Beyond the SM Physics
Per'spectives in view of the LHC
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No more particle physics and cosmology : infinities
merged into a unified picture of the Universe
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how confinement actually works ?

Higgs secTor' bne or morev
Neutrino sector: Dirac or MaJorancP how the quar'k hadron phase ‘rf'cmsmon
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“Are there new particles?
Are there new interactions?
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| heavy scale” physics?
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LHC Run?

Pl CMS Experiment at the LHC, CERN
4 Data recorded: 2016-May-11 21:40:47.974592 GMT

| Run/Event/LS: 273158 /238962455 / 150
| ~BWe are in a data driven era
i
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Event selected in ttH multilepton analysis
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“Measure what is measureable and <8 Exay |
make measureable what is not so.” '
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Higgs Boson (1

ATLAS and CMS ~-Observed 1o — Mass has been measured to — All couplings are consistent
LHC Run 1 T Th. uncert. 0.2% precision with SM within 2.50
my=125.09+0.24 GeV

— Angular distributions
consistent with spin 0 and

even parlty H>ZZ*->4l Observed decay modes:
YY, ZZ, WW, Tt
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Higgs Boson (125)

ttH(>bb)

ATLAS Preliminary tiH (bb), \s = 13 TeV, 13.2 fo’ CMIS Proliminary 2717 (13TeV)
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Higgs is now part of the Intensity Frontier. - A. petrov

Snowmass 2013 projections:

Luminosity 300 fb~1 3000 fb~1
Coupling parameter 7T-parameter fit

Ky 5—T% 2 — 5%
Kg 6 — 8% 3—5%
KW 4 — 6% 2 — 5%
Ky 4 — 6% 2 — 4%
Ku 14 — 15% 7—10%
Kd 10 — 13% 4 — 7%
Ky 6 — 8% 2 —-5%
'y 12 — 15% 5—8%

additional parameters (see text)

K Z~ 41 — 41% 10 — 12%
K 23 — 23% 8 — 8%
BRpsMm < 14 — 18% <7—-11%
Ranges represent assumptions on

systematics: low end is theory uncerts
x1/2, expt systematics x1/v/L.

Expectations in various models:
- All new particles at M ~ 1 TeV

- Electroweak precision fits satisfied

Model Ky Kb Koy
Singlet Mixing ~ 6% ~ 6% ~ 6%
2HDM ~ 1% ~ 10% ~ 1%
Decoupling MSSM  ~ —0.0013% ~ 1.6% ~ —.4%
Composite ~ —3% ~—B8-9% ~—-9%

~ —2% ~ —2%

Top Partner ~ +1%

Snowmass 2013, 1310.8361
- Decoupling MSSM: k., assumes 1 TeV stop
with tang = 3.2, X; = 0.
Projections based on scaling
2012—13 expt analyses to higher
lumi: probably better already.
Thy uncert reductions =~already

achieved! Franz Herzog's talk

Heather Logan (Carleton U.) Higgs/Top/EW: interpretation/outlook/ideas ICHEP 2016
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Extra Higgs Bosons

Heavy Higgs>Z7Z>4l
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anchings F1€0QVY Higgs Decays
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anchings F1€0QVY Higgs Decays
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Kiwoon Choi

SUSY (ICHEP 2016, Chicago)
SUSY has been the prime candidate for BSM physics near the TeV scale.

Standard particles SET watibiiae Hierarchy problem

Dark matter

SUSY

f Strings
>

1 TeV 1016 GeV

> 4 6 8 10 12 14 16 18
Log,,(Q/1 GeV)

Gauge coupling unification

10



Kiwoon Choi

SUSY (ICHEP 2016, Chicago)
SUSY has been the prime candidate for BSM physics near the TeV scale.

Standard particles SET watibiiae Hierarchy problem

Dark matter

& oo
°2 4 6 & 10 12 14 16 18 f Strings
Log,,(Q/1 GeV)
Gauge coupling unification >
1 TeV 1076 GeV

Supersymmetry remains, to this date, a well-motivated, much

anticipated extension to the Standard Model of particle physics
10



Supersymmetry/ LHC 13

Gluino decays to qq+LSP
Y a9 Gluino decays to tt+LSP

[ Summary of decays to light quarks + LSP ]

CMS summary ] ATLAS multi-b ATLAS-CONF-2016-052
W . o o o~ o
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= L B N B o e B - — - -
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E c. Exp. limits RJR _ Elx1400j SUS-16-015 (My,), 12.9 f_t‘J" _OEZZ?V(ZT g F —SUS-16-014 O-Iepr{H'T"iss) 12.9 fbor! ] % F ATLAIS Pr I-m-r‘.' r tTT L I Expected Iimilt in2015
1200 5 optons, 2.6 jts b Imit (203 57, 8 TeV) 3 [ ~8US-15-003 (Mr,), 2.3 fb ] R1800 T S 015, Olon (M-, 120 fo" == Expected | @ 1800 =T eﬂ')_‘ inary —— Observed limit in 2015 ]
[ MEf or RUR (Best Expected) B Obs. imit (3.2, 2015) ] 12001 . € 1600[. —SUS-16-016, O-lep (o), 129 b — Observed 3 = 1s00 s=13TeV, 148 Expocted imit (+10,0) 3
10001 j imits at 85% CL ] r ] [ —SUS-16-019, 1-lep (A¢), 12.9 fb! ] e c £ Observed imit (+1000%!)
- ] 1000F- = 1a00f. —SUS-16-020, =2-lep (SS), 12.9 fb E = F Alliimits at 95% CL :
sool— = [ ] [ —SUS-16-022, =3-lep, 12.9 fb! E g 1400 = =
C i 800 J F —SUS-16-030, 0-lep (top tag), 12.9 fb”! = E ]
E 1 5 1 1200: ~8US-15-002, 0-lep (HI'**), 2.3 fb"! ] 1200 [— —
600— = 6001 - 1000f~ ] 1000 - -
100 3 4000 3 800 = 800 [ =
200 - 200 : = 600 E 600 E
I I I L A ST N A ST I I 1 i TS 400? { 400 £ E
f0 600 800 1000 1200 1400 1600 1800 2000 800 1000 1200 1400 1600 1800 2000 2000 E 200 & =
m; [GeV] mx [GeV £ : : ] £ : 7
¢ g [GeV] S RN IR [ ST 1 1 E (o) ST EI IR R NI FUY A Y
800 1000 1200 1400 1600 1800 2000 1200 1400 1600 1800 2000 2200
ATLAS-CONF-2016-078 m(g) [GeV]

Top squarks - summaries
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ATLAS summary CMS 0l+1l combination
for 2-/3-body decay



Chargino / neutralino production

Supersymmetry/LHC 13

>0

-

Direct production of “electroweakino” pairs
decays via sleptons / sneutrinos

using benchmarks to illustrate different scenarios
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Status: August 2016

HC Run?

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary
V5=7,8,13TeV

states or phenomena is shown

Model &Ity Jets EP [Lanm™| Mass limit Vi=7,8Tev Reference
MSUGRACMSSM D-3epuft-2r 2-10j0ts3b Yes  20.3 1.85 TeV m(7)=miz) 150705525
3, §-g¥) 0 26ets  Yes 1233 miFT)<200 GaV, m(1* gen. (=2 zen §) ATLAS-CONF-2016078
aq. v}-‘q‘”ﬂ compressed) mono-jet  1-3jels  Yes 32 m(g)miF] )5 GeV 1604.07773
2, MM 0 26jots  Yes 133 m(£5)=0GeV ATLAS-CONF-2016078
23, g-.qgf‘} —ggWETS 0 26jels  Yps 133 ME3) <400 GaV, myF*)ed S(miE])+miE)) ATLAS-CONF-2016-078
BE. §—qqlCvy T Jep 4 jets = 13.2 m(¥}) <400 GoV ATLAS-CONF-2016-037
g‘.‘é W2zky 2e,4(8S) O8jets Yes 132 miF}) <500 GeV ATLAS-CONF-2016-037
;anm 12r+01¢ 02j6l8 VYes 32 1507.05978
GGM (bino NLSF) 2y % Yos 3.2 CrINLSP)<0.1 mm 1606.09150
GGM (higgsino-bino NLSP) Y 1h Yes 203 m(E) <350 GeV, cr{NLEP)<0.1 mm, ;<0 1507.05493
GGM (higgsino-bino NLSP) Y 2jpts  Yas 133 m(F})>680 GeV, c/{NLSP)<0.1 mm, (0 ATLAS-CONF-2016-066
GGM (higgsino NLSP) 2eu(Z) 2 pots Yes 203 mNLSP)>430 GaV 1503 03290
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Even when we abandon the naturalness, still there are some indications
that SUSY may not be too far away from the weak scale.

. 3 2m? sto
* Higgs mass = 125 GeV: m? = M2 cos? 25 + 22t/ 1y [ Dlstor )
99 h z A2 my

- squark and slepton masses:
m, < 1000 TeV for tanf} > 2

\
N\ | \ ) “p;\

\

wﬁ;’l
fanp=*
fanp=C
°2 4 6 8 10 12 14 16 18 1§ 7
FO9R(ST G a7 Arvanitaki et al, "13
/
2 Higgsino and gaugino masses: L™ N L
Logio( oy ) Kiwoon Choi

<
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Future SUSY Searches

SUSY is certainly a compelling candidates of

BSM physics, so we should keep searching
for her without leaving any stone unturned.

* Taking the gauge coupling unification seriously, SUSY may have
some chance to be seen at LHC, and a good chance at the FCC:

High luminosity LHC Cohen et al, 13 100 TeV collider

F"P—?QQ*QQI CIE[.'.!i
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0 Extra Int/Crossing
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a5 12:_ 0 Extra Int/Crossing
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95% CL Upper Limit ono / og e,

n

h

O = = M N oW W A B

n

o f (53] =]
T T T T[T T T TTT[TT

m; [TeV] m Kiwoon Choi
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Dark Matter Searches
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Future DM Searches

K -39
3 i ‘I ; LZ projected . CMSSM 1o 1 O
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-5 “ ;‘ = 2 0 expected Unaffected (<10) 104
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Physics reach

= = DEAP-3600
— LUX (2013)
e LUX (2015)
{ — — LUX

——— XENON100
— — XENON1T

] = DarkSide-50

| Contours from:
L. Roszkowski
JHEP 1408 (2C

cMSSM 1-c contour
cMSSM 2-c contour
MNUHM 1-c contour
NUHM 2-5 contour

mmm  Neutrino backgrounds

~2

JAll available experimental data combined (LHC, LUX, Planck) are still consistent with "’

even the simplest versions of SUSY (cMSSM, NU

HM)

-Remaining parameter space is directly probed by direct WIMP searches with tonne

scale detectors: DEAP-3600, XENONA1T, LUX/LZ

-Complementarity with LHC (cMSSM/NUHM are mostly out of reach of the 14 TeV run!)
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Indirect Detection of DM

INDIRECT DETECTION INDIRECT DM: POSITRON RESULTS

® AMS-02
O PAMELA

« Dark matter may pair
annihilate or decay in fetienergy photons SSERIIS

Fermi
O AMS-01
HEAT

i QUGI’kS o 5 : e gi?’:;iICEM
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neighborhood to “or
g . . Medium-energy EIectrons § ] J] ! ¢ ¢ + + +
d POSItFOﬂS \ gamma rays § 0.1 V# ¢ -
i High-Energy M Neutrinos * %i
Photons ‘ . AMIS (2014)
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Leptons

Neutrinos é
Antiprotons ‘ Antiprotons
Antideuterons Supersymmetric ' « Since 2010, electron and positron fluxes have been measured by AMS

Ll Bosons WV\A/W”““ with remarkable precision, constrained up to ~400 GeV
Decay process mmmm—) .

400

Dark matter implications require precise determinations of cosmic ray

INDIRECT DM: PHOTON RESULTS

e Rapid improvements in recent
years, Fermi-LAT now excludes

WIMP makes up to ~100 GeV
for certain annihilation channels
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== Median Expected
68% Containment
95% Containment
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Dark Matter/New Physics

The Dark Matter is made of:
Macro objects — Not seen
New particles — right heavy neutrino
(- axion (axino)
- neutralino 1 ,5GRA
- sneutrino
- gravitino
- heavy photon
- heavy pseudo-goldstone
\ - light sterile higgs

Not from
the SM <
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Dark Matter/New Physics

The Dark Matter is made of:

= Macro objects — Not seen

= New particles — right heavy neutrino

(- axion (axino)

- neutralino 1 ,5GRA

- sneutrino

gravitino

- heavy photon

- heavy pseudo-goldstone
\ - light sterile higgs

Not from
the SM <

not favorable but possible
might be invisible (?)

detectable in 3 spheres
less theory favorable

might be undetectable (?)

possible, but not
related to the other
models

19




Dark Matter/New Physics

The Dark Matter is made of:
= Macro objects — Not seen

= New particles — right heavy neutrino

- neutralino
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Annihilation
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Scattering
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S
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detectable in 3 spheres
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might be undetectable (?)

possible, but not
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Creation at
the LHC
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Dark Matter/New Physics

The Dark Matter is made of:
= Macro objects — Not seen

- New particles — right heavy neutrino not favorable but possible
(- axion (axino) might be invisible (?)
- neutralino MSUGRA detectable in 3 spheres
- sneutrino less theory favorable
Not f
fherg&q < - gravitino might be undetectable (?)
\
- heavy photon possible, but not 0(\06 '
- *]eavy pseudo-goldstone relacfeld to the other i 0\)‘(‘ C\{\
- L models
\ - light sterile higgs \N.&N\‘? \
/.\nnihila‘rion Scattering Creation at
in the halo on a target the LHC

o, =,

WIMP X \& q/ X \«Qf ;Sfx q\&ﬁ(xf ;E/X
)| - \
f/é'\ QA /l/'%_\)—(

X+X—>qg+gq q X+g—X+q - qq+5—>X+X
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Dark Matter/New Physics

The Dark Matter is made of:

= Macro objects — Not seen

= New particles — right heavy neutrino

(- axion (axino)

- neutralino 1 ,5GRA

- sneutrino

gravitino

- heavy photon

- heavy pseudo-goldstone
\ - light sterile higgs

Not from
the SM <

Annihilation Scattering
in the halo on a target
o,=Q,

WIMP \& ;/ \& /{

not favorable but possible
might be invisible (?)

detectable in 3 spheres
less theory favorable

might be undetectable (?)

\
possible, but not anCe
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Dark Matter/New Physics

SIMPs(strong interacting massive particle )

= dark matter is strongly interacting under the other SU(N) gauge
interactions.

= DM may be pion/Baryon/gluball of the new strong interactions
or couple to new scalar by large Yukawa coupling

104 b

dark photon

< U(1) gauge boson is relatively easy going object “gauge invariant F’},,”

<= sequestering U(1)p dark sector from SM sector,

Belle 11 50 fb™'

102

500 fb’!

< Interaction with SM may arises from kinetic mixing F,F™*"

5ab’

<= Dark matter couple to U(1)p can have very small coupling, and also Very
light U(1)p a’— 3y has very long lifetime. Both can be dark matter.

10-4 Ll L TR | L el

102 1071
m,. (GeV)

<= Nature of Dark matter is one of the big questions that particle physics
should answer.

< Success of LHC and dark matter searches and we are wondering over
next steps to go.



Neutrino Physics
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Neutrino Physics
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Neutrino Physics
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Isv Dirac or Majorana?}

(TIO/VZ)_1 = G- MV |? - <mﬂﬁ )2 (mgp)’ = | X1 U& my;|?

90%C.L. upper limits on {mpp,) ERUIAVLECKQ RO TR DA A EIE TS TS
provides a firm prediction for the range of

values of the parameter mgsin both
hierarchies (NH favored)

tritium expts m_e <2 eV, -> KATRIN <0.2 eV.
= KamLAND-Zen (°Xe) 3
H ] From cosmology: 2 m < 0.23 eV (95% CL) In

[ the next decade there are good prospects to
reach, via multiple probes, a sensitivity at the
level of Z mi<0.01 eV

_ NH ’
x|
107 . /S oE Therefore, it is timely and compelling to
104 10° 102 10! embark on a renewed discovery quest to

Moo (€V) observe neutrinoless double beta decay.
-- |. Shipsey
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g@Theory: 12,672 Feynman Diagrams
$2.00231930436356 + 0.00000000000154

Experiment construction on schedule P
= —_—
and on budget. 5 cenN- _(9—-2)
§ 10° Ay = 2
§ CERN-II
Improved experimental design. £ 10 Measuring deviations from

Pure Dirac prediction
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CERN-III

Improved simulaton. 1

10" FNAL

Aims to reduce error from 0.2ppm to

O O7ppm 1960 1970 1980 1990 2000 2010 2020
2014 2015 2016 2017 2018 2019 2020 2021 JS )
T
I 360 “
DHMZ —.—
q
| w HLMNT .
- x | | J ‘ I 1 | 1 1 [ 1 ]
-600 -400 -200 0
x10
a -a (BNL)

23



Vincenzo Vagnoni
ICHEP2016CHICAGO

Vekm = C

Im

B — T, PTC, PP
(P-M)

From CKM matrix unitarity
@ V., V.V VeV =0
Re

e UT defined by two parameters only = can be overconstrained

* The height (irreducible complex phase 1) controls the strength
of CP violation in the Standard Model ’
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Quark flavor physics

Triumph of the CKM description

* All the flavour changing processes are described by the four
parameters of the CKM mass mixing matrix (A, A, p, )

- : Y E Amd & Ams r‘n rltln r

. Amy —IGHEP 10
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Ll
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-
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0.4

p
From this plot, we know already either new physics energy
scale 1s >> TeV (far beyond LHC) or the flavour structure of
new physics 1s very special.
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Quark flavor thSiCS . http://ckmfitter.in2p3.fr
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Quark flavor thSiCS . http://ckmfitter.in2p3.fr
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new physics 1s very special. 0sf
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* Great success of the Standard Model CKM picture! a
— All of the measurements agree in a highly profound way 0.5
— In the presence of relevant New Physics effects, the various contours would i
cross each other in a single point ye
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Flavour physics at the LHC a great success,
with run-1 delivering in all important topics

Observation of B.> uu

-
(=]

— -
>

N

Candidates / (40 MeV/2)

o

o n 4~ [+ @

CMS and LHCb

— 7T T T T
——Data

i — Signal and background
ull == B— u'u- =
C — == Bl uu 3
- Combinatorial bkg. -
o === Semi-leptonic bkg. .
?Ni‘_.\ - Peaking bkg. —:
I — e e T J 1 1 l -
5000 5600 5800

m. - [MeV/c?]

1-CL

Great steps forward in knowledge
of unitarity triangle angley (¢3)

e S T T ]

5 . LHCbD -

o[ +7.1N0 e

0.8 _— )/ — (70 '9_8 ;) ¢ Preliminary _ |

0.6 09 -

02F .
O 4 L L 1 1 1 I I T | .

40 60 80
v [°]

20

Precise studies of CPV in the B, system

-1

0.14 S HFAG B
= 0.12 68% CL contours .
I (Alog £ = 1.15)
4 010l [CDF 9.6 "

» 3/fo~"

3

0.08 mbined

0.06 ATLAS 1920 oM

~04 202 0.0 0.2 0.4
$ %8 [rad

0.5

=3
o~
_
‘A
s
e
S
=
3

0

0.5

LHCb -

|

0.5
Ap ([ %]



Flavour physics at the LHC a great success,
with run-1 delivering in all important topics

Precise studies of CPV in the B, system

Observation of B.> uu
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“First evidence for CP violation in
N, ~>prrr'i decays from LHCb

CP violation has never been observed in
the decays of any baryonic particle

N,~>pr i decays used to search for
CP-violating asymmetries in triple
products of final-state particle momenta
— Local CP-violating effects studied as a
function of the the relative orientation

between the decay planes formed by the
prt~ and the rt*rr systems (P) D

T Acp

0
Tl:_slow -

fast

An evidence for CP violation at the 3.30
level is found

This represents the first evidence of CP
violation in the baryon sector

LHCb-PAPER-2016-030 in preparation
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But some intriguing anomalies have emerged
from LHC-b and the B-factories

Anomalous behaviour

In b->sl+l- observables Hints of lepton universality

violation in B=>DUlv ...

BI>K* Ps’ vs ¢?
U 5 q
—— Belle Combination
—— Babar
LHCh
—— World Combination
+  SBM prediction: PRD92 054410 {2015), PRD&5 094025 (2012)

ICHEP 2016 Preliminary

LHCb e T e
SM from DHMV - WA - BaBar__ And longstanding inconsistency

e ; In exclusive vs inclusive V,,, and
V, determinations.

e §M B e_{l'il_é average R

16 contours
PDG 2014 +
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MILC 2015 +

V., inclusive

15
q* [GeV%c4]

B> ¢uu ...and in B>KI*I
\)
differential BR vs g2
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c
*Data
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The quest for indirect discovery 6%ﬁ%ﬁl%ﬁb§?£psseyrequires patterns of deviations to exist




Exotics ... What to say?

e Up to 25% mass limit increase by extending 2015 to 2016
e ~50% of the analyses updated to Run2

ATLAS Exotics Searches" - 95% CL Exclusion
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Gravitational Waves! Amazing

Advanced LIGO Observing Run 1
Sept. 18, 2016 to Jan. 12, 2017
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Gravitational Waves! Amazing
Advanced LIGO Observing Run 1
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Gravitational Waves

What does the signal tell
us about the source?

Amplitude

Distance
Inclination angle

|
0.30 0.35 0.4Qy
Time (s) ]

Frequency evolution Frequency and

“Chirp” mass decay time
Mass ratio (weaker) Final mass
Initial Spins (weakest) Final spin
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Gravitational Waves

What does the signal tell
us about the source?

Black Holes of Known Mass

Amplitude

Distance
Inclination angle

Frequency evo

“Chirp” mass
Mass ratio (weak

Initial Spins (wea = 20 X’Ray Studies Q
= L) GW150914

7 LVT151012
GW151226




Probing Dark Energy

Equation of state

pressure  density
w =0 Non-rel matter
w = 1/3  Ulra-rel matter
w = —1 Vacuum

w=wy+ (1 —a)w; =wy + ©
14z

3wq z

p — a_3(1+w0—|_w1)6_ 1+=

w1

Present state
of knowledge

LSST Glasgow --1.Shipsey
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| LSST predicted
| precision
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Particle Physics Using Cosmic Frontier Techniques

ICHEP2016 — I.Shipsey
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Activities at the Cosm/c Frontier are marked by rapid, surprising, and exciting developmerits ™,
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Outstanding Questions in Particle Physics circa 2016

... there has never been a better time to be a particle physicist!

Higgs boson and EWSB
d my natural or fine-tuned ?

-2 if natural: what new physics/symmetry?

does it regularize the divergent V V, cross-section
at high M(V,V,) ? Or is there a new dynamics ?
elementary or composite Higgs ?

is it alone or are there other Higgs bosons ?
origin of couplings to fermions

coupling to dark matter ?

does it violate CP ?

cosmological EW phase transition

Quarks and leptons:

why 3 families ?

masses and mixing

CP violation in the lepton sector
matter and antimatter asymmetry
baryon and charged lepton
number violation

o
o000

Physics at the highest E-scales:
d how is gravity connected with the other forces ?
 do forces unify at high energy ?

DOoO0O00O0

Dark matter:

d composition: WIMP, sterile neutrinos,
axions, other hidden sector particles, ..

d one type or more ?

 only gravitational or other interactions ?

Neutrinos:

v masses and and their origin
what is the role of H(125) ?
Majorana or Dirac ?

CP violation

additional species = sterile v ?

The two epochs of Universe’s accelerated expansion:
d primordial: is inflation correct ?
which (scalar) fields? role of quantum gravity?
d today: dark energy (why is A so small?) or
gravity modification ?

COoO000



the discussion of the future in HEP must start from the
understanding that there is no experiment/facility, proposed §
or concelvable in the Iab or in space, accelerator or non-

L
ICHEP 2016 -- I. Shipsey




