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High Energy Physics IS

at an extremely interesting time:

The completion of the SM:

First time ever, we have a consistent
relativistic/quantum mechanical theory:
weakly coupled, unitary, renormalizable,

vacuum-(quasi?)stable.

Valid up to an exponentially high scale,
perhaps to the Planck scale M !
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“... most of the grand underlying principles
have been firmly established. (An eminent
physicist remarked that) the future truths of
physical science are to be looked for in the
sixth place of decimals. ”



“... most of the grand underlying principles
have been firmly established. (An eminent
physicist remarked that) the future truths of
physical science are to be looked for in the
sixth place of decimals. ”

--- Albert Michelson (1894)
Michelson—Morley experiments (1887):

“the moving-off point for the theoretical aspects
of the second scientific revolution”

Will History repeat itself (soon)?
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NEwW ERA:
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Question 1: The Nature of EWSB ?

1
In the SM, m? =242 =2)\0% = 1 ~89 GeV, Am 2.

underwent a 2" order phase transition (?)

?

Alljwe know: = \\ /’“\//
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Question 1: The Nature of EWSB ?

1
In the SM, m? =242 =2)\0% = 1 ~89 GeV, Am 2.

underwent a 2" order phase transition (?)

?

Alljwe know: = \\ /’“\//

Q /

With new physics near the EW scale:

V(h) — my(hTh) + %A(h*h)2 25 3!5\2(’%)3: 2 Mn= (7/3) AN

- ZA(h)log [(hm)] 2 Mph= (0/3) A%

m2

EW phase transition strong 1 order!
= O(1) deviation on A,

o  X.M.Zhang (1993); C. Grojean et al. (2005)



Question 2: The “Naturalness”

o

... scalar particles are the only kind of free particles whose mass

term does not break either an internal or a gauge symmetry.”

Ken Wilson, 1970
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Question 2: The “Naturalness”

o

... scalar particles are the only kind of free particles whose mass

term does not break either an internal or a gauge symmetry.”

Ken Wilson, 1970

“aunnatural” in the ‘t Hooft sense:
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If A“ > m%, then unnaturally large cancellations must occur.
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Question 2: The “Naturalness”

Ken Wilson, 1970

“annatural” in the ‘t Hooft sense:
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If A2> m%, then unnaturally large cancellations must occur.

* Natural: O(1 TeV) new physics, associated with ttH.
* Unknown: Deep UV-IR correlations: gravity at UV?
* Agnostic: Multiverse/anthropic?
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A “NATURAL” EW THEORY?

: Natur al SUSY™ A Natural SUSY Spectrum
Relevant to the Higgs .
5 s >10-100TeV + strong dynamics
and the “Most Wanted”:
[:Io’ia t, Ea st 5% 3000 1 g
1500 + :?%’:2:7:b:L::
[LHC Run 2 bounds: it
e 500 +  eeeeeeee s i
m; > 800 — 1100 GeV h
PLIE S

m>~<:l: > 600 P :_ :_OO G@V mass-(-GeV)
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A “NATURAL” EW THEORY?
e “Natural SUSY”:

A Natural SUSY Spectrum

A

Relevant to the Higgs .
5 s >10-100TeV + strong dynamics
and the “Most Wanted”:
[:Io’ia t, Ea st 5% 3000 1 g
1500 + :f%’:2:7:b:L::
[LHC Run 2 bounds: it
st 500 4 --eeeeee 5 i
e S0 1100 . Ge ,
125 F  -eeereee

m>~<:l: > 600 P :_ :_OO G@V mass-(-GeV)

* New strong dynamics, “Compositeness”:

The top-quark partner T,
Current ATLAS/CMS limat:

M. > 1400 GeV, for M, < 100 GeV.
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Question 3: The Dark Sector

The un-protected operator may reveal secret

nggs portal: kL H'H S*S. %H‘LH T

DM ;DM ~_ DM
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Question 4: The “Flavor Puzzle”

Particle mass

hierarchy

Patterns of quark,

neutrino mixings

New CP-violation
sources’

Higgs Yukawa
couplings as the
pivot!
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COLLISION COURSE Nature News, July '14

Particle physicists around the world are designmg colliders that are much larger in size

than the Large Hadron iﬁé RN, E ope artu hys:cs laboratory.
y (2015-2030)
CERN'’s Larg®

Hadron Colluder

Circimference: 27 km
Energy: 14 TeV

“‘t

China’s electron-positron collider
52 km; 240 GeV

China’s super proton collider

52 km; 70 TeV

US/European super P o, ST China-hosted international
proton collider FE electron-positron collider
100 km; 100 TeV 80 km; 240 GeV
e+e-&7,240-350GeV - China-hosted international

s LI g super proton collider

80 km:; <100 TeV
International

(s C0|||der e TYVSRRR e EX'St'ng ....... Proposed

Length: 31 km
.................................................... I . I
<1 TeV TeV, teraelectronvolt; GeV, gigaelectronvolt
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Particle physicists around the world are designmg colliders that are much larger in size

than the Large Hadron iﬁé RN, E ope artu hys:cs laboratory.
Yy (2015-2030

CERN'’'s Larg®
Hadron Colllder

Circimference: 27 km
Energy: 14 TeV

. %
. .
B

hina's electrorpositron collider
52 km: 240 GeV
China’s super pro

52 km; =70 TeV

bn collider

ternational
collider

S/European sup
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COLLISION COURSE Nature News, July '14

Particle physicists around the world are desigmng colliders that are much larger in size

than the Large Hadron iﬁé RN, E ope partu hys:cs laboratory.
y (2015-2030

CERN'’'s Larg®
Hadron Colluder

Circimference: 27 km
Energy: 14 TeV

‘\
\\

hina's electrormositron collider
52 km: 240 GeV
China’s super pro

52 km; €70 TeV

bn collider

ternational
collider

- .'
.......

S/European sup

proton collide
100 km; 100 TeV
e+e-&7,240-350G.

oo "

»

» .

» an
--------

Linear Collider
Length: 31 km

atev ILC as Higgs Factory & beyond GeV: glgasloctronvolt
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COLLISION COURSE Nature News, July '14

Particle physicists around the world are designing colliders that are much larger in size

than the Large Hadron iﬁé RN, E pe )dm hySICS laboratory.
VY (2015-2030

CERN's Larg®
Hadron Collider
Circgmference: 27 km
Energy: 14 TeV

hina's electrorMpositron collider
52 km; 240 GeV
China’s super pro

52 km; =70 TeV

bn collider

ternational
collider

S/European supt
proton collide

100 km; 100 TeV
e+e-&7,240-350G,

Linear Collider T i — EX|S + Proposed
Length: 31 km

atev ILC as nggs Factory & beyond GeV, gigaclectronvolt

Table 1-1.  Proposed running periods and integrated 1um1nos1t1es at each of the center—of -mass energies
for each facility. nowmass 1310.8361

Facility HL-LHC ILC ILC(LumiUp) CLIC TLEP (4 IPs) HE-LHC VLHC
~5 (GeV) 14,000 250/500,/1000 250/500,/1000 350,/1400/3000 240/350 33,000 100,000
NZdt (fb~')  3000/expt  250+500+1000 1150+1600+2500 500+1500+2000  10,000+2600 3000 3000
— ILC 3+3+3
Et (107s) 6 3+3+3 ( +3+3) 3.1+4+3.3 5+5 6 6

+ 34343




International Linear Collider
as a Higgs Factory & beyond

Under serious consideration in J apan:

e+ bunch
Damping Rings IR & detectors compressor

e- source

e- bunch e+ source |
compressor p0_3|t(on 2 km
main linac IS,
11 km . gl Tohoku

& Bullet Train

central region

5 km v W
electron A Iy T A
main linac i aon Tohoku —[EEENEEE
11 km HRR Highway 4 P A
REeE o

2 km

0 2014/02/0

Ecm (GeV) = 250 (Higgs), 500 (top), 1000 (new particles)
Lumiabi) =0:259



FCC (future circular collider): CERN

HE-LHC  FCC-ee FCC-hh
27 km, 20T 80/100 km 80 /100 km, 16/20T
33 Tev 90 - 400 GeV 100 TeV




FCC Timeline

1990 2000 2010 2020 2030 2040

LHC Design,

P . Constr. Physics
R&D roto y

Design,
R&D

HL-LHC Constr. Physics

Design,
R&D

Constr. Physics

LHeC/SAPPHIRE?

FCC
ee Design,  constr. Physics
hh R&D
he

M. Benedikt

CERN Yellow Reports on “a 100 TeV pp Collider”:
Vol. 1. SM; 2. Higgs; 3. BSM; 4. Accelerator
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CEPC (circular ee*)/ SppC: China

anhuan dao ( Eu'%)

easy access

300 km from Beijing
3 h by car

1 h by train

“Chinese Toscana”

mapese 20 13 DigitalGlobe
1“~|¢“ NOAA, L.S. Navy, NGA, GEBCO

0 jfll)‘: | \l]rlilh -;.‘.I. ‘-i1r.:|".~|tr| e C()()QIC earth
V' e Ylfang Wang
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CEPC-SPPC Timeline

FPkYeyE (FEL, ERL) ?

| | | >

2020 2030 2040 2050 Y. Wang

CEPC/SppC Preliminary Conceptual Design Reports:
Vol. 1: Physics & Detector; Vol. 2: Accelerator
http://cepc.ithep.ac.cn/preCDR/volume.html
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e*e” colliders: Energy/LLumi projection
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Ecm running time statistics (FCC-ee)
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HiGGS-FACTORY: MEGA (10°) HIGGS

TLEP Report: 1508.6176
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HiGGS-FACTORY: MEGA (10°) HIGGS
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HicGsS-FACTORY:

e ILC: E,_ - 250 (500) GeV, 250 (500) fb-! (0.5x10° Higgs)
Model-independent measurement:

[I'y~6%, Amgy~30 MeV

(HL-LHC: assume SM, I';;~ 5-8%, Amg ~ 50 MeV)
* FCCee/CEPC 10° Higgs: I'; ~ 1%, Amy ~ 5 MeV.

ILC Report: 1308.6176
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HIGGS-FACTORY:

o ILC: E._ =250 (500) GeV, 250 (500) fb! (0.5x10° Higgs)
Model-independent measurement:
I'y~6%, Amg~30MeV
(HL-LHC: assume SM, I';;~ 5-8%, Amy ~ 50 MeV)
» FCC/CEPC 10°Higgs: I';~ 1%, Amy; ~ 5 MeV.

ILC Report: 1308.6176

Couplings to sub-percent: Peskin et al. 1704.02333

precision reach of the 12-parameter fit in Higgs basis
" W LHC 300/f Higgs + LEP e'e 5WW B CEPC 240@eV (5/ab) + 350GeV (200/f)

. B LHC 3000/fb Higgs + LEP e"e"™»WW Bl FCC+ee 240GeV (10/ab) + 350GeV (2.6/ab)
1 light shade: e*e™ collider only HILC 250GeV (2/ab) + 350GeV (200/fb) + 500GeV (4/ab) ]
- solid shade: combined with HL.-LHC [l CLIC  350GeV (500/tb) + 1.4TeV (1.5/ab) + 3TeV (2/ab) -
- blue line: individual constraints
red star: assuming zero aTGCs
-1 _
- 10 :
Q
82
&)
S 102 E
1073 -
10—4 | |

OC; Czz Czo Cyy Czy Cyqg Oy; oy, Oy, oy, oy



Z-FACTORY: TERA (10'2) Z PHYSICS

TLEP Report: 1508.6176
Clean environment, AEcm <1 MeV, 10° x LEP-I

possible longitudinal polarization
Z-ploe: AM,, Al', < 0.1 MeV, AsinQOW <10°;
Thr. scan: AMy, ~ O(1 MeV), Am,_~ O(10 MeV), Amy ~ O(10 MeV).

> - ;
0] |
5 8037 "[—TLEP (Z pole)
‘; | | = TLEP (Direct)
e - ILC (Direct)
80.365—| LHC (Future)
| |---- Tevatron
— | = Standard Model
80.36—
80.355—
80.35 ' ;
| | | | | | | |‘| | | | | | | | | | | | | | | | | 1 | | | | | | "I | | | | | |

171.5 172 172.5 173 173.5 174 174.5 175
r'n'[op (GGV)
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THE NEXT ENERGY FRONTIER:
100 TEV HADRON COLLIDER

s [TeV]

1010,
10°

106§

dL"%%dr
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100;*
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Higgs Production @ FCC,,/SPPC

e e wic W 1o [Process |0 (100 Tevyo (14 Tev)
: Totalpp | 125
W of 4
Z ~7
= wWwW ~10
= ZZ ~10
© tt ~30
10—1 10—1 H ~15 (ttH ~60)
10:2_ 10:2 HH ~40
10 10
10° _ 110 | stop ~10°
10 > 10
10 \'s [TeV] 10

Snowmass QCD Working Group: 1310.5189 53



Higgs Self-couplings:

LHC 100 TeV
1 JHHH JHHHH ,,4 PP
AL =—-—m5H? — H> — H
2 3! 4! - H
3m2H- 3m2H 'OO
gHHHZGGU: . gHHHH:6€ — 02 . E> H _________ )

Triple Higgs boson coupling A, :

Test the shape of the Higgs potential,

and the fate of the EW-phase transition (EWPT):
O(100%) deviation needed for 1t order EWPT;

O(10%) accuracy needed for a conclusive test.
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Higgs Self-couplings:

LHC 100 TeV
1 JHHH JHHHH ,,4 PP
AL =—-—m5H? — H> — H
2 3! 4! - H
3m2H- 3m2H '00
gHHHZGEU: . ,QHHHH:66 — 02 . E> H _________ )

Triple Higgs boson coupling A, :

Test the shape of the Higgs potential,

and the fate of the EW-phase transition (EWPT):
O(100%) deviation needed for 1t order EWPT;

O(10%) accuracy needed for a conclusive test.

EIETHE 550%: = AEC(] ToV): CLICG A 1059
FCChh @ 3 ab'lz ~ 80/0
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S(pp — xx) [Pb]

10°

SUSY @ FCC,,/SPPC

%I T T T T 1T T T T T T T T T T T T 1T T T T T T T | T T T T | T T T T 1011
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= . 10
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3 = %
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1= 5 = o

= . —=10° 3
107 - ] rS)
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mass [TeV]

gluino

squarks

o(pp—xy) [pPb]

Heavy Squark Limits
arXiv:1102.0302

0

@ 100 TeV
I B 14 TeVv
.I.I.I.I.l.l.l.I.I.|.I.I.I.I.|.I.I.I.I.|.I.I.I.I.|.I.I.I.I.l.l.l.l.l.
5 10 15 20 25 30

mass [TeV]

35

M.Mangano et al.: 1407.5066

103IIIIIIIIIIIIIIIIIIIIIII|IIII|IIII|IIII|IIII
102 2 — Wino (100 TeV)
10 B — Higgsino (100 Tev)
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1 NN Higgsino (14 Tev)
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10 e ——
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10

10"
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Mass reach at 100 TeV:

~/x over LHC
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Pushing the “Naturalness” limit

T 1O e g g ]
s , - — Fermion = 10 — Fermion
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The Higgs mass fine-tune: 6m;/m; ~ 1% (1 TeV/A)?
Thus, m_.__ > 8 TeV =2 10 fine-tune! 2

stop



DM Searches

PACOVS Sougan COMS-fo LUX collaboration, 2013
390 XE%CD?MJBGIISGQQQL?SITh eshold (2011) 3
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S/6B

S/6B
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IIII|IIII

WIMP DM:
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Electroweak Resonances: Z', W’

New Particle Searches

SSM

Excl.

0 10 | 2|0 - 3|0 - 40
My (TeV)
~ 6x over LHC

o(q g >q°) (pb)

Colored Resonances:

10* Excited Quark
10 Black 100 TeV
Red 14 TeV
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SM BREAD & BUTTER PHYSICS

e.g., Electroweak symmetric phase:

Trg Ty
100 TeV 2 TeV
U AQCD

100 TeV 100 GeV
v?/E? only “higher twist” effects!

Chen, TH, Tweedie: arXiv:1611.00788
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SM BREAD & BUTTER PHYSICS

e.g., Electroweak symmetric phase:

Trg Ty
100 TeV 2 TeV
U AQCD

100 TeV 100 GeV
v?/E? only “higher twist” effects!

Electroweak splitting/showering:

C DI\ o 8
“Color factors” : 6’? 3 rrome = (Z)NZB and (g)sz.

- new perspectives in the EW sector.

Chen, TH, Tweedie: arXiv:1611.00788
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CONCLUSIONS

* Higgs boson 1s a new class. '
NP BSM - “under the Higgs lamppost”

LHC will lead the way: g~10%; Ay ~ 50%; Br,,~ 20%
but it also calls for new colliders:
Precision: FCC_/CEPC
Tera Z: AM,, AT, <0.1 MeV, Asin20_ < 10-.
At thresholds: AM, ~1 MeV, Am, ~ 10 MeV
Mega Higgs: «, ~ 0.2%, Ty~ 1%, Br,,, ~ 1%, Amy; ~ 5 MeV.
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* Higgs boson 1s a new class.

NP BSM - “under the Higgs lamppost” “

LHC will lead the way: g~10%; A,y ~ 50%; Br;,, ~ 20%
but 1t also calls for new colliders:
Precision: FCC_/CEPC
Tera Z: AM,, AT, <0.1 MeV, Asin20_ < 10-.
At thresholds: AM, ~1 MeV, Am, ~ 10 MeV
Mega Higgs: «, ~ 0.2%, Ty~ 1%, Br,,, ~ 1%, Amy; ~ 5 MeV.
Energy frontier: FCC,,/SPPC
2~10%; A, < 10% =2 Conclusive for EWPT
6x LHC reach: 10 — 30 TeV =2 fine-tune < 10
WIPM DM mass ~1 -5 TeV
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CONCLUSIONS

* Higgs boson 1s a new class. '
NP BSM - “under the Higgs lamppost”

LHC will lead the way: g~10%; Ay ~ 50%; Br,,~ 20%
but 1t also calls for new colliders:
Precision: FCC_/CEPC
Tera Z: AM,, AT, <0.1 MeV, Asin20_ < 10-.
At thresholds: AM, ~1 MeV, Am, ~ 10 MeV
Mega Higgs: «, ~ 0.2%, Ty~ 1%, Br,,, ~ 1%, Amy; ~ 5 MeV.
Energy frontier: FCC,,/SPPC
2~10%; A, < 10% =2 Conclusive for EWPT
6x LHC reach: 10 — 30 TeV =2 fine-tune < 10

WIPM DM mass ~ 1 -5 TeV
An exciting journey ahead!




Site selections (a few main candidates)

o
\ 1
o
SERBXOMER L T
CHRY? ARSOME A o)
T WS\ -

.\-A - ’ h

2

1) Qinhuangdao

e g

2) Shaanxi Province

3
3) Near Shenzhen and Hongkong




“Canonical” energy / luminosity:

100 TeV, 3 —30 ab-!

(Perhaps)

e Technology limitation (high field magnets?)
e Budgetary consideration (> 10 B$?)

e Geological / geographic consideration
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Higgs Factories:

e JLC:250 GeV, 2 ab'l, 80% / 30% polarization.
e CEPC: 240 GeV, 5 abl.
« FCC_:250 GeV, 20 ab’l.

/. Factory : at M, 20 ab'! .

Higher Energy e*e” Colliders:
* ILC: 500 GeV, 4 ab’!, 80% / 30% polarization.
e CLIC: 380 GeV, 0.5 ab™!, 80% / 0 polariation.
e 1.5TeV, 1.5abl; 3TeV 3abl.
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Atomic physics:
Rydberg const. E, ~ o> m_, = O(25 eV), very natural!

n=infinity

Nuclear physics?
" f n m
(T bend
by ALt L L&
~ D\Mbl/ 50 116\/((3/

Solar eclipses:

50/0 ~10-2

Earth Moon rather unnatural!
ar
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