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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!!
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v = mH/"("2 #) = 2MW/g!

Where is the next scale? !
O(TeV)? MGUT? M planck?!

 $  ~ M/g :!
Higher mass?!

Weaker coupling?!

SM UV complete!!

The nature of the EW !
phase transition? !
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Snowmass NP report, 1311.0299!
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Nature News, July Õ14!

LHC Leads the Way (2015-2030)!

Table 1-1. Proposed running periods and integrated luminosit ies at each of the center-of-mass energies
for each facility.

Facility HL-LHC ILC ILC(LumiUp) CLIC TLEP (4 IPs) HE-LHC VLHC
�

s (GeV) 14,000 250/ 500/ 1000 250/ 500/ 1000 350/ 1400/ 3000 240/ 350 33,000 100,000
�

L dt (fb! 1) 3000/ expt 250+ 500+ 1000 1150+ 1600+ 2500 500+ 1500+ 2000 10,000+ 2600 3000 3000
�

dt (107s) 6 3+ 3+ 3
(ILC 3+ 3+ 3)

+ 3+ 3+ 3
3.1+ 4+ 3.3 5+ 5 6 6

ILC as Higgs Factory & beyond !

FCC?!
CEPC/SppC?!

Snowmass 1310.8361!

e+e-&Z,240-350GeV!
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¥" Clean environment, %Ecm < 1 MeV, 105 x LEP-I!
¥" possible longitudinal polarization!
¥" Precision measurements (statistical): !

    %MZ , %&Z < 0.1 MeV, %sin2' w < 10-6 ; !
    %MW ~ O(1 MeV), %mt ~ O(10 MeV), %mH ~ O(10 MeV).!
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TLEP Report: 1308.6176!

Z-Factory: Tera (1012) Z Physics!
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¥" Flavor physics & CP violation:!
     with O(1011) B-hadrons: Bs oscillation, Bc É !
     complementary to LHCb , Belle II.!
!
¥" Indirect new physics probe (ZÕÉ):!
    (  ~ (v/$ )2, sensitivity reach $  ~ 10 TeV.!
!
¥" However, systematics dominance!!
    must control theoretical errors!!
!
¥" It calls for heroic theory efforts: !
    largest uncertainty from running ) QED  !
      (low energy hadronic contributions)!
    Two-loop EW; muti-loop QCD É!

Z-Factory: Tera (1012) Z Physics!



8!

In a pessimistic scenario, the LHC does not see a new 
particle associated with the Higgs sector, then the effects 
of a heavy state on Higgs coupling gi at the scale M:!
                                                 * a few % for M * 1 TeV!! i !

gi

gSM
" 1 # O(v2/M 2)

Higgs coupling deviations:  !
     ! :         VVH       bbH,""H         ggH,##H        HHH !

Composite     (3-9)%       (1 TeV/f )2                                  100%!
H0, A0                               6% (500 GeV/M A)2!

TÕ                                                         -10% (1 TeV/M T)2!

Precision Higgs Physics!

LHC 14 TeV, 3ab-1:  8%           15%             few%               50%!

(tree-level)!

(loop)!
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     ILC: Ecm = 250 (500) GeV,  250 (500) fb-1!

¥" Model-independent measurement: !
     &H ~ 6%,    %mH ~ 30 MeV!
      (HL-LHC: assume SM, &H~ 5-8%,  %mH ~ 50 MeV)!
¥" TLEP 106 Higgs@10x4 L: &H ~ 1%, %mH ~ 5 MeV.!

Higgs-Factory: Mega (106) Higgs Physics!
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Figure 7 . The Higgs boson production cross section as a function of the centre-of-mass energy
in unpolarized e+e− collisions, as predicted by theHZHAprogram [39]. The thick red curve shows
the cross section expected from the Higgs-strahlung process e+e− ! HZ, and the thin red curve
shows the fraction corresponding to the Z! ! ø! decays. The blue and pink curves stand for the
WW and ZZ fusion processes (hence leading to the H! eø! e and He+e− Þnal states), including their
interference with the Higgs-strahlung process. The green curve displays the total production cross
section. The dashed vertical lines indicate the centre-of-mass energies at which TLEP is expected
to run for Þve years each,

"
s = 240 GeV and

"
s # 2mtop.

rapidly decreasing with the new physics scale! , typically like 1 / ! 2. For ! = 1 TeV,
departures up to 5% are expected [7, 8]. To discover new physics through its e" ects on the
Higgs boson couplings with a signiÞcance of 5" , it is therefore necessary to measure these
couplings to fermions and gauge bosons with a precision of at least 1%, and at the per-mil
level to reach sensitivity to ! larger than 1 TeV, as suggested at by the negative results of
the searches at the LHC.

The number of Higgs bosons expected to be produced, hence the integrated luminosity
delivered by the collider, are therefore key elements in the choice of the right Higgs factory
for the future of high-energy physics: a per-mil accuracy cannot be reached with less
than a million Higgs bosons. The Higgs production cross section (obtained with theHZHA
generator [39]), through the Higgs-strahlung process e+e! ! HZ and the WW or ZZ fusion
processes, is displayed in Þgure7. A possible operational centre-of-mass energy is around
255 GeV, where the total production cross section is maximal and amounts to 210 fb.

The luminosity proÞle of TLEP as a function of the centre-of-mass energy (Þgure3)
leads to choose a slightly smaller value, around 240 GeV, where the total number of Higgs
bosons produced is maximal, as displayed in Þgure8. The number of WW fusion events
has a broad maximum for centre-of-mass energies between 280 and 360 GeV. It is therefore
convenient to couple the analysis of the WW fusion with the scan of the tøt threshold, at
"

s around 350 GeV, where the background from the Higgs-strahlung process is smallest
and most separated from the WW fusion signal.

Ð 14 Ð

TLEP Report: 1308.6176!

ILC Report: 1308.6176!

~ 200 fb!
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Also see, Peskin, arXiv:1312.4974!
including ILC luminosity upgrade.!

TH, Z.Liu , J.Sayre, arXiv:1311.7155!

ILC250 + LHC
+ILC500 + HL_LHC

+ILC1000 + HL_LHC
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&H ~ 3%!

BRinv < 1%!
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Various Higgs Couplings:!
Snowmass EF Summary : 1 40 1. 608 1 

1.5%!
0.1%!

0.4%!



Coupling! HL-LHC! ILC! FCC-ee!

�LW! 2-5%! 1.2%! 0.19%!

�LZ! 2-4%! 1.0%! 0.15%!

�Lb! 4-7%! 1.7%! 0.42%!

�Lc! Ð! 2.8%! 0.71%!

�L"! 2-5%! 2.4%! 0.54%!

�Lµ! ~10%! 91%! 6.2%!

�L�H! 2-5%! 8.4%! 1.5%!

�L" ! 3-5%! 2.3%! 0.8%!

�LZ�H! ~12%! ?! ?!

BRinvis! ~10-15%?! < 0.9%! < 0.19%!

#H! ~50%?! 5.0%! 1.0%!

�Lt! 7-10%! 14%! 13% (*)!

�LH! 30-50% ?! 80%! 80%(*)!

¥"Comparison (TLEP 4IP)!

Sensitive to new physics !
at tree level!

Expected effects < 5% / $2
NP!

Sensitive to new physics !
in loops!

Need higher energies!

Sensitive to light dark matter;!
 exotic decays!

Model-independent results!
HL-LHC(3 ab -1), !

ILC(0.25,0.5,1 ab-1),  TLEP(10 ab-1)!

Snowmass Higgs  Working Group: 1310. 836 1 
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- 

Snowmass QCD Working Group: 1310.5189 

! t : 1% 

!  :  8% 

Higgs Production @ SPPC !
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Higgs Self-couplings:!
� L = !

1

2
m2

H H 2 !
gH H H

3 !
H 3 !

gH H H H

4 !
H 4,

gH H H = 6� v =
3m2

H

v
, gH H H H = 6� =

3m2
H

v2 . Triple coupling sensitivity:!
Test the shape of the !
Higgs potential, and !
perhaps the fate of the !
EW-phase transition!!
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TLEP Report: 1308.6176!

Snowmass 1310.8361!
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SUSY @ SPPC !

10
-5

10
-4

10
-3

10
-2

10
-1

1

10

10 2

10 3

10 4

10 5

10 6

2000 4000 6000 8000 10000 12000 14000 16000 18000

t÷t÷* q÷q÷
q÷q÷*

g÷g÷ q÷g÷

m [GeV]

! tot[pb]: pp !  SUSY

" s = 100 TeV

NLO+NLL

10
-5

10
-4

10
-3

10
-2

10
-1

1

10

10 2

10 3

10 4

500 1000 1500 2000 2500 3000 3500

t÷t÷*

q÷q÷

q÷q÷*g÷g÷

q÷g÷

m [GeV]

! tot[pb]: pp !  SUSY

" s = 14 TeV

NLO+NLL

M.Mangano  et al. : 1 407.5066  
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Pushing the ÒNaturalnessÓ limit !

T.Cohen  et al. : 1 406.4512  

The Higgs mass Þne-tune: (mH/mH ~ 1% (1 TeV/$ )2!

mstop > 8 TeV !  10-4 Þne-tune!!
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How much ÒtuneÓ is Þne-tuned?!

Nuclear physics? !

Atomic physics:!
Rydberg const. E0 ~ %2 me !  O(25 eV),   very natural!!
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Unbelievable! !
4 mm2 / 20 cm2 ~ 10-3 Þne-tune.!
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- 

LUX collaboration, 2013!

DM Direct Searches !

GeV low mass:!
DD difÞcult;!
Collider complementary!

100 GeV mass:!
WIPM-like; DD + Collider!
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- 

DM: Collider vs. Direct Direction!
Zhou, Berge, Tait, Wang, Whiteson, 1307.5327!
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Collider search superior to DD:!
Low mass (larger kinetic MET); Spin-dependent (no N2)!
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- 

Snowmass NP report, 1311.0299!

New Particle Searches !

e+e- & pp complementarity!
for a broad range of seaches.!

e+e- (real)!

e+e- (real)!

e+e- (virtual)!e+e- (real)!

pp (virtual)!

pp (real)!

!  6 TeV!

!  13 TeV!

!  8 TeV!
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Other Rich Physics Opportunities  !

¥" Bread & butter SM physics:!
     W pair at e+e- ;!
     Heavy quark physics: Òtop windowÓ;!
     Massive vector boson showering É!
!
¥" WLWL scattering at Eww > 10 Ð 20 TeV!

¥" Probe extended Higgs sector; !
    new forces ZÕ,WÕ ;!
    TeV scale seesaw for neutrino masses É!

Working groups coverage !



Conclusions"
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¥" Higgs boson is a new class.!
!
¥" It strongly argues for new physics BSM!
!
¥" It calls for new colliders:!
    Precision: Tera Z, Mega Higgs É!
    Energy frontier: !
        O(100 TeV) !  M ~ 10 Ð 30 TeV!



P5 Five Science !
Drivers"
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�™ Use the Higgs boson as a new tool for discovery

�™ Pursue the physics associated with neut rino mass 

�™ Ident ify the new physics of dark mat ter

�™ Understand cosmic accelerat ion: dark energy and inßation

�™  Explore the unknown: new part icles, interact ions,  
and physical principles

Report of the Particle Physics Project !
Prioritization Panel, May 2014 !

Go CEPC/SPPC !!
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            Summary:   !
-" The Higgs boson is a new class, !
   at a pivotal point of energy,   !
   intensity, cosmic frontiers.!
                !              ÒNaturally speakingÓ: !
-" It should not be a lonely solitary particle; has an 
Òinteractive friend circleÓ:               !
ÒrelativesÓ:!
ÒsiblingsÓ:        !
-" LHC lights the way for the searches.!
-" Higgs factory may reveal their properties from!
  Higgs coupling measurements at 1%-level.!

Higgs!

÷H 0,± , ÷t, ÷b, (÷g); S, ÷S...
H 0, A0, H ± , H ±± , S...

t, W ± , Z
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Ecm running time statistics (FCC-ee) 

b,c,! 1011    b,c,! 

90 GeV 1-2 yrs 1012       Z (Tera Z) 

160 GeV 1-2 yrs 108- 109  WW(Oku W) 

240 GeV 4-5 yrs 2x106   ZH (Mega H) 

350 GeV 4-5 yrs 106          tt  (Mega top) 
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SUSY bounds at LHC !

Current bounds !
on the Òmost wantedÓ!

are still loose.!

LHC will push stop  !
to the extreme. !

LHC may be limited !
to cover gauginos!
and Higgsinos.!


