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Introduction

• The top quark is an interesting window on new physics 

• Main production mode is initiated by gluons,  

• All experimental searches interpreted as                     so far 

• But interferences could be huge and looking at it could 
shed light on new physics through non-trivial lineshape 
effects 

• Most of the extensions of the SM require additional scalar 
bosons, need to go beyond the usual        bump discovery. 
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is not

SM continuum BSM scalar resonance

interference
• In BSM analyses interferences are usually neglected
• They affect or not the total cross section
• But they always affect the invariant mass differential distribution
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Real part of Interferences

interference(s)usual Breit-Wigner

Real part

• The new contribution is antisymmetric around M 
so does not contribute to                            

• But the amplitude could develop an imaginary part due to the loop…

• No interference on shell
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Imaginary part of Interferences

as before new part
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• The new contribution does contribute to                             

• Interferences are sensible to New Physics through many ways!

• New interference term does not vanish on shell
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Interference lineshapes

+ a! +b⇥ + c!

SM background
Signal Breit-Wigner

Real interference

Imaginary interference

mt øt

d! /dm t t̄

imagine the result with two (non) degenerate resonances as in the (2HDM) MSSM for example…
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SM Application: width measurements of the SM Higgs

4

which is missing in the continuum background [17]. The
K factor of the interference is between that of the signal
and that of the background. This is reasonable but not
inevitable, given that only a restricted set of helicity con-
figurations enters the interference. For moderate jet veto
cuts, the mass shift depends very weakly on pT due to
the smallness of the real radiation contribution. The ex-
tra interference with quark-gluon scattering at tree level
reduces the mass shift a bit more, as shown in the curve
labeled NLO (gg) + LO (qg) in fig. 3. At small veto pT ,
the results become unreliable: large logarithms spoil the
convergence of perturbation theory, and resummation is
required, which is beyond the scope of this letter.
In fig. 4 we remove the jet veto cut, and study how

the mass shift depends on a lower cut on the Higgs
transverse momentum, pT > pT,H . This strong depen-
dence could potentially be observed experimentally, com-
pletely within the γγ channel, without having to compare
against a mass measurement using the only other high-
precision channel, ZZ∗. (The mass shift for ZZ∗ is much
smaller than for γγ, as can be inferred from fig. 17 of
ref. [26], because H → ZZ∗ is a tree-level decay, while
the continuum background gg → ZZ∗ arises at one loop,
the same order as gg → γγ.) Using only γγ events might
lead to reduced experimental systematics associated with
the absolute photon energy scale. The pT,H dependence
of the mass shift was first studied in ref. [7]. The dotted
red band includes, in addition, the continuum process
qg → γγq at one loop via a light quark loop, a part of
the full O(α3

s) correction. This new contribution par-
tially cancels against the tree-level qg channel, leading to
a larger negative Higgs mass shift. The scale variation
of the mass shift at finite pT,H is very small, because it
is essentially a LO analysis; the scale variation largely
cancels in the ratio between interference and signal that
enters the mass shift.
Due to large logarithms, the small pT,H portion of fig. 4

is less reliable than the large pT,H portion. In using the
pT,H dependence of the mass shift to constrain the Higgs
width, the theoretical accuracy will benefit from using
a wide first bin in pT . One could take the di! erence
between apparent Higgs masses for γγ events in two bins,
those having pT above and below, say, 40 GeV.
Finally, we allow the Higgs width to di! er from the

SM prediction. The Higgs couplings to gluons, photons,
and other observed final states should then change ac-
cordingly, in order to maintain roughly SM signal yields,
as is in reasonable agreement with current LHC measure-
ments. In particular, for the product cgcγ = cgγ entering
the dominant gluon fusion contribution to the γγ yield,
we solve the following equation,

c2
gγS

mH" H
+ cgγI =

!
S

mH" SM
H

+ I

"
µγγ , (6)

where µγγ denotes the ratio of the experimental sig-
nal strength in gg → H → γγ to the SM prediction
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FIG. 5. Higgs mass shift as a function of the Higgs width.
The coupling cg! has been adjusted to maintain a constant
signal strength, in this case µ!! = 1.

(σ/σSM ). For Higgs widths much less than 1.7 GeV,
the mass shift is directly proportional to cgγ/µγγ. On
the right-hand side of eq. (6), the two-loop imaginary
interference term I is negligible; the fractional destruc-
tive interference in the SM is mH" SM

H I/S ≈ −1.6%. For
" H ≤ 100" SM

H = 400 MeV, it is a good approximation
to also neglect I on the left-hand side. Then the solu-

tion for cgγ is simply cgγ =
#
µγγ" H/" SM

H . Fig. 5 plots

the mass shift, assuming µγγ = 1. It is indeed propor-
tional to

√
" H for the widths shown in the figure, up to

small corrections. If new physics somehow reverses the
sign of the Higgs diphoton amplitude, the interference is
constructive and the mass shift is positive.
In principle, one could apply the existing measure-

ments of the Higgs mass in the ZZ∗ and γγ channels
in order to get a first limit on the Higgs width from this
method. However, there are a few reasons why we do
not do this here. First of all, the current ATLAS [27]
and CMS [28] measurements are not very compatible,

mγγ
H −mZZ

H = +2.3+0 .6
−0.7 ± 0.6 GeV (ATLAS)

= −0.4± 0.7± 0.6 GeV (CMS), (7)

where the first error is statistical and the second is sys-
tematic. Second, the experimental resolution di! ers from
bin to bin and has non-Gaussian tails. Third, the precise
background model can influence the apparent mass shift.
What we can say is that taking " H = 200" SM

H = 800 MeV
and neglecting the latter factors would result in a mass
shift of order 1 GeV, in the same range as eq. (7). This is
a considerably smaller width than the first direct bound
from CMS, " H < 6.9 GeV at 95% confidence level [29].
A measurement of # mH using two pT,H bins in the

γγ channel is currently limited by statistics. At the high
luminosity LHC, with 3 ab−1 of integrated luminosity at
14 TeV, the statistical error on # mH will drop to 50 MeV

• Mass shift R-term related to the Higgs width 
• Current data indicates  
• With 3ab^-1, 
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shift obtained from this fit is stable once we include in-
variant masses ranging out to three times the Gaussian
width.
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FIG. 2. Diphoton invariant mass M !! distribution for pure
signal (top panel) and interference term (bottom panel) after
Gaussian smearing.

The top panel of fig. 2 shows the Gaussian-smeared
diphoton invariant mass distribution for the pure signal
at both LO and NLO in QCD. We use the MSTW2008
NLO PDF set and αs [25] throughout, and set α = 1/ 137.
Standard acceptance cuts are applied to the photon

transverse momenta, phard/softT, ! > 40/ 30 GeV, and rapidi-
ties, |η! | < 2.5. In addition, events are discarded when a
jet with pT,j > 3 GeV is within ∆R! j < 0.4 of a photon.
A jet veto is simulated by throwing away events with
pT,j > 20 GeV and ηj < 3. The scale uncertainty bands
are obtained by varying mH / 2 < µ F , µR < 2mH inde-
pendently. Note that the NLO (gg) channel includes the
contribution from the qg channel where the quark splits
to a gluon; this reduces dependence on the factorization
scale µF . As a result, the scale uncertainty bands mostly
come from varying the renormalization scale µR .

The bottom panel of fig. 2 shows the corresponding
Gaussian-smeared interference contributions. The con-
tribution involving the SM tree amplitude for qg ! γγq

is denoted by LO (qg). The destructive interference from
the imaginary part I in eq. (3) shows up at two-loop or-
der in the gluon channel in the zero mass limit of light
quarks [4]. It produces the offset of the NLO (gg) curve
from zero at M !! = 125 GeV.
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FIG. 3. Apparent mass shift for the SM Higgs boson versus
the jet veto pT .
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FIG. 4. Apparent mass shift for the SM Higgs boson versus
the lower cut on the Higgs transverse momentum, pT > p T,H .

MASS SHIFT AND WIDTH DEPENDENCE

In fig. 3 we plot the apparent Higgs boson mass shift
versus the jet veto pT cut. The mass shift for inclu-
sive production (large pT,veto) is around 70 MeV at NLO,
significantly smaller than the LO prediction of 120 MeV.
The reduction is mainly due to the large NLO QCD Higgs
production K factor. The K factor for the SM contin-
uum background is also sizable due to the same gluon
incoming states. But the Higgs signal is enhanced addi-
tionally by the virtual correction to the top quark loop,

Dixon, Li, arXiv:1305.3854
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FIG. 3: Diphoton invariant mass distributions with a Gaussian mass resolution of width σMR = 1 .7 GeV.
In each panel, the right (red) curve includes only the Higgs contribution without interference, and the left
(blue) curve also includes the interference contribution from Figure 2. The right panel is a close-up of the
left panel.

paper. The background levels are subject to signiÞcant higher order corrections [40Ð44], and in
practice are obtained by the experimental collaborations using a sideband analysis of Þtting to the
falling background shape away from the Higgs peak. This Þtting of the lineshape to background
plus signal will be a! ected by the slight surplus (deÞcit) of events below (above)M H , depending
on exactly how the Þt is done.

One simplistic way to estimate the shift is to take a mass window |M !! − M peak| < δ, where
M peak is the invariant mass at the maximum of the distribution, and δ is supposed to be large
enough to include most of the excess events over background in the peak, and then compute

N" =
∫ M peak +"

M peak ! "
dM!!

dσ
dM!!

, (17)

⟨M !! ⟩" =
1

N"

∫ M peak +"

M peak ! "
dM!! M !!

dσ
dM!!

. (18)

Now

" M !! ≡ ⟨M !! ⟩" , total − ⟨M !! ⟩" , no interference (19)

is a theoretical measure of the shift due to including the interference. For smallδ (∼< 1 GeV), " M !!

is essentially just the shift in the maximum point of the dist ribution after subtracting background,
which does not correspond to an experimentally well-measured quantity. However, one can see
from Figure 3 that including a wider window, which should be more similar to the methods used to
determine M H by the experimental collaborations, will give a larger shift. In fact, the magnitude
of the shift " M !! actually grows approximately linearly with δ for all δ ∼> 2σMR, due to the long

S. Martin , arXiv:1208.1533

Higgs mass peak shift in                 :                          H ! !!

Bigger effect with BSM resonances in

, negligeable ! 1%

gg ! ! ! tøt
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Application: width measurements of the SM Higgs

• Large interference effects, O(10%) 

• LHC Run 1 data yields a Higgs width constraint of  

d�inter

dMV V
=

(M2
V V ! m2

H )R+mH �H I

(M2
V V ! m2

H )2 +m2
H �2

H

continuum @ 1-loop
Kauer, Passarino, arXiv:1206.4803

�H

�SM
H

. 5

Higgs mass shift in off-shell regions: 

Bigger effect with BSM resonances in gg ! ! ! tøt
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BSM generic model

L top = yt øttS + i ÷yt øt! 5tS

L loop-induced
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The form factors
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Figure 1. Loop functions of the fermion induced gluon-gluon-scalar vertex as a function of the
parameter

p
! ⌘

p
ŝ/(2mf ), for a CP-even scalar (solid line) and a CP-odd scalar (dashed lines),

respectively. The blue, yellow and green lines correspond to the absolute value, real component and
imaginary component of the loop functions, respectively. For convenience, we show the corresponding
center of mass energy

p
ŝ in units of GeV for the case of a top quark loop on the upper edge of the

figure.

Sgg couplings. The Sgg couplings depend on the Yukawa interactions and corresponding

fermion masses,

gSgg(ŝ) =
" s

2
p
2#

yst
mt

I 1
2
(! t), g̃Sgg(ŝ) =

" s

2
p
2#

ỹst
mt

Ĩ 1
2
(! t), (2.3)

where I 1
2
(! t) and Ĩ 1

2
(! t) are the corresponding loop-functions and1

! t =
ŝ

4m2
t

, f(! ) =

8
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:

arcsin2(
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! 2 (! + (! � 1)f(! )), Ĩ1/2(! ) =
f(! )
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. (2.4)

In the above, yst is the Yukawa coupling of the heavy scalar to the top quark, whose mass is

denoted by mt.

In Fig. 1 we show the numerical values of the loop functions. For convenience, we also

label the upper edge of the x-axis in the figure with the corresponding center of mass energyp
ŝ for the case of a top quark loop. Although we are writing these e↵ective form factors

1Alternatively, these more conventional loop-functions can be written in terms of kinematic variable � as
shown and discussed in the Appendix. The kinematic factor � of the Þnal state top quarks is deÞned asq

1� 4m2
t

ŝ . This kinematic factor � is unrelated to tan � ⌘ v2/v1, the ratio of the vacuum expectation values
of the two Higgs doublets, to be used later on in this paper.

– 4 –

ghgg(ŝ) =
↵s

3⇡v
+O(⌧)• In the SM, any heavy chiral fermion : 
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Figure 3. The phase (argument) of the loop functions as a function of ⌧ for a scalar (red line)
and a pseudoscalar (blue, dashed line), respectively. We label the upper edge of the x-axis with the
corresponding center of mass energy

p
ŝ in GeV for the case of a top quark loop.

CP-odd heavy scalar S, are proportional to:3

Aeven / ytgSgg = y2t I 1
2
(⌧t), Aodd / ỹtg̃Sgg = ỹ2t Ĩ 1

2
(⌧t), (2.8)

where we have omitted the scalar propagator, color factor and strong coupling constant

dependence for simplicity. We can then define the phase of the resonant signal amplitude in

terms of the reduced amplitude Ā and the normalized propagator as,4

A =
ŝ

ŝ�m2

S + i�SmS
|Ā|ei✓Ā , with ✓

¯A ⌘ arg(Ā). (2.9)

When ✓
¯A is 0 (or ⇡), only the real part of the propagator contributes to the interference term

yielding a dip-bump (or bump-dip) structure. This is the standard case mostly studied in the

literature, that does not a↵ect the total signal rate. When ✓
¯A is ⇡/2 (or 3⇡/2), instead, only

the imaginary part of the propagator contributes to the interference term, yielding a pure dip

(or a pure bump) structure that can significantly change the total signal rate.

For the process gg ! S ! tt̄ in consideration, the loop functions (I(⌧t) and Ĩ(⌧t)) are the

only sources of the additional phase ✓
¯A ( ✓

¯A = arg I(⌧) or ✓
¯A = arg Ĩ(⌧)). We show in Fig. 3

the phase of the fermion loop functions both for the scalar (red line) and pseudoscalar (blue,

dashed line) cases. These phases follow the numerical values of the loop functions discussed in

Fig. 1, and they will be useful in analyzing the signal lineshapes later on. Similarly to Fig. 1,

3For simplicity of notation, from here on we drop the superscript S from the top Yukawa couplings to heavy

scalars.
4The background amplitude is defined to be positive, as one can always rotate the phase of the signal and

background amplitudes simultaneously without changing the physical results. This uniquely fixes the definition

of the phase ✓Ā.

– 7 –

•     growth quickly and is large                 particular BSM phenomenology 
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J. Ellis, A. Djouadi, JQ   arXiv: 1605.00542 

New scalar with the top in the loop
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What else is there? 

Supersymmetry 
�‡Successful prediction for Higgs mass 

�±Should be < 130 GeV in simple models 

�‡Successful predictions for Higgs couplings 
�±Should be within few % of SM values 

�‡Could explain the dark matter 
�‡�1�D�W�X�U�D�O�Q�H�V�V�����*�8�7�V�����V�W�U�L�Q�J�����«�����"�"�"�� 

 
 

 
 
 
 
 

John Ellis
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The MSSM
H1 =

!
H 0

1
H !

1

"
H2 =

!
H +

2
H 0

2

"

In the MSSM: two Higgs doublets:

After EWSB (which can be made radiative: more elegant than in the SM):

W±
L , ZL ! 5 h, H, A, H ±Three d.o.f. to make physical states left out: 

tan�,MAOnly two free parameters at tree-level: but important rad. corr. :

For low : H, A couplings to top quark enhanced:tan !

In the decoupling limit: MSSM reduces to SM but with a light SM Higgs

and
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Constraints on the MSSM heavy Higgs bosons
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N=2 SUSY ?
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J. Ellis, JQ, V. Sanz arXiv:1607.05541

theory realizes automatically the decoupling limit: 

the MSSM is the « easiest » realization of SUSY, what if SUSY is non minimal?

h is SM-like &  
H doesn’t couple to W/Z

: the channel to test directly the low tan� region!H, A ! tøt

the N=2 scalar potential is modified at tree-level

SUSY Higgs as light as 200 GeV are allowed

http://arxiv.org/abs/arXiv:1502.05653
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If the resonances are the heavy Higgs of the MSSM
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J. Ellis, A. Djouadi, JQ   arXiv: 1605.00542 

nearly degenerate H,A

non degenerate H,A

• In the high mass region, the two resonances would mimic a single broad resonance
• In a 2HDM, the signal could be anything (including nothing due to cancelation)

looking for a dip

looking for a peak & dip
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Constraints from LHC run I
Djouadi, Maiani, Polosa, JQ, Riquer arXiv: 1502.05653 

http://arxiv.org/abs/arXiv:1502.05653
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Fully covering the MSSM Higgs sector up to the TeV
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Towards interferences at NLO

For SM: Czakon, Heymes, Mitov arXiv: 1608.00765 

For 2HDM: Hespel, Maltoni, Vryonidou arXiv: 1606.04149

Figure 9 . Two-loop virtual corrections diagrams for the heavy scalar signal.

On the computational side, within MadGraph5 aMC@NLO , the background can

be obtained automatically at NLO. For the signal the two loop virtual corrections for

Higgs production are taken from those in SusHi [49] as implemented in aMCSusHi [50].

These are combined with the 1-loop corrections in the final state which are computed with

MadLoop . The full 1-loop real and born amplitudes and 2-loop virtual corrections are

inserted in the computation through a reweighting procedure.

We decompose the total cross section using the following additive prescription:

�NLO = �back
NLO + �signal

NLO + �inter
LO

p
K SK B , (4.1)

where the signal and background are computed exactly at NLO in QCD.
!

K SK B can

involve either the total cross-section K -factors for the signal and the background or the

bin-by-bin K -factors in the invariant mass spectrum as well as for any other observable of

interest.

For brevity we present results at NLO only for our four 2HDM benchmarks. Results

for the simplified model can be straightforwardly obtained with our setup. In table 8

the signal at NLO with the scale uncertainties, the corresponding K -factors and the NLO

approximation for the interference are given for the four scenarios. The interference is

computed at LO with NLO PDFs and the result is subsequently adjusted by the K -factor.

The total cross-section K -factors are used to obtain the interference K -factor used in table

8. We note that the scale uncertainties for the interference are those obtained from a

LO computation and therefore are much larger than those of the signal and background.

For the interference, our results provide a more accurate prediction, however we do not

improve the precision of this contribution and therefore keep the LO uncertainties. For

completeness we mention the NLO QCD background cross section �QCD = 698.6+13.2%
�12.4% pb

and the corresponding K -factor K B = 1.40.
The top pair invariant mass distribution for the LHC at 13 TeV is shown in figure 10.

The ratios of the signal and interference over the background are shown at LO and NLO,

along with the signal and background K -factors with the corresponding scale uncertainties.

We find large QCD corrections for the signal, with K -factors reaching two close to the

resonance. The background K -factor is lower but rises with mtt̄. Due to the larger K -

factor for the signal compared to the background we notice an increase of the signal and

interference over background ratios. The significant reduction of the scale uncertainties

at NLO is also evident in the results. We note here that for the distributions we have

extracted the K -factor for the interference using the signal and background K -factors in

each bin.

– 17 –

• Virtual NLO corrections to signal in the initial and final states are well know.
• But the corrections connecting initial and final states are NOT know.

->Impossible to have the full NLO interferences
->use LO interferences scaled by K-factors

Figure 9. Two-loop virtual corrections diagrams for the heavy scalar signal.

On the computational side, within MadGraph5 aMC@NLO , the background can
be obtained automatically at NLO. For the signal the two loop virtual corrections for
Higgs production are taken from those in SusHi [49] as implemented in aMCSusHi [50].
These are combined with the 1-loop corrections in the Þnal state which are computed with
MadLoop . The full 1-loop real and born amplitudes and 2-loop virtual corrections are
inserted in the computation through a reweighting procedure.

We decompose the total cross section using the following additive prescription:

�NLO = �back
NLO + �signal

NLO + �inter
LO

!
K SK B , (4.1)

where the signal and background are computed exactly at NLO in QCD.
!

K SK B can
involve either the total cross-sectionK -factors for the signal and the background or the
bin-by-bin K -factors in the invariant mass spectrum as well as for any other observable of
interest.

For brevity we present results at NLO only for our four 2HDM benchmarks. Results
for the simpliÞed model can be straightforwardly obtained with our setup. In table 8
the signal at NLO with the scale uncertainties, the correspondingK -factors and the NLO
approximation for the interference are given for the four scenarios. The interference is
computed at LO with NLO PDFs and the result is subsequently adjusted by theK -factor.
The total cross-sectionK -factors are used to obtain the interferenceK -factor used in table
8. We note that the scale uncertainties for the interference are those obtained from a
LO computation and therefore are much larger than those of the signal and background.
For the interference, our results provide a more accurate prediction, however we do not
improve the precision of this contribution and therefore keep the LO uncertainties. For
completeness we mention the NLO QCD background cross section�QCD = 698.6+13 .2%

! 12.4% pb
and the correspondingK -factor K B = 1 .40.

The top pair invariant mass distribution for the LHC at 13 TeV is shown in Þgure 10.
The ratios of the signal and interference over the background are shown at LO and NLO,
along with the signal and backgroundK -factors with the corresponding scale uncertainties.
We Þnd large QCD corrections for the signal, withK -factors reaching two close to the
resonance. The backgroundK -factor is lower but rises with mtøt. Due to the larger K -
factor for the signal compared to the background we notice an increase of the signal and
interference over background ratios. The signiÞcant reduction of the scale uncertainties
at NLO is also evident in the results. We note here that for the distributions we have
extracted the K -factor for the interference using the signal and backgroundK -factors in
each bin.

Ð 17 Ð

Interferences still important at « NLO »

•        spectra, computed at NNLO QCD, have small associated theoretical error 
and should be used as an effective tool for bump-hunting in     events 
mt øt

tt̄
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If the stops are also in the loop
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Figure 9 . Left panel: loop functions of the scalar-gluon pair vertex as a function of
!

! "
!

ös/ (2m),
with m the mass of the new particle in the loop. The orange, green and blue lines correspond to
the real, imaginary and absolute values of these functions. The solid lines represent the values of the
squark loop function, while for the fermion loop contribution the real and imaginary parts are shown
in dotted and dashed lines for the scalar and pseudoscalar case, respectively. The squark-loop function
is multiplied by a factor of four to be visible in a common scale with the fermion loop functions.Right
panel: induced relative phase with respect to the SM background for the sfermion loop (green line),
fermion loop for a scalar (dotted red line) and a pseudoscalar (dashed blue line).

As a result these two contributions do not interfere with each other, in sharp contrast to
the SM Higgs boson case, wheremh < 2mt < 2mq̃. The squark contributions allow for an
additional adjustment of the relative phases between theggS production vertex and the tøtS
decay vertex, enriching the phenomenology.

In the left panel of Fig. 9 we show in blue, orange and green, solid lines the absolute,
real and imaginary values of the corresponding loop-functions for scalar quarks, respectively.
Comparing to spin-1/2 loop-functions shown by the dashed and dotted lines for the scalar and
pseudoscalar cases, respectively, the squark loop-function rises and falls much more abruptly
near the threshold. Its real component becomes negative right above threshold. We multiply
the squark function by a factor of four to make it more visible. In the right panel of Fig. 9 we
show the phase generated by the di! erent loop functions as a function of the scale parameter
!

! . As discussed in Section2, the closer the phase is to" / 2, the more important is the
interference proportional to the imaginary part of the propagator with the SM background,
rendering the dip structure more prominent. We show the evolution of such phase for the
fermion loop for a scalar (dotted red line) and a pseudoscalar (dashed blue line), as well as for
the squark loop (green line). The phase of the squark loop raises much faster comparing to
the fermion-loop cases, and at large

!
! the phase is close to" . The phases from the fermions

approaches" / 2 instead, which is the cause for a pure dip structure at high scalar masses for
the baseline model.

In the following we will concentrate in the more intriguing case in which the scalar quark
mass is only slightly above half the scalar mass. In this situation the threshold e! ect can
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Figure 10 . Signal lineshapes as the sum of the Breit-Wigner contribution and the interference
contributions, including the e! ects of SUSY stops in the loop for 850 GeV CP-even scalars, as a
function of the tøt invariant mass at the 13 TeV LHC. The left panel corresponds to the SUSY stop
scenario with zero L-R mixing, while the right panel corresponds to the SUSY stop scenariomh!

max .
The green and yellow lines represent the cases with only top quark loops or stop loops, respectively.
The blue lines are the total lineshapes including all contributions. In the right panel we show both
the case for a CP-even and a CP-odd scalar for the solid and dashed lines, respectively.

SUSY stop loop contribution, respectively. The blue lines represent the lineshapes with all
contributions taken into account. In both scenarios we choose the lighter stop mass to be
close to half of the the heavy Higgs boson mass and the heavier stop to be around 1 TeV. The
detailed numerics of our benchmark stop parameters are listed in the Appendix in Eq.A.5.

The stops could change the heavy scalar lineshapes in a distinct way depending on the L-
R stop mixing. For the case with zero L-R mixing shown in the left panel of Fig.10, the stop
contribution (orange line) is relatively small compared to the top contribution (green line),
due to the smaller value of the squark loop function. In spite of the fact that the stop loop
function is real and only produces interference through the real part of the propagator, the
small value of the Breit-Wigner contributions implies that the interference piece is dominant,
leading to a bump-dip structure crossing zero at the scalar pole mass. Once both the top and
stop loop contributions are summed up the e! ect of the stop is hardly noticeable. Moreover,
in the zero L-R mixing case the CP-odd scalar does not couple to the stops, and hence we do
not show those lineshapes for the CP-odd Higgs. For the mh!

max

scenario shown in the right
panel of Fig. 10, the stop contribution could be sizable. We show both the lineshapes for the
CP-even Higgs boson and the CP-odd Higgs boson in solid and dashed lines, respectively. The
Breit-Wigner contribution from the stop loop shifts the value of tøt invariant mass where the
signal rate is zero slightly above the heavy scalar pole mass, as illustrated by the orange lines.
The contribution from the L-R mixing term dominates and changes the pure dip structures
from the top only contribution (green lines) into a bump-dip structure (blue lines). We
purposefully choose the parameters such that the heavy scalar is only slightly below the light
stop pair production threshold, with a light stop mass of about 435 GeV. We observe that
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Carena, Liu arXiv: 1608.07282

The vector-like fermions may enhance the production of the heavy scalars with respect to the
SM top-quark loop contribution. At the same time, due to the fact that the VLQ induced
loop function is real, there will be no destructive interference with the SM background. We
choose a benchmark point with mass parametersM ! and M " of 600 GeV and 1200 GeV,
respectively. The Yukawa coupling is chosen asy! = 2. In such case the masses of the
eigenstates are 440 GeV and 1360 GeV, respectively. Consequently, the 850 GeV scalar is
closer to the threshold of the lighter vector-like quark and receives relatively larger corrections
to the lineshapes in comparison to the 550 GeV one. We note that in 2HDMs, the VLQ will
also contribute to the SM Higgs couplings to gluons, and therefore, the current measurement
of the SM-like Higgs properties will constrain the size of the allowed contributions from these
new fermions. However, due to themh/m ! suppression and the current level of accuracy in
the Higgs boson measurements, such constraints do not play a relevant role at present.

A colored composite scalar, such as a scalar color octet [34Ð40], is also a plausible pos-
sibility in many BSM theories. Although at renormalizable operator level the kinetic term
of the color octet scalar only allows pair production from gluon initial state, the resonance
production could still be viable from loop-induced processes. The interference is then changed
and interesting phenomenology merits detailed future study.

If the intermediate colored particles are heavy, e↵ective operators will be su�cient to
describe the physics. In such case our loop-induced gluon-gluon-scalar form factor in Eq.3.12
becomes a constant, and can be identiÞed as the Wilson coe�cient of the e↵ective Þeld theory
(EFT) operators 1

" SGG or 1

" SG ÷G. We give an example in Sec.3.3.

3.2.3 SUSY scalar quark contributions

The SUSY partners of the SM colored fermions may also contribute to the gluon-gluon-scalar
e↵ective coupling. These scalar quarks also modify the predictions for the observed! 125
GeV Higgs boson measurements, however, for su�ciently heavy stops as those considered
here current data does not impose any relevant constraints. The squark contributions to the
heavy scalar Higgs production are of the form:

gq̃
Sgg(ös) = "

! s

8"

X

q;i=1,2

gq̃
i v

m2

q̃i

1

#q̃
i

 
1 "

1

#q̃
i

f (#q̃
i )

!
, (3.13)

where the subscript i labels the two scalar mass eigenstates with massesmq̃i , that are the
superpartners of the corresponding SM fermionq. Only the diagonal Higgs-squark-squark
couplings in the mass basis contribute to Eq.3.13, and thus the Higgs-squark-squark couplings
gq̃

ij are labeled gq̃
i . For the case of#q̃

i # 1 the above equation becomes a slowly varying

function of the scale ratio parameter#q̃
i , and the EFT approach is su�cient to describe the

physics results in this channel. However, the scalars we consider are relatively heavy, and
could be close to the squarks threshold. In this case the phenomenology is rich and interesting
and we shall keep the full scale dependence to properly account for such possibility.

For scalar masses such that 2mt < m S < 2m
˜t , the loop function for gluon-gluon Higgs

coupling from top-quark loop is dominantly imaginary, while that from scalar quarks is real.
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• Dip structure less prominent for scalars than 
fermions

• Stops change the heavy scalar lineshapes in a 
distinct way depending on the stop mixing.

the top contribution dominate the stop contribution dominate
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Vector Like Fermions
What are Vector-Like fermions?
The left-handed and right-handed chiralities of a Vector-Like fermion 
transform in the same way under the SM gauge groups SU(3)c ⇥ SU(2)L ⇥ U(1)Y

Why are they called « vector-like »?
LW =

g
!

2
(J µ+W+

µ + J µ�W�
µ ) Charged current

• SM chiral quarks: only left-handed charged currents

J µ+ = J µ+
L + J µ+

R with J µ+
L = øuL ! µ dL = øu! µ (1 ! ! 5)d = V ! A

J µ+
R = 0{

• Vector-Like quarks: both left-handed and right-handed charged currents
J µ+ = J µ+

L + J µ+
R = ūL �

µ dL + ūR�
µ dR = ū�µ d = V

New type  of gauge invariant mass term (without the Higgs)
LM = ! M ø!! ex: the MSSM higgsino is a VL-Fermion
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Vector Like Fermions
What are Vector-Like fermions?

The left-handed and right-handed chiralities of a Vector-Like fermion 
transform in the same way under the SM gauge groups SU(3)c ⇥ SU(2)L ⇥ U(1)Y

Why are they called « vector-like »?

LW =
g

!
2

(J µ+W+
µ + J µ�W�

µ ) Charged current

• SM chiral quarks: only left-handed charged currents

J µ+ = J µ+
L + J µ+

R with J µ+
L = øuL ! µ dL = øu! µ (1 ! ! 5)d = V ! A

J µ+
R = 0{

• Vector-Like quarks: both left-handed and right-handed charged currents

J µ+ = J µ+
L + J µ+

R = ūL �
µ dL + ūR�

µ dR = ū�µ d = V

New type  of gauge invariant mass term (without the Higgs)
LM = ! M ø!! ex: the MSSM higgsino is a VL-Lepton

Vector-Like quarks play an important rôle in BSM physics : 

• Warped extra-dimensions: KK excitations of bulk fields 

• Composite Higgs models: excited resonances of the bounded states which form SM particles 

• Little Higgs models: partners of SM fermions in larger group representations which ensure the 

cancellation of divergent loops • Gauged flavour group with low scale gauge flavor bosons: required to cancel anomalies in the 

gauged flavor symmetry • N>1 SUSY: super-partners of gauge fields
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J. Ellis, A. Djouadi, JQ   arXiv: 1605.00542 

If VLQ are also in the loop
The top quark and VLQ induce the gluon width : 

! (" ! gg) =
Gµ! 2

sM 3
!

64
"

2" 3

����
X

Q

ög! QQA!
1/2(#Q)

����
2

with ög! QQ =
v

mQ
öyQ

note that heavy VLQ decouple       heavy chiral fermion regarding != ! (hSM ! gg)

strong 
exclusion 

limits

weaker 
exclusion 

limits
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J. Ellis, A. Djouadi, JQ   arXiv: 1605.00542 

If VLQ are also in the loop
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Challenging the SM background
• First challenge: search for non-conventional peak-dip, dip-peak, dip structures

• statistical uncertainty << systematic uncertainty (key point to achieve sensitivity in this channel)

• changing the binning is important in order to optimize the effect 
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Figure 9: Number oftøt events inpp collisions at 7 TeV and 1 fb! 1 for mA = mH = 500 GeV

and tan! = 2 distributed in 5 GeV bins.
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Figure 10: Deviation∆ = ( N ! NSM )/
"

NSM in the number of events respect to the standard

prediction for two different binning (mA = mH = 500 GeV and tan! = 2).
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the most sensitive way to search for such 
effects would be to use off-centre bins 

Barcelo, Masip arXiv: 1001.5456 

• By mis-reconstruction: events in the peak could populate the dip (& vice versa) 
smearing effect reduces the significance of the lineshape analysis

Thanks to the large data set one can afford a lower signal efficiency with 
higher quality in         reconstruction accuracies? 
new analysis technics to reduce the systematics? 

mt øt
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Conclusions

• Searching for a top quark pair resonance is promising for new physics

• Interference effects are crucial: need to go beyond a parametrization in 
terms of the total rate

• Interference effects contain information on new resonances and also new 
particles in the loop inducing coupling to gluons

• the               process will allow us to test the low           region of the MSSM 
Higgs sector  

gg ! tøt tan !

• Develop procedure to analyse carefully lineshapes looking for bump, 
peak-dip,dip-peak and simple deep.

• Important challenge concerning the systematic uncertainty of the     
SM bck

tt̄



Thank You !
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Projected constraints 1

http://arxiv.org/abs/arXiv:1502.05653


29



30



Indirect Constraints on Stops
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A. Drozd, J. Ellis, JQ and T. You arXiv:1504.02409 LHC Run I
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Indirect Constraints on Stops
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The current sensitivity is already comparable to that of direct LHC searches

LHC Run I
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