. The left and

central panels of Fig. 6 show the invariant mass distributions of t̄t and tH, respectively, with

the same colour-coding as in Fig. 5. The peaks of the distributions are lowest for the SM

and highest for ⇣t = ±⇡/2 in both the t̄t and tH cases. The right panel of Fig. 6 shows the

variation with ⇣t of hMt̄ti (solid black) and hMtHi (solid red) along a contour passing trough
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Figure 9: Left panel: The distributions in the semileptonic decay angle ✓` for the tHj final
state for the indicated values of ⇣t. In the right panel we display the variation of the forward-
backward asymmetry in ✓`, Al, with ⇣t for tHj (t̄Hj) production in red (blue): the shading
represents an estimate of the measurement error with 100/fb of integrated luminosity at
14 TeV.

direction in the following way [43–45]:

1

�f

d�f

d cos ✓f
=

1

2
(1 + !fPt cos ✓f ) , (5)

where f is the type of top decay product: f = b, `, ..., ✓f is the angle between the decay

product f and the top spin quantization axis measured in the rest frame of the top, and Pt

is the degree of the top polarization:

Pt =
N(")�N(#)
N(") +N(#) . (6)

The coe�cient !f depends on the type of decay product, e.g., !W = �!b = 0.41 and !` = 1

at tree level.

We consider first the angle ✓` between the direction of the t and the final-state lepton

` measured at the rest frame of the top in tHj production events. The left panel of Fig. 9

displays the cos ✓` distributions. As previously, the distribution for the Standard Model case

⇣t = 0 is shown in black, and the distributions for |⇣t| = ⇡/4 and ⇡/2 in dotted and solid red,

respectively. We can see that the lepton momentum in the Standard Model case strongly

prefers the opposite direction to the top’s boost direction at the top’s rest frame, meaning

that tops are negatively polarized, Pt < 0. As |⇣t| increases this preference is weakend. For
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|⇣t| = ⇡/4 the distribution is already quite flat, and the slope is even positive, Pt >⇠ 0, for

|⇣t| = ⇡/2.

The dependence on ⇣t can more explicitly be seen in the right panel of Fig. 9, which

displays the variation with ⇣t of the forward-backward asymmetry

A` =
N(cos ✓` > 0)�N(cos ✓` < 0)

N(cos ✓` > 0) +N(cos ✓` < 0)
, (7)

along a contour passing trough the middle of the crescent-shape allowed region. The red and

blue curves correspond to the At
` and At̄

` in the tHj and t̄Hj production events, respectively.

The shaded bands represent estimates of the measurement error with 100/fb of integrated

luminosity at 14 TeV, again ignoring e↵ects of parton showering, top reconstruction, detector

resolution,5 etc.. We see that, within the range of ⇣t allowed by the present data, the

asymmetry is largest in magnitude (and negative) for ⇣t = 0 (the Standard Model case),

is reduced in magnitude for ⇣t 6= 0, and changes sign for ⇣t = ±⇡/2. On the other hand,

there is no sensitivity to the sign of ⇣t. In the Standard Model case, the asymmetries for the

tHj and t̄Hj events are identical. For ⇣t 6= 0, tops are more positively polarized in the tHj

events than in the t̄Hj events.

We now consider the top (anti-top) polarization perpendicular to the three-body pro-

duction plane. We define the spin quantisation axis by �!p j ⇥ �!p H at the rest frame of the

top (anti-top), where j is the forward jet produced by the final-state quark after radiating

a virtual W in the diagrams in the lower panel of Fig. 2. The left panel of Fig. 10 shows

the cos ✓`? distribution, where ✓`? is the angle between the lepton momentum and the spin

quantization axis defined above at the rest frame of the top. We see that the distribution is

flat for the Standard Model case ⇣t = 0. One the other hand, when ⇣t 6= 0, the lepton prefers

one side of the hemisphere with respect to the three-body production plane at the rest frame

of the top. The right panel in Fig. 10 shows the variation with ⇣t of the asymmetry A`?,

which is defined in the same way as in Eq. (7) for the cos ✓`?, with the same colour-coding as

in Fig. 9. As expected, there is no up-down asymmetry for the Standard Model case ⇣t = 0,

but there is a measurable asymmetry for ⇣t = ±⇡/4 and ±⇡/2. In particular, the sign of the

perpendicular asymmetry is sensitive to the sign of ⇣t = arc tan(̃t/t). This measurement

could therefore provide a direct probe of CP violation in the top-H couplings.

5 For studies including these e↵ects, see e.g. [31, 46, 47].
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displays the cos ✓` distributions. As previously, the distribution for the Standard Model case

⇣t = 0 is shown in black, and the distributions for |⇣t| = ⇡/4 and ⇡/2 in dotted and solid red,

respectively. We can see that the lepton momentum in the Standard Model case strongly

prefers the opposite direction to the top’s boost direction at the top’s rest frame, meaning

that tops are negatively polarized, Pt < 0. As |⇣t| increases this preference is weakend. For
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|⇣t| = ⇡/4 the distribution is already quite flat, and the slope is even positive, Pt >⇠ 0, for

|⇣t| = ⇡/2.

The dependence on ⇣t can more explicitly be seen in the right panel of Fig. 9, which

displays the variation with ⇣t of the forward-backward asymmetry

A` =
N(cos ✓` > 0)�N(cos ✓` < 0)

N(cos ✓` > 0) +N(cos ✓` < 0)
, (7)

along a contour passing trough the middle of the crescent-shape allowed region. The red and

blue curves correspond to the At
` and At̄

` in the tHj and t̄Hj production events, respectively.

The shaded bands represent estimates of the measurement error with 100/fb of integrated

luminosity at 14 TeV, again ignoring e↵ects of parton showering, top reconstruction, detector

resolution,5 etc.. We see that, within the range of ⇣t allowed by the present data, the

asymmetry is largest in magnitude (and negative) for ⇣t = 0 (the Standard Model case),

is reduced in magnitude for ⇣t 6= 0, and changes sign for ⇣t = ±⇡/2. On the other hand,

there is no sensitivity to the sign of ⇣t. In the Standard Model case, the asymmetries for the

tHj and t̄Hj events are identical. For ⇣t 6= 0, tops are more positively polarized in the tHj

events than in the t̄Hj events.

We now consider the top (anti-top) polarization perpendicular to the three-body pro-

duction plane. We define the spin quantisation axis by �!p j ⇥ �!p H at the rest frame of the

top (anti-top), where j is the forward jet produced by the final-state quark after radiating

a virtual W in the diagrams in the lower panel of Fig. 2. The left panel of Fig. 10 shows

the cos ✓`? distribution, where ✓`? is the angle between the lepton momentum and the spin

quantization axis defined above at the rest frame of the top. We see that the distribution is

flat for the Standard Model case ⇣t = 0. One the other hand, when ⇣t 6= 0, the lepton prefers

one side of the hemisphere with respect to the three-body production plane at the rest frame

of the top. The right panel in Fig. 10 shows the variation with ⇣t of the asymmetry A`?,

which is defined in the same way as in Eq. (7) for the cos ✓`?, with the same colour-coding as

in Fig. 9. As expected, there is no up-down asymmetry for the Standard Model case ⇣t = 0,

but there is a measurable asymmetry for ⇣t = ±⇡/4 and ±⇡/2. In particular, the sign of the

perpendicular asymmetry is sensitive to the sign of ⇣t = arc tan(̃t/t). This measurement

could therefore provide a direct probe of CP violation in the top-H couplings.

5 For studies including these e↵ects, see e.g. [31, 46, 47].
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Figure 10: Left panel: The distributions in the semileptonic decay angle ✓`? out of the tHj
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production, Al?, as a function of ⇣t is indicated in red (blue): the shading represents an
estimate of the measurement error with 100/fb of integrated luminosity at 14 TeV.

5.2 Spin Correlation Measurements

We consider finally possible measurements of the t̄t spin correlation in t̄tH production. The

left panel of Fig. 11 shows the distribution in the angle ��`+`� between the two lepton

momenta projected onto the plane perpendicular to the t direction at the centre-of-mass

frame of the t̄t system. The sign of ��`+`� is defined as the sign of �!p t · (�!p `� ⇥�!p `+).6 As

previously, the distribution for the Standard Model case ⇣t = arc tan(̃t/t) = 0 is shown in

black, those for ⇣t = ±⇡/4 as dotted lines, and those for ±⇡/2 as solid lines (red and blue

for ⇣t >,< 0, respectively). We see that the distribution has the form

d�

d��`+`�
/ cos(��`+`� � �) + const. (8)

We see in the left panel of Fig. 11 that the phase shift � vanishes for the Standard Model

case ⇣t = 0, but takes non-zero values for ⇣t 6= 0, and we note that this phase shift is sensitive

to the sign of ⇣t. The right panel in Fig. 11 shows the value of � as a function of ⇣t. One

can see that the � varies from �⇡ to ⇡ as ⇣t varies from �⇡/2 to ⇡/2. We find that the

6 The ��`+`� variable is commonly used in the spin correlation measurement in the t̄t process [48, 49],
although ��`+`� is defined at the lab frame and its range is [0, ⇡]. In order to identify CP violation, it is
crucial to measure ��`+`� with respect to the top (or anti-top) axis in the range of [�⇡, ⇡].
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We now consider the top (anti-top) polarization perpendicular to the three-body pro-

duction plane. We define the spin quantisation axis by �!p j ⇥ �!p H at the rest frame of the

top (anti-top), where j is the forward jet produced by the final-state quark after radiating

a virtual W in the diagrams in the lower panel of Fig. 2. The left panel of Fig. 10 shows

the cos ✓`? distribution, where ✓`? is the angle between the lepton momentum and the spin

quantization axis defined above at the rest frame of the top. We see that the distribution is

flat for the Standard Model case ⇣t = 0. One the other hand, when ⇣t 6= 0, the lepton prefers

one side of the hemisphere with respect to the three-body production plane at the rest frame

of the top. The right panel in Fig. 10 shows the variation with ⇣t of the asymmetry A`?,

which is defined in the same way as in Eq. (7) for the cos ✓`?, with the same colour-coding as

in Fig. 9. As expected, there is no up-down asymmetry for the Standard Model case ⇣t = 0,

but there is a measurable asymmetry for ⇣t = ±⇡/4 and ±⇡/2. In particular, the sign of the

perpendicular asymmetry is sensitive to the sign of ⇣t = arc tan(̃t/t). This measurement

could therefore provide a direct probe of CP violation in the top-H couplings.

5 For studies including these e↵ects, see e.g. [31, 46, 47].
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Figure 9: Left panel: The distributions in the semileptonic decay angle ✓` for the tHj final
state for the indicated values of ⇣t. In the right panel we display the variation of the forward-
backward asymmetry in ✓`, Al, with ⇣t for tHj (t̄Hj) production in red (blue): the shading
represents an estimate of the measurement error with 100/fb of integrated luminosity at
14 TeV.

direction in the following way [43–45]:

1

�f

d�f

d cos ✓f
=

1

2
(1 + !fPt cos ✓f ) , (5)

where f is the type of top decay product: f = b, `, ..., ✓f is the angle between the decay

product f and the top spin quantization axis measured in the rest frame of the top, and Pt

is the degree of the top polarization:

Pt =
N(")�N(#)
N(") +N(#) . (6)

The coe�cient !f depends on the type of decay product, e.g., !W = �!b = 0.41 and !` = 1

at tree level.

We consider first the angle ✓` between the direction of the t and the final-state lepton

` measured at the rest frame of the top in tHj production events. The left panel of Fig. 9

displays the cos ✓` distributions. As previously, the distribution for the Standard Model case

⇣t = 0 is shown in black, and the distributions for |⇣t| = ⇡/4 and ⇡/2 in dotted and solid red,

respectively. We can see that the lepton momentum in the Standard Model case strongly

prefers the opposite direction to the top’s boost direction at the top’s rest frame, meaning

that tops are negatively polarized, Pt < 0. As |⇣t| increases this preference is weakend. For
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production channels upon the trilinear Higgs coupling �, at the 14 TeV LHC. Plots are taken from [25].

for example in [16]; even if these terms have not been considered here, their relevance is in fact
expected to increase with the collider centre-of-mass energy, due to the dominance of the gluon
luminosity at small Bjorken-x.
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Figure 4: NLO total cross section for production of three (left panel) and four (right panel) electroweak bosons.

5. Top-antitop associated production

In table 3 and in figure 6, I report results relevant to the production of a top-antitop pair in
association with up to two electroweak bosons, and with an electroweak boson and up to two jets.
The cross section for a top-antitop pair in association with an electroweak vector boson and two
jets is presented here for the first time at the NLO in QCD.

Process pp ! tt̄W± has been recently studied [29] in relation to the top-antitop charge asym-
metry at proton-proton colliders. The absence of the gluon-fusion channel in this process at LO
and NLO is responsible for its more limited cross-section increase ⇢ with respect to the neutral
pp ! tt̄V reactions (see table 3), but is also what enhances the charge asymmetry and makes it
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nice sensitivity to trilinear coupling λ H3  

26Napoli,  4  December  2014

10-3

10-2

10-1

100

101

102

103

104

 8  13 14  25  33  50  75  100

m
NL

O
[fb

]

3s[TeV]

HH production at pp colliders at NLO in QCD
MH=125 GeV, MSTW2008 NLO pdf (68%cl)

ppAHH (EFT loop-improved)

ppAHHjj (VBF)

ppAttHH ppAWHH

ppAtjHH

ppAZHH

Ma
dG
ra
ph
5_
aM
C@
NL
O

10-1

100

101

102

-4 -3 -2 -1  0  1  2  3  4

m
(N

)L
O

[fb
]

h/hSM

ppAHH (EFT loop-improved)
ppAHHjj (VBF)

ppAttHH

ppAWHH

ppAZHH ppAtjHH

HH production at 14 TeV LHC at (N)LO in QCD
MH=125 GeV, MSTW2008 (N)LO pdf (68%cl)

Ma
dG
ra
ph
5_
aM
C@
NL
O

Figure 3: Left panel: NLO total cross section for Higgs-pair production in association with light and heavy quarks,
and electroweak bosons. Right panel: dependence of the LO and NLO total cross section for di↵erent Higgs-pair-
production channels upon the trilinear Higgs coupling �, at the 14 TeV LHC. Plots are taken from [25].

for example in [16]; even if these terms have not been considered here, their relevance is in fact
expected to increase with the collider centre-of-mass energy, due to the dominance of the gluon
luminosity at small Bjorken-x.
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Figure 4: NLO total cross section for production of three (left panel) and four (right panel) electroweak bosons.

5. Top-antitop associated production

In table 3 and in figure 6, I report results relevant to the production of a top-antitop pair in
association with up to two electroweak bosons, and with an electroweak boson and up to two jets.
The cross section for a top-antitop pair in association with an electroweak vector boson and two
jets is presented here for the first time at the NLO in QCD.

Process pp ! tt̄W± has been recently studied [29] in relation to the top-antitop charge asym-
metry at proton-proton colliders. The absence of the gluon-fusion channel in this process at LO
and NLO is responsible for its more limited cross-section increase ⇢ with respect to the neutral
pp ! tt̄V reactions (see table 3), but is also what enhances the charge asymmetry and makes it
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[λSM = (mH/v)2/2 =0.13]
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Outlook
 gHtt coupling tightly connected to EWSB mechanism 

 crucial to probe it in a direct way 

 p p ➜ H tt major role, but not sensitive to gHtt sign 

 p p ➜ t H q  production excellent test of gHtt sign 

 p p ➜ t H q also sensitive to pseudo-scalar gHtt 

components (in a complementary way to Htt production); 
kinematical distributions and asymmetries crucial ! 

 SM tHq cross sections hard to probe in  near future  

 13-TeV run  expected to reach sensitivity needed for 
testing the Ct~-1 hypothesis through  p p ➜ t H q  !
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