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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 (guasi?)stablé
valid up to an exponentially high scale!!



SM UV complete!!
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Snowmass NP report, 1311.0299!
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COLLISION COURSE Nature News, July O14!

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

than the Large Hadron i_llnder at CERN, Edrope h)artlwh/sms laboratory.
ay (2015-2030)!

CERN'’'s Larg
Hadron Collider

Circimference: 27 km
Energy: 14 TeV

21€ ositron 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&Z,240-350

ational

super proton colliger
BO km; <100 Te

onal
Linear Collider ‘oposed

Longth: 2 v |ILC as nggs Factory"& beyond BeV, gigaclectronvolt

<1 TeV

Table 1-1. Proposed running periods and mtegrated Iumlnosmes at each of the center of-mass energies

for each facility. Snowmass 1310.8361!
Facility HL-LHC ILC ILC(LumiUp) CLIC TLEP (41Ps) HE-LHC VLHC
s (GeV) 14,000 250/ 500/ 1000 250/ 500/ 1000 350/ 1400/ 3000 240/ 350 33,000 100,000
Ldt (fb' ') 3000/ expt 250+ 500+ 1000 1150+ 1600+ 2500 500+ 1500+ 2000 10,000+ 2600 3000 3000
ILC 3+3+3
dt (10’s) 6 3+3+3 ( ) 3.1+ 4+ 3.3 5+5 6 6

+ 3+3+3




Z-Factory: Tera (10%9)

Z Physics!

TLEP Report: 1308.61 76!

¥' Clean environment%Ecm< 1 MeV,10° x LEP-I!
¥' possible longitudinal polarization!
¥' Precision measurements (statistical): !
%M, , %& < 0.1 MeV, %sift , < 10°; !

%M, ~ O(1 MeV), %m~ O(10 MeV), %m, ~ O(10 MeV).’
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Z-Factory: Tera (10%%) Z Physics!

¥' Flavor physics & CP violation:!
with O(10*) B-hadrons:Bs oscillation,Bc E !
complementary tHCb, Belle II.!

|

¥ Indirect new physics probe (ZOE):!
( ~ (v/$)?, sensitivity reacts ~ 10TeV.!

|

¥' However, systematics dominance!!
must control theoretical errors!!

|

¥' It calls for heroic theory efforts: !
largest uncertainty from running ogp, !
(low energyhadronic contributions)!
Two-loop EW:; muti-loop QCD E! .



Precision Higgs Physics!

In a pessimistic scenario, the LHC does not see a new
particle associated with the Higgs sector, then the effe

of a heavy state on Higgs coupling at the scalévi:!
1 I 14 002M 2 *afew % for M TaV!

e Oswm

Higgs coupling deviations:!

= VVH bbH,"'H ggH,##H HHH ,
Composite (3-9)% (1TeV/f)? (tree-level) 100%!
HOY, A° 6% (500GeV/IM ,)~
TO -10% (1TeV/M ;)2(loop)!

LHC 14 TeV, 3ab': 8% R few% 50%!
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nggs Factory I\/Iega (106) nggs Physics!
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e I\/Iodel-independent measurementLE Report: 1308.6176!
&, ~ 6%, %m, ~ 30 MeV!
(HL-LHC: assume SM, &~ 5-8%, %m, ~ 50 Me\)!

¥ TLEP 10°Higgs@LOx4 L: &, ~ 1%,%n, ~ 5 MeV,
TLEP Report: 1308.6176! 2



Higgs Total Width & Invisibale BR:!

{Model- DependentFitting A WMDAL

BR. , < 1%

RelativeError 6 XX
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Various Higgs Couplings:!
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y'Comparison(TLEP 4IP)

Couplingg  HL-LHC! ILC! FCC-ed B
Ly, 2-5%)! 1.29%! 0.19%!
L, 2-4%) 1.09%! 0.15%!
L, A-T%! 1.7%! 0.42%
L, p! 2.8%! 0.71%!
L, 2-5%)! 2.4%! 0.54%
L, ~10%! 91%)! 6.29%!
L, 2-5%)! 8.4% 1.5%!
L., 3-5%)! 2.3%! 0.8%!
L ., ~129%! ?! 2!

BR, ., ~10-15%?! | < 0.9%! < 0.19%!
#,,! ~50%7! 5.0%! 1.0%!
L, 7-10%)! 14% 13% (*)!
L, 30-50% ?! 80%! 80%(*)!
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Snowmass Higgs Working Group: 1310.
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Model-independent results!
HL-LHC(3 ab 1), !
ILC(0.25,0.5,1 ab%), TLEP(10 ab™Y)!

Sensitive to new physics !
= at tree level!
Expected effects < 5% / !

Sensitive to new physics !
In loops!

>

| Sensitive to light dark matter;!

-

exotic decays!

} Need higher energies!



Higgs Production @ SPPC !
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Higgs Self-couplings:!

AL =1 mzH2y HHH o, GHAAH
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SUSY @ SPPC!
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How much OtuneO is Pne-tuned?!

Atomic physics:!
Rydberg constE,~ % m_! O(25 eV), very naturall

Nuclear physics? !




Unbelievable! !
4 mné/ 20 cn? ~ 103 bne-tune.!
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DM Direct Searches !

Tpeguogg%%,;gagogggﬁgg - LUX collaboration, 2013!
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DIVt : Collider-vs. Dinect Dinection!

Zhou, Berge, Tait, Wang, Whiteson, 1307.5327:
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New Particle Searches |
Snowmass NP report, 1311.0299!

quarks | | : :
T quarks | 13 TeV! qua_:k PP (VI rtu al7!“‘“’““°
COomposiieness

gluinos =m

s —————
LSS a——— (real)! S F pp (real)! = pp, 100 TeV, 3000/fb

_———— . - V, 3
RPV stop “ pp, 33 TeV, 3000/fb
ES ' ™ pp, 14 TeV, 3000/fb

stop ! | I 4 i pp, 14 TeV, 300/fb
= 6 TeV
W ee, 3 TeV, 1000/fb
any NLSP | ' |
—  ©+€ (real)! “ ee, 1 TeV, 1000/fb
wee, 0.5 TeV, 500/fb

e ES—— | 8TeV! , |
wes E_____ e+e (real)! e+e (virtual)’

0 1000 2000 3000 0 10000 20000 30000 40000 50000 ©0000O  TOOOO
mass (GeV) mass (GeV)

e+e & pp complementarity!
for a broad range ofeaches
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Other Rich Physics Opportunities |

¥' Bread & butter SM physics:!
W pair ate+e ;!
Heavy quark physics: Otop windowO:!
Massive vector boson showering E!

|

¥ W W, scattering att,,, > 10 b 20eV!

¥' Probe extended Higgs sector; !
new forces ZO,WO :|
TeV scale seesaw for neutrino masses E!

Working groups coverage |
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Conclusions

¥' Higgs boson Is a new class.!
|

¥' It strongly argues for new physics BSM!
|
¥' It calls for new colliders:!
PrecisionTera Z, Mega Higgs E!
Energy frontier: !
O(100TeV)! M~ 10D 30reV!
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P5 Five Science !
Drivers

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

-2HSEThe HIggs boson as anew tool for diSCoOveErvy—=

™Pursue the physics associated with neutrino mass

gddentity the new physics of dark marte

™Jnderstand cosmic acceleration: dark energy and inf3ation

Go CEPC/SPPC I

24!



Summary: ! onersy

-'The Higgs boson is a new class,
at a pivotal point of energy, !
Intensity, cosmic frontiers.!

|ONaturally speakingO:
-'It should not be a lonely solitary particle; has an
Ointeractive friend circleQ; w*, z |
OrelativesOH%*, & B, (g): S, S...
OS|bI|ngsO e AR HE HE oS
" LHC lights the way for the searches.!
" Higgs factory may reveal their properties from

Higgs coupling measurements a#bo-level!
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CMS preliminary
T1: §—qq%°

Tlbbbb: §—bby"

SUSY bounds at LHC !

m(mother)—m(LSP) =200 GeV

m(LSP)=0 GeV

gluino
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—_— L
®_T12tt: iy stop i
T3lh: g—qq(x2 +1" U %") | gluino
. == 7~0~0 .
T3w: g—qq(x™ WX [X") | gluino r_'_'
T5Inu: x* —+1*vx" | gluino

T5zz: §—qq9(x3 = 2%°) | aluing

D: o x* U’}

L xS =Wz K°

chargino/neutralino

chargino/neutralino

7 TeV, < 4.98 b !

600
Mass scales [GeV]

800
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1000

1200

Current bounds !
on the Omost wante
are still loose.!

LHC will push stop
to the extreme. !

LHC may be limited
to covergauginos
and Higgsinos!



