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Outline

Intro.,  Ytop ? The quantum frontier:                                                         
stability, flavor & naturalness

Speculation beyond the conventional quantum top:                              
                                    (appetizer for the mini-workshop)                  

• Direct tests of QM in  events?                                                              

• Non-linear QM & top-physics?                                                                 

• New type of axion-DM, LHC as a big tabletop 

tt̄



                              Ytop ?


Because we can (however there are many things we could study)

Because the top is special:

• The heaviest point-like particle known

• The only quark that decays before hadronizing 

• Gives access to its spin through its decay product (lepton <=> perfect spin analyzer)

However: 



                              Ytop ? (28th birthday is coming)


People pack Fermilab’s Ramsey Auditorium on March 2, 1995, 
during the announcement of the discovery of the top quark. Photo: Reidar Hahn, Fermilab

The top quark, as it turned out, is by far the most massive of the elementary particles of the Standard Model — it is 40 times more massive than the bottom quark, the second 
heaviest of the quarks. It is as massive as an entire gold atom and 50% heavier than a Higgs boson. Fermilab’s original accelerator complex, which culminated in the Main Ring, 
could not provide sufficient energy to produce the top quark. Top quarks are thought to have existed only for a few brief moments right after the Big Bang: bringing them back 

into existence would require the lab’s scientists and users to replicate the intense energies of the early universe. (Fernebews)



                              Ytop ? (16th edition of top conf.)                               

TOP2017  10th International Workshop on Top Quark Physics A.OnofreTOP2017  10th International Workshop on Top Quark Physics 
…Coimbra, Portugal in 2006 (January) 

Credit: Antonio Onofre 



                    Ytop ?  classical view


Because we can (however there are many things we could study)

Because the top is special:

• The heaviest point-like particle known

• The only hadron decay before hadronizing 

• Gives access to its spin through its decay product (lepton <=> perfect spin analyzer)

Several of these have been already established:
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWG

without perspective it is hard to define targets/objectives …



   Ytop ?  Quantum field theory (QFT) perspective


The top-Higgs duo are the most interesting particles as in the quantum realm 
are the driving force of the blind spots of the standard model (SM):

• Lead to meta/instability of our vacuum => existential puzzle 

• Controls flavor violation  

• Induce the Higgs hierarchy problem

These are not new but one cannot talk about top physics without briefly discussing them



Living dangerously an existential puzzle 


In the SM our universe is sufficiently long lived: 

Is it a coincidence that the top mass is close to its maximal value?  
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane. Right: Zoom in the region of the preferred experimental range of Mh and Mt (the
gray areas denote the allowed region at 1, 2, and 3�). The three boundaries lines correspond to
↵s(MZ) = 0.1184± 0.0007, and the grading of the colors indicates the size of the theoretical error.
The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5GeV, whose main contributions

can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).

17

See for instance: Degrassi, Vita,  Elias-Miro, Espinosa, Giudice, Isidori & 

The top Yukawa makes the Higgs quartic negative in the UV,  βλH
= −

3
8π2

y4
t + ⋯

Khoury & Steingasser (22)

Gauge hierarchy from electroweak vacuum metastability

Justin Khoury⇤
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We consider the possibility that the gauge hierarchy is a byproduct of the metastability of the
electroweak vacuum, i.e., that whatever mechanism is responsible for the latter also sets the running
Higgs mass to a value smaller than its natural value by many orders of magnitude. We find that
the metastability of the electroweak vacuum, together with the requirement that such a non-trivial
vacuum exists, requires the Higgs mass to be smaller than the instability scale by around one order
of magnitude. While this bound is quite weak in the Standard Model (SM), as the instability scale
is ⇠ 1011 GeV, simple and well-motivated extensions of the SM significantly tighten the bound by
lowering the instability scale. We first consider the e↵ect of right-handed neutrinos in the ⌫MSM
with approximate B � L̃ symmetry, which allows for masses of order TeV for the right-handed
neutrinos and O(1) Yukawa couplings. We find that right-handed neutrinos cannot by themselves
fully explain the gauge hierarchy, as the tightest upper bound compatible with current experimental
constraints is ⇠ 108 GeV. As we demonstrate on the example of the minimal SU(4)/Sp(4) composite
Higgs model, this bound can be lowered significantly through the interplay of the neutrinos and a
dimension-six operator. In this scenario, the bound can be brought down considerably, with the
smallest value accessible by our perturbative treatment being of order ' 10 TeV, and consistently
several orders of magnitude below its natural value. While this is insu�cient to fully solve the gauge
hierarchy problem, our results imply that, assuming the SM symmetry breaking pattern, small
running Higgs masses are a universal property of theories giving rise to metastability, suggesting a
common origin of the two underlying fine-tunings and providing a strong constraint on any attempt
to explain metastability.

I. INTRODUCTION

The principles of naturalness and symmetry have
guided the development of fundamental physics over the
last fifty years. However, in the light of our universe’s
apparent fine-tuning, it appears increasingly likely that
particle physics has entered a post-naturalness era [1].
One of the most important observations motivating this
perspective are the measured values of the Higgs and top
quark mass, Mh = 125.1 GeV and Mt = 172.4 GeV,
which imply that the Standard Model (SM) couplings
remain perturbative until energies exceeding even the
Planck scale. This, together with the absence of new
physics in flavor, precision and LHC experiments, points
to the SM being valid up to very high energies, and po-
tentially even the Planck scale.

An obvious drawback of such a grand desert above the
electroweak scale is that the Higgs mass requires fine-
tuning to cancel large radiative corrections, which cannot
be explained by (technical) naturalness alone [2], leading
to the so-called hierarchy problem. Furthermore, it opens
up the question why the laws of nature appear to include
two fundamental scales, set by the Planck and the Higgs

⇤
jkhoury@sas.upenn.edu

†
Thomas.Steingasser@physik.lmu.de

mass, which are separated from one another by 17 orders
of magnitude, which is known as the Higgs naturalness

or gauge hierarchy problem.
As we argue throughout this article, this last question

might in parts be answered by considering yet another
apparent fine-tuning of the Higgs sector. The masses of
both the Higgs and the top quark lie in an extraordinarily
small window corresponding to a metastable electroweak
vacuum [3–17]. When extrapolated to high energies, the
Higgs quartic coupling becomes negative at the instabil-
ity scale µI ⇠ 1011 GeV and remains small, which allows
our vacuum to decay through bubble nucleation. Using
the most recent global averages given in [18, 19], its life-
time, defined as the characteristic time to form a bubble
a true vacuum within our past light-cone, is found to be
at 1�1

⌧EW ⇠ 10983+1410
�430 years . (1)

This hinges on a delicate cancellation between the ex-
ponentially small decay rate per unit volume of the vac-

uum, �
V

⇠ exp
⇣
�

8⇡
2

3|�(µ?)|

⌘
, which in the pure Standard

1
We take into account the correlated errors in the top Yukawa,

Higgs quartic and strong gauge coupling as given in [19]. An ex-

tensive discussion of the lifetime’s sensitivity to other parameters

can be found in [13].
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See more on Tue.: Myllymaki; Nellist; Kim



Should we be afraid of the weakless universe? Anthropics?


Is the large top mass + small Higgs mass telling us something about what lies beyond 
our universe? After all, a raise of < 3% in top Yukawa => weakless universe

See for instance: Feldstein, Hall and Watari (06)

It is hard to tell without addressing the light quark mass dependence. When they are 
allowed to be varied we find that a weakless universe is hospitable, possible favored

Harnik, Kribs & GP (06); Gedalia, Jankins & GP (10)

It suggests that maybe we should maybe look for more mundane (natural) reasons for 
the lightness of the Higgs mass; but before that let’s talk about the connection between 
Yukawa couplings and masses …



Minimality of Standard Model (SM) Higgs Mechanism

♦ Higgs in minimal SM plays 2 roles: 

10

(i) induce electroweak (EW) gauge boson masses & unitarization (high-E consistency);

Yotam Soreq Student Colloquium, July 2015
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Higgs in the standard model

3

SM = the Standard Model of particle physics
v =  the Higgs vacuum expectation value

tested by h→WW*,ZZ*

h

v

mW,Z ≠ 0
gauge 

principle

electroweak gauge boson masses tightly related to Higgs phys.



General: Higgs mechanism vs. fermion masses

♦ Higgs in minimal SM, 2 roles: 
(i) induce electroweak (EW) gauge boson masses & unitarization (high-E consistency);
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Higgs in the standard model

3

SM = the Standard Model of particle physics
v =  the Higgs vacuum expectation value

hf̅

ftested by h→WW*,ZZ* yf ∝ mf

mf ≠ 0

not yet tested

Yukawa couplings

h

v

mW,Z ≠ 0

x
x

generically, no relation between Higgs coupling & (light) fermion masses



SM: Higgs mechanism vs. fermion masses

♦ Higgs in minimal SM, 2 roles: 
(i) induce electroweak (EW) gauge boson masses & unitarization (high-E consistency);
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hf̅

ftested by h→WW*,ZZ* yf ∝ mf
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within the SM the two are one to one correlated

(ii) induce fermion masses & unitarization (high-E consistency).



ATLAS+CMS confirmed that the Higgs mechanism is behind the 3rd 
generation charge fermions masses, and excluded most sensible 
theories by bracketing the charm and muon Yukawas.

For instance the top Yukawa ( ):κf ≃ yf /ySM
f

13

   
κt ≃ 1.01 ± 0.11 1−σ CL CMS (20)
κt ≃ 1.00 ± 0.28 95 % CL ATLAS (22)

The Nobel prize that was not given to ATLAS+CMS


To appreciate it, if you’re curious you can read the following afterwards                               
(I won’t have time to review): 

See more in Masetti’s talk on Tue. 
Mon.: Also 4-tops Van Den Bossche; Sharma



Fermion mass generation in the SM vs. exp.

14

SM mass origin: Lmass = yf f̄fH and hHi = v .

mf = yf ⇥ v , yf = mf/v .

yf = Higgs-fermion coupling, generically: yf =

⇣
@mf

@h

⌘

hHi=v

.

In the SM:
�
@m

@h

�
hHi=v

= m

v
.



The (flavor) mass hierarchy puzzle

♦ SM: small/hierarchical masses because of  small/hierarchical  

Yukawa couplings to Higgs.
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To appreciate it: Could the SM story of (light) fermion 
mass generation be wrong?

♦ Maybe we’ve looked at it the wrong way?
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Two extremes: Yukawafull vs. Yukawaless
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Giudice & Lebedev (08); see also Bauer, et al. (15). 
Ghosh, Gupta & GP; see also: Altmannshofer, et al. (15). 
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(ii) Flavor & EW are linked, H is unrelated to (light) flavor => see 
flavor origin by eye: Ghosh, Gupta & GP; see also: Altmannshofer, et al. (15) 
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Possibility is excluded due to 2nd gen. measurements
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Giudice & Lebedev (08); see also Bauer, et al. (15). 
Ghosh, Gupta & GP; see also: Altmannshofer, et al. (15). 
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−0.87 1−σ CMS (20)



Top & quantum flavor violation


We have now established directly that the SM minimal Higgs mechanism is 
behind the origin of flavor for the 3rd (and partially) 2nd generations

This has the important implication for beyond the SM physics, even if it only 
couple to the top => it needs to be heavy, for instance prediction for t-FCNC in 
composite Higgs:

To large extent one can understand most of the SM flavor violation through top 
Yukawa domination at the quantum level, which has been fully established:

where the superscripts SF and OF denote events where the
lepton-tagged and partially reconstructed B mesons have the
same and opposite flavors, respectively.
Since the B0 and B̄0 are nearly at rest in the c.m. frame,

!t can be determined from the displacement between the
lepton-tagged and partially reconstructed B decay vertices

!t!"z rec!z tag#/$%c&!z/$%c , "4#

where the z axis is defined to be anti-parallel to the positron
beam direction and the constant $%"0.425 is the Lorentz
boost of the e#e! center of mass system at the KEKB col-
lider.
This paper is organized as follows. In Sec. II, we describe

the KEKB collider and the Belle detector. The partial recon-
struction of B0(B̄0)→D*$'% decays, the determination of
the b-flavor of the accompanying B meson and the measure-
ment of !t are described in Sec. III. The likelihood fit to the
measured !t distributions is described in Sec. IV. We present
the results of the fit and studies of sources of systematic
errors in Secs. V, VI and VII. The conclusions are presented
in Sec. VIII.

II. EXPERIMENTAL APPARATUS

KEKB (6) is an asymmetric e#e! collider 3 km in cir-
cumference, which consists of 8 GeV e! and 3.5 GeV e#

storage rings and an injection linear accelerator. It has a
single interaction point "IP# where the e# and e! beams
collide with a crossing angle of 22 mrad. The collider has
reached a peak luminosity above 8&1033 cm!2 s!1. Due to
the energy asymmetry, the *(4S) resonance and its daughter
B mesons are produced with a Lorentz boost of $%
"0.425. On average, the B mesons decay approximately
200 +m from the *(4S) production point.
The Belle detector (7) is a general-purpose large solid

angle magnetic spectrometer surrounding the interaction
point. Precision tracking and vertex measurements are pro-
vided by a silicon vertex detector "SVD# (8) and a central
drift chamber "CDC# (9) in a 1.5 T magnetic field parallel to
the z axis. The SVD consists of three layers of double-sided

silicon strip detectors "DSSD# arranged in a barrel and cov-
ers 86% of the solid angle. The three layers at radii of 3.0,
4.5 and 6.0 cm surround the beam-pipe, a double-wall beryl-
lium cylinder of 2.3 cm radius and 1 mm thickness. The strip
pitches of each DSSD are 84 +m for the measurement of the
z coordinate and 25 +m for the measurement of the r!,
coordinate. The CDC is a small-cell cylindrical drift chamber
with 50 layers of anode wires including 18 layers of stereo
wires. A low-Z gas mixture (He(50%)#C2H6(50%)) is
used to minimize multiple Coulomb scattering to ensure
good momentum resolution, especially for low momentum
particles. The CDC provides three-dimensional trajectories
of charged particles in the polar angle region 17°'-
'150° in the laboratory frame. The impact parameter reso-
lution for reconstructed tracks is measured as a function
of the track momentum p "measured in GeV/c) to
be .xy"(19!50/(p$ sin3/2-)) +m and .z"(36!42/
(p$ sin5/2-)) +m. The momentum resolution of the com-
bined tracking system is .pt

/pt"(0.30/$ !0.19pt)%, where
pt is the transverse momentum in GeV/c .
The identification of charged pions and kaons uses three

detector systems: the CDC measuring dE/dx , a set of time-
of-flight counters "TOF# (10) and a set of aerogel Cherenkov
counters "ACC# (11). The CDC measures energy loss for
charged particles with a resolution of .(dE/dx)"6.9% for
minimum-ionizing pions. The TOF consists of 128 plastic
scintillators viewed on both ends by fine-mesh photo-
multipliers that operate stably in the 1.5 T magnetic field.
Their time resolution is 95 ps "rms#, providing three standard
deviation (3.) K%/'% separation below 1.0 GeV/c , and
2. separation up to 1.5 GeV/c . The ACC consists of 1188
aerogel blocks with refractive indices between 1.01 and 1.03
depending on the polar angle. Fine-mesh photo-multipliers
detect the Cherenkov light. The effective number of photo-
electrons is approximately 6 for $"1 particles. Using the
information from these three particle identification systems,
the K/' likelihood ratio P(K/')"L(K)/„L(K)#L(')… is
calculated, where L(K) and L(') are kaon and pion likeli-
hoods (7). A selection with P(K/')(0.6 retains about 90%
of the charged kaons with a charged pion misidentification
rate of about 6%.
Photons and other neutral particles are reconstructed in a

CsI"Tl# crystal calorimeter "ECL# (12) consisting of 8736
crystal blocks, 16.2 radiation lengths (X0) thick. Electron
identification is based on a combination of dE/dx measure-
ments in the CDC, the response of the ACC, the position and
the shape of the electromagnetic shower, as well as the ratio
of the cluster energy to the particle momentum (13). For the
electron identification requirement used in this analysis, the
electron identification efficiency is determined from two-
photon e#e!→e#e!e#e! processes to be more than 90%
for p lab(1.0 GeV/c . The hadron misidentification probabil-
ity, determined using tagged pions from inclusive KS

0

→'#'! decays, is below 0.5%.
All the detectors mentioned above are inside a super-

conducting solenoid of 1.7 m radius. The outermost spec-
trometer subsystem is a KL

0 and muon detector "KLM# (14),
that consists of 14 layers of iron "4.7 cm thick# absorber

FIG. 1. Standard model ‘‘box diagrams’’ for the second-order
weak B0!B̄0 mixing process.
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Composite natural pNGB-H vs t→cZ

♦ Thus, t →cZ  in natural custodial composite models is large. 
Azatov, Panico, GP & Soreq (14)

Note that the charm quark becomes massless in the limit of �4 = �1, this is not surprising
because in this point of the parameter space only one combination of the elementary fermions
couples to the strong sector

tL,RSM = �t
L,R cos(�)tL,R + �c

L,R cos(�)cL,R , � = �1 = �4 , (42)

as can be easily seen from the mass matrix in Eq. (40). It is important to stress that this
property is an artifact of our truncation of the composite sector spectrum. In the complete
two-site model with two composite multiplets the charm mass is non-vanishing for �4 = �1.

The flavor-violating Z couplings can be easily obtained with an explicit computation by
using an expansion in v/f . For the coupling involving the right-handed fields we find

gtc,R =
g

2cW

✓
mcmt

�t
L

�c
L

◆
c1c4

MQM̃Q sin(�4 � �1)
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✓
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◆
1
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◆2

. (43)

For the left-handed coupling instead we get

gtc,L =
g

2
p
2cW
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M̃T
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f

✓
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�t
R
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h
(�t
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T +MTMQ

i
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M̃⇤
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f
Vcb ⇠ 7⇥ 10�4

✓
700

f

◆✓
700

M⇤

◆
. (44)

In the derivation of the above estimates we have again assumed the “minimal tuning” conditions
�t
L ⇠ �t

R. Notice that the explicit results in Eqs. (43) and (44) are in agreement with the
estimates for gtc,L and gtc,R that we derived by the spurion analysis in sec. 3 (see Eqs. (33) and
(35)).

From the above results we can derive the following estimate for the branching fraction
BR(t ! cZ)

BR(t ! cZ) ⇠ 10�5

✓
700

M⇤

◆4

. (45)

The estimate in Eq. (45) shows that the natural size of the branching fraction for the t ! cZ
decay in the presence of light composite resonances is not far from the current experimental
bounds. The present searches indeed set an upper bound BR(t ! cZ) < 5⇥10�4 at 95%CL [7].
Although currently not probed, branching ratios of order 10�5 will be tested at the LHC in the
14 TeV run.

Accidental cancellations

In the explicit calculations that lead to Eqs. (43) and (44) for simplicity we did not inlcude all
the possible interaction operators between the Z boson and the composite states. In particular
we used only the interactions terms comeing from the êµ CCWZ symbol, that is we put ⇣↵� = 0
in Eq. (12) thus neglecting possible interactions coming from the d̂µ term. The reason for this
simplification is the fact that, for generic values of ⇣ no qualitative change is obtained for the
Ztc flavor violating couplings.

There is however a special point in the parameter space in which some important quanti-
tative e↵ect is present. In the case in which the ⇣↵�

parameter is exactly equal to one and is
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�t
L �c
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cLtL

Z

�t
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�c
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Z

�t
L �t

L

Figure 1: Schematic structure of the diagrams contributing to the flavor violating Z couplings
with the top and the charm quarks. The single lines denote the elementary fields while the
double lines correspond to the composite states. Each dashed line denotes one insertion of the
Higgs VEV.

through the insertion of the PLR breaking couplings, namely �t
L (or �c

L, which is however much
smaller and leads to a subleading correction). The corrections to the Ztc right-handed coupling
are then due to operators of the form YS: modified here, no M1M4

O
�u=1
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4M4
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êµ + . . .

�
U�µ�R

�ij

qjR , (34)

where for simplicity we have kept the flavor indices inside the curly brackets implicit and mSM
u

should be taken as the spurion that appears on the right hand side of Eq. (19), and we have only
shown a representative subclass of all the structured allowed at this order the rest is represented
by the dots. Similar to the case of O�u=1

LL discussed above flavor violation is further suppressed
by a factor of �M2/M6

⇤ as expected by a naive power counting.
The corresponding estimate of the gtc,R coupling is

gtc,R ⇠
g

2cW

�t
R

M⇤

�c
R

M⇤

v2

f 2

M tc
1

M⇤

✓
�t
L

M⇤

◆2
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g

2cW

1

M2
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✓
mcmt

Vcb

◆
, (35)

as for the left-handed coupling an additional contribution comes from operators containing
the bidoublet mass matrix. Note that the additional suppression given by the (�t

L/M⇤)2 fac-
tor is generic for all models that use the custodial symmetry to protect Zb̄LbL (and Zs̄LsL)
coupling. In all these models, indeed, the tR and cR fields must be in custodially protected
representations [15].

Before concluding this section it is useful to comment on the phenomenological impli-
cations of the custodial protection for the right-handed coupling. With respect to a model
without custodial protection, the gtc,R coupling is suppressed by two powers of the left-handed
top compositeness angle stL ⇠ �t

L/M⇤. As discussed at the end of sec. 2.3, the tL compositeness
is tightly related to the mass scale of the composite resonances m = g⇤f and must satisfy the
lower bound stL & yt/g⇤. This means that in natural scanerios, that require light resonances
(g⇤ . 2), the additional factor in gtc,R does not lead to any signiuficant suppression. The reduc-
tion of the right-handed flavor-changing e↵ects is only e↵ective when the composite resonances
are heavy. An explicit confirmation of this can be found in the context of the extra-dimensional
composite Higgs realizations. In that case the mass scale of the fermionic resonances is con-
nected to the one of the gauge resonances, which are constrained to be rather heavy from the
EW data. This of course implies that a significant suppression of the gtc,R coupling is expected
in custodially-protected models as explicitly found in [?].
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ycLytL ytL ytLytR ycR

♦ However, pNGB structure + naturalness =>                              . yL ⇠ yR ⇠ 1

<=>

Within the LHC reach!   (Current bound is BR(t →cZ) ~ 10-4 ; ATLAS+CMS (23))
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See more on Wed.: Bartos; Kim; Szewc

However it decouples quickly, (NP-scale)-4



As we established that we understand the role of the top in loops, using QFT, 
can’t ignore that it makes the Higgs mass sensitive to ultraviolet physics!

This is probably the most important aspect of top BSM physics as it is the only 
principle that allows us associates it with a rough upper bound on the scale of 
new physics: 

upper bound on the mass of top partners - in simplest models these would be the 
stops or vector-like-tops which would lead to top-rich final states. 

The Higgs hierarchy problem & the top



Current status of top partner searches, MT ≳ TeV

Verena Martinez Outschoorn — August 2023
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Stop production 
in tt + ETmiss  
final states 
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ATLAS-CONF-2023-043Search for SUSY Stops
LPCC SUSY Cross Section WG

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections                   arXiv:1407.5066
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We’ve seen that top-phys. yields a potential 
window to NP via quantum corrections




Could top-phys. teach us about new QM ?  



If we control t-pair production (per event) => isolate entanglement: 
Near threshold  J=L=0 state, hence spin of the 1st determines the 2nd (spin 

entanglement). It is testable for instance via spin-spin correlation

We can in principle work harder and even perform Bell-inequality test  

This line of research raise however several questions:                                                                            
(i) Been tested in multiple system - at low energies with photons/electrons to 
intermediate energies ;  is it significant?

    (ii) Seems non-robust as “normal” BSM can modify

    (iii) Is there any sensible theory in which there’s energy dependence ?    

(tt̄)gg→tt̄
⇒

B0 − B̄0

Top-pair production & basic QM

Nobel Prize (22)

Tue.: Cheng; Thu.: Gonçalves; Severi; Baker; Negro; Afik  

See for instance: Affik & Nova (21)

For instance: Aoude, Madge, Maltoni & Mantani  (22)



 QM from the onset is constructed to be exactly linear: 

In principle we could envision a non-linear version: 
                                                                                                         (various works on it in the past)

The challenge (Weinberg (89), Polchinski (90)) is how to make it causal 

Locality of QFT enabled Kaplan & Rajendran to argue that they can achieve it 
by incorporating state-dependent expectation value of fields into the action:

          For ex. consider Yukawa theory:     

        If you want to hear more come to the talk by Surjeet in the mini-workshop

i∂t ψ = Ĥ ψ

i∂t ψ = Ĥ ψ + ̂F( |ψ | ) ψ

ℒNLQM
Yuk = Y ϕ f̄f + ϵNLQM ⟨ϕ⟩ψ f̄f

Non-linear QM
Kaplan & Rajendran (22) 



Nelson-Barr solution to strong CP, new ultralight-DM pheno.

26

The strong CP problem is how to explain: 

Nelson-Barr models achieve it through spontaneously breaking CP in models 

with extra (very) heavy vector-like quark

Naturally, the object that break-CP spontaneously would be axion-like field

This axion field could be a dark matter candidate

θ̄ ≲ 10−10 & θKM = 𝒪(1)

With: Dine, Nir, Ratzinger & Savoray in prep.

Relaxion: Graham, Kaplan & Rajendran (15)

NB-relaxion - Davidi, Gupta, GP, Redigolo, & Shalit (17)

New pheno’: strong CP is zero, type of pheno: time dep. CKM angles (3rd gen) 



Conclusions

27

Broader perspective: if we to speculate what is the most robust argument for a 

concrete scale of new physics, it still is the one associate \w top-Higgs 

naturalness => in slight tension with direct searches & indirect searches (flavor)

In both cases the QFT-top is playing a crucial role

Recent theoretical & experimental progress suggest that 3rd-gen’ physics might 

be sensitive to new type of questions/tests associated to mundane & crazy new 

versions of axion/QM


