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O Lecture #1

O General introduction

© Higgs physics as a door to BSM

© Naturalness and the weak scale hierarchy problem
O Supersymmetry

O Lecture #2

O Composite Higgs

O Extra dimensions

O Cosmological relaxation: a concrete example of different energy frontier
© NNaturalness

O Lecture #3

O Beyond colliders searches for new physics
O Gravitational waves
© AMO: isotope spectroscopy
O Electric dipole moment
© Neutron-antineutron oscillations
© Primordial black holes
© Weak gravity conjecture and the swampland
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Chris fop/ze GroL/'ean

Ask questions!

Your work, as students, is to question all what
you are listening during the lectures...

BsSM

DD | FINIcH
ANYTHING? NO.,

DD | ACCOMPLICH
ANYTHING? NO.

| SAT AT MY DESK
AND WORKED ALL

WWW.PHDCOMICS.COM

Dubra, July 2018



What is physics beyond the Standard Model?

I don't know. Nobody knows
If it were known, it would be part of the SM!
You won't learn during these lectures what BSM is.
You'll learn (maybe) what BSM could be.
’ /.ooé/nﬁ and not £ nding 1S different than rnot / ooé/ng )

We'll study the limitations/defaults of the SM as a guide towards BSM.
We want to learn from our failures

Christophe Grojean BsSM 4 Detbnay, Jetly 2015



The SM and... the LHC data so far
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Standard Model Production Cross Section Measurements

Status: July 2017
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The

SM and... the LHC data so far
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Standard Model Production Cross Section Measurements

Status: July 2017

A O total (x2)

10" E oy e ATLAS Preliminary

o Run1,2 v5=7,8,13 TeV
106 f,K/‘

O
S
dijets
10° O
7N
pr>25 GeV
104 2 anO
O
3 n;>0
10 pr>125 GeV n21g’” o
o o O Ao total
7o o ww
2 ZT>100 e n32n31n‘>1 O “rchan
10 n>1 ‘> B+, N fotal
n>3N22 o o o
A V= 02 Wt 4 A
n;>2 Lo o A oo vﬁz O A
101 " (28 V74 /4 9gF
n>3 (R Y B P A f‘z o HHWK/ Wy
o) o O 4
5”f 24 N .20.5 s-chan A
1 nﬁ unjzA n26 H-tr QAO
n; > 508 O n 7t A z
n/Zﬁu
nss 27 VBF n
;>
10_1 26 o Q H-WW
[n] 28
u LRI ° | el

Theory
LHCpp Vs=7TeV

BBl Data 45-49M0!

LHC pp Vs=8 TeV

A| Data 203fb

LHCpp Ys=13 TeV
Bl Data 008-36.11

=

P UERRERER R

'...i i . i ] -—— Lw i:u\""n-'Lw EW =W
W £ “{ oy M” WL & ‘-NWU“' my "l”‘-"vl‘:."
ATICSULE Gl LTIl Ny e -

T T T Tr—
WTEW L Ly L b L I U gl

T "‘-\1' 0 Ay

PP Jets Y w Z tt t

R=0.4

fid. fid. fid. fid. fot. fot. fid. fid.

fid. fid. tot. tot. fid. — fid.

VW 7Y H WWyiw iz iy Wij ZjjwwzyyWyyww Zyjivij

EWK  EWK Excl. EWKEWK

fid. tot. fid. fid. fid. fid. fid.

Chris fop/ze ér?/'ean

BsSM

Dubra, July 2018




The SM and... the LHC data so far
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The SM and... the rest of the Universe
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The SM and... the rest of the Universe

[and we all have to return our royalties!]
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The Standard Model: Matter

~~How many quarks and leptons?~~

Three Generations
of Matter (Fermions) spin %2

mass — 2.4 MeV 1.27 GeV 173.2 GeV
charge - | 24 l l %3 C %A t
name - up charm top
4.8 MeV 104 MeV 4.2 GeV

N

=< |- -4 -4

®©

>

O down strange bottom

V
muo
neutrino

" 0.511 MeV 105.7 MeV 1.777 GeV

5 |1 1 1

fe "un '

Q

— electron muon tau

electron e-neutrino
BsSM 7 Dubna, July 2015
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The Standard Model: Matter

~~How many quarks and leptons?~~

Three Generations
of Matter (Fermions) spin %2
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The Standard Model: Matter

~~How many quarks and leptons?~~

~~Is the SM theoretically consistent?~~
SM = theory based on (chiral) gauge symmetries
a symmetry is consistent with QM
iff the "sum” of the charges of the different fermions vanishes

Q=T3-Y
Particles SUB)e SU2), U(l)y
Exercise 1: within the SM, check that [ N = ()
(1) TrY-TrrY=0 1= { Beiy Lt 12
(2) TrLY3-TrrY3=0 Fi= (OP(IJ;) CP(I%)) 1 1 1
note that this was a priori ho-guarantee to find a solution 0 = { = (uy, iy g ) 1
to this system of non-linear equations. | = (dy,dy) ]
It works because EM is a vector-like theory Up= (CPlu).CPR) 31 2f3
= (CP(dy),CP(dy) 3 L 13

Exercise 2: Within the SM, the anomaly cancelation fixes the relative electric charges of the
leptons and quarks. Show that with the addition of a right-handed neutrino, this ratio of
electric charges is free. Still the cancelation of the anomaly imposes that the proton is
electrically neutral

Christaphe Grojean BSM 7 Dubpay, Ty 201



The Standard Model: Matter

~~The particles seen in a detector~~

Absolutely stable Collider stable Sort of stable Displaced vertex
particles particles particles particles
~ (m=0) n (M=940MeV, ct=1014mm) =AY O B, D
G (m=0)) M (m=940MeV, ct=10°mm) (n=1.2GeV, ct=10-100mm)  Zcb, Acp
v (m~0)) KL (m=500MeV, ct=104mm) Ks (m=2-5GeV,

(

(
e (m=511keV) T+ (M=140MeV, ct=10*mm)  (m=500MeV, ct=30mm)  ct=0.1-0.5mm)
p (M=938MeV) Kt (m=500MeV, ct=103mm)

You don’t “see” most of the SM particles!
You have to infer their existence

Test: have you ever seen dinosaurs? You "reconstruct” them from their decay products

Christophe Grojean BsSM S Detbnay, Jetly 2015



Physics probed at Colliders

Colliders are best places to search for

Heavy objects
With short lifetime
That are rarely produced
That have a direct coupling to quarks/gluons or electrons

Are we sure that BSM falls in this category?
No, and actually, we only have evidence that BSM has gravitational interactions
Nonetheless there are compelling arguments that BSM can be seen at colliders

Christophe Grojean BSM 9 Detbnay, Jetly 2015



What is the scale of New Physics!?

R R R E R R R E R R B N

------------------------------------------------------------------------------------------------------------------------------------------------------------

small EDMs: argdetY < 1071°
: (» axion?

. small FCNC:

? tiny vacuum energy: A ~ Myp > (10_3e\/)4

' (s ? .
. light Higgs boson: ~ m% ~ MZp > (125GeV)’
( light susy? -

. tiny neutrino masses:

. slow proton decay:

Where is everyone?

even new physics at few hundreds of GeV might be difficult to see and could escape our detection

» compressed spectra
P P #—susy

> displaced vertices
Neutral naturalness

no MET, soft decay products, long decay chains (twin Higgs, folded susy)

uncoloured new physics Relaxion

Christophe Grojean BSM 10 Dubna, July 2018



What is the scale of New Physics!?

------------------------------------------------------------------------------------------------------------------------------------------------------------

small EDMs: argdetY < 1071°
: (» axion?

. small FCNC:

* tiny vacuum energy: A & Myp > (10_3e\/)4

G ? .
light Higgs boson:  m% ~ MZp > (125GeV)’

. tiny neutrino masses:

. slow proton decay:

( light susy?

Two approaches to make progress:

® Theoretically motivated: UV gives constraints on IR (string, GUT, naturalness...)
® Data driven: infer UV completions from IR data

Best objects at our disposal: Higgs, top, heavy mesons???

MO ME I, S0Tt"a€Cayprouaucts, 10rng accay cnairs .

uncoloured new physics Relaxion

Christophe Grojean BSM 10 Dubna, July 2018



HEP with a Higgs boson

The Higgs discovery has been an important milestone for HEP
but it hasn’t taught us much about BSM yet

. . . . 5gh v? g2 v?
typical Higgs coupling deformation: — ~ — 2
YP 88 pling 7 (AR,

current (and future) LHC sensitivity
O(10-20)% & Asm > 500(g:/zsm) GeV

not doing better than direct searches unless in the case of strongly coupled new physics
(notable exceptions: New Physics breaks some structural features of the SM

e.g. flavor number violation as in h— 1 1)

Higgs precision program is very much wanted
to probe BSM physics

Christ op/le Gr?/'ean BSM 1l

Dubra, July 2015



The longitudinal polarization of massive W, Z

4 )
g @
&
4
-l
a massless particle is never a’r rest: always possible to distinguish
(and eliminatel) the longitudinal polarization
. J
4 )
_
Lo
: C 10
the longitudinal polarization is physical for a massive spin-1 particle
. J

Christophe GroL/'ean

(pictures: courtesy of G. Giudice)

symmetry breaking: new phase with more degrees of freedom

6 :(|ﬁ| E p
| M’M|ﬁ‘

> polarization vector grows with the energy

BsM 12 Dubna, July 2015
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The longitudinal polarization of massive W, Z

4 )

(and elimir~*+ o

- /‘// v
\,
\
-
J
1 E * — ~

the longitudinal polarization is physical for a massive spin-1 particle

\_ J
(pictures: courtesy of 6. Giudice)

symmetry breaking: new phase with more degrees of freedom

6 :(w E p
| M’M|ﬁ‘
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The BEH mechanism: "V =6oldstone bosons”

At high energy, the physics of the gauge bosons becomes simple

2 2 2 2 2
T(t— bW;) = 9 m2t (my — ?W) Oa'l' threshold (m; ~ mw)
z Gdmimyy, my democratic decay
g* 2(m? — m? )2 .
L(t— bWyp) = W © at high energy (m; > mw)
. Odm e W_ dominates the decay
W
At high energy, the dominant degrees of freedom are W,
~~ why you should be stunned by this result: ~~
dacg/rter we expect: 2
g (dimensional analysis) F ~ g Tlmother
mother
. : 3 like the Higgs
. eans
9 instead |’ ox M Lother MeANs g o< m couplings!
dactg/ter

very efficient way to get energy from the mother particle 7T << Thaive

This is the physics that was understood at LEP
The pending question was then: is there something else?
That was the job of the LHC

Christophe Grojean BsSM 13 Detbnay, Jetly 2015




The BEH mechanism: "V =6oldstone bosons”

At high energy, the physics of the gauge bosons becomes simple

¢ - g° (m
Z ﬁ R @
g7 2 ?
W+

At high energy, the dominant degrees of freedom are W,

~~ why you should be stunned by this result: ~~

dacg/iter we expect: 2
g (dimensional analysis) F ~ g Mmother
mother
. like the Hi
I instead 1’ o< m?nother means g o< M ike the Higgs

. couplings!
dactg/ter
very efficient way to get energy from the mother particle 7 << Tnaive

This is the physics that was understood at LEP
The pending question was then: is there something else?
That was the job of the LHC
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Call for extra degrees of freedom

e N O LOSE THEOREM -

Bad high-energy behaviour for
the scattering of the longitudinal
polarizations
A = e (k)ell (1)g® 2Mupve — NuwMpo — MuoTvp) € (D)€f (0)

E4
AME,

A= g

violations of perturbative unitarity around E ~ M/J/g (actually M/g)

Extra degrees of freedom are needed to have a good description
of the W and Z masses at higher energies

numerically: E ~ 3 TeV O’rhe LHC was sure to discover something!

Christophe Grojean BSM 14 Detbnay, Jetly 2015



What is the SM Higgs?

A single scalar degree of freedom that couples to the mass of the particles

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
*

v

W W- growth cancelled for
- A — i s — a’s’ a=1

h v2 s —ms restoration of

perturbative unitarity

*
.
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Christophe Grojean BsSM IS5 Detbnay, Jetly 2015



What is the Higgs the name of?

A single scalar degree of freedom that couples to the mass of the particles

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
*

a,'b' and 'c’ are arbitrary free couplings

For a=1: perturbative unitarity in elastic channels WW — WW

For b = a2: perturbative unitarity in inelastic channels WW — hh

*
.
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Cornwall, Levin, Tiktopoulos ’73 Contino, Grojean, Moretti, Piccinini, Rattazzi 10

L4
L4
L4
L4
4
L4
L4
4 ,'
’ 0
L4
4
L4
L4
4
L4
4
A 3
-
3
-
-
. a
[N A 3
LN A
LN Al
-
-
A3
-
A 3
A3
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What is the Higgs the name of?

A single scalar degree of freedom that couples to the mass of the particles

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
*

a,'b' and 'c’ are arbitrary free couplings

For a=1: perturbative unitarity in elastic channels WW — WW

For b = a2: perturbative unitarity in inelastic channels WW — hh

For ac=1: perturbative unitarity in inelastic WW — ¢ 1

*
.
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Christophe Grojean BsSM 16 Detbnay, Jetly 2015



What is the Higgs the name of?

A single scalar degree of freedom that couples to the mass of the particles

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
*

h? - h
_ 2 Tt
Lowsp = mWWM Wu (1 + QCLZ | va —mypYrLYr | 1+ c—
'a’, 'b' and 'c’ are arbitrary free couplings
For a=1: perturbative unitarity in elastic channels WW — WW
For b = a2: perturbative unitarity in inelastic channels WW — hh
For ac=1: perturbative unitarity in inelastic WW — 3 ¢
L e
L ofows B e e
S [ A Higgs couplings
I i < .
D s |3 : are proportional :
b E :to the masses of the particles :
ol JE e S
1S m gvvh M
: | | © Ay X —2 22, = —v
1 2 345 10 20 100 200 v (Y v 20 . v?
mass (GeV)

Christophe Grojean BsSM 16 Detbnay, Jetly 2015



Higgs couplings = door to BSM

heavy new physics induce deformation of the Higgs couplings
(in the same way that W exchange mediate muon decay and S decay)

DY production xs of resonances decreases as 1/g,2

12}

0 202 A2 (1TeV\’ |
_gNg;U N(g ) ( > 0.5% 10l
g AZan 0.3 A |
8l |
9o | :_g
6/ 1
Higgs coupling precision measurements | 8
are an indirect way to probe 4 2
heavy (strongly coupled) new physics ¢
that cannot be observed directly 2

di-lepton searches —

Christophe Grejean BSM 17 Dubna, July 2015
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Higgs Mechanism

ol I = =H N = =N = = H = H = =H = = = = = = = = = = = = ‘ '
|

Symmetry of the Lagrangian

+ Symmetry of the Vacuum
U(1)e.m.

Vacuum Expectation Value

SU(Q)L X U(l)y

Higgs Doublet

+ | : 0
H — h =t :<L>With v~ 246 GeV
hY | V2
¢ + 1 2
DyH = 0,H — 3 ( H with Wi = -5 (W, + W)
B . /U2 WS,LL
D = g W A ) (')

--------------------------------------------------------------------------------------------------------------------------------------------------------------------

B clectrically charged bosons
Weak mixing angle

- 3 L C —= g
Zy=cW;, —sB, V9?9
Yy = st’ +cB ¢ — q'

\/ a2 12
Christophe Grojean BsSM IS 9°%9 Detbnay, Jetly 2015
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Higgs and EW vacuum Stability

V(h) = —2p’h” + 3Ah°

2 2
vev: v° = pu~ /A mass: m%_, = 2)\v°

the vacuum is not empty even classically (2 — 0)

How is Quantum Mechanics changing the picture?

Christophe Grojean BSM 19 Detbnay, Jetly 2015



Higgs and EW vacuum Stability

2 2
vev: v° = pu~ /A mass: m%_, = 2)\v°

the vacuum is not empty even classically (2 — 0)

’¢
) ’
’
) ’ .’
) ' '
° v b4 S -
.......... .’ -~ --- - - -
ss '¢ PN L W J P ~
~ ’ 4 [N “ ’¢ s~
~ * V4 . s P ~
N g ' 1 mmmam Q@==mu. ’ .
1 1
1 ]
'¢ s~ . ¢
.’ - A 4 - .
¢S ammmm Q= === "' _— e _— =

— 2402 — (30”2 1+ 902 — 1202\ 4+ 3¢/ 1 34202 1+ 94* _ gyt Higher'loopsE
(39 I YA 591979+ 59 v Small Yukawa:
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nggs and EW vacuum STabulnTy

' 3 4 0 Linde ’76, ’80
I Ry Yo In Q_ I Weinberg ’76
A IANQ) = Ao 01 Maini et al ’78, 79
I 1 9 yQ In Q Politzer, Wolfram ’79
1 1672 <0 Qo 1 Lindner '86
m2 ---------------- » +
“r ..
202
. Q
v 0 647r2m?{/3yff02

A < 0 = potential unbounded from below

New physics should appear before
that point to restore stability
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Higgs and EW vacuum Stability

Small mass (y: dominated RGE)
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Quantum Instability of the Higgs Mass

so far we looked only at the RG evolution of the Higgs quartic coupling (dimensionless
parameter). The Higgs mass has a totally different behavior: it is highly dependent on the
UV physics, which leads to the so called hierarchy problem

------------------------------------------

h . Higher loops |
""" Smaller Yukawa!

Weisskopf’39
‘t hooft '79

Christophe Grojean BsSM 2l Detbnay, Jetly 2015


http://prola.aps.org/abstract/PR/v56/i1/p72_1
http://inspirebeta.net/record/144074

Naturalness principle @ work

Following the arguments of Wilson, 't Hooft (and others):
only small numbers associated to the breaking of a symmetry survive quantum corrections

Introduce new degrees of freedom to regulate the high-energy behavior

I

Beautiful examples of naturalness to understand the need of "new" physics

see for instance Giudice '13 (and refs. therein) for an account

> the need of the positron to screen the electron self-energy: A < m./caen

> the rho meson to cutoff the EM contribution to the charged pion mass: A < OmMZ [ Ctem

5mK 67‘(‘2

> the kaon mass difference regulated by the charm quark: A? < -
mi G4 fz sin” ¢

> the light Higgs boson to screen the EW corrections to gauge bosons self-energies

> new physics at the weak scale to cancel the UV sensitivity of the Higgs mass?

Christophe Grojean BsSM 22 Detbnay, Jetly 2015


http://arxiv.org/abs/arXiv:1307.7879

The different paths to Higgs naturalness

Single vacuum > Multiple vacua

many metastable vacua
with a vast range of values for mn
Dynamical (or anthropic selection) of mp<A

the low Higgs mass is screened from
large quantum corrections by

1..a symmetry (Susy, PQ) 1. anthropic multiverse

2. a form factor (composite Higgs) 2. NNaturalness with 1016 copies of SM
3. alow UV scale (xdim, RS, large N...) 3. relaxion and cosmological scanning
4. a combination of the above with non-trivial back reaction

Christophe Grojean BSM 23 Dubnay, July 2015



How to Stabilize the Higgs Potential

2

s+1 polarization states

a pC(I’"I'iCle of spin S. ...with the only exception of a particle moving at the
speed of light

... fewer polarization states

Spinl  Gauge invariance = no longitudinal polarization ~,
m=0
Spin 1/2 Chiral symmetry —> only one helicity —

If the symmetries are broken, the radiative mass will be set by the scale
of symmetry breaking, not the UV/Planck scale

... but the Higgs is a spin O particle

Christophe Grojean BsSM 24 Detbnay, Jetly 2015



Symmetries to Stabilize a Scalar Potential

(_supersymmetry_

fermion ~ boson

Higher Dimensional « 9auge-Higgs
Lorentz invariance unification models
[Manton '79, Fairlie 79, Hosotani '83 +...]

A, ~ As

7 N

4D spin 1 4D spin O

These symmetries cannot be exact symmetry of the Nature.
They have to be broken. We want to look for a soft breaking in
order to preserve the stabilization of the weak scale.
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http://inspirebeta.net/record/141387
http://inspirebeta.net/record/140280
http://inspirebeta.net/record/188768

Other approaches to the hierarchy problem

the hierarchy problem can be reformulated as:
why the weak scale so much smaller than the Planck scale of quantum gravity?

h
Mpy = /=~ 10" GeV/c?
G N

X large extra dimensions (~1mm): dilute gravitational interactions into
large volume not accessible to other forces. Scale of quantum gravity
around 1TeV. Black holes could be produced at the LHC.

X many different species: M==Mpi/YN. M=~1TeV if N~1032

X composite Higgs: above the scale of compositeness, the Higgs boson
dissolves into its fundamental constituents. Momentum-dependent form
factors cut off the divergent integrals

.‘»“ ‘ar TRe Ty HEhe 5 aas OSSO, QNG ¢€ ARtcotorinoae
Ruled out by the nggs boson dnscovery
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Could the EW scale accidentally small?

The Sun and the Moon have the same angular size seen from Earth. Why?

O Dynamical explanation?

O Accident?

O Multiverse... there exist many (exo)planets with moons!

O Anthropic selection (probably not for the Moon, but maybe for the Higgs)

The Landschape

Our Universe ?

" >

:-ﬂl.hdft\,,.‘ /) "\Ni:,
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Supersymmetry
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Minimal Supersymmetric SM - Matter Content

particles Sparticles

uarks (" Uy i ]
qg ( dL) Ug dg squarks ( a fix dr
leptons (eL) er sleptons (?’“) er

VL VL
Higgs  H; (hypercharge = —1 . :
J i*;’y 1 (hypercharge ) Higgsinos '
oublets  H, (hypercharge = +1) H,

+ 3

s W winos o, &

B, bino b

GY A=1,..8 gluinos g

Gluino Neutralinos and charginos

Leptons Quarks

(9}
-
Q
=
o
()
LL

Bosons
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http://indico.cern.ch/getFile.py/access?contribId=23&resId=1&materialId=slides&confId=44587

Probing natural SUSY

2 2
t i \; t omiy ~ ‘%%mﬁlumo (log mgimo) light stops, light gluinos!
N well tested @ LHC
fimm--= oo h but most questionable predictions
PR (RG effects)
\I t | 513y~ — Sy, log ——
\ / 82 p Mstop
h=-=-=-3=»%-——- ]
light Higgsinos!
N . P amd } very low sensitivity @ LHC
? ILC needed to probe the other side
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Probing natural SUSY
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Probing natural SUSY

s C LA B = C L L B A BN
2 - PP—99.99.9q 2 - PP—99.09.9q
& 20~ 5o discovery & 20— 95% CL exclusion
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Fig. 16: Results for the gluino-squark-neutralino model. The neutralino mass is taken to be 1 GeV. The left [right]
panel shows the 5o discovery reach [95% CL exclusion] for the four collider scenarios studied here. A 20%
systematic uncertainty is assumed and pile-up is not included.
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Fig. 12: Left: Discovery potential and Right: Projected exclusion limits for 3000 fb™! of total integrated lumi-
nosity at v/s = 100 TeV. The solid lines show the expected discovery or exclusion obtained from the boosted top
(black) and compressed spectra (blue) searches. In the boosted regime we use the Fir cut that gives the strongest
exclusion for each point in the plane. The dotted lines in the left panel show the +10 uncertainty band around the
expected exclusion.
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Natural SUSY: beyond standard searches

Searching for light stop from heavy stop decay
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SUSY searches

gluinos and squarks are produced by QCD interactions

o
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SUSY searches

gluinos and squarks are produced by QCD interactions

Selected CMS SUSY Results* - SMS Interpretation ICHEP '16 - Moriond '17
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The MSSM Higgs mass and stop searches

20 | | | ‘ |

m- (TeV)

Pardo Vega, Villadoro ‘15 + many others

One needs heavy stop(s)
O to obtain a 125GeV Higgs
(within the MSSM)
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http://arxiv.org/abs/1504.05200

The MSSM Higgs mass and stop searches

20 | | | ‘ |

Pardo Vega, Villadoro ‘15 + many others

One needs heavy stop(s)
° to obtain a 125GeV Higgs
(within the MSSM)
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The MSSM Higgs mass and stop searches
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Villadoro ‘15 + many others

One needs heavy stop(s)

O to obtain a 125GeV Higgs
(within the MSSM)

Figure 5:  Allowed values of the OS stop mass reproducing my = 125 GeV as a function of the stop mizing, with
tan 8 = 20, u = 300 GeV and all the other sparticles at 2 TeV. The band reproduce the theoretical uncertainties
while the dashed line the 20 experimental uncertainty from the top mass. The wiggle around the positive maximal

miazing point is due to the physical threshold when m; crosses Mz + my.
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http://arxiv.org/abs/1504.05200

Saving SUSY

J
/
y

LHC300(0yb-1 will telll

Good coverage of

SUSY is Natural
but not plain vanilla

hidden natural susy

B8 pPMSSM

g NMSSM

i colorless stops ("folded susy")

/ i Hide SUSY, e.g. smaller phase space

> mono-top searches (bm, flavored

naturalness - mixing among different squark

flavors-, stop-higgsino mixings)

. Mahbubani et al | - l
| » reduce production (eg-spi families) mono-jet searches with ISR
Csaki et al '
> reduce MET (e.g. R—par'i‘rly, compressed recoil (compressed spectra)
spectrum) > precise tt inclusive measurement+

> dilute MET (decay to invisible particles
with more invisible particles)

spin correlations
(stop — top + soft neutralino)

F tal
> soften MET (stealth susy, s’ro%q’reopa

_degeneracy)

| mul’ri—har'd—je’rs (RPV, hidden valleys, long
decay chains)
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http://arXiv.org/abs/arXiv:1212.3328%20
http://arXiv.org/abs/arXiv:1209.4645
http://arxiv.org/abs/arXiv:1105.5135
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Neutral Naturalness

2 2 2 2 . . 2
959x 2 €"gx 2 . 9 1 2
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~ o & 167 my L
SM mz [ ] 5 5
- . gs v
..................................... + ; 7 = 2
CO|OI‘fU| naturalness pI‘Obed @ LHC : nice to be able to measure Zh & [
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(N. Craig @ Paris’18)

Christ op/?e Gro‘/’ean

Twin HIggs

[Chacko, Goh, Harnik ‘05]

/o
Standard l | bisbnsie
Model IshoM

Radiative corrections to the Higgs mass are
SU(4) symmetric thanks to Zo:

A2
1672

9
V(H) D (—6?/? -+ 192 —I—) (‘HAP -+ ’HB‘Z)

/Higgs s a PNGB of ~SU(4), but partner Q \

states neutral under SM.
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http://www.apc.univ-paris7.fr/APC/Conferences/cosmograv2018/Talks/Craig_HierarchyProblem.pdf

Neutral Naturalness: new sighatures

" Look //?3 and not #1 na//hﬁ /s different than not ook /‘nﬁ “

giving the null search results, the top partners should either be

» heavy (harder to produce because of phase space)
»stealthy (easy to produce but hard to distinguish from background, e.g. Mstop~Miop)
»colorless (hard to produce, unusual decay)

e

need to go beyond 3

Scalar  Fermion traditional searches g

.

Top Partner Top Partner only little corner %

All SM of theory/model space §
Charges =~ °9>7  PNGB/RS has been explored so far =

° 70 00
EW Folded Quirky require hidden QCD
Charges SUSY Little Higgs with a higher confining scale:
‘05 ‘02 = 1) hidden glueball (0**) that can mix with Higgs
Hyperbolic h>~GoGo>4| with displaced vertices

No SM _ - | |

Charges H'QQS Twin H'QQS = 2) emerging jets Curtin, Verhaaren ’]

‘18 ‘05 Schwaller, Stolarski, Weiler ’15
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http://indico.cern.ch/event/441629/
http://arxiv.org/abs/1506.06141
http://arxiv.org/abs/1502.05409

Neutral Naturalness: new sighatures
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