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w - Collider:

Center of Mass energy: 1.5 -6 TeV (3 Tev)

Basics of a Muon Collider
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Luminosity > 103* cm™ sec? (440 fb!/yr)

Compact facility
+ 3 TeV - ring circumference 3.8 km

« 2 Detectors

Superb Energy Resolution

0.20

MC: 95% luminosity in dE/E ~ 0.1%
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Muon Collider
Conceptual Layout

Project X
Accelerate hydrogen ions to 8 GeV
using SRF technology.

Compressor Ring
Reduce size of beam.

Target
Collisions lead to muons with energy
of about 200 MeV.

Muon Capture and Cooling
Capture, bunch and cool muons to
create a tight beam.

Initial Acceleration
In a dozen turns, accelerate muons
1020 GeV.

Recirculating Linear Accelerator |
In a number of turns, accelerate |
muons up to 2 TeV using SRF
technology.

Collider Ring

Bring positive and negative muons
into collision at two locations 100
meters underground.

CLIC Curves: Lucie Linssen, SPC, 15/6/2009
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For /s < 500 GeV
SM thresholds: Z°h W*W-, top pairs

Higgs factory (/s% 126 GeV) v

For /s> 500 GeV
- Sensitive to possible Beyond SM physics.

High luminosity required. v/

Basics of a Muon Collider

Cross sections for central (|8| > 10°) pair production

~ R x 86.8 fb/s(in TeV?) (R 1)

At Js = 3 TeV for 100 fb! ~ 1000 events/(unit of R)
For /s>1 TeV

Fusion processes important at multi-TeV MC

o(s) =Cln(—) + ...

M2

An Electroweak Boson Collider v

Estia Eichten

o (fb)

o (o)

100 200 300 400 500

Vs, (GeV)

s

Muon Collider SM Cross Sections

10%

103k

102F

10t¢

100F

é

-1
10775

* s ey

zZ0 Vuly,
huv,oy,

WHWw-—

tt
ete

hZ°

w

MAP13 @ Fermilab

June 19, 2013



ACCe/
& o

& Fermilab Basics of a Muon Collider P

Prograt®

e Provides a flexible staging scenerio with

. R Initial
physics at each stage. i 25 ) e 5
K : N 00 60 S 60 T
- Neutrino Factor 2 [ Required £ £ £ 2 = o
Y ~ e L Pl TE % % 2 3 <
. e 1006 £ T O O © O %
- Higgs Factory < fE T S 8 S 24 &
P
5 10.0g _
e But muons decay: =
. 65
- The muon beams must be accelerated and Ny 2 r Congitudinal space charge ¢3
H ~ 106 i : = bound A
co?leq |n.phase space (factor = 10°) rapidly A s T
-> ionization cooling 10.0 102 10° 10t

) . Emit trgns  (pm)
- requires a complex cooling scheme

- The decay products (it~ -> vV Ve e )
have high energies. Higgs Factory

Detector background issues

Serious neutrino beam issue for Ecm >4 TeV

N~
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e Staging Steps:
- Higgs factory Vs = my = 126 GeV
Some initial running on Z peak for calibration.
Nominal Luminosity 1.7 x 103! ~ 170 pb! /yr; beam energy spread 0.003%
Upgraded Luminosity: 8 x 103! ~ 800 pb! /yr; beam energy spread 0.004%

- High Energy Muon Collider:

The choice of the high energy muon collider design energy will depend on the scale of
BSM physics discovered at the LHC with s = 14 TeV after 300 fb™

Vs = 1.5 TeV: luminosity 1.25 x 1034 ~ 125 fb! /yr: beam energy spread 0.1%
(present detector and machine detector interface studies)

Vs = 3.0 TeV; luminosity 4.4 x 103* ~ 440 fb™! /yr: (beginning studies)
Vs = 6.0 TeV; luminosity 1.6 x 103 ~ 1.6 ab?/yr (Palmer’s scaling)

(6
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e The SM Higgs:

- All properties are determined for given mass.
- Any deviations signal new physics.

Theory errors (LHC Higgs Cross Section WG)

m(H) =126 GeV  T(H) = 4.21 +0.16 MeV [arXiv:1107.5905v2]
branching fractions : bb = 0.561 (3.4%) WW* = 0.231 (4.1%)
error (%) TF = 6.15 x 107% (5.8%) Z7* = 2.89x107?% (4.1%)
cc = 2.83x 1072 (12.2%) gg = 848 x107% (10.0%)
ptpuT = 214x107% (5.8%) vy = 228 x 1072 (4.9%)

Z% = 162x107% (8.8%)
e Theoretical questions:

- Couplings and width SM?
- Scalar self-coupling SM?

- Any additional scalars? EW doublets, triplets

or singlets? (e.g. SUSY requires two Higgs
doublets)

- Any invisible decay modes?

Estia Eichten MAP13 @ Fermilab
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- Indirect measurements are all consistent with D . ... /3
. O LEPEWWG (2011} 58% CL (=xching M- M, & direct Hipgs axciusion)
a 126 GeV Higgs g e, ey
80.45 — > -
s :
() 80.4 —
o) r

@
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&
Il]l

- For a 126 GeV Higgs the SM is consistent to the 80.3

- P BT P AR Y S e
Planck scale; but the vacuum is only metastable ) 155 160 165 170 175 180 185 190 195
m,,, (GeV
above 10'° GeV My = 126 GeV e
e S B B S e .
: 4 10 T T T T T T T T T T T T T T T lf T T T
ST i my = 1732 GeV T 3
Jean Eluas Miro et. al. 004} )= 01184 . i
[arXiv:1112.3022] 3 i 2 ! E
% o0mf N !
X /
2 [ < / 3
2 : 3 !
g 000 d 5
£ [ £ .
s | - :
% —002} TelmMz)=0117 " B 3
L eI
[ m=175.GeV ] M=(1732409)GeV 3
004} 1 0g=01184£00007 |
_0'% : 1 1 1 M I lél?ﬁ I S In]asls l ]'ln.;OGeIV I I I l=35
10 10* 10° 10° 10 102 10* 10 10% 10% £ Mo
RGE scale y in GeV
* Theorists are intrigued by this edge of stability.
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- Moriond 2013 results:
ATLAS (Tim Adye)

e my= 1255+ 0.2 (stat) *3:2 (sys) GeV

.+ 1=1.30+0.13 (stat) + 0.14 (sys)

* bversvh/ Mogreun = 1.22035
« 3.10 evidence for VBF production

CMS (Andrew Whitbeck)

m,, = 125.8 +/- 0.4 (stat) +/- 0.4 (syst) GeV

o/ o, = .88 +/-0.21

* Data consistent with
— Custodial symmetry
— Fermion universality tests

— Fermionic and bosonic couplings
expected from SM Higgs

(00
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- Pseudoscalar versus Scalar
CMIprehninary VS 7TV L=S1R' GeaToV L= 1DER"
TrTT I TrTT l TnrTT | LI l[ TrTT I TTrrT

n e _’
Light pseudoscalars often appear in dynamical EWSB models § 01 0 ijz _
However they don't couple to WW/ZZ in lowest order. % 0.08|- & O
 Assuming spin zero - a pure pseudoscalar is experimentally disfavored. g 0.06}
: L : 0.04f
- Measure couplings to distinguish SM Higgs from BSM scalars -
ATLAS Preliminary 1s=7TeV,|Ldt = 4 6-4.8 1o ls=7TeV,L<5.1fb" \s=8TeV.L<122b" 0021
it1o = 2? vs = BTeV. Ldt = 13207 o CMS Preliminary m,, = 125.8 GeV | :
X, | H— bb (VH tag) -|-|— %20 0 0 10 20 30
R - - H = bb (ttH tag) - 2xInfl, /L)
M | l | H - 1z (0 jet)
%": My H — 7t (VBF tag)
. i H - 1t (VH tag)
§3*" l‘“: | { | H — yy (untagged) ——
. l— H - yy (VBF tag) — -
e - o H— WW (0/1 jet) o
N , L H —> WW (VBF tag) —-—
£ 18, H — WW (VH tag) -
=.-b |
-1 0 1 H_)ZZ.I...lt.l...
m, = 125.5 GoV parameter value 2 0

2 4
Best fit O'/O'SM

- Within large present errors, ATLAS and CMS results consistent with SM Higgs
couplings.

(o
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e List of issues for MC Higgs Factory

Requires precise energy resolution: AE/E ~ few x 103

Can such a resolution be achieved?

What error on the Higgs width would be possible?
Integrated luminosity?

Beam energy stability - store-to-store?

What branching ratios could be measured?
W*W-, ZZ ( very small backgrounds)
bb (S/B ~ 1)
A(BR(pu")xBR(WW)) [2%]. Will provide the most accurate
measure a Yukawa coupling. (6Grinstein)
Detector backgrounds from muon decays in beams
S/B studies?

e Preliminary studies:

AE = 4 MeV and 2> 103! cm2sec’!
Can use nearby Z pole to tune machine.

Use spin precession fo measure beam energy.

Initial studies of decay modes with backgrounds

Estia Eichten MAP13 @ Fermilab
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Finding the Higgs

e The Higgs mass will be known to 100 MeV from the LHC (or ILC). But we need to
find my to ~4 MeV then sit on the resonance at a muon collider.

e Alex Conway and H. Wenzel [1304.5270] and E.E.(unpublished) have studied the
question of what integrated luminosity is required to discover the Higgs to 30
(50) as a function of beam energy spread

e b-bbar channel.
- o=y best
- p-value < 0.0027 =>

700 pb(30)
1,600 pb! (50)

Estia Eichten

Probability of NOT Finding 50 Higgs Signal by Luminosity:
Perfect bb Tagging, Event Shape and Energy Cut
I I

10°

107 F

10~2 L

Confidence Level

10-5 L

10-6 L

10-3 L

10-4 L

[ T T T T T :

o=1 MeV
=42 MeV ||
o=7 MeV
o=15 MeV ||
7=25 MeV

I N I I |

107

103
Luminosity - pb "
A. Conway & H. Wenzel
[ArXiv:1304.5270]
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e W W* channel.
Probability of NOT Finding 50 Higgs Signal by Luminosity:

- Very small backgrounds WW* 100 — HO_”?"W* ————

o=1 MeV
c=4.2 MeV |
o=7 MeV
c=15 MeV |]
o=25 MeV

- Use the Iv+ 2jets final state . o
10-1 ! *—o
: °o—o

- Expect backgrounds to this
channel with appropriate cuts 102|
approximately 0.1 pb™!

- p-value < 0.0027 => 150 pb!

107}

1074}

-----------------------

Confidence Level

10'5;
e Can improve results by using |
both channels

10}

----------------------

NN | L

10”7
102
Luminosity - pb ™"
A. Conway & H. Wenzel
[ArXiv:1304.5270]
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e Combining the two channels:

- needed luminosity for a (50) Higgs signal

p-value = 2.7x103 (30):
bin=4.2 MeV
int L = 370 pb™!

- needed luminosity for a (30) Higgs signal

int L = 105 pb!

Finding the Higgs

Simulated Event Counts for 50 Peak Significance

(H® —bb),(H" = WW* =€ 4v, +jj)

Probability of NOT Finding 50 Higgs Signal by Luminosity
ging With Cuts, H* —WW* With Lepton and Missing Energy

bb T
1039

Confidence Level

70

60 |
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40

Counts

201

10+

LT l“

0 uo*mnnmuumnn,ouinuciouuun§§+c+’

FTTT

[ 111

T TTTTI

[ L L1111
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oc=1 MeV
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I

| |
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.““Q*i““.i.” -

195 150

Estia Eichten

-100

=50 0 50
Beam ECM Offset From Higgs Peak - MeV

100

150 200

10!

102
Luminosity - pb~"

A. Conway & H. Wenzel
[ArXiv:1304.5270]

Finding the Higgs requires a
six months running at
1.7 x 103! luminosity

MAP13 @ Fermilab

June 19, 2013



JE .
e Fermilab

What to measure and how well ?
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e Measurements for a Higgs factory

- partial decay widths intfo WW™ and ZZ™:

Establishes whether the Higgs is the sole agent of EWSB.

If additional contributors to EWSB are all SU(2) doublets then I'/Tsy < 1

The relative couplings of the Higgs to WW and ZZ is fixed by EW symmeftry.

- mass, total width and self coupling A:

< PtD > = VZ/Z = mh2 /27\ [V = (GF«/Z)_% ~ 247 GeV]

look for invisible decays associated with BSM particles

- Branching fractions into fermions:

Establishes whether the Higgs is the sole agent of fermion masses.

N.B. The original technicolor model provided for EWSB but not fermion masses.

Measure coupling to (top, bottom, tau) 3rd gen. and (charm, muon) 2nd gen. (2HDM)

- Branching fractions into gauge bosons (Z¥, gg, ¥¥)

Estia Eichten

Sensitive to BSM particles contributing in loops.
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What can be done at the LHC?
- New projections from ATLAS and CMS for European Strategy Studies

CMS Projection

1

[ U 1 1 1 I 1 1 U I I

Expected uncertainties on
Higgs boson signal strength p

Ll 1 1 Ll l T 1
10" al fE=T7and 8 Tev
300" at 5~ 14 TeV
30010 at §5 = 14 TeV wi/o theory unc.

Hovy b —+

-
- .

H—ZZ % H
H— WW I H

Ho1t1t : H

H—bb

-

| I S T R R

0.0

05

1.0

- With 3 ab! HL-LHC may well:

Observe H->p'p" to 6 0. (ATLAS)
Measure the Higgs self-coupling to 30% (ATLAS)

Estia Eichten

What to measure and how well ?

Prograt™
ATLAS Prsliminary (Simulation) ATLAS Preliminary (Simulation)
Ve =14 TeV: [Ladt=300 fb" ; [Ldt=3000fo" & = 14 TeV: [Ldt=300 ib" ; [Ldt=3000 fo’
o [
o [
H-ZZ E r/r,
Hosyy (+) F r/T,
Hoyy (4) F /Ty
Hoyy (+) r Iy /T,
Hoyy E Tgel, /T,
0 02 04 06 08 1
A(o+BR) Al JT)
geBR (W]
(a) (b)
15—
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e Linear Colliders compared to LHC results for various decay channels

S| 68%CL:3000 1", 14 TV LHC and 250 15, 250 Gev LC Dhurer | 68% CL: 3000 1", 14 TeV LHC and 500 15, 500 GeV LC
os 000M', 14 TeVLHC . _ SM . . . ws 200015, 14TeVLHC . _ SM oy .y
02 I 2501, 250 Gev LC Or=0r" (1+a7) - 02 [ 500", 500 Gev LC Ge=0x (1447 |
w8s HL-LHC 4+ LC250 . "8s HL-LHC + LC500
0.15 [ube HL-LHC 4+ LC250 (A, »A,) I 7 0.15 [ue HL-LHC + LCS00 (A, »A.) I
0.1 : 0.1 I
005 ¢ 005 ¢
0 :::[”}:. 0
-005 ¢ 0.05 ¢
-0.1 - -0.1
-0.15 ¢ 015 ¢

M. Klute et.al. [arXiv:1301.1322]

- Awaiting updates on LHC capabilities based on the 2012 run experience.

- Missing comparsions: A=p [20%], Am(h) [100 MeV], AT (h) [5-10%] for both
HL-LHC and ILC TeV

- The lepton collider results are limited by statistics.
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e Distinguish background processes: p'u ->Y + Z (ISR) (71%)
from p'y ->Z* (29%) [A. Conway, H. Wenzel]

e Jet momenta, opening angles, event shape.
e WW?*/ ZZ* decay modes has very small background
e b-bbar decay mode has S/B = 1.47

Background (pb) Higgs signal at s/b
peak (pb)
Basic counting: | 376 425 0.11
Z/gamma* tag: | 113 42.5 0.38
b-tagging: | 56.4 248 0.44
Combined: | 16.9 248 1.47

e c-cbar decay mode more difficult. (M. Purohit - UCLA 2013 workshop)

(in pb) Background (Z*/Y*) Signal (H) s/b
¢ cbar 194 1.2 0.062
T 95 2.9 0.31
light quarks/gluons 46 3.6 0.078

Estia Eichten MAP13 @ Fermilab June 19, 2013
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e A muon collider can directly produce the Higgs as an s-channel resonance.

- Higgs couples to mass so rate enhanced by [@]2 — 498 x 10 ¢ so the cross section is
o(py->h)=492pb (A=T) Me

- The excellent energy resolution A of a muon collider makes the process observable.

20 steps
Tao Han and Zhen Liu [arXiv:1210.7803] 0PI T
550 E 1600
% E 2 1400
ot = X) = 47T'?Br(h — ptp~)Br(h — X) i | 3.
- a __m2)2 2. .2 ) 400 1000
(8 —my)* + Tpmy, . w00
dL(ﬁ) 3(!)_4 - 1 L L d _I - L 1 L
. ~ o — 03 -015 126 +.015 +03 03 -015 126 +015 +03
Ueﬂ'(s) - /d\/‘; d\/g 0(# H = h — X) Vs (GeV) Vs (GeV)
2 212 4 72,2
—(mpy —/8 I“h 2 400 -h-oWW'
Bexp[ A2 (K)/mh (A > Ph)' . o0 T Lueg=
5 § 421MeV [ | oo5!
@ @ 200 F R=0.003%
Ty, = 4.21 MeV|Laep (b~1)[6T% (MeV)| 6B [6my, (MeV)] I
0.005 0.73  |6.5% 0.25 o T R001% | b N
R — 001% 0.025 0.35 30% 0.12 -03 -015 126 +.015 +03 -03 -015 126 +015 +03
0.2 0.17  |11%| 0.6 Ve (cen Ve (e
0.01 030 |44%) 012 grounds and statistical etrore expocios Tor Gasee A and B
ou al statistic errors expec (8) ases
R= 0.00&W 0.15 |2.0% 0.06 \> as a function of the collider energy /% in bb and WW* final
0.08 1.0% states with a SM Higgs my = 126 GeV and I', = 4.21 MeV.

- To obtain the same sensitivity to Higgs decay modes in a electron collider via Zh process as s-channel
production at a MC requires more than 100 times the integrated luminosity.
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e The strong case for a Tev scale hadron collider rested on two
arguments:

1. Unitarity required that a mechanism for EWSB was manifest at or below
the TeV scale.

2. The SM is unnatural ('t Hooft conditions) and incomplete (dark matter,
insufficient CP violation for the observed baryon excess, gauge unification,
gravity and strings)

e If affer the analysis of the 2012 CMS/ATLAS data, the 126 GeV state
is found to be a O+ state with couplings consistent with the SM Higgs,
the first argument is satisfied.

- The second argument remains strong. but is less strongly tied to the TeV
scale.

- Scales already probed at the LHC suggest that any new collider (of LHC
level costs) should be able the probe the BSM physics in the multi-TeV

range.

L 19
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e No evidence for new physics beyond the Standard Model (BSM) to date:

- BSM (SUSY, Strong Dynamics, Extra Dimensions, New fermions or guage bosons,...)

- ATLAS limits

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, B — T T T T T 11171
Large ED (ADD) : monojet + Ey. e, My ©=2) | MSUGRA/CMSSM : 0 lep + ['s + E;.
. miss
Large ED (ADp) : monoph_olon +E7 piss M, (6=2) ATLAS MSUGRA/CMSSM : 1 lep +J's + E 1 peq G =g mass
2 Large ED (ADD) : diphoton & dilepton, m, Ms (HLZ 5=3, NLO) Prelimi o Pheno model : 0 lep +J's + E e Gmass  (m@)<2TeV, ighti’) ATLAS
S} UED : diphoton + E Compact. scale R reliminary % Pheno model : 0 lep +J's + Eq e Gmass  (m@ <2TeV, lighti)) Preliminary
g s' /Z, ED : dilepton, m, ] e ~ R 5;3 Gluino med. 7" @—>q0) : 1 lep +j's + Ey ., Gmass  (mGi) <200 Gov.my) = m 1)
IS RS1 dlphoton & dilepton,m,_ Graviton mass (k/Mg, = 0.1) “ GMSS { NLSP&I 2 Iep SOS) +is+ Ewss . Gmass (ans <15)
3 RS1 : ZZ resonance, M Graviton mass (k/Mp, = 0.1) . % GGM o) NLSzFf)+¢«7 M Erm.ss L=207 tb", 8 TeV [1210.1314] un:vm g mass . (tanp > 18)
- RS1 : WW resonance, my,,, Graviton mass (k/Mp, = 0.1) Ldt=(1.0-13.0)fb 2 GGM (wino NLSP) -y +lep + E"™* & mass GMass  (mG)>0 G Ldt=(4.4-207)fb"
= RS 9.t (BR=0.925) : tt — I+jets, m g, mass £ T.miss g mass .
tt boosted o - GGM (higgsino-bino NLSP) :y +b + E ' mass  (mG)>220 Gev)
< i Vs=7,8TeV 99 Sl oy ! (s=7,8TeV
w ADD'BH (My,, IMp=3) : SS dimuon, N, M (6=6) GGM (higgsino NLSP) : Z + jets + ETmss gmass (i) >200 Gev) =hH
ADD BH (M., /M_=3) : leptons + jets, p M, (5=6) o . Gravitino LSP : monojet’ + £ .. F'?scale  (m@)>10"ev)
7777777777777777 ngn}um lack hole : dijet, F (m, M, (5=6) c o8 —bby’ : 0 lep + 3 b T miss Gmass  (m) <200 Gev)
dqqq contact interaction - X(m ) A SES §—»t1x 2 Sé -lep + (0-3b-)j's + E . |£=20716", 8 TeV [ATLAS-CONF-2013:007] 00Gev. G mass  (any m(i ) 8TeV, all 2012 data
qqll Cl : ee &uy, "7 A (constructive int.) T3 Gty : 0 lep + multi-i's + .0 gmass  (mG) )<300Gev)
uutt Cl : SS dilepton + jets + ;.| A oLEL B, b@;;ox 0?|eP ;ib 5*?.“& 7 gmass (m(z) <200 GoV)
""""""""""""""" 1S N 5 " lep + 2-b-jets + i € mass  (m(z,) <120 GeV)
z (§SM) Moy (EEETRH BRI CON 2 21251 B Z' mass es B5,5,~ty; : 2 $5-lep + (0-3b-)j's + il PR ——— - 430GeV! bmass  (m(z)=2mG)
.Z (SSM) :m,, |L=471b",7TeV [1210.6604] 14Tev. Z'mass : RS T .g\1 HEX 1/2 lep (+ b-jet) + Er - tmass  (mG)=55Gev)
N , W' (SSM) : ’"rem 255Tev. W' mass §g tt (medium), (abx 1 lep + b-jet + E,m‘Ss L=20.7 1", 8 TeV [ATL. tmass  (mG)=0GeV,mG;) = 150 GeV)
W' (—=tq,g_=1): my, 430Gev. W' mass e % T (medlum) I—-bx 2lep + E; ., |L=1301" 8 Tev (aTLAS-CONF-2012-167] GGG t Mass () =0 GeV, m(i-m(;)) = 10 GeV)
W'g (— tb, S%M) m L=1.01b", 7 TeV [1205.1016] 113Tev. W' mass S5 _ T(heawy), ta(g 1 lep + b-jet +Eq i |07 s Tov atias-conr-2013007) 200610GeV. tmass  (m@)=0)
77777777777777777777777777 =877 7Tev 200,226 242Tev. W* mass 2 1t (heavy), (atxm 0 Iep +6(2b-)jets + E . |L=20.51b", 8 TeV [ATLAS-CONF-2013-024] 320660 Gev t mass . (M) =0)
Scalar LQ pair (8=1) : kin. vars. in eej ev“ L=1.01b", 7 TeV [1112.4828] e60Gev 1" gen. LQ mass o T tn g‘iut”fész(s_an ,,zﬁl") : g IZ: : Erm.ss L2070, 8 TeV [ATLAS-CONF:2013:025] 500 Gev t—{"ass i) > 150 GeV)
9 Scalar LQ pair (B=1) : kin. vars. in uujj, uvjj [L=1.0m" 77ev[1203.3172) 685Gev 2" gen. LQ mass B TR ;;(p 2 |lep YE ::1: :;x:::::]wm"m_ Imass GT:G';[) o s | \mamra) e
| . o [ . 2)=
,,,,,,,,,,, Scalar LQ pair (8=1) : kin. vars. in v, vvjj | | ISR ESE] saaGall 37 gen. LQ mass 5 T 21ep 4 By etz rrevizonnna [HGRGG] Y, MASS  (m5) <10 GoV. ) =Kz + mG))
g 4 generatlon t't'— WbWb |L£=47 b7, 7 TeV [1210.5468] 656 Gev | t'mass E L Ak, ﬂtv(xv) 2v+E, . |L2071", 8 Tev [ATLAS.CONF-2013-028) 180-330GeV | ¥, Mass (m(z,) < 10 GeV, m mmm(; )}
5 4" generation : b'b'(T, Tm)ﬁ WIWL 1247 1b", 7 TeV [ATLAS-CONF-2012-130] 670Gev! b' (T, ) mass © )‘()’(Z —~I vILI( 5 vlLI(vv) Blep+E_ | |t=2071" 5 Tev (ATLAS-CONF-2013-035] 500 Gov %, mass  (mG)=mez), me) = 0miiy) as above)
3 New quark b’ : b~ Zb+X,m_ |izze 1b",7 TeV [1204.1265] 400GeV. b' mass . — W x 7% 3 lep + E; L2207 1", 8 TeV [ATLAS-CONF-2013.035] 3156eV| 7, mass (m(' )=mG), ma) 0, sleptons decoupled)
N Top partner : TT — tt + A A (dilepton, M L=4.7 b, 7 TeV [1209.4186] 483GeV| T mass (m(A ) < 100 GeV) N Dlrectx pair prod. (AMSB) long- Ilvedx 7 mass @ <7 )<10n5) _
) Vector-! Ilke quark CC, mqu L=4.6 1b", 7 TeV [ATLAS-CONF-2012-137] 142Tev. VLQ mass (charge -1/3, coupling ko =v/mg) =3 Stable g, R-hadrons : low B, f = gmass
< Vector-like quark : NC, ), |i=a6 1" 7 7eV [ATLAS-CONF-2012:437] 1087Tev| VLQ mass (charge 2/3, coupling k o = v/mc) <3 GMSB, stable : low 5 W Tmass  (5<tanp<20)
PR TExcited quarks . sg GMSB, % °—yG : non-pointing photons %, Mass  (0.4<<(z) <2ns) -
g g Excited quarks  dijet resonance, ”71 qmass | | s %, 7. 9qu V) A+ heavy displaced vertex Gmass (1mm<cr<i m,gdeoo‘up\sd)
58 Excited lopton - | 8 ’ PP—>V +X, ¥, —>e+y resonance AW V. Mass  (1,,=0.10.4,,0.05)
... rxeiedlepton: Ly resonance, m . I mass (A =m(l") LFV : pp—>V +X, ¥, —e(u)+t resonance V. Mass (1, 0.10,4,,,-005)
. Techni-hadrons (LSTC) : dilepton,m,,,, p, /o mass (mlp,/o,) - M) = M) N Blllnear RPV CMSSM : 1lep +7 s + Er,pes G=gmass (1, <1mm)
Techni-hadrons (LSTC) : WZ resonance (vlll), m iz p, mass (m(p,) = mia;) +my, m(a) = 1.1m(p,)) & X&‘Jﬁ‘«_' _§ x —eev,env, : 4lep+E,, . |L=2071" 8 TeV [ATLAS-CONF-2013-036] 760GeV | 7, Mass (mG ;>auoeavA ,>0)
3 Major. neutr. (LRSM, no mixing) : 2-lep + jets N mass (m(W ) = 2 TeV) Bty o, T o, B 1Ep T4 £, [iorisTovATAS SN 013 6 BOGRV 7, MASS (i) >0, >0)
£ W, (LRSM, no mixing) : 2-lep + jets W, mass (m(N) < 1.4 TeV) T Tobs 2 quq? 319(‘)';;"""""0;93" - G mass _
o] H (DY prod., BR(H™—ll)=1) : SS ee (un), m H;* mass (limit at 398 GeV for uu) . C RS ,,s, 2 S¢ ,ep,zf(, )'s + 28 .mkusconm‘wm_ aluon ma;;oe-v gmass  (any mi)
DY prod., BR(H*—eu)=1) : SS eu, m %uon -jet resongnce PR [eae 7 1ev 210,826 glu (in. limit from 1110.2693)
l'( ( s WIMP |nterac!|0n (D5 irac ) : 'monojet' + miss M* *ale (m, <80 GeV, limit of <687 GeV for D8) I
Color octet scalar : dijet resonance, m Scalar resonance mas: T 1 T T 1 [ I 1
""""""""""""""""""" | B L1l 1 R

107 1

*Only a selection of the available mass limits on new states or phenomena shown
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Mass scale [TeV]

10
*Only a selection of the available mass limits on new states or phenomena shown.
All limits quoted are observed minus 1o theoretical signal cross section uncertainty.
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# Fermilab Implications of early LHC Results @

prograﬁ‘
~ o~ . ~ - ~0
g-g production, g— tty
% Fr T T T T T T T T
. . © 800~ CMS Prehmmary = SUS-12-024 0-lep (E+H,) 19.4 fb"—]
° CMS |ImITS §  \s=8TeV —— SUS-13-007 1-lep (n >6)194fb‘_
£ 700[- . —— SUS-12.017 24ep (SS+b) 10.5 1" ]
% - Moriond 2013 = SUS-12-026 (MultiLepton) 9.2 fb™'
-~ 600 - — Observed sy ]
CMS EXoTICA - Cmaea :
9 LQ1, B=1.0 S ]
O C 95% CL EXCLUSION LIMITS (TEV) | 3" 4’5 \ E E
. " LQ2, B=1.0 I ]
9 (qg);g”\:,; LQ3 (bv), Q=21/3, B=0.0 | LeptoQuarks u 3
q* (@2 LQ3 (b1), Q=+2/3 or +4/3, B=1.0 I ]
q*, dijet pair stop (b1) I 5 3
q*, boosted Z N 0 1 2 3 4 5 - : .
e A=2TeV Compositeness , _ . g ]
u, A=2TeV b’ = tW, (3l, 2I) + b-jet o v ]
0 1 5 3 4 5 q’, b’/t’ degenerate, Vib=1 - ’ ]
2 —— ooz (00 o : : :
g ) - % . 4 4 ]
2 (tt hadronic) width=1.2% | T = tZ (100%) Generation }r : E
2’ (dijet) | t' = bW (100%), l+jets - H ]
oM ) oo | = bW (100%), 1+ Eu Ll EAT ] R
Giey | LA X analvsis. As LRR 00 600 700 800 900 1000 1100 1200 1300 1400 1500
N —‘ LA, X analysis, A+
G (jeﬁy(\;tg%r :/ﬁr:rgcz) — C.I. A, X analysis, A- LL/RR aliiino mass [GeVl
G () kM = 01 | ‘ C.l., py, destructve LLIM | | CMS Prelimi 8TeV L 9.2 b
_ r C.l., py, constructive LLIM reliminal \S= ev, =9.
" (oqit o C.l., single p (HNCM) Nnreracrtions | L i
Wv\(/?lif;g ="’_y' C.l., incl. jet, destructive % i LEP2 slepton limit i
W= WZ(leptonic) \ C.l., incl. jet, constructive (D 800 B - LEP2 chargino limit N
WR ) [ —_ A
WR, MNR=MWR/2 : \ Ms, yy, HLZ, nED = 3 oF [ o—pp — io %, ( 1., BF(I'1)=0.5) .
WKK p =10 TeV ) Ms, vy, HLZ, nED = 6 = - . R
Sh?:;: hreign;?:eos((;c:s;; — ‘ ‘ ‘ ‘ Ms, Il HLZ, nED = 3 S Eo pp= x (T BR(IT)=1) - :
i Lo
s8 Resonance :gg; { I I Mglsr’rtn':"ezt’ :E[D) ig 600 ww pp— X ( no7, BF(WZ)=1) ‘_.-" —
E6 diquarks (qq ’ o - T R b
Axigluon/Coloron (qgbar) MD, monojet, nED = 6 L PP — X1 X1v ( L BF(/'1)=1 .)_, i
gluino, 3jet, RPV | | | | | MD, mono-y, nED =3 L |
1 2 3 4 5 MD, mono-y, nED = 6 L
gluino, Stopped Gluino ‘ MBH, rotating, MD=3TeV, nED = 2 400 _,--" n
stop, HSCP MBH, non-rot, MD=3TeV, nED = 2 : : g )
sto, Stopped Gluine Long MBH, boil. remn., MD=3TeV, nED = 2 Exira Dimensions E
hyper-K.hypor-pt.2 ToV Lived MBH, stable remn., MD=3TeV, nED = 2 & Black Holes 4
nel‘Jtralino. ct<50cm MBH, Quantum BH, MD=3TeV, nED = 2 200 . —
0 1 2 3 4 5 '~.,‘ b
R P - PR IR L0 S
OO 200 300 400 500 600 700
m, = 0.5m_. + 0.5m., m..=m_ [GeV]
x1 x‘l X1 X2
- However there must be new physics Il WHY? Let me list the reasons
I 21
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Implications of early LHC Results

cce,
g Rcel,

Frogre™

1. The Standard Model is incomplete:

2. Experimental hints of new physics: (g-2),, top Ass, ...

dark matter; neutrino masses and mixing -> new fields or interactions;

baryon asymmetry in the universe -> more CP violation
gauge unification -> new interactions;
gravity: strings and extra dimensions

3. Theoretical problems with the SM:

Scalar sector problematic:
uz ((DTCD) + A (CD-I'CD)2 + rijwiLijRCD + h.c.

e X N

Mu2/MZpianck ® 10734 vacuum large range of
Hierarchy problem stability fermion masses

The SM Higgs boson is unnatural. (mun?/p?)
Solutions: SUSY, New Strong Dynamics, ...

o5
~
60 -
40 -
20~
01 —
0 10
log,,(Q/GeV)
- |IIII|IIII|IIIII TTTrrITT T TTTT
muon (9 2) HMNT (06) ——t
JN (09) ——
Davier, Hoecker, Davier et al, T (10) —a—
Malaescu, Zhang Davier et al, e’e” (10) .

Jegerlehner, Szafron  Js(11)

Hagiwara, Liao,
Martin, Nomura, HLMNT (11)
Teubner - experiment

l
I

BNL

hadrgmc'VP BNL (new from shift in %)
Contnbut]ons [ NS FN TS FE T

——
[ ]

~10
(685 +£4) x 10 a, 10"~ 11659000

T RS N N S
170 180 190 200 210

There remains a persistent discrepancy of 3.3-3.6 o

N
N
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# Fermilab Beyond the Standard Model

o Aocedg,

o %
< ;E N

Prograt®
e Dilaton - (B. Grinstein's talk)
- couplings proportional to mass
- loops can vary from SM because of new particles in the loops.
e NMSSM - possibility of nearly degenerate (h,S) scalars:
- J. Gunion, Y. Jiang, S. Kram [arXiv:1207.1545]
- Models exist with very nearly degenerate pair of scalars
- The various decay rates could be disentalnged at a muon collider.
123<mh1’mh2<128 50""‘“HH‘HH‘,._HH‘HH‘HH‘HH"
= ' " myomy, >30GeV o Lt nonsu=10 MeV uyu~—hH-bb
2.0 GeV < my,-mj, <3.0 GeV Bry(bb)=90% . S
e 15GeV<mh thZOGeV o 40} Bry(utp)=0.03% / R=0.03% €=0.84
2 10GeV<mh -my, < 1.5 GeV . ’, Am_lo MeV
05GeV<mh mh < 1.0 GeV Fh,SM—4-2 MeV :“’,’ v
my -my, <05GeV o = 30+ my=126.00 GeV ’::/‘ -
N Bry(bb)=56% . Am=15MeV
b 207Brh(p+ﬂ7)=0.02“)‘/‘7'
Constructive:'*,

10+ / /

ol — /77'/"\'7"' Destructlve‘ 1

Z03 02 —01 126 +.01 +.02 +.03 +.04

Vs (GeV)
23 |
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Beyond the Standard Model

e Two Higgs doublets (MSSM):

- Five scalar particles: h%, H°, AC, H*

- Decay amplitudes depend on two parameters: (a, ()

=, bb tt ZZWTW- ZA°
hY  —sina/cosf cosa/sinfB sin(B—a) cos(B— a)
H° cosa/cosf sina/sinf8 cos(8—a) —sin(3— )
A —ivstan3  —iys/tan 3 0 0
 ME+ M
tan 2a = m tan 26

- decoupling limit ma® >> mz°:
» hO couplings close to SM values

» HO, H* and A° nearly degenerate in mass

» HO small couplings to VV, large couplings to ZA°

» For large tanp, H° and A° couplings to charged leptons and
bottom quarks enhanced by tanp. Couplings to top quarks
suppressed by 1/tanp factor.

0.1k

0.01 |

] L= ]

100

150 200 300 500

M A [GGV]

300

tan =3
tan = 30

200

100 F -

T T T
M(I) [Ge\/]
X; = V6Msg

50 100

150 200 300 500
MA [GGV]
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# Fermilab Beyond the Standard Model £

p’og ra™

- The LHC has difficulty observing the H, A especially for masses > 500 GeV.
Even at /s = 14 TeV and 300 fb..

Significance contours for SUSY Higgses

2

‘& I S ATLAS Regions of the MSSM parameter space (mp, tgB)
SLdt=300 fpo™' explorable through various SUSY Higgs channels

tang
&

K h—>yyond
Wh/tth, h = yy

—tth, h=>bb

8

e 5 o significance contours
e two-loop / RGE-improved radiative corrections
® My = 175 GeV, mg gy = 1 TeV., no stop mixing ;

| ! | U | U | .
- cms, 3-10% po!
va =« 200 GeV
= 200 gt 50 i
SLat = 200 po HE oy
10“pb1
~
LE=2 40~ ]
ve = 189 Gov
St = 1750
T = AHhma o
\ N § 0 .ouo:
A Hatt-ht+h + X
20l J
]
400 450 500 10 » ml
M, (GeV) \ - E
] | \lLEP I’ ﬁ =|2w GPV ] | ] s
. . . . 200 400 800 800 1000
- Pair produced with easy at a multi-TeV lepton collider. mp, (GoV)
25
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Beyond the Standard Model

\)Oﬂ P*CCO/@,

%
< ;E &

rogra™

- Good energy resolution is needed for H° and A° studies:

- At a 1 C the states can be separated for ma < 900 GeV

Dittmaier and Kaiser
[hep-ph/0203120]

o [pb]
2

MSSM

————— Born
—— Born + elmg. + QCD
------ Born + elmg.
l l l l l
398 399 400 401 402
Vs [GeV]

[
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# Fermilab Beyond the Standard Model 7%[

e LHC bounds on the H/A (H*)
- Present bounds: 300 GeV (tan p = 10); 600 GeV (tan p = 40)
- LHC 14 TeV with 150 fb1: 900 GeV (tan p = 10); 1.5 TeV (tan p = 40)
e Viable SUSY models with present LHC limits favor:
- heavy H/A ->

nearly degenerate masses

104,

alignment limit -> small couplings to WW and ZZ

- few sparticles below 500 GeV

-> narrow widths (10's of GeV's) 100

o (fb)

- Some ILC Benchmark examples:
light-slepton NLSP model (TDR4)
hidden supersymmetry (HS) |
natural supersymmetry (NS)
non-universal Higgs mass (NUHM)

Vs (TeV)

I
June 19, 2013
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# Fermilab Beyond the Standard Model o

A rogra™

e Muon Collider as a H/A factory (E. Eichten and A. Martin [ArXiV:1306.2609])

- Generic features but look in detail at NS example:

TABLE 1. Properties of the H and A states in the Natural
Supersymmetry benchmark model [35]. In addition to masses
and total widths, the branching ratios for various decay modes
are shown.
H A
Mass 1.560 TeV 1550 TeV  H/A
Width 19.5GeV 19.2GeV 1000 :
(Decay) Br (Decay) Br
(bb) 0.64 (bb) 0.65
(tT77) 83x107% (r777) 83x 1073 100
(s5)  3.9x107* (s5) 4.0x107?
(Wrp™) 29x107* (utp™) 29x107*
(tt) 66x107% (#) 72x107?

10

o (fb)

(g9) 1.4x107° (gg9) 6.1x107°
(vy) 11x1077 (yy) 3.8x107°
(2°2°%) 2.6 x107° (Z°) 43x107® 1
(h°h%) 4.4 x107°
(WHW™) 53 %1077
(FEFF) 9.2x107% (7F7F) 95 x 1072 0.1
(t1t7) 3.1 x 1073 (f1t5) 1.1 x 1073
xIx?) 26x107% (xIx9) 3.2x1073

(x?

(x3x%) 1.3x107% (x5x3) 1.1x1073 0.01
(xIx3) 2.8x107% (x9x9) 3.9x 1072
(x?
( 0

XD 1.7x107% (x9x%) 4.0 x 1072
XY 3.8x 10727 (x3x3) 2.7x 1072
(xXIxY) 4.0x1072 (x39x3) 1.5x 1072
(xix3) 5.7x107% (xixd) 6.0x 107

N
00
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Progra™
e Muon Collider as a H/A factory
. L 1 TeV ., BR(H/A — ptp~
- Large production rate: Events/year = 154,000 x ( : BRU )
1034 ecm=2s71"" my 4 10—4
- Use b b decays to extract H and A properties:
TABLE II. Fit of the H/A region to background plus Breit- - bb channel
Wigner resonances. Both a single and two resonance fits ~ 3000 R =0.001
are shown. General form of the background fit is op(v/s) = Q2 i
c1(1.555)%/s( in TeV?). The values of the best fit for one or S
two Breit-Wigner resonances are given. o} L
I 2000
One Resonance F -
Mass(GeV) I'(GeV) Opeak (PD) g
1555 +0.1GeV  24.24+0.2 1.107 £ 0.0076 § -
X2/ndf = 363/96 1 = 0.0354 + 0.0006 o 1000
Two Resonances
Mass(GeV) I'(GeV) Opeak (Pb) = i
1550 £ 0.5GeV 19.3+0.7 0.6274 +0.0574 =0 1600 1560 1600 1650
1560 + 0.5 GeV  20.0+0.7  0.6498 4+ 0.0568
X2 /ndf = 90.1/93 ¢1 = 0.040 = 0.0006
= bb channel
600
- T+T- P i
S
-+ Extract branching ratios I 400
§:
* Use tau decays to measure CP g Loy
. ' % 200 RSt
- electroweakino's i
o
207 of decays A5 Teo0 150 1600 1650
. . e . . GeV
- self analysing - unlike the ILC, initial beam polarization 15 (@ev)
not essential.
I 29 |
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g Rcel,

rogra™

Symmetry charges Qsusy have spin 1/2. Not a purely internal symmetry
- {qusy, qusy} =2 VuPu; qusy H|5TOT6> = H Q5u5y|STGT6>

Qsusy |boson> = |fermion>: gluon -> gluino ... ; W boson -> wino; higgs -> higgino, ...
Qsusy | fermion>= |boson>:top quark (L ,R) -> top squark (L,R), ...; electron(L R) ->
selectron(L,R), ...

Standard particles SUSY particles )
- What is the spectrum of superpartner masses?

0 u ' c t @ 0 - Dark matter candidates?
o A= &£ . - Are all the couplings correct?

- @ ™ _What is the structure of flavor mixing interactions?
@Jy Q - Are there additional CP violating interactions?
- Is R parity violated?
@&J) - What is the mass scale at which SUSY is restored?
Quaks @ Leptns @) Force paricies Swarks ) sieptons @ SUSY foree - What is the mechanism of SUSY breaking?

Supersymmetry dictates the couplings between particles and sparticles
Dark matter candidates, GUT unification

No superpartner has yet been observed => Supersymmetry is broken Msparticle # Mparticle

w
(>
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Progra™
. . . . . . .
e LHC limits on SUSY sparticles in various cMSSM scenerios:
= Gluino and light squark masses limits ~ 1 TeV
CMS Preliminary —=
m(mother)-m(x?) =200 GeV ¥ “oiep T G 3 Graee K
MSUGHADMSSM.?-bpﬂ'stE,_ s FaGmass ,[“" W‘”‘_':’:v
T1: §—qqx” |1.1 fb!, gluino - § R '”"Z,.".'."(..@ammﬁ ATLAS
; Pheno model : 0-1ep + 5 + Ey — ’ﬂmm(ﬂ(?; zvnvllqrq‘l‘ Prelminary
Gluino med. - 14 15+ Ev i |8 mass | 200 GeV.
Titttt: 163} |4.98 fbo!, gluino . H re; %i‘}s‘izg__ — ’:T-s"%f;, ) -t o
-T+j5+ TLABCON- Fmass (tang > 20)
T2: 3—q%’ |1.1fb!, squark - . G.ui,,ms_,a@.ﬁ;lj,: ';“:.‘.i?;}’af"xiv,
T @ { ot ) B €9 e G ) <10
: : o EILT H Gm'gi“»f:’, 3‘:’;32 - Srameyt0ce
irect T (GMSB) Tmass (115 < <230
T3Lh: 590 X" |4.98 fb ", gluino - ?,,,‘T"&’E‘:‘;fi,f,}fm“‘;i - i“r::":’:i‘;%irf}z:“ A
] AMSB - long-lived T, mass (1 <H(Y;) < 2 s, 0 GeV mit in [0.2.80] ns)
T522: §—qq%) |4.98 fb!, gluino - § e e
H SMP : Rehadrons
& ‘SMP : R-hadrons (Pixel dst. only) Gmass
T5Lnu:_f}—>qq)'(i 4-98fbilrg| Z N mﬂsl'iun:‘n?-; 3, mass (45,2010, 4,,,%0.05)
g ilinear 5 +15+Ey GG mass (T, < 15 mm)
islep: %9,x* = UK’ |4.98 fb!, ne;lalino/chargino A . — wm.(-ﬂ.r?doog:mm.uwxsclevp
0 200 400 600 800 1000 T T
Mass scales [GeV] Mass scale [TeV]
- Stop (3rd generation) ~ 600 GeV (except very near top mass)
1y mdton S0
S‘ m ||||||||||||l||||||||||||l||I||||||||l]|||||||||||||||
§ | ATAS Prlminay g bbbt seikall B CMS Preiminary E=8TeV, Lt =907 1"
g-m-:w:ﬁw‘!‘ﬁf? TR .- MO ~TBT=ts"  NLONLLexchsions 10 —
' : 50/60L M midwe S Obsenvedsto 2
L === Expected=ic
C 1 £
1 o o
s
-
1 (&
1072
&
| 20 200 300 360 %0 450 600 850 600 20 20 30 % 0 40 50 s oo 10
....2‘.” L N B m.=05m;+05m, m.[GeV] CMS—PAS-SUS-IZ-OB m,[GeV]
m eV
- The detailed study of SUSY will require a multiTev lepton collider
3T
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e cMSSM - simple model with only 5 parameters (mo, mi/2, tanp, A/mo, sign(u))

e LHC limits on SUSY sparticles in various cMSSM scenerios:

- Gluino and light squark masses limits ~ 1 TeV

- The detailed study of SUSY will require a multiTev lepton collider

* As mass scales increase (u° increases) more fine tuning

m% _ 5 ]\ff}i,d — tan? BJ\I%U B
tan? 3 — 1

21

2

+ loop corrections: logs(mi/ms)

e Are various constrained models consistent with a Higgs mass of 126 GeV?

- Parameters varied in wide range.
Upper bound - mn in top 1%

- GMSB, AMSB %
- mSUGRA v
- NUHM: non universal mo

« VCMSSM: mo = -Ao
* NMSSM: mo =0 Ao =-1/4m:
- noscale: mo=Ap=0

A140|||IIIIIIII
- = NUHM

S _r — mSUGRA
:1 35 - VCMSSM GMSB

GeV

NMSSM AMSB

130

125

120'ﬁ
115/

T T
- no scale

L

P U S SIS S T SN SO ST ST S N S S S S N T
110 50

10 20 30 40

tan
[A. Atbey, et. al.: arXiV:1112.3028]

B
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g hecele,

L)

Progra™

¢ pMSSM - minimal assumptions on SUSY breaking parameters

- 22 parameters varied 1 <tanf <60, 50 GeV < My <3 TeV, -9 TeV < Ay <9 TeV,
50 GeV <mj ,mj , M3 <3 TeV, 50 GeV < M, M, lp| < 1.5 TeV.

- stop mixing parameter Xi= As - ucotp;  Ms = Vmy~ my-

o [A. Atbey, et. al.: arXiV:1112.3028]
' LI L e B B B B B L B B B B B B ey T et Ut '";-"‘—
3 F : : § > 8- /}*"‘-"‘.&‘ % s
O 435 = £ [ 123<M, <127 GeV Qo .
o - 3 ' 86— ,—r’ﬁ .\J 4 —
- - = LR,
130— = o R WS G 1
C . n J . LI ¢ ]
125 = l g : E
: : 2: ‘v;'al.. . | £ e -
120 ] of -
15— 2f B
- 4f-
110 : . o . tanB<6° a = :
105 :’% fl', .'Vv_. n N tal“l B < 5 . . ;“‘c.‘ . ., ]
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1” L3 f | W AXY o440 Lo a1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 l 1 1 1 L 1
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- Consistence requires: Ma > My . tan p > 10; Ms large; maximal mixing ~ V6 Ms

e Sleptons, charginos and neutralinos still remain easily assessible at a multi-TeV
lepton collider.
e Supersymmetry provides a very strong case for a multi-TeV muon collider.

w
w
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# Fermilab New Dynamics

Aocele,

< ;EQ/O

Prograt®

e Electroweak Symmetry Breaking is generated dynamically at nearby scale
- Technicolor, ETC, walking TC, topcolor, Two Scale TC, composite Higgs models, ...

- New strong interaction around 1 TeV:

What is the spectrum of low-lying states? s-channel production rr (technipion) (0°), pr, wr
(technirho, techniomega) nearly degenerate - needs good energy resolution

What is the ultraviolet completion? Gauge group? Fermion representations?
What is the energy scale of the new dynamics?
Any new insight into quark and/or lepton flavor mixing and CP violation?

lab', P=0.8, efe —uuw
. . AP/P=0.5%
° ConTaCT lnTer‘aCTlons CLIC(3 TeV): P,=0.6, Asys=0.5%, AL=0.5% NN
LC (ITeV): P =0.6, Asys=0.2%, AL=0.5% [ |
- e.g. Compositeness, broken flavor symmetries, ... MMM A I
92 A0 I
_ T, TRl ]
- Present LHC bounds (~10 Tev) £ = 5 (YTU)(VIT) v —
AA Ay
- Muon collider sensitive to scales > 200 TeV Vv s
: LR
Forward cone cut not important NN
RL MINN
Polarization useful in determining chiral character of the RR NN
iInteraction. . N

0 100 200 300

[TeV]
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Prograt®

e The unique measurements of the Muon Higgs factory (1 fb!)
- Most precise measurement of Higgs mass: Amy = 0.1 MeV
- Direct Higgs width measurement: AT’y = 0.17 MeV.

- Measurement of BR(p'u) BR(WW?*) to 2%. Other channels: bb, ZZ, t+1-, cc
under investigation.

- Disentangle nearly degenerate scalar resonances.

e Tssues to address for MC Higgs factory:
- Can the shot to shot energy of the beams be controlled to a few x 10~ accuracy
- Detailed studies of S/B required for physics reach.
- High backgrounds in the detectors from muon decays upstream.

- Studies should combine information available from LHC results to determine the
added benefit of any future lepton collider.

e The high energy Muon Collider is the only lepton machine capable of
reaching =3TeV energy scales in an affordable way.

- For SUSY and THDM - the muon collider is a unique H/A factory.

- New dynamics not at sub-TeV scale.

Estia Eichten MAP13 @ Fermilab June 19, 2013

w
(&)



JE .
g Fermilab

cce,
N ACCe/g, %

QEE
\§ /O

Pro gra™

BACKUP SLIDES
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Muon Physics Staging Scenerio
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e Parameters of various stages (MAP review J-P Delahaye’s talk)

Difference Between Higgs Factory

and Miinon Caollider

Muon Collider Baseline Parameters

Higgs Factory Multi-TeV Baselines

Upgraded

Initial | Cooling /

Parameter Units Cooling Combiner
CoM Energy TeV 0.126 0.126 1.5 3.0
Avg. Luminosity 10¥*ecm?s™  0.0017 0.008 1.25 4.4
Beam Energy Spread % 0.003 0.004 0.1 0.1
Circumference km 0.3 0.3 2.5 4.5
No. of IPs 1 1 2 2
Repetition Rate Hz 30 15 15 12
p* cm 33 1.7(1(0.5-2) |0.5(0.3-3)
No. muons/bunch 10* 2 4 2 2
No. bunches/beam 1 1 1 1
Norm. Trans. Emittance, €, | mm-rad 0.4 0.2 0.025 0.025
Norm. Long. Emittance, €,, | mm-rad 1 1.5 70 70
Bunch Length, o, cm 5.6 6.3 1 0.5
Beam Size @ IP um 150 75 6 3
Beam-beam Parameter / IP 0.005 0.02 0.09 0.09
Proton Driver Power MW 4* 4 4 4

#Could begin operation at lower beam power (eg, with Project X Phase 2 beam)

Estia Eichten
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=g Fermiab  Implications of early LHC Results

e Excess inthe 126 GeV region: Is it the SM higgs?
- spin and parity : 0" or O (or 2*)

* Spin 0: A(X —>VV, ) = 1)"1£f”£;V( g”VMf( + 0 q1uqsy T 8uvapflfflf)

> SM Higgs—»ZZ WW:

: #0,a5 ~ O(1072),a3 ~ O(10~11) g« : ‘ Z,W,'y
» SM Higgs— yy: a1= —a2/2#0 = = 7W
» BSM pseudo-scalar Higgs «1# 0 g« VLY

- use ZZ* -> 4 leptons, WW?™* -> lepton + Et (missing) + 2jets angular correlations

[Z°Z°] P.S. Bhupal Dev, et. al. [arXiv:0707.2878]; Yanyan Gao et. al. [arXiv:1001.3396]
[W*W-]J. Ellis and D.S. Hwang [arXiv:1202.6660]

5. Bolognesi [ICHEP 2012] PPt 0+ vs 0-in WW channel (125 GeV)
c - .
o) : '
. : E 700F- E SM, 0+ E—
Integ. Lumi. | Expected & F M e wih M
. . : 2 600
7(8) TeV Separation a F |[I:| PS, 0- ﬂ i
- 5005 J | —
5/fb (5/fb) .60 T 400F- 0 'ql
o L L g0
@ 3005 H— S0
5/fb (20/fb) 2.60 O] : — ™
200 ; “Hl w 0
- T lﬁk 400
5/']) (3()/]]) ) 3- l () 100;_ LL L\‘HHD “1-0.80.6-04-02 0 02040608 1 e
O:I . ! -i‘l L lﬂrh_‘_‘j-l\?-m' y Sara Bolognesi (Johns Hopkins University) -
40 -30 -20 -10 O 10 20 30 40 € P " 15
S=-2x In(L1/L2)
38
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FE - eormilab More S-channel Resonances P

Prograt®
e NewZ, W'
- S-channel resonances - factories for lepton colliders F T
103; I/ | p(28)
- Set minimum lumonisity for MC. 10
R | wr
.. . . ’ 10 /l ,
Minimum luminosity at Z' peak: I AVEIAIN S z
i £ =1.0-5.0 x 1030 cm2 sec™! "E A E
FOT'M(Zl)—> 2.5—5.0T€V 10-17',"’*“““ ! Lo | L L \\\\\\\2 ]
1 10 10
V5 [GeV]

e A muon collider can be built to operate well above
4 TeV:

- Keeping the same limits on neutrino radiation.
The luminosity will scale as:

L(Ecm)/L(4 TeV) = [Eem /(4 TeV)] 2
- If the emittance can be reduced as the energy is

increased, up to one power of energy ratio can be
recovered.

e Hence an s-channel resonace well in excess of 10 TeV
could be studied in detail at such a muon collider.

w
©
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e Example study of slepton pair production:

Fermilab

~_|_ ~_

~0~0 _+

P — ElEr — XaXje e

- Mass measurements of neutrino using edge

method:

Emax/min —

“Ms |1 -

(1 £ 5)

- Inherently better at MC. No
beamstrahlung. CLIC does well for

slepton pair production near threshold.

Estia Eichten

SUSY

I

2: Summary of the results of the fits to the smmon and neutralino mass for various assumptions on

track momentum resolution, beamstrahlung, polarisation and number of bunch crossings integrated

in one events. The results obtained on signal only (S) at generator level are also compared to those
from full simulation and reconstruction and signal+background (S+B) fits.

3pi/p? N Data (M=0w) (GeV)
(x105Gev ! (GeV) Set g i
0. 2950 S 0 | 11063+29 | 5588 +13
0. 2500 S 0 | 10988+26 | 5554 +12
0. 2500 (ISR only) S 0 | 11092+32 | 5554 +12
0. 2500 S (No FSR Cor) 0 | 10953+32 | 5577+13
2. 2500 S 0 | 1104629 | 5600 +17
2. 2500 S (G4+Reco) 0 | 1107.1+28 | 5601 +15
4 2500 S 0 | 11028+29 | 5572 +28
6. 2500 S 0 | 10988+31 | 559.1+36
8. 2500 S 0 | 11010+34 | 5642 +40
20. 2500 S 0 | 1107542 | 5757 +53
2. 2500 S+B (0.8) 0 | 11075+155 | 5425+ 113
2. 2500 S+B(0.9) 0 | 1107.5+144 | 5512+ 120
2. 2500 S+B (0.8) 0 | 1107.7+87 | 5426 +46
2. 2500 S+B (0.8) 0 | 11185+ 61 | 5513 +30
2. 2500 S+B (0.8) 5 | 11057+63 | 5494 +39
2. 2500 S+B (0.8) 20 | 11132+ 68 | 5503 +34

N. Alster and M. Battaglia [arXiv:1104.0523]
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# Fermilab sysy

e Detailed study for muon collider [A. Freitas: arXiV:1107.3853]

- large backgrounds

6° cone

. h s e
0 200 400 600 800 1000

E
I ptp O p v 1y 1 fArir

- suitable cuts reduce backgrounds but limit
sensitivity to small mass difference between
smuon and its decay products.

Vs =3TeV, my =1TeV, myp =06 TeV 1ab!
for 6° shielding cone: dmg i = T35 GeV, dmgo g = 18 GeV,
for 20” shielding cone: OMag e = a9 GeV, dmgo g, = 30 GeV,

- Shows the advantage of instrumenting the
shielding cone.

good benchmark
process for MC

Estia Eichten MAP13 @ Fermilab
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# Fermilab New Dynamics T

/3,0 qra™

e Electroweak Symmetry Breaking is generated dynamically at a nearby scale.

What is the spectrum of low-lying states?

Theoretical issues

What is the ultraviolet completion? Gauge group? Fermion representations?
What is the energy scale of the new dynamics?

Any new insight into quark and/or lepton flavor mixing and CP violation?

- State observed at 125 GeV would more naturally be a pseudoscalar (0)
Technicolor, ETC, Walking TC, Topcolor , ...

For example with a new strong interaction at TeV scale expect:

Technipions - s channel production (Higgs like)

Technirhos - Nearby resonances (0 1,w)- need fine energy resolution of muon collider.

Eichten, Lane, Womersley PRL 80, 5489 (1998)
M(po 1) = 210 GeV M(w+) = 211, 209 GeV

CLIC - D-BESS model (resolution 13 GeV
good benchmark ( )
MC 40 steps (total 1 fb1)

processes

o (pb)

p:
10 =, | -

P

4 2900 2950 3000 3050 3100 3150 2800 2950 3000 3050 3100 3150
S N N I R S B

212 213 214 o Ecm (Gev) 0 Ecm (Gev)
M_ee (GeV)

Estia Eichten
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# Fermilab Contact Interactions T

/3,0 qra™

e The SM is only an effective theory valid below the compositeness scale.

- New interactions (at scales not CI model Observed limit (TeV) | Expected limit (TeV)
directly accessible) NLOA/ /zg 75 7.0%08
. . . . NLOA[; /zz 10.5 9.7+12
give rise to contact interactions. LOA o g4 7.9+25
2 - +17
g° - _ LOAL g 1.7 10917
£ =5 (PIY)(TI) LO Afyan 104 0543
LOAGy, aa 145 137137
LOAL, 8.0 7.8110
- Present LHC Limits (CMS table) L' P08, e
AP/P=0.5%

- M M g Mg CLIC(3 TeV): P,=0.6, Asys=0.5%, AL=0.5% NN
Muon co!llder is sensitive to con‘racT CLIC Study -
interaction scales over 200 TeV as is AR RN N AR SRR AR
CLIC A0 NI

' Vo Il

- Cuts on forward angles for a muon AA OSSN

collider not an issue. vV _I_—r—aeOeO—
Muon Collider Study LR _
E.Eichten, S.7Keller, [arXiv:hep-ph/9801258] RL I

RR I

POI.GF'IZGTIOH useful to dl.sen’rangl.e the N I
chiral structure of the interaction. TR TR

0 100 200 300

(CLIC) good benchmark process [TeV]

[
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# Fermilab A few words about Detector Issues

e ILC-like detector requirements for efficient heavy quark tags, muon and
electron id, and jet energy scale calibration.

e The high backgrounds events entering the detector from muon decays in the
beam upstream requires a detector employing a traveling time gate to reduce
out of time hits.

Rl
gng_ / ; . AAEBEE
fé E /|2 IPMuons ﬁﬁﬁ# »
§ 10 L‘ ol lP PrOton;f’ f; | O MARSall
‘g E I[ vl , »  MARS phot
o v | & WARS phofons
1E } ,g':"é' Bﬂ‘t"a—&a
= ] 1 &
§ a8 e
: £ b
- L | j
ol | 5 o O MARS neutrons
5
- 2
’f g . .
2 U 1 m". | T PR T SR R S T A W S NN PR S R R R N
107, 10 15 20 25

Timing gate width, ns

S
&
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# Fermilab  Which Accelerator for Higgs Physics? it

I
1. The LHC is the Higgs Accelerator - Continue -> HL-LHC

2. Continue research and development of lepton colliders. In particular the
muon collider needs a convincing proof of 6D cooling.

3. Push neutrino physics - Lepton sector

4. After 300 fb!of ~14 TeV running OR the discovery of BSM physics, chose
the next accelerator for Higgs physics.

New physics
below Vs=1 TeV ?

YES
e+e- linear collider NO
extendable to Vs= 1 muon higgs factory -->
TeV YES muon collider with Vs> 3 TeV

Is a Muon Collider

Feasible? e+e- circular collider in large tunnel --

>

NO hadron collider with Vs = 100 TeV

[ 45 ]
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