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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



Adding a symmetry
…and breaking it softly

we assumed the symmetry protecting the weak 
scale was continuous. are their other options?

⇒ “neutral naturalness”



Discrete symmetries
Discrete 

symmetry

}
Discrete symmetry 

Neutral partners m̃

≲4π/G

Higgs mh

Symmetry-based approaches to 
hierarchy problem employ 

continuous symmetries. 

Leads to partner states w/ SM 
quantum numbers. 

Discrete symmetries can also 
serve to protect the Higgs. 

Leads to partner states w/ non-
SM quantum numbers.  

“Neutral naturalness”



The Twin Higgs
Consider a scalar H transforming as a fundamental 

under a global SU(4) symmetry:

V (H) = �m2|H|2 + �|H|4

SU(4)! SU(3) yields seven goldstone bosons.

|⇥H⇤|2 =
m2

2�
� f2

Potential leads to spontaneous symmetry breaking,
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[Chacko, Goh, Harnik ’05]



The Twin Higgs

V (H) � 9
64�2

�
g2

A�2|HA|2 + g2
B�2|HB |2

�

Then 6 goldstones are eaten, leaving one behind.

But these become SU(4) symmetric if gA=gB from a Z2 

Now gauge SU(2)A x SU(2)B ⊂ SU(4), w/ H =
✓

HA

HB

◆

Us Twins

Explicitly breaks the SU(4); expect radiative corrections.

V (H) � 9
64�2

g2�2
�
|HA|2 + |HB |2

�

Quadratic potential has accidental SU(4) symmetry.
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The Twin Higgs
Full theory: extend Z2 to all SM matter and couplings.

SMA x SMB x Z2

SMA  
(hA,tA,WA,ZA…)

~v

~f SMB  
(hB,tB,WB,ZB…)

v ≪ f for SM-like Higgs to be the goldstone

|hHAi|2 + |hHBi|2 = f2

Gives a radial mode, a goldstone mode, 
and eaten goldstones.

Primary coupling between SMA and SMB is 
via Higgs portal

??

V (H) ⇥ �2

16�2

✓
�6y2

t +
9
4
g2 + . . .

◆ �
|HA|2 + |HB |2

�

Breaks “quadratic” SU(4), higgses EWKA & EWKB



twin higgs & the hierarchy 
problem

h + . . . f � h2

2f
+ . . .

 No direct limit on top partner. 

The top partner acts as expected 
from global symmetry protection, but 

is not charged under QCD. 
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5 TeV

b’L
t’Rt’L

w’,z’

h

g’

“Neutral” naturalness
Simplest theory: exact mirror 

copy of SM

Many more options where 
symmetry is approximate, e.g. a 
good symmetry for heaviest SM 

particles.
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[Chacko, Goh, Harnik ’05]

[NC, Knapen, Longhi ’14; Geller, Telem ’14; NC, 
Katz, Strassler, Sundrum ’15; Barbieri, Greco, 
Rattazzi, Wulzer ’15; Low, Tesi, Wang ’15, NC, 

Knapen, Longhi, Strassler ‘16]

But this is more than you need, 
and mirror 1st, 2nd gens lead to 

cosmological problems



• Partner states are SM neutral, couple only 
to the Higgs. Lighter than mh/2: modest 
invisible Higgs decays. 

• Heavier than mh/2:                                           
produce through                                                      
an off-shell Higgs. 

Finding a mirror
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Hard but very interesting; directly 
probe naturalness
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[NC, Lou, McCullough, Thalapillil ‘14]

Higgs still a PNGB, tuning as in 
other global symmetries 

h Limit v2/f2 < 0.1 
→ Δ~10 (10% tuning) 
Unlikely to improve much in Run 2



Exotic Higgs Decays

h

h*

h*

SM

SM

0++

0++
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• Twin sector must have twin QCD, confines around QCD 
scale 

• Higgs boson couples to                                                      
bound states of twin QCD 

• Various possibilities. Glueballs most interesting; have 
same quantum # as Higgs 
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Produce in rare Higgs decays (BR~10-3-10-4)

Long-lived, decay length is macroscopic; length 
scale ~ LHC detectors

[NC, Katz, Strassler, Sundrum ’15; Curtin, Verhaaren ’15; Chacko, Curtin, Verhaaren ‘16 ]

0++ ! h⇤ ! ff̄

gg ! h! 0++ + 0++ + . . .

L ⇥ ��0
3

6⇥

v

f

h

f
G

0a
µ�G

0µ�
a

Decay back to SM via Higgs



Searching for mirrors
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3

heavier range of the intermediate ⇡v masses, for branch-
ing fractions as low as 5 percent in the 1 mm - 1 m proper
lifetime regime. The reason for the somewhat increased
sensitivity is that the CMS study takes advantage of a
dedicated displaced trigger which allows for lower jet pT
trigger thresholds by requiring two jets with pT > 60
GeV to have displaced tracks with transverse impact pa-
rameter (IP) larger than 0.5 mm. The trigger is seeded
by the level one requirement of scalar transverse energy,
HT > 300 GeV. However, this large HT requirement
of the trigger preferentially selects events containing a
boosted Higgs or large initial state radiation (ISR), which
also results in boosted ⇡v’s, merging their decay products
into a single jet. For these reasons, this search, which re-
quires two jets associated to a DV, is not very efficient
for the signal we consider. Furthermore, the vertex re-
quirement, mDV > 4 GeV, and the background discrimi-
nant which prefers a large DV track multiplicity, decrease
the efficiency for signals with light ⇡v. Nevertheless, we
still find that the search places bounds on signals with
m⇡v & 40 GeV for lifetimes complementary to those ob-
tained from the ATLAS searches. Our resulting bounds
on the Higgs branching fractions as a function of the ⇡v

lifetime obtained from our recast of the CMS dijet search
(together with the previous ATLAS bounds) are pre-
sented in Fig. 2. We find limits for heavy ⇡v and shorter
lifetimes, ranging from 1� 1000 mm, that are somewhat
weaker than the corresponding ATLAS bounds for longer
lifetimes, while signals with m⇡v . 40 GeV remain un-
constrained for lifetimes below 100 mm. We emphasize
that these constraints do not apply for signals which only
produce a single DV per event. For the case where one of
the hidden particles is stable, the CMS dijet search does
not have sensitivity since the events fail to pass the large
HT requirement.

SEARCH STRATEGIES AND PROJECTED
SENSITIVITY FOR RUN II

In this section we propose new search strategies for
detecting displaced Higgs decays within the ATLAS or
CMS inner detector, noting that lifetimes corresponding
to the decay lengths considered here are mostly uncon-
strained. For longer decay lengths, a search for decays in
the muon spectrometer would be more sensitive and the
strategies considered here could be slightly altered and
applied in order to achieve sensitivity to events with a
single displaced decay.

There are major difficulties in detecting the signal
under consideration due to the relatively light mass of
the Higgs boson and of the hidden sector particles. To
make matters worse, the dominant production mecha-
nisms (ggF followed by VBF) tend to produce the Higgs
boson close to rest. Therefore, a search with sensitivity
to such a signal must either use a trigger with low pT re-
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FIG. 2. 95% CL exclusion curves for Run I of the LHC. The
ATLAS constraints are reproduced from the searches for long
lived particles decaying in the muon spectrometer [18] (solid)
and the hadronic calorimeter [19] (dotted). The CMS recast
exlcusion curves are derived from the search displaced dijet
in the inner tracker [20] (dashed).

quirements, possibly by taking advantage of a dedicated
displaced trigger, or be restricted to boosted Higgs kine-
matics and pay the price of a relatively small production
rate. Furthermore, DV searches, looking for single decays
in the tracker, typically impose strict vertex requirements
designed to cut out background events. However, signals
with light intermediate particles often do not pass these
requirements and cannot be detected by a generic DV
search. For these reasons, model-specific searches are
required in order to detect such signals. Specifically, a
successful search strategy should be designed with weak
vertex requirements in order to enhance the number of
expected signal events while retaining as low background
as possible by imposing other event selection criteria.

An important point regarding the expected LHC phe-
nomenology of Twin Higgs models is that the ⇡v particles
decay to the SM via a Higgs portal with final states which
are expected to often be bb̄. This has a few important
consequences. First, one can search for decay products of
the bb̄ in conjunction with a DV, for example a muon or a
dijet. It has been shown that requiring a muon within a
cone of a displaced jet significantly reduces the displaced
jet background [27, 28]. Requiring a displaced dijet as-
sociated to a DV was used as a background discriminant
in the CMS displaced dijet search [20]. Furthermore, de-
pending on m⇡v , the displaced dijet can become merged
into a single jet with many displaced tracks, resulting in
an “emerging jet” signature [29]. The merged jets typi-
cally exhibit a 2-prong substructure which can be used
to reconstruct the displaced dijet, thus extending the dis-
placed dijet search strategy to scenarios with light hidden
sector particles. Some percent of events may contain two
displaced vertices. This has been taken advantage of in
searches performed by ATLAS [18, 19]. These signatures,

[Csaki, Kuflik, Lombardo, Slone ’15]

• Signal: displaced decays of SM Higgs 
with BR >10-3 (σ.Br~20fb @ Run 1). 

• ATLAS: HCAL/ECAL & muon chamber 
searches powerful, sensitive to 
displaced Higgs decay. 

• CMS: use inner tracker, see vertex 
on short decay lengths. trigger 
thresholds too high. 

• more room for innovation in the 
displaced decay search program…



Selecting a vacuum

we assumed that we ended up in the vacuum with 
the observed weak scale due to some anthropic 

pressure. can we instead do so dynamically?

⇒ “relaxion”



Dynamical selection
What if the weak scale is selected by dynamics, not symmetries?

[Graham, Kaplan, 
Rajendran ‘15]

Old idea: couple Higgs to field whose minimum sets mH=0 
Old problem: How to make mH=0 a special point of potential?

Vev gives quark masses 
which give axion 

potential! 

“Relaxion”

φ

V (φ)

You are here.

New solution: what turns on when mH
2

 goes negative? 

But: immense energy stored in evolving field, need dissipation.



Ex.1: QCD/QCD’ relaxion

(�M2 + g�)|H|2 + V (g�) +
1

32⇡2

�

f
G̃µ⌫Gµ⌫

(�M2
+ g�)|H|2 + V (g�) + ⇤

4
cos(�/f))

First thought: use an axion coupled to QCD.

φ

V (φ)

You are here.

[Graham, Kaplan, Rajendran ‘15]

dissipation: inflation!

Hi >
M2

MPl

Hi < ⇤QCD

�� = (gM2/H2
i )N & M2/g ) N & H2

i /g
2

(1) φ scan over entirety of its range

(2) vacuum energy 
during inflation 

exceeds change in 
vacuum energy 

due to scanning

(3) barriers form 
that are 

sufficient to 
stop scanning

�̈+ 3H�̇+ V 0(�) = 0

requirements:



QCD relaxion

• Very low Hubble scale (≪ΛQCD) • 10 Giga-years of inflation

Just need Higgs + non-compact axion + inflation w/

In vacuum, φ  is the axion, stops 
well away from θ = 0 → gives 

O(1) contribution to θQCD 

Care required to avoid transferring fine-tuning to inflationary sector.

Hi < V 0
�/H

2
i ! Hi < (gM2)1/3

(4) classical rolling beats quantum fluctuations

Additional substantial concerns:

• non-compact shift symmetry? • cosmological constant?



Fix: make it someone else’s QCD + axion

L � mLLL
c +mNNN c + yHLN c + y0H†LcN

1. New quarks must get most of mass from Higgs:

2. Must confine, but with light flavor ⇤4 ' 4⇡f3
⇡0mN

I.e. axion of a 
different SU(3); 

need to tie in 
Higgs vev

Field SU(3)N SU(3)C SU(2)L U(1)Y
L ⇤ � ⇤ �1/2
Lc ⇤ � ⇤ +1/2
N ⇤ � � 0
N c ⇤ � � 0
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QCD’ Relaxion

Decouple from tev scale?

[Graham, Kaplan, Rajendran ‘15]



QCD’ Relaxion
mN � yy0v2/mLNow

But also
mN � yy0

16⇡2mL log(M/mL)

mN � yy0f2
⇡0/mL

{

New confining physics near weak scale!

(smallest see-saw mass from 
EWSB if L heavy)

(Radiative Dirac mass)

(Higgs wiggles biggest)

f⇡0 < v and mL <
4⇡vp

log(M/mL)
These bounds imply

Couples to Higgs, electroweak bosons; hidden valley signatures. 
Various possibilities (Nf=1, pions not light)

18
To my knowledge, no systematic study to date.



Ex. 2: Interactive relaxion
Alternative possibility: keep bumps across entire potential, 

turn on dissipation at a special point of potential.  

[Hook, Marques-Tavares ‘16]

another source of dissipation: particle production

L � � �

4f
F F̃

Ä± +

 
k2 +m2

A ± k�̇

f

!
A± = 0

A±(k) / ei!±t
!2
± = k2 +m2

A ± k�̇

f

!2
± < 0 ) |�̇| & 2fmA

consider axion-like couplings 
to massive gauge field:

e.0.m. for transverse 
polarizations:

˙� ⇡ constant

for

exponentially growing solution for 

growing mode drains energy from φ̇



�

f
GG̃

+ inflation

Use coupling to EWK gauge bosons:

⇒
Instead of

Exponential production of EWK gauge bosons 
around h~v slows evolution

Important subtlety: can’t couple to pairs of photons! 
For dissipation to become efficient at h~v, can only couple to bosons 

acquiring mass from EWSB.

(Not a tuning, can be made natural 
with symmetries, e.g., SU(2)L x SU(2)R)

�

f
(g2W ˜W � g02B ˜B) + ⇤

4
cos

�

f 0

Ex. 2: Interactive relaxion
apply to relaxion: use electroweak gauge fields

L � � 1

4g2L
W 2

L � 1

4g2R
W 2

R +
�

f
(WLW̃L �WRW̃R)

� ! �+ ↵ ✓L ! ✓L � ↵ ✓R ! ✓R + ↵ ) L / (✓L + ✓R)FF̃



Lowering the cutoff
…in diverse dimensions

usually assume low cutoff is due to e.g. 
geometry of an extra dimension, giving 

uniform prediction for new resonances & 
strong limits. can we do the same thing 

with order instead of disorder?

⇒ “gravitational anderson localization”



A random detour
Anderson Localization

✏i 2 [�W/2,W/2]

Impurities
Bound state energies

Tunneling

Simplify:

Nearest-neighbor hopping

Random impurities

H =

0

BBBBBBB@

✏1 �t 0 . . . 0 0
�t ✏2 �t . . . 0 0
0 �t ✏3
...

...
. . .

0 0 ✏N�1 �t
0 0 �t ✏N

1

CCCCCCCA

Tight-binding model

tij = t
⇣
�ji+1 + �ji�1

⌘

H =
X

i

✏i|iihi|�
X

ij

tij |iihj|+ h.c.
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Anderson Localization
S.E. for energy 

eigenstates

All eigenstates are localized in presence of disorder, ψ(r)∝exp[-r/Lloc]  
but localization lengths not identical

Analytic results for weak localization, σ ≪ 1  (for εi ∈ [-W/2,W/2], σ2 = W2/12)

E=2

E=-2

States fill a band of E ∈ [-2,2] 
(allowed energies of Bloch waves for εi = 0)

In bulk of band, localization length 
given by Thouless result  

L�1
loc

=
W 2

96(1� E2/4)

Anomalous scaling near band edges E =±2 L�1
loc

=
61/3

p
⇡

2�(1/6)
�2/3 ⇡ 0.13W 2/3

States at band edges more sharply localized than 
generic eigenstates at weak disorder

 E =
X

i

 i|ii gives 
(t=-1)

 i+1 +  i�1 = (E � ✏i) i

23



The hierarchy problem?

How does RS solve hierarchy problem?  
Curvature localizes the graviton zero mode.

→ Fields localized at different points in 5th 
dimension see different fundamental scales

M = e�kyM0M0

[Rothstein ’12]: Can achieve the same outcome in a flat 
fifth dimension by localizing graviton w/ disorder

In this case disorder = randomly 
spaced & tensioned branes

M0 M = e�y/L
locM0

What you’ve been asking yourself for the last few minutes…

S = �
Z

d

5
x

p
G(M3

?R) +
X

hiji

M

4
?V (|Xi �Xj |)�

X

i

Z
d

4
x

p
gfi

The challenge: naive tight-binding 
model does not reflect 

diffeomorphism invariance 
24



on one hand, speculative indications of bsm are on, 
well, speculative footing! 

on the other hand, they point to deep & profound 
(Rather than piecemeal) changes to the structure of 

the sm, which perhaps explains their appeal. 

successful answers to these speculative problems 
often also fulfill other indications of bsm physics 

(e.g. dark matter, unification, & baryogenesis) 

current era is a time of opportunity — popular 
paradigms under stress, room for innovation.



part 3: everything 
else



beyond the standard model
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strong cp problem

✓QCD✏µ⌫↵�Ga
µ⌫G

a
↵�

L = � idn
8

✏µ⌫↵�F
µ⌫N̄ [�↵, �� ]N dn ⇠ emumd

(mu +md)⇤2
QCD

✓QCD

in addition to gauge kinetic terms + matter couplings, qcd admits 
generically O(1) parity-odd coupling*

following it through the chiral lagrangian, leads to 
coupling between neutrons and photons of form

where

Hd = �dn(N̄�N) ·E

|dn| . 3⇥ 10�26e cm ) ✓QCD . 10�10

this is just a classical electric dipole moment,

but experimental bound on neutron edm gives

apparent numerical tuning of 10 orders of magnitude!

*can move it into quark masses by rephasings, but it always shows up somewhere

�O = 4
natural ⇠ O(1)
no symmetry when 0, but radiative 

corrections small/proportional to value



axions?

Figure 17. Excluded ranges and regions of interest in terms of axion mass ma or PQ
spontaneous symmetry breaking scale fa / 1/ma. The mass range µeV to meV cor-
respond to the so called “classic region” of CDM axions and the mass range below
(larger values of fa) is the “anthropic region” of CDM axions. CAST and ADMX are
experiments that search for axions. Fig taken from [162]. See also [160].

✓ = 0. The small explicit breaking produces a tilt in the orbit of the minima,
which has then a minimum value and a non-zero curvature close to it. The
PQ symmetry therefore solves the strong CP problem by transforming the
✓ parameter into a field that has a minimum at ✓=0, simultaneously giving
a small mass to the axion, which becomes a pseudo-Goldstone boson. For
good reviews on axions with complete reference lists see [159, 160].

An initial displacement ai = fa✓i of the axion field from its minimum
will result in coherent oscillations of this field with frequency mac2/~. The
present energy density in these oscillations is [161] (recall ma ⇠ 1/fa)

⌦ah
2 = 0.195 ✓2i

✓
fa

1012 GeV

◆1.184

= 0.105 ✓2i

✓
10 µeV

ma

◆1.184

(31)

and behaves as CDM. Other types of light bosons, called “Axion-Like Par-
ticles” (ALPs), are pseudo-Goldstone bosons of other broken global sym-
metries which do not couple to QCD, and can also be good DM candidates.
They can acquire masses through their interactions with strongly-coupled
hidden sectors or explicit breaking of the associated global symmetry [162].
ALPs together with very light “hidden” gauge bosons (“dark photons”) are
generically called “Weakly Interacting Slim Particles” (WISPs) [163].

Axions can also be HDM for “large” masses ma ' eV (when produced
thermally via a coupling with pions such as a⇡⇡⇡). The CERN Axion

46

dynamically adjust θ to zero?

consider pseudoscalar a coupling to gg~

a ! a+ ↵

L � 1

2
(@µa)

2 +
✓

32⇡2
GG̃+

a

fa

1

32⇡2
GG̃+ . . .

rest of theory has shift symmetry

in fact, qcd vacuum energy depends on θ, E(✓) = (mu +md)e
i✓hq̄qi

freedom to arbitrarily shift θ

hai = ✓fa ) ✓̄ = 0axion vev minimizes qcd vacuum energy, with

seems arbitrary, but coupling & shift 
symmetry follow directly if axion is 
pngb of spontaneously broken U(1)

axion light (mass ~ΛQCD
2/f) 

cosmologically relevant: 
cosmological limits; dark matter?



spontaneous CPV?
what if cp is a good symmetry of the standard model, 

spontaneously broken in a controlled way (because ckm)?

✓̄ = ✓QY C � ✓QCD

✓QY C = ArgDet[YuYd]

one physical strong cp angle:

where formally the quark 
mass term phase is

the challenge: 

✓weak = ArgDet[YuYd � YdYu]

✓QY C = ArgDet[YuYd] small, but

the observed ckm phase

is big?

 why is

sounds like it’s time to build a model…



Spontaneous cpv?

An alternative along similar lines: spontaneous PV. [barr, chang, senjanovic ’91]

SU(3)c ⇥ SU(2)L ⇥ U(1)Y ) SU(3)c ⇥ SU(2)L ⇥ SU(2)0L ⇥ U(1)Y

P : SU(2)L $ SU(2)0L

+ extra “mirror” copy of SM matter charged under SU(2)L’

now a generalized parity symmetry under which

θ→-θ under this parity, so zero in uv if P is a good symmetry.

YuHQu+ Y 0
uH

0Q0u0 = YuHQu+ Y ⇤
uH

0Q0u0parity also requires

so that ArgDet[YuYd] + ArgDet[Y 0
uY

0
d ] = 0 but ckm phase allowed.

popular class of spontaneous cpv solutions: Nelson-Barr

extend sm w/ parity

(Sends SM matter into mirror matter)



spontaneous cpv?
but: we don’t see the mirror quarks charged under SU(2)L’, 

so must spontaneously break SU(2)L <-> SU(2)L’ parity

via e.g. a parity-odd field ϕ that 
gets a vev and makes <H> ≠ <H’>

L � g�(|H 0|2 � |H|2) ) hH 0i ⇠ h�i � hHi

1

32⇡2

�

MPl
GG̃

h�i ⇠ hH 0i . 10�10MPl

but ϕ vev can’t be too big, because 
now we expect operators like

not reintroducing strong cp problem bounds

so first-generation mirror u,d,e fermions should be beneath 10 TeV!

L � �µuuu
0 � µddd

0 � µeee
0

u0 ! h+ u u0 ! Z + u u0 ! W + d

these fermions carry both charge and color. 
symmetries allow mixing w/ sm fermions:

mixing leads to decays such as e.g.

[D’Agnolo, hook ’15]



spontaneous cpv @ LHC

u0 ! h+ u

u0 ! Z + u

u0 ! W + d

parity solution predicts new charged/colored fermions <10 TeV w/ sm decay modes

W

d
Z

u

u

h

u0

u0

u0

u0

u0

p

p



unification

100 105 108 1011 1014 1017
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20
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70
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1/
α
(μ
)

given measured sm gauge couplings at weak scale, can study evolution 
to higher scales with rGEs.

suggestively, the three 
appear to cross (missing 

triple intersection by 
O(10%)) around 1015 GeV. 

consistent with unification 
of SU(3)xSU(2)xU(1) into 

common gauge group.

SO(10) � SU(5) � SU(3)⇥ SU(2)⇥ U(1)conveniently

@↵i

@ lnµ
= �i = bi

↵2
i

2⇡
+ . . . ↵i ⌘

g2i
4⇡

) 1

↵i(µ)
� 1

↵i(mZ)
= � bi

2⇡
ln

✓
µ

mZ

◆
+ . . .

b1 = 41/10 b2 = �19/6 b3 = �7



unification

24 ! (8,1)0 + (1,3)0 + 1+ (3,2)�5/6 + (3̄,2)5/6 = G+W +B +X + X̄

5 ! (3,1)�1/3 � (1,2)1/2 = T +H

5̄ ! (3̄,1)1/3 � (1,2)�1/2 = d̄+ L

10 ! (3,2)1/6 � (3̄,1)�2/3 � (1,1)1 = Q+ ū+ ē

SU(5) rep ! (SU(3), SU(2))U(1)Y rep = SM field

sm matter fits tidily, but demands triplet higgs & new gauge bosons.

• beautiful idea, simpler theory in 
far uv (original “naturalness”) 

• but unification of couplings 
imperfect @ 10% level. 

• predicts yukawa unification, not in 
good agreement. 

• predicts proton decay via 
exchange of T & X

how do the pieces fit together?



unification
x exchange 
generates 
dim-6 ops

t exchange 
generates 
dim-6 ops

1

⇤2
QQQL

1

⇤2
ūūd̄ē

1

⇤2
QLū†d̄†

1

⇤2
QQū†ē†

⇤ ⇠ MGUT ⇠ 1015 GeVwith

gives proton decay via e.g. for mgut=1015 GeV, predict lifetime

Experimental limit (e.g. super-
kamiokande): τ>8*1033 years

� ⇠
m5

p

M4
GUT

⇠ 1029 years

vanilla unification excluded by data.



improving unification
1

↵GUT
=

1

↵i(mZ)
� bSM

i

2⇡
ln

✓
MGUT

mZ

◆
� �bi

2⇡
ln

✓
MGUT

M 

◆
+ . . .

differences                       change precision of unification & value of MGUT�bi ��bj

universal            only shifts value of αGUT�bi

consider the effects of adding new fermions* at scale MΨ

*Could add scalars too, but makes much smaller change in running. 

SU(5) SU(3)⌦ SU(2)⌦U(1) n3 n̄3 n2 z name �b3 �b2 �b1

5� 5̄ 3 1 1/3 0 1 0 0 D 2/3 0 4/15

5� 5̄ 1 2 1/2 0 0 1 0 L 0 2/3 2/5

10� 10 3 1 �2/3 0 1 0 1 U 2/3 0 16/15

10� 10 1 1 �1 0 0 0 1 E 0 0 4/5

10� 10 3 2 1/6 1 0 1 0 Q 4/3 2 2/15

15� 15 3 2 1/6 = = = = Q = = =

15� 15 1 3 1 0 0 2 0 T 0 8/3 12/5

15� 15 6 1 �2/3 2 0 0 0 S 10/3 0 32/15

24 1 3 0 0 0 2 1 V 0 4/3 0

24 8 1 0 1 1 0 0 G 2 0 0

24 3 2 5/6 0 1 1 0 X 4/3 2 10/3

Table 1: The SU(3)⌦SU(2)⌦U(1) quantum numbers, the Dynkin labels for SU(3) (n3, n̄3)

and SU(2) (n2), and the index z for chiral irreducible representations of the SM group

contained in the SU(5) representations 5 � 5, 10 � 10, 15 � 15, 24. The entries in the

right-hand side give the contributions to �bi from fermions in real representations of the

SM group, equal to the previous representations when they are real (Y = 0), or adding

their conjugates when they are chiral (Y 6= 0).

multiplets contained in SU(5) representations with low dimensions: 5�5, 10�10, 15�15,

24. The quantum numbers of these states are summarized in table 1. Within each complete

SU(5) multiplet, arrows sum to zero.

Next, by summing these arrows with integer non-negative coe�cients we generate the

most generic set of points produced by arbitrary combinations of these multiplets. The

dots represent all possible combinations: we see that they form a sparse lattice, where each

point can be produced in many di↵erent ways. In particular, arbitrary combinations of the

SM representations contained in 5� 5̄ and 10 � 10 are already enough to span the whole

lattice, and nothing more is obtained by introducing the 24 or the 15� 15.

2.1 Extension to arbitrary representations

Here we show that the lattice points shown in fig. 1a describe the most general case for

fermionic matter and that no new points are added by including any other arbitrary irre-

ducible representation R. In general, the representation R can be described by the SU(3)

Dynkin label (n3, n̄3), the SU(2) Dynkin label (n2), and hypercharge Y . The Dynkin labels

count the di↵erences between the number of boxes in successive rows of the corresponding

Young tableau. So the indices n3, n̄3, and n2 are non-negative integers. The contributions

4

some representations and their shifts:

[giudice, rattazzi, strumia]
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Figure 1: Left: The lattice formed by all possible values of the one-loop �-function coef-

ficients generated by any combination of fermions in real representations of the SM group

that can be embedded inside SU(5) multiplets. Thick red dots represent the contributions of

single real representations, and the arrows with names represent the simplest of such cases,

which are found inside the following SU(5) representations (see table 1): fundamental (+

conjugate) 5� 5 = L�D, antisymmetric (+ conjugate) 10� 10 = Q�U �D, symmetric

(+ conjugate) 15� 15 = Q� T � S, and adjoint 24 = 1� V �G�X. Right: The green

area shows the range of the di↵erences between the beta function coe�cients for the gauge

couplings, �b3 ��b2 and �b2 ��b1, that provide unification at a GUT scale between 1016

and 1018 GeV (red dotted lines) with intermediate scale indicated in blue (dashed lines).

The point marked as ? represents the case of low-energy supersymmetry, and its nearest

dot represents the case of split supersymmetry with new scalars at the unification scale.

successful unification of the SM gauge coupling constants at some scale MGUT in one loop

approximation:
1

↵GUT
=

1

↵i(MZ)
� bSMi

2⇡
ln

MGUT

MZ
� �bi

2⇡
ln

MGUT

M 
. (1)

Here bSMi = {41/10,�19/6,�7} and �bi are the contributions to the �-function coe�cients

due to SM particles and to new fermions associated with the axion sector, respectively.

Only the values of the di↵erences �bi ��bj are relevant for unification and for fixing

its scale, while adding a universal �bi (equal for any i) increases the value of ↵GUT. The

arrows in fig. 1a show the values of (�b3 � �b2,�b2 � �b1) corresponding to real SM

3

perfect unification

adding representations improves unification prediction and raises gut scale. 
if representations not too large, need scale to be near weak scale. 

for mgut=1016 GeV, proton lifetime at edge of current limits.

[giudice, rattazzi, strumia]
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SU(5) SU(3)⌦ SU(2)⌦U(1) n3 n̄3 n2 z name �b3 �b2 �b1

5� 5̄ 3 1 1/3 0 1 0 0 D 2/3 0 4/15

5� 5̄ 1 2 1/2 0 0 1 0 L 0 2/3 2/5

10� 10 3 1 �2/3 0 1 0 1 U 2/3 0 16/15

10� 10 1 1 �1 0 0 0 1 E 0 0 4/5

10� 10 3 2 1/6 1 0 1 0 Q 4/3 2 2/15

15� 15 3 2 1/6 = = = = Q = = =

15� 15 1 3 1 0 0 2 0 T 0 8/3 12/5

15� 15 6 1 �2/3 2 0 0 0 S 10/3 0 32/15

24 1 3 0 0 0 2 1 V 0 4/3 0

24 8 1 0 1 1 0 0 G 2 0 0

24 3 2 5/6 0 1 1 0 X 4/3 2 10/3

Table 1: The SU(3)⌦SU(2)⌦U(1) quantum numbers, the Dynkin labels for SU(3) (n3, n̄3)

and SU(2) (n2), and the index z for chiral irreducible representations of the SM group

contained in the SU(5) representations 5 � 5, 10 � 10, 15 � 15, 24. The entries in the

right-hand side give the contributions to �bi from fermions in real representations of the

SM group, equal to the previous representations when they are real (Y = 0), or adding

their conjugates when they are chiral (Y 6= 0).

multiplets contained in SU(5) representations with low dimensions: 5�5, 10�10, 15�15,

24. The quantum numbers of these states are summarized in table 1. Within each complete

SU(5) multiplet, arrows sum to zero.

Next, by summing these arrows with integer non-negative coe�cients we generate the

most generic set of points produced by arbitrary combinations of these multiplets. The

dots represent all possible combinations: we see that they form a sparse lattice, where each

point can be produced in many di↵erent ways. In particular, arbitrary combinations of the

SM representations contained in 5� 5̄ and 10 � 10 are already enough to span the whole

lattice, and nothing more is obtained by introducing the 24 or the 15� 15.

2.1 Extension to arbitrary representations

Here we show that the lattice points shown in fig. 1a describe the most general case for

fermionic matter and that no new points are added by including any other arbitrary irre-

ducible representation R. In general, the representation R can be described by the SU(3)

Dynkin label (n3, n̄3), the SU(2) Dynkin label (n2), and hypercharge Y . The Dynkin labels

count the di↵erences between the number of boxes in successive rows of the corresponding

Young tableau. So the indices n3, n̄3, and n2 are non-negative integers. The contributions

4

reps that “help” (improve precision, raise scale)
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Figure 1: Left: The lattice formed by all possible values of the one-loop �-function coef-

ficients generated by any combination of fermions in real representations of the SM group

that can be embedded inside SU(5) multiplets. Thick red dots represent the contributions of

single real representations, and the arrows with names represent the simplest of such cases,

which are found inside the following SU(5) representations (see table 1): fundamental (+

conjugate) 5� 5 = L�D, antisymmetric (+ conjugate) 10� 10 = Q�U �D, symmetric

(+ conjugate) 15� 15 = Q� T � S, and adjoint 24 = 1� V �G�X. Right: The green

area shows the range of the di↵erences between the beta function coe�cients for the gauge

couplings, �b3 ��b2 and �b2 ��b1, that provide unification at a GUT scale between 1016

and 1018 GeV (red dotted lines) with intermediate scale indicated in blue (dashed lines).

The point marked as ? represents the case of low-energy supersymmetry, and its nearest

dot represents the case of split supersymmetry with new scalars at the unification scale.

successful unification of the SM gauge coupling constants at some scale MGUT in one loop

approximation:
1

↵GUT
=

1

↵i(MZ)
� bSMi

2⇡
ln

MGUT

MZ
� �bi

2⇡
ln

MGUT

M 
. (1)

Here bSMi = {41/10,�19/6,�7} and �bi are the contributions to the �-function coe�cients

due to SM particles and to new fermions associated with the axion sector, respectively.

Only the values of the di↵erences �bi ��bj are relevant for unification and for fixing

its scale, while adding a universal �bi (equal for any i) increases the value of ↵GUT. The

arrows in fig. 1a show the values of (�b3 � �b2,�b2 � �b1) corresponding to real SM

3

same quantum #s as 
higgsinos in SUSY

same quantum #s as 
vector-like quarks in 

composite higgs 

takeaway: searches for higgsinos, vector-like quarks can be 
motivated by improved gauge coupling unification, 

where the pressure for accessible scales comes not from 
naturalness, but from logarithmic running of couplings.



baryogenesis
observe universe is primarily made of baryons, not anti-baryons,

1. initial conditions are tuned. 

2.b and b spatially separated. 

3.asymmetry is dynamical.

_

quantitatively, 

nB

n�
' nB̄

n�
'

⇣mp

T

⌘3/2
e�mp/T ! 10�18 (Tf ⇠ 20MeV)

if universe started with η=0 and baryons decoupled like wimps,

in bad disagreement! more or less three options:

deeply unsatisfying, essentially 
impossible w/ inflation

disfavored by data

⌘ ⌘ nB � nB̄

n�
⇠ 6⇥ 10�10



baryogenesis
sakharov conditions for dynamical baryon asymmetry:

1. baryon # violation (need to get net baryon # from b=0) 

2. c & CP violation (otherwise relate b,B-creating processes) 

3.departure from thermal equilibrium

_

in principle possible within sM during electroweak phase transition:

1. nonperturbative electroweak configurations (sphalerons) 

2. cp violation from ckm + domain wall breaks c 

3. if phase transition is strongly first-order

in practice, not enough of anything: CPV from ckm phase 
too small, ewpt not first order for mh=125 GeV,  



baryogenesis
some options (not exhaustive)

electroweak 
baryogenesis

affleck-dine 
baryogenesis

leptogenesis

add matter to sm to 
alter higgs potential, 
make ewpt strongly 

1st-order

e.g.

with Φ light and κ large

possible, but leads to 
deviations in higgs 

couplings (depending on 
quantum # of Φ) and 
higgs cubic coupling; 
testable w/ collider 
searches & precision 
higgs measurements.

1

⇤
(HL)2

already expect lepton 
# violation from 
neutrino masses,

posit type 1 seesaw 
(heavy rhns) w/ cpv 

couplings for condition 2

out-of-equilibrium 
decays of rhn satisfy 

condition 3

electroweak 
sphalerons process 

lepton # violation into 
baryon # violation 

(condition 1)

scalar field carrying 
baryon #, can have 

small cp and Baryon # 
violating couplings

effects can be large if 
scalar has large vev in 

early universe, then 
oscillates (e.g. flat 

potential, initially pinned 
by hubble friction)

oscillations give large 
effective baryon # 

violation that can be 
transferred to sm fields.

|�|2|H|2



Baryogenesis@tev 1: 
electroweak baryogenesis
add matter to sm to alter higgs potential, make ewpt strongly 1st-order

e.g. with Φ light and κ large|�|2|H|2

if Φ charged/colored, an easy game: search via direct production 
at hadron colliders or look for higgs coupling deviations.
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Figure 1. The region of parameter space where a strongly first-order EWPT occurs in the

“RH stop” benchmark model. Also shown are the fractional deviations of the hgg (left panel)

and h�� (right panel) couplings from their SM values. Solid/black lines: contours of constant

EWPT strength parameter ⇠ (see Eq. (2.9)). Dashed/orange lines: contours of constant

hgg/h�� corrections. (For the case of h�� the correction is always negative, and the plots

show its absolute value.) In the shaded region, phase transition into a color-breaking vacuum

occurs before the EWPT.

statements we will make concerning the minimal experimental precision required to

conclusively probe the first-order EWPT scenarios in each model would still apply if

portions of the shaded regions turn out to be phenomenologically acceptable.

By the same token, we do not incorporate the constraint of stability (or metasta-

bility) of the standard EWSB vacuum at zero temperature, which also may play a role

for negative m2
0. In order to impose this constraint, one would have to analyze a full

two-dimensional potential in H and � directions. Such an analysis was performed in

a model with a real scalar and a Higgs, in Ref. [44]; it should be possible to generalize

it to the case of complex scalar considered here, although such a study is outside the

scope of our paper. We emphasize again that if some of the regions included in our

plots turned out to be being ruled out by this constraint, this would only strengthen

our conclusions.

For the benchmark models with colored scalar (RH stop, Exotic Triplet and Sextet),

we plot the contours of fractional deviation of the hgg and h�� couplings from their SM
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Figure 4. The region of parameter space where a strongly first-order EWPT occurs in the

“RH stau” benchmark model. Also shown are the fractional deviations of the h�� coupling

(left panel) and the e+e� ! hZ cross section (right panel) from their SM values. Solid/black

lines: contours of constant EWPT strength parameter ⇠ (see Eq. (2.9)). Dashed/orange

lines: contours of constant h��/�
hZ

corrections. (The h�� correction is always negative,

and the plot shows its absolute value.) In the shaded region, phase transition into a wrong

EM-breaking vacuum occurs before the EWPT.

Higgs factory could provide an even more sensitive probe in these models. The minimal

shift in this cross section compatible with a first-order EWPT is about 0.8% in the LH

Stau model, and 0.6% in the RH Stau model. The projected precision at ILC-500

(with a luminosity upgrade) is about 0.25%, while TLEP is projected to measure this

cross section with an impressive 0.05% accuracy. Such a measurement would provide

a definitive probe of the possibility of a first-order EWPT in these models.

Finally, if the BSM scalar responsible for the first-order EWPT is neither colored

nor electrically charged, electron-positron Higgs factories can still explore this scenario

by measuring the e+e� ! hZ cross section, and the Higgs cubic self-coupling. This is

illustrated in Fig. 6. The minimal fractional deviation in the hZ cross section compat-

ible with a first-order EWPT is about 0.6%, similar to the “stau” models above. This

can be probed at a ⇠ 2.5 sigma level at an upgraded ILC-500, and comprehensively

tested at TLEP. In contrast, the predicted deviations in the Higgs cubic self-coupling

are in the 10 � 20% range, making them di�cult to test at the proposed facilities.
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transition 
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baryogenesis@tev 2:  
wimpy baryogenesis
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Figure 1: Schematic diagram showing the pair-production at the LHC of (a) dark matter in stable WIMP dark
matter searches, with associated initial state radiation (ISR); (b) the analogous production of the meta-stable
WIMP triggering baryogenesis, which decays at a displaced vertex to jets, leptons, and/or missing transverse
energy.

the creation of a baryon asymmetry. The key stages of WIMP baryogenesis are summarized in Fig. 2. Since
� decays far out of equilibrium, WIMP baryogenesis automatically implies c⌧� & mm, while the reverse of
the annihilation processes responsible for freeze-out can give a portal for producing the long-lived WIMPs at
colliders.

In addition to its role as a concrete implementation of a weak-scale baryogenesis model giving rise to
displaced vertices, WIMP baryogenesis is a unique baryogenesis mechanism that naturally gives a robust
prediction for the baryon abundance around the observed value, based on a generalized “WIMP miracle”.
As a low-scale mechanism, it o↵ers a viable path for baryogenesis in scenarios where a high-scale baryon
asymmetry would be diluted [40] or washed out [38]. We can compactly estimate the present-day baryon
abundance ⌦

�B with a just few parameters: ⌦
�B = ✏CP ⌦1

� , where ✏CP is the baryon asymmetry produced
per decay, and ⌦1

� would be the � relic abundance if it were a stable WIMP. The baryon asymmetry therefore
has a WIMP-miracle-like abundance. Assuming DM is a di↵erent WIMP that is stable WIMP, this mechanism
can naturally address the similarity between the present-day DM and baryon abundances based on a shared
WIMP miracle, while intrinsically including a mechanism for generating a baryon asymmetry. There have been
several concrete implementations of WIMP baryogenesis, including in minimal, mini-split SUSY models [41],
where the bino is the meta-stable WIMP responsible for baryogenesis, as well as extended natural SUSY
models [39] and other examples [42, 43].

A review of the DV search status at LEP, the Tevatron, and earlier LHC runs can be found in [34]. Both
ATLAS and CMS have excellent tracker resolution and have recently made impressive progress on improving
DV search sensitivities in various channels3. The exclusion limits placed in the DV search channels by the LHC
analysis have surpassed any previous searches for particle masses &100 GeV for pair production, and these are
expected to improve in future runs. The LEP2 searches may have competitive sensitivity to particles within its
kinematically accessible range (below 100 GeV each for pair-produced particles), but are limited by the total
luminosity, 0.6 fb�1. Furthermore, one of the most sensitive searches, which is by ALEPH [44], requires events

3For instance, significant improvement in limits and sensitivities have been achieved in the past two years since the publication
of Ref. [34].
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Figure 2: Illustration of the key processes in WIMP baryogenesis via the out-of-equilibrium decay of a meta-
stable WIMP �. The dashed double arrow indicates the arrow of time, along which the temperature decreases.

the meta-stable WIMP abundance after freeze-out; nevertheless, T
fo

is always around the weak scale. Note
that even in the case where the proper decay length is larger than the detector scale and predominantly gives
a missing energy signature, there can still be a fraction of � decaying inside the detector. Since most DV
signatures have no irreducible SM backgrounds, unlike missing energy searches, the DV decay modes can still
be a useful search channel, even when it is not the leading mode in terms of signal rate.

We have argued that the baron parent, �, has a long lifetime. There are, however, typically other particles
in the spectrum at a comparable mass to � which can also be long-lived. When a baryon asymmetry results
from the decay of an out-of-equilibrium particle, the requisite CP asymmetry arises from the interference of tree
and loop diagrams; in particular, the physical CP phase and additional B-violating source beyond tree-level
required for baryogenesis by the Nanopoulos-Weinberg theorem [47] necessitates other states that can appear
on-shell in the loop. These states are typically also charged under the approximate Z

2

symmetry with a long
lifetime, and can also be produced at colliders. As an example, the mini-split SUSY model of [41] predicts a
long-lived wino or gluino in the spectrum that is lighter than the baryon parent, which is the bino, in order to
generate a CP asymmetry. Therefore, the out-of-equilibrium Sakharov condition predicts a variety of possible
long-lived states giving rise to displaced vertices. As further speculation, an exciting yet very challenging
next step would be to measure the CP-violating e↵ect responsible for baryogenesis directly from the charge
asymmetry in the final-state system. This would demand very high luminosity and dedicated search strategies,
and is beyond the scope of this work.

2.2 Simplified models for collider studies

The models of WIMP baryogenesis proposed to-date [39, 41–43] share some common features, such as the
long lifetime of the particle(s) responsible for baryogenesis leading to displaced vertices and/or missing energy
signatures, although they di↵er in model details. While there are many potentially interesting avenues to
pursue in building viable models of WIMP baryogenesis, the resulting LHC phenomenology is insensitive to
all but a few parameters: the production mechanisms or gauge charges of the meta-stable WIMPs, their
decay channels, and the proper lifetime set by the approximate breaking of the Z

2

symmetry. Other details
of the baryogenesis model, such as the precise CP asymmetry, appear as higher-order corrections to WIMP

5

new particle gets thermal abundance from freeze-out, like dark matter 
(Wimp Miracle → weak scale couplings & mass). 

 out-of-equilibrium decays violate CP, baryon/lepton #

couplings required for these 
processes to work imply production 

via sm and long-lived decay to sm. 
displaced vertices at colliders

[Cui, randall, shuve ’11, cui & shuve ’14]



baryogenesis @ LHC

takeaway: no guarantee of accessible new physics, but many 
baryogesis mechanisms motivate signals at the weak scale.
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Figure 4: The 95% CL expected and observed upper limits.
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Figure 1: Schematic diagram showing the pair-production at the LHC of (a) dark matter in stable WIMP dark
matter searches, with associated initial state radiation (ISR); (b) the analogous production of the meta-stable
WIMP triggering baryogenesis, which decays at a displaced vertex to jets, leptons, and/or missing transverse
energy.

the creation of a baryon asymmetry. The key stages of WIMP baryogenesis are summarized in Fig. 2. Since
� decays far out of equilibrium, WIMP baryogenesis automatically implies c⌧� & mm, while the reverse of
the annihilation processes responsible for freeze-out can give a portal for producing the long-lived WIMPs at
colliders.

In addition to its role as a concrete implementation of a weak-scale baryogenesis model giving rise to
displaced vertices, WIMP baryogenesis is a unique baryogenesis mechanism that naturally gives a robust
prediction for the baryon abundance around the observed value, based on a generalized “WIMP miracle”.
As a low-scale mechanism, it o↵ers a viable path for baryogenesis in scenarios where a high-scale baryon
asymmetry would be diluted [40] or washed out [38]. We can compactly estimate the present-day baryon
abundance ⌦

�B with a just few parameters: ⌦
�B = ✏CP ⌦1

� , where ✏CP is the baryon asymmetry produced
per decay, and ⌦1

� would be the � relic abundance if it were a stable WIMP. The baryon asymmetry therefore
has a WIMP-miracle-like abundance. Assuming DM is a di↵erent WIMP that is stable WIMP, this mechanism
can naturally address the similarity between the present-day DM and baryon abundances based on a shared
WIMP miracle, while intrinsically including a mechanism for generating a baryon asymmetry. There have been
several concrete implementations of WIMP baryogenesis, including in minimal, mini-split SUSY models [41],
where the bino is the meta-stable WIMP responsible for baryogenesis, as well as extended natural SUSY
models [39] and other examples [42, 43].

A review of the DV search status at LEP, the Tevatron, and earlier LHC runs can be found in [34]. Both
ATLAS and CMS have excellent tracker resolution and have recently made impressive progress on improving
DV search sensitivities in various channels3. The exclusion limits placed in the DV search channels by the LHC
analysis have surpassed any previous searches for particle masses &100 GeV for pair production, and these are
expected to improve in future runs. The LEP2 searches may have competitive sensitivity to particles within its
kinematically accessible range (below 100 GeV each for pair-produced particles), but are limited by the total
luminosity, 0.6 fb�1. Furthermore, one of the most sensitive searches, which is by ALEPH [44], requires events

3For instance, significant improvement in limits and sensitivities have been achieved in the past two years since the publication
of Ref. [34].

3

motivates various searches for 
displaced decays using, e.g., 

tracker (cms) or hcal/ecal (ATLAS)
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• there is a superabundance of motivation for new physics at the tev 
scale, both from conventional bsm drivers (the hierarchy 
problem) and from less conventional ones (strong cp problem, 
unification, baryogenesis, dark matter, neutrinos,…). 

• popular solutions being tested, but new solutions to these 
problems abound, with new signals at the tev scale. 

• many of these signals are only now coming into the reach of tev-
scale probes, and make interesting goals for future colliders.

Thank you!


