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‘ Pursuing Big Questions I
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‘ The LHC and the Energy Frontier I

Origin of Mass

Origin of Universe

Unification of Forces

New Physics
Beyond the Standard Model

f )
L <

QUANTUM
UNIVERSE

_ DEAR_FoOLYS...  Perign
The LHC represents an extremely powerful instrument JUST ARRIVED AT TERASALE
to search for New Physics (NP): =) Lo etl neRE

. . ) PLAN TO ExPLORE FOR
. Direct searches for new particles in a plethora of Hegs ToMoeeow.

kinematic regions and final state signatures.

. Broad program of precise measurements of SM
processes and parameters.
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‘ ATLAS and CMS Experiments I

1.7,, AR GATLAS
wakl  \ Y -

/ EXPERIMENT

Multipurpose detectors:

. Central tracking in solenoidal B field
. Electromagnetic and hadronic calorimeters
. Muon detectors

. Excellent performance up to the highest
instantaneous luminosities delivered by the LHC!



‘ Outline I

Introduction

Light overview of Composite Higgs paradigm
Status and plans for Run 2 searches
 Fermionic resonances

« Bosonic resonances

Future prospects at the LHC and beyond
Summary and outlook



‘ LHC Run 1 I

2009 | 2010 | 2011 | 2012 - 2013
30 Nov 2009 8 Nov 2010 Nov 2011
Collisions at Pb at 2.76 TeV/nucleon Pb at 2.76 TeV/nucleon 20 Jan 2013 pPb

1 | |

I am =\

20 Nov 2009 30 Mar 2010 13 Mar2011 5 Apr 2012
First beams in LHC  Stable collisions at 7 TeV startup 8 TeV at LHC
| 7 TeVin LHC | |
0.05fbt ~5fp | ~ 20 fb-"
at7TeV | at7 TeV | at 8 TeV
O(2) Pile-up events ~ O(10) Pile-up events = O(30) Pile-up events |

50 ns inter-bunch spacing 50 ns inter-bunch spacing




LHC Run 1
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8 TeV at LHC
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‘ LHC Run 1 I

2009 | 2010 | 2011 | 2012 - 2013
30 Nov 2009 8 Nov 2010 Nov 2011
Collisions at | Pb at 2.76 TeV/nucleon | Pb at 2.76 TeV/nucleon 20 Jan 2013 pPb

I IT] EN\\1//8

20 Nov 2009 30 Mar 2010 .~ 13Mar2011 |
First beams in LHC  Stable collisions at 7 TeV startup 8 TeVatlL
| 7 TeVin LHC | !
0.05 fb

at 7 Te\
O(2) Pile-up event

4 July 2012: Higgs boson discovery
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‘ LHC Run 1 I

to find out what sort of
Higgs boson it is"

2012

20 Jan 2013

BN\

8TeVatlL

|

2013

pPb

70

0.05 fb
at 7 Te\
O(2) Pile-up event

4 July 2012: Higgs boson

-~ - - — - —

discovery
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Explosion of the Higgs Physics Landscape!

Precision measurements

Mass

Quantum numbers (spin, CP)
Coupling properties
Differential cross sections
Off-shell couplings and width
Interferometry

Is the SM minimal?

. 2HDM searches

. MSSM, NMSSM searches

. Doubly-charged Higgs bosons

0 |

Rare / BSM decays

HO S uu

HO>Zy

HO>J/wy, Y(ns)y
LFV H>ur, et, eu
H°>aa

...and more!

FCNC t2>H% decays
Di-Higgs production
Trilinear coupling

.. etc

Tool for discovery
. Portal to DM (invisible Higgs)
. Portal to hidden sectors

. Portal to BSM physics with H°
in the final state (VH°, HOHO)
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‘ Electroweak Symmetry Breaking in the SM I

 All measurements to date are consistent with
the SM picture of EWSB:

» Triggered by a fundamental scalar that
acquires a vacuum expectation value
(v~246 GeV).

» Particles acquire mass through interaction
with scalar field in the ground state.

ATLAS-CONF-2018-031

E>|> —Illl‘ T T \Illll | | ]
L> 1 ATLAS Preliminary 4
. _ _ = © Vs=13TeV, 361 - 79.8 10" f; -
« Butit's not fully satisfactory: 5 [ my=125.00 GeV, ly | <25 A
) . . L —1L e SM Higgs boson _
* Higgs boson mass is very sensitive to S |f 10 . E
short-distance physics. * i v

: : 1 2L —

« Lack of dynamical explanation for EWSB. 0 g v D
-3 _|

10°F .
107*F E
_l[lll 1 1 lllllll Il 1 [IllIII 1 1 IllHll
107 1 10 10°

Particle mass [GeV] 12



‘ Why is the Higgs Boson so Light? I

JHEP 10 (2017) 132

60 TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT
All elementary scalars are expected to be ultra-heavy. % C ATLAS e o
r [ signal (m, =125 Gev) ]
. . . Lf) — H ZZ* 4| Background ZZ* —
» Mass not protected by symmetries like for fermions N >0¢ g — P
(chiral symmetry) or vector bosons (gauge symmetry). 2 10 2 P treetany E
(O] o i
> - i
LUl = Y ‘ s
t W/Z h 30 > boson :
_->~Q——>—— —+—§:?—»— - — — 20} Z {
S A foF :
O (SN2 02 7 ¢ N\ \2 =00 (L a\7 )2 =00 a2 4 L
(125 GeV)? = m%y + [—(2 T(\/)/; + (700 GeV)? + (500 GeV)?] (1()To\'>} |

Bare mass \— Y
Quantum corrections

A= New physics cutoff

Either New Physics appears at a scale A or there has to
be a very delicate cancellation (“fine tuning”).

If cut-off is at A=Mp=10"° GeV, need: (125 GeV)’ = (10" GeV)? - (10" GeV)’

listening to your favorite radio needs the tuned frequency to

match that of the radio channel:
radio freq. = 59.05871852091501091981287962349857612 kHz
tuned freq. = 59.05871852091501091981287962349857987 kHz

o a
80 90 100110120130 140 150 160 170

FSR- ted
m4| correcte [GeV]
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‘ Solutions to the Hierarchy Problem I

New Physics stabilizes the hierarchy

Supersymmetry: new symmetry that relates
scalars to fermions (cancellation of quadratic Standard particles SUSY particles
divergences). ) ol TO.4

t /t:\

Fermion loop Boson loop

Squarks ,) Sleptons 0 SUSY force
particles

mH2=+ A mH2= -A
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‘ Solutions to the Hierarchy Problem I

New Physics stabilizes the hierarchy

Supersymmetry: new symmetry that relates
scalars to fermions (cancellation of quadratic Standard particles SUSY particles
divergences). ™

t /t:\

Fermion loop Boson loop
mH2 — +A mH2 — -A Squarks J Sleptons Qg;lrﬁ;(l;grce
mp2=0
H AdS/CFT

correspondence

Compositeness: the Higgs boson is not an <:> Warped Extra Dimensions:

elementary particle but a composite object. generate the gauge hierarchy.

=» No true hierarchy problem beyond the Higgs boson naturally light.

scale of compositeness.

<4
. Hi
Fermion '99s
Ty y

Gauge Boson

V IR 15




M[MeV]

without problems of naturalness.

‘ Composite Higgs Paradigm I

New strong interaction that confines at a scale A_~10 TeV.
Inspired by QCD where we observed light scalars

2000 ]
f +0
1500 é-’-f’
] = z
1 T 5 EE A
1000- N
. EK* ?
: Ee
500_‘ K — experiment
1 — width
e o input
[ {—=T i Qcp
0

SU2), xSU(2), = SU(2),
f ~100 MeV

Composite Higgs

A
AT

%ap T E— w’ P

=

TeV ~ fﬂ- -+

(e 1, SM

%mne decay const. f
Light because they are pseudo-Goldstone bosons
emerging from the breaking of a global symmetry

Resonances 1M, ~ (x fﬂ

A ~drfr

> G—=HDOSM
f >v=246 GeV

A
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Higgs Boson Couplings

Unravel composite nature of the Higgs boson by measuring its couplings to SM particles!

QCD Composite Higgs
i W
p%i oy o
™ U h h %,; :; 0, p
fw (p) fh(p) 4
Fr(p)

Elementary state

Composite state

P

Expect reduced couplings for a composite particle
Go as high in energy as possible!

17



Higgs Boson Couplings

Unravel composite nature of the Higgs boson by measuring its couplings to SM particles!

QCD Composite Higgs
7 W
p - P
T T h
Fr(p) Fn(p)
Fr(p)
Elementary state
Composite state

P
Unfortunately, with the LHC we are limited to ~TeV

18



Higgs Boson Couplings

Unravel composite nature of the Higgs boson by measuring its couplings to SM particles!

QCD Composite Higgs
i W
P (D p A
A, T
g ™ h h Mpp L Y, p
F. (p) Fn(p) W
TeV ~ fﬂ' —
ATLAS-CONF-2018-031
L UL L L L L L B BB LA B B
“ 2.9 ATLAS Preliminary + Bestfit
" Vs=13TeV, 36.1-79.8 b —68% CL ]
- m,=125.09GeV, ly | <25 ----959% CL ] ]’L, SM
2: + SM :
1.5 ! - .
N S . Expected scale factor for coupling to
- L j vector bosons:
Gl
; — Combined — H—yy \I" ; o = \/@ g _ v2 /f2
05__ — H->ZZ H-WW : __ v s —] n;
: H—bb —_—HorT ! :
[ |

0702 04 06 08 1 12 14 16 18 2 K,>0.95 & f >790 GeV @ 95% CL
0.95 Ky



‘ Longitudinal Vector Boson Scattering I

In the SM the Higgs boson ensures perturbative unitarity M

0.4

in longitudinal vector boson scattering:

0.3

Without SM Higgs

With SM Higgs

Wi, %3
WL WL WL WL "
A
WL WL WL WL
Wi, Wi, M 3
%4 %%
5 A
H |
_____ ' H 1
! o
s v Sy
L L W, W,

20



‘ Longitudinal Vector Boson Scattering I

In the SM the Higgs boson ensures perturbative unitarity
in longitudinal vector boson scattering:

Wi, %3
WL WL WL WL
A
Wy, Wi, Wr, %3 W, W,
W, %%
Wj iWL ‘.
H
_____ ' H
W W I‘H
L L W, W,

Reduced couplings to vector bosons means the Higgs
boson only does in part its job.

M l?‘.S

Without SM Higgs

With SM Higgs




‘ Composite Bosonic Resonances I

In the SM the Higgs boson ensures perturbative unitarity
in longitudinal vector boson scattering:

Wy Wy Wy Wy he
. Z
! Y, Z o
Jo A ]
WL WL WL WL WL WL %’p N
We Wy
Wy, Wi L\‘f TeV ~ fﬂ-
_____ H
Wi, Wi, W, W,
Reduced couplings to vector bosons means the Higgs M | With composite Higgs

boson only does in part its job.

Partly unitarize

Composite bosonic resonances needed to fully unitarize!




‘ Composite Bosonic Resonances I

In the SM the Higgs boson ensures perturbative unitarity

in longitudinal vector boson scattering: 7-7w elastic scattering

arXiv:1504.05699

+ - + -
T +7T —>T +7 I—

W W W W Wi, %3 140 |
L L L L I
120 | p(770) e Data
v, 4 . L OBE,
7 p —_ 100 | o, p and f2 7
o, g 80 | — — OBE,
1% 1% 1% 1% — ol o and p
L L L L WL WL o] 60 & 5 . c=10mb -
40 f,(1270
W, W, | ] 2(
WL WL 20

_____ 'H 04 06 08 1.0 12 14
P’LL s [GeV]

W, W, : :
L L W, W,

Reduced couplings to vector bosons means the Higgs M | With composite Higgs
boson only does in part its job.

Partly unitarize

Composite bosonic resonances needed to fully unitarize!



‘ Composite Fermionic Resonances I

Partial Com p ositeness: Vector-like: left and right components

_ _ transform the same under SU(2),
Elementary fermions couple linearly to heavy vector- = can write mass term in Lagrangian

like composite states with same quantum numbers.

Fermions acquire mass through mixing with new

vector-like quarks. 2|
. AT
. Large top-quark Yukawa coupling Ac 1/
=» top-quark largely composite. My, p | 1/} "'
Linear couplings violate global symmetry explicitly Tev ~ frr + /

=» Higgs potential induced.

A light Higgs boson requires light top partners h, SM
(expected to be lighter than bosonic resonances).

They regulate the Higgs mass-squared divergence 24



A Broad Program

Direct searches
(fermionic resonances)

Indirect searches
(precision EW+Higgs+Top)

Direct searches
(bosonic resonances)

25



A Broad Program

Direct searches
(fermionic resonances)

Indirect searches
(precision EW+Higgs+Top)

Focus of this talk

Direct searches
(bosonic resonances)

26



June 3, 2015: Run 2 Starts!

. CMS Experiment at the LHC, CERN
First Stable Beams Data recorded: 2015-Jun-03 08:48:32.279552 GMT

Run / Event / LS: 246908 / 77874559 / 86
EXPERIMENT

[
14

3l \s=13 TeV §




Direct Searches for New Phenomena

At 103 cm?s' @ 13 TeV
1.6 pp the LHC produces:

1.7 - 200HzW — v
2.0 - 19HzZ-Il

2.2 - 8 Hztop pair
- 0.5 Hz Higgs

Minimum bias
W(ln)

Z(lW)

7

t (s-channel)
t (t-channel)
WH

H (ggF)

H (VBF)

tt

ttz

ttH

Terra Incognita A5 TeV, ggFobbA)

stop pair (0.7 TeV)

With great expectations! gluino pair (1.5 TeV)

Z' SSM (3 TeV)

Q* (4 Tev)
In some cases already exceeded Run 1 @®H(GTeY)
A : -1 13T V' QBH (6 TeV) | o e ot b .......9000

o(13 TeV)/o(8 TeV)



Standard Model Measurements

Standard Model Production Cross Section Measurements

| |

Status: March 2019

A-Q total (2x)

@)
Q_ 1011 CFA'Q inelastic

° 109

10°
10*
103
102

10!

1071
1072

1073

ATLAS Preliminary

Theory

a_ Run 1,2 V5 = 5,7,8,13 TeV
incl .
: “o
i o v
dijets
E
3 © AN
u pr>25GeV LHC pp Vs =7 TeV
e O oo BEl Data 45-49fb
E &0
L . O veo o LHC pp Vs =8 TeV
E pr>125 GeV AY AJ-O
- (m] V- tofal A Data 20.2 —20.3fb?!
N pr>100 GV ;> 2 x ww
A A o o t-chan -3

E nj21 n=1 AN WWWW
3 mas o oo oo, LHC pp Vs =13 TeV
F A ~ o we WZ A
- n22 O mz2e ADE%AOA -1
L " ot zz" O, BEl Daa 32-798ib
= =3 A o] Dnjza ""64 A VH 8 Wy
- n=5 o n25 5 chan H )bbA o
C > o

o g p4o
E A ni>4 nj=6 Hotr o ]
E o le) n tZj A 2y [m]
- nz=6
= ] n n=7 l A Wij
C A l 5 z VBF A x A

o Howw A AQ

:F u n;=8 VAN
- A n>6 o A D o
C o] Hoyy 2

nnj27 n
E
E n=7 n HoZZ -4t = m B wEW
o m]
L Py A P

A
E_ owz
- R
PP Jets 7 w z tt t VV 7YY H WV VyttWttZttH tty 7¥” Vii WW  Wyy  Zyjj

tot. tot. tot. tot. tot.

EWK  Excl. Z»y»y WWy WJJ

tot.

Stunning achievement, both from experiment and theory
Also a necessary step to confidently search for New Physics

EWK

14 orders of
magnitude
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Fermionic Resonances



‘ Vector-Like Quarks: Production and Decay I

Production: Q

« Pair production: via QCD, “universal”
production mode (just depends on m).

= Focus of Run 1 searches Q
» Single production: via EW interaction,
depends on coupling strength, but potentially
important at high mg,. Q Q
b t
Decay: Q->Wq, Zq, Hq, all with sizable BR
g [ T T
& _EB e T s ponsin ]
Singlets Tr.r Bi.r St
& 0.8

e (T, 0 Q|
oublets i
]1 L.R l} L,R ) LR -

0.4
X T -
Triplets T B 02—
B LR ¥ L.R :

Loy | N
1200

VLQs assumed to mix preferentially 7200 600

1 | 1 |
800

with 3™ generation quarks. m (Gev] 31

1 ‘ 1
1000




‘ Pair Production Strategy I

9.9
Z H, W~

Very rich phenomenology, depending
on VLQ mass and quantum numbers.

Goal is to probe full BR plane in as
model independent possible way.

= Searches specialized on particular
heavy quark decay modes, but also
able to probe part of the plane.

=>» Multiple searches required, ideally
overlapping on the plane.

_BR(T>tH)

_____

Unphysical

tHtH 0

%"Dodblet-----\i‘ﬁ-\ X

t|"|tZ : tHtH, WbtHk.

wiz{ | tHtz, Wtz
{2z, WbWb * §fh"g1et

2tz £ 2z, WhtZ wowo )'\ Wb
\\\0 ————— ST, L R
BR(T->Wb)

Chiral

32



BR(T — Ht)

‘ Run 1 Summary I

JHEP 1508 (2015) 105 PRD 93 (2016) 112009 19.7 b (8 TeV)

S c 950
0.9 ATLAS o O 1Ee Observed CMS
| Vs=8TeV, 20.3fb" Summary results: %‘ § 09Es810 820
0.8 Same-Sign dil. F=E 900
arXiv:15091,O4605 g 8’ 0.8E820 820 820
4 o = T
0 <15 R B 5 orEme w0 w0 s Vector-like B
0.6 Ht"'X’VXrE;?(S &%T;E’é E g 0.6E810 80 810 810 810 —850
0.5 o = 05570 800 700 790 800 810
...... X =
0.4 5= o T 04E70 780 780 770 790 810 820 —1800
0.3 8 @ 03770 780 770 790 800 800 810 820
>
0.2 G 02E750 750 760 770 800 780 810 810 810 7o
0.1 8 0.1E780 740 750 800 780 800 800 820 830 830
500 0 750 | 770 | 780 | 800 | 800 | 810 | 820 : 820 | 830 | 850 -
0 0.10.20.30405060.70809 1 0 01 02 03 04 05 06 07 08 09 1 %
BR(T — Whb) B — bH branching fraction

(*) Not a combination. Only most restrictive
individual bounds shown.

Run 1 excludes T-quark (B-quark) masses below
~720 (740) GeV for any combination of BRs

Observed exclusion limit [GeV]
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Events / 100 GeV

Data/ Bkg

Plan for Run 2 Analyses

19.7 b7 (8 TeV)

5 10 — 1 PRD 93 (2016) 012003
« Capitalize on Run 1 experience S b e 100%T bW  CMS
. | :
* Most sensitive channels P T e -
1 — adonic e,
o k. mmee LeptonicbW ~ Teeemesees 7]
- Complementary channels ® s o o :
C T ey = 950
 Missing channels 10" 2 A amas
. ; ’ T _'s=8TeV,20.3f" Summary results: 900
« Most powerful experimental strategies ) Same-Sign dil. g5
o arXiv:1504.04605
. . 2f @ Zb/t + X
* Improved background estimation 07 <W>X
H i | ! T+
PRD91,112011(2015)
techniques 600 80 Ho+X
arXiv:1505.04306
* Reducing the impact of systematic
H 1 — 19M|Sl\\s\l"\.'7lllllﬁt‘i(\)?\\‘HI\‘\H\‘H\I\\\H|\(\8H-\|jle\¥)
uncertainties & | CA, 300<p; <500 GeVic R £
° 2 _ jet mass > 60 GeV/c? ]
£ " AR(AK5,CA15) < 1.1 1K
r 1070809 1
JHEP 1508 (2015) 105 2 | BR(B - Wt
C ATLAS - Data 3 F " 2
O awmetey  METaeew| & @SSR whe | §107 E
r ; tt+light-jets =] C ’ = # i
o5 >61,>4b, MI™R > 100 GeV %mcg : Dl 260,245, M 100 Gev LIS Q e 1
L Pre-fit I t+bb g I Post-fit -tf+b5 -g ’ 7
. v g F v s ---'R=0.8 subjet CSV |
201~ B Y 20f B - R=15 jet CSV ]
N [ 5je
~ l:’NOn-ﬂ C on-tt _ . _
15 7/, Total Bkg unc. ; %l "I\'lotalttBkg unc. “HRELIsbEtCaY
E - i & . - Matched AK5 CSV(>2)
C = S2 Ll e e e b b b
10F- a 0% 02 04 06 08 1
B E Tagging efficiency (H—bb)
5— C
. 3 227
0.75¢ g 1 ///(/////% :
0-5 ° 7000 1500 2000

Hy [GeV]

H, [GeV]

Observed 95% CL mass limit [GeV]
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‘ Plan for Run 2 Analyses I

Capitalize on Run 1 experience
Fully exploit increased CM energy

Large increase in production cross section
at high masses

» Continue to exploit pair production
above 1 TeV

« Add single production above 1 TeV

Q
Pair production
model independent,
. relevant at low mass
Q
Q
5 Single production
— model dep. coupling,
PDF-favored at high mass
Q
t

o(13 TeV) /o(8 TeV!

10

102

10

|l|

T

T T T

T T I T T l T I T
—— pp— QQ (top++, 13 TeV)

pp — QQ (top++, 8 TeV)
——— pp— Thq (PROTOS, V_=0.1,13TeV) -

pp — Tbq (PROTOS, V_=0.1,8 TeV)
pp — Bbg (PROTOS, X_=0.1,13 TeV)_
pp — Bbq (PROTOS, X_=0.1, 8 TeV) ]

1l

90 fb @ 0.9 TeV
22fb @ 1.1 TeV

lllll

IIHIHIIIIHII[ITII

P - ——— —————

'\

llllll‘lllllllll'lll

1400
m, [GeV]

800 1000 1200
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‘ Plan for Run 2 Analyses I

Capitalize on Run 1 experience
Fully exploit increased CM energy

» Optimize strategy at high mass

SM resonances are often boosted!

Large radius jet with
Small-radius jets b substructure

Low-pr > resolved High-p; > boosted

Many well understood tools for tagging of hadronically decaying
W, Z, Higgs and top!
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Events / 5 GeV

Data/Pred.

4000

3000

2000

1000

Capitalize on Run 1 experience
Fully exploit increased CM energy

Optimize strategy at high mass

SM resonances are often boosted!

Plan for Run 2 Analyses

ATLAS-CONF-2017-064

Events / 5 GeV

2200
2000
1800
1600
1400
1200
1000
800
600
400
200

~ATLAS-CONF-2017-064

lI|III|III|III|III|III|III|III|III|III|III|I

—e— Data 2015+2016 ATLAS Preliminary

% f; g‘ﬁVF;) Vs =13 TeV, 36.1 fb”
I {7 (other) AR(large jet, b-jet) < 1.0
[ Single Top (W) Jet p_> 350 GeV

[ Single Top (other) Tgp + | yg (€5 = 80%)
[ Wijets Top tag pass

B VYV, Z+jets, QCD
Total uncert.

[ Stat. uncert.

—— T modelling uncert.

o'
g

L ATLAS Preliminary
5000[~ {5 - 13 Tev, 36.1 b

C AR(large jet, b-jet) > 1.0
~_Jetp_>200GeV

- me™ D, (e

= 50%)

W

sig

T
2
o

Q

e,
Q
193]
o

—e— Data 201
(1 i (top)
i (w)
[ (T (other

Total un
I Stat. ung
—— tt modell

50

100

150 200
Trimmed large-R jet combined mass [GeV]

0
Lo ([T~ . . 1
50 100 150 200 250
Trimmed large-A jet combined mass [GeV]

JHEP 08 (2018) 17359 1" (13 Te)
S I¢ Data | | 1I'OP

—TT(1.0TeV)x 10 EEEW
its ---TT(1.2TeV)x20 [ QCD

[ Bkg.
uncert.

:m;'i|I|IIII|IIII|IIII|III

100 150 200 250 300 37
AKS jet pruned mass (GeV)



Less
sophisticated

More
sophisticated

‘ Plan for Run 2 Analyses I

Outstanding performance!

Plan according to integrated luminosity

2015: 3.9 fb-' recorded
First results exceeding Run 1 sensitivity!

2016: ~36 fb-! recorded
Exceed design inst. lumi of 103* cm=2s,

Most results shown today:

up to 36 fb' (in analysis)

2017: ~47 fb' recorded
Record inst. lumi of ~2.1x1034 cm2s1.

2018: ~61 fb-! recorded
Inst. lumi regularly at ~2x1034 cm-2s-1,

Full Run 2: ~139 fb-1 (in analysis)

Recorded Luminosity [pb™/0.1]

Total Integrated Luminosity [fo]
o
o

— ek
N b~ O
o O o

- ATLAS
— Preliminary

- [HLHC Delivered Recorded: 147 fo!
C DATLAS Recorded

DGood for Physics

Vs=13TeV
Delivered: 156 o™

Physics: 139 fb™

uone.qi[ed 61/2

IIIlllI|IIIIlIIIIII|llI|III|l

uoneiqied 61/2

80
60—
40
20—
F | 1
a“'\\*\E)\s\)\\*\f) a:(\\*\6‘“)\\4\6 a“\ﬂ\" \3\)\\4\1 -a(\‘\%‘)\)\‘\s
Month in Year
1100 B L L B B UL B
- ATLAS Orline, 13 TeV  [Ldt=146.9 fo” ]
500~ 2015: u>=13.4
C 2016:<u>=25.1
400 r [ 2017:<u>=37.8 _]
L [ 2018:<u>=36.1 ]
r [ Total: qu>=33.7 ]
300— —
200~ =
100 —

OO

20 60 70 80
Mean Number of Interactions per Crossing 38



Events

Data / Bkg

‘ Pair Production: TT>Ht+X I

Search targeting high BR(T->Ht), with H>bb,
but designed as broad-band search.

Strategy:
« Consider lepton+jets and high-E{™ss+jets channels.
« Top and Higgs tagging via mass cut on large-R jets.

« Categorize events according to b-tag, top-tag and
Higgs-tag multiplicities (a total of 34 regions).

. . . >
« Signal-depleted regions used to constrain 3
. . . . . o
in-situ bkg uncert. through likelihood fit to data. S
>
10° ATLAS —¢- Data [ i + light-jets -
Vs =13 TeV, 36.1 b i+ >1c [ )
10 b Search regions [ Non-tt 7/ Total Bkg unc.
Post-fit (Bkg-only)

10° E

1 2

15 -

1 g

©

0.5 (m)
0 lllllllllllllllllllllllllllll

Il 1
68886857 49)§9733333333333330333333¢
IR iddddaaaiadddaanfififiin
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‘ Pair Production: BB, X;;X;; > WtWt I

Searches targeting B->W-t or X;;>W-™t.

Consider SS dilepton+jets and lepton+jets
signatures, both with comparable sensitivity.

Strategy (lepton+jets):
« Presel: 1 lepton, high E{™ss, 24 jets/>1 b-tags.

w-

W+ H,Z

 Multiple event categories depending on the £b,b

presence of boosted top or hadronic W bosons.

» Analyze B-quark mass or BDT output (ATLAS),

or min[M(l,b)] (CMS) spectra.

CMS-PAS-B2G-17-008 35.9 b (13 TeV) c e — JHE]P08£20L§)0,48 T R
ows —XXea LHOOTeV) MEWK| 5 sidmis | 4o e G o pe e
Preliminary ---XgsXss RH (1.2 TeV) [ TOP 2 E 361 fo Wsngewop [Homers ] & 1053610 Wl singie top [ Diboson 4

DBkg uncert ¢ Data 30:_ Total uncertainty E E P Ov Bz +jets .
25i_ . 10:;_ Bmuttijet 77 Total uncertainly_;
e/u+jets - ] E ]
211, 21 W, 22b, 24 20/ l RECOSR - BDTSR
7774 7 Post-Fit ] Post-Fit
: &7 | ‘Z
5— —+— """"""" + """"""" =
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Pair Production Summary: Vector-Like Top

PRL 121 (2018) 211801

m, =800 GeV *

m; =900 GeV 1
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—— Z(V)tX penive 610751

Trilep./same-sign ceanv-er-201e-171)

Z(1)Wb+X raxiv-seontesse

All-had (cermer-ama.1mg
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BR(T — Wb)

B(bW)

JHEP 08 (2018) 177

359 (13 TeV)
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‘ Pair Production Summary: Vector-Like Top I

PRL‘ 121' (2918) '211801 :/HEP 08 (2018) 177 35.9 b (13 TeV)

— Ir T T y ]
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B :E .\~~EE§ I : I ‘\\\E : & 500
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-Of s - e
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0.2F: DS 3 T . .
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combination of BRs

CMS

BR(T — Wb)

Significant gain from combination! ATLAS

Vector-like T 95% CL Limit on m; (TeV) 95% CL Limit on m; (TeV)
BR Hypothesis obs (exp) obs (exp)

95% CL observed T quark mass limit (GeV)

100% Wb (chiral, Y) 1.35 (1.30) 1.28 (1.30)
T singlet 1.31 (1.23) 1.20 (1.16)
T in (T, B) doublet 1.37 (1.32) 1.28 (1.24)
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Pair Production Summary: Vector-Like Bottom

PRL 121 (2018) 211801
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‘ Pair Production Summary: Vector-Like Bottom I

PRL 121 (2018) 211801
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Need better B=>Hb searches!

Vector-like B

BR(B — W)

ATLAS

z
=3

JHEP 08 (2018) 177 359 fb! (13 TeV)
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(*) Inclusive search (11, 21, 3I)
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VLB masses below ~1.03 TeV
excluded for any possible
combination of BRs

CMS

BR Hypothesis
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‘ Single Production Strategy I

« Many channels (w/ and w/o leptons) to be exploited.
» Powerful handles against backgrounds:
* Forward jet tagging
« Boosted techniques
* VLQ mass reconstruction

q;
T /B W, Z, H
b/t, t/b, t/b
n00 p
b,t
CMS simulation Preliminary 35.9fb™ (2016, 13 TeV)
‘270000 E Z/y+jets
Q r 1 I tt and single-top
{60000~ L s —Zor
C ' — X\\// ;\éd éq (\>N=) ZorW)
50000 1 [ Tb— tZb (M=0.8TeV, LH)
o , i1 Tb— tZb (M=1.2TeV, LH)
40000 f 7777 Tb— tZb (M=1.6TeV, LH)
SOOOOf __________
200001~ A EEEEEESES Beware of:
o - Signal/background interference
0 1 2 3 e : L
; Number of forward jets » Helicity propagation in decay 45

CMS-PAS-B2G-17-007



‘ Single Production: T(=>Zt)+X I

* Presel: Z(=>Il)+jets, 21 b-tags, small AR(lI).
« Top-tagging and W-tagging on R=0.8 anti-k; jets.
» 10 event categories depending on lepton flavor, top

kinematics (fully-merged/semi- merged/resolved)
and presence of forward jets.

» Use heavy quark mass built from reconstructed
Z-boson and top candidates.

* Main background: Z+jets. Estimated using dedicated

Strategy:

control regions.

PLB 781 (2018) 574
35.9 b (13 TeV)

35.9 fb’ (13TeV)

C 7I ‘ T T T | T | T T T | T T T ‘ T T T ‘ T T T ‘ I7
. — 60_ Data 7 'E‘ { | T T | T T rTT T T TTTT T T T T T T T T T T T TTT TrTTTTT T |
L BUE CMS ¢ 2y +jets 1 o 10——CMS ——— Observed _
12] C Tin2u + 1b jet + 2jets ttV and tZq (V= Zor W) J — S Median expected 3
S S0 N(forward jets) > 0 I t\s\?rzg/s”?fr-t\?vp)) ] g ¢ . gg% expec’{eg .
~ | ] = n - % -
|_1>_1 F [ Background uncertainty - ..,\_I- N — G(NL(%);pg(zbeW)—O 5, B(t2)=0.25
40 ] Tb— tZb (M=1TeV, LH) 1 ’ _nég’ligible_wi.dth
- 1 1= . =
300 = g E T singlet =
E %% ] = C -
E + l + , = T —
QO: . o .
C ' m ~ —1 —]
104 4 I E 510 = 50 fb
2 ! | +‘+ ; 4 i -——-
0= - |
g’j 2'E 'lf T T T T T T T T T T T T T T T T T T T T T T T T T T T T ': 2
o 1.5 —e— = 10° =
e 4 == i = 3
8 0 5; _ - ]—I L1 | L1l | L 111 | L 111 l L1l | L1l | L 111 | | l L1l | L1 I—[
P , | , , , , 3 0.7 08 09 11 12 13 14 15 16 1.7
600 800 1000 1200 1400 1600 1800 2000 m;[TeV] 46
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‘ Single Production: B(->Hb)+X I

Strategy: q
« 2 isolated photons, compatible with H->yy candidate.
=1 b-tagged jet, 21 forward jet

* Non-resonant background shape from data m,, sidebands.
Normalization from fit to m..,, spectrum. b

SM Higgs background from MC.

I—_|iggs
oA window Signal
1=
()
>
LL \
Mbands
T > Final discriminant
myy [GeV] 2
-
()]
oA » g
C )
()
>
L
300 m
’ Myyb [GeV]
0 300 ms 47

My [GeV]



‘ Single Production: B(->Hb)+X I

Strategy: q
« 2 isolated photons, compatible with H->yy candidate.
=1 b-tagged jet, 21 forward jet

* Non-resonant background shape from data m,, sidebands.
Normalization from fit to m,,, spectrum. b

SM Higgs background from MC.

ATLAS-CONF-2018-024

> T I T T T T T T T T T T T T T T T T
$ L ATLAS Preliminary ]
3 13 TeV, 79.8 fb” ¢ Data - 0.45
;_', 102 B — bH(— vv) [ Higgs background - g . PrrrEET
§ ) Signal 'Region /-Continu%.lm background § = 0.4 ATLAS Preliminary (B, Y) doublet
L Post-Fit 77 Uncertainty I 13 TeV. 79.8 b — (B.Y) doublet model prediction (LO)
10 = Q ev, 79.
E ) 0.35F 5o bH(yy) .k =05  — Obs.Limit (85% CL)
] 0 ° - Exp. Limit (95% CL)
1 EE E I Exp. +1o
] m Exp. =20
107! =5 X
3 o}
1072 |
1078
50 fb
R O o e e e e e N O 1 0 15 1 ittt RS
8
i 3 IIIIIIIIIIIIIIIIIIII]IIIIIIII[III
S 2 800 900 1000 1100 1200 1300 1400 1500 1600
© 1
a mg [GeV]

500 1000 1500 2000 2500 4 8
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‘ Plan for Run 2 Analyses I

* Improved interpretation of searches
Combination of pair and single production
Increased use of simplified models

in more realistic benchmarks

Y(>Wb)bg
= 1:"-'1-'-'1'-'-|--"|'-'-|--'.-|-'-'1-'--|----|'-H—1.4§—DE
= 0.9E ATLAS 95% CL Exclusion Limits 1 =
© F-YE (s=13TeV, 36.1fb" (B,Y) Doublet i P
0.8 — Observed Y RH (With interference) 7
- ---. Expected | ]
0.7 mmExpected £ 16 : 11
- []Expectedx2c 1 .
0.6 " Indirect EW constraint (S,T)on |sinB| 108
0.5 f_ - - Indirect EW constraint Rb_ani_gneﬁl
0.4 Excluded by 0.6
= air production
0.3 S 0.4
0.2 = T T
= | 0.2
0.1 : 7
0:....1....|....|....|....|...'.|....|....|....|...._0
08 09 1 11 12 13 14 15 16 1.7 1.8
m, [TeV]

JHEP 05 (2019) 164

Take into account effect of extra resonances

10

04}

Typical spectrum of the 4-plet in

minimal coset SO(5)/SO(4)

2 .22 (——D
Am Y {—T
AmQNnyQ

Xos3

5 _ :

Am= =0 Xs/3
t
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Vs=13TeV"
e L=100
N £=005
_ RegionlI
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200
100 .
| s
\ ~
\ N
N " .
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05 1

arXiv:1512.04356
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Make sure we don’t miss a signal!

‘ Plan for Run 2 Analyses I

9

Non-standard decays
BR(Q->Wq)+BR(Q—>Zq)+BR(Q—>Hq)<1
Example: Q->qg+n, n CP-odd scalar
 If exotic BRs dominant, signal may be picked by

existing searches.

« For comparable BRs, it becomes difficult as signal split into many signatures.
But also opportunity for new exciting searches: e.g. TT->6-top!

6 +6 = = =Y. = 1’ nw = 2
07 L R ' 1.000 7{ Yo=Y 7 1%
(@\]
06k ht 7t Wb nt ] NI;\ 0.500¢
T singlet -
50 — a
0 m,=300 GeV s 0100
~
o 1A ,
< ” 5 0050
Z 1 5 =
>" 0010
-l (0]
E; 0.005!
S
I
00 e =
Y706 08 10 12 14 16 18 20 0.00855 200 300 400 500

Mg (TeV) JHEP 1509 (2015) 176
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‘ Plan for Run 2 Analyses I

 Make sure we don’t miss a signal!
» Non-standard production

E.g. via heavy gluon: G'>TT (mg.22m;),
G'->Tt (m+m<mg.<2my)

2.6 (13 TeV)
> F
8 0 CMS i i
Pt 60;— 2b-tag category  —— Total umn%élr‘taainty
\g 3 75Tt TbW
i2; 50: ------- mz.=1t.5 TeV, mT=O.7 TeV
c c 1ty - m;=2.0 TeV, mT=0.9 TeV
o 40 | -------- m,=2.5 TeV, m =1.2 TeV
LU C
30
20F
10F .
S| o
Sl OF PP
500 1000 1500 2000 2500 3000 3500

m,. [GeV]

JHEP 1709 (2017) 063
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2.6 b (13 TeV)

B(T— bW, tH, tZ) = 50%, 25%, 25%

CMS

Observed
.......... Expected

- + 1 std. deviation

:_ |:| + 2 std. deviation

E G*— Tt, tan 93 =0.44, sin q)m =06,Y,=3

L meeees Ig/Mmg.>10 %
e -~

E ‘

F ‘.

[~ A Y

~ -

Eer oo oo o b o b b Ly

4 16 1.8 2 22 24 26
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Bosonic Resonances
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‘ Bosonic resonances I

Also expect composite spin-1 resonances (p=G’, Z', W’), which
decay into SM particles.

- Expect the strongest couplings to heavy SM states (t, W, Z, h). e - = 0

Main production mechanisms: Drell-Yan and/or vector-boson fusion

v’
¢

q SM q q h.SM
SM
V
[ p
v SM
q SM
q q .
arXiv:1507.07557
FTrrr [ rrrr [ 1111 [ T 1T T[T T T 17
Preferred signatures: 0.7¢ elementary fermions E
0. 63— w==== composite top (sp; = 0.5) _f
» Diboson resonances ° 0sE 7 WW-,Zh 3
- 31 generation quark resonances (tt, bb, tb) 204E
. . 2 03F
» Dilepton/dijet resonances £ ook

“~
+
“~
|

In non-minimal CH models can have additional
pNGBs besides the SM Higgs =» extra heavy scalars!

o
—

(=]

[u—
o
(¥ ]
iy
N
(@)}

See e.g. arXiv:1507.02283 8p 53



‘ p2>VV, VH (V=W,Z) Searches I

Many final state signatures explored!

ZZ (Z~1) Z2Z (Z->1l,vv) WW (W-Iv)
( ( v . ) Vv v
( ( ( ( v
ZV (Z>l, V2ij) ZV (Z>vv, Vi) WV (W-Slv, Vi)
V4 Vv 1% 1% J &
N g e
J i Ja h )
. Considering both resolved and boosted topologies. j
. Most sensitive signatures at high mass: use highest BR decay W/Z decay modes.

«  Also probe VH with H>bb, .
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‘ p=2>VV’, VH (V=W,Z) Searches I

q V / V q q
4 Vv
/
vV’ vy
q V/H q q

ICH EP 2018 35'9 fb-1 (1 3 Tev) '5‘ [T T I T T T T | T T T T T T T T T T T IPRDI ?? |(2IOI1 I8)I |05IZIOI0I8_I_
E HVT model B — WH->2q2t (CMS-PAS-B2G-17-006) E = 10* . ATLAS ——— Observed 95% CL limit _;
| 95% CL upper limits ~ — WZ—2q2| (arXiv:1803.10093) H N Ey (s=13TeV,36.1fb"  ====. Expected 95% CL limit 3
= — Observed — WH—2q2b (EPJC 77 (2017) 636) E = cNL . Exp. Ivqq ]
[l ---- Median expected WH-lv2b (CMS-PAS-B2G-17-004) T 1 03 = % Exp. llqq =
E — WZ—-2q2v (arXiv:1803.03838) N z 3 * ’ 3
=" WZ—2qlv (JHEP 05 (2018) 088) E = 3 Exp. vvqq n
c — WZ—4q (PRD 97 (2018) 072006) 3 T 102 = e, T Exp. lllv =
B - 8 F -
3 E © 10 O i =
- = 3 E
~  Preliminary 1071 ;— VBF HVT W' — WZ (vvqq + Ivqq + ligq + lllv) =
——tlllllllllllllllllllllllllllllllIIJIllll—— '—I'IlllllllIII|IIII|IIII|IIII|IIII|IIII:F
0.5 1 1.5 2 2.5 3 3.5 4 4.5 .5 1 1.5 2 2.5 3 3.5 4

m, [TeV] m(W’) [TeV]

Reaching cross sections down to ~1-10 fb for M,,>2 TeV!
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Events / 100 GeV

Data / Pred.
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Events / 100 GeV

Data / Pred.

10*

10?

10

p?>tt Searches

q t A “wide” resonance: I''M=30%
@ L L B L L B RN BN
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‘ Associated ttp (and bbp) Production I

If only top quark has a high degree of compositeness:

g

|

4-top final states




‘ BSM 4-top Production I

4-top production in Composite Higgs models:

Y

Cy| - _
Effective Lagrangian: L4, = lA;gl(tR)/“tR)(tRyﬂtR)

Only t; (partially) composite

Other BSM scenarios that can lead to 4-top(+X) production:

u!

Heavy Higgs bosons Sgluons Universal extpra-dimensions




‘ 4-top Production in the SM I
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‘ 4-top Production: Experimental Signatures I

Very busy final state with high jet and b-jet multiplicity.

hhhh (31.1 %)

X
I -

Il (0.4 %)
lllh (4.9 %)

llhh SS (7.2 %)
llhh OS (14.3 %)

lhhh (42.2%)

Most promising signatures:
. 1l+jets and 2| opposite-charge+jets
. 2| same-charge+jets and =3l+jets (SS/ML)

SM 4-top background has no narrow resonance but in general kinematic
reconstruction very challenging (high combinatorial background and missing
momentum from multiple neutrinos).

Dedicated Run 2 searches for SM 4-top production underway.
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‘ Summary of SM 4-top Results I

TOP-18-003-PAS
CMS Preliminary BDT (postfit) 137 fb~1 (13 TeV)

] s ,
SS/ML gmt/ ;:gergemisid. tttt - 12 6+ fb
10 e o, grometien.
™ | ssmL (137 b1
] ATLA = +12
10° 5 %EXPERIME& it 28 5 fb
Combination (36 fb'")
1004 Sl O R i
22
B Theory: o =12.07: fb
0 NLO QCD+EW
2_
s — ‘“’/J”

Data/Pred.

mmmmmmmm

Significance ATLAS 36 fb-' CMS 36 fb-1 CMS 139 fb-1
obs. (exp.) [c]

SS/ML 3.0 (0.8) 1.6 (1.0) 2.6 (2.7)
1L/OS 1.0 (0.6) 0.0 (0.4) -
Combination 2.8 (1.0) 1.4 (1.1) -

Evidence for SM 4-top production should be possible with full Run 2 dataset!

» Interesting sensitivity to BSM 4-top production! Dedicated searches starting... 63



Future Prospects

64



‘ LHC Run 2 I

2009-2012

Run 1

LS1
Phase (

2015-2018

Extended Year End Stop
(5 months end of 2016)

l

Run 2
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25 b’
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0(25) PU

50ns inter-bunch

139 fb?
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1.6 1034 cm2s1
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(i

(o T 1 T 1 T 1 Tt 1 T T 1 T 1
o160
~. [ ATLAS Vs =13 TeV
2140 Prelimipary
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c - [JLHC Delivered  Recorded: 147 "
£ 120

i . -1
D ATLAS Recorded Physics: 139 fb

-
100 D Good for Physics

(oo}
o

Total Integrated Lu
o
o
IlI|III|III|III|II[|III

Y ———
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ob——! I T NI NI .
30 2 30 P Oy BT T g 18 g8

Month in Year

« Most available results use 36 fb1.

uone.qiedgL/e

« Significant improvements expected for

full Run 2 dataset analyses:

 Almost x4 increase in statistics.

* More sophisticated analysis
techniques.

« Combinations!

We are here...
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‘ LHC Beyond Run 2 I

2009-2012 2015-2018 2021-2023 2026-2037
Run 1 Extended Year End Stop
1S1 (5 months end of 2016)
Phase (| l
Run 2 |
LS2
LS1 Machine Upgrades Ph:(’sne ;
Consolidatiof
Run 3 LS4 2030
1S3 LS5 2034
LS2 Madhine Upgrades 25 years
. . Phase 2
Collirhation
Cryogenics HL-LHC
Injecior (emittance)
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(i

...at the beginning of a 20-year program!
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LHC Beyond Run 2

arXiv:1905.03764
kappa-3 scenario ‘ HL-LHC |

. kw (%, < 1) —1.7
ngllrect sear.'ches o (% < 1) 13
(precision EW+Higgs+Top) g (%) +2.2
Ky (%) +1.7
Kzy (%) +10.
Ke (%) —
K (%) +2.8
Kp ((/C) +2.6
Ky (%) +4.4
K: (%) +1.6
BRiny (<%, 95%CL) | 1.9 |
BRunt (<%, 95% CL) 41 |

Reach few % precision
on Higgs couplings
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‘ LHC Beyond Run 2 I

¢ arXiv:1512.04356
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Probe top partner masses up to
~2 TeV (3 TeV) via pair (single) production

20

Direct searches

(fermionic resonances)
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‘ LHC Beyond Run 2 I

arXiv:15602.01701
LHC8
N o(pp->p)BR(0»WZ) 1
Ny LHC 300 b
T eeeem HLLHC 3000 b
LHC8
LHC
HL-LHC }
0 2 4 6 8
mp [TeV]

Probe spin-1 resonance masses up to
~5-7 TeV (depending on decay mode)

Direct searches
(bosonic resonances)
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‘ LHC Beyond Run 2 I

Significantly exceeding PRD 98 (2018) 052008

. . ) o MMM
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Probe spin-1 resonance masses up to
~5-7 TeV (depending on decay mode)

Direct searches
(bosonic resonances)
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‘ LHC Beyond Run 2 I

Indirect searches
(precision EW+Higgs)

A. Wulzer’s talk at European Strateqgy Symposium, Granada, May 2019

Composite Higgs, 20, HL-LHC Preiminar, Granada 2019
10FT : ' ' i g) Probably pessimistic!
[Current (LEP). Approxim%@
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From Higgs couplings ]
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o , : . Direct searches
2 ‘1/ 6 8 10 (bosonic resonances)
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Linear Collider

Beyond LHC

Circular Collider

ligh energy booster (7.2 km)

Medium energy booster (4.5 km) .
Proton linac

Low energy booster (0.4 km)'  (100m)

P4

Booster (100 km)
CEPC ring (100 km)

SppC ring (100 km)

e beam injector

e Injection descent tunnel

Combiner rings

80 - 100 km
long tunnel
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‘ Beyond LHC I

Linear Collider

e
1o
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~6 ab™’
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‘ Beyond LHC I

A. Wulzer’s talk at European Strategy Symposium, Granada, May 2019

ComPOSite Higgs, 20, FCC.i Preliminary, Granada 2019 |

i
European Strateg)

10F

6} [] Direct
> ce(eelhhleh) r
4t cw(hh) |

1 cow(hh)

10 20 30 40 50 60
m, [TeV]

Higgs compositeness scale, 20 reach

+++++ mn

ol
HL-LHC HE-LHC FCC,. CEPC FCC ILCs00 CLIC

1/ly [TeV]
S &
c
e
i i}

a




‘ Summary and Outlook I

» Broad program of studies at the LHC to test the Composite Higgs paradigm:

* Precision measurements of Higgs boson couplings.
» Direct searches for new heavy resonances from the composite sector.

« Recent LHC Run 2 results only use up to 36 fb"' of data at Vs=13 TeV.
Significant improvements expected with the full Run 2 dataset (139 fb-):
» Almost x4 increased statistics.
« More sophisticated analysis techniques.
» Combinations!
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‘ Summary and Outlook I

» Broad program of studies at the LHC to test the Composite Higgs paradigm:
» Precision measurements of Higgs boson couplings.
» Direct searches for new heavy resonances from the composite sector.

« Recent LHC Run 2 results only use up to 36 fb"' of data at Vs=13 TeV.
Significant improvements expected with the full Run 2 dataset (139 fb-):
» Almost x4 increased statistics.
« More sophisticated analysis techniques.
» Combinations! Will we see first hints of a composite Higgs?

by LR R s 2N 4 W2

We will know soon!

» Great prospects for gaining further insights
at upcoming LHC runs and (especially) at
future colliders!

=2 «-?»:.f} . S = SN
Are we already seeing them in the
B-physics anomalies? 79



Exciting times ahead!




