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Collider Physics

... EXperimental Approach

* Accelerate and collide particles at high energies
o Study particle interactions, resulting products, and features
 Measure energies, directions and identity of collision products
 Higher energies allow us

e £~ 1/size To look deeper into matter

e E= kT To probe conditions of the early universe

e E=mc? To discover new heavier particle

* All this in a controlled way In a laboratory




Collider Physics

... Requirements

e Accelerator: powerful machine to accelerate
particles to extreme high energy and collide them

* Detector: gigantic instruments to record
collisions and resulting particles

 Computing: infrastructure to collect, distribute,
and analyse the vast amount of data produced

 People: scientists and engineers to design, build,
and operate the complex machines and to
extract physics
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The Details

The CMS collaboration has around:

5494

Of these members there are about:

2053 1 OSO 1031 978
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Accelerators

... Livingston plot
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Accelerators

... LHC at the Energy Frontier
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Large Hadron Collider

CERN tour April 7-9
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Accelerators

... LHC at the Energy Frontier
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Accelerators

... LHC at the Energy Frontier

1984  Workshop on installing a Large Hadron Collider (LHC) in the LEP tunnel

1987 CERN’s long-range planning committee chaired by Carlo Rubbia
recommends Large Hadron Collider as the right choice for CERN’s future

1989  LEP collider starts operation

1992  First concepts for LHC Experiments, Evian les Bains
1994 LHC Approved, ATLAS and CMS approved (Technical Proposals)

1998 Construction begins

2000 CMS assembly begins above ground; LEP Collider closes

2003  ATLAS underground cavern delivered and assembly underground begins
2005 CMS experiment cavern delivered

2008 LHC & Experiments ready for Beam. September incident.

2009 LHC & Experiments ready for Beam.
First proton-proton Collisions !!!




Accelerators

... LHC Collisions

Parton
k, | "':.‘ ,"
(quark, gluon) J $

CMS Experiment at the LHC, CERN
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Accelerators

... LHC Collisions

Total Integrated Luminosity (fb ')
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CMS Integrated Luminosity Delivered, pp

Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC
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Particle Detectors

... CMS at the LHC
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Particle Detectors

CMS at the LHC
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Particle Detectors

... CMS in 2004
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Particle Detectors

... CMS in 2007
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Particle Detectors

... CMS in 2009
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Particle Detectors

... CMS in 2012
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Particle Detectors

... CMS in 2022

First combined data taking

run in 2022 First beam Stable beam
CMS i Jul
First 13,6 TeV y
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Particle Detectors

... CMS in 2028
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L1-Trigger HLT/DAQ CMS
https://cds.cern.ch/record/2714892 Barrel Calorimeters W=
https://cds.cern.ch/record/2759072 https://cds.cern.ch/record/2283187 [ < Y]
* Tracks in L1-Trigger at 40 MHz | * ECAL crystal granularity readout at 40 MHz t\g:fq*, &
* PFlow selection 750 kHz L1 output | with precise timing for e/y at 30 GeV WS
” | ° HLToutput 7.5 kHz '+ ECALand HCAL new Back-End boards N e
vel 1 Trigger CMS Data Acquisition * 40 MHz data scoutin Technical Design Report e
i Do R and High Level Trigger & Muon systems CM S

https://cds.cern.ch/record/2283189 | =~ .

e DT & CSC new FE/BE readout

* RPC back-end electronics
. * New GEM/RPC1.6<n<24

* Extended coverage ton =3 o a3 Uprace ot
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Beam Radiation Instr. and Luminosity
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Calorimeter Endcap -_____.\L__,.
https://cds.cern.ch/record/2293646

* 3D showers and precise timing

4
-§ >

g R . Si, Scint+SiPM in Pb/W-SS http://cds.cern.ch/record/2759074
CMS Endeap Eatorimeter * Bunch-by-bunch luminosity measurement:

1% offline, 2% online

ik
Tracker https://cds.cern.ch/record/2272264 * 4a'E <
* Si-Strip and Pixels increased granularity MIP Timing Detector
* Design for tracking in L1-Trigger https://cds.cern.ch/record/2667167

* Extended coverage ton =~ 3.8 Precision timing with:

e o0 HIT™ * Barrel layer: Crystals + SiPMs
A i * Endcap layer: Low Gain Avalanche Diodes
CMS Tracker

A MIP Timing Detector
for the CMS Phase-2 Upgrade
Technical Design Report

Technical Design Report
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Overview of LHC Physics

... the success story of the Standard Model

tri-Boson

tri-Boson

w 7 TeV
w 8 Tev
w 13 TeV
z 7 Tev
z 8 Tev
z 13 TeV
Wy 7 Tev
Wy 13 TeV
Zy 7 Tev
zy 8 Tev
ww 7 Tev
ww 8 Tev
ww 13 Tev
wz 7 TeV
wz 8 Tev
wz 13 TeV
7z 7 TeV
zz 8 Tev
4 13 TeV
VW 13 TeV
www 13 TeV
wwz 13 TeV
wzz 13 TeV
777 13 Tev
Wvy 8 TeV
Wyy 8 Tev
Wyy 13 TeV
Zyy 8 Tev
Zyy 13 TeV
VBF W 8 TevV
VBF W 13 TeV
VBF Z 7 Tev
VBF Z 8 Tev
VBF Z 13 TeVv
EW WV 13 TeVv
ex. yy>WWsg Tev
EW qqWy 8 Tev
EW qgWy 13 Tev
EW os WW 13 TeV
EW ss WW 8 TeV
EW ss WW 13 TeV
EWqqZy 8Tev
EWqaZy 13 Tev
EW qqWZ 13 TeV
EW qqZZ 13 TeV
tt 7 Tev
tt 8 Tev
tt 13 TeV
te—ch 7 Tev
te—ch 8 Tev
te—ch 13 TeV
tw 7 TeV
tw 8 Tev
tw 13 TeV
ts—cn 8 TeV
tty 13 TeV
tZq 8 Tev
tZq 13 TeV
ttzZ 7 TeV
tz 8 Tev
ttz 13 TeV
ty 13 TeV
THw 8 Tev
ttw 13 TeVv
tttt 13 TeV
ggH 7 Tev
ggH 8 Tev
ggH 13 TeVv
VBF qqH 7 TeV
VBF qqH 8 Tev
VBFqqH 13 TeV
VH 8 Tev
WH 13 TeV
ZH 13 TeVv
ttH 8 Tev
ttH 13 TeV
tH 13 TeV
HH 13 TeV
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1.0e-01
Measured cross sections and exclusion limits at 95% C.L.

See here for all cross section summary plots

Overview of CMS cross section results

CMS preliminary

18 pb~1- 138 fb~! (7,8,13 TeV)

i

1 o(W)=9.5e+07 fb
i o(W)=11e+08fb

"

0(Z) = 2.9e+07 fb
o(Z) = 3.4e+07 fb

o(W) = 1.8e+08 fb

i 0(Z) =5.6e+07 fb

- o(Wy) = 3.4e+05 fb
* o(Wy) = 1.4e+05 fb
= 0(Zy) = 1.6e+05 fb
* o(Zy) = 1.9e+05 fb
0 o(WW) = 5.2e+04 fb
* o(WW) = 6e+04 fb
* o(WW) = 1.2e+05 fb
o(WZ) = 2e+04 fb
o(WZ) = 2.4e+04 fb
‘ o(WZ) = 5.1e+04 fb

o(ZZ) = 6.2e+03 fb

. o(ZZ) = 7.7e+03 fb

‘ 0(ZZ) = 1.7e+04 fb

i o(vwv) = 1e+03 fb

- o(WWW) = 5.9e+02 fb
- o(WWZ) = 3e+02 fb
W owzz) = 2e+02 b
0 0(222) < 26402 b

i — o(WVy) < 3.1e+02 fb
-— o(Wyy) =4.9fb
e o(Wyy) =14 fb
- o(Zyy) = 13 fb
o(zyy) = 5.4 fb

mil= O(VBF W) = 42e+02 fb
0(VBF Z) = 1.5e+02 fb
0(VBF Z) = 1.7e+02 b
Bl O(VBFZ) =53e+02fb
mllls  o(EWWV) = 1.9e+

mliE
==

== ofex. yy-oWW) =22 fb
_ o(EW qqWy) = 11 fb
mimg  0(EW qqWy) = 20 fb

o(EW os WW) = 10 fb

_ o(EW ss WW) = 4 fb
will O(EWssWW)=4fb
- o(EW qqZy) = 1.9 fb
-. o(EW qqZy) = 5.2 fb
o(EW qqWZz) = 1.8 fb
o(EW qqZZ) = 0.33 fb

03 fb

* o(VBF W) = 6.2e+03 fb

—' o(tty) = 1.2e+03 fb
o(tzq) = 2.9e+02 fb

. o(tZq) = 8.7e+02 fb

-1 o(ttz) =2.8e+02fb
- o(ttZ) = 2.4e+02 fb
* o(ttZ) = 9.5e+02 fb
.- o(ty) = 1.1e+03 fb
o(ttW) = 3.8e+02 fb
=l O(ttW) = 7.7e+02 fb

o(tttt) = 13 fb

‘- o(tt) = 1.7e+05 fb
= ott) = 2.4e+05 fb
] o(tt) = 7.9e+05 fb
. o(ti—cn) = 6.7e+04 fb
* o(ti—cn) = 8.4e+04 fb
' o(te—cn) = 2.3e+05 fb

o(tW) = 1.6e+04 fb

o(tW) = 2.3e+04 fb

HE=  o(tW) = 6.3e+04 fb

o(ts—cp) = 1.3e+04 fb

2 b1

5 b1

2 b7t

5 fb-1
20 fb~1
36 fb~!
20 fb~1
138 fb~!
20 fb~1
138 fb~!
5 fp-1
20 fb~1
78 fb~ 1t
36 fb~!
20 fb1
36 fb~!
137 fb~!

o(VH) = 1.1e+03 fb
il o(WH) = 2e+03 b
- o(ZH) = 8.7e+02 fb
- I o(ttH) = 42e+02 fb
' o(ttH) = 5.8e+02 fb
. s o(tH) = 5.1e+02 fb

S () < 126102
1 1

o(VBF qqH) = 2.2e+03 fb
o(VBF qgH) = 1.6e+03 fb
o(VBF qqH) = 2.8e+03 fb

o(ggH) = 1.6e+04 fb
o(ggH) = 1.5e+04 fb
& o(ggH) = 5.1e+04 fb

5 b1
20 fb~1
137 fb~?
5 fp~1
20 fb~1
137 fb~!
20 fb~1
137 fb~?
137 fb~1
20 fb~?
137 fb~!
137 fb~1
138 fb~!

1.0e+01 1.0e+03
Inner colored bars statistical uncertainty, outer narrow bars statistical+systematic uncertainty
Light colored bars: 7 TeV, Medium bars: 8 TeV, Dark bars: 13 TeV
Black bar theory prediction

o [fb]

1.0e+05

1.0e+07

1.0e+09

Jan 2022
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Overview of LHC New Physics Searches

... example: CMS Exotic Searches

Overview of CMS EXO results

CMS preliminary 16-140 fb™! (13 TeV)
String resonance M 0.5-7.9 1911.03947 (2j) 137 fb!
Zy resonance M 0.35-4 1712.03143 (2p + 1y; 2e + 1y; 2j + 1y) 36 fb~!
Wy resonance M 1.5-8 2106.10509 (1j + 1y) 137 fb!
5 Higgs y resonance M 0.72-3.25 1808.01257 (1j + 1y) 36 fb~t
Other F3 Color Octect Scalar, k2 =172 M 0:5=37 " 1911.03947 (2j) 137 fp~!
Scalar Diquark M 0.5-7.5 1911.03947 (2j) 137 fb~!
tt+ ¢, pseudoscalar (scalar), g2, x BR(¢~2f) > = 0.03(0.004) M 0.015-0.075 1911.04968 (31, = 41) 137 fb!
tt+ ¢, pseudoscalar (scalar), g?op X BR(¢-21) > =0.03(0.04) M 0.108-0.34 1911.04968 (3¢, = 41) 137 fb!
0 quark compositeness (#), Nure = 1 N <24 12103.02708 (20) 140 fb~?!
g -% quark compositeness (££), nurr = — 1 Nirw <36 [2103.02708 (22) 140 fb~!
5 s Excited Lepton Contact Interaction M 02-5.6 2001.04521 (2e + 2j) 77 fb!
Contact £ Excited Lepton Contact Interaction M 02=57 2001.04521 (2p +2j) 77 fb7!
InteraCtlons vector mediator (qq), gq = 0.25, gom =1, m, =1 GeV M 0.35-0.7 1911.03761 ( = 3j) 18 fb~?!
vector mediator (H),gq=0.1,gDM=1,g;=O.Ol,mK>1 TeVv M 0.2-1.92 2103.02708 (2e, 2p) 140 fb~!
(axial-)vector mediator (qq), gq = 0.25, gom = 1,m, =1 GeV M 0.5-2.8 1911.03947 (2j) 137 fb!
(axial-)vector mediator (xx), gq =025, gom =1, my = 1 GeV M <1.95 2107.13021 (= 1j + p}'ss) 101 fb~!
(axial)-vector mediator (M'),gq=0.1,9DM=l,gl=0.1,mx>mmed/2 M 02-4.64 2103.02708 (2e, 2p) 140 fb~?
A scalar mediator (+t/tf), gq=1,9om=1,my=1GeV M <0.29 1901.01553 (0, 1Z + = 2j + p7'™s) 36 fb!
£ scalar mediator (fermion portal), A, =1, m, =1 GeV M <15  2107.13021 (= 1j + pif'ss) 101 fb~?
Dal‘k Matter : pseudoscalar mediator (+j/V), gq=1,gom=1,my=1 GeV M <0.47 2107.13021 ( = 1j + py'ss) 101 fb?
a pseudoscalar mediator (+t/tf), g =1, gom =1, m, =1 GeV M <0.3 1901.01553 (0, 12 + = 2j + py'ss) 36 fb!
complex sc. med. (dark QCD), M, =5 GeV, CTx, =25 mm M <1.54 1810.10069 (4j) 16 fb1!
Z' mediator (dark QCD), Mgark = 20 GeV, riny = 0.3, Qgark = a5 M 1.5-51 2112.11125 (2j + py™) 138 fb!
Baryonic Z/, gq=0.25, gom =1, m, =1 GeV M <1.6 1908.01713 (h + p{'ss) 36 fb 1
7'~ 2HDM, gz =0.8, gom =1, tanB = 1, m, = 100 GeV M 0.5-3.1  1908.01713 (h + p}'ss) 36 fb!
Leptoquark mediator, =1, B=0.1, Ax,py = 0.1, 800 < Mo < 1500 GeV M 0.3-0.6 1811.10151 (1p + 1j + pyiss) 77 b1
RPV stop to 4 quarks M 0.08-0.52 1808.03124 (2j; 4j) 36 fb!
> RPV squark to 4 quarks M 0.1-0.72 1806.01058 (2j) 38 fb~1
o RPV gluino to 4 quarks M 0/1=1141"" 1806.01058 (2j) 38 fb?
RPV RPV gluinos to 3 quarks M <1.5 | 1810.10092 (6j) 36 fb!
ADD (jj) HLZ, nep =3 M Z721111803.08030 (2j) 36 fb!
ADD (yy, ) HLZ, ngp =3 M Z911711812.10443 (2y, 20) 36 bt
ADD Gk emission, ngp = 2 M <10.8 2107.13021 (= 1j + py'ss) 101 fb!
ADD QBH (jj), nep =6 M <8.2 1803.08030 (2j) 36 fb_1
" ADD QBH (ep), nep =4 M <5.6 | CMS-PAS-EXO-19-014 (ep) 137 fb!
.§ ADD QBH (eT), ngp=4 M <5.2 CMS-PAS-EX0-19-014 (eT) 137 fb_1
E ADD QBH (u1), nep=4 M <5 CMS-PAS-EX0O-19-014 (pT) 137 fb_i
= = a RS Gyk(2L), k/Mp =0.1 M <4.78 2103.02708 (2£) 140 fb~
Extra Dimensions g RS Gyx(yy), ki = 0.1 M <41 1809.00327 (2y) 36 fb~1
& RS Gkk(gd, g9), k/Mp =0.1 M 0.5-2.6 1911.03947 (2j) 137 fb‘1
RS QBH (jj), nep =1 M 251917/1803.08030 (2j) 36 fb!
non-rotating BH, Mp = 4 TeV, ngp = 6 M <9.7 1805.06013 (= 7j(,Y)) 36 fb~!
split-UED, =2 TeV 1R 014=218"" 2202.06075 (£ + py'ss) 137 fb!
3-brane WED gi(¢ + 9= 999), grav = 6, dge =3, €= 0.5, M($)/m(gkx) = 0.1 migee) 2-4.3  2201.02140 (2j) 137 fb!
excited light quark (qy), fs=f=f=1,A=mq M 1-5.511711.04652 (y +j) 36 fb~!
Excited 72 excited b quark, fs =f=f =1,A=mj M 1=1.8 | 1711.04652 (y +}) . 36 fb 1_1
£E excited light quark (qg), A=mq M 0.5=6.3 11911.03947 (2j) 137 fb
Fermions i g excited electron, fs=f=f=1,A=m; M 0:25-3.9 ' 1811.03052 (y + 2e) 36 fb~!
excited muon, fs=f= f’=1,/\=m; M 0.25=3.8  1811.03052 (y + 2p) 36 fb~!
UMSM, [Ven|? = 1.0, [Viw|? =1.0 M 0.001-1.43  1802.02965; 1806.10905 (3L(p, e); = 1j + 2£(p, e) 36 fb!
@ UMSM, [VenVinl2/(Venl? + Vinl?) = 1.0 M 0.02-1.6 1806.10905 (= 1j+p+e) 36 fb!
Heavy §§ Type-lll seesaw heavy fermions, Flavor-democratic M 0.1-0.98  2202.08676 (3, = 4f) 137 fb!
s =g Vector like taus, Doublet M 0.1-1.045  2202.08676 (3{, = 4f) 137 fb~!
Fermions Vector like taus, Singlet M 0.125-0.15 2202.08676 (31, = 4f) 137 fb!
scalar LQ (pair prod.), coupling to 15t gen. fermions, B =1 M <1.44 1811.01197 (2e + 2j) 36 fb!
scalar LQ (pair prod.), coupling to 15t gen. fermions, B =0.5 M <127 1811.01197 (2e + 2j; e + 2j + py'ss) 36 fb!
) scalar LQ (pair prod.), coupling to 2" gen. fermions, 8 =1 M <1.53 1808.05082 (2 +2j) 36 fb 1
g scalar LQ (pair prod.), coupling to 2" gen. fermions, B =1 M 0.8-1.5 1811.10151 (1p+ 1j+ p{'ss) 77 fb1
Leptoqua rks .i scalar LQ (pa?r prod.), ccupl?ng to 2" gen. ferm‘ions, B=0.5 M <1.29 1808.0508.2 (21 + 2j; p + 2j + pP') 36 fbj
g scalar LQ (pair prod.), coupling to 3 gen. fermions, B =1 M <1.02  1811.00806 (2T + 2j) 36 fb
scalar LQ (single prod.), coupling to 15t gen. fermions, B=0,A=1 M 1-1.6  2107.13021 (= 1j + py'ss) 101 fb~?
scalar LQ (single prod.), coupling to 34 gen. fermions, B=1,A=1 M <0.74 1806.03472 (2t +b) 36 fb!
Zp, narrow resonance M 0.0115-0.075 1912.04776 (2p) 137 fb!
Zp, Narrow resonance M 0.11-0.2 1912.04776 (2p) 137 fb!
SSM Z'(1£) M 0:2=5.15"2103.02708 (2e, 2p) 140 fb~1!
SSM Z/(qq) M 0.5-2.9  1911.03947 (2j) 137 fb!
Z'(qq) M 0.01-0.125 1905.10331 (1j, 1y) 36 fb_1
" Superstring Z;, M 02-4.6 2103.02708 (2e,2p) 140 fb~?
s LFV Z/, BR(ep) = 10% M 0.2=5 " CMS-PAS-EX0-19-014 (ep) 137 fb~!
§ LFV Z', BR(eT) = 10% M 02-4.3 CMS-PAS-EX0-19-014 (eT) 137 fb!
g LFV Z, BR(uT) = 10% M 02-4.1 | CMS-PAS-EX0-19-014 () 137 fbl‘1
© Leptophobic Z' M 0.05-0.45 1909.04114 (2j) 78 fb~
Heavy Gauge Bosons E SSM W/(Tv) M 0.4=411807.11421 (T + py'™s) 36 bt
T SSM W/(v) m 0.4-57 2202.06075 (L + pi'ss) 137 fb!
SSM W'(qq) M 0.5-3.6 1911.03947 (2j) 137 fb_1
LRSM Wr(uNR), My, = 0.5My, M <5 2112.03949 (2p + 2j) 36 fb~!
LRSM Wr(eNg), My, = 0.5My, M <47 2112.03949 (2e +2j) 36 ﬂ)_1
M
M

LRSM Wr(TNR), My, = 0.5My, <35 11811.00806 (2T + 2j) 36 fb!
Axigluon, Coloron, cotf =1 0.5-6.6 1911.03947 (2j) 137 fb! 2 O
" " " " " 1 " " " " " " " " 1 " " " " " " " " 1 " " " " " "
Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included). Moriond 2022 ;

0.1 TeV 1 TeV 10 TeV



Energy Frontier Today

= N FERMIONS* BOSONS
... Where Is everybody else* o o T —|
Generation Generation Generation

10°

Top quark Higgs

2

Complete theory valid to

very high energies 102 | ! , 'Z

W
Quarks 10! : Bottom quark
Charm quark 3
10’ . . | Tau
E ‘Strange quark
S 10° | |
é Muon
= Down quark
2 107 '
(5]
S Up quark
R i
J
]]]]]]]]] = Electron
107
‘é ‘{1 N S~ " MASSLESS
dearon neorioo [} muce scatrioo [} tam mctino 1010 BOSONS
Leptons
) Photon
107
... but it is not enough . Gluon
10-12
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Ten most common elements in the :
Most abundant nuclides

- Milky Way Galaxy estimated
aSss adn 1 e vniverse spectroscopically’ _ intheSolarSystem®
Mass fraction | Mass Atom
= - ' Z 4 | Element ¢ $ |
___the b|g picture (PPm) \ fraction | fraction
1 | Hydrogen 739,000 Nuclide 4 A ¢ inparts ¢ inparts ¢
2 | Helium 240,000 per per
8 Oxygen 10,400 | million million
DARK MATTER ’ 8 IGobon 4.600 Hydrogen-1 1 705,700 909,964
i 1'0 /' N )/ 10 | Neon 1,340 Helium-4 4 275,200 | 88,714
& . 2 26 | lron 1,090 Oxygen-16 16 9,592 477
DARK ENERGY 7 [ilegen it Carbon-12 |12 3,032 326
7 A i i i ' Nit 14 |14 1,105 102
S AR | itrogen- ,
7/4!‘@/0 ' , 12 | Magnesium 580
16 | Sulfur 440 |
Total 999,060
2000-

Proton mass

Quark- mp = 938 MeV 2 Lo
Antiquark- 1500 - R -

Gluon Pair q .
Quark masses SR % [
my = 1.5-4.5 MeV. 2 1000- N
Mg = 5.0-8.5 MeV = ) —p
500_— —— K — experiment
Inertial mass ; = .vrvmflt::
Quark mostly QCD effects |——m + orediction

ST 2
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Higgs Boson Properties

... a universe with modified Higgs Yukawa couplings

e Quarks: modified quark masses
would have profouna TR

Human synthesis i
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... Production and decay at the LHC

g 3
H(]
Y SN
g
2 2
K- -
4

(0-BR)(gg - H—1vyy) = osm(gg — H) -BRsy(H — vy) - —
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:-':-10_ _4510-1:-9—6 _§

T D+ NLOEW) 18 E™ :
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Higgs Physics

... Status of Higgs Coupling Measurements

mass
charge

spin

~2.4 MeV/c?
2/3

1/2 u
up
~4.8 MeV/c?
» d
down

~0.511 MeV/c?
-1

1/2 e

electron

<2.2 eV/c?
0

(Ve

electron
neutrino

(fermions)

~1.275 GeV/c?
2/3 *
1/2 C

charm

~95 MeV/c?
-1/3

(D

strange

~105.67 MeV/c?
-1

1/2 p

muon

<1.7 MeV/c?
0

1/2 VIJ.

muon
neutrino

~172.44 GeV/c?
2/3 *
1/2 t

top

~4.18 GeV/c?
-1/3 *

v (&

bottom

~1.7768 GeV/c?
-1 *

1/2 T

tau

<15.5 MeV/c?

0
1/2 V’[
tau
neutrino

Standard Model of Elementary Particles

three generations of matter

o ke
- @Gy
uon
o ek
. @
photon

~91.19 GeV/c?
0

Z boson

e

~80.39 GeV/c?
+1

W boson

e

125.09 GeV/c?

Higgs

Y Observed in 2012

* Observed

* Getting there with the LHC

SKIT
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137 b (13 TeV)
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Higgs Physics

... how charming is the Higgs Boson?

* Several methods to explore
light quark (charm) Higgs
Yukawa couplings

Indirect constraint from
Higgs kinematics

Search for exclusive Higgs
decays (H = J/v Y)

Study of charge asymmetry
in WH production

Direct search for Higgs
decays

Phys. Rev. Lett. 118, 121801

[
=N

[—
B

Eur. Phys. J. C 79 (2019) 94

—
-
r—gr—

S
o

(Vo daldpr,p)(1/o daldpr,)sm

y.-dependent

y.-independent
(dominant contribution)
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Higgs Physics

... how charming is the Higgs Boson?

H
H/ /
p /Wz g P//W/z i

CMS Experiment at LHC, CERN

Data recorded: Sun Aug 5 04:43:33 2018 CDT
Run/Event: 320854 / 196048575

Lumi section: 115

Orbit/Crossing: 30014116 / 2385

HIG-21-008 138 fb™' (13 TeV)

N F
G:J 108 E CMS ® Data . B uncertainty
— - SR VZ(Z—scc) —— S+B
Lﬁ 107 F Pr e”m’ﬂafy B VH(H->cc) [l VH(H->bb)
- VZ(Z—cc) Z+jets Wajets
1 06 E * tt I single Top
1 05 °® VV(other)
10*
10°
10°
10
©
=
g5 1.
O
8 0-5 Feeeyeeee oo | Sl i....i.....l ..... 1" T " l SR bt Mdad e T l. sevepeesegeenageney ‘et l. f[i]i ..... oo | Satad Dadad bhdds
-3 -2.5 —2 -1.5 -1 -0.5 0
log, (S/B)

 Measured VZ (Z — cc) production

* Cross section consistent with SM expectation ~20%
uncertainty

* First observation (5.70) of Z — cc at a hadrons collider

28



HIG-21-008 138 fb™’ (13 TeV)

| I | | I I | | | I | | | I | | | I | | I

| I | I | |
E CM S —+— Observed I VH(H—bb)

—
N
o
-

nggs Physics

—
—— e
——

N
-
()
n T B L VZ(Z—cc) VV(other)
. how charming is the Higgs Boson* < 1000f Pre//m/f‘;ary = s :
= | Merged-jet W+jets Z+jets ~
U er |ImItS On VH H — CC 2 - Al categories —cc), u=7. %> B uncertain B
PP | ( ) %, 800| - et 5 I VH(H—cc), u=7.7 % B uncertainty —
production - g
| | &t 600 = —
* Excluding cross section 14 73 R i
times SM expectation (7.6 400 —
x ———

Constraints on Higgs-charm
coupling 1.1< | Kc | < 5.5

(| Kc | < 3.4 exp. limit)

el d O R R T ) R T B Yy S T R T R

Higgs candidate mass [GeV]




Higgs Physics

... how charming is the Higgs Boson?

? 1000 Today’s performance
T ATLAS 36 fb-'
E; n< 150
§ ® s
£ p< 3l
Ao
> -1 e |
s kb A ATLAS 3000 b
g p<3 Wity .
Q. - 'Run 2 berfor, H< 6.4
b CMS 18R Ry
) n<7.6 “’”Ore,;,, A
Proy, Moy, n<1.6
A first evidence
at HL-LHC?
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Higgs Physics

... study of the Higgs potential

Higgs potential in the standard model:

V(®)=u'® @+ n(d @)

@ expansion around the minimum

potential

KT @

eeeeeeeeeeeeeeeeeeeeeeeeeeeeee



Higgs Physics

... study of the Higgs potential

Kt
g 2999990999909 > ®---------- H g 0999000999000 H
Kt KA ’/’,
A Y | S o
H AN bb WW TT y 47 4 YY
K¢ ‘\\
g 2000099990909 - O---------- H 2 2009000900000~
H bb
| | | | |
HH production at 14 TeV LHC at (N)LO in QCD WW 25% 4.6%
‘‘‘‘‘‘‘‘‘‘‘‘‘ My=125 GeV, MSTW2008 (N)LO pdf (68%cl)
07E T T 73% | 27% | 039%
A TS~ 9 T 77 31% | 14% [EEEEE
S
N vy 0.26%

MadGraph5 aMC@NLO

'
NN
'
o
'
N
'
—
o
—
N
w
NS

AT =
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Higgs Physics

... study of the Higgs potential

e HH — bb tT

./ ,"/ /’"

CMS Experiment at LHC, CERN

Data recorded: Tue Jul 502:23:01 2016 UTC
Run/Event: 276361 / 1109329545

Lumi section: 584
Orbit/Crossing: 153016401 / 2849

CMS Preliminary bbrr, 138 b (13 TeV)
Q 1 I I | l 1 I I | I 1 I I | I 1 I I I I 1 I I 1 | ]
S 10°F x,=x,=1 |[MDrel-yan [MSingeH —e— Data E
> — = - .
i . Ky =Ky =1 R " Others Background (post-fit) -
10 . Qcp NN Uncertainty (post-fit) 3
10° - Signal (r = 3.33,es%c1) _|
10 3
I ]
3 -
10 E
107 3
o
10 o

@ -
1 LI

5‘5, 1.4 .

m 1.2 S
=~ 1 ‘ \
5 08 A}
D 0'6 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
1

Pre-fit expected Iogw(S/ \@)

CMS-HIG-20-010

o(pp — HH) = 3.3(5.2) X 6, f., vsr

SKIT
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Higgs Physics

... study of the Higgs potential

Vs = 14 TeV, 3000 b’ per experiment

Statistical-only Statistical + Systematic

ATLAS CMS ATLAS CMS
HH — bbbb 1.4 1.2 0.61 0.95
HH — bbrr 2.5 1.6 2.1 1.4
HH — bbyy 2.1 1.8 2.0 1.8
HH — bbVV (llvy) ; 0.59 - 0.56
HH — bbZ Z(4l) - 0.37 - 0.37
combined 3.5 2.8 3.0 2.6

Combined Combined
4.5 4.0

ouH/opy 95% CL ka 95% CL
Improvement
Obs. | Exp. wrt. 36 fb—1 Obs. Exp.
tot. (w/o lumi)
gl ATLAS 4.1 5.5 x5.1 (2.5) :-1.5, 6.7: :-2.4, 7.7:
CMS 7.7 5.2 x3.9 (2) -3.3, 8.5 -2.5, 8.2
A ATLAS 4.7 3.9 x3.8 (2) -2.4, 9.2 -2.0, 9.0,
CMS 3.3 | 9.2 2 E =
TR el - . - e
CMS 3.9 7.8 x5.1 (2.6) [-2.3, 9.4] [-5.0, 12.0]
VNS, il . & & .
CMS 30 37 — [-9.0, 14.0] | [-10.5, 15.5]
Multilepton Slas . e . . B
CMS 21.8 | 19.6 — [-7.0, 11.7] [-7.0, 11.2]
Combination ATLAS 3.1 3.1 x3.5 (1.8)2 [-1.0, 6.6] [-1.2, 7.2]
(bbyy+bbTT) CMS — — — — —

Karlsruhe Institute of Technology




Higgs Physics

... beyond the LHC

2 km

LHC (and HL-LHC) is the energy frontier
for foreseeable future
e Fantastic opportunity for great physics

ILC p-collider
LHC HL-LHC ~©C AELHC

FCC (ee, hh, eh)
CEPC

Exploring / preparing the next generation
of machines
e |_epton collider tor ultimate Higgs

measurements and much more 2015 2025 2035 2045 2055

» Future high energy hadron collider I Year ’

SppC

35




Future Circular Collider

... a roadmap for particle physics at the energy frontier

' s N 5 I 7 N © &

Feasibility Study | EsPP |

FCC-ee accelerator and detector R&D and technical

Geological investigations, infrastructure
detailed design and tendering preparation

design

Superconducting magnets R&D

Tunnel, site and technical
infrastructure construction

FCC-ee accelerator and detector

construction, installation, commissioning

Long model magnets,
prototypes, pre-series

‘Euture
e ShAGircular o o
_PS " Collider - -
> e,

it

Genexg -

“«

Technical
schedule

10 years

FCC-hh_

~ 25 years operation

FCC-eg,
~ 15 years operation

FCC-ee dismantling, CE
& infrastructure
adaptations FCC-hh.

High-field magnet
industrialization and
series production

FCC-hh accelerator
and detector R&D
and technical design

FCC-hh accelerator and detector
construction, installation, commissioning

d Feasibility Study: 2021-2025

4 If project approved before end of
decade - construction can start
beginning 2030s

\s L/IP (cm2s1) | Int. L/IP(ab) | Comments
ete- ~90GeV Z 230 x1034 75 2-4 experiments
FCC-ee 160 ww 28 5
240 H 8.5 25 Total ~ 15 years of
~365 top 1.5 0.8 operation
pp 100 TeV 5 x 103 2+2 experiments
FCC-hh 30 20-30 Total ~ 25 years of
operation
PbPb Vsny = 39TeV | 3x 102 100 nb-"/run | 1 run =1 month
FCC-hh e operation
ep 3.5 TeV 1.5 1034 2 ab-! 60 GeV e- from ERL
Fcc-eh Concurrent operation
with pp for ~ 20 years
e-Pb sen=2.2TeV | 0.510% 1 fb" 60 GeV e- from ERL
Fcc-eh Concurrent operation
o with PbPb

1 FCC-ee operation ~2045-2060

Q FCC-hh operation 2070-2090++

F. Gianotti

SKIT

Karlsruhe Institute of Technology
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Future Circular Collider

... a roadmap for particle physics at the energy frontier

J Feasibility Study: 2021-2025

 If project approved before end of
decade - construction can start
beginning 2030s

J FCC-ee operation ~2045-2060

d FCC-hh operation 2070-2090++

2021 2022 2023 2024 2025
Q] R | B | 4 | Q1 QR | B | 4 | Q1 Q2 | B | Q4 | Q1 Q@ | @ | @4 | Qi Q2 | @3 | Q4
CDR baseline design adaptations for
g new implementation scenario
Status reports & & | | e :
study planning , % FC.:C Wee.k & review : uppleme.niahop,. .
baseline design, organisation of site activities

detailed design towards CDR
cost and schedule for phase 1

FCCW & mid-ter
gengral cqheren;y, CDR cost updqie

m review:

{h

& impact study with host states

igh-risk areas site investigations, environmental evoluo’rion}

FCC Week & Review: key

technology R&D programs

FS Report

Release FSR
cost and schedule update

®

Michael Benedikt, FCC week 2/22

Karlsruhe Institute of Technology



Future Circular Collider

. a roadmap for particle physics at the energy frontier

arXiv:2203.06520
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& — e | | | | | | = é - = 79 :
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O [ = ILC (TDR, upgrades) - 106 L Single Z £
3 .. CLIC (CDR, upgrade) - — Single W S
o 10C 7 NN S r et o e e o e e ¥ GEROC e — 10° E .
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> mE s = s -
: Be L0 e . . 10° £ e
2 B HZ (260GeY) 5 0° L e
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100 150 200 250 300 350 400 10~ B vdBi i 3

Vs [GeV] 50 100 150 200 250 300 350 400

/s (GeV)




Higgs Physics

... at Lepton Collider

= Recoil method provides unique
opportunity for model independent
measurement of HZ coupling

* Higgs events are tagged Higgs decay
mode independent

= Total width can be extracted from a
combination of measurements

m;, = (\/;- E)-=1p,

s
5 18000

< 16000
-
— 14000

%
‘c 12000

>

2 10000
8000
6000
4000

2000

FCC-ee, 5 ab™ at s = 240 GeV

N
L

.
S R
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Higgs Physics

... with the HL-LHC and Beyond

Collider HL-LHC FCC-66240_)365 FCC-ee FCC-INT
+ HL-LHC

Int. Lumi (ab™?!) 3 5+ 0.2 + 1.5 - 30
Years 10 3+ 1+ 4 - 25
guzz. (%) 1.5 0.17 0.17
gauww (V) 1.7 0.44 0.41 0.20
gubb (V) 5.1 0.69 0.64 0.48
gHge (%0) 2.5 1.0 0.89 0.52
gurr (%) 1.9 0.74 0.66 0.49
gauu (%) & 8.9 3.9 0.43
g~ (%) 8 3.9 1.3 0.32
guz~ (%) 11 = 10. .41
gutt (%) 3.4 - 3.1 1.0
ore (%) 50. A4, 33.
T'u (%) SM 1.1 1.1 0.01




Higgs Physics

... with the HL-LHC and Beyond

= First generation Higgs couplings

- Not part of baseline run plan but a few years at Vs = mH with high luminosity and monochromatization
is an interesting add-on

Results per year and interaction point
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Higgs Factories

... With rich physics program beyond the Higgs boson

Observable Present FCC-ee FCC-ee Comment and dominant exp. error

value + error Stat. Syst.
myz (keV) 91, 186,700 £+ 2200 4 100 From Z lineshape scan; beam energy calibration
'z (keV) 2,495,200 &+ 2300 4 25 From Z lineshape scan; beam energy calibration
R% (x10°) 20, 767 £ 25 0.06 0.2 — 1.0 Ratio of hadrons to leptons; acceptance for letpons
as(mz) (x10%) 1,196 £ 30 0.1 0.4 —1.6 From R% above
Rb (x10°) 216, 290 4 660 0.3 < 60 Ratio of bb to hadrons; stat. extrapol. from SLD
op.4 (x10°%) (nb) 41,541 £ 37 0.1 4 Peak hadronic cross section; luminosity measurement
N, (X 103) 2,996 = 7 0.005 1 Z, peak cross sections; luminosity measurement
sin? 6 (x10°) 231,480 £ 160 1.4 1.4 From ALL at Z peak; beam energy calibration
l/aQED(mZ) (x10%) 128,952 £ 14 3.8 1.2 From ALL off peak
A%g (x10%) 992 £+ 16 0.02 1.3 b-quark asymmetry at Z pole; from jet charge
A, (x10%) 1,498 £ 49 0.07 0.2 from AE%I’T; systematics from non-7 backgrounds
mw (MeV) 80,350 £ 15 0.25 0.3 From WW threshold scan; beam energy calibration
I'w (MeV) 2,085 £ 42 1.2 0.3 From WW threshold scan; beam energy calibration
N, (x10%) 2,920 £ 50 0.8 Small Ratio of invis. to leptonic in radiative Z returns
as(m?;) (x10%) 1,170 £ 420 3 Small From R}V




Higgs Factories

. with rich physics program beyond the Higgs boson
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Summary and Outlook

... only discussed the tip of the iceberg

= The Higgs Boson is cornerstone of the LHC physics program
® Precision measurement probing SM - no significant deviation so far
@ 2nd generation and Higgs self coupling are work in progress

= (HL-) LHC datasets will start growing again this summer

4% LHC Status 2, Paused

@ Extensive work, challenges & opportunities ahead to collect quality data

= Fantastic prospects to probe the Higgs sector and much more with future lepton
collider

@ Unique measurements of gnz and total width

@ Precision measurements of the Higgs boson and more




