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Outline

OMonday

O general introduction, units

OTuesday
O Higgs physics as a door to BSM

OWednesday

O Higgs and Naturalness: small and large numbers in a quantum world

OThursday

O grand unification, proton decay
O supersymmetry
O extra dimensions

OFriday

O cosmological interplay
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Higgs couplings as a test of naturalness

2 9 2 9 . . 2
959 1 2 ~2 e“g, 1 2 12 < . g, 1 2\ 2
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..................................... T T T 82 2

Colorful naturalness probed @ LH hice to be able to measure Zh & I

Neutral naturalness (invisible?) @ LHC
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Higgs couplings measurements

the precise characterization of the Higgs is on its way

ATLAS m, = 125.36 GeV CMS m, = 125.00 GeV
1 I 1 I | | I | | | | I | | I
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Higgs couplings measurements

the precise characterization of the Higgs is on its way

CMS 19.7 b7 (8 TeV) + 5.1 b (7 TeV)

- Observedé
< [|¢ SMHiggs|

Normalised coupling to fermions
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Higgs couplings and model discriminations

The pattern of Higgs coupling deviations is a sighature of the underlying
dynamics beyond the Standard Model
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ILC Projected Higgs coupling precision (model-independent) =
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ILC Projected Higgs coupling precision (model-independent) =
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Higgs couplings and model discriminations

The pattern of Higgs coupling deviations is a sighature of the underlying
dynamics beyond the Standard Model

~~ expected largest relative deviations ~~

hif  hVW  hyy  hyZ  hGG R
MSSM
NMSSM

PGB Composite
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v
SUSY Composite \/ \/
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SUSY partly-composite

“Bosonic TC”

Higgs as a dilaton \/ \/ \/

N N <<

A. Pomarol, Naturalness 15
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Higgs & New Physics

Precision /indirect searches (high lumi.) vs. direct searches (high energy)

NP SM

typical mass scale EW scale v=246GeVv
M=g-t 9.9, Y1

9° /g~

SM

+ projection M300 fb" M3000 b . : og v’

LHC Profection O Precision Higgs study: &= — = —

g f

wz resonance [N O Direct searches for resonances: m, ~ g.f
Which one is doing best?
vector-like quark _ it depends on value of g»

o 1 2 3 4
Mass (TeV)

LHC direct search
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Higgs & New Physics

Precision /indirect searches (high lumi.) vs. direct searches (high energy)

1
Mass reach: "
02
ee machines are best Higgs couplings
to test strongly 0-1
coupled NP 005 ___\_ >y,
& | *
0.02 :
pp machines are best N TLC/TLEP
to test weakly 001~ | ' R
coupled NP 0.005 %t 1
' 0.002 | | H
0 5 10 15 20
m.in TeV

Rattazzi, BSM@100TeV, CERN '14
direct searches

-
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Higgs & New Physics

Precision /indirect searches (high lumi.) vs. direct searches (high energy)

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

Torre, Thamm, Wulzer ’15

Collider Energy Luminosity ¢ [1o]

LHC 14 TeV 300 b1 6.6 —11.4 x 102

LHC 14 TeV 3ab~ ! 4—10x 102

ILC 250GeV | 250fb~" 1878 %103
+500GeV | 500fb ! o

CLIC 350GeV | 500fb~ !

+ 1.4TeV 1.5ab~ ! 2.2 x1073
+ 3.0TeV 2ab~ !

TLEP 240 GeV | 10ab !
+350GeV | 2.6ab !

2 %1073

> complementarity:
> direct searches win at small couplings
> indirect searches probe new territory at
large coupling

e.g.
indirect searches at LHC over-perform direct searches for g > 4.5
indirect searches at ILC over-perform direct searches at HL-LHC for g > 2

di-lepton searches — < di-boson searches

Christophe Grojean BSM 64 CERN, July 2015



Supersymmetsy
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SUSY: a quantum space-time

(6. Giudice HCPSS'09)

quantum
dimensions

- 9192 — _02(91

superparticle

fermion
(half-integer spin)

boson
(integer spin)
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SUSY: a quantum space-time

(6. Giudice HCPSS'09)

> quantum
dimensions

S 010, = 6,0,

¢  fermion
S (half-integer spin)
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SUSY 1.0.1

fermion < boson

L=0"¢10,¢ + ipy"0,1
O susy transformations:

0} = &) 0L = total derivative
0 = —i (yYH0,0) € . ni5e

Wess, Zumino '74

@)\
&t 3(:;:}.‘) 8 r
y ‘A‘\’\‘Qé{ X
susy algebra: AT
. f‘}x\ e fo ) “{}“.::,\\
' y 9 L
Lot

5.0,0.] ( ’ ) _ i(@a)d, ( ;’2)

susy® = 4D translation ® erd

How to introduce interactions?
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Superspace

(x“, 0, 6’)
usual 4D J\ &_ new fermionic/Grassmanian

space-time coordinates coordinates

A general superfield can be Taylor-expanded in the superspace
F(x,0,0) = f(x) + 0x(z) + 0x(z) + 00m(z) + 00m(z) + 00" 0v,, () + i000X(x) — i00OA(x) + %«%éﬁ_d(aﬁ)

complex spin-O fields: f(ZC), m(:z:), m(:z:'), d(x) 4x2=8 real off-shell degrees of freedom
complex spin-1 fields: vy, (;1;) 1x8=8 real off-shell degrees of freedom

Weyl Spin-1/2 fields: X(aj‘), X5 )\(x), 5\(33) 4x4=16 real off-shell degrees of freedom

-
7 Chiral superfield D,F =0 F = ¢(z) + 006 x) + 09 (=)
covariant derivative off-—sshhelllljoff g ‘2,' (2)
ie commute with supersymmetry on-shefl do
Ovecfop superfield F = 0c"0v,(x) +i000)(x) — 000 (x) + %Hﬁé’_éd(a:)
| ff-shell dof 3 4 1
F=F" £‘> on-shell dof 2 2 0
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MSSM - Matter Content

particles

quarks (Zﬁ) ug  dg

leptons (eL) er

VL

Higgs H, (hypercharge = —1)
doublets H, (hypercharge — -1,-1)

Chiral superfields

+ 73
Wu’Wu

vector
superfields

Christophe Gr?/'ean BsSM

squarks

sleptons

Higgsinos

WINnos
bino

gluinos

&9

Sparticles

i B -
( Cii) g 4R
& i

(&)

H,

(6. Giudice HCPSS'09)
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SUSY Interactions - Superpotential

superpotential W = holomorphic fct of chiral superfields

oW | 1 02W
L= Liin 2 Y +he
< agb 10=0 2 8¢2 |6=0

is invariant under susy

- exam p l e. su Sy y u kawa | n"' erac 1- | 0 e ————

W = %mgb2 + %ygb?’ O W = meo -+ %yng W =m +y¢
2
1 L2 1
L= Lyin — mgb+§ygb —§(m+ygb)ww+h.c.
N

o ot v
will be modified by
soft susy breaking
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MSSM Superpotential

W = H,QD + H,QU + H,LE + nH,H,

)
\ { %

—— R parity forbids all the dangerous terms ~ ———————

o super'fﬁields ] R . - o fields
., | -parity !
Q, DU, L:—1 > doesn't commute with susy :‘[> ¢SM : —|—1
| Hu, H;:+1 %. 0:—1 ¢Superpartner :—1

hice consequences: o superpartners are pair-produced
O Lightest Supersymmetric Particle is stable = DM?

Christophe Gr?/'ean BsSM 7l CERN, Ja/y 20Is



SUSY and the (big) hierarchy problem

(DE Kaplan HCPSS'07)

stop. ..
Top . *
hOh
AN h=---- ittt h
ytJ\ &‘yt N ytg
2 2 2 2 2 2
omy < (yi —y7) A° + (m; — mZ) log A
Yt7#Yi mg 7# My
<L <L
A? dv log A dv

hard susy breaking soft susy breaking

how to dynamically generate soft breaking
terms compatible with exp constraints?

SUSY biggest pb:
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SUSY little hierarchy problem

SUSY needs new (super)particles that haven't been seen (yet?)
SUSY (at least MSSM) predicts a (very) light Higgs

2
V= (uf? +miy,) [ + (f? +miy,) [HO)® = BHGHS + c.c) + £ (|10 — | H3)")
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SUSY little hierarchy problem

SUSY needs new (super)particles that haven't been seen (yet?)
SUSY (at least MSSM) predicts a (very) light Higgs

2 12 2
V= (Il + ) [H + (il + miy,) [H9]* = BOHOHS + c.c) + S22 (JHOJ" — | HY)?)

3Gpmi . m:
m; A2 my cos> 2[5 il log —&
0
0(\@’\0 Q m3 /2 = —u° My, — My, tan” j
“ | tan? /8 — 1

mu > 115 GeV = m+>1 TeV
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The MSSM Higgs mass and stop searches

At/mt~

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
mizing point is due to the physical threshold when m; crosses Mz + my.

Current and future
bounds on stop mass

Christophe 6/‘9/8&/7 BsSM

20 — Pardo Vega, Villadoro ‘15 + many others

One needs heavy stop(s)

O to obtain a 125GeV Higgs

(within the MSSM)

300
250
200
150

100

75

7,f, production, 7—bff 7'/ t—c g [t~ Wb 7|/ t—1t}] Status: ICHEP 2014
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ATLAS JLar=200" \s=8Tev  [Ldr=47 " Vs=7Tev ]
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B 2L [JHEP 1406 (2014) 124] 2L [JHEP 1211 (2012) 094]
Wi Wby 1L [CERN-PH-EP-2014-143], 2L [JHEP 1406 (2014) 124]
E=i-cy OL [CERN-PH-EP-2014-141]
== bff i OL [CERN-PH-EP-2014-141], 1L [CERN-PH-EP-2014-143]

— observed limits  ==== expected limits
all limits at 95% CL

’ A 7
& >y
& X
x N

] k\lll
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The MSSM Higgs mass and stop searches

20 — Pardo Vega, Villadoro ‘15 + many others

One needs heavy stop(s)
O to obtain a 125GeV Higgs
(within the MSSM)

At Im-
v Direct stop searches (ATLAS Snowmass doc)

Figure 5:  Allowed values of the OS stop mass reproducing my = 125 GeV as a function of Sqﬂnu — v RO O LN L L L -
tan 8 = 20, u = 300 GeV and all the other sparticles at 2 TeV. The band reproduce the the 4] E'DCI :_A'T'LAS éJmUJ’Eﬂﬂﬂ F.I'E‘ﬂmfﬂﬂf}f _::
while the dashed line the 20 experimental uncertainty from the top mass. The wiggle around {.2, - -—_1‘; TeV =300 fb"' (<u>=60) 50 discove =
mizing point is due to the physical threshold when mj crosses Ms + my. 0 - V5= e =300 fb™ i-:pJEEﬂ]- 85% CL exclusion 5
w800 =3000 b (<u>=140) 50 discove =
EJ - *+ 3000 fb™' (<u>=140) 95% CL exclusion =
TO00 EATLAS 8 TeV (1-lepton): 95% CL obs. limit=
= . CATLAS 8 TeV (0-lepton): 95% CL obs. limit -
600 combined -
— ‘*i llllllll LT e :
= «* . =
Current and future 50010 and 1-lepton combined _uua®es 3
! ¥ o
O 400} o L g
bounds on STOP mass 300F y 95% excl
- : @ 3000/fb
200 e
100F- 95% eixcl @ 300/fb
: 1 1 | : A 1 1 ]: i :
2

HL-LHC (2030) 0 1000 \1200 1400
My, [GEV]

50 @ 300/fb 50 @ 3000/fb

800
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The MSSM Higgs mass and stop searches

Pardo Vega, Villadoro ‘15 + many others

20

One needs heavy stop(s)
O to obtain a 125GeV Higgs
(within the MSSM)

CL, Discovery

-3 -2 -1 0 1 2 3 i 10
A;Im- . /s =100 TeV — Boosted Top
t
Figure 5:  Allowed values of the OS stop mass reproducing my = 125 GeV as a function of the stop mizing

B000T [Ldt = 3000 fb™"  —Compressed =5
tan 8 = 20, u = 300 GeV and all the other sparticles at 2 TeV. The band reproduce the theoretical uncerta -

while the dashed line the 20 experimental uncertainty from the top mass. The wiggle around the positive mc B gsys bkg = 200/0
mizing point is due to the physical threshold when m; crosses Mz + my. ’ B

ST 6000¢ . =20%

(GeV
Sianificance

Current and future O I 4000
bounds on stop mass

B.

2000

FCC-hh @ 100TeV (2050) 0

| 1 1 1 | 1 1
2000 4000 6000 8000
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Solving the susy little hierarchy pb

Various proposals on the market:

O singlet extensions of the Higgs sector: NMSSM and friends
Fayet 75 + O(500) papers

O gauge extensions with new non-decoupled D-terms:
Batra, Delgado, Kaplan, Tait '03 + O(10) papers

O low scale susy breaking mediation (A~100 TeV)

O double protection: (super-little) Higgs as a Goldstone boson
Birkedal, Chacko, Gaillard '04 + O(20) papers

O add higher dimensional terms: BMSSM Dine, Seiberg, Thomas ‘07

BMSSM M( i)” + i £t ( d)

0O allow for much lighter susy particles
0 window for MSSM baryogenesis extended and more natural
0 LSP can account for DM relic density in larger region of parameter space

O ... your own model?

Christophe Gr?/'ean BSM 26 CERN, Ja/y 2015



Saving SUSY

LHC100b-1 will telll

Good coverage of

Y

SUSY is Natural
but not plain vanilla

hidden natural susy

B pMSSM

8 NMSSM
/ 8 Hide SUSY, e.g. smaller phase space

» moho-top searches (dMm, flavored

naturalness - mixing among different squark

. flavors-, stop-higgsino mixings)
» reduce production (eg. split families)

Mahbubanietal [ mono-jet searches with ISR
» reduce MET (e.g.&per’i‘ﬁ, compressed ‘ '
spectrum) Csaki et al recoil (compressed spectra)

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

» soften MET (stealth susy, stop -top
degeneracy) Fan et al

» precise tt inclusive measurement+
spin correlations (stop — top +

very soft neutralino)

P mulTi-hard-jeTs (RPV, hidden valleys, long
decay chains)

Christophe Gr?/'ean BsSM +F CERN, Ja/y 2015



gm/z/ W %7 S/ s JMSS
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Evolution of coupling constants

CW%&M the forces depend on distances

QWM - the charges depend on distances

QED: virtual particles screen
the electric charge: oy when d A

QCD: virtual particles (quarks and
*gluons™) screen the strong charge:

s 7V When d 7‘

‘asymptotic freedom’

Oog o’ 11N, Ny
Olog E flas) 7 <_ )

B 6 3

> O |
\ U
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Grand Unified Theories

-
i# | .5trﬂ-ng force

Force strength

Weak force®

Electromagnetic force

106 . 1010
' Energy in gigaelectronvolts

A single form of matter
A single fundamental interaction

Christophe 6/‘0(/8&/7 BsSM SO
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SU(B) GUT: Gauge Group Structure
= SU(3)exSU(2).xU(L)y: SM Matter Confent —=—=

Uy,

ur, _ _
QL = ( ) = (3,2)1/6, ur=1(3,1)_2/3, dz=1(3,1)13, L= ( = (1,2)_1/2, e =(1,1)1
€L

How can you ever remember all these numbers?
—  SU(3)xSU(2).xU(1)y c SU(B) T———rvv

additional U(1) factor that
commutes with SU(3)xSU(2)

SU(D) SU(2)
Adjoint rep. ( SU(3) ) (1/2 s \
Te(TT?) = %5ab T'? = g ~1/3 s
\ -1/3

__

Chris Z‘op/]e Grod'ean
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SU(B) GUT: Gauge Group Structure
——— SU(3)xSU(2).xU(1)y: SM Matter Content

ur, _ - LY
QL — ( > — (372)1/67 u% — (37 1)—2/37 d%{ — (37 1)1/37 _ —_—

How can you ever o

p—

Chris Z‘op/]e 6}-0(/3@
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SU(B) GUT: SM B fcts

g, g and gs are different but it is a low energy artifact!

: 11 2 1
. b= ng(spin—l) — ng(chiral spin-1/2) — ng(compleX spin-0)

Christophe Grojean BsM $2 CERN, July 2015



SU(5) GUT: low energy consistency condition

az(Mz),as(Mz),c1(Mz) <= experimental inputs
b3,b2,01 == predicted by the matter content

3 equations & 2 unknowns (agur, MauT)

—— one consistency relation for unification ~-

3as(Mz) — 8aem(Mz)
(8b3 — 3b2 — 5[)1)043(Mz)046m(Mz)

Mgur = Mz exp (27r ) ~ 7 x 10'* GeV

1 3bsas(Myz) = (5b1 + 3ba)aem (Mz)
GUT (8b3 — 3b2 — 5b1)()43(Mz)Ckem(Mz)

~ 41.5

self-consistent computation: © Mgyt< Mpisafe to neglect quantum gravity effects
— O asur« 1 perturbative computation

Christophe Grojean BsSM S 4 CERN, July 2015



SU(B) GUT: SM vs MSSM B fcts

chiral superfield . vector superfield
complex .Spin-O Weyl spin-1/2
Weyl spin-1/2 : real spin-1

. in same representation R of gauge group . in same representation V of gauge group

11 2 2 1
b= ETg(vector) — ng(vector) — §T2(chira1) — ng(chiral) = 3Ty (vector) — Th(chiral)

MSSM Chiral Content

L _ _ vy,
) = (3,2) U=(3,1)_2/3, D=(3,1)1y3, L= <€ ) =(1,2)_1/2, E=(1,1)1, H, = (1,2)1/2, Hqg=(1,2)_12

L L

g QL U D |

1 1 1 {

bsu) =3 X3 — §><2><3+§><1><3+§><1><3 3‘
Wi,Z QL L H, Hd v
1 1 1 1 /7 =
bsu) =3 X2 — §><3><3+5><1><3 —57 3 —1‘

QL U D L E H,
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SU(B) GUT: MSSM GUT

by =3, by=—1, by =—33/5

low-energy consistency relation for unification

3(b3 — bg) 5(b2 — bl) aem(MZ)

~ 0.23
8b3 — 3b2 — 5[)1 + 8b3 — 3b2 — 5b1 OéS(Mz)

sin? Oy =

squarks and sleptons form complete SU(5) reps = they don't improve unification!
gauginos and higgsinos are improving the unification of gauge couplings

GUT scale predictions

Sas(Mz) — 8aem(Myz)
(8b3 — 3[)2 — 5b1)0&s(Mz)Ozem(Mz)

Mcur = Mz exp (27r ) ~ 2 x 10'% GeV

1 SngS(Mz) — (5b1 + 3b2)046m(Mz)

N _ ~ 24.3
GUT " (8b3 — 3by — Bby ) s (Mz)tem (Mz)
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Proton Decay

. . (6. Giudice SSLP'15)
in GUT, matter is unstable

decay of proton mediated by new SU(5)/S0O(10) gauge bosons

q My |  lepton
nucleon 4 @ >WW< a"
— meson

4
s M _
GUT: 7y(p = 7) - (1015 éev) 107

pY
Ld

A,

Exp: 7,(p—~>e'n’)>82x10" yr

e el
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