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The Higgs Boson Discovery at LHC

Predicted in 1964, discovered in 2012! 48 year hunting!

ATLAS & CMS Observation

2013 Nobel Prize

ELSEVIER

An effort by thousands of
scientists and engineers
from all over the world
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How did we get there
and
what are we doing now?
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The LHC accelerator complex
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LHC Experiments: General Purpose Detectors

ATLAS CMS

- 25 m diameter and 44 m length - 15 m diameter and 21 m length
- Over 7000 tons - 14000 tons
- O(100) million readout channels - O(75) million readout channels

CMS DETECTOR

STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter :15.0m Pixel (100x150 um?) ~1 m?* ~66M channels
Overall length .28.7 m Microstrips (80-180 um) ~200 m* ~9.6M channels
Magnetic field :3.8T
SUPERCONDUCTING SOLENOID
— Niobium titanium coil carrying ~18,000 A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16 m* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
LAr hadronic end-cap and -~7s000 scintillating PbOWO, crystals

forward calorimeters

/

LAr electromagnetic calorimeters HADRON CALORIMETER (HCAL)

Brass + Plastic scintillator ~7,000 channels

Muon chambers Solenoid magnet | Transition radiation fracker

Semiconductor tfracker



d Detectors

YAS
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Other even more specialized experiments

—F1 &L
SRS

(Part of ATLAS - 210m)




Look into the pp collisions...




Parton Distribution Functions (PDF)

~s give the probabi

O U

xf

Q*=10000 GeV>

valence

AN

valence

Ity to find a parton with a momentum fraction of x
s are not calculable, but measured In experiments

Momentum sum rule

 |[n a proton, quarks heavier than u,v are only available in the sea

&

PDFs Sum rules

1
Z/O dr zf;(z, Q%) =1

sea Flavour conservation sum rules

/0 (ful(z, QZ) _ fﬂ(fIJ,Qz))d:c _ o
/o (fa(z, Q%) — fa(z,Q?))dx = 1

/0 (fs(z, Q2) — fs(z, Qz))da: _0



Hadronic Collisions Phenomenology

a(q;iq; — X) =ag x (1 +aga; + aas + acaz +---)

g 0.1

as - strong coupling

Hard scattering

Perturbative regime (with large QCD corrections):

- NLO (now mostly automated)

- NNLO (state-of-the-art that has become standard)
- N3LO possible (with large impact on Higgs results)




Hadronic Collisions Phenomenology

OWw — Zq/dxldXqu(xl)fCI(x2) X 6@7

total x-sec parton distribution functions parton x-sec

= Parton Distribution Functions

Hard scattering

Perturbative regime (with large QCD corrections):

- NLO (now mostly automated)

- NNLO (state-of-the-art that has become standard)
- N3LO possible (with large impact on Higgs results)




Hadronic Collisions Phenomenology

Parton shower
QCD radiation showers not calculable
exactly - Approximated in the soff and
collinear regime — Pythia/Herwig MC

= Parton Distribution Functions

Hard scattering

Perturbative regime (with large QCD corrections):

- NLO (now mostly automated)

- NNLO (state-of-the-art that has become standard)
- N3LO possible (with large impact on Higgs results)




Hadronic Collisions Phenomenology

Truth-level event

Parton shower
QCD radiation showers not calculable
exactly - Approximated in the soff and
collinear regime — Pythia/Herwig MC

Parton Distribution Functions

AA

Hard scattering

Perturbative regime (with large QCD corrections): 2 Multiple parton interactions
- NLO (now mostly automated) Additional interactions between

- NNLO (state-of-the-art that has become standard) partons of the same protons

- N3LO possible (with large impact on Higgs results)




Hadronic Collisions Phenomenology

Truth-level event

Hadronization
Pythia, Herwig, Sherpa MC

Parton shower

QCD radiation showers not calculable
exactly - Approximated in the soff and
o . collinearregime — Pythia/Herwig MC

Parton Distribution Functions

Hard scattering
Perturbative regime (with large QCD corrections): -2 !
- NLO (now mostly automated) o/

- NNLO (state-of-the-art that has become standard) ./,'/

- N3LO possible (with large impact on Higgs results)  °

Multiple parton interactions

Additional interactions between
partons of the same protons

Picture by Frank Krauss




Hadronic Collisions Phenomenology

Truth-level event o
Hadronization

Pythia, Herwig, Sherpa MC

Next

- Hadron decays

- Additional collisions from
other protons (pile-up)

Parton shower

QCD radiation showers not calculable
exactly - Approximated in the soff and
o, collinearregime — Pythia/Herwig MC

Reconstruction .~ @

Parton Distribution Functions

Hard scattering ) AU . . _
Perturbative regime (with large QCD corrections): o2~ N\~ & : i:,.“ Multiple parton interactions
- NLO (nhow mostly automated) =7 NS T Additional interactions between
- NNLO (state-of-the-art that has become standard) «® o7 /7 |\ @ 3 oartons of the same protons

o ®° . °

~N3LO possible (with large impact on Higgs results) ¢ S @

Picture by Frank Krauss




Luminosity

Number
Number of protons of bunches
per bunch
1.2 x 101 Number
of turns
per second
11245

-+ DBeam size at
interaction point (IP)

~20-25 ym
radius

17



High-Luminosity LHC Plan

LHC

Run 2 ‘ Run 3 Run4-5...

. . — (135 7eV) (Y L53 oo

Diodes Consolidation

splice consolidation cryolimit LIU Installation | | HL-LHC
7 TeV 8 TeV button collimators interaction . inner triplet _ )
—— R2E project regions Civil Eng. P1-P5 radiation limit installation

200 | a2z | aots | 20w | aot6 | oot6 | 207 [ 2018 | 2019 | 2o | 221 | 222 | 220 | 2004 | a5 | aws | 2% IIIIIIﬂ»

ATLAS - CMS 5 to 7.5 x nominal Lumi
experiment upgrade phase 1 ATLAS - CMS

peam pipes nominal Lumi w ALICE - LHCb 2 x nominal Lumi HL upgrade

75% nominal Lumi / upgrade
30 fb! 190 fb™! @ integrated [ L
Q luminosity BCEUIIE {3

We are here! =
moving towards this target
major upgrades in LS4
HL-LHC goal is deliver 3000 fb-1 in 10 years

Implies integrated luminosity of 250-300 fb-1 per year

Requires peak luminosities of 5-7x1034 cm-2s-1 while using luminosity

leveling (3-5 hours at peak luminosity) CEPC startup?
Design for “ultimate” performance 7.5x1034 cm-2s-1 and 4000 fb-

18



Hadron collisions - Luminosity

E_

2
N f

Ao, oy

Luminosity for
several bunches kb

expressed in beam

N fky ) N fEyy
4o, 0, A f*en
Beam size

Correction due to
geometrical effects

Luminosity grows
with energy!

Emittance (fixed at
injection)

Beta® Focussing

N trains parameters, | (e.g. beam crossing
dependence in beam | angle)
energy!
Parameter 2010 2011 Nominal
CoM Energy 7/ TeV 7/ TeV 8 TeV 13 TeV 13 TeV 13 TeV 14 TeV 14 TeV
N, 1.1 1071 1.4 1011 1.6 1011 1.2 101 1.2 1011 1.2 101 1.15 101" 2.2 101
Bunches k 368 1380 1380 2300 2450 2500 2808 2760
Spacing 150 ns 50 ns 50 ns 25 ns 25 ns 25 ns 25 ns 25ns
¢ (mm rad) 2.4-4 1.9-2.3 2.5 2.6 2.3 2.6 3.75 2.5
B* (m) 3.5 1.5-1 0.6 0.4 0.3-0.4 0.4 L 0.15
L (cm2s1) | 2x10%2 3.3x1033 ~7x1033 1.5x1033 | 2.0x1034 |6 2x1034 1034 _B 8x1034
PU -2 -10 -30 -30 -50 50 | -25 ~130




Fiducial volume and acceptance

\ Generated
phase-space

A . NMC,gen,cut
W/Z — N
MC,gen,all

NMC,rec

Fiducial volume: ——— Fiducial

phase space in which a given final
state is measured (can include
other than geometrical cuts)

Detector
( effects

Cw/iz =

NMC,gen,cut

B l Reconstructed
passing selection

No theoretical uncertainty
from extrapolation outside
experimental acceptance

Fiducial
cross section

Oiot = Owyz X BRW/Z = tv]0l) = -2

Total
cross section

Aw/z




The total cross section at hadron collider

Total cross section: 100 mb

Gtot

Teva:tron ELHC

-1

Nominal LHC Luminosity
2x 103 cm=2s

Number of events produced:

: T | oXL=

125 o { ez | 100 x 1027 (cm?2) x 2 x 1034 cm2 s
' | ~ 2 x 107 events/sec
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Production rates at Hadron Colliders

Tevatron
timeline

Top: 1994
WW: 2005
WZ: 2007

ZZ: 2008

M =125 Gev{

WJS2012

SR LHC
Teva;tron timeline

1

W: May 2010
Z: Jun 2010

Top: Jul 2010

WW: Dec 2010
WZ: Mar 2011

ZZ: Jul 2011
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H: July 4, 2012

22



Total cross sections at LHC
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referred to as Drell Yan). _
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Fiducial cross sections at LHC

Standard Model Production Cross Section Measurements

Status: February 2022

AO total (x2)

inelastic

incl
pr =100 GeV

pt > 70 GeV
AN
O
O
pr =75 GeV
dijets Ey =

25 GeV
pr>100 GeV A\

ATLAS Preliminary
Vs =5,7,8,13 TeV

0 Vv
36)1(3:.V
3 EY = Yo N _‘e1
10 125 G&V 100 Gev fo) o~ -‘-:OO -
(o V- tojal
nj =2 30 Gev O o Ly
2 A 1Al > 1 d-chan o,
].O njz1 O v o WiZ4 A ww
n =3 pr = Wi O \A/ 0 O total
A Bo %6, , A 22 'K wzO
n; =2 n—1 o 4 Q 'm) B O A O
101 A m=a 0 pr > 25 GeV zZ 77 o
n; >3 A >3 n;z4 A A o W
j = Q 5 ny = o A y
s g O R v w @O
A‘ n =4 o o A Ao
nz6 n =3 o g A vbb A ttZ
N> f n;z7 =TT H-Ww*  (x0.5)
1 4 i O 65 (o) (x0.25) rrw- A
].0 n;=8 Dl‘-7,." i n
A n —4 n=6 Q A H—=Z7
, o O H— yy HD 71
— nz=7 (x0.15)
10 m=7 M5
.- i o 0

LHC pp Vs =8 TeV

Va\ Data 20.2 — 20.3fb™!

LHC pp Vs =7 TeV

Data 45 -49fb

|I 1 llllllll 1 llllllll 1 llllllll 1 llllll|.| 1 llllll|l 1 llllllll 1 llllllll 1 llllllll

b
>
O
>
O
L1

PP Jets Y

wW Z tt t VW 7YY H Hjj VH Vy ttVv ttH
tot. [ot. VBF tot.

WwWy 7y V2w

tty Vjj tttt Yy —WW
EWK tot. EWK

Very large number of fiducial cross
section measurement made at the LHC

Down to processes as rare as three
boson production

Now measured VBS diboson
production (VVjj)

YYY
st




Jet cross sections
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Differential jet production cross sections

Example: Double differential jet cross section measurement

(o2 EMS 5.0 fb™! (7 TeV)
— T T
% —POWHEG+Pythiab &2*) X EW
¢5 10" e lyl <0.5 (x 10%) ”
g -t by oA Count number of events | tructed bins of
S 10 0=yl <15 (x10)) ount number of events in reconstructed bins of (Apr, Ay)
St D1.Sslyl<2.0(x100)
B 107 B e v20=<lyl<25(x 10
— Y
Q. - e
5 . Y : : ‘r : :
'%5 10 _..__:-e*.o._o,_o:"--..._._‘ Unfold to truth particle jet quantities taking into account
o 10° '9"9-.9._9_"‘--...__'0'0@-.0.0"*.. reconstruction and trigger efficiencies and unfolding resolution matrix
*—v—* gy t=? ""'-l-_.,..‘ o, .“"'...
10 ***‘9‘.9. - o, - ..’"9'000000 .“ )
e i d 1 N,
-v-* OO ..,' -Oo U J
101 .-v-* O'D’Q -l-.. 00 —
03 -, e, 7T dprdy €L AprAy
- —.—
10” anti-k. R=0.7 v
10-7 | | | I W — [ l_l

2%10°



Ratios of differential jet production cross sections

Measurement of the ratio of cross sections

- R3/2 is the ratio of inclusive 3-jet to inclusive 2-jet cross
sections as a function of the average pT of the two leading jets:

as

CMS

\s=7TeV
antl-kT R= O.;

L L L L L L L L <pT1’2>

Using ratios can improve precision by cancelling systematic
uncertainties.

- Again interesting dependence in strong coupling constant.

Main experimental uncertainty partly canceled but still
dominant.

pb
} /
| J

lllllllllll/

’,T . Data (Int. Lumi. = 5.0 fb™)
7{ CT10 ay(M,) = 0.110 - Min. Value
' CT10 a(M,) = 0.118

{
4 — . — CT10 as(Mz) = 0.130 - Max. Value

With the transverse momenta of all the jets can infer the energy

| scale of the process.

lllIlIIIIIIIIIIIIIIIIIIIIIIIIIII

lllllll

| I I | L1 1 I L1 1 I L1 1 | L1 1 I L1 1 | |

200 400 600 800 1000 1200 1400
(P, » (GeV)




Measurement of the Strong Coupling Constant os

Crucial dependence of the strong coupling constant
with the energy scale predicted (1973):

From the measurements of jet cross sections and
their ratios, the strong coupling constant can be
measured at the highest energy scales!

+ + a O 24 | il el I | I I I | L] I I | I | LI L I |
. : : , _ +0.0063
\(/D CMS incl. jets : “s(MZ) =(.1 185_0.0042

S 022 A CMS R,,

02 E\\J\ " CMS tt cross section E

_ - . :ﬁf‘ . & s 4 l

33 — 2TL 2 = f?\ . CMS inclusive jets =

—1/12 —1/12 f 2 = m

ag (QF) = ag (Qp) |1 as(Qp)In | =5 0.18F]| | =

I 127 Q5 / = =

0.16 E

Asymptotic freedom: QCD is perturbative at high energies 014F =

0.12F -

0.1 :— DO inclusive jets _:

= 0 DO angular correlation =

0.08 e o H1 g

. . ' ZEUS -

- “: ASymptOtIC freedOm and QCD 0.06? Ll ll 1 1 1 1 Ll ll 1 1 1 1 L1 lll ?
u‘./&,

David Gross, David Politzer, Frank Wilczek 10 10° 10°

2004



The di-lepton mass spectrum at LHC

Inclusive mass distributions 1811 (18 TeV, 2018) _
: ev, = ’
> 1011 Trigger paths E_J: [ a LEP
8 oF CMS _— 23| ALEPH 2
_— 10 Preliminary R - | DELPHI
& a8 Jhp 4 L 70\
S 10 ¢ . — o[ OPAL ,
> 8 Y % B low mass double muon + track . | N
w 10 double muon inclusive Bl rrhaeenc
W BS by factor 10 '
107 n z 10 y ¢
108 T Z, J/Psi and Upsilon in electrons /
. and muons are extremely ol e
10 Special trigger important standard candles for E_[GeV]
10 enhancement calibration.
1 1 Ll 1l ll 1 Al 1 | Ll L.l l 1 1 1 | Pt ll mZ — 91.1875 :: 0.0021 GeV
1 10 1 'z = 2.4952 &+ 0.0023 GeV
Standard Candle! w*u invariant mass [GeV] Standard Candle!
- p = 1.0050 & 0.0010
N 07 " e T ' ey ' T ey
- ; | _ : :
= (b LHCH W L solation | prompt-like sample An exclusive analysis A | _
=1 s=13TeV & & applie ! () > 1GeV, p(u) > 20 GeV e 2 35F | —— Tota -
e PaRND U Y T Pist= scrutinisingthe Bs mass = 7l Lo R
— 10 N\ "  ‘\ P prompt pu ’/1 . E 30 - BDT>05 -==+B" = u'u E
i 10* l’ - 1O IQ reglon l; 25: A (- (‘f')lllhilllil()'ii;ll —i
i x — Bl 5+ hpg § & z::i_:}""v 3
n 10 o L o) AL
2 F 0 + .=\ 2 isf B e 3
z \‘_/Z Br(B; = u"p~) = E oF-. e g N
—__E_: 2 2 s s 2 2 1 i —9 5; -
: < (3.65+0.23) x 10 o e A RTINS
m(p*p~) [MeV ] 5000 5200 5400 5600 5800 6000

m . - [MeV/c?]




The challenge of the W Mass Measurement

\
‘Y

Cannot measure W mass
directly from its decay
oarticles because the

neutrino is not measured
directly in the detector

Measure W recoil
orecisely

miss (1 — cosA)

ATLAS e Data
\s=7TeV, 4.1 fb" W - v
' |_|Background -
w2/dof = 29/39

®- Data
BW- uv
|| Background
x’/dof = 48/59

Events / GeV

>
)
O
Lo
o
oy
2.
=
]
>
L

1.01E 4t '
88 g1 +++ 4 i +++ +++++ 'H'+ _H. ++ + ++++

30 32 34 36 38 40 42 44 46 48 50 100 110 120
P [GeV] m. [GeV]

Data / Pred.
Data / Pred.

Pr: Clean energy measurement, but more sensitive to the
modelling of the W transverse momentum

Mr: Less sensitive to modelling but more difficult to
reconstruct because of the missing tfransverse energy

30



The challenge of the W Mass Measurement

ALEPH

\
‘Y

DELPHI

Cannot measure W mass L3

directly from its decay

oarticles because the
DO

neutrino is not measured
ATLAS W'

directly in the detector ® Measurement
ATLAS W~ :
« Stat. Uncertainty

ATLAS W- —— Full Uncertainty

80250 80300 80350 80400 80450 80500
m,, [MeV]

Measure W recoil
orecisely mw = 80369.5 * 18.5 MeV (large component from modeling) i



The challenge of the W Mass Measurement

2 pk. p™sS (1 — cosAg)

Strategy: fit two kinematic distributions in several categories

For further improvements:
Special precision-data runs with low pile-up events

\
‘Y

Cannot measure W mass

direcﬂy from its decay ATLAS Online, 13TeV  |Ldt=146.9fb "

2015: <u> = 13.4
2016: <u> = 25.1

] 2017: <u> = 37.8
| 2018: <u> = 36.1
C] Total: <u> = 33.7

particles because the
neutrino is not measured
directly in the detector

Recorded Luminosity [pb "70.1]

Measure W recoil

70
preﬂse‘y Mean Number of Interactions per Crossing




Diboson production at the LHC

Final states:
WW

Proton t-channel

1

/
’ “

u-channel Anomalous

v, Triple Gauge Couplings

1

1
B2

q. r VZ >wv T6c

Prot .
OO - s-channel T =
q K O F’Z
1 by

33



Di- (and Tri-) boson measurements at the LHC

Large number of processes measured and used to constrain anomalous gauge couplings

Diboson Cross Section Measurements

YY
Wy—fyy
— [Njer = 0]
Zy—-tly
— [Njer = 0]
— Zy-vvy
WV - yjj
- WV-o{év)

Ww

— WW-ey, [n;

- WW-epu,
- WW-ep,

WZ
—WZ-¢vEt

ZZ

- ZZ-4¢

—ZZ—-¢Evy
—Z2Z2*-4¢

Status: July 2017

Qf { BOry)

R |

|

i

| ' | ' | ' L] l L ] I 1 ] I L]
0:0’0 A
o

AV

ATLAS Preliminary
Run 1,2 /s =7,8,13 TeV

NNLO QCD

%gg NLO QCD

LHC pp Vs=7 TeV
_ Data
stat
stat ® syst

LHC pp \/g =8 TeV
- Data
stat
0
% o |
oo’ A Data
° stat
A stat & syst

Ol )
i i i | | |

LHC pp Vs=13 TeV

02 04 06 08 1.0 1.2 14 16 18 2.0 22 24
ratio to best theory

Even more rare processes...

VBF, VBS, and Triboson Cross Section Measurements

v T T T T v T T T v T v T L v . 4 v

Zjj EWK
Hjj EWK, (tot.)

~ H(=WW)jj EWK
Wyy=tvyy

= [Njee = 0]
Zyy—-ltlyy

= [Njer = 0]
WWW - fvivi)
WWW - évivly
vy = WW
WEW#jj EWK

WZjj EWK

ATLAS
Run 1

Preliminary

Vs = 8 TeV

| 1

3.0

‘3.5‘
data/theory

Exposing the need for NNLO

QCD calculations







Higgs Production at LHC (m.=125Gev)

¥ Gluon Fusion

\s=8 TeV 3 (99F)
op — H (NNLO+NNLL QCD + NLO EW) o NNLO+NNLL QCD

" + NLO EWK

3 Vector Boson Fusion
op — qgH (NNLO QCD + NLO EW) q' Y (9gF)
op — WH (NNLO QCD + NLO EW)
_ or‘ NNLO QCD

pp — ZH (NNLO QCD +NLO EW)

9, + NLO EWK

i 70— ttH (NLO QCD) o y W Associat(evPHr)oduction
W 4 NNLO QCD
120 122 124 126 128 130 132 9 ““H +NLOEWK

M, [GeV]

‘3’ Associate Production

Earlier cross section calculations assumed t‘ (ttH)
a full range of Higgs masses NLO QCD

T

¥

Production Rates
in Run 2 (13 TeV)
for 150 fb-1

~8M eventis

~600k events

~400k events

~80k events
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Higgs Decay Branching Fractions m. =125 gev)

Boson Fermion
decays decays

4

LHC HIGGS XS WG 2013

Branching ratios
Q

—h
@
@

SN
e
an
T T

H T
S - 63%

A
W
BR(H— cc) = 3%

-4
120 121 122 123 124 125 126 127 128 129 130

M, [GeV]

10

Possible to test Higgs sector 0.02%

with many decay modes
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Discovery channel: 2 photons

High mass resolution O(1%)
allowing data driven estimate
of background in the
sidebands

o €

- -" Diphoton candidate event

z

w §
W

Observation implies that the
bump does not originate from
X spin 1 particle: Landau-Yang

theorem

Sensitive to new physics

—

[Ldt=45f" Vs=7TeV
[Ldt=20.3 1", Vs=8TeV
S/B weighted sum

Y weights / GeV

Signal strength categories

Y weights - fitted bkg

ATLAS Preliminary
Vs =13 TeV, 139 fb’'

Events / GeV

H—yy, m, = 125.09 GeV

Data-Background

ATLAS
-¢- Data

- Signal+background

-=++ Background

- Signal
m, =125.4 GeV

¢ Data
— Fit
Background

Full
Run 2!

140 150 160
m,, [GeV]
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Discovery channel: 4 leptons

Very high S/B ratio

Backgrounds can be
estimated from MC

Polarization can be
reconsfructed

Events / 3 GeV

\s=7TeV,L=5.1fb";Vs=8TeV,L=19.7 fb"
| | I I | | | | | | | I | | | | | | | l
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100 120

CMS Preliminary 2016 + 2017 + 2018

140

160 180
m,, (GeV)

137.11b” (13 TeV)

¢ Data
T]H(125)
__lqq—+2Z, Zy*
Wag—~ZZ, Zy*
N Z+X




Discovery channel: WW

: ExXp
RN T Large event rate —
\ | N | . WW(lvlv) candidate event — vi\?id
L ||| W DY
¢/ | but Top
eCI/'O}? | | - ‘ ‘(t;)‘ B‘ac‘k;;;o‘und-subtracted
| O
Sl Large background from SM S + Obs-Bikg
S } ~ K
NS WW onql TOD CIUCH'|< ® I Higgs
production k
Masss resolution spoiled by $4 ecetecee
the presence of neutrinos T T
| m+ [GeV]
je!

Bl Background
Bl Signal

© . Syst. unc.
¢ Data

Run 2

+
a . . . . . 0 12 14

log(1 + S/B)




Higgs boson mass

Measurement done exclusively In the di-photon and 4-leptons channels

CMS
Run 1:5.1 b (7 TeV) + 19.7 fb”' (8 TeV) - Total Stat. Only
2016:35.9 fb™' (13 TeV) ATLAS* ;?;? Only
Total (Stat. Only) E —:321_%\/ 1_;94;:)_1 I Sys. Only
Run 1 H—yy —_— 124.70 = 0.34 ( = 0.31) GeV - ’ B
: : 51+0. +0.7 .
Run 1 Ho 77— 41 ——— 12559 = 0.46 ( = 0.42) GeV 4o - 12451073 (£0.73 Stat)
Run 1 Combined -—J 125.07 = 0.28 ( = 0.26) GeV 2u2e } .- { 125.33 + 0.50 (+ 0.49 Stat.)
2016 H—yy — 125.78 = 0.26 ( = 0.18) GeV 2e2u —— 125.01+ 0.29 (+ 0.29 Stat.)
2016 Combined — 125.46 = 0.16 ( = 0.13) GeV B N
: ‘ ( ) Combined —e— 124.99 + 0.19 (+0.18 Stat.)
Run 1 + 2016 —— 125.38 + 0.14 ( £ 0.11) GeV [ 7
| Run 1+ 2 —— 124.94 +0.18 (+0.17 Stat.)
1llll11111llll11111111111111111111111111 11.‘1111;11‘1;‘1‘.‘.k.111111A11111111Lllll‘llll
122 123 124 125 126 127 128 129 123 124 125 126 127

0.11% uncertainty




Precision measurements and predictions

—
o
o~

lllllllll|lll Illlllllllllllllllll|Illl|llll||lll

VAR 1 F

SM fit w/o MV5 measurements

SM fit w/o MW and M., measurements
-~ LEP [arXiv:1.::302 3415]
~4— Tevatron [aniv- 204.0042]
-@- ATLAS [ERJC 8, 110 (2018)]

llllllllllllllll|llll|llll|llll

= 20
80.354 +0.032 GeV

CDF new
80.434 £+ 0.009 GeV

1o —

9
8
7
6
o
4
3
2
1
0

Illllllllllll

| | L . |: | | | | ] ] |
80.34 . 80.3 80.38 80.4 80.42

—e— M,, [GeV]
- EWfit :  80.356 = 0.007 GeV

| | | |

80.44

| | | |

The knowledge of the Higgs mass has large impact on the precision of indirect measurements!
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Higgs observation in tau channel

CMS Preliminary
4-0Obs. | |ttbkg.[Z— ee/up| |tt + jets

| |© mis-ID["] Others

600

500

background
from Z production
plus 2 jets

S/B)-weight 2d events / GeV

Unc.

50

137 fb' (13 TeV)

B H->1t (1 = 0.85)

100 150 200 250

VBF process

%

%,

with two forward jets
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Higgs observation with b-quark decays
@ATLAS

EXPERIMENT
http://atlas.ch

W/Z associate process

% W

4 ‘H

ATLAS Preliminary —eo— Data
{s=13TeV, 79.8 fb" Bl VH — Vbb (1=1.06)
Diboson

2+3 jets, 2 b-tags
Weighted by Higgs S/B Dijet mass analysis

+

Run: 209/87
Event: 144100666
Date: 2012-09-05
Time: ©3:57:49 UTC

Higgs into

#
n
+++* _ "niliE b-quarks
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m,, [GeV]

=
=
7
-
o
~
&)
S
o
go}
o)
e
<
D
%9
>
)
Q)
o
™
S~
N
i)
[ -
o)
>
L

L decays into b-quarks
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Overview of the Higgs Boson exploration

CMS 138 fb™ (13 TeV)

' +
”,/' —— Observed =1 SD | u combined 1 SD
| 1) 1 0“]2 |} |} l 7035 1) | I | 0754 |} |} I 1 07" 1 | 1 ' | 70347
Yy 1.08 ,,} -_#_1.00 0.22 | 1.43 4, il 1.19 5 es :‘ 1.38 0
W' =1.13 £ 0.09 : : : :
| | | |
0.93 *0-14 | .30 *048 : 0.00 *'-5 | 12 04 *659 1| 0.00 %07
ZZ 0.13 —— : 0.32 ._}__. : 5.69 N *—— :
wé = 0.97 g :: | | | |
| | | |
| | | |
WW 0.90 '3 15 Ji 073 e | 241 - ] 1.76 - i| 144 2032
w'W =097 +0.09 : : : :
| | | |
| 017 | +0.61 | +0.65 I +0.44
T 0.66 = 0.21 L 0.86 ¢ : _J 33 57 i 1.89 e | 0.35 a7
| | | |
u*=0.85=+0.10 : : : :
| | '
+2.97 +0.42 +0.36 +0.46
bb 9.31 5 54 N _:_.__ 1.26 41 : 0.90 534 : _0'90 -0.44
u® = 1.05 g ;: : : :
: ,- . |
0.33 +0.74 l 155 +0.86 | 5.63 +3.04 | 3.07 +2.63
. 21!:?)% o 0.70 ' 0.73 : 396 : 2,21 o>l
nw' =1, |
: e 2 4o .
|
+1.39 +3.82
Z‘Y 3.86 _, Sle : “4.43 _; a9
u’ =259 :) &) :
1 L 1 1 L | | L 1 1 | | 1 | | | | | | 1 | 1 | | 1 1 1

0O 05 1 15 2 25 0 1 2 3 0 1 2 3 4 0 1 2 3 4 0 05 1 15 2 25 3
ggH VBF WH ZH ttH+tH
_ _ . +0.26 N +0.24 N +0.18
pmH =0.97 £ 0.08 Woae = 0.80 = 0.12 Mo = 149 .. W, = 1.29 ., B = 1.18 542




Higgs Boson Coupling Precision at LHC and HL-LHC

Vs = 14 TeV, 3000 fb™' per experiment

ATLAS and CMS
ATLAS - CMS Run 1 ATLAS CMS Current 1 LHC — Statistical HL-LHC Projection
combination Run 2 Run 2 precision —— Experimental

—— Theory Uncertainty [%]

K'}, 13% 1.04 = 0.06 1.10 £ 0.08 6% 1.8% K, =. 1“: ?Zt E1x§ 1”;
Kw 11% 1.05 + 0.06 1.02 +0.08 6% 1.7% Xw =E— LE O8 O:F 18
K, 11% 0.99 +0.06 1.04 +£0.07 6% 1.5% Ky E=_ 15 07 06 1.2
Kg 14% 0.95 +£0.07 0.92 + 0.08 7% 2.5% Kg = 2.5 09 08 2.1
Kt 30% 0.94 £0.11 1.01 £0.11 11% 3.4% Ki{ B 3.4 09 1.1 3.1
Ky, 26% 0.89 +0.11 0.99 +0.16 11% 3.7% Ky, B 37 13 13 32
K. 15% 0.93 +0.07 0.92 +0.08 8% 1.9% K =_ 1.9 09 08 15
K, - 1.06+9% 1.12 +£0.21 20% 4.3% Ku = 43 38 10 17
Kzy - 1382336 1.65+0.34 i 8% n"eere— 28 T2 T 84

0 002 004 006 008 0.1 0.12 0.14

0 6 119 0 .
B < 1% < 167% & 297 Expected uncertainty

Nature 607, Nature 607, TH Uncertainties dominant
52-59 (2022) 60-68 (2022) (assumed to be 1/2 of Run 2)




What we know about the Higgs

e Gives mass to the W and Z bosons

35.9-137 fb™' (13 TeV)

*Gives mass to 34 generation fermions via oS
Yukawa interaction 5 f m=12538GeV
p-value = 44%

*Evidence it couples to the 2nd generation T
fermions as expected 5 ™ generaton ermions

¢ Muons
SM Higgs boson

eHas spin 0

10 10°
Particle mass (GeV)

e Not composite (down to 10-1? m)
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Di-Higgs Production and Higgs Self Coupling

Higgs pair production through
gluon fusion and VBF

K
g _H 9 (BOOOy—»—o--—- H
o | ---(/ K; o | Y
H Y. K
Ky \ L
g 1 9 QOQQQO Sp—<— H

\-\VT——VEIT \TP:
; --o, K
/—/VL:H-\— /—/V&\\
q q

Cross section ~1000x smaller
than Higgs production
still
Expect ~100k events
oroduced at HL-LHC

Multiple channe
MAaxiMmize Sens

s being investigated o

fivity: bb, vy, Tt , WW

OggF + vBr(HH) [fb]
o

A
o
W
T

) | | | I | | | | I | | |
- ATLAS Preliminary

i \/§= 13 TeV, 126_1 39 fb—1 - (IJHH =0 hypothesis)
— HH- bbt* T~ + bbyy + bbbb [ Expected limit +10

1 Expected limit +20
BE== Theory prediction
v SM prediction

| | | | | | | | | I ) =
w—  (Observed limit (95% CL) -
Expected limit (95% CL) |

1 Combined
[ R I S e d o "o e g
1015 5 0 5 10 15
KA
Observed —0.4 < K) < 6.3
ATLAS
Expected —1.9 < K, < 7.5




Di-Higgs Production and Higgs Self Coupling

Higgs pair production through
gluon fusion and VBF

K
g H 9 OO0 ——e--——— H
t A Ry t A
AN | &
Kl‘ \ 4
‘ H 9 QQQOA—<—&-----

\-\VT——VEIT \TP:
; --o, K
/—/VL:H-\— /—/V&\\
q q

Cross section ~1000x smaller
than Higgs production
still
Expect ~100k events
oroduced at HL-LHC

Multiple channels being investigated to
maximize sensitivity: bb, vv, Tt , WW

Prospects for HL-LHC

ATLAS and CMS HL-LHC prospects 3 ab' (14 TeV)
12 ' !
— g ,
=t SM HH significance: 40 —— Combination
10l 0.1 < k1< 2.3[95% CL] | -
ST 0.5 < i1 < 1.5 [68% CL] bbyy
99.4% bbre
"=~ bbbb
bbZZ*(4l)
95% bbVV(Iviv)
68%

Possible observation of HH signal at 5o

consiraint on the Higgs self coupling of
0.5<k.<1.5



Searches
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SUPERSYMMETRY (SUSY)

A favorite, ideal, long-time candidate to explain most of questions raised

Symmetry between bosons and termions, provides dark matter candidate, provides
unification of forces, no tine-tuning required for Higgs mass

Unfortunately, no evidence for SUSY found yet

Strong SUSY production

~ae% Dark Matter
, ==} Candidates
Large cross section ~
& % 4 (Assuming R-Parity
‘ Conservation)
z T 2
A G

Mass gluino > 2 TeV (depending on models)

o1



Searches for Natural and Strongly Produced SUSY

Stop

P

q
P
b q

-1
\s = 8,13 TeV, 20.3-139 fb March 2021
;‘ 900 NI (L I R D L DL DL I LI L ] — Observed limits
8 - ATLAS Preliminary { -~ Feowdink
— 800 -t production ] Data 15-18,¥s = 13 TeV, 139 fb '
—— I J - ;
S v - Limits at 95% CL - W monojet, t, - bif
1= 700 e ° 1 [2102.10874)
- 5 ] 0L, 1, 1% /1, - bWy /T, -bif ¥
600 e ] (2004.14060)
- ] 1L, t, 1%, / 1, = bWy, /1, —bif %
2 7] [2012.03799)
500__ ] —2L t, 1%, / 1, bWY, /1, b %,
- . [2102.01444)
400;‘— 7] Data 15-16,¥s = 13 TeV, 36.1 fb
I ] =1, 1% /1, bWy /1, ->bif %
300 5 - [1709.04183, 1711.11520
E ] 1708.03247, 1711.03301)
200—_ = ot -,
- . (1903.07570)
100__ —: Data 12,5 = 8 TeV, 203 b "
E . B ot /T, bWy /T, - bif §
= - [1506.08616)

200 400 600 800 1000 1200

m( t,) [GeV]

Stop 1,2-L
b 4
p p | &V
L - ~ ()
- X1
N / \ y
p ! ﬁ?vl
b ¢
Stop 1,2-L

b 4
p v
/ -~ ~0)
-=" X1
f
p

Stop OL
P
t 4% X

Not so natural SUSY:
Stops > 1 TeV ~Tuning of
factor 20, but these
exclusions are under
specific conditions, and
there are unexcluded
corridors.

Squarks
and

gluinos ,, ’4«7 X

Multitop .
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OL-Njets

M) = %x(m(§)+m(5z?)) March 2021
»—l LI ’ L I L ] LI ] L L ' L l | L | | T
- PSR TTTTTTD 0-lepton: expected
__ANTLAS Ptillmlnary - (0-lepton: observed
- g— q(_]W)(1 -------- 1-lepton: expected

“ Vs =13 TeV
—139 fb™!

~ O-lepton: arXiv:2010.14293

- 1-lepton: arXiv:2101.01629
C Run 1: arXiv:1507.05525

All limits at 95% CL
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Stop also a scalar requires
light gluinos to be light
enough: for gluinos > 2 TeV
~tuning of Factor of 30



Searches for Weakly Coupled and Complex Scenarios

Weakly produced SUSY

Weak production of charginos, Weak production in
neutralinos and sleptons compressed scenarios

R-Parity violating SUSY

v/l
(/v

’ 4
()
= X1
~ ()
X1
D i

(/v

vV

~0
X1

\()
~ \ 1

D ’ h.\\T A
b
Scenarios where the charginos, neutralinos Resulting in tonologi thout LSP |
1 to 4 leptons (including taus) in the final or sleptons are close to mass degenerate thees;:n!:gstlgte():: dO’?r::rse:‘Acl)IrezL:) MET "
state. Including decays to electroweak with the lightest SUSY particle (LSP). '

bosons.

Rare or complex signatures — more difficult to observe



Summary of SUSY Searches

ATLAS Results
(similar for CMS)

n
* o - - - H
ATLAS SUSY Searches* - 95% CL Lower Limits ! ATLAS Preliminary
A N mfa OO il
! :;y.w!tgg ' \/—€=13TeV
. -1 ..
Model Signature  [£adr [ Mass limit » Reference
Ll L Ll Ll Ll L) L I 'I Ll Ll L Ll
d, :;r—n,:k_? Oe. i 2-6 jels IT'('-'” 139 § [1x.8x Degen.] 1.0 1.85 mit")<400 GeV 2010.14293
» mono-jet  1-3jets  EP 139 G [8x Degen. 0.9 i m(G)-mix1=5 GaV 2102.10874
D ) - )
- XN 0e.pt 26jets  FMs 139 | & b miF}1=0 Gev 2010.14293
4 7 1.15-1.95 1 m{¥")=1000 GeV 2010.14293
(‘})) @, _(._‘,[r,w\"; 1epn 2-6 jets 139 2z 42 mii’)<600 GeV 2101.01629
Q  iE, bogafhOky ee, 2jets By 139 |2 a2 mii")<700 GeV CERN-EP-2022-014
B BB, BorqqWZY| Oept 7-11jets  ppps 139 2 1.97 1 m;-g’,'}; <600 GeV 2008.06032
% SSe.u 6 jets 139 & 1.15 ' miEFmiis =200 GeV 1909.08457
= o ponth 0-1 e 3h  EMe 798 |g 225 ATLAS-CONF-2018-041
o SSeu 6 jels 139 2 1.25 : miz}- 1909.08457
by b Oep 2b Ep 138 | b 1.255 0 o 2101.12527
L2 0.68 i 10 GeVaAm(bh) X )< 2101.12527
w & biby, by—bis — bhi] 0ep 6h F‘('_""“ 139 by 0.23-1.35 I Am(ts, 11=130 GeV, mit")=100 GeV 1908.03122
‘E‘ 8 2T 2b EP 139 I 0.13-0.85 1 . =130 GeV, m(¥})=0 GaV 2103.08189
3] 0 , . , i
§g Qi Tttt 0-1e.p =ljet  EMe 139 |7 1.25 - mifli=1GeV 2004.14060,2012.03799
o g i1, fi—Whi) Tep  Bjetsih EFS 139 |7 0.65 . m(¥)=500 GaV 2012.03799
g) g hi, h—=fby, #1276 1271 2 jets/1 b £ 139 f 1.4 ' mi(7; )=800 GaV 2108.07665
= & Af.0 _-.CF',' | &8, 5_'.,;{']' Oe.p 2¢ F‘(':f‘“ 36.1 ¢ 0.85 m(i")=0 GeV 1805.01649
“ 0 Qep mono-jet  Jo 139 7 0.55 1 mif,.&)-miX1=5GeV 2102.10874
fiiy, f—tls, B —Zinb] 1-2e.u 1-4ph  FEFE 439 | 0.067-1.18 " mit1=500 GeV 2006.05880
B2 h—t) + 2 Jep 15 /‘."‘,"'"“ 139 iz 0.86 L mik '|::.—360 GeV, m{f; )-mi¥; )= 40 GeV 2006.05880
3
2 L] N
Vi ¥ via WZ Multiple ¢/jets . EFS 139 ,girig 0.96 ] ‘mi¥})=0, wino-biro 2106.01676, 2108.07586
ee, jip = ljet  EF™ 139 Ve 0.205 mif ! )-miF) )=5 GeV, wino-bino 1911.12606
otz i . il
YiX) viaWw 2ept s 139 Ve 0.42 n m(¥})=0, wino-bino 1908.08215
\‘I‘(g via Wh Multiple {/jets £ 139 _i':/,,i': 1.06 70 GeV, wino-bino 2004,10894,2108.07586
> o ik viaé v 2epu ETW 139 i 1.0 " m{f,)=0.5(miT Jamii;)) 1908.08215
w D 3z Fort) _ 2T £ 139 ToFL TR 0.16-0.3 0.12-0.39 ' m(7}}=0 1811.06660
O i riLg, (o8] 2ep Ojets  EF™ 139 |7 0.7 i m()=0 1908.08215
ee, (1 = ljet  EF™ 139 F 0.256 1 m(f)-m{¥})=10 GaV 1911.12606
HH, A—hG|ZG O e pn =3h Ellrl 36.1 i 0.13-0.23 0.29-0.88 i BR¥| — h()=1 1806.04030
deqp 0 jets h? e 139 H 0.55 1 BR{T) — 7G)=1 2103.11684
Oep = 2large jets £ 139 i 0.45-0.93 BRiY; — Z()=1 2108.07586
il
Direct.X |4 prod., long-lived X7 Disapp. trk  1jet EPss 139 ,ti 0.66 i Pure Wino 2201.02472
o v, 0.21 1 Pure higgsine 2201.02472
g % Stable ¢ R-hadron pixel dE/dx EF* 139 4 2.05 CERN-EP-2022-029
ST Metastable 3 R-hadron, §—ggt) pixel dEfdx £ 138 | & [(R)=10ns] a2 mit')=100 GeV CERN-EP-2022-029
S 8 Wi Displ. lep s 939 | &g 0.7 1 &) =0.1ns 2011.07812
~ _ F 0.34 ; =0.1ns 2011.07812
pixel dE/dx [ 139 T 0.36 nf)=10ns CERN-EP-2022-029
il
RS Gl S R 3ep 139 | XT/¥; [BR(Zz)=1, BR{Ze)=1] 0.625 1.05 i Pure Wino 2011.10543
YiXT IS = WWJZEEE Ly dep Ojets  EP™ 139 | B0 [ 2 0.0 2 0] 0.95 1.55 i m(¥})=200 GeV 2103.11684
28, i—qqt, ¥\ = qqq 4-5 large jets 36.1 & [m(¥})=200 GeV, 1100 GeV] 1.3 1.9 1 Large A7), 1804.03568
T S B G Multiple 36.1 | [4),=2e-4,16-2) 0.55 1.05 I mii})-200 GeV, bino-like ATLAS-CONF-2018-003
& if, F—h¥T X7 — bbs > 4b 139 i 0.95 1 m{¥7)=500 GeV 2010.01015
iy, hh—bs 2jets+2 5 36.7 i, [qq. bs) 0.42 0.61 1 171007171
716y, =g 2ep 2b 36.1 f 0.4-1.45 ' BR(f1—be/by)=20% 1710.05544
1u DV 136 | fi [1e-10< A, <1e-8, 3e-10< 4, <3e-9) 1.0 1.6 BRI —qu)=100%, cosf,=1 2003.11956
T - . - 1
Y\ ,"‘rl-,";'l'lll_ i'l’ > sibs. X : shby 1-2¢.p =6 jets 139 r'l' 0.2-0.32 " Pure higgsino 2106.09609
il
A A L L L L L l L ' L L

A large variety of topologies and models ... no discoveries thus
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SUSY Searches Outcomes:

Caveats to be aware of:

» Searches typically assume Branching Fractions of 100% into a specific
channel

* Many searches assume mass degeneracy between various SUSY particles,
e.g., squarks of different generation

* Interpretation is usually done via simplified model framework, not in the full
model

Limits might be less stringent that they seem to be
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DIRECT NEW PHYSICS SEARCHES

ts at 95%

imi

Observed exclusion |

String resonance

Zy resonance

Higgs y resonance

Color Octect Scalar, k2 =1/2

Scalar Diquark

tt + ¢, pseudoscalar (scalar), g2, X BR(¢—2£) > = 0.03(0.004)
tt + ¢, pseudoscalar (scalar), 9tp X BR(¢—21) > =0.03(0.04)

Other
R X XXXZX-ZX

quark compositeness (qq), Nurs =1
quark compositeness (), Nurr =1
quark compositeness (qq), Nurr = —1
quark compositeness (), Nurr = — 1 ALLrr
Excited Lepton Contact Interaction M
Excited Lepton Contact Interaction M

+

ALL/RR
+

/\LL/RR

/\EL/RR

Contact
Interactions

(axial-)vector mediator (xx), gq=0.25,gopm =1, m, =1 GeV
(axial-)vector mediator (qq), g4 =0.25,gom =1, my, =1 GeV

scalar mediator (+t/tt), gq=1,gom=1,my=1GeV

pseudoscalar mediator (+t/tt), gg=1,gom=1,my=1 GeV

scalar mediator (fermion portal), A, =1, m, =1 GeV

complex sc. med. (dark QCD), My, =5 GeV, CTx, =25 mm

Baryonic Z/, g4 =0.25,gpm=1,my, =1 GeV

Z' —2HDM, g» =0.8,gpw =1, tanB =1, m, =100 GeV

vector mediator (qq), gq=0.25,gpm =1, my =1 GeV

Leptoquark mediator, =1, B=0.1, Ax,py = 0.1, 800 <M, <1500 GeV

Dark Matter
X X XXXXZXZEXZX-ZX

RPV stop to 4 quarks
RPV squark to 4 quarks
RPV gluino to 4 quarks
RPV gluinos to 3 quarks

RPV
X XXX

ADD (jj) HLZ, ngp =3
ADD (yy, ££) HLZ, ngp = 3
ADD Ggg emission, n=2

M

M

" M
g ADD QBH (}j), nep = 6 M
g ADD QBH (eu), nep =6 M
= RS Gkk(yy), k/Mp =0.1 M
ﬁ RS QBH (jj), nep =1 M
£ RS QBH (eu), nep =1 M
u non-rotating BH, Mp = 4 TeV, ngp = 6 M
split-UED, u=4 TeV 1/R

RS Gkk(q4, 99), k/Mp = 0.1 M

Overview of CMS EXO resul

CMS preliminary I

ts

FROM

LHC

36-140 fb~! (13 TeV)

0.015-0.075 1911.04968 (3¢, = 44)

0.108-0.34 1911.04968 (3¢, = 44)

0.72-3.25
0.5-3.7

0.5-8.1 1911.03947 (2j)

0.35-4 1712.03143 (2pu+ 1y; 2e + 1y; 2'— ly)

1808.01257 (1j + 1y)

1911.03947 (2j) l7
0.5-7.5 1911.039% (2j)

137 fb~1!
36 fb~!

36 fb~!

137 fb~?!
137 fb~1!
137 fb~?!
137 fb~1!

I <12.8 1803.0803 (2j)

0:2=516"72001.04521 (2e + 2j)
0.2=5.7 12001.04521 (2pu + zI

<20 1812.10443 (21)

<17.5 1803.0803 (2j)

36 fb~1
36 fb~1
36 fb~1
36 fb~1
77 fb~1
77 fb~1

<32 1812.10443 (24)

<0.29 1901.01553 (0, 1/ + = 3j + EY'ss)
<0.3 1901.01553 (0, 1£ + = 3j + EF'ss)

Dark Matter -

1911.037!( = 3j)

0
0
0
Contact Interactions :
0
0
0

<l1l.4
<1

0.35-0.7
0.3-0.6

<1.8

0.5-2.8

1712.02345 (= 1j + EP'ss) I

1911.03947 (2j)

1712.02345 (= 1j + EP'ss)

.54
<1.9

1811.10151 (1p + 1j + ERss)

1810.10069 (4j)
1908.01713 (h + EF'™**)
0.5-3.2

1908.01713 (h + ET'™*)

36 fb~!
137 fb?!
36 fb~!
36 fb~!
36 fb~!
36 fb~!
36 fb~!
36 fb~!
18 fb~!
77 fbo~!

0.08-0.52 1808.03124 (2j; 4j)
0.1-0.72 1806.010§@8 (2j)

0.1-1.41

SUSY RPV

<1.5

1806.01058 (2j)
1810.10092 (6j)

36 fb~1
38 fb~!
38 fb~!
36 fb~!

Exira Dimensions

0.5-2.6

0.4-2.9

<3.6

1803.

<12 1803.0803 (2j)
<9.3 1!2.10443 (2y, 20)
<9.9 ¥1712.02345 (= 1j + EY'ss)
<82 1803.0803 (2j)
<5.6 1802.01122 (ep) W
1809.00327 (2y)
<5.91803.0803 (2j) I
1802.01122 (ep)

<4.1

<9.7 '805.06013(27j(l,y))
11133 (£ + Ep'ss

1911.03947 (2j)

36 fb~!
36 fb~!
36 fb~!
36 fb~!
36 fb~!
36 fb~!
36 fb~!
36 fb~!
36 fb~!
36 fb~!
137 fb~?!

excited light quark (gy), fs=f=f=1,A=m] M 1=5.5 1711.04652 (y +j) 36 fb!
B g excited b quark, fs=f=f=1,A=mq M ° PY 1-1.8 1711.04652 (y +]j) I 36 fb~1
£ excited light quark (qg), A=m¢ M EXCI‘l'ed Fermlons 015=6/3771911.03947 (2j) 137 fb?!
& & excited electron, fs=f=f=1,A=m{ M 025319 1811.03052 (y + 2e) 36 fb~!
excited muon, fs=f=f=1,A=m; M I 0.25—3.8 11811.03052 (y + 2p) I 36 fb~ 1
,,, VMSM, |Ven|?=1.0, |Vw|?=1.0 M I.001—1.43 1802.02965; 1806.10905 (34(y, e); = 1j + 2£(, e)) I 36 fb~!
25 UMSM, VeV |2/(|Ven|? + [Vin]?) = 1.0 M o 0.02-1.6 1806.10905 (= 1j + p +e) 36 fb~1
§ § Type-lll seesaw heavy fermions, Flavor-democratic M H equ Fermlo ns <0.88  19%1.04968 (3L, = 41) I 137 fb~!
5 Vector like taus, Doublet M 0.12-0.79  1905.18853 (3¢, = 44, = 1T+ 2/) 77 o1
scalar LQ (pair prod.), coupling to 1t gen. fermions, B =1 M I <1.44 1811.01197 (2e + 2j) I 36 fb~!
" scalar LQ (pair prod.), coupling to 15t gen. fermions, 8=0.5 M <1.27 1811.01197 (2e + 2j; e + 2j + Eyiss) 36 fb~!
f; scalar LQ (pair prod.), coupling to 2" gen. fermions, B =1 M I <1.53 1808.05082 (2 + 2j) I 36 fb~1!
§- scalar LQ (pair prod.), coupling to 2" gen. fermions, B=1 M Le pfoq Uqus 0.8—1.5 1811.10151 (1p + 1j + Efiss) 77 fb~1
% scalar LQ (pair prod.), coupling to 2" gen. fermions, B =0.5 M <1.29 1808.05082 (2p + 2j; K + 2j + EF'ss) 36 fb~1!
- scalar LQ (pair prod.), coupling to 3" gen. fermions, B =1 M <1.02 1811.00806 (2T + 2j) I 36 fb~!
scalar LQ (single prod.), coup. to 3™ gen. ferm., B=1,A=1 M <0.74 1806.03472 (2Tt + b) 36 fb!
Zp, harrow resonance M 0.0115-0.075 1912.04776 (2) l l 137 fb!
Zp, Narrow resonance M 0.11-0.2 1912.04776 (2p) I I 137 fb!
SSM Z'(qq) M 0:5=2.9"" 1911.03947 (2j) 137 fb~!
2 Z'(qq) M 0.01-0.125 1905.10331 (1j, 1y) 36 fb-1
2 Superstring Z,, M I 02=4.6 " 2103.02708 (2e, 2p) I 140 fb~1
< LFV Z', BR(ey) = 10% M 02-4.4 1802.01122 (ep) 36 fb~!
2 Leptophobic Z/ M N ew Gq Uge Bosons 0.05-0.45 1909.04114 (2j) I I 78 fb~1
L] SSM W/(£v) M 0.4-52 1803.11133 (£ + E{'ss) 36 fb~1
2 SSM W/(Tv) M 0.4=4 1807.11421 (T + Ep'ss 36 fb~?!
= SSM W'(gd) M 0.5-3.6  1911.03947 (2j) I 137 fb~1
LRSM Wg(£NR), My, = 0.5My, M 47477 1803.11116 (21 + 2j) 36 fb~1
LRSM Wg(TNR), My, = 0.5My, M <35 1811.00806 (2T + 2j) A 36 fb~1
Axigluon, Coloron, cotd =1 M 0.5-6.6 1911.03947 (2j 137 fb~!

L L L L 1 L L L L L L L L
Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included). o ° 11 I e V I ea

cale [TeV]

10 TeVv
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Exira Dimensions - an example of bump hunting

- Hierachy problem solved by bringing down Planck scale

- n exira dimensions, compactified at radius R
- SM confined to brane in a higher dimensional space
- Only gravity can access exira dimensions

Entries / 16 GeV

—

p—

EXTRA-DIMENSION

Graviton

q

3-brane

—— Observed CL, limit ATLAS
ATLAS ¢ Data \s =13 TeV, 139 fb™

P -1
Vs=13 TeV, 139 fb —— Background-only fit Spin-2 Model
Generic NW signal at 0.4 TeV

o
n
'!I

Q

Generic NW signal at 1 TeV
- Generic NW signal at 2 TeV
| ’ = pp—> G*=yy

3
Ox— -
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Dark Matter



Dark Matter Landscape

Dark Sector Candidates, Anomalies, and Search Techniques

zeV aeV feV peV neV ueV meV eV keV MeV GeV TeV PeV 30Mg

D B S S B S S S S S e s

> <€ >
QCD Axion WIMPs
: —» <>
Ultralight Dark Matter Hidden Sector Dark Matter Black Holes
— — —
Pre-Inflationary Axion Hidden Thermal Relics / WIMPless DM
<> - ————
Post-Inflationary Axion Asymmetric DM
——— ——
Freeze-In DM
«—>
SIMPs / ELDERS
<>
Beryllium-8
<>
Muon g-2
<>
Small-Scale Structure
<€ > <>

Small Experiments: Coherent Field Searches, Direct Detection, Nuclear and Atomic Physics, Accelerators Microlensing

+—F—+—t—t—+++++t+++t+—+t+—+t+—+1tt Battaglieri et al.,

zeV aeV feV peV neV ueV meV eV keV MeV GeV TeV PeV 30Mg, arXiv:1707.0459]




Dark Matter Landscape

Dark Sector Candidates, Anomalies, and Search Techniques

zeV aeV feV peV neV peV meV eV keV MeV ,éV Te\ Yy PeV 30Mg

QCD Axion Icrrrvrs at the LHC

>
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Ultralight Dark Matter Hidden Sector Dark Matter Black Holes
> e —_
Pre-Inflationary Axion Hidden Thermal Relics / WIMPless DM
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Small Experiments: Coherent Field Searches, Direct Detection, Nuclear and Atomic Physics, Accelerators Microlensing

+—F—+—t—t—+++++t+++t+—+t+—+t+—+1tt Battaglieri et al.,

zeV aeV feV peV neV ueV meV eV keV MeV GeV TeV PeV 30Mg, arXiv:1707.0459]




Dark Matter Searches at Colliders

There are three main approaches to detect DM:
- Dark Maftter-nucleon scattering (direct detection)

Production at colliders

>

e 1 L . s SM DM
» Annihilation (indirect detection) 2
» Pair production at colliders S
\B)
i~
All three processes are just topological permutations §
of the same Feynman diagram S SM DM
Annihilation
Leads to complementarity of searches
4 Mono-jet

How to trigger on a pair of DM particles in a collider

Original paper _
used EFT approach — X

Use Initial State Radiation (jet, v, W, Z, ...) M MET

Mono-anything analyses: q X
mono-jet, mono-photon, mMono-top, Monojet + MET
Mono-V, mono—HiggS. . Beltran, Hooper, Kolb, Krusberg, and Tait,

“Maverick Dark Matter at Colliders” JHEP 09 (2010) 037




ATLAS

EXPERIMENT

1707 GeV

o7

_____ \\ Run: 302393
— \ﬁ ‘ _ o Event: 738941529
A | 2016-06-20 07:26:47 CEST 62



Dark Matter Searches at Colliders: Higgs — invisible

s SM DM
| p— E % R
NE E ATLAS 3
O -3 B < 0.24 (s=7TeV, 471" =
=100 All limits at 90% CL Vs =8TeV,20.3fb" b ;
. - /s =13 TeV, 36.1 fb S SM DM
ol = -
§ = Higgs portals P ARon
10 %= % Scalar WIMP
O - s Fermion wWimP
=" Other experiments
; 0_445 Cresst-l| ;
= === DarkSide50 '
= Mono-|eft
3 . LUX ono-je
= PandaX-Ii Original paper _
1 0—46 _ - Xenoni1T used EFT approach — X
EllI | | lllllll | | lllllll | | llllllI | | IlllllI | | | - —
10 102 10° 10’ oM ME
q X
mWIMP [GeV] Monojet + MET

Production at colliders

>

Beltran, Hooper, Kolb, Krusberg, and Tait,
“Maverick Dark Matter at Colliders” JHEP 09 (2010) 037




Dark Matter Searches at Colliders

Mono-jets prospects at HL-LHC Production at colliders

>

S SM DM
U; | D B | I | I I | ] | B L | I | I L | I | I B | I | I B | S
O - ATLAS Simulation Preliminary S !
o) 1400 > "Qj
. Vs=13TeV,3000fb" ——30 <
E 1200 Axial-Vector Mediator o - 1 §
- exp. sys. x1, th. sys. x . ]
" Dirac Fermion DM ' ' q S SM DM
1000_ exp. sys. x1/2, th. sys. x1/2 | <
- 9,=0259 =1 exp. sys. x1/a, th. sys. x1/4 | Annihilation
800} Projection from Run-2 data {
600} .
400} - q |
: i Mmono-jet
200 B _
' Y I Original paper _
o) NI S AR W used EFT approach — X
0 500 1000 1500 2000 2500 3000
DM — MET
mZA [GeV] q X
Monojet + MET

Reach TeV range, but model dependent

Beltran, Hooper, Kolb, Krusberg, and Tait,
“Maverick Dark Matter at Colliders” JHEP 09 (2010) 037




Dark Matter Searches at Colliders

Complementarity to Direct Detection

Collider experiments competitive w/ direct detection ones

-37 T T LR | T T T IIILLI _35CMS 137fb_1 (13 TeV)
10 —~10 -
_38 N = Vector mediator, Dirac DM
10 S ™ gq=0.25,gpy = 1.0 — LUX
10°%° —é- §,10'37_ —— Xenon1T 2018 Panda-X -
“E » = § —— Cresst-|| DarkSide-50
G 10 E 1o CDMSlite |
T 1074 — )
= - -
5 10742 - O -
5 JHEP 11 (2021) 153 < 10 ~ |
100 E — E el
0O B ] (b
D 1074 E ATLAS 90% CL limits — Q 1043} _
S A o : S PRD 103 (2021) 112006
1 0_45 Dirac Fermion DM LUX =
_46 gq: 0.25, gz= 1.0 —— Axial-Vector Mediator 10 45| n
10 E
0 -47 s L el e TIm| [ Spiﬂ iﬂdepemd Nt 9000 CL
- | | | | . I 1 | | | 1 | l | ] | | ] | lL
1 10 102 10° 10 1074 707 10° 10°
m,, [GeV] mpm (GeV)

Spin Dependent (axial-vector mediator) Spin Independent (vector mediator)
up to mpm ~500 GeV for very light mpm < ~5 GeV




Do anomallies exist in the LHC data?



Anomalies do exist... a few examples

Several 30 local excesses... N T 1S B Te)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
Q 00F cms —§— Gbowrved )
() | Preliminary :]ang.
CMS 19.7 o™ (8 TeV) + 35.9 fb™' (13 TeV) (2 400} [ vet—r,
(%1-6_""1""1'”'1""1""1""_ ¢ + — e | I
— - H—yy — Observed ’ % T T c ! 1 ] others
1.4 ~ o =0r Bkg. unc.
i - Expected + 1o i L 1 —— ggé @ 5.8 pb (m = 100 GeV) ]
I N Expected + 20 _| V' 200}

Local (global) ool
significance at 95 |

a—yy

/ o, x B(H—yy
x
|

Local (global) significance at - TeV : 3.1G (2 70)
95.3 GeV : 2.90 (1.50) &
—
>-.
|
I 250. 300
" m. (GeV)
X
DI
my, (GeV) + _ . 8000}‘2\;\;;?}3]'??9 R 138 fbl'1(1C?Te'V_)
é T T % E Preliminary Dtt Bkg. I:lJet—ﬂ:h E
G ool B Poe
-og 4000 + Observed Bkg. unc. -
096 @ 3.1 fb bbo @ 1.0 fb
L00a| (gIObaI) L%) 2000 _S‘EQ;UZTZ) —(m,=12TeV) ]
v

A

significance at 1.2 10t
TeV : 2.80 (2.40) ol

Warning: d““f e .
With such large number of searches statical fluctuations g e j ;
are expected and there could be systematic effects! ° -




NO NEW PHYSICS OBSERVED
—+ LOOK FURTHER/DEEPER

Explore new tools and techniques
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Long-lived particles (LLPs)

Long-lived particles (LLPs) are common in BSM

- Small phase space for decay (e.g. Split SUSY)

- Small couplings to SM particles
» Suppressed (e.g. Higgs/gauge portal to Dark Sector)
» Forbidden by symmetry (SUSY R-parity)

Tracker Tracker

Muon system emerging

Could have escaped observation so far

Tracker disappearin ¥ % displaced
acke . ? - ‘ lepton(s) Tracker

track N #
< . Muon syste

» Challenges:

» Often requires new triggers Tracker (7
- Exotic detector signatures (requiring new o e “photon. ECAL

-l-ools) Muon system
* Non-standard backgrounds displaced disp'a"ed

conversion
vertex

Tracker -
Tracker ECAL J. Antonelli




ATLAS Preliminary

L

ATLAS Long-lived Particle Searches™ - 95% CL Exclusion

>tatus: July 202 [£dt = (18.4—139) fo~! V5 = 8,13 TeV
Model Signature  [£dt [fb™] Lifetime limit Reference
T T 1 T ITrIrI T T 1 T TrrI T T 1T T ITrrI T T 1 T 1TrrI T T 1T T Trri T | I B |
RPVt — ug displaced vix + muon 136 t lifetime | | I 0.003-6.0 m I m(t)=1.4 ITeV 2003.11956
RPVX? — eev/euv/uuy displaced lepton pair 32.8 X(l) lifetime 0.003-1.0 m m(g)=1.6 TeV, m(x?)= 1.3 TeV 1907.10037
D is p I q C e d I e p'l'o n S GGM th’ - ZG displaced dimuon 32.9 X‘l) lifetime 0.029-18.0 m m(g)=1.1TeV, m(x?)= 1.0 TeV 1808.03057
GMSB non-pointing or delayed y 20.3 X‘l) lifetime 0.08-5.4m SPS8 with A= 200 TeV 1409.5542
GMSB 7 — (G displaced lepton 139 | 7 lifetime 6-750 mm m(%)= 600 GeV 2011.07812
o o S GMSB # — 7G displaced lepton 139 7 lifetime 9-270 mm m(f)= 200 GeV 2011.07812
D IS q p p e q rl n g Ilqu C k §) AMSB pp — XTX?-XTXI disappearing track 136 XT lifetime 0.06-3.06 m m(x7)= 650 GeV ATLAS-CONF-2021-015
AMSB pp — xx9, 1 x1 large pixel dE/dx 18.4 | x7 lifetime 1.31-9.0 m m(x7 )= 450 GeV 1506.05332
Stealth SUSY 2 MS vertices 36.1 § lifetime 0.1-519 m B(g — Sg)= 0.1, m(g)= 500 GeV 1811.07370
° Split SUSY large pixel dE/dx 36.1 g lifetime >0.9m m(g)= 1.8 TeV, m(y9)= 100 GeV 1808.04095
Lq rg e p Ixel d E/dx Split SUSY displaced vtx + E{l“iss 32.8 g lifetime 0.03-13.2m m(g)= 1.8 TeV, m(x?)= 100 GeV 1710.04901
Split SUSY 0¢,2-6jets +EPMS  36.1 g lifetime 0.0-2.1m m(g)= 1.8 TeV, m(x9)= 100 GeV | ATLAS-CONF-2018-003
H—ss ID/MS vtx, low EMF/trk jets 36.1 s lifetime 0.12-116 m m(s)=25GeV 1911.12575
VH with H — ss — bbbb 2¢ + 2 displaced vertices 139 s lifetime 3.6-62 mm m(s)= 25 GeV 2107.06092
o
§ FRVZH — 2y4 + X 2 e—, u—jets 20.3 %4 lifetime 0-3 mm m(y4)= 400 MeV 1511.05542
étl; FRVZH — 2y, + X 2 u—jets 36.1 yd lifetime 1.5-307 mm m(yq)= 400 MeV 1909.01246
‘é FRVZ H — 4yq + X 2 u—jets 36.1 | yq lifetime 3.7-178 mm m(yq)= 400 MeV 1909.01246
T H—- ZyZy4 displaced dimuon 32.9 Z4 lifetime 0.009-24.0 m m(Zy)= 40 GeV 1808.03057
H— ZZ4 2 e, u + low-EMF trackless jet36.1 Z4 lifetime 0.21-5.2 m m(Z4)= 10 GeV 1811.02542
®(200 GeV) — ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.41-51.5m o x B=1pb, m(s)=50 GeV 1902.03094
Trq C k_ Iess jellls § ®(600 GeV) — ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.04-21.5 m o x B=1 pb, m(s)= 50 GeV 1902.03094
d(1TeV) » ss low-EMF trk-less jets, MS vtx 36.1 s lifetime 0.06-52.4 m o x B=1pb, m(s)= 150 GeV 1902.03094
N - W¢ displaced vix (uu or ue) + u 36.1 N lifetime 0.44-37 mm m(N)=5 GeV, LNC 1905.09787
Displqced Ver'l'ic es ?: N— W¢ displaced vix (uu or ue) + 4 36.1 N Iifetimel = l(l).l6l4l-22 mn': ] | o ! | | ,m(,N,):, .SIC?eV, LN\/l ] 1905.09787
0.01 0.1 1 10 100 cT [m]
Vs=8TeV «/§=_13TeV Vs =13 TeV I : | : :
partial data full data e L1111 L1111 L 1 L1
) 0.01 0.1 1 10 100

T [ns]
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THE LARGE HADRON COLLIDER

L-LHC starting in 2029: 3000-4000 fb-

LHC and experiments

being upgradec Center of mass energy: 14 TeV




HL-LHC Upgrade

~1.2 km of accelerator
will be upgraded

“CRAB" CAVITIES
3 SAF -crabe cavities on each
side of ATLAS and CMS axpediments p——
to tit baams at collision
CcLIQ BEAM SCREEN
A noval concept of magnet All new magnets will be equipped
protection, based on fast injection of with a new speacial beam screan 1o
oscillating currents, will improve the
safety of the very large stored enegy
quadrupolas,

intarcept colligion debrie M 80 K
temperature and cancs|
efactron-cloud effects.

G S S =y

/ LHC TUNNEL

CRYOGENICS
2 new large 1.9 K helivm refrigerators
for HL-LHC near ATLAS and CMS will

allow cryo-gsaparalion between arcs

11 T DIPOLE MAGNET
2 pairs of banding magnets, basad on
. advanced Nb Sn superconductor and
QUADRUPOLE MAGNETS ’l much strenger than LHC dipoles, to free

24 maw quadrupola magnets of 11.4 tesla peak up space for spacial collimators in the

and tnpist regons.

held , basad on advanced Nb. Sn \ cold regions
suparconductor, to couble baam focusing ot

ATLAS and CMS colision poims.

Hi-LUMI Gallery

BEAM GAS VERTEX

Two néaw nowvel beam instruments

20 novel low impedance collimators for
tasad on beam gas vertex catectors
will aliow non-INvasive accurate
measurements of the bsam size,

beam stabdity and furthar 24 new collimators

for improved maching protections

CIVIL ENG:NEER'NG SUPERCONDUCTING LINKS
2 new cavemns, 1km underground
gallenes, two naw large st

10 new technical buildings on swiace in liras, 140 m long and rated ror 30-100 KA,
P1 and F3 (near ATLAS and CMS) basad on "*.4‘!3. superconducicr cperating

8 novel electric current superconducting

at a temperature up to 20 K,



Challenging Phase-ll Upgrades of ATLAS and CMS

Higher peak luminosity and larger pile-up (from ~ 30 to 140-200 events/x-ing) require: increased radiation hardness and
granularity, dedicated (timing) detectors, larger bandwith, faster and more granular readout electronics, improved triggers and
higher redundancy, to provide similar or better performance than current detectors (including trigger thresholds) in much
harsher HL-LHC environment

N ,"\:‘.#"‘W&\mp—mg.;,uu v. ek A
s N\ S o iy Y l;j’”,—;‘,"
i \‘-\'.lllhﬁ,d)'/,(/"'“' s
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e o mad

—

New timing detectors with resolution ~ 30 ps
In both experiments will allow 4-dimensional
identification of primary vertex

LHC Bunch Cro_s'éing'
—~1ns Clip_-

e .0.12ns"
0.02ns
=

Event with 78 reconstructed vertices (CMS Run 2 data)
Note: ~ 20 expected when detectors were designed
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Challenging Phase-ll Upgrades of ATLAS and CMS

ATLAS tracker (ITk) CMS end-cap calorimeter (HGCAL)

/ 5

HL-LHC Pixels

Inl< 4 1.59<n/ <3
Low mass, rad hard Unprecedented lat. and long. segmentation (ILC-type)
Barrel: 5 pixel + 4 strip layers Time resolution ~ 30 ps
End-cap: up to 23 pixel + 6 strip rings EM part (CE-E): Si pads, Cu/CuW/Pb absorber
Pixel size: 25 x 100 ym2 and 50 x 50 pm?2 20 layers, 25 X,
Strip size (barrel). ~ 75 ym x 24-42 mm HAD part (CE-H): Si and scintillator, steel absorber
| 21 layers, 8.5 A
Total Si area: ~ 180 m? ~ 600 m2 of Si pads (0.5-1 cm2)

Total # of channels: ~ 5 billion (50 x today) 106 channels




New High-Energy Collider Projects

- g 7

| aF / .'". .’ 7 /,,4 £ . /|
- Compact Linear Collider (CLIC) x & ﬁ&! 2
{ @ 380 GeV - 11.4 km (CLIC380) V= o ” #2. [
1.5 TeV - 29.0 km (CLIC1500) A A )
3.0 TeV - 50.1 km (CLIC3000)

4 4 Compact Linear Collider (CLIC): CERN
e‘e’, Vs: 380 GeV, 1.5 TeV, 3 TeV
Length: 11 km, 29 km , 50 km Future Circular Collider (FCC-ee): CERN
e*e’, Vs: 90 - 350 (365) GeV; FCC-hh pp
Circumference: 97.75 km
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International Linear Collider (||_C) ’ & | Circular Electron Positron Collider
Japan (Kitakami) (CEPC), China

'
el © 2013 Dig

e*e’, Vs: 250 — 500 GeV (1 TeV) S B oo, Vs: 90- 365 GeV; SPPC pp,

2013 Ter

Length: 17 km, 31 km (50 km) R Circumference: 100 km




Hadron versus lepton colliders

2
v 7

2

H

1. Proton are compound objects 1. Electrons are point-like particles
. Initial state unknown (particle and momentum) . Initial state well-defined (particle, energy,
. Limits achievable precision polarization...)

: . High-precision measurements
2. High rates of QCD background

~ -10 . : . _
. Complex triggers S/B~10 2. Clean experimental environment S/B ~ 10-3

. High levels of radiation - No (less) need for triggers

. Detector design focus on radiation hardness of - Lower levels of radiation

many sub-detectors

3. Very high-energy circular colliders feasible _ _ . _
3. Very high-energies require linear colliders
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Top Mass Prediction from Precision Electroweak data

240

' ‘I DO experiment

CDF experiment
Tevatron Combination
Electroweak fit

1989

Jh
i
[
s
i
Loy
N2

Top discovéry at Tevatron

Miop= 175 —> 173 GeV

World average:
mtop = 173.1 - 0.6 GeV
(0.35%)
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Overnight update
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A —— Fit including theory errors
3 | ---- Fit excluding theory errors

n

Standard Fit
my (minimum)= 94.5 GeV, Range my = [71, 124], mu < 166.5 GeV @ 95%

Complete Fit
mp (minimum)= 125.2 GeV, Range myu =[116, 133], mu < 153.9 GeV @ 95%
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Thanks to Matthias Schott from the GFitter group 8



Higgs coupling measurement at future colliders
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Combination of electroweak measurements

Y 4 ) 3
24 ) 3
! 4 )

. . Reduced theory uncertainties

’ |}

Tevatron, LHC. 1407.3792

fitter |su

FCC-ee projections
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Precision of theory
predictions needs to
Improve to take
advantage

of this experimental
precision for full sensitivity
to new physics

—— FCC-ee (Z pole)
—— FCC-ee (Direct)
---- LHC (Future)
LHC (Now)
Z pole (how) + m
—— Standard Model
1407.3792

172 176 178
Mo (GeV)

Mogens Dam, HK2019 82



Higgs self-coupling at lepton colliders

Global effective-field-theory analysis can assess Higgs trilinear self-coupling

HL-LHC

HE-LHC

FCC-ee/eh/hh

FCC-ee

CEPC

baseline

CLIC

20

30 40 50
68% CL bounds on x, [%]

di-Higgs
HL-LHC

~7%+11%

CLIC,,
' 36%

Higgs@FC WG September 2019
single-Higgs

HL-LHC

25% (18%)

LE-FCC
n.a.

33% (19%)
FCC-ee

240

36% (25%)
ILC

500
38% (27%)
ILC,.,

CLIC

3000
49% (35%)
CLIC .,
| 49% (41%)
cLIC,,

5()%6 '4o<>o

All future colliders combined with HL-LHC

Direct production at ILC
and CLIC most important
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BSM Physics through Exotic Higgs Decays

General search for BSM

ete- collider better than HL-LHC for
MET+hadronic activity final states

95% C.L. upper limit on selected Higgs Exotic Decay BR

‘m HL-LHC'
m CEPC

= ILC(H20)
- FCC—ee)

—
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BR(h—-EXxotics)
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11971 1% 1

Mg, (bb) M, 0])*/‘457 (TT)*/WET bb*MET /]'+/\//ET T, (bb)(bb) (CC)(Cc) g (bb)(rr) (Tf)(r;) (/])(yy) (VV)(;/,,)

—_—
i
&)

Z. Liu, H. Zhang, LT Wang, 1612.09284
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Final remarks

The standard Model is well established but many questions remain answered

LHC, including HL-LHC, to provide still 20-30x more data
Hence, small discrepancies can still turn into discoveries

Higgs self coupling measurement at HL-LHC is a major milestone

Planning for the next future accelerators has started

Expect new exciting sensitivity for BSM physics and potential discoveries
Higgs will continue to play an essential role

Explore synergies of electron and hadron colliders to maximize physics potential
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ATLAS and CMS in more detail

Sub System

Magnet(s)

Solenoid (within EM Calo) 2T
3 Air-core Toroids

Solenoid 3.8T
Calorimeters Inside

Inner Tracking

Pixels, Si-strips, TRT
PID w/ TRT and dE/dx
Opr /T ~ 5 X 10~ 4pr @ 0.01

Pixels and Si-strips
PID w/ dE/dx
opr/PT ~ 1.5 X 10~ 4p7 @ 0.005

EM Calorimeter

Lead-Larg Sampling
w/ longitudinal segmentation
ocg/E ~ 10%/+E & 0.007

Lead-Tungstate Crys. Homogeneous
w/o longitudinal segmentation

og/E ~ 3%/VE & 0.5%

Hadronic Calorimeter

Fe-Scint. & Cu-Larg (fwd) = 11Ag
or/E ~ 50%/vE & 0.03

Brass-scint. = 7Ao & Tail Catcher
ocg/E ~ 100%/VE & 0.05

Muon Spectrometer System
Acc. ATLAS 2.7 & CMS 2.4

Instrumented Air Core (std. alone)

op [PT ~4% (at 50 GeV)
~11% (at 1 TeV)

Instrumented Iron return yoke
opp /T ~ 1% (at 50 GeV)
~ 10% (at 1 TeV)




How bad does it look?
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