Firing Missiles at Right Angles to Reality:

The Search for Hidden Dimensions of Nature

An ex-Higgs-Hunter’s Guide to Extra Dimensions
and the Quest for Physics Beyond the Standard Model

Physics Colloquium
Syracuse University
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“..anyone who has been to the higher dimensions will know that
they're a pretty nasty heathen lot up there who should just be
smashed and done in, and would be too, if anyone could work
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Take me to your leader
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Take me to your leadagr
RULER

Feynman: We can use hydrogen atoms as our common ruler



Mass/Energy

¢c=3-10°m/s FE = mc”

h=6.6-10"2GeV -s

Everything can be measured in terms of GeV ~ | Mproton




We have lots of Rulers

You can’t just make things bigger and
expect them to work the same way

B Nature is full of different length scales

The scales we observe follow from
violations of scale invariance at the
shortest distances
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Some physics in Feynman’s answer

Bohr Radius:

N\

Electron Charge Electron mass (Higgs)

Mproton~1 GeV
set by physics of Quantum Chromodynamics

theory of quarks and gluons

Two very different dynamical phenomena contribute to
volume-mass relations of every-day objects




our local universe

some other
hospitable corner
of the multiverse

What's a hydrogen atom?



One Ruler to Rule them all

We both live in spacetime - should both have gravity
GNMlMQ

r
GeV = [V] = [GN]GeV? = [Gn] =

1

V =

1
GeV?

Gn
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Effective Field Theory

Ken Wilson (1936-201 3)




Effective Field Theory

systems w/ fluctuations at all scales

Quantum Field Theory
sum over all possible fluctuations
long and short wavelength included
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Effective Field Theory

Relationship between parameters in action and physical
observables is complicated

e.g.a very simple quantum field theory:

1
S = /d% {5@@2 — mi¢? — )\cb‘l}

mc2)bs — mc2)bs (m27 )‘)

Parameters in action wildly different from observables

Summing over all scales:
m? and A must both be infinite to get finite M?obs



-v‘“;i.
{.: “Dragons” at high momentum:

Fa ‘ infinities, string theory/quantum gravity,
g GUT’s, stuff that might solve SM problems...
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Don’t sweat the small stuff

Perform integral over hlgh momentum fields Frst’

Z= [IDocDoslexp | 15| = [IDoclexp |3

S is “effective” action valid for all scales below Ayv

4+ You don’t need to know what’s going on up there! Your mission is to construct
an effective action with finite parameters describing what you do see

a(AUV)a MHiggS (AUV)a etc...
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The Wilsonian Ruler




Lifting the Veil

As we push the boundaries of the energy frontier, we push
the UV cutoff ever higher

o(Apv) = a(Apy) Miiges(Avv) — Miges(Ayvy)

M (Auy) M (M)

1 (/

n m
AUV AUV
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“Dragons” hide in parameters
with negative mass dimension:

If you measure a ¢ # 0, it grows quickly

signals onset of non-perturbativity/New Physics

Fermi Theory =— Electroweak theory

Bad behavior of W scattering = Higgs discovery



Lifting the Veil




Lifting the Veil

Al =1
WRONG (but close if A is small)

“Unlike for everyone else, 1 +1 isn’t |, for us it is more like 4.”

-Yuval Grossman



Lifting the Veil

Naive dimensional analysis doesn’t capture all the physics




“Emergent” scales

For theory of quarks and gluons P is negative

Running the procedure in reverse - lowering the curtain:

Quantum Chromodynamics & the proton mass

0.5
April 2012

v T decays (N3LO)

a DIS jets (NLO)

0 Heavy Quarkonia (NLO)

o e'e jets & shapes (res. NNLO)
e 7 pole fit (N3LO)

pp —> jets (NLO)




Standard Model vs
Wilsonian Standard Mode|

1 L Lo 2| 1712 1 :
_493G _mw _4_%33 + pu”|H|* — A\ H|* 4 fermions

log 0o or 0o?

Pathologies all in “bare” parameters
cumbersome order by order (in perturbation theory)
subtraction of infinities

L =




Standard Model vs
Wilsonian Standard Model

1
4g3(A)

1

B 2
ATV

L= G? B? + 2 (A)|H|? — M(A)|H|* + fermions

 4g2(A)

3 MO

All parameters are finite - study approach to pathologies
in controlled and phenomenologically motivated way
and they have real physical meaning!



The Standard Model Fermions

matter constituents

FERMIONS spin = 1/2, 312, 5/2, ...

Leptons spin =1/2 Quarks spin =1/2

. Approx. .
EETCT GM?/S/S2 Electric T Mass Elhecrtrlc
eV/c GeV/c2 charge

ightest « (0-0.13)x10~ - 0.002 2/3

@  electron 0.000511 —1 QJ down 0.005 -1/3
Yoy Made . 1(0.009-0.13)x10-° 0 C) charm 1.3 2/3
L) muon 0.106 0.1 —1/3
VY, heaviest | (0.04-0.14)x10-9 173 2/3

T tau {777 4.2 —1/3




Standard Model Bosons

force carriers

BOSONS spin =0, 1, 2, ...

mnified Electroweak spin =“ / Strong (color) spin =1 \

Mass Electric
GeV/c? | charge GeV/c2

Name

Name Mass Electric
charge

+ HIGGS BOSON
Mu~126 GeV
Charge = 0

Z boson




The Standard Model
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No nearby obvious
nath_'w_JeS,
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Almost every hep-ex paper:

i “The data are consistent with Standard Model




“l think you ought to know I'm feeling very depressed”
-Marvin the paranoid android



“Incredible... It's even worse than | thought it would be.”






Fine Tuning

In Condensed matter, you get
to play “God”: SR

Goldstone p— " Higgs mode
mode

Lattice depth (E)

A =0.03V,

r
T _.,=20r

mod

400 800

200 300 400
Ymod (Hz)

Time (ms)

/
0.03 : 0.09

Mott

. Insulator Superfluid

In particle physics:
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Masses would generically be of
Light Higgs region order Mpianck or MguT

1.5 2 2.5

IR



Fine Tuning in
Wilsonian Picture

sum over all fluctuations
M&,,, = cHiges Aiv+ relevant for this measurement

‘ up to scale Ayy
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above the curtain
top loop

SU(2) gauge boson loops
Higgs loop

CHiges tuned to part in Miges?/Auv?



Strong CP Problem

QCD “should” have violated CP

neutron electric dipole moment - sensitive to both strong
and weak CP violating phases

_—This part is from the Higgs!

must be < 10!

Vaxion minimized when strong CP violation vanishes
— only QCD can contribute...another tuning!

(Planck scale is actually TOO SMALL here)




Cosmological Constant
Acc=( 10-12 GeV )

Just as the Higgs fills the vacuum with weak-charge, it also
fills it with an energy density
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Fermion masses

fermion masses

Vi —eieVaeV3

ueV meV eV keV MeV GeV TeV

These come from the Higgs

> A Hh vk

very small #’s
Z A)\”VZ Hit2Hv; or
very high scale




Flavor

Weak interactions are not diagonal

0.97428 4 0.00015 0.2253 £ 0.0007 0.00347__F8:888%g
_ +0.00015 +0.0011

+0.00026 +0.0011 +0.000030
0.00862 " 5 50020 0.04035 5007  0-9991527 5" 500045

J = (2.91717) x 107 - weak CP violation

This is close to the identity, and very hierarchical
off-diagonals quantify amount of flavor changing in weak interactions

weak charge and masses almost simultaneously diagonalizable...why?



What does the Higgs not do!?

® |t doesn’t give masses of order Mpianck
® |t should
® |t doesn’t give huge contribution to Evacuum

® |t should

o b
i




We seem to have some parts
= M |eft-over/missing

c WEKI Z

Gravity?




A New Mechanism for

Hierachical Scale Generation,

Naturally Light Scalar Fields,



http://arxiv.org/abs/arXiv:1305.3919
http://arxiv.org/abs/arXiv:1305.3919

Moving about

e.g. rotations

Finite Rotations: J
M — 67; Zz Oéz'Jz'

0O sinf coséb

| 1 0 0
eg. My, =eYr =1 0 cosf —sinb Jo =

Obey commutation relations:

Ji, Jj| = i€ijrJ

commutation relations specify the actions
Can construct theories symmetric under these actions

J3

SO = O R OO O O O




In space-time
Turn Translate Boost

[Ji, Jj] = ieijxdy ,
[Ji, K] = ie;xKy ,
[Ki, K] = —i€jjxdy

[Ji, Pj] = i€ Py,

[Ki, Pj] = —iH é;;,

[Ji,H] = [P;,H] = [H,H] =0,
[KiQH] x“lPl |

More possibilities in QFT? Coleman-Mandula Theorem says NO




Scale invariance

(aka conformal invariance)

Give up on having an analytic scattering matrix

i T = i€ijcdic -+ Generator for changing rulers
[Ji, K] = ie;uKy ,

[Ki, K] = —iejpdi [Da P,u] — P,u

+special conformal

[JDP]] - ieijkPk ’
[Ki, Pj] = —iH;j
[J,-,H]z[Pi,H]z[H,H]zo, & .CL‘M:6 :cu
[Ki, H] = —i P; |

IAD A

At energies above muigs the SM is nearly scale invariant



“Biggest” Problem:

When QCD phase transition occurs
(or any other PT’s occur in early universe - e.g. Higgs)
vacuum filled with energy density (cosmological constant)

History of the CC:

somehow when the
dust settles end result
is near zero CC

How did UV know what
the IR was going to do!

T

Supersymmetry really can’t do much about this one



Revisit OCD

as(Auvy)
1 — as(AU\/)ﬁlOg Altﬁv

Pathology manifests when denominator vanishes

as(p) =

approach to phase transition

a DIS jets (NLO)
0 Heavy Quarkonia (NLO)

e Scale invariance very
broken near | GeV!

& pp — jets (NLO)

=QCD (M) = 0.1184 £ 0.0007 (eg MGUT or MPIanck)

1 10 100

Q [GeV]

UV boundary conditions determine IR scale

Could there be a theory where the IR scale is sensitive to the
eventual value of the CC itself? An adjustment mechanism?




Spontaneously broken symmetries

Auyv

Example:

Below QCD phase transition
Light pions and  gxnNfr = GnoMy

/

pion-nucleon coupling decay rate of neutron

We have since developed procedures to construct
effective theories where symmetry is manifest




Spontaneously broken
Scale Invariance!?

1
Seff = /d4$§(3><)2 — ax*

® 2>0-f=0 (no breaking)

Fubini’7/6 ® a <0 -f=00 (runaway)

® 3 =0 - f=anything (flat potential)
(massless particle - no symmetry)

a is cosmological constant in units of f!
CC problem - it’s usually big

Hard to realize




Spontaneously broken
almost scale invariance

€¢_ 9

quartic coupling “a” depends on parameters of UV theory

a(A) is function with zero for some value of A

If theory is not quite scale invariant, coupling A can change slowl
d\
= €
dlog u

a(A (X)X’

No longer a simple quartic potential



theory scans landscape until
magic value dynamically found

a(A(H)) Potential minimized
here (f << Mp)

N~-¢

Upshot: You get a Higgs-like scalar field with m? ~ € f2

Cosmological constant is Acc~€ f4



Where do extra
dimensions come in?

[Ji, Jj] = i€y ,
[Ji, K] = ieiuKy ,
K, K] = —i€jjpdy
[Ji, Pj] = i€k Py,
[K;, Pj] = —iHS,;

[Ji,H] = [P;,H] = [H,H] =0
[K;,H] = —iP;, |

+ Generator for changing rulers

These are the same as the movements in a 5D space with
constant negative curvature
quantum field theories in these 5D spaces share properties

with certain scale invariant 4D theories (AdS/CFT)
Changes in scale = translations in 5th dimension



5D Model that implements
ideas of cartoon

arXiv:1305.3919 “A Naturally Light Dilaton and a small Cosmological Constant”

5D Gravity +

single scalar field w/ small potential
(small €)



http://arxiv.org/abs/arXiv:1305.3919
http://arxiv.org/abs/arXiv:1305.3919

Can we observe this?
Some speculation/outlook:

® Gravity waves/CMB: phase transitions in early universe

® dynamics of true vacuum bubble collisions sensitive
to this mechanism!

® Neutron stars: Seems like there should be order |
change in energy density in exotic phases in core
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Problem One

till need enormous tuning here




Another Coleman-Mandula Loophole:

[Ji, Jj] = i€k ,

[Ji, K] = ieijKy ,
[Ki, K] = —i€jjpdy

[Ji, Pj] = i€k Py ,

[K,,PJ] = iHéU ,

[Ji, H] = [P;, H]‘*"[HH]"-
K;,H] = —i P;,

s A
{Cy)ﬂf? Cv)ﬂ} o )O-ﬂ oy PH‘

truly quantum dimensions:
can only take one step in each one

Supersymmetry is an extra-dimensional theory



Easy Solution
5D Gravity +

single scalar field w/ small potential
(small €)

T supersymmetry

- '1“ e \‘i_--" .-ph ~LJ "::‘.‘. : '.‘"‘-"....:—‘ 8 o Y R (I - X Sl g | o= EER T e o | o Sy
- . L E ™ L4 -t ol o _ ' X - ;o ® & . I -




Problem Iwo
The Planck scale is TOO SMALL

theory scans landscape
very slowly until magic value
dynamically found

a(A(H)) Potential minimized
here (f << Mp)

(N~ £710°




What don’t these 5D Models do?

® They don’t give masses of order Mpianck
e Randall, Sundrum ’99

® The don’t give huge contribution to Eyacuum
® (Bellazzini, Csaki, |H, Serra, Terning 2013)

® They don’t give huge contribution to strong CP violation

® Adding SUSY may give axion for strong CP
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Phenomenological
Consequences

Energy Frontier: New resonances associated with extra

dimensional dynamics, changes in Higgs physics
(e.g. ongoing work with Jain, Bunk
+ many new features given most recent work)




We seem to slowly be getting better at painting
our own self portrait




We're 3x10'% Planck lengths in volume Our mass is
4x 102’ Planck masses
and we move in 3 space dimensions, | time....

Whoa...you are a very
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