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The BIG Hierarchy Problem

The Higgs mass-squared parameter in the SM is quadratically 
divergent. Why is the weak scale so much smaller than the Planck 
scale? 

Either the SM is fine-tuned, or something beyond the SM changes 
the running by eliminating the divergence. 

Only way we know to control quantum corrections is symmetry.

BSM physics at the LHC?

The naturalness problem: why is MHiggs ≪ MPlanck?

→ new coloured (top-)partners with mass ≲ 500 GeV?

Dark matter 

Weakly interacting massive 
particle(s) with mass ≲ 1 TeV?

Why the weak scale MW is so much smaller than MPl? 

1. Dynamical generation: dimensional transmutation
2. Controlled by symmetry: 
• Shift symmetry (Nambu-Goldstone boson)
• Super-symmetry (elementary particles)
• Discrete symmetries 
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Supersymmetry:  an elegant formalism

• Generalized extension of Poincare group of 
spacetime symmetry

• Critical ingredients for string theory: 
     World sheet/Spacetime SUSY
• Low energy effective field theory from 

compactification

• Eliminate the cosmological constant upto 
     symmetry breaking
• Stabilizes weak scale at all orders
• Potential Grand Unification of EW & QCD
• Natural WIMP dark matter candidate

Julius Wess & Bruno Zumino (in 1974)
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Supersymmetry: fermion <-> boson

Under SUSY, the two partners must
• Have the same mass, the same coupling
• Spin different by ½

Since we have not seen a partner of same mass, 
SUSY must be broken, at a higher scale.



6

Minimal Supersymmetric Standard-Model (MSSM)
(C). Our “Theory Bank”

Weak-scale Supersymmetry:
Extended symmetry between opposite spin & statistics

particles symbol spin mass param.
gluino g̃ 1/2 M3

charginos χ̃±
1 , χ̃±

2 1/2 M2

neutralinos χ̃0
1, χ̃

0
2, χ̃

0
3, χ̃

0
4 1/2 M1, µ, B

m2
Hu

, m2
Hd

sleptons ẽL, ν̃eL, ẽR 0 m2
ℓL

µ̃L, ν̃µL, µ̃R 0
τ̃1,τ̃2, ν̃τL 0 m2

ℓR
squarks ũL, d̃L, ũR,d̃R 0 m2

qL

c̃L,s̃L, c̃R,s̃R 0
t̃1, t̃2, b̃1,̃b2 0 m2

qR

Higgs h0, H0, A0, H± 0 m2
A, tan β

A natural cancellation mechanism:

t̃ versus t; W̃ versus W ; H̃ versus H; Hd versus Hu,

∆m2
H ∼ (M2

SUSY − M2
SM)

λ2
f

16π2
ln

(
Λ

MSUSY

)

.
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Weak scale SUSY stabilizes the hierarchy MW − Mpl

only if the “soft-SUSY breaking”: MSUSY ∼ O(MSM).

à “Weak scale” supersymmetry!
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What about MSUSY (in a hidden sector)?

× Supersymmetry breaking mechanism is unknown.

Fermionic masses:

M1, M2, M3, µ → Mχ±1,2
, Mχ0

1,2,3,4
;

Scalar masses:

Mq̃L,R
, Ml̃L,R

;

Mixings:

tanβ, sinα ... ...

CP Phases:

φ1,2,3µ ... ...

What about MSUSY (in a hidden sector)?

× Supersymmetry breaking mechanism is unknown.

Fermionic masses:

M1, M2, M3, µ → Mχ±1,2
, Mχ0

1,2,3,4
;

Scalar masses:

Mq̃L,R
, Ml̃L,R

;

Mixings:

tanβ, sinα ... ...

CP Phases:

φ1,2,3µ ... ...

Parameter count in the SM and MSSM (no m′
νs yet)

masses and CP-viol.
model mixing ang. phases TOTAL
SM 17 2 19

MSSM 79 45 124
(MSSM)BV 97 62 159
(MSSM)LV 157 122 279
(MSSM)BLV 175 140 315
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Natural value of m(Z) from
pMSSM is ~2-4 TeV

scan over parameters

If you didn’t fine-tuned, then here is m(Z)

12Tuesday, May 5, 15

Guidance and Assumptions:

Based on observation:

* Proton stability:

⇒ R-parity conservation; or B, L not broken

simultaneously (in 1st,2nd generations).

* No excessively large CP-violation/FCNC:

⇒ no (or small) phases; sfermion mass degenerate (or heavy).

* Direct mass bounds from collider searches:
>∼ O(100 − 400 GeV).

Most part of the parameter-space ruled out!

General parameter selection:
Phenomenological MSSM (pMSSM)
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“Natural SUSY”: Radiative EWSB

√
predict TeV scale new physics:

light Higgs bosons H0, A0, H±; SUSY partners W̃±..., g̃, q̃, l̃±...

√
radiative EWSB by the large top Yukawa coupling:

M2
Z/2 =

m2
Hd

−m2
Hu

tan2 β

tan2 β−1
− µ2.

√
imply a (possible) grand desert

in MSUSY − MGUT , and gauge

coupling unification.
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The “LSP” is a good dark matter candidate χ̃0 ∼ B̃.

√
Possible EW baryogenesis, with light mh, mt̃.

Cohen, Kaplan, Nelson, 1996
Hall, Pinner, Ruderman, 2012
Baer, Barger, Huang, Tata, 2012

h

strong dynamics

s

H, H
±

H̃
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t̃1,2, b̃L

g̃

mass (GeV)

A Natural SUSY Spectrum

&

Figure 14: An example of a natural SUSY spectrum in �SUSY with � ⇠ 2. The fine-tuning
of the Higgs mass, and electroweak symmetry breaking, can remain milder than 10% with the
Higgsinos at 350 GeV, the stops at 1.5 TeV, and the gluino at 3 TeV. Mixing between the Higgs
and the singlet lowers the Higgs mass to 125 GeV.

heavy, about 1.5 TeV, before they introduce fine-tuning into electroweak symmetry breaking. In

Figure 14 we give an example of such a natural superparticle spectrum. This possibility presents

a new twist on the null supersymmetry results: maybe superparticles are above the 7 TeV reach

of the LHC because the Higgs potential is protected by a large value for �. Of course, since the

tree-level contributions are large in �-SUSY, the stops are not required to be heavy in order to

raise the Higgs mass. Thus it is also possible that the superparticle spectrum is about to be

discovered. We have also found that �-SUSY has the possibility of interesting non-decoupling

e↵ects. Mixing between the two doublets depletes the coupling of the lightest Higgs to bottom

quarks (the opposite of how non-decoupling usually works in the MSSM), enhancing the ��

and WW rates and depleting the branching ratios to b’s and ⌧ ’s. In �-SUSY, non-SM Higgs

branching ratios may present the first experimental clue for supersymmetry, instead of the direct

discovery of sparticles.

21

Assume higher scales correlated ,
only insist on light Higgsinos: 
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Reminder: three times data had chance to rule SUSY out 

gauge 
coupling 

unification

require 
m(t)~150-200 
GeV for EWSB

predict
m(h)<~130 GeV

6Tuesday, May 5, 15

First:  the Higgs puzzle: 
*scalar fields in QFT: 

quadratic divergence causes mass to blow up to 
highest scale in theory: 

*hard to understand unless
Higgs is composite or protected by some symmetry

* so far, Higgs looks fundamental

*then SUSY seems likely answer: protects m(h) to
all orders in perturbation theory:

does the job, once-and-for-all!

oft repeated mantra: 
naturalness requires SUSY at weak scale

5Tuesday, May 5, 15

(more parameter 
space here!)

Higgs mass corrections & Heavy Higgs bosons
mH

2 ≈ MZ
2 cos22β + Δm2

SUSY

Tree-level <(80 GeV)2 +  loop-level: >(45 GeV)2

à Need large tanβ;  
     mstop & mixing Xt >> mt
     sensitive to 𝛍, the Higgsino parameter 
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MSSM Higgs Mass

Xt = 0

Xt = 6 mté

Suspect
FeynHiggs

mh = 124-126 GeV

Figure 1: The Higgs mass in the MSSM as a function of the lightest top squark mass, mt̃1
, with

red/blue solid lines computed using Suspect/FeynHiggs. The two upper lines are for maximal
top squark mixing assuming degenerate stop soft masses and yield a 124 (126) GeV Higgs mass
for mt̃1

in the range of 350–600 (500–800) GeV, while the two lower lines are for zero top squark
mixing and do not yield a 124 GeV Higgs mass for mt̃1

below 3 TeV. Here we have taken
tan � = 20. The shaded regions highlight the di↵erence between the Suspect and FeynHiggs
results, and may be taken as an estimate of the uncertainties in the two-loop calculation.

the Higgs doublets, �SHuHd, that is perturbative to unified scales, thereby constraining � . 0.7

(everywhere in this paper � refers to the weak scale value of the coupling). The maximum mass

of the lightest Higgs boson is

m
2
h
= M

2
Z
cos2 2� + �

2
v
2 sin2 2� + �

2
t
, (2)

where here and throughout the paper we use v = 174 GeV. For �v > MZ , the tree-level

contributions to mh are maximized for tan � = 1, as shown by the solid lines in Figure 2,

rather than by large values of tan � as in the MSSM. However, even for � taking its maximal

value of 0.7, these tree-level contributions cannot raise the Higgs mass above 122 GeV, and

�t & 28 GeV is required. Adding the top loop contributions allows the Higgs mass to reach

125 GeV, as shown by the shaded bands of Figure 2, at least for low values of tan � in the region

of 1–2. In this case, unlike the MSSM, maximal stop mixing is not required to get the Higgs

heavy enough. In section 3 we demonstrate that, for a 125 GeV Higgs mass, the fine-tuning of

the NMSSM is significantly improved relative to the MSSM, but only for .6 . � . .7, near the

boundary of perturbativity at the GUT scale.

2

“Little hierarchy problem”
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SUSY Grand Unification

Proton decay bounds
--- SUSY helps!
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SUSY breaking/mediation scenarios:

(*) “Minimal Super-gravity” (mSUGRA) scenario:

Gravity mediates the SUSY breaking from MGUT to MEW .

At the high scale: m0, m1/2, A, tanβ, and sign(µ)
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All masses at the EW scale predicted.
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All masses at the EW scale predicted.

mSUGRA/CMSSM highly unnatural

under all measures:

ruled out by LHC!

NUHM2 model which allows 

small mu allowed by D(EW)!

SUSY still natural even in face

of LHC sparticle and Higgs


mass constraints!

However,

mSUGRA/CMSSM highly unnatural

under all measures:

ruled out by LHC!

NUHM2 model which allows 

small mu allowed by D(EW)!

SUSY still natural even in face

of LHC sparticle and Higgs


mass constraints!

Currently, 𝜟BG(mSUGRA) > 1000
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(*) “Gauge mediation” scenario: ∗

parameters: Λ, Mm, N, tanβ, sign(µ)

N : no. of messengers,

Mm (10 − 100 TeV) :

messenger mass scale,

Λ = F/Mm (10 − 100 TeV):

SUSY breaking scale.

Spin-12 Goldstino LSP:

m
G̃

= F√
3Mpl

≈
( √

F
100 TeV

)2
eV

leading to missing energy.

Sparticle masses:

M̃χ̃ ∼ κN αa
4πΛ,

m̃2
f̃
∼ κ′N

∑
i Ci

αi
4πΛ

2.

∗Gauge mediation working group report:
hep-ph/0008070.

(*) “Gauge mediation” scenario: ∗

parameters: Λ, Mm, N, tanβ, sign(µ)

N : no. of messengers,

Mm (10 − 100 TeV) :

messenger mass scale,

Λ = F/Mm (10 − 100 TeV):

SUSY breaking scale.

Spin-12 Goldstino LSP:

m
G̃

= F√
3Mpl

≈
( √

F
100 TeV

)2
eV

leading to missing energy.

Sparticle masses:

M̃χ̃ ∼ κN αa
4πΛ,

m̃2
f̃
∼ κ′N

∑
i Ci

αi
4πΛ

2.

NLSP dominates phenomenology.

∗Gauge mediation working group report:
hep-ph/0008070.

Trial III: in GMSB

pp̄ → χ−
1 χ0

2 → e−νχ0
1 e−ẽ+

→ e−e− e+ γ G̃′s

with ẽ → e+χ0
1, χ0

1 → γG̃ (or not).

Kinematical fit to the CDF event: ∗
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(*) “Anomaly mediation” scenario: †

Scalar and gaugino masses generated by one-loop Super-Weyl anomaly

(Gravity as bluk messengers).

(*) “Gaugino mediation” scenario: †

Gauginos as bulk messengers.

(*) “Mixed Modulus-Anomaly mediation” scenario: ‡

......

Only experiments can tell: A real challenge!

†Randall and Sundrum, hep-th/9810155; Giudice et al., hep-ph/9810442.
†Schmaltz and Skiba, hep-ph/0001172.
‡Choi et al., hep-ph/0504037.
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Smoking gun signal for SUSY ---
Large missing transverse momentum:Building robust SUSY searches

✦ Lots of work has gone into commissioning 
all objects over the four years of run-2

๏ Detector/object performance is the 

foundation of all of our searches! 

✦ MET searches, in particular, are difficult 

๏ in part because it relies on strong 

performance of all physics objects 
๏ It tends to be sensitive to detector noise! 
๏ Careful studies of anomalies in our 

inhomogeneous dataset have been 
paramount

�7

CMS JME-17-001
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Top-partner is the most likely suspect
                     SUSY on Trial:
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Gluinos are the next candidate!



19
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Two Higgs-Doublet Model
5 Higgs bosons:

125

Missing siblings:

Tree-level mass given by:
Collider constraints:

signatures in Multi-Higgs-doublet models 10,11 and in aligned 2HDM 12,13. Expected H
+ decay

branching fractions with 2HDM types are compared in Fig. 1. The doubly/singly charged Higgs
decaying to diboson is predicted in models using more complex Higgs scalars, e.g. the Georgi-
Machacek (GM) model 14,15,16 and their search results are also presented. All the results in this
report are based on 8 TeV or 13 TeV data collected with the CMS detector 17.

Figure 1 – Decay branching fraction of H+ in the four di↵erent types of 2HDM as a function of tan� for mH+ =
150 GeV in the SM-like limit sin(� � ↵) = 1 from Ref. 8.

1.1 H
+ ! ⌧⌫

The analysis considers both light and heavy H
+ production from tt̄ decays and pp ! tbH

+

process, respectively, in the fully hadronic final state of the tt̄
18. The signal extraction is

performed with the transverse mass variable (mT ), reconstructed from the hadronic ⌧ and the

missing transverse energy ~/ET as: m
2
T

= 2 · p⌧h
T
| ~/ET |(1 � cos��( ~/ET ,~⌧

h)). The observation
agrees with the SM prediction and the results are interpreted in the context of the minimal
supersymmetric SM m

mod+
h

benchmark scenario as shown in Fig. 2.
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Figure 2 – Exclusion in the parameter space mH+ �tan� of the MSSM (type-II of 2HDM) benchmark scenario18.

1.2 H
+ ! tb̄

This search uses a fit of the kinematic variables to extract the H
+ signal. No evidence of the

H
+ is found and the 95% CL upper limits on charged Higgs production cross section are derived

combining the tt̄ decays in the final states of dilepton, µ⌧h, and e/µ+jets without any model
dependent assumption in Fig 3. Combining the search result of H+ ! ⌧⌫ using 8 TeV, the
MSSM interpretation following m

max

h
and m

mod�
h

scenarios are presented in the Fig. 3 19.

General 2HDM with Z2 symm
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“Naturally speaking”: 
H0 should not be a lonely particle; has an 
“interactive friend circle”:               
  and partners                         …

t, W±, Z

t̃, W̃±, Z̃, H̃±,0

“Little hierarchy problem”

The Jury is still out (again) …



Future prospects:
pushing the “Naturalness” limit

à Higgs mass fine-tune: δmH/mH ~ 1% (1 TeV/Λ)2

Thus, mstop > 8 TeV à 10-4 fine-tune!

22

gauginos

The searches for top quark partners & gluinos, gauginos … 

E=30
    14

            10 TeV
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SUSY WIMP DM
The lightest neutralino could be a natural 

WIMP dark matter candidate!
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Figure 5: Current and future limits on DM direct detection spin-independent cross section, �SI
p , as a

function of DM mass, m�. The current limits are shown with solid black (LUX [171]), gray (PandaX-

II [172]), brown (XENON100 [197] and XENON1T [170]) and violet (CDMSlite-II [173]) lines. Future

projections correspond to CRESST-III (Phase 2) [208] (light blue), DarkSide G2 [206] (violet triple-dashed

line), DEAP3600 [204] (blue double-dashed line), LZ [202] (black long-dashed line), SuperCDMS at SNO-

LAB [207] (pink short-dashed line) as well as XENON1T/nT [201] (brown dash-dotted lines). We also show

the 95% C.L. region for the 19-parameter version of the MSSM (green shaded area) [209] and posterior

plot for the allowed parameter space of the CMSSM (brown area enclosed with the solid brown line) [210].

The shaded areas on top of the plot correspond to the favored regions for DM interpretations of anomalies

reported in the literature by the CDMS-Si [190] (blue), CoGeNT [184] (gray) CRESST-II [194] (light blue)

and DAMA/LIBRA [167] (light green) collaborations. The shaded area below the solid orange line on the

bottom of the plot corresponds to the irreducible neutrino background [165].

Implications for WIMP models Direct detection searches play a vital role in con-

straining various models of WIMP as DM. For instance, early negative results from the

Heidelberg-Moscow experiment [216] led to an exclusion of the scenario in which the ma-

jority of DM was composed of left-handed sneutrinos in the MSSM [128], as discussed in

Section 2.3. Since then many other theoretical candidates have been constrained by null

results of searches for the DM particles in DD experiments.

Limits from DD have also been derived on e↵ective contact operators describing pos-

sible interactions between DM and the SM particles (for studies related to DD see, e.g.,

[158, 159]). One can then translate the usual DD limits shown in the (m�,�SI
p ) plane into

the actual limits on the coe�cients of the operators that contribute to �
SI
p , while the other

coe�cients remain free and can, e.g., help to achieve the proper value of the DM relic

density. Stronger constraints can be obtained when both DD and ID searches are taken

into account (see, e.g., [217]).

Another phenomenological approach consist in “expanding” the contact operator ap-

– 19 –

GeV low mass:
DD difficult;
Collider complementary

100 GeV or higher mass:
DD + ID + HE Collider
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Utilizing the missing-mass technique for DM search,
covering the thermal targetwith � / g4

e↵/M2
DM. This leads us to a limit on the dark matter mass of

MDM < 1.8 TeV

✓
g2
e↵

0.3

◆
. (18)

As has been long appreciated, it is quite remarkable that the TeV scale
emerges so naturally in this way, assuming dark matter couplings comparable
in strength to the electroweak gauge interactions. This gives a strong, direct
argument for new physics at the TeV scale, independent of any theoretical
notions of naturalness.

Compellingly, dark matter often falls out of theories of physics beyond
the SM without being put in by hand. Indeed, if the SM is augmented by
new physics, not even necessarily close to the weak scale, but far beneath
the GUT scale, the interactions with new states should respect baryon and
lepton number to a very high degree. Since all SM particles are neutral under
the discrete symmetry (�1)B+L+2S, any new particles that are odd under
this symmetry will be exactly stable. This is the reason for the ubiquitous
presence of dark matter candidates in BSM physics. It is thus quite plausible
that the dark matter is just one part of a more complete sector of TeV-
scale physics; this has long been a canonical expectation, with the dark
matter identified as e.g. the lightest neutralino in a theory with TeV-scale
supersymmetry. The dominant SUSY processes at hadron colliders are of
course the production of colored particles—the squarks and gluinos—which
then decay, often in a long cascade of processes, to SM particles and the
lightest supersymmetric particle (LSP), resulting in the well known missing
energy signals at hadron colliders. This indirect production of dark matter
dominates, by far, the direct production of dark matter particles through
electroweak processes.

However, as emphasized in our discussion of naturalness, it is also worth
preparing for the possibility of a much more sparse spectrum of new particles
at the TeV scale. Indeed, if the idea of naturalness fails even slightly, the
motivation for a very rich set of new states at the hundreds-of-GeV scale
evaporates, while the motivation for WIMP dark matter at the TeV scale
still remains. This is for instance part of the philosophy leading to models
of split SUSY: in the minimal incarnation, the scalars and the second Higgs
doublet of the MSSM are pushed to ⇠ 102

� 103 TeV, but the gauginos (and
perhaps the higgsinos) are much lighter, protected by an R-symmetry. The
scalars are not so heavy as to obviate the need for R-parity, so the LSP is
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Alternatives to “Naturalness”?

𝜙𝜙 slow rolls and “scans” 
the Higgs massΛ is the EFT cutoff scale; “bare” Higgs 

mass is 𝑀𝑀~Λ

Technically natural-- shift symmetry 
for 𝜙𝜙 broken only by small coupling 𝑔𝑔

𝜙𝜙 must vary over a range ∆𝜙𝜙~Λ/𝑔𝑔 to 
scan the Higgs mass by O(1)

Inflationary background 
cosmology: 𝑎𝑎 ∝ 𝑒𝑒𝐻𝐻inf𝑡𝑡

Cosmological Relaxation
Graham, Kaplan, Rajendran 2015

Alternative possibility: There could be many different solutions of the 
theory (“universes”) described by different EFTs, so that the Higgs mass 
is not a unique number.

The question now becomes “Why do we live in a solution with a 100 
GeV Higgs?”– a question about cosmology

Scenarios:
• Anthropic Landscape– not a dynamical explanation
• Cosmological Relaxation (Graham, Kaplan, Rajendran 2015)
� Talks by Peter Graham, Brian Batell, Tony Gherghetta

• Nnaturalness (Arkani-Hamed, Pinner, et. al.)
� Talk by Nima Arkani-Hamed

Alternative possibility: There could be many different solutions of the 
theory (“universes”) described by different EFTs, so that the Higgs mass 
is not a unique number.

The question now becomes “Why do we live in a solution with a 100 
GeV Higgs?”– a question about cosmology

Scenarios:
• Anthropic Landscape– not a dynamical explanation
• Cosmological Relaxation (Graham, Kaplan, Rajendran 2015)
� Talks by Peter Graham, Brian Batell, Tony Gherghetta

• Nnaturalness (Arkani-Hamed, Pinner, et. al.)
� Talk by Nima Arkani-Hamed

String theory predicts: there are at least 10272,000 vacau!
And we just so happen to live here …(Don’t ask why!)Cosmological Relaxation

Graham, Kaplan, Rajendran 2015

Higgs mass goes 
negative, ℎ ≠ 0

ℎ ,𝑉𝑉(ℎ) increases

(Classical) evolution stops when 𝑉𝑉(ℎ)
𝑓𝑓
~𝑔𝑔Λ3; 

i.e. small EWSB scale is dynamically selected

𝑉𝑉 ℎ = 0 ~ 0



-- Nima Arkani-Hamed


