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t he IVBs are import ant !

Mw? sensitive!

mt? notsomuch!

The importance of W !

but also the Gauge Couplings 

of the Spin 1 Bosons...

connect to all kinds of new 

physics

13

R. Kogler Moriond 

Pressing on SM consistency: the need for all manner of 

complicated QCD understanding.

Physics

Higgs

Precision EWK

Dark Matter

Fine tuning and 

Naturalness

Flavor
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Standard-Model Higgs-Boson Branching Fractions
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Yet, there is a Special One!

! Search for Dark Matter in monojet and monophoton final 
states a la the direct detection experiments:
๏ Limits are somewhat model-dependent as they are sensitive 

to the mass of the mediator; yet competitive
๏ O%er unique sensitivity to DM-gluon couplings

! Increased interest since the recent CDMS result 
(arXiv:1304.4279)!

Direct Detection (t-channel) Collider Searches (s-channel)

q

q̄

χ

χ̄

Monojet + MET

Heavy 
mediator

Heavy 
mediator

Use a single jet 
to trigger

 [GeV]!WIMP mass m

210
3

10

 [
G
e
V
]

*
S
u
p
p
re
s
s
io
n
 s
c
a
le
 M

200

400

600

800

1000

1200

, SR3, 90%CLOperator D5

)
exp

² 2± 1 ±Expected limit (

)
theory

² 1±Observed limit (

Thermal relic

 PreliminaryATLAS

=8 TeVs
-1

Ldt = 10.5 fb#

not valid

effective theory

C
M

S
 P

A
S

 E
X

O
-1

2
-0

4
8

ATLAS-CONF-2012-147
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LHCb: Evidence for Bs(μμ)

! The quest of many years to find a deviation from the SM 

predictions in the Bs(" " ) decay is coming to an end with the 

first evidence that the decay rate is consistent with the SM 

model

! Still awaits confirmation from

ATLAS and CMS
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Full PDF
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Theo. Prediction time-av.Theo. Prediction t=0

B(Bs
0 µ+µ-) [10-9]

95 % C.L.

LHCb Collaboration

PRL 110 (2013) 021801

3.5 standard

deviations
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SUSY Grand Summary

! Closing in on the “natural” SUSY, but may be just short the reach

! Can we either find natural new physics or rule out naturalness as the 

guiding light to our quest for the origin of EWSB, dark matter, etc.?

! Very important to continue the quest for naturalness in SUSY and 

other BSM, which requires to explore the full energy potential of the 

LHC

! What would it take?
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV

LHCP 2013

 = 7 TeVs

 = 8 TeVs

lsp
m¢-(1-x)

mother
m¢ = x

intermediate
m

For decays with intermediate mass,

Only a selection of available mass limits

*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit
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 partial data
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ATLAS SUSY Searches* - 95% CL Lower Limits
Status: LHCP 2013

ATLASPreliminary

-1
 = (4.4 -  20.7) fbLdt#  = 7, 8 TeVs

 theoretical signal cross section uncertainty.²*Only a selection of the available mass limits on new states or phenomena is shown.   All limits quoted are observed minus 1
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A. hadron colliders

1. LHC 13 TeV, 300/fb , spacing: 25 ns (50 ns),                                        

pileup: 19 (38) events/crossing

2. LHC 13 TeV, 3000/fb (HL-LHC) , spacing: 25 ns,                                 

pileup: 95 events/crossing

3. LHC 30 TeV, 3000/fb (HE-LHC) , spacing: 50 ns,                              

pileup: 225 events/crossing

4. VHE-LHC 100 TeV, 3000/fb, spacing: 50 ns,                                     

pileup: 263 events/crossing

5. VLHC at 100 TeV, 1000/fb , spacing: 19 ns,                                    

pileup: 40 events/crossing

30

pileup numbers are t he average 

number of  interact ions per crossing 

at  t he peak luminosit y, as explained
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Lepton Colliders
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Photon Colliders
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Electron-hadron Collider



Options are familiar

As is the skepticism about some of them  

In this talk

review what we need to measure                                        
and the recent progress 

review (revisit?) the conventional wisdom of what 
kind of measurements are possible at which 
machine

consider recent developments in regional planning
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Higgs

5/29/2013 Yuri Gershtein 10



5/29/2013 Yuri Gershtein 11



NYT Photos in article about the 
“off-shore” discovery
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Most of what you see 

here is made in the USA



US Spokeperson of an experiment of which 
US Physicists are the single largest fraction 

(~35%) reports the Higgs discovery
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Higgs @125: malicious?
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Higgs @125: or lucky?
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ΓH "  4.2 MeV

New challenge: what is the b quark mass, really?



Higgs: what we know already
Combined p-values for h existence are below 10-20

>3s evidence for mVBF+VH > 0 in both experiments 

5/29/2013 Yuri Gershtein 17



Higgs: what we know already
Relative couplings to W and Z respect custodial symmetry

Couplings to fermions are in correct proportion to masses

5/29/2013 Yuri Gershtein 18



LHC: Couplings

P(SM) is ~8% in ATLAS and within 1s in CMS
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LHC: Extra decays

BR(BSM) < 0.6 (0.52) in ATLAS (CMS)

5/29/2013 Yuri Gershtein 20

First higgs-tagging analysis from many 
to come

Zh g l+l-+MET

Br(h g invisible) < 0.65

VBF-tagged analysis are coming soon

CMS triggers on VBF with ~10% eff
independent on the higgs decay



Coming soon: Rare / Exotic Higgs decays

Higgs tagging
Get ~all h+V(leptonic)

Get ~10% of VBF

Have  6500 higgses
without any trigger bias 
@LHC8

If this can be maintained 
for HL LHC – more tagged 
higgses then ILC

Some decay modes  have 
very small backgrounds –
light resonances, long-lived 
particles, MET, etc

5/29/2013 Yuri Gershtein 21

Essig



What to measure

SM couplings

Total width

Rare decays

Quantum numbers 

already have strong 
experimental 
preference for 0+

CP admixture
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What to measure

SM couplings

Total width

Rare decays

Quantum numbers 

already have strong 
experimental 
preference for 0+

CP admixture
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Hadron Colliders

Real factories – huge numbers of 
Higgs produced, some of them tagged 
by VBF or associated W/Z

Muon colliders

precise knowledge of ECM

direct measurement of width

ILC / CLIC

Very clean environment 

hgcc, hggg

Photon colliders

Precise probe of hgg vertex

Circular e+e-

Combines clean environment and high 
luminosity

Where to measure



How precise is too precise?
Need sub-percent precision to have the full story on higgs and new physics 
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P. Janot



Higgs @ e+e-

Zh production, both Z and h decay into jets
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Higgs @ e+e-

5/29/2013 Yuri Gershtein 26

250 GeV:
(tagged h)
branching 
fractions

350-500 GeV:       
(WW fusion)            
absolute normalization 
of couplings

>700 GeV: 
Self-coupling
top coupling

15% @     
3 TeV CLIC
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full ILC program

Peskin



Circular e+e- in a New Tunnel
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even better 

100 km? 

, R(A(& (, ++(A' S(/. (, ++(Q0 (
) +(A(& (, ++(A' S(/. (>+(Q0 (

37 

There’s no 

substitute for 

Energy 

gcPYH$("##*9$7#$X*#*: . $. 5*. $F$? , DP+, - $

Z#. >=%, ) 'Y;'@#, , -'

The only hope for VLHC?
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P. Janot

HL-LHC projections are discussed later 

*

*
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Capital cost 

J.P.Delahaye @ MIT Workshp; April 10,2013 Review of HIGGS Factory technology options 
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Capital cost per 5 years produced HIGGS 

J.P.Delahaye @ MIT Workshp; April 10,2013 Review of HIGGS Factory technology options 
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Muon Collider
Synergetic with high intensity neutrino program

Precisely known ECM allows for direct Higgs width measurement

hmm
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Muon Accelerator Physics 

• Large muon mass strongly  
suppresses synchrotron  
radiation 
! "Muons can be accelerated and  

stored using rings at much  
higher energy than electrons  

!  Colliding beams can be of  
higher quality with reduced  
beamstrahlung 
 

• Short muon lifetime has impacts as well 
– Acceleration and storage time of a muon beam is limited 

– Collider ! a new class of decay backgrounds must be dealt with 

– Precision beam energy measurement by g-2 allows precision Higgs width 
determination 
 

• Muon beams produced as tertiary beams:  
– Offers key accelerator challenges… 

April 10, 2013 MIT Snowmass13 Frontier Facilities Meeting:  Lepton Colliders 6 

p ! ² ! m

Beamstrahlung  in  

any  e+e- collider 

     ²E/E #  2 

126 GeV Higgs Factory   

April 10, 2013 14 

Major advantage for Physics of a m+m- Higgs 

Factory: possibility of direct measurement of the 

Higgs boson width (( ~4MeV FWHM expected) 

Reduced cooling: 

 ) ¢ N =0.3 mm rad,  

) ||N =1 mm rad  

MIT Snowmass13 Frontier Facilities Meeting:  Lepton Colliders 

s-channel coupling of Muons to HIGGS with high cross sections: 
Muon Collider of with L = 1032 cm-2s-1 @ 63 GeV/beam (50000 Higgs/year)  

Competitive with e+/e- Linear Collider with L = 2. 1034 cm-2s-1 @ 126 GeV/beam 
Sharp resonance: momentum spread of a few !  10-5  

Han and Liu 
hep-ph 1210.7803  
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Photon Colliders
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Addition to e+e- to get to hgg coupling
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Only	with	
ggC	

==	0		if		CP	is	conserved	

In s-channel production of Higgs: 

==	+1	(-1)		for	CP	is	conserved	for	
A	CP-Even	(CP-Odd)	Higgs	

													If	A 1≠0,	A 2≠0		and/or		|A 3|	<	1,		the	Higgs		
is	a	mixture	of	CP-Even	and	CP-Odd	states	

													Possible	to	search	for	CP	viola on	in		
ggà	H	à	fermions	without	having	to	measure	their	polariza on	

													In		bb,	a	≤1%	asymmetry	can	be	measure	with	100	 -1	

that	is,	in	1/2	years	 	arXiv:0705.1089v2	

M. Velasco
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Very messy environment

Very well-segmented detectors

Lots and lots of data 

S. Demers

LHC Projections



LHC Higgs Projections
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6s

CMS Projection
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Past Experience: W mass
A plot from 1996 report from TeV-2000 

Extrapolations without exact knowledge of upgraded 
detector performance, how to deal with pile-up, how will 
the theory errors evolve, etc…
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Report of the 
TeV-2000 Study Group:
SLAC-REPRINT-1996-085, 
FERMILAB-PUB-96-082
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Past Experience: W mass
A plot from 1996 report from TeV-2000 

Extrapolations without exact knowledge of upgraded 
detector performance, how to deal with pile-up, how will 
the theory errors evolve, etc…
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Tevatron EWWG:
arXiv:1204.0042 [hep-ex]

Report of the 
TeV-2000 Study Group:
SLAC-REPRINT-1996-085, 
FERMILAB-PUB-96-082



Goldilocks Higgs
Is it a Ragged Edge of Doom or                                
the Nature is just trying to tell us something?
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Degrassi et al, arXiv:1205.6497

Need precise 
measurement of the 
masses of top and Higgs



Top 

Lepton colliders can measure top “mass” to 0.1 GeV

Hadron colliders lead on rare decays (i.e. FCNC) 
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W mass and precision EWK

With the Higgs discovery the 
SM is over-constrained

Precise consistency tests are 
needed – and may indirectly 
indicate new physics

5/29/2013 Yuri Gershtein 42

Peskin/Brock, BNL, April 2013

t he IVBs are import ant !

Mw? sensitive!

mt? notsomuch!

The importance of W !

but also the Gauge Couplings 

of the Spin 1 Bosons...

connect to all kinds of new 

physics

13

R. Kogler Moriond 

Pressing on SM consistency: the need for all manner of 

complicated QCD understanding.



Dark Matter
If DM is particle(s) interacting more then gravitationally, we can create DM 
with accelerators just as any other matter

Complementarity with direct searches
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e (q)

e (q)



Dark Matter @ ILC
Can measure mass and quantum numbers and helicity
structure of fermion interaction
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1206.6639 [hep-ex], Bartels et al

J. List



SUSY Dark Matter
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arXiv:1211.4873

“Almost wiped out” or …               

“Now we know where it is?” 

need to be acutely aware of our biases



An Inconvenient SUSY 
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Light Stops
Only starting to bite into “Natural” MSSM
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Papucci, Ruderman, Weiler
arXiv:1110.6926

Even smaller sensitivity 
so far if GMSB or RPV 



Far from the end of “Natural”
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may be should 
give up on that



Flavor as a guide

We can explore high scales with high precision flavor 
measurements, EDM’s, etc.

If we make a discovery in precision measurements we’d 
want to go study the energy scale that it predicts 
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Summary
LHC is just at the start of a 20+ year well motivated program

High luminosity and energy upgrades planned

and cost non-trivial amount of money 

Will US continue to be a major player?

Multitude of options for electron-positron colliders

Linear or circular?

What is the main motivation – Higgs or BSM?

What is the future – grow energy of the ILC or switch back to protons?

Is US interested in participating?

Photon collider

CP measurements are very important – what kind of statistics one 
would need to do competitive measurements at LHC / ILC / TLEP? 

Muon collider

Compact machine, synergetic with neutrino program

Direct measurement of Higgs width

Also can do a lot of what ILC can do (at higher technical risk) 
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J.P. Delahaye


