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Wont be able to properly
summarize everything.

Lack of time and expertise.

My apologies for omissions and
misrepresentations.



This conference

theoretical implication
exp. results, status
# of talks proposal
|5
I I |
Dark Matter Flavor  neutrino grav.  new theory
Dark sector g-2 wave  approaches

A reflection of trend in theory (?).



This talk

Some further discussion, my perspective

brief highlights
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Dark Matter Flavor  neutrino grav.  new theory

LHC Dark sector g-2 wave  approaches



Many LHC results presented here
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From gravity to the Higgs we're still
waiting for new physics

Annual physics jamboree Rencontres de Moriond has a history of revealing
exciting results from colliders, and this year new theories and evidence abound

/0.0 . @ '

Guardian



Road ahead:

LHC is pushing ahead.

Exp. collaborations are pursuing a broad
and comprehensive physics program.



As data accumulates

Run | limit 2 TeV, e.g. pair of | TeV gluino.
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Rapid gain initial 10s fb-!, slow improvements afterwards.

Progress will become slower, harder



Things to watch?
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Maybe?
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Or, perhaps

T. Blum et al. (arXiv:1311.2198) alotvP 1010
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Rapid progress in Lattice QCD conquering th. uncertainties

Personal note: my first ambulance chasing paper, 200 |



=If any of these materialize, certainly will open
up a new exciting direction for particle physics.

2 Time will tell.

— However, we are not just hoping some anomaly to
pop up to surprise us. We have goals.

— SM is not a complete theory, it does not answer
many important questions.

> New physics searches will help us answer that.



Big questions in particle physics
— Origin of the electroweak scale.
— Identity of dark matter.
— Origin of flavor:

— Matter and anti-matter asymmetry.



Electroweak

Origin of electroweak scale.
Why so different from the Planck scale!?



A confusing picture.
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Such conclusions too simplistic, “work around” available.
A bit uncomfortable, hurt feeling of theorists, yes.

But, certainly not time to give up.



Impressive experimental progresses

Su persymmetry Composite Higgs
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Good targets for searches.

Lack of theory work (talk) # less motivated



SUSY
Basics

"philosopher's stone” enables:

» creation of an elixir of immortality

* transmutation of common
substances into gold

G. Landsb
A.Paramonov ancsbers

We theorists don’t think SUSY in quite the same way

But, we are equally enthusiastic.



LHC will carry on this comprehensive
searches for new physics.
SUSY, composite, extraD, ....

At the same fime,
LHC enters precision era



Importance of precision measurement

— Naturalness is the most pressing question of EWSB.

— We may not have the right idea. No confirmation of
any of the proposed models.

— More creative (“crazy”) ideas.
— Crucially, need experiment!

— Fortunately, with important players in EWSB W/Z/
Higgs and top, we know where fo look.

— And, the clue could show up in such precision
measurement.



Higgs Standard Model-like
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Not entirely surprising

— In general, deviation induced by new physics is of the
form

2

5 ~ v Mnp : mass of new physics

~ C
2 ) .
MNP c: O(1) coefficient

» Current LHC precision: 10%
= sensitive fo Myp < 500-700 GeV

? At the same time, direct searches constrain new
physics below TeV already.

» Unlikely to see O(1) deviation.



ATLAS Simulation Preliminary
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Probing EW phase transition

Real Scalar Singlet Model

o
="
o
S

5 ' n CEPC

= | =
O O
o) (o)
o o
o o

hZZ coupling: 6Z,
o o
o o
(@) —
= o

: 1TeV = SPCC/ FCC-hh/ILC 1 TeV
0.5 1.0 1.5 2.0 2.5
hhh Coupling: A3/A3,SM

—
<
S
T

Huang, Long, LTWV, 1608.066 |9
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Green = very strongly 1PT, could detect GWs at eLISA




Precision measurement with
distribution

no rate beyond this
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Diboson production at the LHC

qq = V'V, V =W, Z h.

|45
Vi, h
New physics contribution
New physics effect encoded in the i(’)
non-renormalizable operators: A?

A : new physics scale



Precision measurement at the LHC possible?

LEP precision tests probe NP about 2 TeV

00 m#
US—MNA—‘;VNQX1O_3 — A > 2 TeV

At LHC, new physics effect grows with energy

2
o0 BT 0os E~1TeV, A~2TeV

OSM A2

LHC needs to make a 20% measurement to beat LEP
LHC has potential.



Projections

Bound at LHC14, A € [3%,10%], c¢;=1
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Possible to reach 4 TeV.

Better than LEP, and many LHC direct searches

See also:Alioli, Farina, Pappadopulo, Ruderman,
Franceschini, Panico, Pomarol, Riva, Wulzer,
Azatov, Elias-Miro, Regimuaji, Venturini



tth, at higher energies ..

something
new here!?

........... : >

t t

Rather model independently, this can be probed
by precisely measuring tth coupling.
High energy = off-shell Higgs, can have better sensitivity.



tth, at higher energies
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Precision is difficult

— Small S/B.
> For example, in Wh:  LHC@8TeV:  of/adi ~ 200 — 10

» New techniques such polarization tagging, jet
substructure can be instrumental.

— Improve on exp. systematics.

— Better modeling of background crucial.



Its messy.

C. Bauer

— We have learned a lot how to deal with it.

— Yet, to achieve precision, we need to do better.
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Cosmic imprint of fine-tuning?

> ¢

Transition point from
no EWSB to EWSB

h
1078
Coupling affects the dynamics - 10710
of scalar fields, leads to gravitational S|
wave production.
10—14,

J. Fan

Fine-tuning of Higgs mass
achieved with coupling to some
additional scalar field (moduli).

LIGO O5

77l¢ ~ 100 TeV
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Dark matter
Dark sector



Dark matter
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It is there.
Only seen its gravitational interaction.

Dark Matter

We have to understand them better.

Dark Energy




Vast range of possibilities

10730 GeV WIMPs
axions
tuzzy DM sterile  super-WIMPs
ultra-light neutrinos
axions

hidden sector
thermal relics

| 10 GeV 107%GeV 107 3GeV 103GeV 10°GeV l

1090 GeV

Q-balls

primordial
black holes

J. Shelton



Search under lamppost, by definition

J. Shelton

— Need good stories (lampposts) about couplings to the
Standard Model.



Only a few good stories.
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Simplest WIMP: part of weak multiplet
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% 65 .w.ino.
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Simplified models

SM

SM

SM

SM

SM DM
mediator
9q 9om
DM
SM
9, 9,
SM

DM mass (TeV)

lllustrative example
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LHC can cover these models well.
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Dark sector

[ Dark Matter} ~~~~~

Standard

Model




Dark sector

DM sector

table top

 multiple species, non-thermal
different candidate: axion, v'...

Collider
searches

N

N

[‘& Dark Matter}\~~ 2

dark interaction:
1
dark gauge boson,:
1
1

~
o 0 "~
~§
N

Standard
Model
[ more J _________
dark particles portal:
dark photon,
Higgs portal,
hidden valley
),
Connection
, with
Beam dump D'reFt Indirect early universe
detection detection

Richer dynamics, new signals.
DM may not be the first dark sector discovery.



WIMP “next door” sweter
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Long Lived Particles (LLP)

— Dark sector has tiny coupling with SM.
— Going through “portals”: dark photon, Higgs, ...

— Can be produced at the LHC through the decay
of SM particles: Higgs, Z, ... or directly.

— Long Lived Particle (LLP) searches at the LHC.



Far detectors
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Could reach T=10*> m
Exotic Higgs decays
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V. Gligorov, SK, M. Papucci, D. Robinson: 1708.02243

ATLAS reach: A. Coccaro, et al.: 1605.02742

S. Knapen



Far detectors

e

LLF T e - - — — .
tracin: Ir Be ook - z-' -t - -
ATy /
TRl -
s | 0V Air a
o
Burtaoe . ot ; y
g Hig trenpicy
reunal wasn e LHC
o (g
Iy
2 ATAB Ceoariz Raya
L - QCO hacrors . m
S e abpped I rech o hareed garts; eel
= LHC borer cipe
' It
100 200

MATHUSLA

Have we fully optimized LLP searches at
the interaction points ATLAS, CMS, LHCb?
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Small scale proposals, for example

Dark matter absorption

Kinetically mixed dark photon

10_10 = (osntsetliiints
Direct detection
constraints
- Dark photon is all 1012 |
of the dark matter .
. : 10~
Mono-energetic o phoon
absorption signal k=
g 10716 TN
2 excitation
g 1018 [— 1 kg-yr, GaAs
meV eV
DM mass

Hochberg, TL, Zurek 2016+2017
DAMIC: Chavarria et al. 2017
An, Pospelov, Pradler 2013, 2014

meV eV keV MeV GeV TeV
| I | | | |

» DM mass

I | | |
Polar materials

See also panel discussion on Tuesday.



Neutron star
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cross section [cm?]

Early Universe: CMB. LSS

DM SM velocity dependent scattering
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Interplay with early evolution

A. Erickcek 10000 ‘ EMIDE

& | linear growth

X100 ¢ \
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- entry
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Iogarithic :
growth

radiation
domination
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Big Bang nucleosynthesis
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Example: Early matter domination
forming minihalos.
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Axion: the old story
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Remains interesting benchmarks, and exp. probes

Excited to hear new ADMX results in 2 weeks!



Much broader view

fa GeV]

1018 1016 1014 1012 1010

W
W,

U(1)y, Y = {0,6} |
U(1)pq, m = {1,16}
SU(M), M € [3,10]

8ayy[GeV ']
),\ \ CASPEr-EDM

10°10 1078 1078 1074
m, [eV] Agrawal, Fan, Reece, LTW

A much larger variety of models.

Many new exp. proposals as well.



A gap for MeV axion?

D. Alves
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“KTeV anomaly”:

measurement high relative to theoretical estimates by ~15% (30)

Interesting.

(06£02) x 1072 Complete model seems to be challenging.
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Suggests 0, ~

AJ.Krasznahorkay, et al.
PRLI16,042501 (2016)
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M. Baryakhtar

superradiance

New probes

*» urdg 9[OH Yorld

Black Hole Mass (M)

Can be probed by LIGO



New probes: axion star?
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New theory directions



Perhaps we are not doing field
theory the right way?

C. Cheung

physical principles

|

Lagrangian, Hamiltonian,

equatons of motien,.etc.

|

observables




Interesting progress in scattering
amplitude.

C. Cheung

P .
A graviton
+ | \
gravitons
0 °
gluon BI photon
gluons \ \
| °
scalar &3 scalar g3 pion Galileon
2 e > S

0 I 2 3

Deeper structure?

Connection to big questions in particle physics!?



Blackhole information puzzle

| S. Giddings
Various “extreme” proposals:

jow to Sury]

H ive The Power Tricks for
of Self-Control Extreme Evolution
g N £\ Y A
P | G 4
N o K o B : W
P Ao

- -

Firewalls

(Almheiri, Marolf,
Polchinski, Sully)

Most Involve new

Fuzzballs (starlike stringy physics on scales < R
object; Mathur, ...) (not lp1)
ER-EPR e R= horizon radius

(Maldacena, Susskind;
van Raamsdonk)

DD DI




Could be testable!

Event Horizon Telescope Sgr A*, M87

Simulated Image |  EHT 2017-2018

[Fish et al, 1409.4690]

E.g. Nonviolent unitarization, strong:

average

Image B, (M)
Image By (M)

Image o (M) [SG/Psaltis, 1606.07814] Image a (M)



My wish for Aspen 2019 Winter
Conference.

We will be talking about
something completely different!



More dark-stuff searches

— Looking for dark sector. Very weakly coupled to the SM.
» Connection with dark matter, neutrino, etc.

» Many have not been searched for yet.
— Can come from Higgs portal, but could be more general.

— Displaced-Long lived, soft, kink, ...

neutral LLP
(invisible)

visible LLP
(EM or QCD charge)

SM long-lived
neutral hadrons

SM particles
(EM charged)

. non-reconstructed

SM particles

wo L~

< displaced vertex

mis-reconstructed
fake displaced vertex

Curtin and Sundrum



9p

Higgs coupling vs direct search

Excluded by current Higgs
Coupling measurements
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At 100 TeV pp collider

Collider Limits

B 100 TeV
B 14 TeVv

wino disappearing tracks

higgsino
mixed (§/ﬁ)
mixed (B/W)
gluino coan.

stop coan.

squark coan.

S 2 3 4 5 6

m. [TeV]
. M. Low, LTW 2014

)

2
M <18 TeV | —
WIMP = e (O.S)



Will be challenging

SM WW, WZ processes are dominated by ftransverse modes
ootal jotl ~ 15 — 50
New technique such as polarization tagging of W/Z crucial

Wh/Zh(bb) channels have large reducible background

LHC@8TeV: o5 /cdh ~ 200 — 10

Difficult measurement. Large improvement needed.
Room for developing new techniques



Operafors: d=6

name structure coefficient (power counting)
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® Peak luminosity ==Integrated luminosity
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