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Particle Physics in the LHC Era
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Particle Physics in the LHC Era

Before LHC data taking

“Large Hadron Collider in the LEP Tunnel”

Proceedings of the ECFA-CERN Workshop 1984:

the standard model is not complete.

some of the most obvious items which it fails to explain being
- the origin of mass

- the origin of flavour
- the origin of CP violation

- the connection between the electroweak, strong and gravitational forces.

In particular:
What is the deep origin of mass and what are the relations between

masses and symmetry breaking processes, such as those which are at work in

CERN
the Higgs mechanism? \w
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Particle Physics in the LHC Era

Before LHC data taking

“Large Hadron Collider in the LEP Tunnel”

Proceedings of the ECFA-CERN Workshop 1984:

Even if the W and Z do have gauge couplings, the perturbative WW scattering
amplitude violates unitarity at vs & 1 TeV. if the W and Z are simply given ad hoc masse
This indicates the failure of perturbation theory or the occurrence of quite new phenome
at or below 1 TeV. In the standard model, the new physics is provided by adding the

Higgs boson. The contribution of the diagram

cancels the contributions of the other tree level diagrams which violate unitarity.
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Particle Physics in the LHC Era

Era of the LHC
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Particle Physics in the LHC Era

Discovery of the Higgs boson
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Investigating Electroweak Symmetry Breaking

Investigation of the Higgs boson

Discovery of a Higgs boson
(2012) ot CMS & ATLAS

Observed decays:
WW, ZZ, vy, 7

T T T T T
ATLAS Preliminary

Vs=13TeV, 36.1 fb' +—! Total Stat. Syst.

Total  Stat. Syst.
1

Sparked investigation of
the nature of electroweak
symmetry breaking

LHC Run 1 ——— 125.09 = 0.24 (= 0.212 0.11) GeV
................................. oo [
H—ZZ' >4l — 124.88 = 0.37 ( = 0.37 = 0.05) GeV
H—yy H——————1125.11+ 0.42 ( + 0.21 + 0.36) GeV
Combi — 124.98 = 0.28 ( = 0.19 = 0.21) GeV
1 1 1 1 1 1
124 124.5 125 125.5 126 126.5
m,, [GeV]

Phys. Rev. Lett. 114 (2015) 191803
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Investigating Electroweak Symmetry Breaking

Investigating Electroweak Symmetry Breaking

Measurements of Higgs boson properties

Scrutiny of electroweak theory:
gauge boson self-interactions

Searches for new physics in the
electroweak sector
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Particle Physics in the LHC Era Investigating Electroweak Symmetry Breaking Status

Higgs properties

Mass: free parameter in SM
Other properties: fixed in SM

Possible deviations from SM parametrized effectively
e.g. with Effective Field Theories

Prospects: CLIC

— low-energy tail of new physics, with limited validity

Ulrike Schnoor (CERN) Exploring Electroweak Symmetry Breaking from the LHC to CLIC
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Investigating Electroweak Symmetry Breaking

Status

H|ggs Proper’rles (D: Couplings to SM por’rlcles
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Eur. Phys. J. C (2016) 76:6

Exploring Ele Symmetry Break
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Investigating Electroweak Symmetry Breaking

Higgs Properties (II): Spin and parity
JP of 125 GeV Higgs boson

ATLAS Ho2ZzZ* -4
—e— Observed s=7TeV, 451"
------- Expected s=8TeV,20.3 1"
B 0 SM=1o
B 0 SM:26 H— WW* — evuv
[ 10 SM+3c s=8TeV,203 '
| J:i1a H- vy
Ej"iiu s=7TeV,45M'
o =3 s=8TeV,203 '
40F J
30F E
20

‘°rrrl rLr
0!
i N g = 5 -
_20- =
.30- =
JP=0, JP=0 J";z’ J"fz JP=2 Ji=2’ Ji=2’

-~ 2, 2,
P0GV p<125GeV p<00GeV p <125GeV.

from signal strengths in H — 272*, H - WW*, H — ~~ (C\ERNig
Eur. Phys. J. C75 (2015) 476
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Investigating Electroweak Symmetry Breaking

Higgs properties (I): CP behavior

CP violation is 1 of 3 Sakharov conditions explaining Baryon
asymmetry of the universe
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Investigating Electroweak Symmetry Breaking

Higgs properties (I): CP behavior

CP violation is 1 of 3 Sakharov conditions explaining Baryon
asymmetry of the universe

Effective Lagrangian with CP-violating couplings (dim. 6)

e
2mMyy sin 0,

HZ,,Z" +d

Lo =Lsu +d HW,, W~

~ e
+

~ "
d2mW sin ew HAIUIA

(L3 Collaboration Phys.Lett, B589 (2004) 89-102; V. Hankele et al. Phys. Rev. D74
(20006))
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Investigating Electroweak Symmetry Breaking

Higgs properties (I): CP behavior

CP violation is 1 of 3 Sakharov conditions explaining Baryon
asymmetry of the universe

Effective Lagrangian with CP-violating couplings (dim. 6)

e
2mMyy sin 0,

HZ,,Z" +d

Lo =Lsu +d HW,, W~

I HA,, Al

de—- I

(L3 Collaboration Phys.Lett, B589 (2004) 89-102; V. Hankele et al. Phys. Rev. D74
(20006))

Measurements ~» Matrix element:
M = Mgy + dMcp_oda
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Investigating Electroweak Symmetry Breaking

CP in VBF H production

Total cross section:
IMJ2 = Mg |? + d - 2R(My Mcp.oga) + d2
~» Observables:
CP even (e.g. total cross section)
CP-odd observables Ogqq:
e dd) # 0 = presence of CP violatfion

Coupling to weak vector bosons measured in VBF
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Investigating Electroweak Symmetry Breaking

Optimal Observable
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Optimal Observable
Defined with the reconstructed four-mmomenta of particles in
the events (fagging jets, reconstructed Higgs momentum)
Why optimal?
— combines the information on the entire phase space in one
scalar variable (for small d)

(D. Atwood, A. Soni; Phys. Rev. D45 (1992)), (M. Davier et al.; Phys. Letft. B306
(1993)),

(M. Diehl, O. Nachtmann; Z. Phys. C62 (1994)) C\E/RW
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Events / bin

Investigating Electroweak Symmetry Breaking

Measurement of d in VBF H — 77 8 TeV

VBF H — 77 selection

T T T T =
E TiepTiep Signal Region ATLAS
op[ 15=8TeV, 203 10" > VR e 1
r 9gH/VH
mZ-

I (T+single-top ]|
[ Fake lepton
B Others

77 Uncert.

TIIIIIIIIS. IS I SIS
vrrsrsIrIsiII IO Y

Optimal Observable

(ATLAS Collaboration arXiv:1602.04516 (hep-ex))

no signal strength information
only shape information

fit to full OO distribution fo
extract exclusion limits on d
Mean of ©0O:

<OO> = 03 + 05 (TlepTlep)
<OO> = —03 + 04 (TlepThad)
Observed confidence
interval at 68% C.L.:

d € [-0.11,0.05]

no hint for CP violation
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Investigating Electroweak Symmetry Breaking

Measurement of d in VBF H — 77 8 TeV

VBF H — 77 selection

o
- ATLAS

-

—T T T

-

22 —e— Combined (Obs.) é . i .
o rs-aTev 2o - i) E no signal strength information
1.8 HooPmaAIODeNEle _ ted @0, et55) ] only shape information
1.6F | . g .
14k E fit to full OO distribution fo
1.2 - extract exclusion limits on d
1 E
0.8 E Mean of O0O:
0.6} s jf <OO> =03+05 (TlepTlep)
g:i ] :; <OO> =-03+04 (TlepThad)
e S Y Qbserved co(r)wﬂdence
3 interval at 68% C.L.:
d € [-0.11,0.05]
no hint for CP violation
(ATLAS Collaboration arXiv:1602.04516 (hep-ex)) C\E/RW
S
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Investigating Electroweak Symmetry Breaking

Higgs properties (IV): Self-couplings

SM Higgs mechanism:
V= 201+ N79)?
i, A related to the Higgs Mass

Ra(t)

Self-couplings measurement ~» shape of the potential

" HH production at 14 TeV LHC at (N)LO in QCD
My=125 GeV, MSTW2008 (N)LO pdf (68%cl)

L
aMCeNLO

L
MadGraphs,

IS
&
Y
Fo
E
N
®
IS
/\_Ll

Phys. Lett. B 732 (2014) 142
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Investigating Electroweak Symmetry Breaking

Electroweak gauge boson scaftering

w
Triple
gauge
coupling

2
:,\‘( v =w/2 M2 =~ 9%y 4 const

NG
Violating unitarity of
Quartic gauge coupling the scattering matrix
P>1
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Investigating Electroweak Symmetry Breaking

Electroweak gauge boson scaftering

2
:'\‘i (V=Ww/2 MW = —ﬁﬁé u+ const

— w
Triple o .
:Z >"‘< gauge P
couplin
pling NG
Violating unitarity of
>§< Quartic gauge coupling the scattering matrix
P>1
H _ 9%
Higgs M= +4m2W Y

\'\f‘ﬂ } _ < coupling
to gauge T ™
~ H bosons C\E/RW
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Investigating Electroweak Symmetry Breaking

Limits on anomalous quartic gauge couplings

Lo = Loy + ag(tr[V,V,])? + as(tr[V,V4])?

3 osl ATLAS | V(s=8TeV,20210"
E K-matrix unitarization
0.4
02f
of—
02f
0.4
[ —— obs. 95% CL, WVjj
0.6 exp. 95% CL, WVjj
[ = obs.95% CL, W=
oo exp. 95% CL, W)
0.8~ obs. 95% CL, WZjj
5 exp.85% OL Wz ¢ L |
o b Lo b b b b b o b

-05 -04 03 -02 01 0 01 02 03 04 05
Oy

Phys.Rev.D 95(2017) 021001 C\E/RW
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Status and Prospects

Status

What is the deep origin of mass and what are the relations between

masses and symmetry breaking processes, such as those which are at work in

the Higgs mechanism?

Higgs

Electroweak gauge boson scattering
Many questions still open

-~ the origin of mass

- the origin of flavour

- the origin of CP violation

- the connection between the electroweak, strong and gravitational forces.
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Status

Status and Prospects

What is the deep origin of mass and what are the relations between
masses and symmetry breaking processes, such as those which are at work in

the Higgs mechanism?

Higgs

Electroweak gauge boson scattering
Many questions still open

-~ the origin of mass

- the origin of flavour

- the origin of CP violation

- the connection between the electroweak, strong and gravitational forces.

New questions: precise nature of the Higgs(125) boson
= Higgs measurements beyond the LHC

Higgs factory CE/RW
Ability to measure self-coupling P,
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Particle Physics in the LHC E ating Electroweak Symmetry Breakin: Status Prospe:

Particle Phy3|cs beyond the LHC
LHC / HL-LHC Plan e?jnchty

LHC

13-14 Tev m
" sPS |
&

14 TeV

7Tev 8TV

nomina luminosiy
i experment uporade phase 2
m 150 b 300 fb! luminosit ity

hitps: // cds.cern.ch/ record/ 1975962

Options for after the HL-LHC:
o AT CERN:

o Compact Linear Collider CLIC
» Future Circular Collider FCC

« International Linear Collider ILC (C\ER“@?
o
e Schnoor (CERN Exploring Electroweak Symmetry Breaking from the LHC to CLIC

20/26



https://cds.cern.ch/record/1975962

Prospects: CLIC

Compact Linear Collider CLIC

Novel accelerator technique based on radio-frequency devices
and a two-beam acceleration scheme for et e~ collisions

540 Klystrons - X 540 klystrons
20MW, 142p5 | | | Drive Beam circumferences | | | 20MW,142p
- delayloop 73 m -
drive beam accelerator CR1293m drive beam accelerator
CR2439m

2.5km 2.5km
delay loop [ > <| detay loop

@ @ decelerator, 25 sectors of 878 m

st . L g s L T T T
BDS BDs M
2.75 kml 275km
TA e~ main linac, 12 GHz, 100 MV/m, 21 km 1P e* main linac T

N\ [

50 km
CR  combiner ring

TA  turnaround

DR damping ring

PDR predamping ring

BC  bunch compressor

BDS beam delivery system

P interaction point

E  dump

oty
286109 GeV Main Beam

e~ injector
2.86 GeV'

e*injector
2.86 GeV/
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Prospects: CLIC

CLIC Detector

Designed for Particle
Flow Analysis
4T B-field
Vertex detector
(3 double layers)
Silicon tracker
ECAL 40 layers
(22 X
HCAL 60 layers
75N
Precise timing for

background
suppression

CE/RW
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Prospects: CLIC

CLIC timeline

2013 - 2019 Development Phase 2020 - 2025 Preparation Phase
Development of a Project Plan for a staged CLIC Finalisation of implementation parameters,
implementation in line with LHC results; technical preparation for industrial procurement, Drive
developments with industry, performance studies Beam Facility and other system verifications,
for accelerator parts and systems, detector Technical Proposal of the experiment, site
technology demonstrators. authorisation

]

2019 - 2020 Decisions 2025 Construction Start 2035 First Beams
Update of the European Strategy for Particle Physics; decision Ready for construction; Getting ready for data taking by the time
towards a next CERN project at the energy frontier (e.g. CLIC, FCC) start of excavations the LHC programme reaches completion

@ compact Linear Collider
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Prospects: CLIC

Higgs physics at CLIC
NG Luminosity N(Higgs) in 4y
380GeV 1.5x10¥cm—2s! Q0k
1.5TeV  3.7x10%cm—2s! 430k
3TeV 59x10% cm—2s~! 920k
%102 i HV/’//, Multiple production modes already
2 e at first stfage

3000
Vs [GeV]

Recoil mass in HZ production =
model-independent gy
measurement

Model-independent measurement
of invisible Higgs decays

Higgs self-coupling AX ~ 10%

NS
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Prospects: CLIC

Higgs properties at CLIC

Couplings to SM particles and
self-couplings

=
2 CLICdp o 350 GeV
o 1.2/~ model independent o +1.4TeV G|
= e +3TeV
<
[
o
£
= 59%)
8
1% I | |
1 1B 110 0 g A3 0 0 O 123 0 1 a0
I | 1 [
ct bt W2Z gy
[
u Zy| H
0.8 — =

Summary of full analyses
including beam-induced

backgrounds C{RW
Eur. Phys. J. C 77,475 (2017) \
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Prospects: CLIC

Higgs properties at CLIC

Couplings to SM particles and
self-couplings

CLICdp o 350 GeV
1.2/~ model independent o+14TeV |
e +3TeV

coupling relative to SM

0.8 — =

Summary of full analyses
including beam-induced
backgrounds

Eur. Phys. J. C 77,475 (2017)

Anomalous gauge couplings in
vector boson scattering

Kg T T T
0.005 CLICdp
Vs =3TeV
0.000 b
— 68% Confidence Region
— 90% Confidence Region
0005 - — 99% Confidence Region _
1 I I

-0.005 0.000 0.005
4

Fully hadronic WW and 2ZZ
CLICdp-Conf-2017-018 cEn)
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Prospects: CLIC

Conclusions

Open qguestions beyond the Standard Model:

the origin of mass
- the origin of flavour

- the origin of CP violation

the connection between the electroweak, strong and gravitational forces.

= still work in progress
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