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Current status
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— No “early” discovery.
— Disappointed? Yes.

— Surprised? Not much.



As data accumulates
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Rapid gain initial 10s fb-!, slow improvements afterwards.

Reaching the “slow” phase after Moriond 2017



LHC Run 2 will continue to pursue a broad
physics program.

Of course, there are gaps in to be filled, new
signals to be looked at.

Still room for discovery.



This Lecture

— Focus on longer term future.

— Assuming no discovery of new particle at the
LHC.

— Physics case for future hadron collider
» Cover significant ground beyond the LHC.

> Answering important questions beyond the reach
of the LHC
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Future circular colliders

CERN
Higgs factory: FCC-ee
pp Collider: FCC-hh

China.
Higgs factory: CEPC

pp Collider: SppC




HE-LHC

' High-Energy LHC (HE-LHC)? HE-LHC >2035
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— 28 TeV more realistically?

Will focus on 100 TeV collider here.



Basic physics capability



Higgs factories

- FCC-ee, CEPC, ILC, CLIC.

— Physics case relatively independent of the
outcome of the LHC.

» Reach further than the LHC.

» Address questions that LHC cant answer.
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Probing NP with precision measurements

— CEPC: clean environment, good for precision.

— We are going after deviations of the form

2
J ~ v Mnp : mass of new physics

=~ C
2 : -
MNP c: O(1) coefficient

— Take for example the Higgs coupling.

Z

Z

LHC precision: 5-10% = sensitive to Mnp < TeV

However, Mnp < TeV largely excluded by direct NP
searches at the LHC.

To go beyond the LHC, need 1% or less precision.



Higgs factory processes
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Zh cross section
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Can use recoil mass to identify Zh process, independent of Higgs decay

= inclusive measurement of Zh cross section



H'995 width. Unique capability of lepton colliders.
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/
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Needs to go beyond 250.



Relative Error

Higgs factories

Measured Higgs-X coupling

Kx
Precision of Higgs couplingmeasurement (Contrained Fit)
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Highlights:

HZ coupling to sub-percent level.
Many couplings to percent level.

- Standard Model Higgs-X coupling

Projected precision of Higgs coupling and width (model-independent fit)
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Model independent measurement of total width.
Sensitive to the triple Higgs coupling: 20-30%



precision

Lepton colliders and precision measurements

precision reach of the 12-parameter fit in Higgs basis

F W LHC 300/f Higgs + LEP e'e 2WW B CEPC 240GeV (5/ab) + 350GeV (200/fb)
.l LHC 3000/fb Higgs + LEP e*e"-»WW B FCC+ee 240GeV (10/ab) + 350GeV (2.6/ab)
1 light shade: e*e” collider only BILC  250GeV (2/ab) + 350GeV (200/fb) + 500GeV (4/ab)
solid shade: combined with HL-LHC M CLIC  350GeV (500/b) + 1.4TeV (1.5/ab) + 3TeV (2/ab)
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New physics with mass Mnp can affect Higgs coupling as

2
myy,

My
Sub percent precision, reach to new physics at multi-TeV scale.
Far beyond the reach of LHC.
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Big advance in electroweak precision

Precision Electroweak Measurements at the CEPC

| = Current accuracy

1072

' m CEPC: baseline and imprquements

107 l l

1075
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FB SIHZQW v

Z

Large improvements across the board




Electroweak precision at CEPC

— A big step beyond the current precision.

Electroweak Fit: S and T Oblique Parameters
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100 TeV pp collider, a big step in energy
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A big step forward in the energy frontier
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cross the board: x 5(more) improvement, into (10)TeV regime



Production of new physics particles

® Schematics of production at hadron colliders.

® Dominated by parton densities and thresholds
(mass and cut).

X ) x phase-space

matrix
elements

Threshold

“Parton densities

d2o(a,b— - -

ds dY ) B élefa(xl) T2 fo(T2) (Af(a,‘[H\)
a,b

’ Partonic cross section




Parton luminosity

® T[he cross section can be written as

dLab

dr

0:Z/d7
a,b

PL.
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Very sharp falling
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= Production dominantly on threshold
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Rough estimates of discovery reach

PaN 1/\
O'NLp-O'N—O'
Ta

L, : parton luminosity, o :

Production of new physics particle of mass M

Fast falling parton luminosity =

dominant contribution from
parton cross section near threshold

Number of new physics particle produced:

parton cross section

M2
S~ M?* =T ~ —
S T 5
A 1
V&)
N=oc-L

L : luminosity



Discovery reach

Consider 2 coIIiders

E> > Ei

Reach for new physics at these 2 colliders
Collider |: M. Collider 2: Mo.

Assume the reach is obtained from the same number of signal events

1 1 1 1 1

—=L —=L N
7.1 M2 1= aM2 2 used o

M2

We have



Discovery reach

My _ (S5\'"* (51 L5\ 7%
M, \S; So L4

M2 > M, if S, > 5
Large gain with higher energy

1/2 g r
S1 L4

That is, a factor of 50 more luminosity going from 14 TeV to 100 TeV.
From HL-LHC, we will have 3 ab"! . For 100 TeV, we need 150 ab-! .
A lot!

However, situation is actually better.



Discovery reach
M, S, 1/2
v~ (5)

a is large (3-7).
The second factor on r.h.s is increasing slowly with large luminosity
.e., not losing that much without very large luminosity.

In particular, for the same collider, as
luminosity increases

1
2a + 2

10g<£2/£1)

M 1
2 exp <2a 5 log(£2/£1)> ~ 1+



Discovery reach
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100-ish TeV pp collider

Mass Reach compared to HL-LHC 3 ab™

||||| |||||||||||||||||||||||||||||||||||||||||||||—
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6 — 3x10* cm2s ]

- — 1x10% cm2s™
5 -

ratio of mass reach

A factor of about 5 increase in reach
with modest luminosity



Status of circular collider studies

— In the past 2 years, many studies of the physics
reaches of the circular colliders have been
carried out.

» On both FCC and CEPC/SppC.

— Preliminary physics case has been made. «
rest of this

— Active efforts in trying to make it happen.this lecture
Prospect will be clearer in the coming several
years.



Open questions beyond LHC

— Nature of electroweak symmetry breaking.
— Naturalness.

— Dark matter.

Need to go beyond



Nature of electroweak
symmetry breaking



Higgs is special

particle spin

quark: u, d,... 1/2

lepton: e... 1/2
photon 1
W,L 1
gluon 1
Higgs 0

h: a new kind of
elementary particle



"Simple” picture: Mexican hat

1 A
V(h) — §,Lé2h2 + i h? Similar to, and motivated by
Landau-Ginzburg theory
<h> =v#0 W= LC]WB of superconductivity.

2

However, this simplicity is deceiving.
Parameters not predicted by theory. Need new physics



Not even sure about "Mexican hat”.

?

7 /Ty

What we know now

% = — + — or V — _ _ B

Is the EWV phase transition first order?

LHC can not distinguish these definitively.



Ist order phase transition
= large modification of trilinear coupling

-
oy
-
-~
-
-
l--,_- -
-y
-
=s=3

300 400 500 600 700 800

A (GeV) Huang, Joglekar, Li,VWagner, 1512.00068

2
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Measurlng ’rrlple nggs
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f=top,...

g “h

Many possible final state. Very difficult channel.
LHC at 3 ab' = 100% .

Triple Higgs coupling at 100 TeV pp collider 30 ab-!
Some preliminary studies, incomplete not fully realistic.

ASM

0.891,1.115
0.882, 1.126]
0.881, 1.128]

no background syst.
25% hh, 25% hh + jet
25% hh,50% hh + jet

Barr, Dolan, Englert, de Lima, Spannowsky

ILC 500:27%
ILC ultimate, | TeV 5 ab-1: 10%



Simple example: Generic singlet model

m?hTh + M(hTh)? + m2%S? + aShth + bS® + £S*h'h + hS*
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O(l) devidation in triple Higgs coupling



Also considering Higgs factories

Real Scalar Singlet Model

gl "
| : 2
: current
[3 0.100 HL-LHC
g "
S 0.010} |
- 1 Ry
3 I CEPC
N 0.001} P
L N 1 1 1
B
10-41 S E E 8  1TeV=SPCC/FCC-hh/ILC 1 TeV
0.5 : 1.0, 1.5 2.0 2.5
: h?h coupling: As/As su Huang, Long, LTW, in progress
100 TeV pp Orange = first order phase transition, v(T )/T_ > 0

Blue = «strongly” first order phase transition, v(T )/T_ > 1.3
Green = very strongly 1PT, could detect GWs at eLISA




Singlet search at 100 TeV
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5

— 4 Higgs final state with decent rate.

— Good discovery potential.

Combination of Higgs factory and 100 TeV pp collider can
go very long way in understanding EVVSB



More Higgs physics at hadron collider
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# of Higgses in 3 ab"!

100 TeV > 2 billion

33 TeV > 500 million

|4 TeV > |50 million

In comparison, O(million)
Higgs at Higgs factories

Can look for very rare and distinct Higgs signal.



New physics Higgs rare decays

dark photon

10 cmMss | | omss | ATLASS
’,\-IQ\ 10_1 h—>2a->4u h—»ZZ 7
R
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10-8 "—=ZpZp—>41 (prompt) Vs =100 TeV
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mZD (GeV)

Curtin, Gori, Shelton

There are certainly more examples.



Naturalness



Explaining the Higgs potential.

1 ))
V(h) = =p*h® + = h*

2 4
(h) =v#0 xmwgwg

Explaining electroweak scale O(100) GeV



Explaining EWSB: naturalness

M: The energy scale of new physics
responsible for EVVSB

What is M? Can it be very high,
such as Mpanck = 101° GeV, .. .2

If so, why is so different from |00 GeV?

Electroweak scale, 100 GeV.
MK, Mw ...



Naturalness of electroweak symmetry breaking

M: The energy scale of new physics
responsible for EVWSB

What is M? Can it be very high,
such as Mpanck = 101° GeV, .. .2

If so, why is so different from |00 GeV?

TeV new physics.
Naturalness motivated

Electroweak scale, 100 GeV.
MK, Mw ...



Naturalness problem.

— Dim-analysis, mn2 (physical) = a1 Mi? + a2 M2® + ...,
a2 ~0(1)

— What is My2 ? Or where is new physics?

» Some fundamental scale beyond the Standard Model.
M= Mp; = 10!° GeV, Munification = 10! GeV...?

- M2 = Mp At the same time, various terms must cancel
to the precision of 10732 to have mn® (physical) = (100
GeV)?, fine-tuning.

— No large cancellation = mn2 (physical) = (M;,2)?

» M= 100 GeV - TeV, new physics at TeV scale!



Is fine-tuning ok?

— Mathematically, yes.
Can always solve mp4(physical) = mn2 (physical) = a1 M® +
a> M2? + ... But

No rope!
More exotic possibilities

Similarly, we have been searching for an explanation
for the fine-tuning of Higgs mass O(10-32)

L | L |

Another fine-tuning problem



Has LHC already told us that
electroweak scale is not natural?

— Certainly put a lot of strain/stress on this notion.

— Actually, before LHC, flavor and electroweak
precision tests already “prefer” new physics at 10
TeV scale. "Little hierarchy” problem.

> Many ugly, but more “"natural”, models been built.
— Time to think of alternatives? Yes!

— Time to completely give up on this “conventional”
naturalness? No!



“Alternatives”

— Connection with cosmological evolution?

— Unique vacuum vs landscape

» Dynamics vs selection.

— Dramatic new phenomena in quantum field theory

» UV-IR connection. etc.
— Dramatic paradigm shifts. Very interesting.

— Too important to completely give up on the
conventional notion of naturalness after the LHC.



Test naturalness at 100 TeV collider

Cohen et.al., 2014 Pappadopulo, Thamm, Torre, Wulzer, 2014
CL Exclusion
10000[= ]
/s =100 TeV — Boosted Top 1

80001 j [dt = 3000 fo! —Compressed | -
. | €sysbkg = 20% = 10" g

[
%) 6000F €sys,sig = 20% % ©
) L 10° §
2~ 4000 = E
o 408 X
100

2000 ]

ﬁ 10*

2000 4000 6000 8000 10000
1
mx (GeV)

— 1'une pl"OPOI"fIOnal 1-0 (Mnew physics)2 .
» Much better test than LHC, by orders of magnitude!

» Potential for discovery (would be a victory for
naturalness).



Stealthy top partner. “twin”

Chacko, Goh, Harnik

Craig, Katz, Strassler, Sundrum

— Top partner not colored. Higgs decay through hidden
world and back.

— Lead to Higgs rare decays.



More alternatives

More relevant without discovery at the LHC
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Low scale landscape “fat” Higgs
Higgs rare decay. Higgs coupling

Can’t hide from the Higgs.

Talk by Arkani-Hamed CEPC workshop Sept. 2016



Bottom line

— Naturalness is the most pressing question of EWSB.

» How should we predict the Higgs mass?

— We may not have the right idea. No confirmation of
any of the proposed models.

— Need experiment!
— Fortunately, with Higgs, we know where to look.

— And, the clue to any possible way to address
naturalness problem must show up in Higgs coupling
measurement.



Higgs-top coupling.

Zhen Liu, |. Low, LTW

— Dim-6 operators parameterization.

1

Oty = F(HTH)(QLEHR),
1
Oy = F(HT H)(qr,Hbg),
O ? T<_> =AM
DHq = F(H DMH)(QL’Y QL)a
7 g B
Og’}{q - F(HTTIDMH)(QLWMTIQL%

(

< _
Oput = A2 (H'D,H)(try"tr),

7 4 _
ODHb — F(HTDMH)([)R’Y“[)R),
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Coefficient can be complex in general.

Affect h— gg, although determining CP can be difficult.
h—YY with a different sign

Sub-leading contribution to hZZ as well.

Oprr = %(HTH)((;LHZQR) well constrained by h—bb



1

<
Oprg = 5 (H' D, H)(qry"qr),

A2 Do not modify Higgs coupling to tops.
7 <~
Oty = F(HTTIDMH)(QLV”TIQL%

; Generate h-Z-bb ...

H —
Opnt = <5 (H' Dy H)(try"tr).

1

Opim = 13 (HTBMH)(BRW%R), Modify Z-bb and Z-tt couplings

3-body process, ee—>hbb
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At ttbar threshold
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Sensitivity o new physics scales

Sensitivity to new physics scale /\/\/;
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Some possible channels

Decay Topologies Decay mode F; Decay Topologies Decay mode F;
h 2 h =Bt h—2—4 (" h s (bb)(BD) )
h—2-—3 h v+ h — (bb) (7" 77)
h — (bb) + £ ho— (bb)(utp)
h = (37) + £ h—= (thr )t )
{< h= (r77" ) +Er — h— (rtr ) (uptp)
h = (vy) + B h = (37)(37)
ho (E°0) +Er h - (§5)(v)
h—>2-3324 h —» (bb) + ET h— () p ) :
h = (37) + &7 h— (6T )£ 8 )
hh_’ (T(*T)_) }ET' ho— (EYe ) (wtp)
= (YY) HET Y S
hos (640°) 4 B h= (up ) (w"u)
h= (up) + BT
h—2-(143) h < bb+Er
h—»jj+Er
{é h—= 151 4+E7
h = vy + Bt
K h— €64 +E7 J

Strong areas of Higgs factories ¢
( C )

) More hadronic
With MET, less lepton




Summary

95% C.L. upper limit on selected Higgs Exotic Decay BR

(m HL-LHC )

10~ m CEPC
N m ILC(H20)
()]
% 10-2 m FCC-ee )
L 1o | | |
g I | |

10-°

Me, (bb)*ME, (/j)*MEr (z T)*MET bb*/l/lEr jj’LMET Mg, (Bb) ) (CC)(CC) Wy — (bb)e r7) (77)¢ r7) ) vy) () Vy)

— Higgs factories can push these BR to 10-%.
Impressive reach and complementarity with HL-

LHC



Testing WIMP Dark Matter

2
MWIMP S 1.8 TeV (69—3>



Dark matter
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Dark Matter

Not required by theory. It is there.
Only seen its gravitational interaction.

We have to understand them better.
. . Dark Energy
Collider search is a key approach.




WIMP scenario.
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— Thermal equilibrium in the early universe.

— IF do ~ 0.1 Mp ~ 10s GeV - TeV

> We get the right relic abundance of dark matter.

— Major hint for weak scale new physics!



WIMP mass
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— More precisely, to get the correct relic abundance
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TeV-ish in simplest models



The story I grew up with

p, T, ...,— Jets
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partners: g, q, W,
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Basic channel

— pair production + additional radiation.

N
s >

DM ! ' \X

jet, or v+ K

— Mono-jet, mono-photon, mono-...

— Have become “"Standard” LHC searches.



Mono-X signature

missing pT (or ET)
calculated from momentum conservation

DM (invisible)

¥» DM (invisible)

jet, photon ...



S/ B

Dark matter (mono-jet)
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L = 3000 fb™
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— LHC only coverage very limited. Rate, systematics...

— 100 TeV pp collider can probe the "bulk” of WIMP
parameter space.



Very degenerate, disappearing track.

tanf =5 u>0
X,* decaying into %04t = 220 AT Observed 95% CL limit (<10, )
p “1 caying v1 %’ | Expected 95% CL limit (1 o,,,)

\ = 210 | e ATLAS (s =7 TeV, 4.7 b, EW prod.)

éx B [ ALEPH (Phys. Lett. B533 223 (2002))

Badly mismeasured in p, due to a wrong 4 k Theory (Phys. Lett. B721 252 (2013))
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Figure from ATLAS disappearing track search twiki

— Main decay mode x* — T* + xV.
— Charge track = 10(s) cm

— Impressive limit at the LHC already.



Wino
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— "Completely cover” the wino parameter space.



Mono-jet

disappearing tracks COI“der L|m|tS
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With cascade decays

2500

" Higgsino-Bino ~ —— 3L |
~ 2000F £=3000/fb - ————- OSDL |
H — - 1.960 SSDL |
> 1500] ]
9, :
% 1000"
S i
g 500;* T T T T T T T T T T T T T T T T | T T T T | T T T T | T T T T
0:“‘“‘“‘“"\h“““““““““““: [ L] [
B 500 1000 1500 2000 2500 3000 3500 4000 MuItI-Lepton Limits
mnisp[GeV]
wino / higgsino B NLSP mass
[ LSP mass
higgsino / wino
2500"“\"“\““\““\““\““\““\‘
- Wino—Bino, Case 5 — 3L | ) . )
2000~ £=3000/fb =~ = __—=====o ] hlggsmo / bino
— - 1960 ]
~ % 1500
L L 2 N e wino / bino
% 1000
g :
500
: 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
obe o 0 1 2 3 4 5 6 7
500 1000 1500 2000 2500 3000 3500 4000
~ mass [TeV]

B myLsp[GeV]
Gori, Jung,Wang,Wells, 2014

Decay = leptons = stronger limits



More novelties at a 100 TeV collider

— Bigger, messier jets.
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LHC triggered a revolution in jet technology.
100 TeV pp collider demands more!



More novelties at a 100 TeV collider

— SM EW scale particles become very light.

- W/Z/t/h
» Treating them as part of the "PDF”.
V§ [Tev
1010 —— A 10 100,
108 =28 100 TeV B

WeW,
107!

05 10 15 20 25 3.0 35 40

s =mpy [TeV]

) |
O Ve,

We learned a lot about going from 4 =¥ 5 flavors (doing bottom quark properly).

Similar strategy here (?)



More novelties at a 100 TeV collider

— SM EW scale particles become very like.

— Tagging W/Z/t/h as “fat” jets

» Not so fat any more, using tracks.
Larkoski, Maltoni, Selvaggi, 2015
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New strategies!



Why 100 TeV?

— A benchmark used in the studies.
— Of course, higher is better!
— However, technological + cost constraints

= 100-ish seems to be the best we can do at the
moment.

— With further design and physics studies, the
number can change.

— A discovery at the LHC can dramatic change the
plan.



Comments

— Physics case of next generation high energy pp
collider “obvious”.

- Without LHC discovery.

» Physics case for a 100 TeV pp collider stronger
than HE-LHC at 28 TeV. Need a big step.

» Cost+technological challenge. Perhaps easier to

"sell” only as a second step of a circular Higgs
factory in longer term.



More opportunities and challenges

— Betfter SM theory calculation needed for taking
full advantage of energy and luminosity.

— Many more NP channels, e.g. flavor (violating)
physics at 10s TeV?

— Full set of Higgs measurements at 100 TeV, more
careful study.

— Physics driven (such as dark matter search) novel
detector designs.

- We will do much better than we know now in a
couple of decades. cf. LHC vs SppS.



A lot to look forward to!



extras



10120 | e | A T

) N
04| L 100 TeV pp
d  dr, ., SL | 5

B

02| FERY () 1 e —— D)< (o v —

Higgs mass

1
10 CMB

nuclear
binding



If we made a discovery at run 2

— Beginning of a new era. Seeing the first sign of a new
layer of new physics.

— However, it is unlikely to discover the full set of the
particles, since we have not see anything vyer.

— Typically, going from 8 TeV to 14 TeV increase the
reach at most by a factor of 2.

— However, many models feature particles with masses
spread at least factor of several apart.

— Won't be able to see everything.

— LHC discovery will set the stage for our next
exploration, in particular at a 100 TeV pp collider.



Neutral naturalness

Twin Higgs. Chacko et al. Talk by Craig
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Induce shift in Higgs coupling. Craig, Englert, McCullough, 2013

— LHC reach poor. Theory can be completely natural.

— Higgs factory can test this.



Need to consider UV completions for
neutral top partners

— Induce measurable shifts in Higgs couplings,
precision observables.

— UV completions can be directly probed at 100 TeV.

— Combination of precision measurement and direct
search at 100 TeV pp collider can test
naturalness.



Compositeness and ftop partner

Wulzer’s talk
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— Plays a crucial role in EWSB.

For a comprehensive discussion, see
De Simone, Matsedonskyi, Rattazzi, Vulzer, 1211.5663



LHC 14 should cover (most of) it
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Going up to 100 TeV

Projected BR(T — bW)
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— Again, room for improvement by using single
production. boosted techniaue. etc.
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SUSY DM signal in the compressed case

bserve this process,
ithsrfalradiation: jet, photon, ...

ass splitting, very
missing par{icles Heles, invisible

he “usual” story
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missing pT (or ET)

DM (invisible )
( ) calculated from momentum conservation

~

partners: g, 4, W Z Z --+» DM (invisible)

detector

jet, photon ...

— Back to the basic mono-jetf, mono-photon...



Higgs mass in quantum theory.
Quantum fluctuation: Zero point energy
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A: a cut-off.
The energy scale of new physics.

Standard Model: include fluctuations of W boson, top quark, ....
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— Renormalization: my2(physical) = mo? + ¢ A?

» mo® can always be adjusted to give correct
mn2(physical).



Naturalness problem.
— mn® (physical) = mo? + ¢ A%, ¢ = O(0.01)

= What is A? Or where is new physics?

» Some fundamental scale beyond the Standard

Model. A = Mp = 10'° GeV, Munification = 10
GeV...?

— A?% = Mp?, mo?2 must be very close to Mp/? . At
the same time, they must cancel fo the precision of
10-32 o have mn® (physical) = (100 GeV)?, fine-
tuning.

— No large cancellation = mun® (physical) = cA®
Naturalness criterion leads to a prediction of the

mass scale of new physics!!



Rate for double Higgs production.
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