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~The Standard Model

A story of success
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~The Standard Model

A story of success

Measurement Fit |Omeas—om|"0meas LEP Electroweak Working Group,
http://lepewwg.web.cern.ch
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~The Standard Model

A story of success

Standard Model Production Cross Section Measurements Status: August 2016
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~The Standard Model

A story of success
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~ The Standard Model

Are we done?
What about...

o ...fermion masses?

= Y.

L =mydrdr + h.c. v~ 246 GeV
2

Ve~ 10- RV, ~ Vg 10

e ...dark matter?

e ...CP violation? (big enough to deal with Bariogenesis)



~The Standard Model

Are we done?
What about...

e ...quantum corrections (to the Higgs mass)?

V(HH) = p* (HH) + X\ (HTH)

18
A~ 10 GeV (M,) mp, ~ \/ —p? 4+ 1034 GeV




~ The Standard Model

Are we done?
What about...

e ...quantum corrections (to the Higgs mass)?

18
A~ 10 GeV (MR, /21 103 QeV

Set by quantum gravity Set by EW scale physics

A more NATURAL situation would be having both to be set at the EW

scale:
A~ 10° GeVIlmy, ~ \/—u? + 104 GeV

But that means at the TeV scale




Physics Beyond the SM (BSM)

The traditional solutions to the hierarchy problem can be roughly
divided in two classes:

e There is a light fundamental scalar & cancel quantum corrections

* The light scalar is not fundamental & quantum corrections only
make sense up to the compositeness scale



Physics Beyond the SM (BSM)

In most cases there is a DECOUPLING LIMIT where, by making the
scale A associated with the new physics very big, one gets:

e A theory increasingly to the SM. New physics effects
with

Precision measurements

_ Pushes A away!
Agreement with SM

The models are never really gone, just pushed away.



Physics Beyond the SM (BSM)

In most cases there is a DECOUPLING LIMIT where, by making the
scale A associated with the new physics very big, one gets:

e A theory increasingly to the SM. New physics effects
with

Precision measurements
Pushes A away!

Agreement with SM

* A re-introduction of the hierarchy problem

The cancelling is only good if m, ~ mg



Physics Beyond the SM (BSM)

- very attractive from a variety of theoretical reasons:
e Quantum corrections to Higgs mass are (partially) canceled

e Unification of Gauge Couplings

e Dark Matter candidates as a direct consequence of stabilizing the
proton

e UV completion / Strings



Physics Beyond the SM (BSM)

signatures at the LHC are very much dependent on
various details of the model.

What is the Lightest Supersymmetric Particle (LSP)? Is it colored or EW interacting?
R-Parity is conserved?

Compressed or split spectrum?

But some general features are expected:

Superpartners decaying through long
decay chains, leading to
multi-jets + MET;

lightest
neutralino

Long-lived particles; Displaced vertices; tau neutrino




Physics Beyond the SM (BSM)

— broad class that can refer to a lot of
different models (including some extra dimensional models).
Nowadays used more in connection with the Higgs being a pNGB of
some broken global symmetry. The motivations are more empirical:
* No loop contributions from above the composition scale

* No other fundamental scalars ever detected

e Has been realized in nature time and again, at various scales (pions,
Cooper pairs)

* Some models also implement unification



Physics Beyond the SM (BSM)

signatures are connected with the presence
of a whole new interaction, and also depend on details of that
interaction, but generally speaking:

e Presence of bound states / resonances at the compositeness scale

* Being composite, the Higgs properties deviate from the SM
(couplings become form factors)

e Heavier standard model particles (specially the Top) can mix with
the resonances, leading to deviations in their couplings and
(dangerous) flavor violating effects — increased recent interest in
Partial Compositeness Scenarios (which suppress FV)



Physics Beyond the SM (BSM)

Many other extensions of the SM possible, not directly connected
with the Hierarchy problem (therefore not necessary at the TeV
scale):

Compositeness,
Extra dimensions

Extended
Higgs Sector

W/Z

Minimal
Dark Matter

Multiverse




The search for BSM signals

The LHC is rolling full-steam!

Mike Lamont, ICHEP 2016 talk
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The search for BSM signals

The LHC is rolling full-steam!

M(H)= 125 GeV -
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Many more interesting
events being produced

The Higgs is already
going into the
“Intensity Frontier”!

"8 _9 10 11 12 13 14 15
Run | Run ”\s[TeV]

Florencia Canelli, ICHEP 2016 talk




The search for BSM signals

This is where models come to die (and we should not weep for them)

Jets + missing Et

gg production, B(g — qq if)=100%

ATLAS Preliminary s Obs. limit (+10,°0%)
Vs =13TeV, 13.3 0" === Exp. limits (+1o
Exp. limits MEff
Exp. limits RJR
0-leptons, 2-6 jets Obs. limit (20.3 fb™!, 8 TeV)
MEff or RJR (Best Expected) = Obs. limit (3.2, 2015)

All limits at 95% CL

exp)

800 1000 1200 1400 1600 1é00 2000
Gluino €= My [GeV]




The search for BSM signals

Supersymmetric Top search:

tf, production, - b f ¥ / t—> ¢ ¥, /> Wb¥, /t>1%,  Status: ICHEP 2016

ATLAS Preliminary 15=13 TeV

Bty /> Wby, 10L 13.2 fo”' [CONF-2016-077]
oty t1L 13.2 fb" [CONF-2016-050]
B wby t2L 13.3 fi' [CONF-2016-076]
Etocy MJ 3.21b"'[1604.07773]

~— \s=8TeV, 20 fb Run 1 [1506.08616]

AT

— Observed limits ===- Expected limits All limits at 95% CL




The search for BSM signals

ATLAS SUSY Searches” - 95% CL Lower Limits ATLAS Prelimin®

Vs=7, 8 13TeV

GUTY Jets !:'.‘I'.“*‘ JLdim™) Mass limit Vi=7,8Tev [HF=13TeV Reference
T T r v

1,85 eV mighm
1,35 TV i
TEETEV)
183 TeY.
WY

Inclusive Searches
=

R R T R T

{
|
\

3
>
"
-

-]

3
25
25
4
&5
=8

I L

=

1170 GeV
7y 90-198 GeV
f 90-323 GeV

L

Cl
oL
{ —=WT

- n=

A10GeY 880-510 GeV
0.4-1.0 TeV

e e

510 GeV

Mass scale [TeV]

eyl



The search for BSM signals

Vector-like top partner search:
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The search for BSM signals

Other searches: -
B 13Tev [_]8TeV

coloron(jj) x2
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Theoretical Work

So, experimentalists are having all the fun right now, what is
needed from theoreticians / phenomenologists?

* Precision calculations:

ATLAS 0 O
( NNLO and beyond) ) WZosbvll arXiv:1606.04017 7% precision

® ATLAS (s=13TeV (m, 66-116 GeV), 3.2 fb”

A ATLAS Vs=8TeV (m,  66-116 GeV), 20.3 fb”

m ATLAS Vs=7TeV (m,  66-116 GeV), 4.6 fb" NNLO
v DO Ys=1.96 TeV (m,  60-120 GeV), 8.6 fb"

¢ CDF Vs=1.96 TeV (corr.tom,  60-120 GeV), 7.1 fb

== MATRIX NNLO, pp—>WZ (m, 66-116 GeV)
NNPDF3.0, pn=pF=(mw+mz)/2

== MCFM NLO, pp—WZ (m,  66-116 GeV)
CT14nlo, p =u_=my,,/2

= =MCFM NLO, pp—WZ (m,  60-120 GeV)
CT14nlo, uR=uF=mwz/2

Ratio to NLO

e LHCb CP violating decays: true excess or uncontrolled QCD effects?



Theoretical Work

 Model independent approaches: simplified models and EFT

My Mz My
. I 1 |

Unknown UV can generate all Higher Dimensional Operators that...

e Are built only of known fields (no new particles below A)
* Are invariant under SU(3). x SU(2) x U(1),
e Conserve barion and lepton numbers

59 dimension 6 operators (baring flavor and Hermitian conj.)
1 dimension 5 operator (Majorana Mass for neutrinos)



Theoretical Work

 New ldeas: can the hierarchy problem be solved in subtler ways?



Theoretical Work

* New ldeas: can the hierarchy problem be solved in subtler ways?
Think about the Standard Model (SM) as an EFT with a cut-off at M ;:

V(H) = m%(a, 3)H? + Ah* + O(l/M;)

The only mass scale is M !

(inspired by Alex Pomarol) 0




Theoretical Work

* New ldeas: can the hierarchy problem be solved in subtler ways?
Think about the Standard Model (SM) as an EFT with a cut-off at M ;:

V(H) = my(a, B)H* + Ah* + O(1/M,)

(inspired by Alex Pomarol)



Cosmological Relaxation

Hierachy amounts to the question:

“The Third Way”: History! Make o and 3 dynamical (fields in fact)

Example: TniI(oa,,B)H2 — afH?

But the evolution

initial condition

(inspired by Alex Pomarol)

?



Cosmological Relaxation

Hierachy amounts to the question:

“The Third Way”: History! Make o and 3 dynamical (fields in fact)

Example: mzH(O!,,B)H2 — afH?

But the evolution

initial condition
A whole
local minima!

Can it be done in a (technically)
natural way?

(inspired by Alex Pomarol)

?



Cosmological Relaxation

Introduce one scalar field ¢, and:

“rolls” down

Must stop here...

... hot here

dp~=A/g>A



Cosmological Relaxation

The minimal model:




Cosmological Relaxation

The minimal model:

m ) H? 4+ eA2H? cos(¢/ f)




Cosmological Relaxation

The minimal model:

2

V(p, H) = APgep — ~A?
L
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Cosmological Relaxation

A lot of improvements over the last year and a half (incomplete sample):

Graham, Kaplan, Rajendran — seminal paper
Espinosa et al — double scanner scenario
Hardy — finite temperature effects instead of inflation
Gupta et al — potential must be periodic
Choi, Im — multiple axions for generating potential
Kaplan, Rattazzi — clockwork axion
Fonseca, de Lima, Machado, Matheus — few site relaxion
Evans, Gherghetta, Nagata, Thomas — application to Susy
Hook, Marques-Tavares — relaxation from particle production

... but there are still theoretical issues that need to be solved

i

WORK IN PROGRESS



Cosmological Relaxation

Technically natural model that solves the Hierachy
problem

Is there any observable?

* Very light particle with weaker than gravity interaction.
e Classical Oscillations can affect gravitational potential: pulsar

timing (astro-ph.CO/1309.5888) and structure formation (astro-
ph.CO/1410.2896)

e Late decay of relaxions can show up in CMB and diffuse gamma
ray background

e Fifth force (too weak for present day precision)

Mostly astrophysical / cosmological measurements!



Messages

* The LHC is rocking it!

e |t is the end of BSM as we know it, and we should feel fine
 Phenomenological studies should concentrate in N(N)LO effects and
model independent constraints until concrete signs of NEW PHYSICS

show up.

* If something shows up:
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* If nothing shows up, new ideas will be needed to “explain away” or
solve the hierarchy problem. Some hints already on the horizon




Thank You!
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Also...
2015

27fb (13 TeV,3.8T)

¢ Data
— Fit model
+1s.d.
+ 2 s.d.

EBEB

omething here?
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2016
12910 (13 TeV)

¢ Data
— Fit model
+1s.d.
+ 2 s.d.

Not really!

EBEB

[
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m,., (GeV)

... N0 750 GeV di-photon excess for you
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