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SUSY 1.0.1

fermion < boson

L =0"p10,¢ + inhy" 0,1
O susy transformations:

0 = aﬂ 0L = total derivatl
0 = —1i (’V'uﬁuﬂb) S 1\\"3

Ve
1 eX
O susy algebra: Z&’ﬁ

[ ( z ) = —1 (6—27/%1)@“ ( Z

susy? = 4D translation &

Wess, Zumino '74

How to introduce interactions?
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SUSY: a quantum space-time

(6. Giudice HCPSS'09)

Supzrsymm?" quantum
nst"‘g%s dimensions
tra R S 016, = 626,

—# SuperSpace
sSpace-tine superparticle Sk

—

particle

—

fermion

boson (half-integer spin)

Par‘T'Cle (integer spin)

antiparticle
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SUSY: a quantum space-time

(6. Giudice HCPSS'09)

Trv
LQV‘GW‘Z . time SUper‘SYmmf‘ — quantum
sformgi—m!‘% dimensions
n )
‘ro /A _ , 0105 = —0201
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Superspace
(:1:‘“’, 0, @)
usual 4D _J\ /k hew fermionic/Grassmanian

space-time coordinates coordinates

A general superfield can be Taylor-expanded in the superspace

F(z,0,0) = f(x) + 0x(z) + 0x(z) + 00m(z) + 00m(z) + 0" 0v,(z) + i000X(x) — i00ON(x) + %Qﬁééd(x)

complex spin-O fields: f(x), m(:r;), m(m), d(.CB) 4x2=8 real off-shell degrees of freedom
complex spin-l fields: (o (:1;) 1x8=8 real off-shell degrees of freedom

Weyl spin-1/2 fields: x(x), X, M), 5\(37) 4x4=16 real of f-shell degrees of freedom

j Chiral super'field D,F =0 |:> F = ¢(z) + 0(x) + 00f(x)
covariant derivative off-shell dof 2 4 2
on-shell dof 2 2 0

ie commute with supersymmetry
chiral fermion!

. _ _ _ -

OVecfor' Superﬁeld F = 05"0v,(z) + i000\(x) — i000\(x) + 5999905(3:)
T off-shell dof 3 4 1

F=F on-shell dof 2 2 0

massless gauge field
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Superspace Integrals and SUSY

Any polynomial of superfields is a superfield itself

/d99 =1
/d29d29F(9,9) and /dQHQ(H)

are two quantities invariant by supersymmetry

All particles are seen as superfields and using the results above, one can
easily construct Lagrangians as polynomials of these superfields, these
Lagrangians are automatically invariant under supersymmetry




SUSY Interactions - Superpotential

superpotential W = holomorphic fct of chiral superfields

ow |
agb 10=0 2 a¢2 16=0

is invariant under susy

L = Lkin —

— example: susy Yukawa interaction ————

W = %m¢2+%y¢3 8¢W:mgb+%y¢2 W =m+ yo
2
1 L7 1
L= Lyin — |mo + 5y¢™| — 5 (m+ye) vy + hc.
¢~ ,gb
. AR
¢¢ my s¢

will be modified by
soft susy breaking
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SUSY Interactions

heuristic rule:
replace bosons with fermions in the interaction

¢ ‘s &’ ¢ w
X v ) ahhh ¢
¢ O' ~S ¢ ¢

Scalar potential is not arbitrary any longer:

dictated by gauge and Yukawa interactions.
One important consequence: upper bound on Higgs mass in simplest models

SUSY predictions

many new particles
many new interactions
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MSSM - Matter Content

particles

quarks (Zi) ug  dy

leptons (eL> er
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sleptons (fL> er
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Higgs H; (h h =—1 . g
33 1 (hypercharge ) Higgsinos '
doublets g, (hypercharge = +1) 2
+ 3
W, W, winos &F, @°
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Gt A—1,..8 gluinos g
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%
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£
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L

Bosons

SIepfons Sdarks
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Gluon Photon
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MSSM Superpotential

the most general ("renormalizable") superpotential of the MSSM

W = H,QD + H,QU + HyLE + uH,Hy «@QD + UDD + LLE + j, LH

:

lead to fast p decay

— R parity forbids all the dangerous terms

| superfields ] Rpar o fields
| | -parity
Q. DU L:—1 PI:> doesn't commute with susylz> ¢SM 41
‘ H, H;:+1 0:—1 ¢Superpartner :—1

nice consequences: o superpartners are pair-produced
O Lightest Supersymmeftric Particle is stable = DM?
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Probing natural SUSY

g
I//f t 5\\\ ) yt2 o A 5
il y i Omir ~ =5 —Muino <log mglm) light stops, light gluinos!
, NS , well tested @ LHC
""" T but most questionable predictions
P (RG effects)
C N
\ p 82 P Mstop
h=-m=Semlo o=
light Higgsinos!
, . R } very low sensitivity @ LHC
——————————— mi ~ |p .
) " ILC needed to probe the other side

C/lr/\SZ‘o//"/m 6/-0Jean %qq\f & BsSM | AEPSHEP, 624(}/ A//]on, Sepz‘. 201




Probing natural SUSY
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Probing natural SUSY

CL Discovery CL, Exclusion
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Fig. 12: Left: Discovery potential and Right: Projected exclusion limits for 3000 fb~! of total integrated lumi-
nosity at 1/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 Jr 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.

Christophe Grojean %‘qq\s & BSM Sl

| Collider | Energy [ Luminosity | Cross Section | Mass
LHCS 8 TeV 20.5 b1 10 fb 650 GeV
LHC 14TeV | 300 fb~! 3.5 1.0 TeV
HLLHC | 14 TeV 3ab~! 1.1fb 1.2 TeV
HELHC | 33 TeV 3ab~! 91 ab 3.0 TeV
FCC-hh | 100 TeV lab—! 200 ab 5.7 TeV
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Probing natural SUSY
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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 1/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 Jr 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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SUSY searches

gluinos and squarks are produced by QCD interactions

0
10 4 E LI ‘ T T T ‘ T T T ‘ T T T El
1031 o, [pbl: pp — SUSY -
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Figure 1: NLO+NLL production cross sections for the case of equal degenerate squark and gluino masses as a

function of mass at /s = 13 TeV.

LSP (lightest supersymmetric particle) is stable # Missing Energy

Christophe éroJean
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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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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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Figure 5:  Allowed values of the OS stop mass reproducing my, = 125 GeV as a function of the stop mizing, with 0::- 700— B~ T iG-WLE /G+bI "3_'-5 iL (1711 ”320] .
tan f = 20, p = 300 GeV and all the other sparticles at 2 TeV. The band reproduce the theoretical uncertainties = - i:_ ot “:?? gg:‘;-ﬂ 1
while the dashed line the 20 experimental uncertainty from the top mass. The wiggle around the positive mazximal C ol ! N : ]
mizing point is due to the physical threshold when mj; crosses Ms + my. 60C - 4 . <L 11805.01549)
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MSSM Higgs mass and stop searches

20 —_— Pardo Vega, Villadoro ‘15 + many others
One needs heavy stop(s)
3 O to obtain a 125GeV Higgs
s (within the MSSM)
1 \ \ \ \ \
-3 -2 -1 0 1 2 3
A¢ / m; .
000 Direct stop searches (ATLAS Snowmass doc)
o5 0, 0 G ot e e e o 5 T T b 3 o [ ATLAS Simuiaton Prolmiary | |13
while the dashed line the 20 experimental uncertainty from the top mass. Tk (.2. {§=14 TeV =300 fb: (<u>=60) 50 discovery 5
mizing point is due to the physical threshold when m; crosses Ms + my. % 800 :%J?bﬁ:)eﬁgigs‘:’%h%:c‘::sion =
£ ++3000 fb” (<j>=140) 95% CL exclusion

@ATLAS 8 TeV (1-lepton): 95% CL obs. limit=
CJATLAS 8 TeV (0-lepton): 95% CL obs. limit

LLL

combined

Current and future O '
bounds on stop mass :

5% excl
) 3000/fb

lll@lﬂll“lll“llll

95% ex

d @ 300/fb

1400.
mstop [GeV]
50 @ 300/fb 50 @ 3000/fb

200

HL-LHC (2030)

800
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MSSM Higgs mass and stop searches

20 \ \ \ \ \
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Pardo Vega, Villadoro ‘15 + many others

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

CL, Discovery
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SUSY is Natural
but not plain vanilla

8 pPMSSM

8 NMSSM

i colorless stops ("folded susy”)

g Hide SUSY, e.g. smaller phase space
Mahbubani et al

» reduce produc‘riwpm families)

Csaki et al
» reduce MET (e.g. R-parity, compressed
spectrum)

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

F t al
» soften MET (stealth susy, s‘ro%q‘reopa

degeneracy)

C/Zr/\SZ‘op/?e 6/‘0Jean %qq\f & BsSM

Saving SUSY

LHC300(0)fb-1 Will telll

Good coverage of

hidden natural susy

» mono-top searches (dm, flavored

naturalness - mixing among different squark

flavors-, stop-higgsino mixings)
> mono-jet searches with ISR
recoil (compressed spectra)

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

> multi-hard-jets (RPv, hidden valleys, long
decay chains)

$4 AEPSHEP, Qety Nhon, Sept. 2015
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Composite Higgs

Light scalars exist in Nature but
all the ones observed before Higgs discovery were composite bounds states

3 C T T T T
Y s Xy , Ay
Xp ' B Eé vV g Iy SRR T fzf
> J AL 2 T I 2 ff x
[0 /}\] r]3 93 . %f 2 g @
O ) Ay ‘ ?f’ IL@(fJZ :Ll—aol h'/’
R= 1 ) 7’1 h, g,
w2 -
% tI 7 2 w
fy
0.3 = | | | | I I | | | | | | I | | | | I I I
1073 1072 107! 1

Width/mass ratio, ['/M Franceschini et al. ’15

Could the Higgs be a "hadron” of a new strong force?

h W= Z to At energy above 1/44, the

l ..' \\‘ h Higgs dissolves, the
H \ /' """ integrals are smoothed out
- - - -F-'-’- -- h h. - -

d*k / d*k ,
o F 1/1%
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Higgs as a bound state

‘ 102E T T T T T ] E
n‘ i ¢ u,d,s ]
h L “ ‘ —— 3 loop pQCD 1
| "F i /J;\' ; Naive anark model E Structure of QCD was understood
| g v 4 ] . . . .
i / \'}, T SO from inelastic scattering experiments
1 & + = J—
E j{'{ Sum of exclusive Inclusive E O- (e—l_ 6 : hadrons)
p - ”'*Q ‘ ¢ nleasurem‘ents ‘ ‘ * nleasuremen\ts R R p— _|_ — —|_ —
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6 |- Mark-1 ‘ | -
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5 F ; | : =
R | asn J ] at each QCD bound states
4 ; 7% Crystal Ball | 17{
35 | o i Eventually the asymptotic value of R also tells
- | \ 7
S U ] the number of color of QCD
1 2 ‘ \ 1
‘ L | . i
3 3.5 5 | 1
s i T ] T T 7:
g 1(15) e
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Higgs as a bound state

| y f ads — The Higgs discovery would be the
| "7 / T ’ first step of rich physics ahead of us:
1 i \W‘!MMMW ' O discover a new SU(N¢) force
7 J{ —— . {| O access to the fundamental constituents
. L 1t S AN ;5 — O rich spectrum of bound states
S R R N —
b Y b - But how come we haven't seen
Rl || anything of these yet?
: ‘ ‘ 1] ®» The Higgs has to be lighter than
e the other bound states
R e T 1| = pions are lighter than nucleons,
, W xey| YOO b {] hadrons and other mesons
b | || = let the Higgs be the pions of the
| S P Ve | new strong interaction, i.e., the
momnL i, W || Goldstone boson associated to the
e " breaking of some global symmetry
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Higgs as a bound state

= |

10 E
QCD Composite Higgs
GeV —I— ' TeV ——
130 MeV T 125 GeV h
SU(2)L, x SU(2)r SO(5)
SU(2)v SO(4)
5 [ J J I 7 T T rgIge T T v v e
b b el | new STrong interaction, i.e., the
N DU ana sazon o " 1| Goldstone boson associated to the
| s GVl breaking of some global symmetry

Christophe érod'ean
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Higgs as a Goldstone boson

SM BSM
S0(4) 4 0e3) » 6/,
Wi & Z, Wi &ZL & h

Examples:so(5)/s0(4): 4 P6Bs=W=,, Z., h

dim=10 dim=6 ‘\g Minimal Composite Higgs Model

50(6)/50(5) 5 PGBS:H, a Agashe, Contino, Pomarol 04
dim=15 dim=10 \ Next MCHM

SU(4)/5p(4,C): 5 PGBs=H, s

S0O(6)/50(4)xS0O(2): 8 PGBs=H1+H:> Minimal Composite
dim=15 dim=7 D Two Higgs Doublets

Mrazek, Pomarol, Rattazzi, Serra, Wulzer ’'11
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Probe the compositeness of the Higgs?

RosenbluTh-Type cross-section

do
2@(] sin? 0 2+@COS 0 2
aQ 16mH sin* 6/2 E3 / /
H Constants factor for point- I|ke target
Momentum-dependent when target has an internal structure
~N
"
H SM Higgs
anomalous couplings 5\, 2 U

i
(accessible @ LHC with 20-40% accuracy) elemenTary Higgs

composite Higgs

LHC reach ? .

Need to develop tools to understand the physics of a composite Higgs

O use effective theory approach

O rely on symmetries of the problem \Y identify interesting processes
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Composite Higgs Anomalous Couplings

Giudice, Grojean, Pomarol, Rattazzi ‘07

Lo Z%au (HI?) 0, (|H?)  en~o00)

f=compositeness scale of the Higgs boson

2

H—( i»@ L:%<1+CH%> (O*h)* + ...

2

Modified Higgs couplings ol =1-— £/2

1
Higgs propagator rescaled by \/1 +en s 2f2

Higgs anomalous coupling: a = /1-§x 1-¢/2
£ =0/’

Christophe Grojean %‘qq\s & BsSM 20 AEPSHEP, Qety Nhon, Sept. 2018




EFT = dimensional analysis

It is important o remember that couplings are not dimensionless

M™ | A"
scalar field 6| 1| 12 S= [ d*z(Lo+hLi+h*Ly+...)
fermion field Y | 3/2 | 1/2 /' T \
vector field A, |1 1/2
mass m 1 0 £oln =1 £ln =0 Laln =1
: [Lolm =4 [L1]n =4 (Lo]ar =4
gauge coupling g 0 —1/2
quartic coupling A 0 —1 . . “ s
Yukawa coupling | y; | 0 | 12 v is not simply a mass scale but also a "coupling
[v]n =1/2
Aw,w, swow, = v% even when gauge coupling are zero
Hh=—1 lln= [n =1 [n =0
R | \ /
29 (0" HP) 0 (HIo DI ) (9 DY Wi )’

Christophe éroJean

%‘qq\s & BSM 9l

AEPSHEP, Qety Nhon, Sept. 2015




SILH Effective Lagrangian

(strongly-interacting light Higgs) Giudice, Grojean, Pomarol, Rattazzi ‘07
® extra Higgs leg: H/ f ® extra derivative: 0/m,
" Genume sTrong opera’rors (sensitive to the scale f)
CH 2\ 2 Y CeA
o (aﬂ H| ) T (HTD“H> I\ H |2 FLH fr + . c.: 62 H|°
2f 2 f - f
...................................................................... CUsTodial DreaKing i e
® Form factor operators (sensitive to the scale ;)
: 1Cw T 1 v ‘ZCB ( TN /& ) I/ ..
3 (H oD H) (D*W,,,)’ 2 H'DMH) (0¥ B,,)
ZCHW ...... é'p oy gp ....................................................................
DFHY oY (DY H WZ : DFH)' (D"H)B,,,
T gD DU HW, mz--‘mw( (D7 E) By
...................... "wf'mmlmalcouplmgh%ryZ ’&"Ioopsuppresseds’rrong dynamucs

e
‘‘‘‘

S/ Ip 19 EHTHBMVB“”g <[ 9 Wi CHTHGE, GW

e
‘‘‘‘

fo 2% 25421 : 2 24
m 167'('ng - my 167’(‘ gp

....................................................................................................................................................................

™
e,
L
....................................................................................

C/?r/‘\sz‘op/?e éroJean %qq\f & BsSM 92 AEPSHEP, Qay /\//]on, Sepz‘. 201




Higgs anomalous couplings

h  h? _ h
Lowss = m%/[/WJW; <1 + 2&; + bv2> — m¢¢L¢R (1 4+ C@)

The Higgs couplings deviates from SM ones (a=b=c=1)
and the deviations are controlled by cH and ¢y
Anomalous couplings are related to the coset symmetry and not the spectrum of resonances
- Minimal composite Higgs model (MCHM): SO(5)/SO(4) —

a=VI—E  b=1-2% b= —6/T-¢ c—(\/l—g,%) 62 = —(£,4¢)

e

Uniqueness of Goldstone models ~*--...... g= b = meskacle)
i o Dilaton =" *-. f (strong coupling scale)
in the SM vicinity N ba? .
(a single operator at dimension-6 level @ ST T
controls the amplitudes) 1
1-.

SM
Goldstone Higgs

Composite Higgs —L for large f
VS. a=1-v2/2f2 b=1-2 v2/f2
SM Higgs ~

>(a
Christophe 6/-0Jean %qq\s & BsSM 93 1 O AEPSHEP, Qety Nhon, Sept. 2015




CMS Preliminary fs«7TeV,L<5.1fb"' Ys=8TeV,L<19.6" W

Higgs couplings fit

o 20 o l < L N AR B UL BN B
: Ky, K - ATLAS Preliminary + SM .
1.5¢ 3 \s=7TeV,|Ldt=46-48f" x Bestfit MCHM4
: C \s=8TeV, [Ldt=13-20.7fb" —— 68%CL MCHMS 7
10} : -+ 95% CL -
i o .
0.5 [~ % V) N -
2 > Y O .
SN A .
oo} R A e Y
-0.5 - T :
O E
'1.0- : P :
| S E
‘1.5_ - -1__ S e - N
2 ok e 1 | il | | | | | "
0.0 0.5 1.0 15 0.7 0.8 0.9 1 1.1 1.2 1.3

Ky <

e MCHMj4

£ <0.12 at 95%CL
« MCHMs

Chris 50/9/78 ér?/'ean

£ <0.10 at 95%CL

¥iqgs & BSM 94
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Indirect composite sighatures

Assuming composite Higgs, elementary gauge bos.:

1 1
['BSM —g—ﬁ[g*H nglu({) ]

S-parameter @ee: [De Blas et. al.] (LEP: 107%)

guwg 14 S .
Hic,HW® B* » 5_
m? a - Hc@ee

Higgs Couplings @ee: [ee Report] (HL-LHC: 5%) |

3,
9. 2Ol 2041 H|* i Sky,p = 2 5 |S@ee
W @hh: (energy + accuracy) (HL-LHC<10~%)
%o _(D,10,,)? mp = Fully =3 11 We@hh

g*m2 g*mQ

m, [TeV]

Grojean-Wulzer @ FCC physics week '17
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Indirect composite sighatures

Composite tR, comp. Higgs, elementary tL and gauge

I 1

) ? ‘C[g*tRa YtqrL, g*H7 ng,ua a,u]

LES
BsM = m2

: 10
ttH coupling @hh/ee: [Reports] (HL-LHC:10%
PInS 5 | epo . ) i ttH@hh/ee
ytg* ‘H|2—LHtR » yt g* <9 10—2 i /
Diff. oper.s comb. in ee and hh!! : ttV@ee/h

ttV coupling @ee/hh: [Janot/Farina et.al]

2 3,
9; 0gtv g* _ *
mzHTD Higy 'ty Wiy " <1072 >
Same hh reach from en. + acc.?
Zbb coupling @ee: [ee Report] (LEP:10~?)
5 2 B Zbb@ee
g;; HY'D  H g " +. o % ~ Z; <2107 1}

m, [TeV]

Grojean-Wulzer @ FCC physics week '17
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Indirect composite sighatures

Composite tR, comp. Higgs, elementary tL and gauge

I 1

’CBSM m2 9—2 £[9*tRa Yeqr, 9« H, ngW (%]

ttH coupling @hh/ee: [Reports] (HL-LHC:10%) 10

ttH@hh/ee
ytg*\HIZ‘LHtR » 5yt 9* <9102
lef oper.s comb. |n ee and hh!!
4-top contact interactions @hh: 4t[3TeV]
3,
i—%(zR”mtR)z » g* < Alg >
, | 4t[6TeV]
@) () % <3
4 4
95—&2@”"%)2 = 9;;13 - Aiﬁt 1t
No study available (?) I v
5 10 15 20

m, [TeV]

Grojean-Wulzer @ FCC physics week '17
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The other resonances

-------------------------------------------------------------------------------------------------------------------------------------
o

:Dominant decays into longitudinal SM gauge bosons
. mpgimr - mi

0 17—\ ~ + +\ ~
P = WIWR) m L™ = ZW5) ~ — 0= = 0
p

spin-2 resonances;
3 TeV 5pin-1 resonances . Suppressed decays to SM quarks and leptons

1 TeV

500 GeV color fermionic
resonances

125 GeV - Higgs

| Christophe Grojean %‘qq\s & BsSM 97 AEPSHEP, Qety Nhon, Sept. 2018




H couplings vs searches for vector resonances

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

2
O Precision H|995 STUdy: — 5_9 — U_ DY production xs of resonances decreases as 1/g,?2

= 7
O Direct searches for resonances: m, ~ g.f 19
p

/e;:ad by large

couplings from the
composite sector

10¢

=

suppressed by large couplings from the
composite sector

-
-
-
-
-

< di-boson searches
G, JOZ[MA\ ‘TWIWeY, ‘ddo],

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

-
-
-
—————
-
-
-

-
-
-
-
e
—

di-lepton searches —
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H couplings vs searches for vector resonances

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

2
0 v .
O Precision H|995 STUdY' é" = _g - DY production xs of resonances decreases as 1/g,?
‘ - 2
g f ]
™~ ,”
O Direct searches for resonances: m, = g.f 19 & 4 o
/’/ Ve ,’,,,
Collider Energy Luminosity ¢ [1o] s ‘{\/
LHC 14TeV | 300fb © 6.6 11.4x 102 10/ =
LHC 14 TeV 3ab ' 4—10x 1072
-1

ILC 250 GeV 250fb71 L8 8 X103

+500GeV | 500fb
CLIC 350GeV | 500fb~" 9

+14TeV | 1.5ab~ ! 2.2 x107°

+3.0TeV | 2ab™*

=T

TLEP 240 GeV 10ab B 9 %103

+350GeV | 2.6ab

-
-

-
-
-
-
-

> complementarity: WA NG

-
-
-

> direct searches win at small couplings ~ 2B@NE =& Sl T
» indirect searches probe new territory at
] o
large coupling s o o)
NN
N
eg. R

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-boson searches

di-lepton searches —

G, JOZ[MA\ ‘TWIWeY, ‘ddo],
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3 TeV

1 TeV

300 GeV

125 GeV

| Christophe éroJean

The other resonances

spin-2 resonances
spin-1 resonances

color fermionic
resonances

Higgs

-------------------------------------------------------------------------------------------------------------
o

Top partners

S0O(4)~SU(2).xSU(2)r
embedding

......
......

_____________

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

m/M Strong

995 & BSM 99 AepsH)er, Quay Nhon, Seat. 2015




Searching for the top partners

Search in same-sign dilepton events
B 7Z+/e?s is not a background [except for charge mis-ID and
fake e-]

Pair production Ity LV ® the resonant (¢4/) invariant mass can be reconstructed

(mode!/ /ndependenZQ

- —— e —————

| T T T T T T T T T T

Ko ‘ ‘ ‘ ‘ ‘ ‘ ‘ b

N LHC 14 TeV
pp = TstiX
q q
VW
dee o Wi W;
i S /B
T 5/3;

600 800 1000 1200 1400

My, . [GeV]

1600 1800 2000

9 000000 — ¥ 5//73/3 production

(mode! dependent) [Contino, Servant '08]
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Searching for the top partners

® Zi + 4b final state Aguilar-Saavedra '09
TT — HtW b — HW bW~ H — bb, WW — fuqq ,

b
TT — HtVE— HW bVW b H — bb,WW — fvqqd,V — qq/vi

@ Z—t + 6b final sState Aguilar-Saavedra 09

TT — Ht Ht — HWb HW b H — bb,WW — {vqq
® VY final state Azatov et al ’12
, thoW JthtZ Jthth, h — v

@ l + 4b final State Vignaroli ‘12
pp— (B = (h— bb)b)t+ X

1505.04306 1509.04177

950

ATLAS
Vs=8TeV,20.3fb" Summary results: 900
Same-Sign dil. 850

arXiv:1504.04605

Zb/t + X
JHEP11(2014T104 800

Ht+X,Wb+X comb.
arXiv:1505.04306 750

19.7 b (8 TeV)
T(bW)
1

950

CMS

BR(T — H1)

700
650
600
550
500

bounds on
charge 2/3 states
from pair production

®
(=]
(=]
Observed 95% CL T quark mass limit (GeV)

Observed 95% CL mass limit [GeV]
~
g

0 010203040506070809 1
BR(T — Wb) T Combined limits
(*) Not a combination. Only most restrictive
individual bounds shown.

1 700
T(tH)
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Searching for the top partners

1505.04306

bounds on
charge 2/3 states
from pair production

ATLAS
Vs=8TeV, 20.3fb" Summary results:

950
900
850
800
750
700
650
600
550
500

Same-Sign dil.
arXiv:1504.04605
Zb/t + X
JHEP11(2014)104

Ht+X,Wb+X comb.
arXiv:1505.04306

i

Observed 95% CL mass limit [GeV]

BR(T — Wb)

2.3fb7" (13 TeV)

L e o L e
7; I qu', BR(tH') = BR(t:W)lz I I CIMS E
E — Observed limit Preliminary 3
6 - - Expected limit E
5 . = 1 std. deviation =
4 ; + 2 std. deviation E

1100

bounds on
charge 2/3 states ’
from single production

bounds on
charge 5/3 states
from single production

T T pTTT

10!

10

[ I

Christophe érce/'ean

700 800 9

v b by b T AR
00 1000 1100 1200 1300 1400 1500
Xe/s mass,@pV]

1200 1300 1400 1500 1600 1700 1800
M(T) [GeV]

L —_

, Ko]

—*— 95% CL observed o

RH ... 95% CL expected )

w0
[ - 1o expected E "_Q
l:l = 20 expected ] }_m

""" Signal Cross Section | T
| o

g
e T

S
2015: 9606GeV 1

1509.04177 )
19.7 b (8 TeV)

T(bW)
1 950

CMS

@ © ©
8 3 S

~
g
Observed 95% CL T quark mass limit (GeV)

<5
8

T(tH)

Combined limits

— ‘
ATLAS
(s =8TeV, 203"

95% CL Exclusion Limits
— Observed

=3 Expected

0.6
0.4
0.2
E L !
0.6 0.8 1.2
m(T) [TeV]
1 L e
ATLAS —— Observed 95% CL limit ]
Vs =8TeV,203 0" ...... Expected 95% CL limit |
E: =1
Ty To— WIWH - xpected =10 |
|:| Expected =2 o
-1 - —
10 © Theory (NNLO+NNLL)
102

v b b b b b n I

600 650 700 750 800 850 900 950 1000
my. [GeV]

513




Searching for the top partners

bounds on
charge 2/3 states
from pair production

bounds on
charge 2/3 states
from single production

bounds on :
charge 5/3 states ;
from single production

Chris 50/9/78 ér?/'ean

1505.04306

ATLAS
Vs=8TeV, 20.3fb" Summary results:
Same-Sign dil.
arXiv:1504.04605

Zb/t + X
JHEP11(2014)104
Ht+X,Wb+X comb.
arXiv:1505.04306

950
900
850
800
750
700
650
600
550
500

i

Observed 95% CL mass limit [GeV]

0 0102030

40506 0.7 0.8 0.9

BR(T — Wb)
2.3 (13 TeV)
£ T T T T T
O Tbq, BR(tH) = BR(bW)/2 CMS 1
c - . =
2k — Observed limit Preliminary 4
E 6 - 3
3 E - - Expected limit 3
; 5 [ 1 std. deviation =
n F 7
@ 4 + 2 std. deviation =
I I I I I
1200 1300 1400 1500 1600 1700 1800
M(T) [GeV]
;
T —
= = Qo
C ] o
L —e— 95% CL observed ~  ----- 95% CL expected | :
L - @
le}
1= - 1 s.d expected l:| + 2 s.d expected - “_Q
= = wn
E Xy, Signal Cross Section E [
C ] ’[‘
ol 2017: 11606GeV| =
I
102
el !

b b b b
1100 1200 1300 1400 1500
X5/ masy faeV]

Ll ‘
700 800 900 1000

1509.04177

19.7 b (8 TeV)

T(bW)
1

CMS

950

@ © ©
8 3 S

~
g
Observed 95% CL T quark mass limit (GeV)

4700
T(tZ . . T(tH
t2) Combined limits tH)
g 2 ATLAS | |
s r
G1.8F fs=8Tev, 203"
1.6
1 4i 95% CL Exclusion Limits
) E — Observed
1.2? == Expected
1=
0.8
0.6
0.4F
0.2
E L !
0.6 0.8 1.2
m(T) [TeV]
1 L B B B L B L B LB B LRI
ATLAS —— Observed 95% CL limit ]
Vs=8TeV, 203" ...... Expected 95% CL limit
Ty To— WIWH - Expected =10 |
|:| Expected =2 o
-1 - |
10 © Theory (NNLO+NNLL)
102

v b b b b b n I

600 650 700 750 800 850 900 950 1000
m, GeV]
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Neutral Naturalness

2 2
—(125GeV)2< A ) Is_ 72
1672

2 2 2 92 : : 2
959: 1 2 ~2 e“g, 1 2 12 . e g9, 1 2 2
H|“G H|“F { — (O.|H
1672z 1| G 6r2mz ! B2 62 m (Ol HT)
] 2.9 1
ABR(h — vv,27,99) _ gav* . :BR(h — ii) = BRsu r:(1_ g Z)PSM;
SM ~ T2 [ ] 1672m? :
* 2 2
gy U

5UZh —

Q202
ooooooooooooooooooooooooooooooooooooo 87‘- m*

Colorful naturalness probed @ LHC . nice to be able to measure Zh & I
Neutral naturalness (invisible?) @ LHC
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(N. Craig @ Paris’18)

Christophe éroJean

Twin HIggs

[Chacko, Goh, Harnik ‘05]

/>
Standard : \ bisbnsie
Model IsbhoM

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

A2

1672

9
V(H) > (—Gyf S CAREE ) (|Hal* + |Hp|?)

/Higgs s a PNGB of ~SU(4), but partner
states neutral under SM.

LD —yHaQ3uy — y:HpQg g
O
h+ ... - — .. N

N A

%‘qq\s & BSM 105
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Neutral Naturalness: new sighatures

" Look //?5 and rnot £i no//‘l?ﬂ /s different ¢han not /ook /ng “

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~Mtop)
»colorless (hard to produce, unusual decay)

All SM
Charges

EW
Charges

No SM
Charges

Christophe Gr?/'ean

a
need to go beyond 3
| traditional searches 5
Scalar Fermion 3
Top Partner Top Partner : Q
: i only little corner =
of theory/model space :
o
SUSY  pNGB/RS has been explored so far =
‘70 ‘00
. require hidden QCD
Folded uirk : ) :
SUSY LittCI)e Hiy S with a higher confining scale:
‘05 ‘0299 = |) hidden glueball (0**) that can mix with Higgs
Hyperbolic h>GoGo>4l with displaced vertices
Higgs Twin Higgs = 2) emerging jets Curtin, Verhaaren ']
‘18 ‘05 Schwaller, Stolarski, Weiler '15
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Neutral Naturalness

fsm
< top parters are EW charged: m>100GeV (LEP)
fsm  Lightest hidden states are glueballs of QCD’
that can mix with the Higgs boson

Exotic Higgs decays

f; . . X
-< o with displaced vertices
fsm
Curtin, Verhaaren ’15 Got+ Eis _"< _
T b

Higgs couples to QCD’ bound states

\[s =14 Tev, 300"
(MS)x(MS or IT)
(VBF h-sbb) x (IT, r > 4cm)

11200
800+

11000 Produce in rare Higgs decays (BR~10-3-10-4)
gg—>h—>0++—|—0++—|—...

600
1800

[Folded SUSY]
[Twin Higgs]

Decay back to SM via Higgs

3 400} 15 § 0" = n* = ff
©) =
& la0o 3 Long-lived, length scale ~ LHC detectors
200+
1200 . .
Ay Mathusla to detect Long Lived Particles?
v T e TP Precise timing within ATLAS/CMS detectors!?
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Extra dimensions

mzp +9/R? 5D field=infinite tower of massive 4D fields
| mip+4/R’
mip + 1/R? depending of the energy available, you can
mip probe more and more of these KK modes
+ states - states

~~ Compactification on a Circle ~~

y~y—|—27TR

/ |
circ e
m | + 27 R)
TR

T R
o) =Y 7 ¢:<x> +¢n<x>)
5D 4D M
wavefunction =

field Kaluza-Klein modes
localization of KK mode n
along the xdim My = py P
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[
\
[
|

mip + 9/ R?
mip + 4/R?
ng + 1/R2

2
Msp

Extra dimensions

+ states - states

5D field=infinite tower of massive 4D fields

depending of the energy available, you can
probe more and more of these KK modes

|

11
.ll

gauge symmetries are emerging from
gravitational interactions in extra dimensions?
beautiful idea of Kaluza & Klein
but

quantization? non-abelian structure? different gauge couplings?

no successful realization till now

5D General relativity = 4D 6R + U(1) gauge symmefr'y_]

I Christophe 6/-0Jean
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Extra Dimensions for TeV/LHC Physics

1) Hierarchy problem

* large (mm size) flat extra dimensions (ADD)
gravity is diluted into space while we are localized on a brane

/d4+"$ Vgain| MFTR = /d433 V94| MER
2 2
Mp; = 10" GeV M, =1 TeV

« warped/curved extra dimensions (RS) V2= (2mm)* = (107*eV)?
gravity is localized away from SM matter and we feel only the tail of the graviton

graviton wavefunction is exponentially v = M, e TEM:
localized away from SM brane T

M, = 10" GeV v = 250 GeV

e R~11/M
2) Fermion mass hierarchy & flavour structure /
 fermion profiles: /
the bigger overlap with Higgs vev, the bigger the mass L

3) EW symmetry breaking by boundary conditions
* orbifold breaking, Higgsless
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Large volume xdim phenomenology

eV splitting between
graviton KK modes

1/Mpi couplings of
graviton KK modes to SM

O Graviton production in colliders monojet+Er

q hoton —-—
10¢ I\l' iW(ev), iW(uv)
IW(zv)
9 I u O n n \ 2w)
.,
s == total background
. e
10
& =4TeV
eV
1

I B B e
10 e (a) WiJets

NA

2
010"
S Lg°E
N

S

=, KK grav. .., |

Vacavant, Hinchliffe '0O1

) . CMS PAS EXO 09-018
O Virtual graviton exchange

e L

-~y

AEPSHEP, Qety Nhon, Sept. 2015
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Large volume xdim phenomenology

O Supernova cooling: Mx>100 TeV (for 2 xdim)

O Black Hole production

Z 10 z
%10' ii 3 n=2
classical production (can be very large 103-4 pb), ok F vt
. . . o . E - % - x::f&TEV '<:§:~\T\\ 10+ .- '/
Hawking thermal decay, i.e., large decay multiplicity = “w'= iz T s
Voo Bl 00 s —— ‘10 l
0 5000 MBHI,O?}OeOV MBH/MP
e~ pe—— i)

Dimopoulos, Landsberg, 'O1

O String resonances production
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Curved xdim phenomenology

TeV splitting between O(gsm) couplings of
gauge KK modes gauge KK modes to SM

_|_

ete” — putp”

Various size of 5D curvature
108 - (largest to smallest from top to bottom

109 |

104 £

103

1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 | 1 1 1 1 1 1
1250 1500

1 1 1
250 500 750 1000
Vs (GeV)

10° b

a (pb)

Davoudiasl et al ’99

current LHC bounds on KK resonance
O(few) TeV T

Agashe et al ’07
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