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[Degrassi et al., 2012]
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…New Physics (from the LHC)!

[CMS coll., 2016]
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…New Physics (from the LHC)!

• No sign of…

[ATLAS coll., 2016]

 News from the LHC
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What (if any) is the best strategy?

4

The Higgs provides a privileged searching ground

Statement #2
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(or equivalently it is the only normal one) 

Statement #3
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Statement #1

The only viable approach to look for NP at the LHC is to cover  
the widest range of TH- and/or EXP-motivated searches. 

!
!
!

What (if any) is the best strategy?

4

The Higgs provides a privileged searching ground

Statement #2

Vis-à-vis the Higgs, the top is a special quark  
(or equivalently it is the only normal one) 

Statement #3
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In the SM,  it is the ONLY quark

5

The top quark is special

1. With a “natural mass” 
!
!!!!!!!!!!!!!  It “strongly” interacts with the Higgs sector.

m
top

= ytv/
p
2 ' 174GeV ) yt ' 1
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2. That decays semi-weakly, and before hadronizing and way 
before spin-flipping 
τhad ≈ h/ΛQC D ≈ 2•10-24 s"
τflip ≈ h mt / ΛQC D 2 >> τhad"
τtop ≈ h/ Γtop =1/(GF mt3 |Vtb|2/8π√2) ≈ 5•10-25 s"
Compare with τb ≈ (GF2 mb5 |Vbc|2 k)-1 ≈ 10-12 s)
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3. That dramatically affects the stability of the Higgs mass. Consider the 
SM as an effective field theory valid up to scale Λ:

m2

H = m2

H0 −

3

8π2
ytΛ

2 +
1

16π2
g2Λ2 +

1

16π2
λ2Λ2

t W,Z H

Putting numbers, one gets:

(125GeV)2 = m2
H0 +

⇥
�(2TeV)2 + (700GeV)2 + (500GeV)2

⇤✓ ⇤

10TeV

◆2

7

The top quark is special
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mh2 ∼ (125 GeV)2

tree loops

top   WZ   Higgs

Definition of naturalness: less than 90% cancellation:

(125GeV)2 = m2
H0 +

⇥
�(2TeV)2 + (700GeV)2 + (500GeV)2

⇤✓ ⇤

10TeV

◆2

�t < 3TeV

8

⇒ top partners must be “light”

The top quark is special
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Model building inspired by naturalness

9

+ = 8

3⇡2
m2

T log⇤?
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• stops as the lightest squarks 

!

!

9

+ = 8

3⇡2
m2

T log⇤?



Fabio MaltoniPrecision Theory,  ICISE, Vietnam, Sept-Oct 2016

Model building inspired by naturalness

• stops as the lightest squarks 
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!
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3⇡2
m2
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[ATLAS 2015]

Direct stop searches

• Stop direct searches based on 
four different final states: 

1.stop → t+n1 (w/ stop1 mostly right),  

2.stop → W+b+n1 (3-body decay for 
m(stop) < m(top) + m(ne1) ),  

3.stop → c + n1  

4.stop → f+f'+b+n1 (4-body decay).

[Czakon et al. 2013]

https://arxiv.org/abs/1506.08616
http://arxiv.org/abs/1305.3892
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• Funnels being closed…but 

• still present at small masses 

• compressed spectrum issues 
including the width treatment 
and evaluation 

• different decay channels are 
needed 

• If widths are small, displaced 
vertices might arise.

[ATLAS 2016]

Direct stop searches

https://arxiv.org/abs/1506.08616
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Precision stop searches

12

Expected and observed 95% CL limits on the signal 
strength µ (defined as the ratio of the obtained stop cross 
section to the theoretical prediction) for the production of t ̃ 
pairs as a function of mt ̃.  

The stop is assumed to decay as t→̃tχ ̃or through its three-
body decay depending on its mass. The neutralino is 
assumed to have a mass of 1 GeV.  

The black dotted line shows the expected limit with ±1σ 
uncertainty band shaded in yellow, taking into account all 
uncertainties except the theoretical cross-section 
uncertainties on the signal.  

The red solid line shows the observed limit, with dotted 
lines indicating the changes as the nominal signal cross 
section is scaled up and down by its theoretical 
uncertainty.  

The short blue and purple dashed lines indicate how the 
observed limits with the signal cross section reduced by 
one standard deviation of its theoretical uncertainty for mt ̃ 
1<mtop when the top quark mass is assumed instead to be 
173.5±1.0 and 175.0±1.0 GeV. 

[ATLAS 2016]

[Czakon et al. , 2014]From an idea proposed in 

https://arxiv.org/abs/1506.08616
https://arxiv.org/abs/1506.08616
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• stops as the lightest squarks 

!

!

• composite Higgs ⇒ vectorial top quark partners

Model building inspired by naturalness

13

+ = 8

3⇡2
m2

T log⇤

L = yt


iqhtc + f

✓
(1� h†h

2f2

◆
TT c + . . .

�
+ h.c.
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Direct vector-like quarks searches

Vector-like quarks can be produced in 
pairs or singly. 

14

[CMS - B2G 2016]

[Campbell et al, 2009]

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G
http://arxiv.org/abs/arXiv:0907.3933
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Vector-like quarks can be produced in 
pairs or singly. 

15

[ATLAS 2016]

[Campbell et al, 2009]

[ATLAS 2016]

Direct vector-like quarks searches

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-101/
http://arxiv.org/abs/arXiv:0907.3933
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-102/
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Model building inspired by naturalness

16

+ = 8

3⇡2
m2

T log⇤

Note that: 

• Many variations exist of this mechanisms, such 
as for example partners that are not colored, or 
Hyperfolded SUSY. [Katz et al, in progress]	

• Such models typically entail other particles in 
the spectrum that couple to the top (such as extra 
scalars or DM candidates) and might lead to new 
top interactions at low energy (such as RPV). 

X*

X
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u	
!
t	
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What (if any) is the best strategy?
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Model-dependent Model-independent

SUSY, 2HDM, ED,… simplified models, EFT, …

Search for new states Search for new 
interactions

specific models, simplified models anomalous couplings, EFT…

17

Standard signaturesExotic signatures

precision measurements rare processes

What (if any) is the best strategy?
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Resonances in ttbar

18

Very interesting and rich history of searches for resonances in ttbar and many 
proposals and results since the first days of the LHC, see e.g., [Frederix, FM, 2007]. 
Higher masses can be reached by boosted top tagging techniques. I will make 
only two points here: 

1. Limits on models that feature a clear BW peak (Z’, coloron) with a fixed width 
are continuously improved by the increase in energy and luminosity:

q

q̄

t

t̄

Z ′

q

q̄

t

t̄

Gµν

q

q̄

t

t̄

Φ
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[CMS 2015][CMS 2013]

Very interesting and rich history of searches for resonances in ttbar and many 
proposals and results since the first days of the LHC, see e.g., [Frederix, FM, 2007]. 
Higher masses can be reached by boosted top tagging techniques. I will make 
only two points here: 

1. Limits on models that feature a clear BW peak (Z’, coloron) with a fixed width 
are continuously improved by the increase in energy and luminosity:

Resonances in ttbar

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-15-002/
http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-13-008/index.html
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Another possibility [Hespel et al., 2016] : use the ansatz  

 + and tested/complemented by a calculation including all known elements 
(including all the real interference terms).

20

2. Analysis technology to look for BW peaks in place. Now it is time to 
consider more complicated situations, like peak-dip or even dips. In this 
case accurate predictions at NLO are challenging to obtain.

LO+reals two-loop virtuals

known easynot-availableknown

A possibility [Bernreuther et al., 2016] : compute the NLO corrections in the EFT and  

the soft limit for the interference.

Resonances in ttbar

http://arxiv.org/abs/arXiv:1606.04149
http://arxiv.org/abs/arXiv:1511.05584
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2. Analysis technology to look for BW peaks in place. It is time to consider 
more complicated situations, like peak-dip or even dips. While NLO accurate 
results are challenging to obtain, structures are stable under radiative correcs.

[Hespel et al., 2016] 

Resonances in ttbar

http://arxiv.org/abs/arXiv:1606.04149
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tt (tt) (+ jets) --

q

q

t

t

j
j

[Aguilar-Saavedra, 2011, Degrande et al. 2011, 	
Kraml et al. 2006, Durieux et al. 2012,2013]

[Tait et al, 2008, Gregoire et al,, 2011, Servant et al. , 
2010, Cacciapaglia et al. 2011, Degrande 2010 , ...]

t

t-
t-
t

4 tops

t

t-
X, χχ, H, HH

tt + ET , H,...-
[Too long list here] 

/monotops

[Andrea et al. 2011]

t

χ 

Searches for NP can be done in exotic or rare top signatures

Exotic top-quark signatures

22
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monotops

t

[Andrea et al. 2011], [Wang et al. 2011], [Alvarez, 2013] [Agram, 2013]…

[CMS 2016]

[CMS, 2015], [ATLAS, 2014]

 Several theoretical studies

 Several experimental analyses

Exotic top-quark signatures
t

http://arxiv.org/abs/arXiv:1106.6199
http://arxiv.org/abs/arXiv:1109.5963
http://arxiv.org/abs/arXiv:1310.7600
http://arxiv.org/abs/arXiv:1311.6478
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-040/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-15-001/
https://arxiv.org/abs/1410.5404
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q
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t

t
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Signature that has attracted interest in 
the search of very exotic resonances, 
and more recently in interesting  
RPV scenarios.

24

[ATLAS, 2012], [CMS, 2013]

[Durieux and Smith, 2013]

[ATLAS, 2016]

See also:  

Exotic top-quark signatures

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2011-19/
http://arxiv.org/abs/1311.6736
http://arxiv.org/abs/arXiv:1307.1355
https://cds.cern.ch/record/2205745
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t

t-
t-
t

Four top signal has a long history, starting from [Tait et al, 2008]. SM signal known 
at NLO accuracy [Bevilacqua and Worek, 2012] and available NLO+PS [Maltoni et al. 2015]. 
BSM scenarios range from gluino gluino production and deca to 4t+Etmiss, to 
4F interactions. Dedicated searches as well model independent ones have been 
undertaken. 

25

[CMS 2016] [ATLAS 2016]

Exotic top-quark signatures

http://arxiv.org/abs/arXiv:0712.3057
http://arxiv.org/abs/arXiv:1206.3064
http://www.apple.com
http://cds.cern.ch/record/2205265
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-020/
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This signature is very popular, for SUSY and top-partner searches.  

!

!

!

Lately also for DM searches in the s-channel.

26

[CMS 2016]

Exotic top-quark signatures
t

t-
X, χχ, H, HH

-

https://cds.cern.ch/record/2204933?ln=en
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Simplified model searches for a top-philic mediator can be performed in 
different channels [Haisch et al., 2013] [Haisch et al., 2013] [Haisch et al., 2014] [Crivellin et al., 2015] [Haisch 
and Re, 2015]

27

[Buckley and Gonsalves, 2015]

[Arina et al., 2016]

Exotic top-quark signatures
t

t-
X, χχ, H, HH

-

http://arxiv.org/abs/arXiv:1208.4605
http://arxiv.org/abs/arXiv:1310.4491
http://arxiv.org/abs/arXiv:1311.7131
http://arxiv.org/abs/arXiv:1501.00907
http://arxiv.org/abs/arXiv:1503.00691
http://arxiv.org/abs/arXiv:1511.06451
http://arxiv.org/abs/arXiv:1605.09242
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Search for new states Search for new 
interactions

28

Search for New Physics at the LHC
Two main strategies for searching new physics

SM

cWWW

!2 "
1!400 GeV"2

Unitarity Bound

0 500 1000 1500 2000

10#4

10#2

100

102

Mww !GeV"

dΣ
dMww

! pb
GeV

"

“Peak” or more complicated structures 
searches. Need for descriptive MC for 
discovery = Discovery is data driven. 
Later need precision for characterisation.

Deviations are expected to be small. 
Intrinsically a precision measurement. 
Needs for predictive MC and accurate 
predictions for SM and EFT.
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The matter content of SM has been experimentally verified and evidence 
for light states is not present. SM measurements can always be seen as 
searches for deviations from the dim=4 SM Lagrangian predictions. 

29

L(6)
SM = L(4)

SM +
X

i

ci
⇤2

Oi + . . .

BSM goal of the SM LHC program: 

determination of the couplings of the SM lagrangian at DIM=6

Search for new states Search for new 
interactions

Two main strategies for searching new physics

Search for New Physics at the LHC
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Dim=6 SM Lagrangian

30

• Based on all the symmetries of the SM 
!
• New physics is heavier than the resonance itself : 
Λ>MX 

!
• QCD and EW renormalizable (order by order in 

1/Λ)  

[Grzadkowski et al, 10]

• Number of extra couplings reduced by symmetries and 
dimensional analysis 

!
• Extends the reach of searches for NP beyond the 

collider energy. 
!
• Valid only up to the scale Λ

http://arxiv.org/abs/1008.4884
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The EFT approach: managing unknown unknowns

31

• Very powerful approach.  

• Note, however, that it only makes sense if a global constraining strategy is 
used to extract information from the data: 

• assume all couplings might not be zero at the EW scale. 

• identify the operators entering each observable. 

• find enough observables (cross sections, BR’s, distributions,…) to constrain 
all operators. 

• solve the (linear+quadratic) system. 

• hierarchical approach on the couplings.
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Top-quark operators and processes

+four-fermion operators

[Willenbrock and Zhang 2011, Aguilar-Saavedra 2011,Degrande et al. 2011]

Ot' = y3t ('
†')Q̄'̃t

+ operators that do not feature a top,   
but contribute to the procs…

http://arxiv.org/abs/arXiv:1008.3869
http://arxiv.org/abs/arXiv:1008.3562
http://arxiv.org/abs/arXiv:1205.1065
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Towards a global fit at the LHC

33

[Buckley et al.,2015]

• EFT based, fit on Tevatron and LHC data: total as well as differential 
information from ttbar and t-channel single-top.  

• SM at NLO (or NNLO) and EFT at LO in QCD (Feynrules+MadGraph). 

[Buckley et al.,2015]

http://arxiv.org/abs/1506.08845
http://arxiv.org/abs/1506.08845


Fabio MaltoniPrecision Theory,  ICISE, Vietnam, Sept-Oct 2016

The need for NLO in QCD

• A global approach with constraints on top couplings coming from a wide set 
of observables is the (only) way to go. 

• A precision physics effort needs accurate predictions not only for the SM but 
also for the EFT.   

• This is because the top is coloured and the LHC is a hadron collider. 

• In fact, the structure of the EFT for the top becomes non trivial at NLO in 
QCD, with operator mixings.

34
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Towards a global fit at the LHC

35

[Cen Zhang]

However, the only consistent/useful way of making progress is to consider 
constraints coming from different processes at the same time and do this at 
NLO in QCD. One has to pay attention to which operators contribute for a 
given process, LO and NLO. 

http://arXiv.org/pdf/1305.7386.pdf
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Bounding OtG at NLO from ttbar

36
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[Franzosi and Zhang, 2015]

Recent analysis at NLO in QCD

http://arxiv.org/abs/1503.08841
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Single-top in the EFT at NLO

37

4F operator can also be included (on-going). 

[Cen Zhang, 2016]

N L O c o r r e c t i o n s d i s t o r t L O  
distributions, they impact the limits in 
accuracy and precision.

http://arxiv.org/abs/arXiv:1601.06163
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ttV in the EFT at NLO
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[Bylund, FM, Tsinikos, Vryonidou, Zhang, 2016]

Small contribution from OtW and OtB at 
O(1/Λ2) but large at O(1/Λ4)

How should we treat O(1/Λ4) terms? 

EFT condition satisfied  (see Sasha’s intro to EFT) 
Anom. dim. matrix: 

OtW, OtB, OtG

http://arxiv.org/abs/1601.08193
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Using SM k-factors is not enoughLarge contribution at O(1/Λ4) 
rising with energy  

ttV in the EFT at NLO [Bylund, FM, Tsinikos, Vryonidou, Zhang, 2016]

http://arxiv.org/abs/1601.08193
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[Bylund, FM, Tsinikos, Vryonidou, Zhang, 2016]
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LHC measurements of ttV processes can set constraints on the Wilson 
coefficients See also: [Rontsch and Schulze et al. 2014, 2015] and [Schulze 2016] in the anomalous 
coupling framework.

Chromomagnetic operator affecting all processes in the same way.

ttV in the EFT at NLO

http://arxiv.org/abs/1601.08193
https://arxiv.org/abs/1404.1005
https://arxiv.org/abs/1501.05939
https://arxiv.org/abs/1603.08911
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Top-Higgs interactions
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See also 	
[Degrande et al. 2012] 	
[Grojean et al. 2013]

Use with 1) ttH and 2) H+j to break degeneracy between operators and 
extract maximal information

ttH H, H+j

[FM, Vryonidou, Zhang, 2016]

https://arxiv.org/abs/1205.1065
https://arxiv.org/abs/1312.3317
http://arxiv.org/abs/arXiv:1607.05330
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First systematic study of uncertainties: 

• Scale and PDF uncertainties 

• EFT scale uncertainties 

!

!

!

!

!

!

!

!

• Missing higher order terms in 1/Λ 
expansion: squared terms computed

Top-Higgs at NLO [FM, Vryonidou, Zhang, 2016]

http://arxiv.org/abs/arXiv:1607.05330
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Differential distributions for ttH
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NLO: smaller uncertainties, 
non-flat K-factors

Different shapes for different 
operators for the squared terms

[FM, Vryonidou, Zhang, 2016]

http://arxiv.org/abs/arXiv:1607.05330
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HH in the EFT
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Contribution of the chromomagnetic operator to HH 
computed for the first time

To be investigated: the impact of the chromomagnetic operator in EFT 
analyses that focus on the extraction of the triple Higgs coupling λ (e.g. 
arXiv:1502.00539 and arXiv:1410.3471)

[FM, Vryonidou, Zhang, 2016]

http://arxiv.org/abs/arXiv:1502.00539
http://arxiv.org/abs/arXiv:1607.05330
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Constraints from ttH and Higgs production
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[FM, Vryonidou, Zhang, 2016]

Current limits using 
LHC measurements 

14TeV projection 

3000 fb-1

http://arxiv.org/abs/arXiv:1607.05330
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[Azatov et al, 2016]

Combination: 

• inclusive H 

• boosted Higgs 

• ttH 

• HH 

• off-shell Higgs

Constraints from ttH and Higgs production

http://arxiv.org/abs/arXiv:1608.00977
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• The discovery of a scalar boson has opened a new realm of 
possibilities for searching new physics, especially connected to the 
top quark. 

• The most beaten paths for searching new physics at the LHC 
involve top-down (or simplified models) approach to detecting 
new resonances.  

A complementary and far reaching approach is that 
of searching for new interactions employing an EFT. 

• The EFT approach provides a consistent QFT to work with. 
Predictions can be obtained and systematically improved. To be 
fully meaningful and useful, predictions have to be available at 
NLO accuracy in QCD (and EW) and constraints need to be 
obtained in a  global way.  

• TH results and MC tools to put in action this strategy and first 
results becoming available.
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Credits and further reading
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This talk is based on material extracted from papers and notes (which are hyper ref to the 
corresponding documents on the web) and from a selection of recent (and less recent) talks given by 
colleagues.  

For the EFT top, major contributions come from Cen Zhang’s and Eleni Vryonidou’s talks (see for 
example the HP2 agenda).  

Please have a look at the recent talks given at TOP2016, in particular those of Thursday. If 
interested on the general picture, start with 

* The Keynote  by Andi Weiler, which gives a very stimulating overview on top physics through 
the eyes of a BSM specialist.  

* Top and Naturalness, by Matthew Maccullough, a compact and illuminating review on the 
BSM scenarios that naturalness lead to, including a discussion on the new proposal on 
Hyperfolded SUSY with an electrically charged -4/3 scalar partner of the top. 

and then go to the more dedicated talks, such as: 

* Top physics and BSM, by Roberto Franceschini, which contains a thorough discussion on the 
stop searches in the funnels and points to possible new directions.  

* Global approach to top flavour violation, by Gauthier Durieux. A very rich and promising 
activity from TH and EXP point of views, which unfortunately, I had no time to cover.  

!

https://indico.cern.ch/event/492257/timetable/#20160908
https://indico.cern.ch/event/486433/
https://indico.cern.ch/event/486433/timetable/#20160922.detailed
https://indico.cern.ch/event/486433/contributions/2279072/attachments/1338839/2015263/top_keynote_weiler_2016.pdf
https://indico.cern.ch/event/486433/contributions/2279147/attachments/1341064/2019715/Top2016.pdf
https://indico.cern.ch/event/486433/contributions/2279145/attachments/1341032/2019663/BSM_Top_2016.pdf
https://indico.cern.ch/event/486433/contributions/2279154/attachments/1341155/2019909/durieux.pdf
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The study of FCNC couplings can bring new information:
[Kao et al. 2011 , Kai-Feng et al 2013]

h
t

u,c

Z
t

u,c

[Zhang FM, 2013]

While the exp searches are completely different, one has to remember that the 
decay rates will depend on several operators that are linked by gauge symmetry. 
For example:

50

Top-quark FCNC

http://arxiv.org/abs/arXiv:1112.1707
http://arxiv.org/abs/arXiv:1304.8037
http://arXiv.org/pdf/1305.7386.pdf
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Top FCNC at NLO
[Durieux, FM, Zhang 2014]

http://arXiv.org/pdf/1305.7386.pdf
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Top FCNC at NLO : decays
[Durieux, FM, Zhang 2014]

http://arXiv.org/pdf/1305.7386.pdf
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pp →th
Contributions appear at LO from Otφ and one 
from OtG..  

At NLO in QCD OtG mixes with all the other 
operators so it has always to be included. 

It also means that if a specific (arbitrary)  choice 
of coefficient operators is made at high scales 
(where one can imagine a full theory to live) 
many operators become active when evolved to 
lower scales.  

Only a global/fit approach on constraining such 
operators at the same time can be useful strategy 
and it has to be at least NLO in QCD.

pp →thj (SM)

t

h

t

h
j
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Top FCNC at NLO : production
[Degrande, FM, Wang, Zhang, 2014]

http://arxiv.org/abs/arXiv:1412.5594
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NLO LHC 13 TeV

The operators have been implemented in FeynRules, the model was upgraded to NLO 
automatically and then passed to MG5_aMC.  
Results shown here at NLO. The pp →thj interesting process by itself...  

Complete implementation of all operators of dim=6 at NLO (including four fermion operators)  
in QCD is on going.
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LO/NLO LHC 13 TeV

[Degrande, FM, Wang, Zhang, 2014]
Top FCNC at NLO : production

http://arxiv.org/abs/arXiv:1412.5594
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For the sake of illustration and simplicity, we only consider the most 
constraining observables. This suffices to set significant bounds on all two-quark 
operators as well as on a subset of the two-quark–two-lepton ones.

CMS

CDF

CMS

ATLAS

CMS

LEPII

Top-quark FCNC at NLO : global fit
[Durieux, FM, Zhang 2014]

http://arXiv.org/pdf/1305.7386.pdf
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[Durieux, FM, Zhang 2014]

First proof of principle that a complete global fitting strategy in a self-contained 
sector of the top EFT is possible with the available measurements. The red (blue) 
are for 1st (2nd) generation. ticks = one on at the time.

Top-quark FCNC at NLO : global fit

http://arXiv.org/pdf/1305.7386.pdf

