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"BREAKTHROUGH of the YEAR”’ - Science

BREAKTHROUGH
of the YEAR

= e HIGGS

Mosaic of the CMS and ATLAS detectors (as in 2007), part of the Large Hadron Collider at CERN. In 2012, research
teams used these detectors to fingerprint decay products from the long-sought Higgs boson and determine its mass,
S S u successfully testing a key prediction of the standard model of particle physics. 3
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90 Years work by numerous theorists

@ Truly an "LHC Revolution” ever since the "November
Revolution” in 1974 for the J/y discovery |

® Truly a monumental triumph.

SM Higgs does not have to be there...
Now that it actually IS...

Reached a deep understanding of nature !



Qutline

@ Why we need a Higgs factory?
@ How to make a Higgs factory?

@ What we can learn with a Higgs factory?
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Why we need a Higgs Factory?

To study Higgs, of course!

Why is it important to study Higgs?
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® Higgs is responsible for the mass of Universe
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(and 4% of the Universe) QCD does it!

® Higgs is needed for the mass of elementary particles

Higgs mechanism: Yes. Higgs particle: No.

S. Su 14



Elementary particles

SU(3), x SU(2), x U(1), The successful
"Standard Model”

. VU 15



Elementary particles

SU(3), x SU(2), x U(1),

Forces

Leptons

The successful
“Standard Model”

my=0

EM: long range force
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Elementary particles

SU(3), x SU(2), x U(1), The successful
"Standard Model”

| my=0
EM: long range force

1

-i Mw,z ~ 100 GeV
weak interaction: short
' | range force
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Elementary particles

SU(3), x SU(2), x U(1),

Higgs (mechanism) !

e Higgs mechanism

break electroweak symmetry
spontaneously.

e Higgs field gives mass to e,
W, Z,...

i © The remaining Higgs boson

spin O scalar
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Higgs Mechanism: If a LOCAL gauge symmetry is spontaneously broken,
then the gauge boson acquires a mass by absorbing the Goldstone mode.
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Higgs Mechanism: If a LOCAL gauge symmetry is spontaneously broken,
then the gauge boson acquires a mass by absorbing the Goldstone mode.

The predicted Higgs boson is the left-over particle!

wr-4=3+1
e T

longitudinal modes of W+,W-Z  physical Higgs Boson
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® Higgs is needed for the mass of elementary particles

Higgs mechanism: Yes. Higgs particle: No.

® SM is now complete with the discovery of the Higgs
..... -H4E-ENDB- Beginning of a new Era !l
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Re(¢)

® Mh, A measured, not predicted. A ~1/8, A new force?
® like phase-transition in superconductor, however,
= not in known material
= nobody dials the temperature from outside
© parameters in V need to come from an (unknown) fundamental theory



Standard Model

Image credit: Gordon Kane, Scientific American, June 2003.
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Standard Medel

Image credit: Gordon Kane, Scientific American, June 2003.
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A light SM Higgs is puzzling..

particle spin
quark: u, d,... 1/2
lepton: e... 1/2
photon
W,Z
gluon
Higgs 0
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A light SM Higgs is puzzling..

particle spin

Higgs: a new kind of

quark: u, d,... 1/2 elementary particlel
lepton: e... 12 Nothing protects
photon 1 its mass. /"
Wz | -
gluon 1 New physics

Hi 0 beyond the SM

iggs
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' Higgs Boson

About

To see what he shares with friends, send him a friend request.
R

Work and Education

. CERN

Fermi National Accelerator Laboratory

. European Center for Nuclear Research

4
5 CERN

Timeline About Photos Friends

More ~

Places Lived

9~ Geneva, Switzerland

Basic Information

September 29, 1954
Male




ATLAS Exotics Searches* - 95% CL Exclusion

ATLAS Preliminary

Status: August 2016 f.L dt = (3.2-203) b V5=8,13TeV
Model v Jetsi EN* [raum- Limit Reference
T T

ADD G + /g - 21 Y 82 Mg 658 TeV. 160407773
ADD non-resonant (¢ 2en - - 203 Hz 14072410
ADD QBH —+ (g Tew 1) - 203
ADD GBH - 2 - 157 |Ma 87TeV ATLAS CONF-2016.069
'ADD BH high ¥ pr slep  22] - 32 |Ma 82TeV. 0= 6.My = 3TeV.roBH 1606.02265
ADD BH muljet - 23 - 36 |Mw 985T6VI 16, My — 3 ToV, ot BH 151202505
RS1 G — {1 2en - 203 k(Tip = 01 1405.4123
RS1 G —» vy 2y - - a2 [Gumass 32Tev k7R~ 01
BUKRS G WW = qaly  Ten 14 Yes 132 mass 120Tev. k(fip = 10 ATLAS.CONF-2016.062
Bulk RS Gox — HH — bbbl - 4b - 133 | Gocmass 360-960 GeV. k(i = 1.0 ATLAS.CONF-2016.049
Bulk RS gy — tt Tep 21b =102 Yes 203 (RIS T BR = 0925 1505.0701
2UED/RPP Ten 22b24] Yes 32 [Kkmass 146 Tev Tie (1.1), BRAC 1«1 | ATLAS.CONF-2016013
ssMZ it 2en - - 130 |zmes 405Tev 'ATLAS.CONF-2016.045
SSM 2’ 7 2T - Cooten [Zmes o 2027V 0207177
Leptophabic 2/ - bb. - 20 - 92 |Zimas 15TeV 16008791
SSMW' s (v Ten ~ Yes 133 |Weimass a7aTev ATLAS.CONF-2016.061
HVT W' WZ  qawmodel A Oe 14 Yes 132 |Wemass 4 TeV a=1 ATLAS.CONF 2016.082
HVT W' WZ - qgaqmodel B - 20 - 155 |Winass 30 o= ATLAS. CONF-2016.055
HVT V' WH) ZH modol B multi-channel 52 | vimass 231 Tev a3
LRSM Wy, = tb Teu 2001] Yes 203 14104103
LRSM W, - th Oeu  21b1J - 203 1408.0866
Glaaaq - 2 - 157 |a 'ATLAS.CONF-2016.069
Gl ttaq 2en - - 52 a
Gl uute 28823y z1b.21) Yes 203 150404605
Adalvector medialor i@ D) Oeu 1] Yos 92 [k 10TeV. 80025, 5,+1.0.0() <250GeV | 160407773
Axialvoctor mediator (Diac DM) O €1y 1) Yos 32 [ma 710 GeV 80:025.6,+1.0.) <150GaV | 160401308
2Zyx EFT (Dirac DM) Oe 1451 Yos 32 |Ma 550 GeV mix) < 150GoV ATLAS.CONF-2015.080
Scalar LQ 1% gen 2e 221 - a2 1605.06035
Scalar LQ 2% gen 20 22 - 32 1605.06035
Scalar L 3" gen Ten  21b23) Yes 203 150804735
VLQTT - He+ X Ten 22b23) Yes 203 150504206
VLQYY — Wb+ X Teu 21b23) Yes 203 150504206
VLQ BB — Hb+ X Teu 22b23) Yes 203 150504306
VLQ BB - Zb+ X 203eu 2216 - 203 Bin (BY) doubot 14038500
VLG QQ - WaWq Tes  24] Yo 208
VLQ Ty T3 — Wewe 2AsSyz3enzib21] Yes a2 ATLAS.CONF-2016.032
Exclied quark q" — qy Ty 1 32 44TV only o and ", A= (') 151205910
Exclied quark q" — g - 2 -7 56TeV onlyu* and ', A = m(g') ATLAS.CONF-2016.069
Excited quark b — bg S b - s ATLAS-CONF-2016.060
Exclied quark b — We torzen 16,20) Yos 203 1002664
Excied lept 3en - - 203 14112021
Excied lopton Jemr - - 208 14112920
LSTC ar — Wy Tewty - Yes 203 14078150
LRSM Majorana » 2eu 2 - 203 n(Wa) = 2.4 ToV, o mixing 1506.06020
Higgs triplet H** - ce 2e(ss) - - 13 OY procucton, BR(H" — ec)=1 | ATLAS.CONF-2016.051
Higgs triplet H** — (1 Semr - - 203 OY praducton, BRIH" - (1)1 921
Monotop (non-res prod) 1 1b Yes 203 Anon-res =02 14105404
Mult-charged partcles - - - 203 DY praducton g = 5e 150404188
Magnetic monopoles - 70 OF producton. g = 1g0,spn1/2 | 150508059
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1
10 Mass scale [Tev]

*Only a selection of the available mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not excluded.
# Small-radius (large-radius) jets are denoted by the letter j (J).

ATLAS exotic
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Summary of CMS SUSY Results* in SMS framework
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ATLAS Exotics Searches* - 95% CL Exclusion

New Physics Searches

ATLAS Preliminary

Status: August 2016 [Ldt=(32-203) b V5=8,13TeV
Model y Jetsi ET Limit Reference
T T T
ADD G + 8/q - z1j Yes 32 |Mp 6.58 TeV. 160407773
/ADD non-resonant (( 2ep - - 203 HLZ 1407.2410
ADD QBH — (q Ten 1j - 203 1311.2006
'ADD QBH - 2] - 157 My 8.7 TeV ATLAS-CONF-2016-069
ADD BH high ¥ pr- zlep 22j - 32 |Ma 82TeV. =6, Mp = 3 TeV, 01 BH
/ADD BH multijet - z23j - 36 My, 9.55TeV 1~ 6, Mp = 3 TeV, rot BH 1512.02586
RS1 Gy = (1 2en - 203 /Wi =01 14054123
RS1 G — 7 2y - - 82 [Gucmass 32Tev K/Fip 01
Bulk RS Gk — WW — qqlv Tepu 14 Yes 132 Gk mass. 124 Tev /Wy 0 ATLAS-CONF-2016-062
Bulk RS Gy — HH — bbbb. - 4b = 133 Grx mass. 360-860 GeV /My 0 ATLAS-CONF-2016-049
Bk RS g — (¢ Ten 21b>1zves 203 TS BR 0025 105 070
2UED/ RPP Tep 22b24) Yes 32 KK mass 1.46 TeV. Tier (1,1), BRIACY — ¢t) = 1 ATLAS-CONF-2016-013
SSMZ' = (. 2ep - - 133 2' mass. 4.05TeV. ATLAS-CONF-2016-045
SSM 7/ v 2r S o105 | 2T
Leptophobic 2/ —» bb - 20 - 32 |Z'mass 15TeV. 1603.08791
SSM W’ — (v Tep - Yes 133 | W'mass 474 TeV. ATLAS-CONF-2016.061
HVT W' — WZ — qqvvmodel A O ey 1 Yes. 132 ‘W' mass. .4 TeV. sv=1 ATLAS-CONF-2016-082
HVT W’ — WZ — qqqq model B - 24 - 155 ‘W mass 3.0 sv=3 ATLAS-CONF-2016-055
HVT V' — WH/ZH model B multi-channel 32 V' mass. 2.31 TeV. =3
LRM Wy - th Ten  2b01) ves 203 104103
LRSM W — 1 e 21b1J 203 180886
Cl qqqq - 2j - 15.7 A ATLAS-CONF-2016-069
Clltqq 2ep - - 32 |A
Cl uutt 2(SS)z3epu21b,21] Yes 203 1504,04605
Axial-vector mediator (DifacDM) O 21]  Yes 82 [ma 1.0TeV 87025, 8,=1.0, m(x) < 250 GaV 160407773
Axial-vector mediator (Dirac DM) Oe,u 1y 1 Yes 32 |ma 710 GeV. 847025, 1.0, m(x) < 150 GoV’ 1604.01306
ZZxx EFT (Dirac DM) Oep 10,21 Yes 32 M, 550 GeV' m(x) < 150 GeV. ATLAS-CONF-2015-080
Scalar LQ 1* gen 2e 22j - 32 1605.06035
Scalar LQ 2 gen 24 22j - 32 Bl 1605.06035
Scalar LQ 3" gen Teu 21b23] Yes 203 p=0 1508,04735 g
VLQTT = Ht + X Tep 22b23) Yes 203 Tin (T.8) doublet 1505.04306
VLG YY = Wb+ X Ten 21b23] Yos 203 Yin (B.Y) doublet 1505.04 S *
Viah hix AT I G SUSY Results* in SMS framework
VLQBB - 751 X ey s2nib - 209 Bin () doue
VLQ QQ —~ WqWq Tepn 24j Yes 203
VLQ T3 Ty — WeWe 2(SS)23ep21b21] Yos 82
Ectedquark " 97 T a2 o a4 A i
Exciod quark 4 - B 2 - i o and A
Excited quark b — bg. - 1b,1] - 88
Excited quark b* — Wt forzeu 1520] Yes 203
Exciod opton (* deu - = 03
Exciodlogion " S s
(STCa7 - Wy T Y s
LRSM Majorana v 2j - 203
- 139
S s
W 1b Yes 203
- ST s
Magnetic monopoles - 70

AS eXxotic

*Only a selection of the available mass limits on new states or phenomena is shown. Lower boungs#
# Small-radius (large-radius) jets are denoted by the letter j (J).
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Where Are We Now?

@ Our wish list has not change much from 10 years ago.
@ Discovery of Higgs

= Exclude technicolor

= Narrow down parameter space
@ Non-discovery of anything else

= New physics gets heavier

= A bit uncomfortable, big picture unchanged

S.Su 28



What Do Theorists Say?

More tricks

More fine tuning
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What Do Theorists Say?

Last 20 years. Many many models.
Run | ruled out some. But most
could still work.

More tricks

Our models
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Current and Future Colliders

Where is New Physics? larger mass? Small Coupling? Both?

® Indirect search ® direct search

ete- | pp
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Current and Future Colliders

Where is New Physics? larger mass? Small Coupling? Both?

® Indirect search ® direct search
ete- | pp
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How to Make a Higgs Factory?
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LHC

e
large HadronColllder |

® pp collider, 27 km

© 7 TeV beam
0.99999999 ¢

o stored energy:
~ Giga Joule
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o stored energy:
~ Giga Joule

32



. 3
........
ooooo

o stored energy:
~ Giga Joule

Highest energy, probing smallest distance (10-1° nm)
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Particle Detector

3; Detector characteristics
Muon Detectors Electromagnetic Calorimeters ol Width: 44m
\ = Diameter: 22m
- ﬁ Weight: 7000t ® 1 50 M P
Solenoid \ CERN AC - ATLAS V1997
Forward Calorimeters

End Cap Toroid

@ 600 million
snapshots / second

| | =B 5
Barrel Toroi Inner Detector ) ) N
e Hadronic Calorimeters Shielding
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Particle Detector

3; Detector characteristics
Muon Detectors Electromagnetic Calorimeters -l ‘glid'h: : ;;m
A E_' P ameter: m
< | Weight: 7000t ® 1 50 M P
Solenoid \ CERN AC - ATLAS V1997

Forward Calorimeters
End Cap Toroid

© 600 million
snapshots / second

(& g

/ /= 7 T -,- 7‘*’%}]/‘4 - ( S . 7000 scientists
' vl [ © $10 billion

| L B A\
i Inner Detector ieldi
Bames lor Hadronic Calorimeters SISy
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HE-LHC FCC-ee FCC-hh
27 km, 20T 80/100 km 80 /100 km, 16/20T
33 TeV 90 - 400 GeV 100 Te\3l4
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CEPC-SPPC

CEPC Site Selections

Huanghe Company particitated

CEPC

e+e-: 240 GeV
SPPC

pp: 70-100 TeV

1) Qinhuangdao, Hebei Province (Completed in 2014)
2) Huangling, Shanxi Province (Completed in 2017)
3) Shenshan, Guangdong Province(Completed in 2016)
4) Baoding (Xiong an), Hebei Province (Started in August 2017)
5) Huzhou, Zhejiang Province (Started in March 2018)

6) Chuangchun, Jilin Province (Started in May 2018)

7) Changsha, Hunan Province (Started in Dec. 2018)

S.Su 35



CEPC-SPPC

IHEP-CEPC-DR-2018-02
IHEP-EP-2018-01

IHEP-TH-2018-01

CEPC

Conceptual Design Report

Volume Il - Physics & Detector

1) Qinhuangdao, Hebei Provi
2) Huangling, Shanxi Provinc
3) Shenshan, Guangdong Pro
4) Baoding (Xiong an), Hebei
S) Huzhou, Zhejiang Provinc The CEPC Study Group
6) Chuangchun, Jilin Provinc October 2018

7) Changsha, Hunan Provinc

S. Su

CEPC

e+e-: 240 GeV
SPPC

pp: 70-100 TeV
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ILC

ILC250 ILC 500 ILC 1000
31 km 50 km
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ILC

THE INTERNATIONAL LINEAR COLLIDER

TECHNICAL DESIGN REPORT | VOLUME 1: EXECUTIVE SUMMARY

ILC250 ILC 1000

50 km
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Muon Collider

Muon Collider
Conceptual Layout

!
|

| my ~ 200 me

@ unique combination of higher
energy and clean environment

@ smaller ring
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e+e- collider

p+u- collider

S.Su

How to make a Higgs
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How to make a Higgs

e+e- collider

p+u- collider
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What we can learn

with a Higgs Factory?
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@ SM physics

® precision
tests

® dark matter

S. Su

® Higgs-related

® other BSM
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® Cosmo
connection
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@ SM physics

® precision
tests

® dark matter
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Higgs Production @ e+e-

Unpolarized cross sections

o(e'ee > H+X)xBR(H —= YY)
Y=b,c,g,W,Z,Y,T,IJ

@ Determine all Higgs couplings (model-independent)
@ Infer Higgs total decay width
S. sy @ probe invisible Higgs decay 41
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Relative Error

Precision of Higgs coupling measurement (7-parameter Fit)

m HL-LHC S1/S2 1

m CEPC 240 GeV at 5.6 ab~' wi/wo HL-LHC |

Ko KilKe
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Tree-level 2HDM fit

2HDM, LHC/CEPC fit

2HDM TYPE-I
50F
30t
20} 0.10 I
10}
0.054i
5t I
Q.
N
§ 2 £ 0.00
1 -
p —0.05
95%CL CEPC 5 ab
0.5r © —— CEPC
W 95%CL LHC 3000 fb™’ wrongsign = . HL-LHC
0.10 —-—- LHC 300 fb!
-1 —-0. T T T T
02k I 95%CL LHC 300 fb 01 00 01 02
M 95%CL LHC Run-| Ak
0-1 C 1 1 1 1 1 1 1 1 1 1 1
-05-04-03-02-01 0 01 02 03 04 05 Han, Li, SS, Su, Wu (2020)

cos(fB-a)
S sy Gu, Li, Liu, SS, Su (2017) 43



® baryon asymmetry = baryogenesis ¢ strong 1st order EWPT

® SM: 125 GeV, 2nd order EWPT = no EW baryogenesis

® BSM with strong 1st order EWPT = large deviation in HHH
= HHH > 20% or more, 100 TeV pp
= ggH coupling, LHC ot

= HZZ coupling, e+e-

S.Su



Conclusion

® The discovery of Higgs is a remarkable triumph in particle physics
@ A light weakly coupled Higgs argues for new physics beyond SM

© Search for new physics calls for both high precision machine and high
energy machine

@ Higgs factory: precise measurement of Higgs properties
- Higgs coupling to sub-percent level
- indirect approach for new physics beyond the SM

- cosmo connection, dark matter, SM physics...
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@ SM physics ® dark matter

@ precision J© Cosmo

L An exciting journey ahead of us!™y .+ 0

tests / \

® Higgs-related ||® other BSM
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DPF community planning exercise

Snowmass 2021

- Snowmass Frontiers

Energy Frontier

Neutrino Physics Frontier

Rare Processes and Precision ;

Cosmic Frontier

Theory Frontier

Accelerator Epefitier N

A\
Instr , ntatlo'\cser \
z ompyt q& rontjg#

rg oun/

Snowmass Liaisons
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