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@ Higgs

@ Precision EWK

@ Dark Matter

@Fine tuning and -

Naturalness

@ Flavor
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Hadron Collider options

LHC 13 TeV, 300/fb , spacing: 25 ns (50 ns),
pileup: 19 (38) events/crossing

LHC 13 TeV, 3000/fb (HL-LHC) , spacing: 25 ns,
pileup: 95 events/crossing

LHC 30 TeV, 3000/fb (HE-LHC) , spacing: 50 ns,
pileup: 225 events/crossing

VHE-LHC 100 TeV, 3000/fb, spacing: 50 ns,
pileup: 263 events/crossing

VLHC at 100 TeV, 1000/fb , spacing: 19 ns,
pileup: 40 events/crossing
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1. Introduction

The objective of this group was to make a rough
assessment of the characteristics of a hadron-hadron
collider which could make it possible to study the 1
TeV mass scale. Since there is very little theore-
tical guidance for the type of experimental measure-
ments which could illuminate this mass scale, we chose
to extend the types of experiments which have been
done at the ISR, and which are in progress at the SPS
collider to these higher energies. 1Initially we chose
to call these experiments "bellwether experiments” for
reasons of convenience. 1In the absence of any alter-
native predictions we assumed that the cross sections
for these standard experiments could be obtained
either by extrapolating perturbative QCD models of
hadrons to center of mass energies of 40 TeV or by
extrapolating phenomenological parameterization of
data obtained from experiments done in the center of
mass energy range of 20 to 60 GeV to 40 TeV. For each
bellwether we asked up to what mass (or momentum
transfer Q) could a significant (> 100) number of

J e S T A7/, a_ TTRLr1 . . x_ .txtlo.
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Considering the huge extrapolation of cross sec-—
tions from 60 GeV to 40 TeV, there was no significant
difference between the cross sections for pp or pp
collisions. The numbers given were calculated for pp
interactions.

Before listing the bellwether experiments chosen,
it is appropriate to check in Websters to see exactly
what a "bellwether” is. "1l. a wether, or male sheep,
which leads the flock, with a bell on his neck. 2. a
leader of a thoughtless crowd.” We hope definition 1
applies.

2. The Bellwether Experiments

#1  High Transverse Momentum Jets

This experiment was chosen because it is expected
to reveal the dynamics of the interacting constitu-—
ents. The rate for this process does not depend on
the details of constituent hadronization, and it has
the largest cross section of the experiments consider-
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Lepton Colliders

1. e+e-at250 GeV (ILC: 500/fb , LEP3: 500/fb, TLEP: 2500/fb),
e-/e+ polarization: ILC: 80%/30%, LEP3, TLEP: 0/0

2. e+e-at350 GeV (ILC: 350/fb, CLIC: 350/fb, TLEP: 350/fb) ,
e-/e+ polarization: ILC: 80%/30%, CLIC: 80%/0, TLEP: 0/0

3. e+e-at500 GeV (ILC: 500/fb),
e-/e+ polarization: ILC: 80%/30%

4. e+e-at 1000 GeV (ILC: 1000/fb) ,
e-/e+ polarization: ILC: 80%/20%

5. e+e-at 1400 GeV (CLIC: 1400/fb) ,
e-/e+ polarization: CLIC: 80%/0%

6. e+e-at3000 GeV (CLIC: 3000/fb) ,
e-/e+ polarization: CLIC: 80%/ 0%

7. mu+mu- at 125 GeV 2/fb , 0 polarization
8. mu+mu- at 1500 GeV 1000/fb , 0 polarization
9. mu+mu- at 3000 GeV 3000/fb , O polarization

5/29/2013 Yuri Gershtein



PHYSICS WITH LINEAR COLLIDERS IN THE TEV CM ENERGY REGION

+ * . . k%
F. Bulos , V. Cook , I. Hinchliffe , K.

+

D. Pellet ®, M. Perl ,

1. Introduction

It may well be that the e+e— physics beyond PEP
and PETRA and and up to 200 GeV CM energy will deal
primarily with the verification of the standard model
(SM) of weak and electromagnetic interactions. Various
theoretical and experimenfal studies at workshops for
contemplated accelerators™ (SLC, LEP I, Z0 at Cornell)
have assumed this.

Beyond 200 GeV the picture is less clear. The
absence of theoretical models with strong predict-
ions comparable to the SM adds to the difficulty.
In addition, the experimental verification of the SM
itself is yet to come, and one is forced to make
certaln assumptions about the outcome.

Here we join some our colleagues in previous
studies? (in particular J. Ellis and I. Hincliffe) in
making the following assumptions:

hr
1) z°, W7, 1light higgs (if MH < 100 GeV) have
all been discovered.
2) The t guark has been discovered if its mass
is < 100 Gev,
3) QCD is basically the correct theory of the

strong interactions.

With these assumptions, we have produced an up-
dated table of possible physics in the TeV region
(Table I). This table was used as the basis for the
study of specific physies below. It contains best
estimates of cross—-section, promising signatures for
final states. and some heloful comments.
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is attainable with relatively modest
AC power, and an energy spread AE/E < 5%.

At this energy and luminosity:

SUMMARY TABLE I, - BEYOND SLC AND LEP
R

- Particle{Jet (Max)

ee - ofa
pnt Decay Content REMARKS
W 25 | Jet & 4 With known W's and z°, this comstitutes a serious
0.0 ~o5 Leptons 4 background. However ang. dist. isstrongly peaked for-
Zz ward - backward, also Z's, W's can be used as
zoy N30 2 4+ SHWR a tag. ZOy can be easlly recognized and eliminated.
Knowm o Th 1
Quarks Includes Z  contribution as well as v. ey also
ggﬁz—f_ complicate anmalysis due to gluons, hence are also
Q(2/3) Q o2 Jets 2 a background. However the two jets are back to
_ back.
Q-1/3q [ M1 " 2
Total " 9.0
© M = /e’

New Res. Assume coupling similar to 2 . T'/M /M ;
o " 3%. To study very well E-beam resol. shoul
2 (n 2 5000 Like be better than 3%.
200 GeV) z°
New Onia | 1 » 2 Y, P'Like 2 Will have substantial weak decay q' ~ W + q, H + q.

3 almost | I(q' »w + ) = § x 1073 M_'. Separation of two
5 b-to-b oniums =~ 5 x 107°M_ . Hende resonance is broadened.
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Photon Colliders

1. gamma-gamma at 125 GeV, 100/fb
80% e- polarization to generate the photon beams

2. gamma-gamma at 200 GeV, gamma-e at 225 GeV, 200/1b ,
80% e- polarization to generate the photon beams

3. gamma-gamma at 800 GeV, gamma-e at 900 GeV, 800/fb
80% e- polarization to generate the photon beams

Electron-hadron Collider

1. LHeC 60 GeV e-ore+on 7 TeV p 50/fb,
90% e- /0% e+ polarization

5/29/2013 Yuri Gershtein



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

5/29/2013 Yuri Gershtein
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Higgs
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NYT Photos in article about the
“off-shore” discovery

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?

G. Altarelli

= 125.6 £ 0.4 GeV

A malicious choice!

MSSM at ﬂlﬂ weak scale "|
Strumla
50 60 70 80 90 100 120 T 130

my ~126 GeV is what you expect from a direct interpretation
of EW precision tests: no fancy conspiracy with new physics
to fake a light Higgs while the real one is heavy

(in fact no “conspirators” have been spotted: no new physics)

5/29/2013 Yuri Gershtein
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Higgs @125: or lucky?

o(pp—H)
= w W —— 3 o)
5 i ; |9aH
- - 'WH P _
B . = i ZH -~/ Mua=125 GeV
] [ MSTW-NNLO |
‘ L NS 0.1 tttH 7 .
VK] T8 14 30 33
Vs [TeV]

New challenge: what is the 6 quark mass, really?

5/29/2013 Yuri Gershtein 16



Higgs: what we know already

@ Combined p-values for h existence are below 10-2
@ >3c evidence for pyge,yy > 0 in both experiments

CMS Preliminary ys=7TeV.L<51fb' \s=8TeV,L< 196"
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5.0

Higgs: what we know already

@ Relative couplings to W and Z respect custodial symmetry
@ Couplings to fermions are in correct proportion to masses

CMS Preliminary {s-=7TeV,L<51fb"' {s=8TeV,L<19.6fb"
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LHC: Couplings

@ P(SM) is ~8% in ATLAS and within 1o in CMS

CMS Preliminary V6=7TaV,Ls51M" ys=8TeV,L< 1961

L L L U R S I R U Y
* - ATLAS Pre||m|nary = Iﬂ :ﬁﬁ) "E :Elv : . 0 SMHiggs @ Fermiophobic @ Bkg. only
g 1=7TeV, JLdt = 4.6-4.8 " #3H vy Elcombined | 2 ——

- 1s=8TeV,[Ldt=13-20.7 b + SM x Best Fit i

1

0B

A

IIII|||||IIII'||||IA||||||| -

0.6 07 08 09 1 11 12 13 14 15 16 -

Ky 2 -

5/29/2013 Yuri Gershtein 19



LHC: Extra decays

@ BR(BSM) < 0.6 (0.52) in ATLAS (CMS) @ First higgs-tagging analysis from many

to come
P - 1 - -1 _
m 3-0 CI:FIIqISI IIJIIEIII:-r:IrIIEI.rIFI IiIEI_I I?I-I;E:M:I II_IEII ?-|1|?| T IqEI I_IBI -II-?II:IIIII_I ISIJIBI-? Irbl T n Zh % I+I + M ET
= i A T
i ioh ] @ Br(h - invisible) < 0.65
25 b1
: "-1 :: : % 50_""|""|'"'|""|'"'|""|""|""|""_
i : S [ ATLAS Preliminary s=8 TeV ® Data IL =130
2.0 i 2 4o "z wwz
i - § 1 o N . m Top
: L - ’5 - mzz
w30 — *- Signal (SM ZH, m =125 GeV)
201

10f

50 100 150 200 250 300 350 400 450
EM* [GeV]

@ VBF-tagged analysis are coming soon

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

5/29/2013 Yuri Gershtein 20



Coming soon: Rare / Exotic Higgs decays

Essig

How many exotic decays to expect?

assume BR(h—aa) = 10%, LHCS8, 20/fb

channel # events (raw)
ggF 39000
VBF 3150
W(ev)+h 280
Z(¢%)+h 55
ttH 260

;

Associated
Production
(AP)

Can always trigger w/ AP... but not many events

Depending on "a’ decays, ggF/VBF may be better

5/29/2013
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@ 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

21
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What to measure

@ SM couplings
@ Total width
@ Rare decays

@ Quantum numbers

@ already have strong
experimental
preference for 0*

@ CP admixture

Yuri Gershtein
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What to measure  Where to measure

@ Hadron Colliders

@ SM couplings
I_:) g @ Real factories — huge numbers of
@ Total width Higgs produced, some of them tagged

by VBF or associated W/Z
@ Rare decays .
y @ Muon colliders

@ Quantum numbers @ precise knowledge of Egy,
@ already have strong @ direct measurement of width
experimental @ ILC / CLIC
preference for 0+ @ Very clean environment
@ CP admixture @ h—cc, h—gg

@ Photon colliders
@ Precise probe of hyy vertex

@ Circular ete

@ Combines clean environment and high
luminosity
5/29/2013 Yuri Gershtein 23



@ Need sub-percent precision to have the full story on higgs and new physics

How precise is too precise?

a

Q

Example : Precision for Higgs couplings P. Janot
+ Maximal deviations with respect to SM couplings, as a function of new physics scale

e SUSY 9 _ Ihr g .q7% (1 TCV)Q ,fortanf =5 H. Baer, M. Peskin et al.

Ghgybd  Ghgyrr ma

e s grvv 1 TeV?

=l o~ UL ~ 1_30
e Composite Higgs P — A»( i )
2 2
e Toppartners 2 ~ 1,29% (1 Tev) L 9 0% (1 Tev)
Ihsnag mr Ghenvy mr

e Other models may give up to 5% deviations with respect to the Standard Model
+ Maximal deviations for the new physics scale still allowed by LHC results

ARVV  Ahtt Ahbb
Mixed-in Singlet 6% 6% 6%
Composite Higgs 8% tens of %  tens of % J.D. Wells et al.

Minimal Supersymmetry < 1% 3% 10%%, 100%"

Strongly influences the strategy for Higgs factory projects
+ Need at least a per-cent accuracy on couplings for a 50 “observation”
e And sub-percent precision if new physics is at the (multi-)TeV scale

5/29/2013
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Higgs @ ete-
@ Zh production, both Z and h decay into jets

5/29/2013 Yuri Gershtein
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250 GeV:
(tagged h)
branching
fractions

5/29/2013

Higgs @ et*e"

P(e’, e*)=(-0.8, 0. 2)

350-500 GeV:
(WW fusion)
absolute normalization

500 ——— | | Ioflcc_)up//ngs
- T gM all ffH
—_ - — ZH y
400 _— WW fusmn o
c \.[ — ZZ fu3|on :
23005~ o >700 GeV:
8 . Self—coup!ing
3200 : top coupling
N
O I
O100 U
1 ' 15% @
o= ] 3 TeV CLIC
200 400 600 800 1000
Vs (GeV)
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Peskin

g(hAA)/g(hAA)| -1 ILC/ILC/LEP3/LEP3/ILC

01

full ILC program
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005

01




Circular ete  in a New Tunnel

«Pre-Feasibility Study for an 8o-km tunnel at CERN»
John Osborne and Caroline Waaijer,

| N 'S " Lake Geneva
CERN, ARUP & GADZ, submitted to ESPG R
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The only hope for VLHC?

There’ SiR0.4
substitute for
Energy

P>
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£ 8
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LEGEND

s LHC tunnel

HE_LHC 80km option
potential shaft location
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o Same assumptions as for HL-LHC for a sound comparison

P. Janot

+ Total width fixed to the sum of the visible partial widths + correction (Ag/g ~ 1/2 ABR/BR)

5/29/2013
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Hag

HWW

< HL-LHC projections are discussed later

Htt
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TLEP (main ring)
10.00
Tunnel: 3.1 B$
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J.P.Delahaye @ MIT Workshp; April 10,2013 Review of HIGGS Factory technology options 20



45.00

ILC &

40.00

CLIC W

35.00

30.00

25.00

20.00

NOO—I-~e»vx

15.00

10.00

TLEP A
5.00

0.00 T T
50000 500000 5000000

5years produced HIGGS

——ILC =@=CLIC =—#A—TLEP
J.P.Delahaye @ MIT Workshp; April 10,2013 Review of HIGGS Factory technology options 21

5/29/2013 Yuri Gershtein 32



Muon Collider

@ Synergetic with high intensity neutrino program
@ Precisely known E, allows for direct Higgs width measurement
9 hup

1800} ]
1600 T,= ho0h| 0.20
[75) Lste =
‘g 1400f 4.21 MeV 0.05 I;b_l ] E | ——— 3 TeV Muon Collider
7 1200} R0.0030 5 5| — 3 TeV CLIC |
1000} ] =
~
~ o
800 Z ol Beamstrahlung in |
—-.03 =015 126 +.015 +.03 5 _ any e+e- collider
Vs (GeV) =
500 R o i e q é 0.05 - "EIE # Y2 ]
400 F h—>TWI™ | | g
A
Z 300 f = Low= 00900 2020 2940 2060 2980 3000 302
A 421 MeV -1
L%’ 200 © 1({)’0(?;2%‘/ Center of mass energy £ (GeV)
100 F
0 L 1 padud
Han and Liu —.03 —.015 126 +.015 +.03
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Photon Colliders

Addition to ete to get to hyy coupling

‘hO — bE and hO > 7YY nep-ex/o110056 I

0 7T T T T ]
0, pb 1
eff ] 10
Cyy—H ] - *E
il 10’s - Design Luminasity o ]
ALy Zuwe _ Eﬁﬂﬂ - ?
1 dz L, = E 87
1 = ]
M,=115 GeV 6]
3 M= €
______ 0 ¢ (300) — ZH 40 “ _
_ T Signal .
10 ! L -....,g.e.:f'tﬁﬂﬂ] — Huw = . 4
T L_-q-_-:.:.-“1'“""‘-1.:,::5;--_.__GLl_"l"(Enm] - TH ] 2001 "
Moene,,, T el 1 -
"'--.q.g:e'{m] —» Hiv .1h
] i
—2| i L."""l i IlL i I 0 LR A e e '
"0 o0 120 140 160 180 200 220 240 YU iw os im0 1 100 119 120 130
2-Jet Invariant Mass (GeV) vy mass (GeV)
My, GeV
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[ 2% measurement of {T', x Br(h — bb)} within a year!]
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M. Velasco What about MELA-style
analysisof h = Zy* > Z I*I-?

(z is the degree o

({4,¢1) are the degrees of linear polarization

In s-channel production of Higgs:

,-""-r{”"|2 = | MH: 3] {1 + G2la] + A [I;"g -I-E,;'.g] e [ifllf:s -I-'l::ilfl] - Aa [f:llfl : f:.'l.f:_:::] }

==DIfACPAsEonservedp] ==31{-1)HorPAsEonservedFor?]
ARP-Even{CP-Odd)™Higgsk

w7 #0,7 ,#0@nd/or®| A | XA, MheHiggsH
isERMixtureBfCP-Even@ndEP-OddRBtates

BT 0ssible®oBearchFor PWiolationAn
gg2>HHE> Hermions@vithoutthaving@ol@neasure®heiripolarizationl

e RRHTTTTTIN T b, B 1 %@ symmetry@anibe@neasure@vithEL 00Fb-1?
thatfs,AnfL/2{earsH BrXiv:0705.1089v20
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LHC Projections

= g
S 1%F arLas Online Lumincsity 1 @ Very messy environment
2 - B0 Ws=a8TeV flo=20B & g =207 3
= 140 0 Ye=7Tev [Lot=52f" == 01
i crepesseet 1 @ Very well-segmented detectors
€ qo0f
| -
g ok @ Lots and lots of data
B0 '
: o S. Demers
3 Measurements that rely on
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LHC Higgs Projections

CMS Projection

T T T T T
Expected uncertainties on 10f5"at 5= 7 and 8 TaV

> B A S B L ' : : —
g 10 ATLAS Preliminary (Simulation) Higgs boson signal strengthp.  =erwmewem L H
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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...

Scaling of W-mass error

10 |

o Run 1A, CDF, D@, UA2 (preliminary)
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Run 1b, CDF, D@ (anticipated)

Scaling
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TeV-2000 Study Group:
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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...

Scaling of W-mass error
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o Run 1A, CDF, D@, UA2 (preliminary)

-~ + systematics

Run 1b, CDF, D@ (anticipated)

CDF, DZero 2012

(point added by hand by JI)

Scaling
-+ resolution
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Tevatron EWWG:
arXiv:1204.0042 [hep-ex]
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Goldilocks Higgs

@Is it a Ragged Edge of Doom or
the Nature is just trying to tell us something?

Degrassi et al, arXiv:1205.6497 s
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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
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SM is over-constrained

i @ With the Higgs discovery the

@ Precise consistency tests are

needed — and may indirectly
indicate new physics
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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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Dark Matter @ ILC

@ Can measure mass and quantum numbers and helicity

structure of fermion interaction 1206.6639 [hep-ex]. Bartels et al
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SUSY Dark Matter

@ “Almost wiped out” or ...

@ "Now we know where it is?”

arXiv:1211.4873
non—thermal b/h limits
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need to be acutely aware of our biases
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An Inconvenient SUSY

MSUGRA/CMSSM: tang = 30, A = -2m, >0
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Light Stops
@ Only starting to bite into “"Natural” MSSM

i
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Papucci, Ruderman, Weiler

arXiv:1110.6926
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Even smaller sensitivity
so far if GMSB or RPV
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5/29/2013

Far from the end of “Natural”

SUSY Theory phase space

gauginos

singlinos

may be should
give up on that

T. Rizzo (SLAC Summer Institute, 01-Aug-12)
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Flavor as a guide

K Mixing B, Mixing
T T 7777 —
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NP

@ 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?
@ [s 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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f Higgs Factory projects
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