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Any reference points in the fog?




Some reference points
EMPIRICAL, CONCEPTUAL, OR BOTH:

Neutrino oscillations: call so far for minor modifications
(vSM), though potentially may be much more disruptive

Stronger exceptions with astrophysics & cosmology
once SM is effectively coupled to Einstein’s gravity:
Dark Matter and Energy, Inflation, Baryon asymmetry

Inclusion of quantum gravity
Naturalness of the EW scale
The strong CP problem



Gravity (classical)

A recent monumental breakthrough
DIRECT DETECTION OF GRAVITATIONAL WAVES

Honoured (also) by Giuseppe & Vanna Cocconi Prize
Test of classical GR in highly non-linear regime

Obvious extraordinary impact on astrophysics
very rich forthcoming experimental program:
A-LIGO, A-Virgo, KAGRA, LIGOIndia, Einst.Tel, LISA

Limited consequences so far for our understanding
of the fundamental interactions at the quantum level
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Gravity (quantum)

SM + GR consistent as quantum EFT at low-energy
But: new physics must appear before M, ~ 10® GeV

We miss a microscopic theory of Quantum Gravity

String theory still insufficiently predictive for HEP
important theoretical tools: amplitudes, AdS/CFT

(latter used also by Papadodimas in his talk on the BH information paradox)
Coupling SM to gravity reveals the
cosmological constant (dark energy) problem:
origin/stability of <V> ~ (103 eV)4 << (M)4
No understanding, link with the EW naturalness problem?




The EW naturalness problem

Small parameters only because of symmetries

No quantum SM symmetry recovered for m,=»o
Unprotected ratio my/A for any NP scale A>>my,

SM unnatural unless New Physics at the TeV

Superficially (too superficially?):
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The failure of simple-minded solutions

ATLAS Exotics

Searches™ - 95% CL Exclusion ATLAS Preliminary

Status: August 2016 JLdt=(3.2-20.3) fb! Vs=8,13 TeVv
miss . = B
RAAAAL t,y Jetst ET J£de[fb] Limit Reference
T T T

- =z1j Yes 3.2 6.58 TeV 1604.07773

LR T T T L T T T T 2 i S s iz 14072410

— Ten 1j - 20.3 1311.2006
= ATLAS and CMS > CORC I S s

- zlepu =2j - 3.2 8.2 Tev . Mp = 3 TeV, rot BH 1606.02265

= w - =3j - 3.6 9.55 TeV. . Mp = 3 TeV, rot BH 1512.02586

r LHC Run 1 2e = - 203 1405.4123

- 2y - - 3.2 1606.03833
= 1epn 14 Yes 13.2 1.24 Tev ATLAS-CONF-2016-062
- 4b - 13.3 360-860 GeV ATLAS-CONF-2016-049

- B leu =1b =1J/2) Yes 20.3 .925 1505.07018
Ten =2b,=4] Yes 3.2 Tier (1,1), BR(AM) — tt) = 1 ATLAS-CONF-2016-013
2epn - - 13.3 4.05 Tev ATLAS-CONF-2016-045

—_— - 27 - - 19.5 1502.07177

C . - 2b - 32 1.5 TeV 1603.08791
E 3 1eu - Yes 13.3 W’ mass 4.74 TeV ATLAS-CONF-2016-061
- ~ Oe pu 1J Yes 13.2 2.4 Tev &y =1 ATLAS-CONF-2016-082
- . 3 - 2J - 155 .0 TeV gy =3 ATLAS-CONF-2016-055

multi-channel 3.2 2.31 TeV gy =3 1607.05621

r b e 2b0-1] Yes 203 1410.4103

| i Oep  =1b1J - 20.3 1408.0886
o = —— . —  AS-CONF2016-066

Reculte* f " = Ma . . 1607.03669

1 0_2 | Selected CMS SUSY F - SMS Interpr ICHEP '16 - Moriond "17 ;20404605

= 1604.07773

- Oe o 1604.01306
- o - AS-CONF-2015-080

I~ » 1605.06035

i ATLAS+CMS :

z 1508.04735

B . o 1505.04306

- 1505.04306

_3 1505.04306
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1509.04261

AS-CONF-2016-032

1512.05910

AS-CONF-2016-069

AS-CONF-2016-060
1510.02664

10 |  No new particles found at the LHC [N S

AS-CONF-2016-051

1411.2021
1410.5404
1504.04188

« Higgs boson SM-like within errors Bl

Vs =13TeV

*  Further SM precision tests still OK [

s

For decays with infermediate mass,

o wnohssion o M, M o <40 G¥) m
Il L 1 1 il 1

y 1 1

0 200 400 600 800 1000 1200 1400 1600 1800 2000
*Observed limits at 95% C.L - theory uncertainties not included Mass Scale [GeV]
Only a selection of available mass limits. Probe "up to* the quoted mass limit for m ~0 GeV unless stated otherwise

(more in D’Onofrio, Meridiani, Shapiro)
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The failure of simple-minded solutions

ATLAS Exotics Searches* - 95% CL Exclusion ATLAS Preliminary
Status: August 2016 JL£dt=(3.2-20.3) fb ! Vs =8,13TeV
¢,y Jetst ET™ [rarm)

ATLAS and CMS
LHC Run 1

(technicolor) or
gos, extra dimensions)

No new particles found at the LHC
Higgs boson SM-like within errors [t

Vs =13TeV

Further SM precision tests still OK [
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(more in D’Onofrio, Meridiani, Shapiro)

For decays with intermediate mass,
Mg H1X) M,

EWK Gaugino

400 600 800 1000 1200 1400
*Observed limits at 95% C.L - theory uncertainties not included Mass Scale [GeV]
Only a selection of available mass limits. Probe "up to* the quoted mass limit for m ~0 GeV unless stated otherwise




Other attempts

1. More complicated models to minimize tuning

Neutral naturalness, Twin Higgs, ...
Some tuning, possible LHC signatures, a bit ad hoc

2. Meso-tuning to keep the models simple/motivated

Mini-split supersymmetry, partial compositeness, ...
Direct LHC signatures not guaranteed. Elsewhere?

3. Radical revision of naturalness: “conformality”?
[Bardeen 1995; Shaposhnikov et al; Nicolai et al; ‘t Hooft; Strumia et al; ...]
Spontaneous generation of all mass scales, including M,,

No fully consistent/convincing formulation known
So far model-dependent hints more than predictions
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Wrapping up on EW naturalness

Central issue for today’s particle physics
final answer can only come from experiment

Two main options for what we did not understand:

* Some detail =» NP signals at the LHC or later
will guide us to understand what we missed

* The whole point =» experiment must confirm it
beyond doubt to reshape theory on a new basis
In both cases, a fundamental lesson to be learnt

WAY TOO EARLY TO CONCLUDE NOW!
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Still a role to play for SUSY?

Much more in SUSY than MSSM vs hierarchy problem

Phenomenologically:

 Best hint at the unification of gauge couplings

* Flavour and h-SM improve with heavier spectrum
* LSP still viable (although tuned) candidate for DM

Theoretically:

* Most general symmetry of relativistic D=4 QFT
« Special UV properties of extended SUSY/SUGRA
* Plays a crucial role in superstring theories

May eventually fit the picture, but how?
Need new ideas more than studies of parameter spaces

17



Beyond the SM with energy

Energy frontier: direct searches for new particles
VS, 11¢/VS1e~6.5 (~7 Run=3) but s=x x,S & PDFs count

LHC / HL-LF

L
energy
5to7 x
nomina
HL-LHC lum ‘nu; ty
regions installation
23 2024 2025 2026 2037
> experiment
upgrade phase 2

Data collected so far < 2% of the final statistics:
still (moderate) room for new particles at the LHC
Another factor of 2 with 16T magnets at HE-LHC? 18



Beyond the SM-with accuraey

No more four fundamental (gauge) forces:
Gravity (spin-2) + Strong & Weak & EM (spin-1)

Different forces involving the spin-o Higgs boson
Y; ¥; ¥, H = Yukawa interactions
A |H|4 =» Higgs self-interactions
We must study them as precisely as possible

Knowledge is not only discovering new particles

it is also finding out about their interactions
with the highest possible precision

19



Forthcoming Higgs physics at the LHC

300fb"!

o
-y

1000fb"!
HL-LHC: >5E34 cm2s-!

2300 i /year pile-up >140

3000fb"!

_ ATLAS Simulation Preliminary

3 3 hsyy, hsZZ 41, h>WW"—shviv 7.z E
d30/dx - hstz, hosbb, hp, hZy

Careful with the gap
from evidence/observation
to precision measurement

Ratio to SM

from Meridiani
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Precision physics at colliders

In this respect, the SM is still unfinished job:
long way from SM Lagrangian to precise predictions

as beautifully shown by the QCD/EW/top talks

(see Dittmaier, Czakon, Shapiro)

expect continuing progress in pQCD, PDFs, MCs

Interesting observation [Panico et al, 1609.08157]
Non-trivial EW precision tests possible at the LHC
exploiting d=6 EFT operators with A®/©~E2/A>
e.g.: oblique parameters W and Y from Drell-Yan
LHC can beat LEP thanks to its much higher energy
21



Flavour physics

Still many opportunities for a SM crisis: | [ndirect access
By s2Hp, Ty, uNseN, Kamvy, EDMs, ... to scales >> TeV

Today’s hot topic: “anomalies” in s.1. B decays

pre  B(B — K™ pji)exp
NC b=>sll Ry s

[SM 1-loop] B(B — Kpf)ex

= 0.685%0g65 = 0.047  LHCb 1705.05802

g2€[1.1,6]GeV

= 0.7457557¢ +£0.036 , | (] 1406.6482

/
R =

B(B — Keé)exp

g2€[1,6]GeV

B(B — D*TV)exp/B(B — D*TV)sm _
CCh>el B(B — D 00)enn/B(B — D to)eny 20 £ 007 HOIEABSbaaVrg'
SM tree T/ B(B — D7V)exp/B(B — D7V)sm o ¢
| R = B(B — Dv)eu/B(B — Dtvyey — 124 E 017, | Belle LHCh

/€
R/t =

Potential message: R#1 =» LFU violation =» New Physics

22



Flavour physics

Still many opportunities for a SM crisis: | [ndirect access
By s2Hp, Ty, uNseN, Kamvy, EDMs, ... to scales >> TeV

Today’s hot topic: “anomalies” in s.l. B decays

NC b=>sll e = P = 0.68572113 + 0.047

[SM 1-lo Not SO easy to ﬁt both effects in a smgle model
Special role of the third generation for NP effects?
Additional features in other channels in many models

CCb>c  Wait and see (remember the di- photon story in 2016!) Sbaa\;g.
[SM tree] = = rpm < P TR(BE <~ i — 1.34x0.17 BEHG,LHCb

Potential message: R#1 =» LFU Vlolatlon =» New Physics
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Extreme precision at low energies
A long-standing “anomaly” of the SM: (g-2) ,

a,"=116592001 (63) x 10" [BNL-E821 (2006)]

Aa =a "*F-a "M=250-330 (85) X 10™ [2.9-3.9 O]

il

a M uncertainty dominated by hadronic LO a "¢

Fermilab E989 starting Nov 2017 aims at + 16 x 10

Recent idea:

Carloni-Calame, Passera,

Trentadue, Venanzoni, ...

could aim at 20x10™in a ""© with pe scattering exp after
further studies of systematics and TH NNLO calculation
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Beyond the SM with neutrinos?

Minimal embedding of v masses in the SM:

1. Dirac (include vy, impose B-L)
2. Majorana (do not impose B-L)

A wide open chapter of SM flavour physics
many questions will be answered “soon”:

-mass ordering and absolute scale
-more precise determination of U,,

-CP violation (8) in neutrino sector

(see Lasserre,

Nakaya)

Rich and structured experimental programme
important input also from cosmology



Beyond the SM with neutrinos!

With a combination of luck and ingenuity
much more radical discoveries possible

“tickets to Stockholm of neutrino physics”

-neutrino-less double beta decay
is B-L a broken symmetry of Nature?

-direct detection of relic neutrinos

formidable experimental challenge
another crucial cosmic connection

-breakdown of standard 3-neutrino picture
weaker motivation, potentially disruptive

26



Beyond the SM with Dark-Matter?

Convincing (gravitational) evidence for DM
No compelling option in a wide spectrum

‘ ' Planck scale
Ultra-light scalg . 1019 1010 1020 103 104°kg

-30 =20 . 10 20 30
10 10 I 10 0 107eV Primordial
weak scalg black hole Solar mass Cirelli

Lampost principle: focus on motivated detectable candidates

27



Bevond the SM with DM:-\WHMPs

The WIMP miracle: DM of weak-scale mass and interactions

- — Cirelli
For a thermal relic: parficies
<0, v> ~ 0.12 pb/(£2. h?) [ECSIETEI
X X weak scale (1 TeV)
Very roughly: <0, V> ~ (ot/ IIIX)2
Natural WIMPs:  a~ay m ~my

Weakened by failure of naive naturalness
(not to mention sinﬁle specific realizations!)
still motivated, worth exploring more broadly

TeV-scale WIMPs: o ~ 1 . ~ TeV

Weakly coupled WIMPs: at < oy m, < myy 28



WIMP collider/direct/indirect searches

A massively advertised “complementarity”:

29



Comments on WIMP-searches (1)

Indirect:

 Backgrounds still poorly understood: more and
better data »progress in understanding physics
astrophysics and MC modeling of Cosmic Rays
* There are “dirty” and “clear channels most
promising tho.

* Should .

30



Comments on WIMP searches(ll)
Collider:

» Conceptualy difficult to organize DM searches
“per se”: limitations of EFT with NR operators
vs. proliferation of models (simplified or not)

» At the LHC, positive info more likely as spin-off
from discovery of other resonances (messengers)

Direct:

» Towards the ultimate v background with multi-
ton experiments (and attempts to overcome it)

31



Beyond the SM with DM:axions

Motivated by the strong CP problem
0=04cp+N¢ O why 0<101°?

Automatic candidate for DM (with subtleties
in the theoretical estimate of the relic density)

m, =V /f, with Vx=(75.5 MeV)>

Intensification of axion search experiments
More generally, new low-energy frontier also
connected to other very light DM candidates:

very light particles, very weakly coupled to SM

32



Some axion search experiments

fa|GeV]
1019 1018 1017 1016 1015 1014 1013 1012 1011 1010

Dielectric
Haloscope

Antenna

10712 1071 10719 10 10°® 1077 10 105 107% 103 1072 10
mgleV] Redondo
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~ Theimpo rtance of connections
Boundaries between HEP, astro and cosmo are fading away

= -
= >
I 1o [« =
The Standard Model Z. »> Do
. "
- E‘
= \=u I3
'% N "o Lok
4 o ~’ By
= 2 m . g ((glp r__f.\‘\' n
== BANC S >
(g ar > ng G AN,
u (5 g - % 5: n Q ,‘ n
L \ F .,
-
— r'?/b @’ ’VL* n
o -/
i Key: 1 Z boso % ,‘:\\\\7 f’d.
ﬁ{'”' tou - black

~ley /
Particle Data Group, LENL, © 2000. Supported by DOE and NSF g

34



The importance of connections

Boundaries between HEP, astro and cosmo fading away

(see Lebedev, Bertucci, Hofmann, DeJong, Lasserre, Lindner, Bouchet, Krause, Riotto)

The Neutrinos, DM, baryo-/lepto-genesis, inflation
Increasing emphasis on Higgs role in cosmology: :
instabilities, relaxation mechanisms, inflation

Another big boost could come from the detection «

of the B-mode of the CMB polarization (after
the 2014 false alarm on r~o.2 from BICEP2): —
sensitivity down to r~103seems within reach

C— f___‘
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_ Wrapping up: a change of perspective

From the 8os on, all collider discoveries (W/Z, t, H)
strongly “guided” by theory: no-lose theorems
we won't be again in such a condition for some time

Experiment now leading in the search for new phenomena
plenty of open problems to address, limited resources
diversify efforts to maximize chances
(until new discovery or new compelling theory)

» Ballistic projects with guaranteed return

« High-risk hi '
(including dete
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~— Sooner or later the fog will clear up

Big discoveries often required patience
and very long-term commitment, e.g.:
* Neutrino oscillations

TR » Higgs boson
= r'v‘lrv-:;izz,."' e . .
L e e Gravitational waves

WE CAN EXPECT MANY MORE -
WHAT WILL COME NEXT, AND WHEN?

But i itself:
W hat!
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