
beyond the 
standard model 
@ the tev scale

nathaniel craig 
uc santa barbara

2017 ICTP Summer School on Particle Physics



not your advisor’s “beyond 
the standard Model”

bsm is as old as the standard model, giving rise to dominant 
paradigms (the mssm, wimps, etc.) that fill lectures such as these. 

but we are in an era rich with data that is challenging these 
paradigms, so let’s keep an eye on promising alternatives.

wait, that’s 
not in kolb & 

turner…



outline

Part 1:  
hierarchy problems

Part 2:  
hierarchy solutions

Part 3: 
everything* else

• multiple vacua  

• low cutoffs 

• symmetries

• strong cp problem 

• unification 

• baryogenesis

epilogue: looking to the future

prologue: effective field theory

• naturalness 

• scalar masses 

• versions of the 
hierarchy problem



prologue: effective 
field theory



beyond?

  

The SM Lagrangian

 11                                                                                                                                           S.Gori

(1) the observed matter (three 
generations of quarks & 
leptons), higgs doublet, and 
gauge fields. 

(2) all renormalizable (marginal 
or relevant) interactions 
allowed by the field content 
& gauge symmetries 
(“totalitarian principle”)

By standard model, let us take this to mean

BSM entails anything beyond this  
(new fields or irrelevant operators)

see lectures  
by Y. Nir



irrelevant?

[x] = �1, [S] = 0

consider scalar field theory in 4 dimensions w/ some polynomial potential:

in any d, mass dimensions of length & action fixed,

so:

study theory at long distances in scaling limit 
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renormalizable?
theories with only marginal & relevant operators are renormalizable. 
historically impose renormalizability in order to preserve predictivity.

loops introduce divergences, removed w/ counterterms. fix counterterms with data. 
renormalizability = finite # of counterterms = predictive  

(i.e. use some data to fix counterterms, make predictions for other measurements)

2.2 Relevant, Marginal, Irrelevant Operators

In QFT, typically it is length scale – or equivalently mass dimension – that determines
power counting.

E.g. scalar field theory in d dimensions.
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Say we want to study h�(x1) . . . �(xn)i at long distance, in scaling limit xµ = sx0µ

where s !1, x0µ fixed. Let �(x) = s(2�d)/2�0(x0) to normalize kinetic term.
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For d = 4, as s !1 (long distance),

• m2 term becomes more and more important; positive mass dimensions

• � is equally important at all scales; zero mass dimension (classically)

• ⌧ term is less important; negative mass dimension

For finite s, dimension of parameters/operators tells us their importance. For a
scale ⇤new, generically expect

m2 ⇠ (⇤new)2 � ⇠ (⇤new)0 ⌧ ⇠ (⇤new)�2

Large distance sx0 means small momentum p ⌧ ⇤new

Note that relevant operators can upset power counting set by kinetic term (e.g.
Higgs fine tuning)

Divergences: Take m small, m2s2 ⇠ 1.
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in our example, only 
divergence from 

marginal/relevant 
operators is ��

⇒need counterterm

renormalizes the 
marginal operator

but irrelevant 
operator φ6 

generates ⇒need counterterm ⇢�8

�⇢

renormalizes new 
irrelevant operator

adding φ8 operator then generates φ10 operator, and so on ad infinitum.

need infinite # of measurements to fix all coefficients.



all is not lost

[d4x] = �4 [�] = 1 [m2] = 2 [�] = 0 [⌧ ] = �2

τ has mas dimension -2. at some scale Λ, τ∼1/Λ2. 

at energies E≪Λ, effects of φ6 on 

marginal/relevant physics are O(E2/Λ2) 
φ8 effects are O(E4/Λ4), and so on.

if we only study physics at E≪Λ, can include some 

irrelevant operators & neglect φn operators as 
long as we only work to O(EN/ΛN) precision. 

finite # of irrelevant operators = O(EN/ΛN) predictive

good for E≪Λ. as we approach Λ all operators 
equally important, need uv completion 
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can we live with a nonrenormalizable theory?



effective field theory

• Important degrees of freedom: in qft, what fields? 

• important symmetries: in qft, what interactions?

describing a physical system requires specifying:

this + renormalizability gives us the standard model. 
but we can relax renormalizability if in addition we specify

• expansion parameters: in qft, what power counting?

this last ingredient gives us effective field theory. 
power counting is usually in distances/energies.



effective field theory
two kinds:

High energy theory is understood, 
but useful to have simpler theory 

at low energies.

t0p-down eft

Theory 1

#
Theory 2

Integrate out & match (matrix 
elements) at intermediate scale

LHigh !
X

n

L(n)
low

E.g. theory of weak interactions 
(fermi effective theory). Waaaay 

easier to compute qcd corrections.

bottom-up eft

Underlying theory is unknown 
or matching is too difficult to 

carry out

???

#
Theory 2

X

n

L(n)
low

write down all interactions 
consistent w/ symmetries. 

couplings not predicted, but 
fit to data.

E.g. chiral lagrangian, quantum 
einstein gravity, or standard model



The standard model as eft

Note: not all evidence for bsm comes from high energies; the most 
compelling is from scales at or below the weak scale. 

*what if gravity decouples from sm in the uv? 

running sm gauge couplings into far uv eventually 
gives landau pole in U(1)Y. would cause fermions to 

condense in uv. so uv completion of sm is unavoidable!

if we limit sm to only renormalizable ops, why worry about all this?

the Standard model is not uv complete.

(1) “quantum” gravity consistent but non-renormalizable, demands uv 
completion at the planck scale; presumably also involves sm*. 

(2) we have incontrovertible evidence for additional fields and/or 
operators beyond sm.
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The standard model as eft

sign of U(1) beta function fixed; 
additional charged states only 

increase coefficient. all non-trivial 
U(1)’s run to landau poles in the UV.
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usual assumption: running cut off 
by unification around 1015 GeV or 
quantum gravity around 1018 GeV

without such a cutoff, landau 
pole inevitable. 

what’s the matter with hypercharge?



the smeft

dim-5: 1 operator*

dim-6: 59+4 operators*
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treat sm as “bottom-up EFT”, write down all operators 
consistent with symmetries to given order in power counting

*Neglecting flavor, i.e. 1 generation at a time.

schematically

four-fermi operatorsgauge boson operators

higgs operators

the game: fix/constrain coefficients with data!
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Figure 1. Growth of the number of independent operators in the SM EFT up to mass dimension
15. Points joined by the lower solid line are for one fermion generation; those joined by the upper
solid line are for three generations. Dashed lines are to guide the eye to the growth of the even and
odd mass dimension operators in both cases.

(which exhibit some rather large prime numbers!). The number of independent operators
evaluated for Nf = 1 and Nf = 3 up to dimension 15 are plotted in Fig. 1. We see the
growth is exponential, which is to be expected on general grounds [43].

5 Discussion

The method we have outlined in this paper can be extended trivially to determining the
content and number of higher dimension operators for any four-dimensional relativistic
gauge theory with scalar and fermionic matter. The master equation is eq. (3.14), which
needs to be modified from the SM to the theory of interest. The pieces of eq. (3.14)
which are SM specific are the gauge groups (and as such the Haar measures that need to be
integrated over to produce gauge singlets), and the field content (which enters the plethystic
exponential).

In the present work we studied the expansion of eq. (2.7) in powers of mass dimension,
✏. However, in our previous work in (0+1) dimensions [11] we were able to obtain all-order
formulae for Hilbert series, revealing a fascinating analytic structure which could not be
seen in any finite order expansion. Can we hope to attack eq. (2.7) directly? Could this
reveal some previously hidden all-order structure of the SM EFT? While lofty, questions
along these lines merit detailed investigation of the structure underlying operator bases,
which we take up in [1].

– 16 –

#generations=1

#generations=3

henning, lu, melia, murayama ‘15

(separately counting operators & their hermitian conjugates)

the smeft



the data

So far, only one nonzero coefficient. majority of bounds on smeft at or near tev 
scale; exceptions arise in some high-precision settings (e.g., flavor, edm)



beyond the standard model
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Look for specific guidance in the shortcomings of the standard model



beyond the standard model
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Part 1: The hierarchy 
problem



naturalness criteria
“dirac natural:” in theory with fundamental scale Λ, 

natural size of operator coefficients is  

cO = O(1)⇥ ⇤4��O

“technically natural (’t hooft):” coefficients can be much smaller 
if there is an enhanced symmetry when the coefficient is zero.

cO = S ⇥O(1)⇥ ⇤4��O

where s  is a parameter that violates symmetry.

philosophical underpinning: quantum corrections respect symmetry; if symmetry 
is broken, quantum corrections proportional to symmetry breaking.

borne out countless times in nature & simulation.



naturalness in nature
dirac’s question: why is mp<<mPl?

18 orders of magnitude!

answer: qcd scale is dynamically generated by logarithmic 
evolution of qcd coupling: “dimensional transmutation”

the dimensionless coupling is O(1), totally natural
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mp ⇠ ⇤QCDProton acquires most of its mass from confinement,



Naturalness in nature
flavor hierarchies: large range of yukawas,

ye/yt ⇠ 10�5 y⌫/yt ⇠ 10�11

answer: not dirac natural, but technically natural!

in limit y→0, enhanced symmetry of sm: U(3)5 flavor symmetry

radiative corrections to yukawas proportional to yukawas, 
hierarchies are radiatively stable

see lectures  
by Y. Nir

SU(3)Q ⇥ SU(3)U ⇥ SU(3)D ⇥ SU(3)L ⇥ SU(3)E

⇥U(1)B ⇥ U(1)L ⇥ U(1)Y ⇥ U(1)PQ ⇥ U(1)E

Y u ⇠ (3, 3̄, 1)SU(3)3q Y d ⇠ (3, 1, 3̄)SU(3)3q
Y e ⇠ (3, 3̄)SU(3)2`

Yukawas are spurions for breaking this symmetry:

would still like an explanation for yukawa hierarchies (e.g. froggatt-nielsen)



hierarchy problem�O = 2
natural ⇠ O(1)⇤2
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often heard: 
“higgs mass is quadratically divergent, standard 
model loops up to cutoff Λ give contribution:” 

but then you remember: divergences are not physical, we introduce 
counterterms to absorb them and use data to fix the couplings! 

why not cancel divergence with counterterm? Or better yet, use a 
regularization & renormalization scheme without divergences, e.g. dimensional 

regularization with minimal subtraction?

not the actual problem. “quadratic divergence” is an 
indication of the problem, but not the problem itself…



scalars are special

m  ̄

m ! 0

�m / m

m2AµA
µ

Aµ ! Aµ + @µ↵

m2|H|2
�m / ⇤

m

⇤

Field Symmetry as Implication

(chiral symmetry)

(gauge invariance)

�m / m

None

Spin-1/2

Spin-1

Natural!

Natural!

Spin-0

Unnatural!

Hierarchy problem is not a “just-so story”

 ! ei↵�5 

mass neither natural nor technically natural in sm,



two degrees of danger

1. The strong form of the hierarchy problem: fundamental theory is 
finite. divergences in an effective theory are physical (e.g. cutoff = 
lattice spacing), counterterms just implement tuning.“quadratic 
divergence” in smeft is a direct measure of fine tuning.  

2. The weak form of the hierarchy problem: let us only speak of 
observable quantities like pole masses. divergences are unphysical. the 
“quadratic divergence” in the SMEFT is a stand-in for finite threshold 
corrections from possible new physics. 

strong form holds true in all known extensions of the standard model 
that are finite (e.g. supersymmetry, string theory), i.e., wherever the 

higgs mass can be predicted.

but even the weak form poses an immense danger.
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(weak) hierarchy problem
Consider a toy model with a scalar and Dirac fermion:

Imagine we arrange for the scalar to be much lighter, m << M.  
We can study the effective theory at energies E << M.

entails integrating out the fermions at the scale M and matching 
between the effective theory and the full theory.
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(weak) hierarchy problem
compute scalar mass in the effective theory with a hard momentum cutoff Λ:

m2
eff = m2 +

y2

16�2


c1�2 + c2m

2 ln
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µ

+ c3M
2 +O(M4/�2)

�

Or computed using dimensional regularization in 4-∊ dimensions with minimal subtraction:

m2
eff = m2 +
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�
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2 +O(�)
i

In both cases, can write the answer in terms of the renormalized mass m²(μ=M):

m2
eff (µ = M) = m2(µ = M) +

c3y2

16�2
M2

No dependence on cutoff, but dependence on M.

finite threshold 
correction



(weak) hierarchy problem

m2
eff (µ = M) = m2(µ = M) +

c3y2

16�2
M2

scalar wants to be within a loop factor of the dirac fermion. To keep scalar 
lighter, need to tune renormalized parameters of the full theory so there is 

a cancellation on the RHS.

This requires a tuning of order

see fine-tuning in terms of renormalized parameters, independent of regulator; 
apparent even in dim. reg. where there are no quadratic divergences.

The intuition about quadratic 
divergences is correct if we associate 
Λ~M, i.e., cutoff ~ threshold.
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16⇡2
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16⇡2
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m2



(no fermionic problem)
Imagine we ran the logic in the other direction: 
make the scalar heavy, study the light fermion

e.g. dimensional regularization in 4-∊ dimensions with minimal subtraction:

Meff = M +
y2

16⇡2

hc2
✏
M + c3M +O(✏,M/m)

i

corrections proportional to fermion mass, vanish 
in the limit m → 0. due to the chiral symmetry

note: works only if M is the only source of chiral symmetry breaking.
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no large threshold corrections matching to uv theory w/ scalar
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bsm creates a problem
Higgs boson.

Details depend on the precise model of unification, and the representation into
which the Higgs is embedded. For example, in SU(5) unification the SM gauge bosons
are embedded into the 24 of SU(5), which decomposes into the SM gauge bosons plus
X gauge bosons transforming in the (3, 2)�5/6

+ conjugate representation. Moreover,
the Higgs is embedded in a 5̄ of SU(5). In this case there are loops involving a triplet
scalar Higgs and X boson of the form

H

T

X

H

In general, these loops of heavy bosons give corrections of order

�m2

H ⇠ ↵GUT

4⇡
M2

GUT (21)

The original apparent scale of unification in nonsupersymmetric theories was
O(1015) GeV, while bounds on proton decay now imply MGUT & 1016 GeV. So
grand unification implies a huge hierarchy problem.

Hierarchy problems can be even worse than the one we see in quantum e↵ects;
it can be classical. For example, in SUSY GUT models there are Higgs multiplets
in the 5 and 5̄ of SU(5), and the triplet states must be heavy (on the order of the
GUT scale) to avoid dimension-5 proton decay. Problem is unified mass term 5̄†5̄.

Moreover, now the symmetries of the theory admit couplings to the heavy scalar
� that breaks the SU(5) unified symmetry, i.e. 5̄�5, and � acquires a GUT-scale
vev to break the unified symmetry. This generically implies the masses of doublet
and triplet Higgs bosons are on the order of the GUT scale from tree-level e↵ects!1

1
This can be ameliorated in more complicated GUT models such as SO(10) via the Dimopoulos-

Wilczek mechanism, or in orbifold GUTs.

12

unification

�m2
H ⇠ ↵GUT

4⇡
M2

GUT

dark matter

So classical naturalness problems are often even more of a threat than quantum
ones. More generally, this implies that any scalars acquiring large vevs must have
tremendously small couplings to the Higgs in order to avoid introducing new fine-
tuning problems.

Let’s now turn to the e↵ects of new fermions. Very generally, consider adding a
new fermion  to the Standard Model, charged under SU(2)L ⇥U(1)Y . Even before
trying to include Yukawa couplings to the Higgs, it gives corrections to the Higgs
mass at two loops via diagrams of the form

which corrects the Higgs mass by an amount

�m2

H ⇠
⇣ ↵

4⇡
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2
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✓
m2

W

m2

 

◆
⇥ m2

 

(22)

where g is a O(1) dimensionless function. Such states, if they exist, should be
lighter than about 10 TeV in order to avoid introducing a fine-tuning problem.

We could further imagine that this new fermion couples to the Higgs directly
with a Yukawa interaction. For example, there could be fermions  , such that the
coupling

y H (23)

is allowed, or  could be a new fermion with electroweak quantum numbers and
 could be an existing SM chiral fermion. In this case there is a one-loop diagram
feeding into the Higgs mass, with

�m2

H ⇠ C
y2

16⇡2

m2

 (24)

Avoiding fine-tuning from this requires ym . TeV.
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H

N

L

H

1

neutrinos

�m2
H = � 1

4⇡2

X

ij

|yij |2M2
j

Quantum numbers DM could DM mass mDM± �mDM Finite naturalness �SI in
SU(2)L U(1)Y Spin decay into in TeV in MeV bound in TeV 10

�46
cm

2

2 1/2 0 EL 0.54 350 0.4⇥
p
� (0.4± 0.6) 10�3

2 1/2 1/2 EH 1.1 341 1.9⇥
p
� (0.3± 0.6) 10�3

3 0 0 HH⇤
2.0 ! 2.5 166 0.22⇥

p
� 0.12± 0.03

3 0 1/2 LH 2.4 ! 2.7 166 1.0⇥
p
� 0.12± 0.03

3 1 0 HH,LL 1.6 ! ? 540 0.22⇥
p
� 0.001± 0.001

3 1 1/2 LH 1.9 ! ? 526 1.0⇥
p
� 0.001± 0.001

4 1/2 0 HHH⇤
2.4 ! ? 353 0.14⇥

p
� 0.27± 0.08

4 1/2 1/2 (LHH⇤
) 2.4 ! ? 347 0.6⇥

p
� 0.27± 0.08

4 3/2 0 HHH 2.9 ! ? 729 0.14⇥
p
� 0.15± 0.07

4 3/2 1/2 (LHH) 2.6 ! ? 712 0.6⇥
p
� 0.15± 0.07

5 0 0 (HHH⇤H⇤
) 5.0 ! 9.4 166 0.10⇥

p
� 1.0± 0.2

5 0 1/2 stable 4.4 ! 10 166 0.4⇥
p
� 1.0± 0.2

7 0 0 stable 8 ! 25 166 0.06⇥
p
� 4± 1

Table 1: Minimal Dark Matter. The first columns define the quantum numbers of the possible
DM weak multiplets. Next we show the possible decay channels which need to be forbidden; the
DM mass predicted from thermal abundance (the arrows indicate the effect of taking into ac-
count non-perturbative Sommerfeld corrections, which have not been computed in all cases); the
predicted splitting between the charged and the neutral components of the DM weak multiplet;
the bound from finite naturalness and the prediction for the Spin-Independent direct detection
cross section on protons �SI.

• For a generic fermionic multiplet with hypercharge Y and dimension n under SU(2)L

we find
�m2

=

cnM2

(4⇡)4

✓
n2 � 1

4

g42 + Y 2g4Y

◆✓
6 ln

M2

µ̄2
� 1

◆
(21)

where c = 1 for Majorana fermions (Y = 0 and odd n) and c = 2 for Dirac fermions
(Y 6= 0 and/or even n). For n = 3 and Y = 0 we recover the type-III see-saw result of
eq. (12).

• For a scalar multiplet we find

�m2
= � nM2

(4⇡)4
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g42 + Y 2g4Y

◆✓
3

2

ln

2 M
2
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µ̄2
+

7

2

◆
. (22)

For n = 3 and Y = 0 we recover the type-II see-saw result of eq. (17).

We then show in table 1 the finite naturalness upper bounds on M for the various possible
MDM multiplets. Furthermore, table 1 shows the predictions for the DM mass M suggested
by the hypothesis that DM is a thermal relic with cosmological abundance

⌦DMh
2
= 0.1187± 0.0017 [27]. (23)

(Such results differ from the analogous table of [24] because M has been recomputed taking
into account Sommerfeld effects [28], which lead to the change indicated by the arrows in
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motivated bsm theory introduces these corrections to the higgs.

finite corrections from loops of 
heavy gauge bosons/higgs triplets. finite corrections 

from lepton + RHN

finite corrections at 
two loops from wimp 

dark matter (i.e. lives in 
SU(2) multiplet)



gravity is worse

2.2.2 Things we should believe

But maybe we are willing to give up on all of these things. Neutrino masses could
be dim-5 operator, dark matter a total SM singlet, unification an illusion, flavor a
fact about matrices.

But some UV completion is forced upon us. We have already encountered the
physics of quantum gravity at a scale MP ⇠ 1019 GeV. Do not have a complete theory
of quantum gravity, although it is likely that the answer lies in string theory. Not yet
able to compute the mass of the Higgs in a complete string theory, the expectation is
that string theory contains heavy states whose masses are close to the Planck scale
that would give corrections to the Higgs mass.

Clear that this is a problem, but make it even more apparent. Even new states
coupling to the Higgs through loops of perturbative gravitons give a large threshold
correction. For example, imagine there is some massive Dirac fermion  with mass
m
 

and it coupled to the Standard Model only gravitationally. Then as long as we
are at energies E ⌧ MP l we can compute loop diagrams including gravitons. The
correction to the Higgs mass in this case arises at two loops,

and gives a correction parametrically of order

�m2

H ⇠ m2

H

(16⇡2)2

m4

 

M4

P l

This correction is small because the graviton coupling to a massless, on-shell par-
ticle at zero momentum vanishes, and so the result is proportional to mH .

However, we could also have a three-loop diagram where the graviton couples to
a loop of top quarks,

16

�m2
H ⇠ m2

H

(16⇡2)2
m4
 

M4
Pl

(small because the graviton coupling to a massless, on-shell 
particle at zero momentum vanishes, so result is proportional to mH)

don’t know the theory of quantum gravity, but reasonable to 
suppose it contains new states whose masses are of order MPl

consider e.g. a heavy fermion that 
only couples to the higgs 

through loops of gravitons. 

(can compute this using quantum 
gravity eft)

hey wait, that’s not so bad!



gravity is worse

The correction from this diagram is parametrically of the form

�m2

H ⇠ 6y2

t

(16⇡2)3

m6

 

M4

P l

and is much larger because now the gravitons are coupling to o↵-shell states.

If m
 

⇠ MP l, correction is ⇠ 6y2
t

16⇡2

M2
Pl

(16⇡2
)

2 . Of course at this point we doubt the
validity of our gravity EFT, but this parametrically validates our naive expectation
from the cuto↵ argument, now with ⇤ ⇠ MP l/16⇡2. So even gravitational physics is
su�cient to feed through threshold corrections to the Higgs mass.

The conclusion is that if there are any other states out there, even ones that only
couple to the Higgs gravitationally, they give a threshold correction to the Higgs
mass that is proportional to the mass scale of the new states. We can see these
corrections in MS or any other scheme; they are physical threshold corrections and
have unambiguous value. The result using a hard cuto↵ was merely a placeholder
for threshold corrections, which we could only see in MS if we had actual physical
states in the theory.

2.2.3 Things we must believe

Finally, one might hope that the theory of quantum gravity somehow decouples in
such a way as to avoid inducing new scales for the Standard Model. If we are so for-
tunate as to imagine that gravity does not introduce a physical cuto↵ at the Planck
scale, then we are faced with another problem.

Now there is nothing to cut o↵ the running of Standard Model couplings as we
go to higher and higher energies. This is problematic because the Standard Model

17

�m2
H ⇠ 6y2t

(16⇡2)3
m6
 

M4
Pl

⇤ ⇠ MPl/16⇡
2

let’s go to three loops, so the graviton couples via a loop of top 
quarks. top quarks are off shell, so coupling not suppressed

now we find a correction proportional to 
mass of the heavy fermion,

summing over all sm particles in the loop, 
this looks like our naive one-loop 

quadratic divergence  calculation with

so even heavy stuff with purely gravitational couplings to 
sm gives large finite corrections.



The Hierarchy Problem
Quantum gravity cutoff

Higgs sector cutoff

Uninteresting 
flow to IR, 

possibly w/ new 
mass thresholds

Standard Model(~unique vacuum)

mH is not technically natural ⇒ hierarchy problemenergy



part 2: hierarchy 
solutions



The Hierarchy Problem
Quantum gravity cutoff

Higgs sector cutoff

Uninteresting 
flow to IR, 

possibly w/ new 
mass thresholds

Standard Model(~unique vacuum)

mH is not technically natural ⇒ hierarchy problemenergy



Selecting a vacuum

1. Anthropics

Vacuum is one of many; end up in observed vacuum 
through some  constraint.

• lightness of the Higgs results from finely tuned 
cancellation. 

• explicable w/ anthropic reasoning: there is a landscape of 
vacua across which the Higgs mass varies, but only low/
tuned Higgs masses are compatible with observers. 

• Plausibility depends strongly on what quantities you assume 
are allowed to vary over the landscape! 

• Even if there is a multiverse & anthropic pressure, why 
should the universe bother with an elementary scalar? 
Technicolor would have worked just fine.



(Anthropic aside)
• For example, you can imagine an anthropic pressure in a multiverse 

where the Higgs mass/vev varies but dimensionless couplings 
(Yukawas) are held fixed. 

• When v << vSM, protons decay into neutrons since 

• When v >> vSM, the neutron is no longer stable within nuclei 
because the neutron-proton mass splitting exceeds the nuclear 
binding energy: 

• Provides an anthropic pressure for v ~ vSM, under the assumption 
that only the vev varies. 

• But not an explanation if Yukawas can vary, or if there can be 
extra gauge groups.

mn �mp = (3v/vSM � 1.7) MeV

mn �mp > Bd



Lowering the cutoff

1. Randall-Sundrum / Technicolor 

2. Large extra dimensions / 1032 x SM 

3. Little string theory

…in diverse dimensions

• the 4D UV cutoff (higgs alone, or whole sm) is 
extremely low, around 1 tev 

• flavor physics happens here (higgs or whole sm cutoff), 
also quantum gravity & all other UV physics (sm cutoff) 

• problem: seen a higgs + mass gap (limits in the few tev range 
from direct searches, much higher for flavor/precision 
electroweak). no indication the sm or even just higgs has 
cutoff at the tev scale.



Adding a symmetry

1. Supersymmetry 

2. Global symmetry

Extend the SM with a symmetry that 
makes higgs mass technically natural

• the 4D UV cutoff (higgs alone, or whole sm) can be 
high, but symmetry must be valid down to low scales 

• symmetry must be broken in a way that doesn’t 
reintroduce UV sensitivity; predicts new particles 

• weakly coupled realizations allow a finite mass gap 
between higgs and new states.



What’s the scale?

Δ ≲1 (no tuning) requires Λ ≲ 500 GeV; 

Δ ≲10 (10%-level tuning) requires Λ ≲ 1.6 TeV; 

 Δ ≲100 (1%-level tuning) requires Λ ≲ 5 TeV. 

� ⌘ 2�m2
H

m2
h

A guidepost to where new physics should enter; in the SM with a uniform 
cutoff Λ, SM loops up to Λ give 

quantify sensitivity of Higgs mass to new 
physics via ratio

�m2
H(µ) =

�2

16⇤2


6⇥(µ) +

9
4
g2
2(µ) +

3
4
g2

Y (µ)� 6⇥2
t (µ)

�

Expect new physics to enter and alter SM at some scale*

*Best-case scenario, no large logs

if hierarchy problem is solved, where 
does a new symmetry or cutoff enter?



The naturalness strategy
This is a strategy for new physics near mh, not a no-lose theorem, 

because the theory does not break down if it is unnatural. 

E.g. charged pions

Electromagnetic contribution to the charged pion mass 
sensitive to the cutoff of the pion EFT.

But naturalness has often been a very successful strategy. 
we have other scalars in nature, thanks to qcd.

Rho meson (new physics!) enters at 770 MeV: Δ~1

m2
⇡± �m2

⇡0 =
3↵

4⇡
⇤2

m2
⇡± �m2

⇡0 = (35.5MeV)2 ) ⇤ < 850MeV

pions are goldstones, but electromagnetism explicitly 
breaks global symmetry.



possible symmetries

The Coleman-Mandula theorem (1967): in a theory with

non-trivial interactions (scattering) in more than 1+1 dimensions,

the only possible conserved quantities that transform as tensors un-

der the Lorentz group are the energy-momentum vector Pµ, the gen-

erators of Lorentz transformations Mµ⌫ , and possible scalar symme-

try charges Zi corresponding to internal symmetries, which commute

with both Pµ and Mµ⌫ .

extension to spinor symmetry charges by haag, lopuszanski, sohnius

so the options are: global symmetry or supersymmetry 
(can fancy the theory up in extra dimensions, etc., but 4D effective theory still uses one 

of these symmetries)

what symmetries might we employ?



Supersymmetry Global symmetry

}
Supersymmetry 

Sparticles m̃

≲4π/G

Higgs mh

Global symmetry 
Partner particles m̃

possible symmetries

} ≲4π/G

Higgs mh

Extend the SM with a symmetry acting on the Higgs



New particles

m2
h ⇠ 3y2t

4⇡2
m̃2

log(⇤

2/m̃2
)

Continuous symmetries commuting w/ SM → 
partner states w/ SM quantum numbers

Contribute to the Higgs mass:

�! �+ ✏ 
� ! (1 + i↵T )�

Supersymmetry Global symmetry

 !  + cµ@µ�

Opposite-statistics partner 
for every SM particle

Same-statistics partner 
for every SM particle



supersymmetry

Q↵, Q̃↵̇

[Pµ, Q↵] = [Pµ, Q̃
↵̇] = 0

[Mµ⌫ , Q↵] = i(�µ⌫)�↵Q�

[Mµ⌫ , Q↵̇] = i(�̄µ⌫)↵̇
�̇
Q̃�̇

{Q↵, Q̃�̇} = 2Pµ(�
µ)↵�̇ {Q↵, Q�} = 0

extend poincare symmetry w/ spinorial charges 

(minimal n=1 supersymmetry in d=4)

super-extension of poincare algebra:

along with

extended spacetime symmetry

and



superfields

Q|Bosoni = |Fermioni Q|Fermioni = |Bosoni

[P 2, Q↵] = [P 2, Q̃↵̇] = 0

tr[(�1)Nf ] = 0 ! nF = nB

[R,Q↵] = �Q↵ [R,Q
†
↵̇] = Q†

↵̇

�! �+ ��  !  + � 

�� = ✏↵ ↵

� ↵ = �i(�⌫✏†)↵@⌫�

organize fields into irreps of super-poincare symmetry

⇒ components have same mass 

superfields contain both bosons and fermions

⇒ same # of bosonic & fermionic D.o.F.

⇒ components have same quantum #’s apart from U(1)R 

at most one U(1) global symmetry does not commute w/ supercharges

transformations acting on fields



the mssm

Names spin 0 spin 1/2 SU(3)C , SU(2)L, U(1)Y

squarks, quarks Q (euL
edL) (uL dL) ( 3, 2 , 1

6 )

(⇥3 families) u eu⇤
R u†

R ( 3, 1, � 2
3 )

d ed⇤R d†R ( 3, 1, 1
3 )

sleptons, leptons L (e⌫ eeL) (⌫ eL) ( 1, 2 , � 1
2 )

(⇥3 families) e ee⇤R e†R ( 1, 1, 1)

Higgs, higgsinos Hu (H+
u H0

u) ( eH+
u

eH0
u) ( 1, 2 , + 1

2 )

Hd (H0
d H�

d ) ( eH0
d

eH�
d ) ( 1, 2 , � 1

2 )

Names spin 1/2 spin 1 SU(3)C , SU(2)L, U(1)Y

gluino, gluon eg g ( 8, 1 , 0)

winos, W bosons

fW± fW 0 W± W 0
( 1, 3 , 0)

bino, B boson

eB0 B0
( 1, 1 , 0)

one supermultiplet for each sm field + second higgs doublet



softly broken 
supersymmetry

LMSSM

soft

= �1

2

⇣
M

3

egeg +M
2

fWfW +M
1

eB eB + h.c.
⌘

�
⇣
euau eQHu � edad eQHd � eeae eLHd + c.c.

⌘

� eQ† m2
Q

eQ� eL† m2
L
eL� eum2

u
eu† � edm2

d
ed
†
� eem2

e
ee†

� m2

Hu
H⇤

uHu �m2

Hd
H⇤

dHd � (bHuHd + c.c.)

supersymmetry must be broken; breaking with relevant operators 
guarantees it remains a good symmetry in the UV 

increases masses of new superpartners relative to sm counterparts



susy & the hierarchy problem

L � ytHQ3t
†
R + |yt|2|H · Q̃3|2 + |yt|2|H|2|t̃R|2

� 6y2t
16⇡2

⇤2 +
6y2t
16⇡2

⇤2

new interactions related by supersymmetry to sm 
interactions. e.g. in top-stop sector,

elimination of uv 
sensitivity apparent in 
“quadratic divergence”, 
which cancels between 

top & stop loops

leaves only finite threshold correction m2
H ⇠ � 6y2t

16⇡2
m̃2

t

supersymmetry protects against arbitrary physics at high 
scales, but superpartners must enter near weak scale.

supersymmetry relates scalars to fermions, so chiral 
symmetry makes higgs mass technically natural.



SUSY expectations

h~
bL
~ tR~tL~

g~

w~

h

5 TeV

m2
h ⇠ 3y2t

4⇡2
m̃2

log(⇤

2/m̃2
)

Best case scenario given null results: 
superpartner mass hierarchy inversely 

proportional to contribution to Higgs mass

[Dimopoulos, Giudice ‘95; Cohen, Kaplan, Nelson ’96; Papucci, 
Ruderman, Weiler ’11; Brust, Katz, Lawrence, Sundrum ’11]

“Natural SUSY”
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QCD production of stops, gluinos 
leads to strongest constraints

�m2
h / µ2

(“higgsinos”)

(stops)

etc…



Higgsino signals

h~
bL
~ tR~tL~

g~

w~

h

5 TeV

“Natural SUSY”
Lots of searches…

…but no irreducible limits
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h

Chargino-neutralino splitting in 
pure higgsino multiplet: 355 MeV 

[Thomas, Wells ’98]
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h̃0

W+

W�



h~
bL
~ tR~tL~
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w~

h

5 TeV

“Natural SUSY”

Stop signals
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Gluino signals
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Supersymmetry Global symmetry

}
Supersymmetry 

Sparticles m̃

≲4π/G

Higgs mh

Global symmetry 
Partner particles m̃

possible symmetries

} ≲4π/G

Higgs mh

Extend the SM with a symmetry acting on the Higgs



global symmetry: an example
Consider an SU(N) global symmetry, spontaneously 

broken by vev of a fundamental scalar φ 

SU(N) ! SU(N � 1)

goldstone counting: [N2 � 1]� [(N � 1)2 � 1] = 2N � 1

� = exp

2

6664
i

f

0

BBB@

⇡1
.

.

.

⇡N�1

⇡⇤
1 · · · ⇡⇤

N�1 ⇡0/
p
2

1

CCCA

3

7775

0

BBB@

0

.

.

.

0

f

1

CCCA
⌘ ei⇡/f�0

Organize into N-1 complex scalars + one real

expand φ in terms of goldstones π: 

low-energy theory of π independent of details of symmetry breaking 



� ! UN�1� = (UN�1e
i⇡/fU †

N�1)UN�1�0 = e
i
f (UN�1⇡U

†
N�1)�0

✓
~⇡

~⇡† ⇡0/
p
2

◆
! UN�1

✓
~⇡

~⇡† ⇡0/
p
2

◆
U †
N�1 =

 
ÛN�1~⇡

~⇡†Û †
N�1 ⇡0/

p
2

!

~⇡ ! ~⇡ � ~↵+ . . .

UN�1 =

✓
ÛN�1 0
0 1

◆
global symmetry: an example

unbroken SU(N-1) 
generators:

φ transforms as a fundamental, so 

the π transform as

i.e., the π⃗ transform as fundamentals under unbroken SU(N-1)

transformation under broken generators more 
complicated, but at linear order transform by a shift:

the usual shift symmetry of goldstones. a symmetry to protect scalars…



1

f2

⇤2

16⇡2 ⇤ . 4⇡f

⇡ =

0

@
�⌘/2 0 H1

0 �⌘/2 H2

H⇤
1 H⇤

2 ⌘

1

A

f2|@µ�|2 = |@µH|2 + H†H|@µH|2

f2
+ . . .

global symmetry: an example
let’s now construct a toy model for the higgs

Consider SU(3)→SU(2)

convenient to 
parameterize 
goldstones as 

suggestive: H transforms as a complex doublet 
of unbroken SU(2) & enjoys a shift symmetry

low-energy theory for H inherits non-renormalizable interactions

loops in this eft 
are of order

so consistent power 
counting implies



Q̂3 = (�2Q3, TL)

Q3 = (tL, bL)

L � �(�1t̂
†
R + �2T̂

†
R)�

†Q̂3 + h.c.

tR ! t̂R + T̂R

Q3 ! Q̂3

H̃ = (i�2H)†

global symmetry: an example
of course, higgs must couple to sm fields; couplings 

break SU(3) and hence violate shift symmetry 

Solution: Extend top 
multiplet to SU(3):

L � ��tt
†
RH̃Q3

+ add SU(3) symmetric top yukawa,

where and

� 6y2t
16⇡2

⇤2gives the usual quadratic divergence, 
not protected by shift symmetry

might as well have never introduced global symmetry…



mT =
q

�2
1 + �2

2f

L = ��tt
†
RH̃Q3 � �TT

†
RH̃Q3 +

�2
1

mT
(H†H)T †

RTL + h.c.+ . . .

�t =
�1�2p
�2
1 + �2

2

�T =
�2
1p

�2
1 + �2

2

TL, tL tR =
�2t̂R � �1T̂Rp

�2
1 + �2

2

TR =
�1t̂R + �2T̂Rp

�2
1 + �2

2

global symmetry: an example

below scale of spontaneous SU(3) breaking, interactions are  

L = �f(�1t̂
†
R + �2T̂

†
R)TL � �1t̂

†
RH̃Q3 +

�1

2f
(H†H)t̂†RTL + h.c.+ . . .

mass 
eigenstates

in terms of the mass eigenstates, interactions are

where



Couplings exactly so that top partner cancels radiative contributions 
from higher scales. looks magical, but guaranteed by symmetry structure                                            

global symmetry & the 
hierarchy problem

remaining contribution is finite threshold 
correction due to splitting in multiplet

Top yukawa now arises from SU(3) symmetric interaction, 
so shift symmetry is preserved

� 6�2
t

16⇡2
⇤2 � 6�2

T

16⇡2
⇤2 +

6(�2
t + �2

T )

16⇡2
⇤2

tR

Q3

TR

TL

x

TR

Q3

mT

in terms of the low-energy theory, study quadratic divergence:

m2
H ⇠ � 6y2t

16⇡2
m2

T log(⇤

2/m2
T )



Global Expectations

5 TeV

global

60

b’L
t’Rt’L

w’,z’

h

Story basically the same as SUSY, but now w/ 
light fermionic top partners & Higgs tuning

(top partners)

Limits now from QCD-charged states & 
Higgs mixing.

m2
H ⇠ � 6y2t

16⇡2
m2

T log(⇤

2/m2
T )

V (h) ⇠ Nc

16⇥2
m4

��2

c1

h2

f2
+ c2

h4

f4

�

� ⇠ f2/v2

Radiative Higgs potential from partners

Quartic & m2 at same loop order, expect v~f
i.e., no separation between weak scale & global breaking

Making v < f requires tree-level tuning 
of terms in the potential



Higgs signals

5 TeV

global
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Figure 4: Observed and expected upper limits at the 95% CL on the squared coupling scale factor, 02, of a heavy
Higgs boson arising through an additional EW singlet, shown in the [µH ,BRH,new] plane. The light shaded and
hashed regions indicate the observed and expected exclusions, respectively. Contours of the scale factor for the
total width, �H/�H,SM, of the heavy Higgs boson are also illustrated based on Eqs. (14) and (15).

Both Higgs doublets acquire vacuum expectation values, v1 and v2 respectively. Their ratio is denoted
by tan � ⌘ v2/v1, and they satisfy v21 + v

2
2 = v

2 ⇡ (246 GeV)2. The Higgs sector of the 2HDM can be
described by six parameters: four Higgs boson masses (mh, mH , mA, and mH±), tan �, and the mixing
angle ↵ of the two neutral, CP-even Higgs states. Gauge invariance fixes the couplings of the two neutral,
CP-even Higgs bosons to vector bosons relative to their SM values to be:

g2HDM
hVV /g

SM
hVV = sin(� � ↵)

g2HDM
HVV /g

SM
HVV = cos(� � ↵) .

(17)

Here V = W,Z and gSM
hVV,HVV denote the SM Higgs boson couplings to vector bosons.

The Glashow–Weinberg condition is satisfied by four types of 2HDMs [67]:

• Type I: One Higgs doublet couples to vector bosons, while the other couples to fermions. The first
doublet is “fermiophobic” in the limit that the two Higgs doublets do not mix.

• Type II: This is an “MSSM-like” model, in which one Higgs doublet couples to up-type quarks
and the other to down-type quarks and charged leptons. This model is realised in the Minimal
Supersymmetric Standard Model (MSSM) (see Section 8).

• Lepton-specific: The Higgs bosons have the same couplings to quarks as in the Type I model and
to charged leptons as in Type II.

• Flipped: The Higgs bosons have the same couplings to quarks as in the Type II model and to
charged leptons as in Type I.
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Figure 7: Expected (left) and observed (right) 95% CL lower limit on the T quark mass as a function of the decay
branching ratios into Wb and Ht. The markers indicate the branching ratios in the singlet and doublet models for
masses above about 0.8 TeV, where they are approximately independent of the T quark mass.

8 Conclusion

A search for the pair production of vector-like top quarks in final states with exactly one lepton, at least
four jets and high missing transverse momentum is presented. The analysis follows a cut and count
strategy, with a single-bin signal region and dedicated control regions for the tt̄ and W+jets backgrounds.
The search is based on 36.1 fb�1 of

p
s = 13 TeV LHC pp collision data recorded by ATLAS in 2015 and

2016. No significant excess above the SM background is observed in the signal region and 95% CL limits
are set on the vector-like top quark mass. For the singlet and doublet models, masses below 870 GeV
(890 GeV expected) and 1.05 TeV (1.06 TeV expected), respectively, are excluded. For the pure Zt decay,
lower limits are set on the mass at 1.16 TeV (1.17 TeV expected). Limits are also set on the mass as a
function of the decay branching ratios, excluding large parts of the parameter space for masses below
1 TeV.
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symmetry summary
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symmetry solutions to the hierarchy problem predict a systematic set of signals. 
no evidence so far. could still be around the corner, but worth asking…



is this all there is?


