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The Hierarchy Problem

Electroweak scale unnatural 

Require symmetries to protect a light Higgs 
mass  

Dire need for new physics



How Dire?
γW,Z, higgstop

Figure 1: The most significant quadratically divergent contributions to the
Higgs mass in the Standard Model.

give

top loop − 3
8π2 λ2

t Λ
2 ∼ −(2 TeV)2

SU(2) gauge boson loops 9
64π2 g2Λ2 ∼ (700 GeV)2

Higgs loop 1
16π2 λ2Λ2 ∼ (500 GeV)2.

The total Higgs mass-squared includes the sum of these loop contributions and
a tree-level mass-squared parameter.

To obtain a weak-scale expectation value for the Higgs without worse than
10% fine tuning, the top, gauge, and Higgs loops must be cut off at scales
satisfying

Λtop
<
∼ 2 TeV Λgauge

<
∼ 5 TeV ΛHiggs

<
∼ 10 TeV. (1)

We see that the Standard Model with a cut-off near the maximum attainable
energy at the Tevatron (∼ 1 TeV) is natural, and we should not be surprised
that we have not observed any new physics. However, the Standard Model with
a cut-off of order the LHC energy would be fine tuned, and so we should expect
to see new physics at the LHC.

More specifically, we expect new physics that cuts off the divergent top
loop at or below 2 TeV. In a weakly coupled theory this implies that there are
new particles with masses at or below 2 TeV. These particles must couple to the
Higgs, giving rise to a new loop diagram that cancels the quadratically divergent
contribution from the top loop. For this cancellation to be natural, the new
particles must be related to the top quark by some symmetry, implying that the
new particles have similar quantum numbers to top quarks. Thus naturalness
arguments predict a new multiplet of colored particles with mass below 2 TeV,
particles that would be easily produced at the LHC. In supersymmetry these
new particles are of course the top squarks.

Similarly, the contributions from SU(2) gauge loops must be canceled by
new particles related to the Standard Model SU(2) gauge bosons by symmetry,
and the masses of these particles must be at or below 5 TeV for the cancellation
to be natural. Finally, the Higgs loop requires new particles related to the Higgs
itself at or below 10 TeV. Given the LHC’s 14 TeV center-of-mass energy, these
predictions are very exciting, and encourage us to explore different possibilities
for what the new particles could be.

4

γW,Z, higgstop

Figure 1: The most significant quadratically divergent contributions to the
Higgs mass in the Standard Model.

give

top loop − 3
8π2 λ2

t Λ
2 ∼ −(2 TeV)2

SU(2) gauge boson loops 9
64π2 g2Λ2 ∼ (700 GeV)2

Higgs loop 1
16π2 λ2Λ2 ∼ (500 GeV)2.

The total Higgs mass-squared includes the sum of these loop contributions and
a tree-level mass-squared parameter.

To obtain a weak-scale expectation value for the Higgs without worse than
10% fine tuning, the top, gauge, and Higgs loops must be cut off at scales
satisfying

Λtop
<
∼ 2 TeV Λgauge

<
∼ 5 TeV ΛHiggs

<
∼ 10 TeV. (1)

We see that the Standard Model with a cut-off near the maximum attainable
energy at the Tevatron (∼ 1 TeV) is natural, and we should not be surprised
that we have not observed any new physics. However, the Standard Model with
a cut-off of order the LHC energy would be fine tuned, and so we should expect
to see new physics at the LHC.

More specifically, we expect new physics that cuts off the divergent top
loop at or below 2 TeV. In a weakly coupled theory this implies that there are
new particles with masses at or below 2 TeV. These particles must couple to the
Higgs, giving rise to a new loop diagram that cancels the quadratically divergent
contribution from the top loop. For this cancellation to be natural, the new
particles must be related to the top quark by some symmetry, implying that the
new particles have similar quantum numbers to top quarks. Thus naturalness
arguments predict a new multiplet of colored particles with mass below 2 TeV,
particles that would be easily produced at the LHC. In supersymmetry these
new particles are of course the top squarks.

Similarly, the contributions from SU(2) gauge loops must be canceled by
new particles related to the Standard Model SU(2) gauge bosons by symmetry,
and the masses of these particles must be at or below 5 TeV for the cancellation
to be natural. Finally, the Higgs loop requires new particles related to the Higgs
itself at or below 10 TeV. Given the LHC’s 14 TeV center-of-mass energy, these
predictions are very exciting, and encourage us to explore different possibilities
for what the new particles could be.

4

γW,Z, higgstop

Figure 1: The most significant quadratically divergent contributions to the
Higgs mass in the Standard Model.

give

top loop − 3
8π2 λ2

t Λ
2 ∼ −(2 TeV)2

SU(2) gauge boson loops 9
64π2 g2Λ2 ∼ (700 GeV)2

Higgs loop 1
16π2 λ2Λ2 ∼ (500 GeV)2.

The total Higgs mass-squared includes the sum of these loop contributions and
a tree-level mass-squared parameter.

To obtain a weak-scale expectation value for the Higgs without worse than
10% fine tuning, the top, gauge, and Higgs loops must be cut off at scales
satisfying

Λtop
<
∼ 2 TeV Λgauge

<
∼ 5 TeV ΛHiggs

<
∼ 10 TeV. (1)

We see that the Standard Model with a cut-off near the maximum attainable
energy at the Tevatron (∼ 1 TeV) is natural, and we should not be surprised
that we have not observed any new physics. However, the Standard Model with
a cut-off of order the LHC energy would be fine tuned, and so we should expect
to see new physics at the LHC.

More specifically, we expect new physics that cuts off the divergent top
loop at or below 2 TeV. In a weakly coupled theory this implies that there are
new particles with masses at or below 2 TeV. These particles must couple to the
Higgs, giving rise to a new loop diagram that cancels the quadratically divergent
contribution from the top loop. For this cancellation to be natural, the new
particles must be related to the top quark by some symmetry, implying that the
new particles have similar quantum numbers to top quarks. Thus naturalness
arguments predict a new multiplet of colored particles with mass below 2 TeV,
particles that would be easily produced at the LHC. In supersymmetry these
new particles are of course the top squarks.

Similarly, the contributions from SU(2) gauge loops must be canceled by
new particles related to the Standard Model SU(2) gauge bosons by symmetry,
and the masses of these particles must be at or below 5 TeV for the cancellation
to be natural. Finally, the Higgs loop requires new particles related to the Higgs
itself at or below 10 TeV. Given the LHC’s 14 TeV center-of-mass energy, these
predictions are very exciting, and encourage us to explore different possibilities
for what the new particles could be.

4

Figures and numbers borrowed from Schmaltz and Tucker-Smith



Solutions



Colored Top Partners
Supersymmetry => λS= |λf|^2
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Figure 11: Diagrams relevant to the cancellation of top loop in a Little Higgs model: the
one-loop diagram of SM top (left), the one-loop diagram with HTtc interaction (middle), and
the one-loop diagram with a dimension-5 H2TT c coupling and a T mass insertion (right).
From EWSB scale up to the new physics scale, sum of those diagrams are exactly zero.

• an appropriate H2TT c coupling.

In addition, we also require

• Ltop to be a singlet under SU(2)EW.

The three requirements largely restricted possible terms in the M matrix. t and tc are
assigned with SU(2)EW charge (t, tc) = (2,1) as in the SM case. We further assume T and
T c are singlets under SU(2)EW since this is the case for all known Little Higgs models.The
top Lagrangian, before EWSB, in the mass eigen-basis is then restricted to be

Ltop = (T, t)

✓
M1 � aH2/f �bH2/f
cH � c0H3/f 2 dH � d0H3/f 2

◆ ✓
T c

tc

◆
+ h.c. (3.2)

where (a, b, c, d, c0, d0) are dimensionless real coe�cient. We see T has a bare mass M1 while
the top remains massless. Requiring the exact cancellation of diagrams in Fig. 11 yields

2a
M1

f
= c2 + d2. (3.3)

This can also be seen from isolating the quadratic divergences in VCW .

VCW �
X

i

(�1)F
1

32⇡2
M2

i ⇤
2 (3.4)

and hence the 1-loop correction to the Higgs mass is given by,

�m2
H =

d2VCW

dH2
= ⇤2

d2((M1 � aH2

f
)2 + c2H2 + d2H2)

dH2
= 0 (3.5)

which simplifies to Eq. (3.3).

After EWSB, H gets a vev and its neutral component becomes H0 = (v+ h)/
p
2, where

h is the Higgs boson. Then the M matrix is split into the v part (mass mixing matrix)
and the h part (Yukawa interaction matrix). The v part of M , produces extra mixing,
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Fermionic Top Partners

Higgs is a PNGB 

In  terms of Higgs couplings

MTλT=f λt
2

 

Yukawa couplings are of the form h†Qtc. Let us change notation slightly to
reflect the fact that tc and T c mix, and call them tc1 and tc2. We can now write
two terms that both look like they contribute to the top Yukawa coupling1,

Lyuk = λ1φ
†
1Ψtc1 + λ2φ

†
2Ψtc2. (41)

To see what couplings for the Higgs arise we substitute the parametrization of
Eq. (37) and expand in powers of h. For simplicity, let us also set λ1 ≡ λ2 ≡
λ/

√
2. This will reduce the number of terms we encounter because it preserves

a parity 1 ↔ 2, but the main points here are independent of this choice. We
find

L ∼
λ√
2

[

fT (tc2 + tc1) + ih†Q(tc2 − tc1) −
1

2f
h†hT (tc2 + tc1) + · · ·

]

= λf(1 −
1

2f2
h†h)TT c + λh†Qtc + · · · , (42)

where the second line is written in terms of the linear combinations T c = (tc2 +
tc1)/

√
2 and tc = i(tc2 − tc1)/

√
2.

The last term of the second line in Eq. (42) is the top Yukawa coupling, and
so we identify λ = λt. The Dirac fermion T, T c has a mass λtf and a coupling to
two Higgs fields with coupling constant λt/(2f). The couplings and masses are
related by the underlying SU(3) symmetries. To see how the new fermion and

ct

Q

T T c
h h

h h

Figure 5: The quadratically divergent contribution to the Higgs mass from the
top loop is canceled by the T loop.

its couplings to the Higgs cancel the quadratic divergence from the top quark
loop, we compute the fermion loops including interactions to order λ2. The two
relevant diagrams (Figure 5) give

λ2
t

16π2
Λ2h†h +

λ2
t f

2

16π2
(1 −

h†h

f2
) Λ2 + O(h4) = const. + O(h4). (43)

The quadratically divergent contribution to the Higgs mass from the top and T
loops cancel!2

1We do not write the couplings φ†
1
Ψtc

2
and φ†

2
Ψtc

2
as they would reintroduce quadratic

divergences. They can be forbidden by global U(1) symmetries and are therefore not generated
by loops.

2In order for the two cut-offs for the two loops to be identical, the new physics at the
cut-off must respect the SU(3) symmetries. This is analogous to the situation in SUSY where
the boson-fermion cancellation also relies on a supersymmetric regulator/cut-off.
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Higher Mass of top partners => a more finely 
tuned theory(BAD) 

LEP+Tevatron+Run 1 see no stops/heavy tops 
(BAD)

Where are the colored TPs?



Ways to test colored TP
Copiously produced at the LHC 

Direct detection: decay to SM colored and LSP 

DD Caveats: Stealth SUSY, Oddest Little Higgs 

Same topologies definitely contribute to ggF 
and diphoton decay 

affect Higgs precision measurements.

arXiv:1105.5135:Fan,Reece,Ruderman 	 arXiv:1506.05130 :Anandakrishnan et al.
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its couplings to the Higgs cancel the quadratic divergence from the top quark
loop, we compute the fermion loops including interactions to order λ2. The two
relevant diagrams (Figure 5) give
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Is it possible to kill the possibility of colored top 
partners ameliorating the hierarchy problem just from 

this property?

Or can we hide them by messing with other 
standard model yukawas?
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the boson-fermion cancellation also relies on a supersymmetric regulator/cut-off.
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Data

Full Run 1 

Run II updated to Moriond 

Future colliders



SUSY

Model agnostic conversion of rtG limits to 
stop masses  

Constrained rtG => smaller stop masses 
disallowed=>Tuned theory 

Refer Arxiv:1401.7671 Jiji Fan, Matt Reece
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CONCRETE REALIZATION



Extending the Higgs Sector

2HDM(refer to comprehensive Plenary talk by Carlos 
Wagner) 

Type-2 used in the MSSM 

Hu and Hd mix and share Higgs vev=246

the two Higgs vevs, tan �. The modifications of tree-level Higgs couplings are summarized
below:

rt =
cos↵

sin �
, rb = r⌧ = � sin↵

cos �
, rV = sin(� � ↵) (4.58)

This can be recast into a more convenient form

rt =

s

1� r2b � 1

tan2 �
, rV =

tan �

1 + tan2 �
(

rb
tan �

+
q
1 + tan2 � � r2b ). (4.59)

Notice that large tan � corresponds to rt ⇠ rV ⇠ 1 and this regime is then equivalent to the
one additional parameter rb case discussed earlier. In this regime, rinv is e�cient in further
hiding stops.

While already desireable, it would however be ideal to search for regimes that would be
also toggle with rt to turn on the degeneracy discussed earlier. For a fixed rb, this is achieved
by dialing down tan �. This is what we observe in a rt̃G, rb, tan � three parameter fit. While
tan � prefers to run to the low values, we cut it o↵ at 1.1 in order to retain pertubativity
of yukawa couplings at the GUT scale9. For tan � � 1.1 we illustrate this e↵ect in the form
of a 4-D plot in Fig. 6.The fits prefer running to lower values of rt. However the limit on
tan � forces rb and rV to also deviate from 1. This in turn creates a paucity in the diphoton
channel(Fig. 6 right pannel). This can easily be supplemented by introducing charginos.
Hence including charginos is very successful in the small tan � regime.

Thus for non-negligible values of tan � the full potency of varying rt is not realized in
the MSSM due to rb and rV being related to rt through Eq. (5.62). This is illustrated in
Fig. 7 where the large tan � = 10 regime mimics rb only from the previous section, while
tan � = 1.1 performs better than rb only while it stops well short of rt only.

4.4 Towards modifying rt without modifying other variables

One way to access the full hiding power of rt is to remove the lower bound on tan�. As
discussed earlier, this leads to landau poles in yukawa running and thus, going to absymally
small values of tan � would necessarily require new physics in the interim scale to render
the RG running moot. If this is palatable, then small tan � < 1 can be accomodated.
Requiring yt  4⇡ at (10(100) TeV) leads to tan �  0.66(0.8). The new limits on (rt̃G)
are illustrated in Fig. 8. We find that MSSMtan� still lags yt only for current and 300 fb�1

of LHC data, however the gap is somewhat bridged with 3000fb�1. This is mainly due to
increased sensitivity to measuring the tth coupling.

Another method to decouple rt and rb is to extend the MSSM Higgs sector. We find
that introducing just a singlet a la the NMSSM is inadequate as it does not couple to the
top,bottom or vector directly. However introducing 2 more doublets 10 succeeds and even
for reasonably large values of tan � we find excellent hiding.

9perturbativity gives the inequality 2.2  tan �  57
10extra Higgs doublets need to be introduced in pairs to avoid Higgsino anomalies.
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Scalar:Concrete realization
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Tuning
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Fermions
Assume a singlet fermion with non-renormalizable coupling 
to the Higgs 

(mT-a h^2)TTc 

Cancellation condition => yT=-(mt^2)/(mT^2) 

We find even in the most general case with off-diagonal 
mixing, this elegant relation still holds. 

rtG=yT a negative definite quantity for Little Higgs theories

Refer Arxiv:arXiv:1205.0013 Berger,Hubitz,Perelstein



Hiding Potency
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Fermion:Concrete Realization200 400 600 800
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Future Colliders

Δh = 5%

Δh = 8%

Δh = 15%

Δh = 30%
Δh = 40%

{yT, yt}
FCC-ee

CEPC

ILC

HL-LHC

0.85 0.90 0.95 1.00 1.05 1.10 1.15
250

500

750

1000

1250

1500

1750

2000

yt

m
T
[G
eV

]



Vanilla SUSY => fixes #stops 

Global symmetry like Little Higgs theories => 
more top partners allowed. 

Extend with 1 more top partner



Two Fermionic top partners
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Summary
Colored top partners hurtling towards demise 

Alternatives exist:  

A. Neutral Naturalness 

B. Relaxions, N-Naturalness



What is dead may never die


