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Overview

 Snowmass White Paper

Contribution released in
March

* Builds on the 2018 effort
for the European strategy

Projections extrapolate from
Run 3 Results

e Assume that Phase 2
detectors perform as well
as the current ones but In
harsher PU conditions

Snowmass White Paper 2022

Snowmass Projections

#New Results

Higgs Physics 14
Electroweak 2
QCD and Strong 1
Heavy lons 1
BSM 5

Large number of results - choosing a few recent for

this summary
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HL-LHC Updated Schedule

2021 2022 2023 2024 2025 2026 2027 2028 2029
AM[J[]|A|S AM[J[]|A|S AM[J[J|A|S AM[J[]|A|S AM[J[]|A|S AM[J[]|A|S AM[J[]|A|S AM[J[]|A|S AM[J[]|A|S

OIN|D|]J|FM OIN|D|]J|FM

[ Run|/l3<H ‘ Long Shutdown 3 (LS3)

2030 2031 2032 2033 2034 2035 2036 2037 2038
' ' ' ' AM[J|]|A|S AM[J[]|A|S '

OIN|D|J|FIMAM[J |J |A|S|ON|D[J [FIM/AM|][J|A[S|IONID}]J |FM

Run 4 J 1S4 Run 5 ]

T [TTT]

Last updated: January 2022

Shutdown/Technical stop

Protons physics

Ions

Commissioning with beam

Hardware commissioning/magnet training

In January 2022, the schedule was updated with long shutdown 3 (LS3) to start in

2026 and to last for 3 years
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Upgraded Detectors at ATLAS

Improved Muon Coverage and Trigger
new RPCs in innermost layer

new MDT readout

new small wheels (already for Run 3)

Updates to calorimeter and trigger
new, higher granularity trigger
new Tile Cal readout

New Endcap High-Granularity Timing Detector
30 ps/track in 2.4 <n| < 4

New Inner Tracker _ | | _
resolution of time dimension of beam spot

all silicon tracker
5 layers of pixels
4 layers of strips
coverage to |n| < 4

Upgrade to trigger and DAQ
L1 rate increased to 1 MHz
High Level Trigger rate to 10 kHz
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Upgraded Detectors at CMS

Improved muon coverage and trigger
increased RPC coverage (1.5 < |n| < 2.4)

new electronics

New precision timing detector
Timing resolution of 30-40 ps for MIPs

Full coverage of |n|<3.0

New inner tracker

al
4
5

silicon tracker
ayers of pixels
ayers of strips

coverage to |n| < 4

New endcap calorimeters
high granularity
can reconstruct showers in 3D

Updates to calorimeter
and trigger

higher granularity
electronics for trigger

Upgrade to trigger and DAQ

L1 rate increased to 750 kHz
High Level trigger rate to 7.5 kHz
Track information at L1



Physics at the HL-LHC



Higgs at the HL-LHC

Establish Decay and Production Mechanisms

Measure mass, width, spin

Precision Measurements:
Differential, STXS, Global Fits
Search for Higgs Self-Coupling

Search for BSM Higgses

WW

@
- Bp
— g
S 2
@)
10" Sl
+
o
al)]
o
ol0 E
T

107} -
- m .
/

1050900 120 140 160 180 200

M, [GeV]

0* e -| T = .
= = 20 Vs= 14 TeV e
=10 Lo, =3
X EE o X oy, BE
0— 10° E - 2CD, = 5
T - — -
Q- 10 ? —§
©oap =
10~ %— _%
102 %— _%
1072 = =
10 20 30 100 200 1000 2000
M, [GeV]
VH
Dofo %] %ngH) VBF | ttH tH
T WH ZH
_____________ wo | 2o |79 | 99 | 182 | 59 | o4
4 2.5 9.5 13 15.2
LWW 25 | 55 | 9.9 | 128 | 66 |
_____________ w40 188 oo A0
_____________ obb | 19 | .83 | 46 | 102 |
_____________ ”“7 YR result
_____________ C 080 - New for Snowmass
ZV 24 51.2 Run-2 result




Higgs Production and Couplings

Brief Review

o Study performed for the ESG

YR 18 uncertainties (S2
scenario)

e H—pypy and H—=Zy
measurements still limited by
size of the collected dataset

e Other couplings currently
dominated by theoretical
uncertainties

» Often experiments
outperform expected
projections for experimental
uncertainties

Vs = 14 TeV, 3000 fb™ per experiment

[

| Total

— Statistical
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—— Theory
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\s = 14 TeV, 3000 b per experiment

| Total ATLAS and CMS

Statistical HL-LHC Projection
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Higgs Couplings

New Projections

* H=pu

* YR projections performed from partial Run2 dataset
analyses Full Run2 measurements have improved
beyond expectations

e i.e. H—=1tT or H—bb improved as ~sqrt(L) despite
being dominated by systematic uncertainties

e H—cc

* Projection based on recent updates from ATLAS
and CMS using Run2 dataset

e CMS’ projection makes use of the powerful
boosted analysis strategy

* Merged-jet category for events with prH > 300 GeV

* Direct measurement of the Higgs coupling to the
charm is within reach at the HL-LHC!
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Differential Measurements

Higgs kinematics and Higgs associated production

 Measurement limited by systematic uncertainties (except at very high ptH)
Snowmass Update:
ATLAS in H = tTt and VH — bb within the STXS framework
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Differential Measurements

Higgs kinematics and Higgs associated production
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Higgs BSM

Selected 2HDM Results
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BSM at the HL-LHC



BSM

Selected Results

Searches for Scalar

leptoquarks at ATLAS and

CMS

e Hadronic electroweak
supersymmetry search with

CMS at the HL-LHC

 Mass-degenerate higgsino-
like and wino-like production
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Collider Complementarity

 ATLAS search for spin-independent &
DM-nucleon cross-section as a H
function of DM mass (left) S

* Top quarks in the final state

* Color-neutral simplified model
with scalar mediator

« CMS Search for dark photons
decaying to displaced muons (right)

* Dedicated displaced muon
reconstruction algorithm

1078

1074

107%

1074°

10748

Dark Matter Searches at HL-LHC
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SM at the HL-LHC



Standard Model Total Production Cross Section Measurements Status: February 2022

g 101£ T ATLAS Preliminary i

Ig' 10° 3 V- 7818 T LHC ppT:(:ojs TeV 3

SM Measurements ol
10* £ Bl Data 20.2-20.3fb™ ;

Current Status D o
102é— Aoqun o DAou _

 Why continue studying the SM? ".,n
* |mproves our theoretical ink B ‘m
calculations, MC modelling, and wp A0

understanding of CP _ —|
. . . . PP W Z tt t Wt H WW WZ ZZ t ttW ttZ tttt
calibrations and uncertainties o WUV

* Important for constraining PDFs 5 oS Preliminary
and understanding EWSB o ot
._§ 10° 3 ' Y 7/ CMS 95%CL limits at 7, 8 and 13 TeV
* Can uncover unexpected g " s
|ati 0 o
deviations from the SM 2 inaii @
O 1t ; f
. . C % | %é
+ HL-LHC will provide the S0t/ : :
opportunity for more precision § g
107°¢
109k link

ot "5 T2 T8 4 T2e Tap Tt Ttw Tt T tty Ttzg ttz " oty "tw "ottt T otH " otH ]
2 1 All results at: http://cern.ch/go/pN;j7


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-009/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined

SM Measurements
Updated Results
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 Top Mass and four-top measurements improve as experimentalists improve techniques

 PDF measurements (needed for many future measurementsl!)
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Collider Physics is an
opportunity to study a huge
number of phenomena!!

Origin of EW Scale

Evolution of the Early Universe
New constituents of matter
Origin of Flavor

Additional Symmetries of
Spacetime

Nature of Dark Matter

Origin of Neutrino Mass

EPARTICLEZ

ELEMENTARY PARTICLES of THE STANDARD MODEL:

FERMIONS

BOSONS

OOOOOO

OOOOOOOOO

RRRRRRRRRRRR

GGGGG

EEEEEEEEEEEEEEEEE

EEEEEEEE

TTTTTTT

NNNNNNNNNNNNN

GGGGGGGG

THEORETICALS
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GGGGGGGGGG

©The Particle Zoo PO Bon 29315 Lo Aspeles, CA 50029




What don’t we know about the Higgs?

Lots of room for improvement in all Higgs couplings, but two gaping holes:

—p?HTH + A(H'H)®  A\5Q:Hu; — \,Q:H d;
Higgs potential (self-coupling) Light flavor Yukawas
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Complementarity with other Frontiers
While slow at thhe Start, Hhe eneryy frontier

s needed o wltimately “win the rade ¥

Rare Processes/Cosmological Frontiers

..' ' .' -
- $ -
1 -~

<
‘ .
_ w

| = J W Ay * ' Energy Frontier
A -4 |
— — | } )

Nevertheless if we get indirect hints from existing

or planned experiments its important to know how to test them!

Gravitational Waves, Astrophysics, Dark Matter, Rare Processes

25




Physics at Colliders

Colliders provide a RICH scientific environment

ATLAS Heavy Particle Searches™ - 95% CL Upper Exclusion Limits

Status: March 2022

ATLAS Preliminary

[£ dt = (3.6-139) fb?

Vs =8,13TeV

Model t,y Jetst ET™ [rdt[fb™] Limit Reference
T T LI | I T 1 T T T T L ) I T T T T T T L | I T T T T

@  ADD Gkk +g/q Oe,put,y  1-4j Yes 139 Mp 11.2TeV n=2 2102.10874

.©  ADD non-resonant yy 2y - - 36.7 | Ms 8.6 TeV n=3HLZNLO 1707.04147

2  ADDQBH - 2] - 37.0 | Mu 89TeV n=6 1703.09127

[} ADD BH multijet - >3] - 3.6 M;h 9.55TeV n=6, Mp =3TeV,rot BH 1512.02586

S RS1 Gkk — yy 2y - - 139 Gkk mass 4.5 TeV k/Mp; = 0.1 2102.13405

© Bulk RS Gy » WW/ZZ multi-channel 36.1 Gkk mass 2.3 TeV k/Mp = 1.0 1808.02380

g Bulk RS Gy —» WV — ¢vqq 1epu 2j/1J Yes 139 Gkk mass 2.0 TeV k/Mp = 1.0 2004.14636

m Bulk RS gxx — tt 1e,u >1b >1J/2] Yes 36.1 gkk Mass 3.8 TeV r/m=15% 1804.10823

2UED / RPP 1epu >2b, >3] Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(AMY — tt) =1 1803.09678

SSM Z' — ¢t 2e,u - - 139 Z’ mass 5.1 TeV 1903.06248

» SSMZ' - 17 27T - - 36.1 Z’ mass 2.42 TeV 1709.07242

c Leptophobic Z” — bb - 2b - 36.1 Z’ mass 2.1 TeV 1805.09299

8 Leptophobic Z’ — tt Oe,u 21b,>2J Yes 139 Z’ mass 4.1 TeV r/m=12% 2005.05138

8  SSMW’ ¢y Teu - Yes 139 | W’mass 6.0 TeV 1906.05609
[0 SSM W’ - v 17 - Yes 139 W’ mass 5.0 TeV ATLAS-CONF-2021-025
g> SSM W’ — tb - >1b >1J - 139 W’ mass 4.4 TeV ATLAS-CONF-2021-043

© HVT W - WZ — tvgqgmodel B 1 e, u 2j/1J Yes 139 W’ mass 4.3 TeV gy =3 2004.14636
G} HVT W — WZ — v '’ modelC 3 e, u 2j(VBF) Yes 139 W’ mass 340 GeV gven=1,g =0 ATLAS-CONF-2022-005

HVT W — WH model B Oe,u  >1b,>2J 139 W’ mass 3.2 TeV gv=3 2007.05293

LRSM Wk — uNg 2u 1J - 80 | Wg mass 5.0 TeV m(Ng) =0.5TeV, g = gr 1904.12679

Cl gqqq - 2j - 37.0 A 21.8TeV 7, 1703.09127

— Clttqq 2e,pu - - 139 A 35.8 TeV um 2006.12946

O Cleebs 2e 1b - 139 | A 1.8 Tev g =1 2105.13847

Cl ppbs 2p 1b - 139 | A 2.0 TeV g =1 2105.13847

Cl tttt >teu 21b>1] Yes 361 |A 2.57 TeV |Cacl = 4r 1811.02305

Axial-vector med. (Dirac DM) Oeu, 7,y 1-4j Yes 139 Mined 2.1TeV 84=0.25, g,=1, m(x)=1 GeV 2102.10874

S Pseudo-scalar med. (Dirac DM) O e,u, 7,y 1-4j Yes 139 Mped 376 GeV 8q=1, gy=1, m(x)=1 GeV 2102.10874

Q Vector med. Z’-2HDM (Dirac DM) 0O e, u 2b Yes 139 Mped 3.1 TeV tanf=1, gz=0.8, m(y)=100 GeV 2108.13391
Pseudo-scalar med. 2HDM+a  multi-channel 139 Mped 560 GeV tanp=1, g,=1, m(x)=10 GeV ATLAS-CONF-2021-036

Scalar LQ 15t gen 2e >2j Yes 139 LQ mass 1.8 TeV p=1 2006.05872

Scalar LQ 2M gen 2u >2j Yes 139 LQ mass 1.7 TeV p=1 2006.05872

Q  ScalarLQ 3 gen 17 2b Yes 139 '-03 mass 1.2 TeV B(LQS — br) =1 2108.07665

= | ScalarLQ 3™ gen Oe,u  22j,22b Yes 139 '—05 mass 1.24 TeV B(LQ; — tv) =1 2004.14060

Scalar LQ 3™ gen >2epu,>217t>1j,>21b - 139 LQa mass 1.43 TeV B(LQY - tr) =1 2101.11582

Scalar LQ 3™ gen Oe,u,2170-2j,2b Yes 139 LQ¢ mass 1.26 TeV B(LQY - bv) =1 2101.12527

Vector LQ 3" gen 17 2b Yes 139 LQ; mass 1.77 TeV B(LQY — br) = 0.5, Y-M coupl. 2108.07665
VLQTT - Zt+ X 2e/2u/>3eu 21 b,>1] - 139 | T mass 1.4 TeV SU(2) doublet ATLAS-CONF-2021-024

=L@ VLABB - Wt/Zb+ X multi-channel 36.1 | Bmass 1.34 TeV SU(2) doublet 1808.02343

[\ a VLQ T5/3 T5/3|T5/3 - Wt+ X 2(SS)/>3 eu>1b>1) Yes 36.1 Ts/3 mass 1.64 TeV B(Tsy3 > Wt)=1, c(Ts;zWt)=1 1807.11883
i’ g_ VLQ T — Ht/Zt 1eu >1b, >3] VYes 139 T mass 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040

VLQ Y — Wh leu 21b21j] Yes  36.1 Y mass 1.85 TeV B(Y - Wb)=1, cr(Whb)=1 1812.07343
VLQ B — Hb Oeu >2b,>1j,>21J - 139 B mass 2.0 TeV SU(2) doublet, kg= 0.3 ATLAS-CONF-2021-018

-8 ‘é’ Excited quark ¢* — qg - 2j - 139 q* mass 6.7 TeV only u* and d*, A = m(q*) 1910.08447

L © Excitedquark g* — qy 1y 1j - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q*) 1709.10440

;: & Excited quark b* — bg - 1b1]j - 36.1 b* mass 2.6 TeV 1805.09299

I @ Excited lepton ¢* 3eu - - 20.3 A =3.0TeV 1411.2921

*=1 Excited lepton v* Seurt - - 20.3 A=16TeV 1411.2921

Type Ill Seesaw 234e,u 2] Yes 139 N° mass 910 GeV 2202.02039

LRSM Majorana v 2u 2] - 36.1 Ngr mass 3.2TeV m(Wg) =4.1TeV, gL =gr 1809.11105

- Higgs triplet H** —» W= W= 2,3,4 e,u (SS) various Yes 139 H** mass 350 GeV DY production 2101.11961
2 Higgs triplet H** — (¢ 234 eu(SS) - - 139 | H** mass 1.08 TeV DY production ATLAS-CONF-2022-010

& | Higgs triplet H** — ¢r 3eur - - 203 DY production, B(H[* — {r) =1 1411.2921

Multi-charged particles - - - 36.1 multi-charged particle mass 1.22 TeV DY production, |g| = 5e 1812.03673

Magnetic monopoles - - - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130

v;=13Tev v-=13Tev L1 1 I 1 1 L 1 L1 1 I L 1 L 1 [ T I | l L L 1 L
partial data full data 1071 1

10 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown.
tSmall-radius (large-radius) jets are denoted by the letter j (J).

Heavy Particle Searches at ATLAS
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tri-Boson

Overview of CMS cross section results

CMS preliminary

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

w 7 Tev JHEP 10 (2011} 132 v olW) =95e+07 o 36 pb?
w 8 TeV PRL 112 (2014) 191802 ¥ o(W)=1.le+08 b 18 pb~?
w 13TeV  SMP-15-004 ¥ olW)=18e+08 o 43 pb!
z 77ev JHEP 10 {2011} 132 s 0(Z) = 2.9e+07fb 36 pb~!
z 8Tev PRL 112 (2014) 191802 4 0(7)=34e+071b 18 pb~?
z 13 Tev SMP-15-011 I 0lZ)=56e+07 0 2fo!
Wy 7 Tev PRD 89 (2014) 092005 - o(Wy) = 3.4¢+05 o 5fb!
Wy 13 Tev PRL 126 252002 (2021) ® o(Wy) = 1.4e+05 b 137 fo!
2% 7 Tev PRD 89 (2014) 092005 ®  olZy) = 1.6e+05 fb 5fo!
Zy 8 Tev JHEP 04 (2015) 164 & o(Zy) = 1.9e+05 fb 20 fo~!
ww 7 Tev EPJC 73 (2013) 2610 ' C(WW) = 5.2¢+04 o 5t
ww 8 Tev EPJC 76 (2016) 401 W o(Ww) =6e+04 fb 19 fb~!
ww 13 TeV PRD 102 092001 {2020} ¥ olWW) = 12e405fb 36 fo!
wz 7 Tev EPJC 77 (2017) 236 o 0(WZ) = 2e+04 b 5fbt
wzZ 8 Tev EPJC 77 (2017) 236 # owzZ)=24e+041b 20 fo!
wz 13 TeV Submitted to JHEP ¥ o(WZ)=51e+04 fb 137 fo™!
2z 7TeV JHEP 01 {2013) 063 & 0(ZZ) = 62e+03 b 5fp!
2z 8 Tev PLB 740 (2015) 250 B 0z2)=77e+03 1 20 fo!
2z 13 TeV EPJC 81 (2021) 200 4 olZz)=17e+04f 137 fb~!
Y PRL 125 151802 (2020) ' olVWV) = le+03 fb 137 fo !
WwWw PRL 125 151802 {2020) . olWWW) = 5.9e+02 fh 137 fo!
wwz PRL 125 151802 {2020) ' o(WW2Z) = 3e+02 fo 137 fo™!
wzz PRL 125 151802 (2020) [ a{WZZ) w» 2e+02 fo 137 fo!
zzz PRL 125 151802 (2020) ' 0lZZZ) < 2e+02 b 137 fo!
Wvy PRD 90 032008 (2014) — olWVy) < 3.1e+02 fb 19 fo!
Wyy JHEP 10 (2017) 072 — olWyy) = 4.9 b 19 fo~?
Wyy JHEP 10 (2021} 174 i+ olWyy) =14 fb 19 fo!
Zyy JHEP 10 {2017) 072 -  o(Zyy)=131b 19 fo-!
Zyy JHEP 10 (2021) 174 B oZyy) =54fb 19 fb~!
VBF W 8 Tev JHEP 11 (2016) 147 wills  C(VBF W) = 42¢+02 b 19 fb~!
VBF W 13 Tev EPJC 80 (2020) 43 W O(VEF W) =6.2e+03 36 fb-1
VBF Z 7Tev JHEP 10 (2013} 101 - G(VBF Z) = 1.5e+02 fb 5fb!
VBF Z 8 TeV EPJC 75 (2015) 66 mils  O(VBF Z) ~ 17e+02 fb 20 fo!
VBF Z 13 TeV EPJC 78 (2018) 589 W olVBFZ)=53e+02M 36 fb!
EW WV 13TeV  Submitted to PLB mfls  olEWWV) = 19e+03 fo 138 fo!
ex. yy -+ WW8 TeV JHEP 08 {2016) 119 S clex yy»WW) = 22 fb 20 fo~!
EW qqWy 8Tev JHEP 06 (2017} 106 il C(EW qaWy) =11 Tb 20 fo!
EWqqWy 13 TeV PLB 811 (2020) 135988 =ulll OlEWqaWy) =20 fb 36 fo-!
EWosWW 13TeV  SMP-21-001 Wl o(EWos WW) =10fb 138 fo~!
EWssWW 8TeV PRL 114 051801 (2015) . (EW s WW) = 4 19 fo~!
EWssWW 13Tev  PRL120 081801 (2018) —f OEWssWW) =41 137 fo~!
EWqqZy 8Tev PLB 770 (2017) 380 mS=E  olEwgqZy) =19 20 fo~!
EWaqqZy 13 TeV PRD 104 072001 {2021} =flf O(EWqaZy) = 52fb 36 fb~!
EWqqWZ 12 TeV PLB 809 (2020) 135710 wll C(EWqqWZ)=181b 137 fo!
EWQQZZ 13TeV  PLB 812 (2020) 135992 B oiewqgzz)=03310 137 fo!
tt 7 TeV JHEP 08 (2016} 029 & oltt) = 1.7e+05 fb 5fb!
tt 8 TeV JHEP 08 (2016) 029 & oltt) = 2.4e+05 o 20 fb~!

13 TeV Accepted by PRD » oltt) = 7.9e+05 fb 137 fbo~!
te—ch 7Tev JHEP 12 {2012} 035 & olti_o) = 67e+04 fb 2fo!
te-ch 8 Tev JHEP 06 {2014) 090 B olt.o) =Bde+0dm 5fb!
Lo 13TeV  PLB 72 (2017) 752 R olt-o)=23e+0510 2fo!
w 7 Tev PRL 110 (2013) 022003 - oltw) = 1.6e4+04 fo 5!
tw 8 TeV PRL 112 (2014) 231802 Bl oitwW) = 23e+04 20 fo~!
w 13TeV  JHEP 10 {2018} 117 = W) =63e+04 36 fb~?
Lo ch 8 Tev JHEP 09 (2016) 027 = wmilE o) =13e+04fb 20 fo-?!
tty 13 TeV Submitted to JHEP —f  Oltty) = 120403 fb 138 fo~!
tZq 8 Tev JHEP 07 (2017) 003 S oitzq) =29¢+02fb 20 fo!
tZq 13 Tev Submitted to JHEP @ oitZg)=87e+021b 138 fb!
nz 7 Tev PRL 110 (2013) 172002 —-— o(ttZ) = 2.8e402 fo 5f!
74 8 Tev JHEP 01 (2016} 096 &S ott2) = 2.4e+02 0 20 fo~t
uz 13TeV  JHEP 03 {2020} 056 = o17) =9.5e+02 o 78 fb!
ty 13TeV  PRL121 221802 (2018) wfllls oty = 1L1e+03fo 36 fb~!
W 8 Tev JHEP 01 {2016) 096 - W citw) - 38e+02fb 20 fo!
tw 12TeV  JHEP 08 (2018) 011 ol cittw) = 77e+02fb 36 fb~!
e 13 Tev EPJC 80 (2020) 75 B o= 13 137 fo~!
ggH 7 Tev EPJC 75 (2015) 212 - olggH) = 1.6e+04 fo 5 fb!
ggH 8 Tev EP|C 75 (2015) 212 BE=  ciggH) = 15e+04 1o 20 fo~?
ggH 13 Tev HIG-19-005 @ olggH) =5.1e+04 b 137 fo!
VBFqgH 7 Tev EPJC 75 (2015) 212 - O(VBF qqH) = 222403 fb 5fb!
VBFqqH 8 Tev EPJC 75 (2015) 212 BRI o(VBF qqH) = 1.6e+03 fb 20 fo~!
VBFqqH  13TeV  HIG-19-005 - Cc(VBF qgH) = 2.8e+03 fb 137 fo~!
VH 8 Tev EPJC 75 (2015) 212 PR oivH) =11e+03fb 20 fo~!
WH 13TeV  HIG-19-005 il o(WH) = 2e+03 b 137 fo!
ZH 13 Tev HIG-19-005 R o7H) =8Te+021b 137 fo~?
ttH 8 Tev EPJC 75 (2015) 212 - B  ottH) = 4.2e+02 b 20 fb~!
ttH 13TeV HIG-19-005 ofils ofttH) = 5.8e+02 fb 137 fo~!
tH 13TeV  EPJC 81 (2021) 378 . seenlls  o(tH) < 5.1e+02 fb 137 fo!
HH 13 Tev HIG-20-005 olHH ) < 1.2e+02 fo 138 fo~!

L L L L L
1.0e-01 1.0e+01 1.0e+03 1.0e+05 1.0e+07 1.0e+09
Measured cross sections and exclusion limits at 95% C.L. Jan 2022

See here for all cross section summary plots

SM Measurements at CMS

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]



Physics at Colliders

Colliders provide a RICH scientific environment

ATLAS Heavy Particle Searches™ - 95% CL Upper Exclusion Limits

Status: Marc

Model

Extra dimensions
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CMS Experiment

The CMS collaboration has around:

5494

ACTIVE PEOPLE

STUD

NTS

CAL, ADMINIS

Of these members there are about:

2053

WOMEN)

1050

o) fh—1

ATLAS Preliminary

as an example

1031

ENG
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EERS
36 WOMEN)
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UNDERGRADUATES

CMS preliminary

Overview of CMS cross section results

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

INK

NUMEN)

>1000 participants
~50% PhD Students

link

spires link

Date of paper

1992

Document Type

conference paper
note

article

published @
review

report

book chapter
book

introductory

2022

4,280
1,703
1,356
1,356
38
24
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CMS submitted its 1000th
paper in June 2020
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1.8e+08 fo

1.0e+09

Jan 2022


https://www.fnal.gov/gridfest/pdfs/uscms_factsheet.pdf
https://cms.cern/collaboration/people-statistics
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=accelerator_experiments.record.$ref:1108642&collaboration=CMS

Which Machines?

Futhe Clrcular Collider {FCQ) "~ H a d ro n S : Le pto n S Muon Collider

5 Conceptual Layout

Discovery Machines §  Precision and Discovery
S/B ~10-10 w/o trigger ¢ Large S/B
S/B ~0.1 with trigger !  Polarized beams
Divide CoM by partons .  EwW couplings
Stable particles
=> Quarks and Gluons

! US Options discussed during Snowmass

| S e o a5 o e - _AEeeAel = e — NPT U N~ ——
3
tune-up dump comp. RF Vi ¢ 7
. . iy % B Compact Linear Collider (CLIC) A o/ ot
H h | o - . i _ 2 o
Igher luminosities ¥ Easier to polarize beams { mm e e 25

none OEVEral interaction points §  opne IP b e

Limited by Synchroton ! Large Beamstrahlung
radiation

10, 30, 50 GeV

total circumference ~ 8.9 km

dump

<« 10-GeV linac

0.03 km :
e- final focus

Circular Linear
28



e+e- Colliders

ZH is the dominant production mode
above 250 GeV

The well defined initial states allows to
tag the Higgs boson without looking
into its decay with “recoil” technique

Measurement of the inclusive ZH
cross section at 0.5-1%

*Recoll technique observes all final
state, including all invisible and
exotic decay modes

bb/cc/gg separation

29
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C3 - Cool Copper Collider

Based on a new SLAC technology

3 £3 .
» Two Key Technical Advances: C3 timeline

o
N

2019-2024 2025-2034 2035-2044 2045-2054 2055-2064

L}
I

Distributed Coupling and Cryo- e

Copper RF Demo proposal
Demo test

CDR preparation

TDR preparation

. Operatlon at CryOgenIC temperatures Industrialization
(LN2 ~8O K) TDR review

Construction |
- 2/ab

Commissioning
. . . Physics @ 250 GeV

- Robust operations at high gradient: RF Upgrade ’ 4/ab

1 ZONM eV/m Physics @ 550 GeV

Multi-TeV Upg.

Detector

. . LOIs
» Scalable to multi-TeV operation TDR N

Construction

Commissioning

» Operate at 250 and 550 GeV with
possible commissioning at the Z pole HL-LHC

Possible US facility = Nann
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https://indico.cern.ch/event/1030068/contributions/4513151/attachments/2329265/3968821/higgs-c3-Higgs2021v4_post.pdf

What do we expect at future e+e- facilities?
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Physics Opportunities at a Muon Collider

Muon Colliders —

First proposed more than 50 years ago, renewed interest in Muon Collider facilities in recent years
Due to recent advances in technology!

 Muons not suffer from energy loss due to Bremsstrahlung that makes e+e-

circular machines difficult!  But they do have a very short lifetime.
32


https://puhep1.princeton.edu/mumu/physics/

arXiv:1607.03210

Muon Colliders: Production

Muon Colliders are actually EWK colliders with a mix of initial states

| Muon beam
u /v, 1073 —Q=3TeV
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&
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https://arxiv.org/pdf/2103.14043.pdf
https://arxiv.org/pdf/2005.10289.pdf

Muon Colliders: Physics Reach

Fit Result [%)]

10 TeV Muon Collider

with HL-LHC

with HL-LHC + 250 GeV ete™
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arXiv:1901:06150

Muon Colliders

An international effort

Possible US facility

Muon Collider
Conceptual Layout

Fermilab Site

LHC:- 27 %k

)

15 TeV could fit in the LHC Tunnel

6-10 TeV could fit on FNAL site - Funded IMCC effort at CERN
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https://arxiv.org/pdf/2103.14043.pdf
https://arxiv.org/pdf/2005.10289.pdf

Discovery Machines:

100 TeV FCC hh and 30 TeV Muon Collider

—Euture
Clrcular

. e
e

Colllder

 The R&D efforts made today will be the
groundwork towards discovering new
physics tomorrow!!
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Snowmass Process

Snowmass Process: *
APS Division of Particles and Fields Energy
Particle Physics Community Planning Exercise
Snowmass 2013 Rare

P5 (Particle P.hys,llcsf Project Prioritization Pan.el) Processes
Takes the scientific input and develop a Strategic .- .
plan for the US - executed over 10 year timescale in + Precision
the context of a “20-year vision for the field Cosmlc

Theory

Neutrino

Final Products:

Snowmass report Under-

Higgs/Higgs BSM working groups ground

- Outline the Big Questions Facilities

- Create Summary plots Instrumen-

tation

Timeline: Accelerator
(More on next slide)
Higgs, Higgs BSM working group meetings
Wednesday 12-2pm Indico

Computa-

Community _
tional

Engagement

Pause due to Covid Pandemic
January 2021 - September 2021

Snowmass Summer Study - July 2022 UW Seattle FrO ntiers
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https://snowmass21.org/start
https://www.slac.stanford.edu/econf/C1307292/
https://indico.fnal.gov/category/1100/

Summary

* The next 5-40 years will be an exciting

time in Collider Physics!
* Snowmass process is marching on

- Finalize studies and make
worthwhile comparisons

- Advocate to our scientific
colleagues

- Advocate to the public, our
funding agencies and governments

* Our goal should be to create a
comprehensive international program
that welcomes all with know-how and
interest

 Come join the effort!!
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Snowmass Timeline

1/21-6/21 6/30/21 7/12/21  8/30/21  9/24/21 3/15/22  5/31/22 6/30/22 7/22 9/30/22 10/31/22

Activity Restart of DPF Snowmass Deadline Prelim. TG Prelim. Community Final Snowmass

Slowdown Activities Meeting + day Contributed  Raports Frontier Summer Reports Book & ArXiv
Snowmass Paper Reports Study docs
Townhall Submission (UW-Seattle)

o Sept. 24, 2021: Snowmass Day, https://indico.fnal.qov/event/50538/
O Plenary session 12:00-2:00pm (eastern time) with short talks from all frontiers

O EF parallel session 2:30pm-5:00pm (eastern time) with highlights by topical group
o Early Career (EC) will be chosen as speakers: they will provide their own perspective and highlight EC studies
e Winter 2021-2022: few one-day virtual EF workshops by topic (SM, Higgs, BSM, Colliders,...)

o Check progress towards March deadline for contributed papers
o Discuss overlap with other frontiers

e Spring 2022: EF workshop to review contributed papers
o Focus on main themes and messages by contributed papers, towards May deadline for TG reports.
o Converge on summary plots and other contributions involving multiple TGs or multiple frontiers

e March-July 2022: circulations of preliminary TG and EF reports, then public readings

Covid-19 has slowed this process down...

40



Snowmass Timeline

1/21-6/21 6/30/21 7/12/21  8/30/21  9/24/21 3/15/22  5/31/22 6/30/22 7/22 9/30/22 10/31/22

Activity Restart of DPF Snowmass Deadline Prelim. TG Prelim. Community Final Snowmass

Slowdown Activities Meeting + day Contributed  Raports Frontier Summer Reports Book & ArXiv
Snowmass Paper Reports Study docs
Townhall Submission (UW-Seattle)

o Sept. 24, 2021: Snowmass Day, https://indico.fnal.qov/event/50538/
O Plenary session 12:00-2:00pm (eastern time) with short talks from all frontiers

O EF parallel session 2:30pm-5:00pm (eastern time) with highlights by topical group
o Early Career (EC) will be chosen as speakers: they will provide their own perspective and highlight EC studies

e Winter 2021-2022: few one-day virtual EF workshops by topic (SM, Higgs, BSM, Colliders,...)

o Check progress towards March deadline for contributed papers
o Discuss overlap with other frontiers

e Spring 2022: EF workshop to review contributed papers
o Focus on main themes and messages by contributed papers, towards May deadline for TG reports.
o Converge on summary plots and other contributions involving multiple TGs or multiple frontiers

e March-July 2022: circulations of preliminary TG and EF reports, then public readings

Covid-19 has slowed this process down...
but now we record nearly everythingl



Snowmass Parameters

Snowmass 2021 Energy Frontier Collider Study Scenarios

Snowmass 2021 Energy Frontier Collider Study Scenarios

>

Common working points to evaluate collider scenarios discussed with Theory,

Energy and Accelerator Frontiers

Collider Type V'S P I:I Lins
e Je’ ab™!

HL-LHC pp 14 TeV | 6

ILC oo 250 GeV | 280/ 4+ 30 2
350 GeV | £80/ 30| 0.2

900 GeV | £80/ 4 30 |

1 TeV | 280/ + 2 8

CLIC 0o 380 GeV +580/0 1
1.5 TeV +30/0 2.9

3.0 TeV +80/0 5

CEPC e M2 | 16
2Mw 2.0

240 GeV 2.0
[ FOCe0 ¢ M2 | 1)
2Mu 10

240 GeV 5

2 .\l{,,’. 1.-")

[ Collider Type| s P% | L

e Je’ ab "

FCC-hh pp 100 TeV | 30
LHeC ep 1.3 TeV |
FCC-eh ep 3.5 TeV 2

muon-collider (higgs) Jipt 125 GeV | 0.02
High energy muon-collider pupu 3TeV | 1
10 TeV 10

14 TeV 20

30 TeV | 90

Note for muoncollider: It s importast to note that the plam is ot 1o ran mebwequently at

the various c.om ete. These are reference points to explore and assess the physics potential and
technology. The luminosity can be vanied to determine how best to exploit the physios potential

Other options to explore:

o  Muon collider at a very high energy ( >30 TeV?)[Need to
consolidate growing list of c.0.m. energies]

o FCC pp >200 TeV? and ~75 TeV documenting sensitivity loss

o  Very high energy e+e- collider

o Other emerging ideas:, e.g. y-y collider, and the C3 e*e" collider
[C3=Cool Copper Collider]




Looking Forward
ﬂlﬂ..ﬁllllmIlllﬂllllﬂllllﬂll

240 GeV

250 GeV 500 GeV & 350 GeV

o pmmigwroce  owpepndwn

SPPC
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