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Outline
- The Energy Frontier

- The Current Landscape
- Proposed Future Colliders and the Physics Landscape

- Vision of the Energy Frontier
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“Standard Model” of Particles and Forces
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~14 orders of magnitude!




Energy Frontier: explore the TeV energy scale and beyond
Through the breadth and multitude of collider physics signatures
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Addressing the “Big Questions”

and “Exploring the unknown” are

the main scientific goals of the EF

to be pursued following

Two main avenues

W/Z mass Flavor physics pdf
W/Z couplings Strong
Interaction
Properties

Multibosons EW
Gauge
A \ Axion-like particles
i " Bosons Evolution of early Universe
iggs couplings .
Matter Antimatter Asymmetry
Higgs mass Nature Nature of Dark Matter Missing E/p
of Higgs Origin of Neutrino Mass
Higgs CP Origin of EW Scale Long lived particles
’ Origin of Flavor
Rare decays
Top SusY
Physics Heavy gauge bosons
Top mass
Leptoquarks
Top spin FCNC New scalars Heavy neutrinos

> Study known phenomena at high energies looking for indirect evidence of BSM

physics

o Need factories of Higgs bosons (and other SM particles) to probe the TeV scale via

precision measurements

=~ Search for direct evidence of BSM physics at the energy frontier
o Need to directly reach the multi-TeV scale




OUR MICROSCOPE:

THE LHC @ CERN
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Jred into 2808 bunches

The protﬂn_ .li(‘é
Each banch co¥ F10™! protons
circles it aroun iy 11245 times per second

™
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Happy 30" Birthday
ATLAS and CMS

- On 1 October 1992, the two collaborations
each submitted a letter of intent (LOI) for the
construction of a detector to be installed at
the proposed LHC.

{Happy ()

- These LOls, each around one hundred L O
pages long, are considered the birth 'V'JFHC‘OYT !
certificates of the experiments. CMS ‘
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THE CURRENT ENERGY FRONTIER
PHYSICS LANDSCAPE




Overview of CMS cross section results

CMS preliminary 18 pb! - 138 fb~! (7,8,13,13.6 TeV)
L] w 7TV JHEP10(2011) 132 ' 36 pbt
w 8Tv  PRL1I2 (2014) 191802 [ 18pb !
al rwa W ectrowea N e taenonis Boa
z 7Tev JHEP 10 (2011) 132 s 0lz)=29e+07fb 36 pb!
L z 8Tev  PRL112 (2014191802 & ol2) = 3404071 W/Z 18 pb?
z 13TV SMP15-011 ' ol2) =5.6e+07 2fbt
wy 7Tev PRD 89 (2014) 092005 . - olWy) = 3.4e+05 fb 5fb!
wy 13TeV  PRL 126 252002 (2021) d I - B O S o n - oWy =14e+05 b 137 b
2y 7Tev PRD 89 (2014) 092005 = 0(Zy) = 1.6e+05 fb 5fb1
7 8TV JHEP 04 (2015) 164 ®  o(Zy) = L9e+051b 20 b1
ww 7TV EPIC 73 (2013) 2610 W0 o(WW) = 52e+04 fb 5fb1
ww 8Tev EPIC 76 (2016) 401 o(wWW) = 6e+04 fo 19 fb=1
w 13TeV PRD 102 092001 (2020) B oW = 126405 36 fb 1
wz 7Tev EPIC 77 (2017) 236 i 0(W2) = 2e+04 b 5fb1
[ ] [ ] wz 8Tev EPIC 77 (2017) 236 @ o(wz) = 2.4e+04 b 20 fb~t
wz 137eV  Submitted to JHEP ¥ oWzZ)=51e+04 0 137 fb!
2z 7TV JHEPOI (2013) 063 204030 5fb1
z 8Tev PLB 740 (2015) 250 20 fb=?
z 13TV EPIC81(2021) 200 i olz2)=17e+04 137 fbt
wv 13TeV  PRL 125151802 (2020) 137 fb~!
www 13TeV  PRL 125151802 (2020) H . 137 fb~!
me  ooommsmo | tri-BOSON ‘ 17
£ wzz 13TeV  PRL 125151802 (2020) v 0(WZZ) = 26402 fb 137 fb~!
H zz 13TV PRL125 151802 (2020) i . 0(z22) < 2¢+02 b 137 bt
@ wvy 8TV PRD 90 032008 (2014) i — o(WVy) < 3.1e+02 fb 19 fb~1
B wyy 8Tev  JHEP 10 (2017) 072 - otwyy) = 4.9 fb 19 fb~1
Wyy 13TeV  JHEP 10 (2021) 174 ' " olwyy) 19 fb~!
vy BTeV JHEP 10 (2017) 072 - olzyy) =13fb 191
v 13TeV  JHEP10(2021) 174 = oZy=s54fb 19 fb~?
VBFW  BTev  JHEP11(2016) 147 il OVBFW) = 42040210 19p 1
VBF W 13TeV  EPIC 80 (2020) 43 H*  O(VBF W) = 62e+03 b 36 fbt
VBFZ 7TV JHEP10(013) 101 V B F V B S e oVEFZ) = 15e+02 b 5!
VBFZ  BTev  EPJC75(2015)66 a n wll=  oVBF2) = 17040210 20 b1
VBFZ 13TeV  EPJC 78 (2018) 589 W o(VEFZ) 36 bt
EWWV  13Tev  Submitted to PLB = o(EWWV) = 1.9e403 fb 138 fb~1
ex.yyoWWSTEY  JHEP 08 (2016) 119 S clex yyoWW) =221 20 b1
EWqqWy 8 Tev JHEP 06 (2017) 106 s o(EW qqWy) = 11fb 20 bt
EWqqWy 13TeV  SMP-21-011 - o(EW qqWy) =19 138 b1
EWosWW 13Tev  Submitted to PLE G(EW os WW) = 10 fb 138 fb 1
EWssWW 8Tev  PRL114051601 (2015) I oW ssWW) = 4 b 19 fb!
EWssWW 13Tev  PRL120 081801 (2018) -4l olEWsswWW) = afb 137 fbt
. EWqqzy 8Tev  PLB 770 (2017) 380 wEI  oEWaqazy) = 19 207b1
° r I n EWqeZy 13TeV  PRD 104072001 (2021) 77 il o(EWaazy) =52 137 ot
EWqaWz 13Tev  PLB 809 (2020) 135710 q — oEWqqw2 = 18 137 fb!
EWqqzz 13Tev  PLB 812 (2020) 135992 o(EW qqz2) = 0.33 1 137 bt
13 7Tev JHEP 08 (2016) 029 & oft) = 17e+05 fb 5fb1
measurements o s e KRR
(3 13TeV  Accepted by PRD ® ot = 7.9e+05 b 137 fb=!
. . '3 13.6TeV  TOP-22-012 #§ o) =89e+05m 1fbt
teean 7TV JHEP12(2012) 035 2fbt
bosons, di-/tri-bosons
) b oy 13TV PLB72(2017) 752 Ml olt_o) = 23405 b 2fbt
w 7 Tev. PRL 110 (2013) 022003 X 5fb1
w 8Tev  PRL1IZ (2014) 231602 20 b1
VB F VB S to an d W b el o= 63040015 St
3 y [ 8Tev JHEP 09 (2016) 027 - olts—c) = 130404 b 20 bt
tty 8Tev JHEP 10 (2017) 006 20fbt
. . tty 13TeV  Submitted to JHEP 138 fbt
H r n Zq 8Tev JHEP 07 (2017) 003 20 bt
I u I zq 137eV  Submitted to JHEP 138 fbt
z 7TV PRL 110 (2013) 172002 5fb=t
wz 8Tev JHEP 01 (2016) 096 20 bt
wz 13TeV  JHEP 03 (2020) 056 = otz = 9504020 78 b1
° 8 ty 13TeV  PRL121 221802 (2018) wnlllls  olty) = L1e+03fb 36 fbt
. ww 8TV JHEP 01(2016) 096 8e+02 b 20fb1
W 13TV ToP2L011 o p — olttW) = 8764021 138 bt
ttt 13TeV  EPIC80(2020) 75 | ECUESEL 137 fb
ggH 7Tev EPIC 75 (2015) 212 = olggH) = 1.6e+04 fb 5fb 1
agH 8Tev EPIC 75 (2015) 212 WS- olggH) = 1.5e+04 o 20 fb~t
ggH 13TeV  Nature 607 60-68 (2022) B olggH) = 47e+04 fbo 139fb !
VBFqqH  7Tev  EPIC75(2015) 212 I o(vEF qqH) = 226403 b 5fbt
VBFqgH 8 Tev EPIC 75 (2015) 212 S o(veF agH) = 1.6e+03 fb 20 b7t
VBFqgH 13TeV  Nature 607 60-68 (2022) W olVBF qaH) = 3e+03 fo 138 fb!
wH 8TV ERICT5 (2015) 212 SN o) = L1e+03 b 20 b1
WH 13TeV  Nature 607 60-68 (2022) oW = 2e+03 70 138 fb~1
H 13TeV  Nature 607 60-68 (2022) =Ml o(zH = 11e+037b 138 fb~1
w 8Tev  EPIC75(2015) 212 H - B o) = 42er02fb 20 fb?
tH 13TeV  Nature 607 60-68 (2022) I g g S W= o(ttH) = 4.8e+02 b 138 fb!
w 13TeV  Nature 607 60-68 (2022) altH) = 5.4e+02 b 138 fb~!
HH 13TeV Nature 607 60-68 (2022) o(HH) < L1e+02 fo 138 bt

1.0e+05 1.0e+07

Measured cross sections and exclus 1 .0E'01 [fb] Inner colored bars. stati‘sol\ec‘:lox}ncertam(y, outer narrow bars ¢ 1 OE03 [fb] o Ifb] 1 OEOg [fb] 2

See here for all cross section summ Light colored bars: 7 TeV, Medium: 8 TeV, Dark: 13 TeV, Dark adiction
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Consistency of SM: a success story

Higgs, W boson mass and top quark mass

- 68% and 95% CL contours biif m, comb. + 1o
B | my = 172.47 GeV
80.5 — I Fitw/o M,, and m measurements ] -- o =0.46Gev P
L Fit w/o M,,, m and M, measurements il — o =046 ®0.50,, ., G6V
- Direct M,,, and m measurements :: ’
80.45 — 'Ll 777777777777777777777777777
C S A
80.4 — i
~ M, comb.* 1o /"
80.35 [~ Mx =80.379+ 0.013 GeV b -~ g
- o
80.3 - i
: e\x ]
[ 5 7 £
80.25 - o | €] fitter|<u|?
B ’I’ . 1 1 1 1 1 1 1 }" 1 1 1 L’Ill : : 1 1 1 I 1 1
140 150 160 170 180 190

[GeV]



Understanding the Higgs Boson

- Happy 10t Anniversary Higgs Boson!

July 2012

Credit: Abigail Malate for Physics Today
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Understanding the Higgs boson

CMS 138 fo (13 TeV)
> 1 —_Ill T T T L lll T T T LU T T T TTT II| ‘
Very precise predictions in the SM S |§ : mH=125;85CjeV wZ.*
. . . r p. = 5% .'.
Couplings to fermions proportional to mass @ [

Couplings to gauge bosons proportional to (mass)?
Higgs self-couplings proportional to M2
b

cms
Run 1:5.1 b (7 TeV) + 19.7 " (8 T 1072 Q
24;’1“5; '351911,"((13:,:/; .7 f7(8 TeV) == Total E]Stat. Only s "‘ Leptons and neutrinos Quarks
- Ooo |
Run 1 Hosyy —_— 124.70 £ 0.34 ( + 0.31) GeV I
. 10°%F w7 v Qa5 | v B
Run 1 H— 2Z— 4l ——— 12559 +0.46 ( +0.42) GeV EY ;
[ ‘,9" Force carriers Higgs boson ]
Run 1 Combined —_— 125.07 + 0.28 ( + 0.26) GeV r E G
2016 H—syy W= 125.78+0.26 ( +0.18) GeV 1074, .
= 1.4 T T T T I ]
2016 H 22— 4| 125.26 + 0.21 ( + 0.19) GeV @ 4of o E
e} N .’ ;
2016 Combined - 125.46 + 0.16 ( + 0.13) GeV "5 1.0 ;... ........................ ¥..{; .................... 1_00;—---ﬂ--...§...—;
————————————————————— = 0.8F 095t 5
Run1‘2°1e 125.%10.14(10'11)Gev m 0.6:II| 1 1 1 1 11 Illl 1 1 1 11 III| 1 1 1 11 III|2 1 :
lllllllllllllllllllllLI‘llLI‘llllllIllll 1_ 1 1 1
122 123 124 125 126 127 128 129 0 O 0
m,, (GeV) Particle mass (GeV)
Higgs Boson Mass (GeV)
s The LHC is a Higgs Factory: measurement of Higgs properties continue...
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Higgs Couplings and New Physics

- New particles lead to deviations in Higgs couplings

Generic effects scale with
‘N¢w 1/m? of new particles
--- --- <H>
/ % Typically: Target precision
New stuff for Higgs couplings < 5%

- As limits on new particles or energy scale of new physics increase, the target
measurement precision decreases

- Progress requires 2-prong approach:
- Search for new Higgs bosons and measure Higgs couplings

o . 11/15/2022 Postcards from the Future: BIGQ@EF



Is light Higgs a problem?

- compute the Higgs boson mass in the standard model

H ¢ W,z
M2Z = M2_+ ""*"'};')J“('if?”)J’(ﬁi}é‘)

2
M H =nnn, nnn, nnn, nnn, nnn, nnn, nnn, nnn, nnn, nnn, n60,000

— nnn, nnn, nhn, nnn, nnn, nnn, hnn, nnh, nnn, nnn, n44,375

- or graphically
1 M

physical
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Naturalness
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What is the solution? new
- there has to be new physics particles!

- or graphically

Mghysical 5
9 - M2 Mtree
H
my — -'

0

- the new particles must be related by some symmetry to the top quarks so that they
cancel the top quark contribution

11/15/2022 Postcards from the Future: BIGQ@EF



Supersymmetry

every known particle has a partner with the same properties but different spin by 1/2

o . 11/15/2022 Postcards from the Future: BIGQ@EF



Solution: New Physics ?  e.g. Supersymmetry

every known particle has a partner with the same properties but different spin by 1/2

if m(stop)=m(top) both contributions fermion and boson

would have about the | |00|0.S ha.ve
same magnitude opposite signs!

11/15/2022 Postcards from the Future: BIGQ@EF




BSM Physics Big Questions

Big
- Plethora of models Ideas

SUSY

e Compositeness,
¢ Pred |Ct Extra dimensions

. . Extended
NeW heavy partICIeS Higgs Sector

- Some with large lifetimes 1,

Partner

- New signatures
Wiz’

Minimal
Dark Matter

Hidden
Sector

Multiverse

11/15/2022




Warning: not a complete list

Current Status of BSM Searches:

- Probe new particles with
mass ~ few TeV

- Leaving no stone unturned
in the search.

- Going from traditional
searches to exploiting new
techniques.

- Is BSM hiding in difficult
corners of the phase-
space?

i
H
k

String resonance
2y resonance

Higgs y resonance

Color Octect Scalar, K = 112

Scalar Diguark

tE+9, pseudoscalar (scalar), g, x BR($=2() > = 0.03(0.004)
-+, pseudoscalar (scalar), g, x BR$-21) > =0.03(0.04)

quark compositeness (qd). Muma = 1
Quark compositeness (1), Mun
quark compositeness (qd), Muma
Quark compositeness (1), Mun
Excited Lepton Contact Interaction
Excited Lepton Contact Interaction

(axial-)vector mediator (xX), 03 = 0.25, o = 1, my =1 GeV
(axial-vector mediator (qd), g = 0.25,gon = 1.m = 1 GeV.
scalar mediator (+1/t), 9y =1, Gou =1,m, =1 GeV
pseudoscalar mediator (+0/t0), @y = 1, gon = 1.7y =
Scalar mediator (fermion portal), A, = 1,m, = 1 GeV
complex sc. med. (dark QCD), m, =5 GeV, €Ty, =25 mm

Baryonic Z, g = 0.25, dow = 1, m; = 1 GeV

2= 2HOM, 97 = 0.8, gon = 1. tanf = 1,y = 100 GeV

Vector resonance, dq = 0.25,do 16ev

Leptoquark mediator, § =1, 11,800 < Mg < 1500 GeV.

16Gev

RPV stop to 4 quarks
RPV squark to 4 quarks
RPV gluine to 4 quarks

RPV gluinos to 3 quarks

ADD (j) HLZ. e =3
ADD (yy. 1) HLZ, ne = 3
ADD Gy emission, n =2
ADD QBH (j). ey
ADD QBH (ej). nep = 6

RS Gualyy), ki = 0.1

RS OBH (). neo =1

RS QBH (eu). neo =1

non-rotating BH, My = & TeV, neo = 6
SpIitUED, 24 Tev

RS Gexlqd.99). ki =0.1

excited lght quark (ay), fs = =1 =1, A=m;
excited b quark, fs = f=F =1, A=y
excited light quark (gg), A=m;

excited electron, fy= =1 =1,A=m;
excited muon, fs La=m]

VMM, [Venl? = 18, Vil =18
VMM, [VerV A Venl? + [Vonf?) = 1.0

Typelll seesaw heavy fermions, Flavor-democratic
Vector ke taus, Doublet

scalar LO (pai prod.), couping to 1¢ gen. fermions, 8 =1
scalar L0 (pai prod.). coupling to 1 gen. fermions, 5= 0.5
scalar LO (pai prod., coupling to 2° gen. fermions,
scalar LQ (pair proc., coupling to 2° gen. fermions, 8 =1
scalar LO (pai pro.), coupling to 2° gen. fermions, 8= 0.5
Scalar L (pair prod.), coupling to 3° gen. fermions, =1

scalar LO (single prod.), coup. to 39 gen. ferm. f=1,A=1

2o, narrow resonance
2o, narrow resonance

mz
SsM Z(ad)
Z(aa)
Superstring Z,
LFV Z, BR{ey) = 10%
Leptophobic 2
SSM W'(tv)
SSM W(mv)
SSM Wiad)
LRSM WaltNy), My, = 0.5y,
LRSM Wa(Th). My, = 0.5My,
Axigluon, Coloron, cot6 = 1

Selection of observed exclusion i

Tzzz z=zszzszszzzz

zzzzzzzzz

=

sz zzzzz

zTzzszsz

srszzzszzzzzzx

at 95% C.L. (theory uncertainties are not included).

Overview of CMS EXO results
CMS preliminary

36-140 fb~* (8,13 TeV)

DS 191212238 1604.08907 ()
PO 035 17120516 et 1 2e+ 12+ 1)
1

B DS T 1912,12238; 1604.00907 (2)
1911.04968 (31, = 48)
1911.04968 (31, =41

137 b2

36 b2
36 b
36 b2
36 b
7

S A o ey
DO o2 191212228 160400907 (2)

190101553 (0, 14+ 2 31+ EF)
190101553 (0,14 + 2 3] + EF )

1712.02345 (= 1) + EF™)

1908.01713 (h + EF)
[ 03s=07 191103761 (23)
O3S0 161110151 (s 1+ EF)

0080521 1808.03124 (255 4))
1806.01058 (2))
1806.01058 (2))

N
I 191010092 (6)

1803,0803 (2j)
1812.10443 (2y, 20)
1712.02345 (= 1j + E7)
1803.0803 (2j)
1802.01122 (ep)
1809.00327 (2y)
1803,0803 (2))
1802.01122 (ew)
1805.06013 (= 7)(1, v))
P A8 160301133 U+ )
OS2 1912.12238; 1604.08907 (2)

171104652 (y +j)
ISR 171104652 (v +)
1912.12238; 1604.08907 (2j)

025 =319 1811.03052 (v + 2€)
R iz =318 1811.03052 (y + 21)

<12 1802.02965 (3(k, &)
0.02-16 180610805 (21, =1j)
<088 191104968 (3¢, = 40

012-079  1305.10853 (31, 241, 2¢, = 1)

<148
<127

181101107 (2¢ +2i)
181101107 (20 + 2 @ + 2 + 7).
1808.05082 (21 + 2j)

5 181110151 (1u+ 1)+ E7)
<125 180305082 (2u+ 2+ 2+ E7)
<102 181100806 (27+2})

<074 1806.03472 (21 +b)

191204776 (2w
191204776 (2p)
[EX0-19-019 (2e, 2u)
05e28 191212236, 160408507 (2])
1905.10331 (1j, 1y}
EX0-19-019 (2e, 21)
180201122 (ep)

1909.04114 (2J)
045210 180311133 £+ EF)
PO oA o0 e
0SS5 1912,12238; 160408307 (2)
1803.11116 (2 + 2))
1811.00806 (27 + 2j)
DS S 1912.12236; 1604.08507 (2)

01 1.0 10.0

10 TeV

mass scale [TeV]

0.1 TeV
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Current Status of BSM

- SUperSYmmetry

- Leaving no stone unturned

in the search.

- Going from traditional
searches to exploiting new
techniques.

- Is BSM hiding in difficult
corners of the phase-
space?

11/15/2022

Warning: not a complete list

ATLAS SUSY Searches* - 95% CL Lower Limits

Searches (SUperSYmmetry):

ATLAS Preliminary

March 2022 Vs=13TeV
Model Signature  [£dt (™ Mass limit Reference
. qat) Oe,p 26jets L= 139 1.85 m(T)<400 GeV 2010.14293
2 monojet  1-3jets EP™ 139 | g [8x Degen] 09 ()-m(¥1)=5 GeV 210210874
S @ oah Oep  26jets 3™ 139 | & 23 Gev 2010.14293
= z Forbidden 1.15-1.95 000GeV 2010.14293
&Sz zogawi? Tep — 26jets 139 | & 22 m(})<600 GeV 2101.01629
o & qu(i[)ﬁ) ee, pupt 2jets i 139 ' 22 m(¥})<700 GeV CERN-EP-2022-014
B 3z, zoqqWZh Oep  7-1jets EPS 139 | & 1.97 m(iY) <600 GeV 2008.06032
.g SSe.u 6jets 139 |z 115 m(z)-m(})=200 GeV 1909.08457
£ 5 goatl O-1ep 3b Eps 798 | % 225 m(P)<200 GeV ATLAS-CONF-2018-041
SSeu  6jets 139 | & 125 m(z)}-m(¥1)=300 GeV 1909.08457
biby Oep 2b Eps 139 | By 1.255 mo?"zauo GeV 2101.12527
by 0.68 10 GeV<Am(h; ¥1)<20 GeV 2101.12527
= Oep 6b Ep™ 139 |'by Forbidden 0.23-1.35 1908.03122
% S 27 2b 189 | b 0.13-0.85 2103.08189
g S Oleu >ljt EFS 139 |@ 125 2004.14060,2012.03799
e § tep  Bjets/th EP™ 139 | & Forbidden ' 0.65 2012.03799
S g i, h—=Tiby, 1 —1G 127 2jetsft b EP™ 139 o Forbidden 14 2108.07665
2 L Ad, hodt) /o, ekl Oept 2c B 561 e 0.85 1805.01649
Belist Oepu mono-jet EP 139 | @ 0.55 210210874
iy, -89, V- Z/hi) 12ep -4b  EP 139 |h 0.067-1.18 m(i)=500 GeV 2006.05880
by, i +7 3ep 1b EPS 139 | & Forbidden 0.86 m(¥})=360 GeV, m(7; }-m(¥})= 40 GeV 2006.05880
T viawz Multiple ¢/jets . 139 i’/i; 0.96 m(E?)=0, wino-bino 2106.01676, 2108.07586
ee. > 1jet 139 Pt 0.205 m(ET)-m(¥})=5 GeV, wino-bino 1911.12606
T via ww 2ep 139 |¥ 0.42 m(E)=0, wino-bino 1908.08215
XY viawh Multiple ¢/jets 139 | X%y  Forbidden 1.06 m(¥)=70 GeV, wino-bino 2004.10894,2108.07586
= g XX vialo/v 2en 139 |4 1.0 m(Z,7)=0.5(m(E})+m(E})) 1908.08215
W ol 2r 139 |7 [ 7R, N06:0:8] 0.12-0.39 e 1911.06660
= frlLR, oty 2epn Ojets 139 |7 0.7 1908.08215
ee, > 1jet 139 |7 0.256 1911.12606
AR, A~hG[7G Oep >3b 361 | & 0.13-0.23 0.20-0.88 1806.04030
dep Ojets  E; 139 i 0.55 2103.11684
Oepu  =>2large jets Eﬁ““ 139 | & 0.45-0.93 2108.07586
Direct ¥7] prod., long-lived ¥} Disapp. trk  1jet  EPS 139 |} 0.66 Pure Wino 2201.02472
X 0.21 Pure higgsino 2201.02472
0
§ % Stable g R-hadron pixel dE/dx EP™S 139 & 205 CERN-EP-2022-029
SE Metastable 7 R-hadron, F-qqt) pixel dE/dx Ep™ 139 | & [(3)=10ns] 22 m(7})=100 GeV CERN-EP-2022-029
§ 8 @&~ Displ. lep Ems q39 |en 0.7 7 2011.07812
= @ 0.34 2011.07812
pixel dE/dx EP™ 139 |7 0.36 w(h)=10ns CERN-EP-2022-029
TV IV X ze—tee Bepn 139 Pure Wino 2011.10543
T IS - wwyzecetvy dep Ojets  Ep™ 139 1.55 m(P})=200 GeV 2103.11684
22, 3—aq%, X > qqq 4-5 large jets 36.1 19 Large 1}, 1804.03568
S ), B o bs Multiple 36.1 m(i})=200 GeV, bino-like ATLAS-CONF-2018-003
& iT, ib¥T, X7 — bbs >4b 139 Forbidden m(¥%)=500 GeV 2010.01015
fif1, hi—obs 2jets+2b 36.7 1710.07171
fifi, =gt 2ep 2b 36.1 0.4-1.45 BR(f) —be/by)>20% 1710.05544
1u DV 136 16 BR(7—44)=100%, cosf=1 2003.11956
T U, 39 ,tbs, X{ —bbs 12eu  6jets 139 |8 0.2-0.32 Pure higgsino 2106.09609
" s s PR | N L s PR
e 3 i imi -1
Only a selection of the available mass limits on new states or 10 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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Continuing with Run 3 of LHC

- The Run 3 data taking phase started in July 2022.

- the LHC surpassed the previous energy limits of experimental particle physics, breaking its own record by achieving stable proton-proton

collisions at a center-of-mass energy of Vs = 13.6 TeV .
top quark production
L I B B L B

T rr
Most precise CMS measurements at each energy CMS Preliminary Sep 2022
v 5TeV

7TeV

8TeV

13 TeV

® 13.6 TeV (this result)

- An opportunity to expand the physics program.

e O m

10°

900
102
800

Inclusive tf cross section [pb]

700

10

- State-of-the-art theoretical prediction 3
PRI T SN AR NSNT S NN AN NSNS SN S NS S S

|
2 4 6 8 10 12 14

Postcards from the Future: BIGQ@EF



What has the LHC taught us?

Higgs mechanism

Postcards from the Future: BIGQ@EF



What has the LHC taught us?

Higgs mechanism

*: Science Friday, 2016, pri.org
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DPF Community Planning Exercise - aka Snowmass

e The charge of the Snowmass Process:
“define the most important questions in the field of particle physics and
identify promising opportunities to address them.”

e Timescale:
Planning for 2025-2035 with a view toward 2050

e Sponsored by Division of Particles and Fields of the APS

e Discussions and studies started in 2020
- = Great time to propose new ideas, new perspectives, new tools.
- The future of the Energy Frontier in the U.S and internationally is up to us!

- Sharp physics questions brought focus to issues pertaining to EF future
directions

- Snowmass provides a platform to think BIG, innovate and set new
_directions without barriers and constraints set by our collaborations.
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The Snowmass Frontiers

Energy Frontier Co-convenors: Meenakshi Narain (Brown), Laura Reina (FSU), Alessandro Tricoli (BNL)
Ten Topical Group (TGs) Conveners.

Energy

Accelerator Cosmic
f \ ~
stev(emG"o:;day Tor Ra(usl‘)iz?elmer Vladi(szAS:)ilisev A:Fr::“(‘:l::;] Mam(e::‘eMs:::::Z:;‘s)a“‘cs (J‘é’::::e’
Community Engagement Computing
Meenakshi Narain Laura Reina Alessandro Tricoli ] . -
(Brown U) (FSV) (BNL) \}
- W
Kétévi Assamagan 5teven Gottlieb Ben Nachman Daniel Elvira
5 . % s (Indiana U.) (LBNL) (FNAL)
Neutrino Rare Processes & Precision Measurements Instrumentation
= ' I |
ﬁ ﬂ “ 2 , 9 ‘
IPatrick Huberl Kate.: holberg lizabeth ) zrinaArtuo = ; J
Virginia Tech Duke University BNL (Syracuse U, e oo/ Phil Barbeau Petra Merkel Jinlong Zhang
[ayns (FNAL)
B = ¢ (Duke) (FNAL) (ANL)
The Underground Facilities and Infrastructure

2 [ 1 &

LD Nathaniel Craig Csaba ki Aida El-Khadra z E 2
5:11,_“_ provey (Cornell) g Laura Baudis (U. Zurich) Jeter Hall (SNOLAB) Kevin Lesko (LBNL) John Orrell (PNNL)
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The search for a new paradigm beyond the SM

How can we address the puzzles of Nature to an extent that either new physics will appear or a new
paradigm of thinking about the naturalness problem can emerge?

What is the additional source of CP violation needed to explain the matter-antimatter asymmetry in our
universe? How can we address its origin via future colliders?

Can the underlying explanation of the flavor structure of the SM be probed with existing or future machines?

Best techniques to search for lepton universality violation? What do we learn from high energy searches?

What is the fundamental composition of Dark Matter, what are the best ways to probe the composition of DM

and whether it interacts weakly?

Cracks in the SM
paradigm:

Evidence of Lepton
Flavor Universality
violation at 3.10 at
LHCb

11/15/2022

BaBar .
0.1 < ¢*><8.12GeV*/c*
[PRD86032012]

Belle .
1.0< ¢?<6.0GeV7/c*
[JHEP03(2021)105]

y

-+

FNAL g-2 +———@—

N

)

LI
1.1 <‘4
- ————
LHCb 9 fb’!
1.1<q*<60GeVY/ct Standard Model

g
[LHCb-PAPER-2021-004]

14

+——+

Experiment
Average

L 175 180 185

1.5
Ry
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How to get the experimental answers?

- There are two distinct and complementary strategies for gaining new
understanding of matter, space and time at future particle accelerators

- HIGH ENERGY

- direct discovery of new phenomena i.e. accelerators operating at the energy scale of the new
particle

- HIGH PRECISION

- Access to new physics at high energies through the precision measurement of phenomena at
lower scales

- Lepton and hadron colliders at high energy provide powerful and complementary
tools to explore TeV-scale physics

“If you mix both types of collider together, you'll bake yourself the potential
to reveal particles and processes never before seen.”

L& https://www.symmetrymagazine.org/article/may-2013/cherries-in-the-bean-cake?language=es https://physicstoday.scitation.org/doi/10.1063/1.1349610
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Colliders at the Energy Frontier

:: Comparison of Colliders
| iattheRaesylromteng” e e*e” Linear Colliders
B il &°¢°° B g e*e” Storage Rings
2 vl pp Colliders
g Tevatron » .°
g < HERA
g * % LEP2 .&«%
o (U = Spps, .+ o LEP,SLC
g : ¥ ",-’Tl'istan B g
; Gim i
o] e rrGEm ke o SuperkEKB Measurements from
Y colliders have helped
e ro— develop the Standard
1 F ¢ ACO .
E Model and provided
| SRR checks of its consistency.
-1
@ 9 1960 19170 19180 19190 20100 20110 20120 20130 20140.. e
Nick Walker Year of First Physics
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Colliders at the Energy Front

FCC-hh (20T magnets)
- —

A SppC

g Comparison of Colliders HE-LHC (20T magnetf)
P at the Energy Frontier -
£ S . LHCe
g 10°F & ’ w
3 : QF ILC 500
o) , ILC 250-350 5
§ Tevatron,».'"llr.|<.\ -—-u-.:('
E "V LER2
S 102t Spps, o LEP,SLC
g - *.-Tristan S
£ . PETRA &”
il
With the discovery of the Higgs, g e
the SM is complete and a plethora of
measurements verify its consistency.

Hence, in principle, the SM can predict all
measurements at future colliders | | 1
o 1960 1970 1980 1990 2000 2010 2020 2030 2040...

E"@ Eﬂ Year of First Physics

g @ 11/15/2022

“Facilities

" discussion

Future Collider

under

e*e” Linear Colliders
HE e*e” Storage Rings
HE pp Colliders



WHICH COLLIDERS? _

S
ot

Staw ‘\k\"-\
QO

o
10,
s

mEmE
Jqp,  11/15/2022




Colliders and Detectors for tomorrow

http://particle-clicker.web.cern.ch/particle-clicker/

Particle Clicker ¥ Achievements Last saved: 11:29:21 ~ About © GitHub Share ~
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The HL-LHC: exploring the TeV scale

- LHC is providing a wealth of new measurements. Entering the era of precision Higgs physics.

- The High

Luminosity upgrade of the LHC is a reality

- Ongoing construction
- Operation: 2029 to ~2040

- Large integrated luminosity allows access to higher
energy scales

—_
o
L

1073

11/15/2022
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CMS Phase-2 Projection 3000 fb™" (14 TeV, ee + )
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HL-LHC

F) CIVIL ENGINEERING “CRAB" CAVITIES
crab®

2 shafts near to ATLAS and CMS. cavios for sach of the ATLAS
and CMS experimens to tit the

beams before casions

© large mass reach => exploration?
» S/B ~ 10-19 (w/o trigger)
© S/B ~ 0.1 (w/ trigger)
© requires multiple detectors
(w/ optimized design)
» only pdf access to V¢
© = couplings to quarks and gluons

SUPERCONDUCTING LINKS
Electical transmission nes based on a COLLIMATORS

Circular

© higher luminosity
© several interaction points

© precise E-beam measurement
( O(0.1MeV) via resonant depolarization)

» /s limited by synchroton radiation

Which machines?

Leptons

© S/B ~ | = measurement?

o polarized beams
(handle to chose the dominant process)

o limited (direct) mass reach
o identifiable final states
o = EW couplings

Linear :
B et
o easier to upgrade in energy :

o easier to polarize beams

“ ” o Lss1
o“greener’” less power consumption

» large beamsthralung

" Lake Geneva

cLIC3TeV

ss:hitg;t:c of an s *energy ion per i ity is lower at circular colliders but the energy consumption per GeV is lower at linear - SPPC
- m
“ long tunnel : ‘ophe Grojean Feddure Measurements 9 ZIns?. Pascal, Dec. «
¥
LSS3
(IP2-pp)

LSS6
(Collimation)

3
|, CwilEngineering

DifferentOptions




Colliders for tomorrow (ca 2030 and beyond)

Higgs Factory proposals Multi-TeV Colliders
Collider ~ Type Vs P[%] Lint Start Date Collider ~ Type NG P%] Lint Start Date
e"/et | ab~" /IP | Const. | Physics .e”/e" | ab™'/IP | Const. | Physics
HL-LHC  pp 14 TeV 3 2027 HE-LHC pp 27 TeV 15
ILC & C°  ee 250 GeV | £80/ 430 2 2028 | 2038 FCC-hh  pp 100 TeV 30 2063 | 2074
350 GeV | £80/+30 | 0.2 [SppC~ pp | 75125 TeV | 1020 | [ 2055 |
500 GeV | £80/ £ 30 4 THeC o 13 Tev 1
1TeV 18022 8 FCC-ch 3.5 TeV 2
CLIC ee 380 GeV | £80/0 1 2041 2048
CEPC = My 50 5026 | 2035 CLIC ee 1.5TeV | £80/0 2.5 2052 | 2058
WMy 3 3.0 TeV +80/0 b)
240 GeV 10 p-collider  ppu 3 TeV 1 2038 2045
360 GeV 05 10 TeV 10
FCC-ee e Mz 75 2033 | 2048
2Myw 5
240 GeV 2.5
2 Miop 0.8
p-collider  pp 125 GeV 0.02
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Big Picture Questions

. Why is physics at the energy frontier important?

. How should the US be involved in near future and far future energy-frontier machines after HL-LHC?

. What could be the energy-frontier machines that follow the HL-LHC?

. How can the US continue to play a leadership role in energy-frontier experiments?

« How can the Snowmass process help develop a plan for the energy-frontier research and convince
the community about our priorities?

. Should we start entertaining the idea of a future collider in the US again? If so, what are our goals, the

benefits for the US and the international community, and how can we get there?
. eftc...

[/ [im]
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THE HIGGS, ELECTROWEAK, TOP
AND QCD SECTORS




Higgs Coupling and modifiers

Example H — yy : : In extensions of the SM,

In the SM, this process W this process could also

is described by diagram g .-- W proceed via this _
like this one: b other diagram:

H', H" : hypothetical particles
(part of extended Higgs sector)

- Expected deviations from SM predictions by various models predicted

to be between 1-10%.
- Singlet mixing, 2HDM, Decoupling MSSM, Composite, Top Partner..)

- 5% precision on couplings: sensitive to BSM scales O(1 TeV).
(sub-)1% precision — O(10 TeV)
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Higgs Coupling and modifiers

- Rate of a given process depends on several coupllngs
- Example

gg2>h>WW: ¢B «

proton
K&Ky
Ky

antiproton

- The ks multiply the SM couplings. k, is a function of k, and k,,.
- Ky multiplies the Higgs width and depends on all couplings

Currently x’s are typically measured to ~20%.

Expected deviations from SM predictions by various models
predicted to be between 1-10%.

Projections with 3000 fb™': 2-5% (except for Zy)

HL-LHC will improve measurement precision by a factor 2-3!

Sensitivity to BSM physics in
measurement of Higgs couplings
{s = 14 TeV, 3000 fb™' per experiment

| Total ATLAS and CMS

— Statistical HL-LHC Projection

—— Experimental

J— Theory Uncertainty [%]

12% 14% Tot Stat Exp Th

— 1.8 08 1.0 13
= | 1.7 08 07 13
= . 1.5 07 06 1.2
= 25 09 08 2.1
—— 3.4 09 11 31
— | a7 13 13 2z
= 1.9 09 08 15
= : 4.3 38 10 17
— - 198 72 1.7 64
0 0.02 0.04 0.06 008 01 0.12 0.14

Expected uncertainty
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Stress Testing the Higgs Sector

Eﬁrﬂ Frontier }gﬁs chéaj Lirdl Stages
Gauge Couplings
eFbenchmarks % 04 s Ye Yo Vi Je Ju Vo Tree ndwead with B3 M
temtic. A1 66 o0 66 ¢ ¢ ¢ ¢ (]
% ererszso IAIAT O ¢ ¢ ¢ ¢ & ¢ ¢ ¢ (1
 acw O0766 6066 ¢ ¢ & 6
g Focee2e0 (11 2 66 00 6 6 x ¢ ¢ ¢ []
i ewce 26660 66 x ¢ ¢ ¢

Order of Magnitude for Fractional Uncertainty *S 6(107%) ‘ 0(.01) ‘ o(.1) ’ o(1) D > 0(1) ?B Nods:-lul(.“ll.HC
eyon -

Sensitivity to new physics: higher precision probes higher scales
All first stage Higgs factories are very similar.

L=
s

[ [
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Stress Testing the Higgs Sector
Eneryy Jinilir Bl /ﬁfyrm/ Syy

Gauge Couplings

L Hi
Yu Ya Vs Ve Yo Ve Ve Yu Vi Tee o0 MHigos

EF benchmarks

LHC/HL-LHC D D D ‘ ‘ ’ D ‘

¢

A3
) o ¢ ¢ ¢ 0
E eers A ¢ 60 ¢ ¢ & & ¢ ¢ O
oo OO0 6660 66 ¢ ¢ ¢ ¢ 7
§§ FcCeecEPC [ [} 2 @ & ¢ ¢ ¢ 6 X & ¢ ¢
g ?‘5’ ucoider (A1 70 A €1 ¢ ¢ x ¢ ¢ ¢ O
TIE rochuseec P P 7 7 @ @ T @ & Kk Xk : ¢ O

Order of Magnitude for Fractional Uncertainty *S 6(107) ‘ 0(.01) ‘ o(.1) ‘ o(1) D >o0Q1) ¢ B ey:::ds:-:f- yLHC

Linear colliders beginning to demonstrate advantages especially in the Higgs self coupling compared
s to circular e+e- colliders, whereas the circular colliders can potentially measure the electron Yukawa.
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Higgs Pair Production and Self Coupling

- A measurement of the Higgs self-coupling is the only way to experimentally
reconstruct the Higgs potential (reconstruct its shape close to the minimum).

potential

Higgs potential in the standard model:
V(®0)=u’®d @ +n(d" @)

ﬂ expansion around the minimum

n,s
4h

8 fwwww-j ———————
13
8 GECEECET—~—@ - ————-

o)
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HL-LHC: First bounds on
nggs self-coupllng

Reach for Higgs-self coupling

- HH production allows direct probing of the Higgs boson self- = T aTLAS Prelminary ] 3
. . . . . = E Vs =14 TeV, 3000 b~ E
interaction thus problng the shape of nggs potential 2% b sty _

8 G6660060Y—>—@-————~- 8 GEGGEOGT d 85 A—sﬁo‘ll\l:i;asl(?;m)c
____.’ ; - $:§§L"§ca| unc. halved
E —+— Run 2 syst. unc. E
8 fammm‘j ——————— 8 GEUUGT i \ /
- HL-LHC: Possible observation of HH production! \\_‘/\”y
T I B T T
collider Indirect-hsm hsmhsm combined “
HL-LHC [24] 100-200% 50% 50% 187 o
ILCa250,/C3-250 [14, 17] 49% — 49% 16 |
ILCs00/C3-550 [14, 17] 38% 20% 20% 14}
ILC100/C3-1000 [14, 17] 36% 10% 10% _ 12 CLIC
CLICss0 [19] 50% - 50% = 10 |
CLICi500 [19] 49% 36% 29% £ s FCC-hh
CLIC3000 [19] 49% 9% 9% 6
FCC-ee [20] 33% — 33% 4  25%
FCC-ee (4 IPs) [20] 24% - 24% 2 - 1.2%
FCC-hh [25] = 3.4-7.8%  3.4-7.8% 0
(3 TeV) [23] i 15-30%  15-30% Rl it sl
o ,u(lO TeV) [23] _ 4% 4% ° FCC-hh updated arXiv:2004.03505
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https://arxiv.org/abs/2004.03505
https://arxiv.org/abs/2203.07256

EXPLORING THE BSM SECTOR




Competltlv
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A discovery scenario

Discovery of a Dark
__Matter signalin |

| direct-detection .
B «_‘* =
5
P AR um Vi
1]
g
2
i
(=%}
=
3 10—42
FAKE SIGNAL:
for illustration only
43 |1 " n 1 |

o TS T
WIMP Mass [GeV/c?]
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Exploring the unknown: new forces

Probe mediator of new forces to the tens of TeV range!
Y—Universal Z , 200

1.4} p3ingB: (@ } g
1.2}
1.0f

g, 0-8F
0.6f

0.4}
0.2¢ 1 CoNjder 10 TeV 1

Direct reach 160 Indirect reach
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The immediate future is the HL-LHC

« During the next decade it is essential to complete the highest priority recommendation of the
last P5 and to fully realize the scientific potential of the HL-LHC collecting at least 3 ab™! of data.

o Continued strong US participation is critical to the success of the HL-LHC physics program, in
particular for the Phase-2 detector upgrades, the HL-LHC data taking operations and physics
analyses based on HL-LHC data sets, including the construction of auxiliary experiments that
extend the reach of HL-LHC in kinematic regions uncovered by the detector upgrades

« For the next decade and beyond
o 2025-2030: Prioritize HL-LHC physics program, including auxiliary experiments

o 2030-2035: Continue strong support for HL-LHC physics program

o After 2035: Support continuing the HL-LHC physics program to the conclusion of archival
measurements




The intermediate future is an e*e- Higgs factory

The intermediate future is an e*e- Higgs factory, either based on a linear (ILC, C3,
CLIC) or circular collider (FCC-ee, CepC).

« The various proposed facilities have a strong core of common physics goals: it is
important to realize at least one somewhere in the world.

» A fast start towards construction is important. There is strong US support for initiatives
that could be realized on a time scale relevant for early career physicists.

« For the next decade and beyond

o 2025-2030: Establish a targeted e*e” Higgs Factory detector R&D for US participation in a
global collider

o 2030-2035: Support and advance construction of an e*e- Higgs Factory

o After 2035: Begin and support the physics program of an e*e Higgs Factory




The long-term future is a multi-TeV collider

« A 10-TeV muon collider (MuC) and 100-TeV proton-proton collider (FCC-hh, SppC) directly probe the

order 10 TeV energy scale with different strengths that are unparalleled in terms of mass reach, precision,
and sensitivity.

« The main limitation is technology readiness. A vigorous R&D program into accelerator and detector
technologies will be crucial.

« For the next decade and beyond
o 2025-2030:

= Develop an initial design for a first stage TeV-scale Muon Collider in the US (pre-CDR)
= Support critical detector R&D towards EF multi-TeV colliders

- 2030-2035: Demonstrate principal risk mitigation for a first-stage TeV-scale Muon Collider

- After 2035:

= Demonstrate readiness to construct a first-stage TeV-scale Muon Collider
= Ramp up funding support for detector R&D for EF multi-TeV colliders




Our Dream: “The Ultimate Accelerator”

- In a 1954 speech to the APS Enrico Fermi
fancifully envisioned a particle accelerator that
encircled the globe.

- This would be the ultimate theoretical outcome,
of the quest for the ever-more powerful
accelerators needed to discover new laws of
physics.

- How much energy you can put into a particle per
meter corresponds directly to how big the

machine is The Globatron
Energy: 5000 TeV
or Vs=3 TeV collider
g Cost: 170B USD(1954
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As we continue to “Dream”..

- A large international effort to advance an energy frontier machine:
- We definitely need a Higgs Factory as the next step after HL-LHC

- We should continue to develop ideas and plans for R&D for a “High Energy Discovery
Machine” after the Higgs Factory

- The path to a new machine is long, and benefits for society (technology) will play
an important role.

- It will be challenging — but the LHC also looked close-to-impossible in the '80s!

- Let’s use our creativity to develop the technologies needed to make future
projects financially affordable and technically achievable

- Let’s keep our passion for science
- Let’s follow our dreams!
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thank you to The Energy Frontier Group

- My EF Co-convenors: Laura Reina (FSU), Alessandro Tricoli (BNL)

- Ten Topical Group (TGs) Conveners.

Topical Group

Co-Conveners

EFO01:

EW Physics: Higgs Boson properties and couplings

Sally Dawson (BNL), Caterina Vernieri (SLAC)

EF02:

EW Physics: Higgs Boson as a portal to new physics

Patrick Meade (Stony Brook), Isobel Ojalvo (Princeton)

EFO03:

EW Physics: Heavy flavor and top quark physics

Reinhard Schwienhorst (MSU), Doreen Wackeroth (Buffalo)

EF04:

EW Physics: EW Precision Physics and constraining new physics

Alberto Belloni (Maryland), Ayres Freitas (Pittsburgh), Junping Tian (Tokyo)

EFO05:

QCD and strong interactions: Precision QCD

Michael Begel (BNL), Stefan Hoeche (FNAL), Michael Schmitt
(Northwestern)

EFO06:

QCD and strong interactions: Hadronic structure and forward QCD

Huey-Wen Lin (MSU), Pavel Nadolsky (SMU), Christophe Royon (Kansas)

EFO7:

QCD and strong interactions: Heavy lons

Yen-Jie Lee (MIT), Swagato Mukherjee (BNL)

EFO08:

BSM: Model specific explorations

Jim Hirschauer (FNAL), Elliot Lipeles (UPenn), Nausheen Shah (Wayne State)

EF09:

BSM: More general explorations

Tulika Bose (U Wisconsin), Zhen Liu (Maryland), Simone Pagan-Griso (LBL)

EF10:

BSM: Dark Matter at colliders

Caterina Doglioni (Lund), LianTao Wang (Chicago)

- Liaison to other Frontiers included Dmitri Denisov (Accelerator Frontier).
- Monte Carlo Task Force and Production Team: coordinated by John Stupak (U. Oklahoma)
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thank you

- to all from whom | have shamelessly borrowed...

- interesting websites
- LHC: http://home.web.cern.ch/topics/large-hadron-collider

- HL-LHC: http://hilumilhc.web.cern.ch/HiLumiLHC/index.html
- CMS: http://cms.web.cern.ch/

- ATLAS: http://atlas.ch/

- Linear Collider: https://www.linearcolli
- CepC, SppC: http://cfhep.ihep.ac.cn/
- FCC: https://espace2013.cern.ch/fcc/F
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