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HEP landscape after the Higgs dlscovery

The Higgs discovery has been a great success.
..but the experimentalists haven't found what The
BSM theorists told them they will find in addition

to the Higgs boson:
no susy, ho BH, no extra dimensions, nothing ...
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HEP landscape after the Higgs dlscovery

The Higgs discovery has been a great success.
..but the experimentalists haven't found what The
BSM theorists told them they will find in addition

to the Higgs boson:
no susy, ho BH, no extra dimensions, nothing ...

Furthermore we are left with big questions that the SM cannot address

) Origin of quark and lepton flavor, origin of neutrino masses
9 Only a description of EW symmetry breaking, not an explanation

) No place for the particle(s) that make up the cosmic DM

2
Does not explain the asymmetry matter-antimatter
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HEP landscape after the Higgs dlscovery

The Higgs discovery has been a great success.
..but the experimentalists haven't found what The
BSM theorists told them they will find in addition

to the Higgs boson:
no susy, nho BH, no extra dimensions, nothing ...

Fur‘rher'mor'e we are left with big questions that the SM cannot address

7 Origin of quark and lepton flavor, origin of neutrino masses
s w Are there some global flavor symmetry (incl. lepton #)?
/' Only a description of EW symmetry breaking, not an explanation
’ w What separates the EW scale from the Planck scale?

No place for the particle(s) that make up the cosmic DM
‘49 w What are the DM particles?

Does not explain the asymmetry matter-antimatter
m Are the conditions realized to allow for EW baryogenesis?
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HEP landscape after the Higgs dlscovery

The Higgs discovery has been a great success.
..but the experimentalists haven't found what The
BSM theorists told them they will find in addition

to the Higgs boson:
no susy, nho BH, no extra dimensions, nothing ...

Fur‘rher'mor'e we are left with big questions that the SM cannot address

7 Origin of quark and lepton flavor, origin of neutrino masses
s w Are there some global flavor symmetry (incl. lepton #)?
/' Only a description of EW symmetry breaking, not an explanation
’ w What separates the EW scale from the Planck scale?

" No place for the particle(s) that make up the cosmic DM
w What are the DM particles?

Does not explain the asymmetry matter-antimatter
m Are the conditions realized to allow for EW baryogenesis?

Where and how does the SM break down? i

Which machine(s) will reveal (best) this breakdown?
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Which Machine(s)?

Hadrons _

O large mass reach => exploration? - © S/B ~ 1= measurement?
© S/B ~ 10 (w/0o trigger) : © polarized beams
©S/B~0.1(w/ trigger) (handle to chose the dominant process)

O requires multiple detectors f : © limited (direct) mass reach

(w/ optimized design)A E E O |den1'|f|(]b|€ final states
O only pdf access to Vs : :0 = EW couplings

© => couplings to quarks and gluons

o Vs limited by synchroton radiation: . © easier to upgrade in energy
O higher luminosity : . © easier to polarize beams
O several interaction points : : © large beamsthralung

O precise E-beam measurement : : © greener: less power consumption
(O(0.1MeV) @ FCC-ee via resonant depolarization) .
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Energy vs. Luminosity

— .I‘ | | | | | | | | | | |
f:iZZ2:28_2%2%21O??Zéfﬁ??éitZZZZZZZZZZZZ:IZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZIIZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZJZZ:

)
<
&
G
<
™
o
A
>,
=
%
O
S
&
S
-

2 3 R
% . e '»"“ .................................................................................... “ ................... —
500 GeV ;1.8 x 10°* cm2s™ -

2000 3000
\s [GeV]

Christophe Grojean Physics Yiahlights of fuldture ee colliders 4 /3¢ CERN, Nov. 19, 2015



Test of SM bones

Z resonance: TeraZ d’ EntePPia' LOIIlOIlOSOV 15 WW threshold scan: OkuW

30 7 T T I
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L3 i1/ N » m,, I';to 10 keV

- OPAL Asymmetries

= ExquisiteE,___ (unique!) e Threshold scan

= m,, to 500 keV

t e BranchingratiosR, R, _,
b average meatmrements, . » 5 nzﬂw to 23-:10'5

error bars increased

= O (m,) to o.0002
by facter 10 5|: W}
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Predict m,, my, in SM
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best test of QM beyond QED (and indirect probe of new physics up to ~ 30 TeV)
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http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://dde.web.cern.ch/dde/presentations/lomonosov_fcc_ee_aug15/dde_fcc_ee_phys_lomonosov15.pdf
http://dde.web.cern.ch/dde/presentations/lomonosov_fcc_ee_aug15/dde_fcc_ee_phys_lomonosov15.pdf
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Test of SM bones

Present
precision

TLEP stat
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TLEP key

Challenge
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http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://agenda.linearcollider.org/event/6662/session/8/contribution/251/2/material/slides/0.pdf
http://agenda.linearcollider.org/event/6662/session/8/contribution/251/2/material/slides/0.pdf

Accessing SM input parameters

Xqep(mz) Xqcp(mz)

Janot’1l5 Dam @ EPS’15

measure o(e*e — pu*p-) and A M at (a) judicious /s

f
’ f

The y exchange term is proportional to o2,z (V/s)

R, = Maa/T)

LEP measurements with
(1) new N3LO results
(2) improved miop
(3) MHiggs

& (a(m;) )ep = £ 0.0038 (exp.) £ 0.0002 (others)
stat. limited

The Z exchange term is proportional to G2, hence independent of o
The yZ interference is proportional to o .5(V/s) x G;

TLEP statistics

O (a. (M) )ecc.ee = £ 0.00015

One crabbed-waist year
Four IP's :
11 i 111 | i 111 | i 111 |
120 130 140 150
Vs (GeV)

By running six months at each of 88 and 95 GeV points:
» Could potentially reach a precision of : §a/a = 2 x 10°°
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http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
https://indico.cern.ch/event/401698/contribution/4/attachments/804695/1102847/alphaQEDFCCee.pdf
https://indico.cern.ch/event/401698/contribution/4/attachments/804695/1102847/alphaQEDFCCee.pdf
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
https://indico.cern.ch/event/356420/session/6/contribution/673
https://indico.cern.ch/event/356420/session/6/contribution/673

Key goals of the ee machines as BSM probes

in order to address the physics questions outside the SM boundaries
the physics program of the future ee colliders is built around three key goals

e —— —_—— e e — ————————— —

P — _ o ——————— ———— e— ==

Measuremen’r of The pr'oper"rles of ’rhe newly dlscover'ed nggs boson with very

high precision. = Is it elementary? Does it have siblings/relatives? What keeps it
light? Why does it freeze in?

5\ Measurement of the properties of the top quark with very high precision to
~ indirectly constrain new physics

. Direct searches for and studies of (uncolored) new particles expected in models
) of physms at ’rhe TeV ener'gy scale Complemen'rary To LHC searches

Higgs and top properties are fundamental SM input parameters
that need to be measured as precisely
to reduce theoretical systematics in searches for BSM
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ILC (20272*-2047?)
*ready for construction once approved

Main linac Damping Rings Main linac

electro .
n beam positron beam

( (eZ "
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»
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. e e e e

31 km

(350)/500/1000 GeV - 5/ab C___X

+ Giga-Z for the measur'emen‘r of polarization asymmetries

ToR
ECM [GeV] 250 500 m 1000 Stage ILC500 ILC500 LumiUP
rep. rate [Hz] 5
Npunen 1315 1315 1315 2625 2625 2450
inst. lumi [1034/cm?2/s] 0.75 1.5 1.8 3 3.6 3.6-4.9
total power [MW] 100 160 160 190 200 300

V5 [GeV] | 500 350 250 | 500 350 250

L [fb?*] | 500 200 500 | 3500 - 1500

time[a] | 37 13 31 | 75 - 3.1

ILC Parameter WG ’15, arXiv 1506.07830

Giga-Z running precision Z-physics:
o O(10%) H o ALR(e): 0.00008 (vs. 0.001 now)

o O(10%) top pairs o ALR(b): 0.001 (vs. 0.02 now)
o Rb: 0.00014 (vs 0.00069 how)
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ILC (2027?2*-2047?)

ILC Operating Scenarios Physics Case for the International Linear Collider

*ready for construction once approved

June 2015 June 2015
arXiv:1506.07830 arXiv:1506.05992
ILC Parameters Joint Working Group LCC PHYSICS WORKING GROUP

—_

The International Linear Collider

Jim Brau', Paul Grannis¥, Mike Harrison”, Michael Peskin*, Marc Ross*, Harry WeertsS
for the ILC Collaboration
April 9, 2013

submitted to the Community Summer Study (Snowmass on the Mississippi), July 2013 ‘ .

THE INTERNATIONAL LINEAR COLLIDER

Th st an Tons Busa e emy o Lae . menas

The Physics Case for an e*e- Linear Collider

James E. Brau?, Rohini M. Godbole?, Francois R. Le Diberder®, M.A. Thomson<,
Harry Weerts®, Georg Weiglein/, James D. Wells?, Hitoshi Yamamoto”

A Report Commissioned by the Linear Collider Community' g@ >

Physics Case for the ILC Project:
Perspective from Beyond the Standard Model

Howard Baer', Mikael Berggren®, Jenny List?, Mihoko M. Nojiri>*,
Maxim Perelstein®, Aaron Pierce®, Werner Porod’, Tomohiko Tanabe®

\Physics at the e" ¢~ Linear Collider -
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CLIC (post HL-LHC-x+20)
(350)/1000/3000 GeV - 5/ab

é Legend

306 bhysivoen ‘ I I ‘ 306 Mystvors
1NN 109 s | crcumferences 1IMNW 139 s

— deloy 1o0p 720 m ' emmm CERN existing LHC
drive beam accolerator R 1881 m :

238 GV, 1.0 G CR2 434 3 i Potential underground siting :

1km 1hm esee CLIC 380 Gev
detay oop cR2 cm dd-y o » seee CLIC1.5TeV
&J \ cm seee CLIC 3 TeV
d«:ekulol e secrons of 806 m

§oe LLRLL) nonn =, O'O" DS - 'H!#A TREYY, 4 11117 R 1111 sce
s RS ’”" ’, o= a Pl
TA ¢ 1.v~| @ main nac, 17 G MOMY M 2 0 . 0" main lnac YA racdusn = 120 m

- -

CR  combinaer ring

TA  tumaround

DR damping nng

POR predamping rng

BC  bunch compressor
U0S beam delvery system
P interaction pont

N dumy

¢ njoctor f
486 GeV [ &
DR

4%im

O cost review due in 2018

m 380 Gev 3Te

Centre-of-mass energy 0.38

O sub-percent Higgs coupling measurements
Luminosity above 99% of Vs 1034cm2st 0.9 .0 o fZW per'cen’rs HIQQS width

Repetition frequency Hz 50 O TOP mass, TOP EW COUP“F\QS

Number of bunches per trair o direct BSM sensitivity in the multi-TeV
AU PN 0> region (direct and indirectly via precision)

Total luminosity 10%*cm=2st 1.5

Acceleration gradient 72

Site length 11 50
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CRLANEATNS T s N LA ST M S
CERN 1o s0mm s (MGANSARON 108 SUCTTAR SPSIAH

AMULIE-TEN LINEAK COLLES
pasrp o CLH micuxoLngy

Christophe (Gro/ean

CLIC (post HL-LHC-x+20)

(350)/1000/3000 GeV - 5/ab

CRUANSAT IO LU N PO LA O e M e
(ERN PUROMAN G ANTATON O N LEAR AN

th

PUYsMICs Aanp Drrscrorx ar CLIC

CRLANSAL IO LUty PO LA SO e e
CEQN TLROMAN CRLANTATROS TOR AL LA AN

T CLIC Prcxsavive
TOMARDS ASTAGID ¢ v Lvaal Lduliten
EXPLOMING THE TEmASCALY

July 22,2013

arXiv:1307.5288

Physics at the CLIC e*e™ Linear Collider dm

Input to the Snowmass process 2013

|

pos!-ﬂlggs alscover'y upaa’re
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http://cds.cern.ch/record/1500095
http://cds.cern.ch/record/1500095
http://arxiv.org/abs/arXiv:1202.5940
http://arxiv.org/abs/arXiv:1202.5940
http://arxiv.org/abs/arXiv:1209.2543
http://arxiv.org/abs/arXiv:1209.2543

FCC-ee (post HL-LHC-x+20)/ CZPC (7?-2?)
240/350/(500) - 10/ab

(1003|C earth
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FCC-ee (post HL—LHC-x+20)/ CZPC (7?-7?)
240/350/(500) - 10/ab

energy/beam [GeV]

bunches/beam

beam current [mA]

luminosity/IP x 10%* cm2s?

energy loss/turn [GeV]

synchrotron power [MW]

LOOSIC earth

RF voltage [GV]

O 10° H

O 102 Z possible upgrade to 103 Z (line-shape, mass & width, probe rare (FCNC) decays)
O 108 W (mass)

O 3x10'° tau/muon pairs

O 2x10" b/c quarks = >20'000 Bs—t*

O TLEP@340/500: 10° top pairs (pole mass, probe FCNC decays, top Yukawa)
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FCC-ZZ/CCPC(??-??)
240/350/(500) - 10/ab

LOOSIC earth

O physics case: JHEP01(2014)164 arXiv:1308.6176
O CDR and cost review due in 2018

IHEP-TH-2015-01

PUBLISHED FOR SISSA BY ) SPRINGER

RECEIVED: September 23, 2013

ACCEPTED: December 25, 2013
PUBLISHED: January 29, 2014 CEPC_SPPC CEPC_SPPC
Preliminary Conceptual Design Report

Preliminary Conceptual Design Report
Volume I - Physics & Detector Volume Il - Accelerator

First look at the physics case of TLEP

The FCC and CepC are essentially equivalent proposals with different
emphasis; FCC— hadrons via e+e-, CepC — e+e- then hadrons The CERC SPC Sty Group
The CEPC-SPPC Study Group March 2015

March 2015

Mike Harrison , SPC meeting Sept. 2015

Physics Yiahlights of fuldture ee colliders I /3 CERN, Nov. 19, 2015
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http://arxiv.org/abs/arXiv:1308.6176
http://arxiv.org/abs/arXiv:1308.6176
http://cepc.ihep.ac.cn/preCDR/main_preCDR.pdf
http://cepc.ihep.ac.cn/preCDR/main_preCDR.pdf
http://cepc.ihep.ac.cn/preCDR/Pre-CDR_final_20150317.pdf
http://cepc.ihep.ac.cn/preCDR/Pre-CDR_final_20150317.pdf
http://arxiv.org/abs/arXiv:1308.6176
http://arxiv.org/abs/arXiv:1308.6176

Higgs physics
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Higgs boson & New Physics

The Higgs is related to some of the deepest problems of HEP

LHiges = Vo — ,UQHTH + A (HTH)Q + (yijzﬁLijH + h.C.)

<) \ LN

VAC U U energy /7,‘ erare /7y p,-oé/e/y; Z /‘/‘\//Q/ ,zey / \SZ(QA/‘//‘fy PSS and /)7/}(/‘/29 y
Flavowr & CP
COS/y/o/og/ca/ constard  mpy ~ 100 GeV <« Mp of” EL vac e h/'erarchy

Vor (2x 1072 eV)* < M7y,
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Higgs boson & New Physics

The Higgs is related to some of the deepest problems of HEP

LHiges = Vo — ,UQHTH + A (HTH)Q + (yiszLijH + h.C.)

L/ J \ V) \
VAC U U energy h/‘erarchy proé/em Zrivial /‘Z(y/ 55&5// /‘fy PSS and M/‘X/hg -

‘ ‘ Flavoer & CP
COémo/03/CQ/ constart mpyg ~ 100 GeV < Mp; of €L vac e h/erQrC/?y

Vo~ (2x107% eV)* <« My,

~~ Higgs interactions ~~

gauge symmetry is the organizing principle for interactions in the gauge sector

not in the Higgs sector = many free parameters!
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Higgs boson & New Physics

The Higgs is related to some of the deepest problems of HEP

LHiges = Vo — ,LLQHTH + A (HTH)Q + (yiszLijH + h.C.)

v | \ V) \

N/
VAC U U energy h/‘erarchy proé/em Zrivial /‘Z(y/ \Sz(aéf/ /‘fy PSS and M/AX/ng

‘ ‘ Flavoer & CP
COSMO/03/CQ/ constart mpyg ~ 100 GeV < Mp; of €L vac e h/erQrC/?y

Vor (2x 1072 eV)* <« M,
S - - TSR
— ~~ Higgs interactions ~~
gauge symmetry is the organizing principle for interactions in the gauge sector

not in the Higgs sector = many free parameters!
but they obey 3 basic structures

(1) propor"rionali’ry: ghff X My Iy X m%/

(2) factor of proportionality: g.ss/ms = v2/v

Physics Yiahlights of fuldture ee colliders 13 /3y, CERN, Nov. 19, 2015



Higgs boson & New Physics

The Higgs is related to some of the deepest problems of HEP

£Higgs = Vo — ,LLQHTH + A (HTH)Q + (yiﬂZLijH + h.c.)

v | \ V) \

N/

vacuum enerqy hierarchy problem  2rivialidy/stability  mass and PUXING Py & CP
avoulr
CO\Smo/og/ca/ constar?d mpg ~ 100 GeV < Mp of” EL vac e h/‘erarchy O

Vor (2x 1072 eV)* <« M,
e - - B G e
— ~~ Higgs interactions ~~
gauge symmetry is the organizing principle for interactions in the gauge sector

not in the Higgs sector = many free parameters!
but they obey 3 basic structures

(1) proportionality: 9nir x<ms gy ocmi

w test for extended Higgs sectors
(2) factor of proportionality: g.ss/ms = v2/v

w test for extended Higgs sectors

w test for Higgs compositeness

m test for flavor models, origin of fermion masses
Physics Yiahlights of fuldture ee colliders 13 /3y, CERN, Nov. 19, 2015




The Higgs thresholds

o ~ log(s)

strahlung

PR SR AR TN TR TR TR N T SR S T
1000 2000 3000

\'s [GeV]

Christophe Grojean : : ghts of fulure ee colliders 14 /3, CERN, Nov. 19, 2015



The Higgs thresholds

o ~ log(s)

et

strahlung

L L | L L L L | L L L L |
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Higgs: ee colliders vs. LHC

~~ sighificant steps in precision study of Higgs properties ~~

(1) Higgs kinematic parameters: my and 'y

~» reduce parametric uncertainties in xs and BR
~» control the fate of EW vacuum within the SM
~» constrain new physics models (e.g. MSSM)

(2) Precise and model-independent access to Higgs couplings

» 1% level
- identification of correlation patterns among deviations
- indirect test of extended Higgs sectors/composite nature

» ultimate test of naturalness

(3) Access to decays modes that are background dominated @ LH

~» bb/cc/qg
- exotic decay modes (‘> portal models of Dark Matter)

(4) Constraints on Higgs flavor violating couplings
- shed light on the origin of fermion masses and flavors
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Higgs: ee colliders vs. LHC
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Higgs mass

Remember that Amy = 200 MeV shifts prediction for BR(H — VV) by 2%
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#> ZH @ee: tag Higgs events independently of its decay modes
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Higgs couplings and model discriminations

The pattern of Higgs coupling deviations is a sighature of the underlying
dynamics beyond the Standard Model

Supersymmetry Composite Higgs

(MSSM) (MCHM5)
MSSM (tang = 5, M_ =700 GeV) MCHMS (f = 1.5 TeV)
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ILC Projected Higgs coupling precision (model-independent) - ILC Projected Higgs coupling precision (model-independent) -
500 GeV, 4000 fb"' @ 350 GeV, 200 fb' @ 250 GeV, 2000 fb" ] 500 GeV, 4000 fb"' ® 350 GeV, 200 fb' ® 250 GeV, 2000 fbo ' 7

—— Model prediction - - —— Model prediction -

ILC Physics WG, '15
arXiv:1506.05992
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Higgs couplings and model discriminations

The pattern of Higgs coupling deviations is a sighature of the underlying
~~ expected largest relative deviations ~~

hf hVW  hy  hyZ  hGG  h’

MSSM
NMSSM

v
PGB Composite \/
v

v

SUSY Composite \/ \/

SUSY partly-composite \/ \/
“Bosonic TC”

Higgs as a dilaton \/ \/

A. Pomarol, Naturalness ’15
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Higgs couplings measurement projections

Table 1-20. Expected precisions on the Higgs couplings and total width from a constrained 7-parameter fit assuming no non-SM
production or decay modes. The fit assumes generation universality (ky = Kt = Kec, Kd = Kb = Ks, and k¢ = kr = K, ). The ranges
shown for LHC and HL-LHC represent the conservative and optimistic scenarios for systematic and theory uncertainties. ILC numbers
assume (e, e") polarizations of (—0.8,0.3) at 250 and 500 GeV and (—0.8,0.2) at 1000 GeV, plus a 0.5% theory uncertainty. CLIC numbers
assume polarizations of (—0.8,0) for energies above 1 TeV. TLEP numbers assume unpolarized beams.

Facility LHC HL-LHC  ILC500 ILC500-up ILC1000 ILC1000-up CLIC TLEP (4 IPs)

V5 (GeV) 14,000 14,000  250/500  250/500  250/500/1000  250/500/1000  350/1400/3000 240/350

[ Ldt (fb=1)  300/expt 3000/expt 2504500 115041600 250450041000 1150+1600+2500 5004150042000  10,00042600
5—7%  2-5% 8.3% 4.4% 3.8% 2.3% —/5.5/<5.5% 1.45%
6-8%  3—5% 2.0% 1.1% 1.1% 0.67% 3.6/0.79/0.56% 0.79%
41-6%  2-5% 0.39% 0.21% 0.21% 0.2% 1.5/0.15/0.11% 0.10%
4-6%  2—4% 0.49% 0.24% 0.50% 0.3% 0.49/0.33/0.24% 0.05%
6-8%  2-5% 1.9% 0.98% 1.3% 0.72% 3.5/1.4/<1.3% 0.51%

Kq = Ko 10-13% 4—17% 0.93% 0.60% 0.51% 0.4% 1.7/0.32/0.19% 0.39%

Ko = K 14-15% 7—10% 2.5% 1.3% 1.3% 0.9% 3.1/1.0/0.7% 0.69%

estimates done soon after Higgs discovery, a lot of work since then and results have been refined

N N/

Rich experimental program of (sub)percent precision
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Higgs couplings measurement projections

ILC5OOG€V, ZOYI" ~ 100 HL-LHC no assumption about Higgs width
(apart for hyvy)

assumption about Higgs width -

Projected Higgs coupling precisior 7-parameter fit)’

— HL-LHC 14 TeV, 3000 fb™ (CMS-1, Ref. arXiv:1307.7135)
— [ HL-LHC 14 TeV, 3000 fb™' (CMS-2, Ref. arXiv:1307.7135)

[ 1LC 500 GeV, 500 fb"'® 350 GeV, 200 fb' @ 250 GeV, 500 b’
ILC 500 GeV, 4000 fb"' @ 350 GeV, 200 fb"' @ 250 GeV, 2000 b

B ILC ® HL-LHC 3000 fb™' combination
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Projected precision of Higgs coupling and widt odel-independent fit) )

N . ILC 500 GeV, 500 fb' ® 350 GeV, 200 fb™' @ 250 GeV, 500 fb"
— ILC 500 GeV, 4000 fo' ® 350 GeV, 200 f '@ 250 GeV, 2000 fo! - -

B . ILC ® HL-LHC 3000 fb"' combination

- ILCsoocev, 20yr

K,

Rich experimental program of (sub)percent precision
Nice synergy/complementarity LHC-ILC (hyvy)

use BR ratios from hh with absolute precise BR from ee

to export ee precision to Higgs decays that are limited by statistics in ee
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Higgs couplings as a test of naturalness
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Higgs couplings as a test of naturalness
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Higgs couplings as a test of naturalness

charged neutral
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Higgs couplings to electrons (unique to Fcc-ee)

m Higgs-e* Yukawa g, __unobservable via decay: (H—e*e)~5.3:10° Analysis of 7 Higgs decay channels:
B Resonant s-channel produgtion considered so far only for uu collider Lint: 10 ab?, S=0.65:

T

(GMHH ~ 70 pb). YA £ =4.28 x 10* = Tiny c(ee—H) BR(Hee) < 4.6xBR,,, (30)

JHece ﬂle

GF( (i"+ e — H) = 4?TF?{B?‘(H — e+e_) < 1.6 fb > ghee< 22 X gHee,SM (36)

(3 — M2%)® + T2, M2

Convolution Breit-Wigner (I';=4.2 MeV)
with Gaussian beam spread vs=4.2 MeV)

% Breit-Wigner
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Higgs couplings to electrons (unique to Fcc-ee)

m Higgs-e* Yukawa g, __unobservable via decay: R H—>e+e-)~5.3-‘10'9 Analysis of 7 Higgs decay channels:
B Resonant s-channel produgtion considered so far only for uu collider Lint: 10 ab?, S=0.65:

T

(GMHH ~ 70 pb). YA £ =4.28 x 10* = Tiny c(ee—H) BR(Hee) < 4.6xBR,,, (30)

JHece Wle
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) i ;  Breit-Wigner

i O invaluable info on mass

- ""K “ | Including ISR +Vo_ _ ~T, =42 MeV: generation of light particles
ST T g(eesH) =280 ab O indirect stringent bounds on
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Higgs couplings to electrons (unique to Fcc-ee)

m Higgs-e* Yukawa g, __unobservable via decay: R(H—e*e)~5.3-10°

Analysis of 7 Higgs decay channels:
®m Resonant s-channel production considered so far only for uu collider L =10 ab?, S=0.65:
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operators with v: Ry ~ Fyz <1077

: already severely constrained ) :
by e and g EDMs

McKeen, Pospelov, Ritz 12

operators with top: Ognet < 0.01
htt >~ Y.

already severely constrained
by e and q EDMs

Brod, Haisch, Zupan ’13
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Higgs portals and Higgs exotic decays

|HI2 and HL are SM-singlet of low dimension
they can have large (renormalizable) couplings to hidden/dark sector that could

(i) make up the DM relic abundance
or (ii) be key agents in models of neutral naturalness
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Higgs portals and Higgs exotic decays

|HI2 and HL are SM-singlet of low dimension
they can have large (renormalizable) couplings to hidden/dark sector that could
(i) make up the DM relic abundance
or (ii) be key agents in models of neutral naturalness

new exotic/invisible decay modes: ee sensitivity BRexo<1%
(if mne< my/2, possible production via of f-shell Higgs but limited reach Craig et al 14 )
C ZwZp |H|?|S|? HLN )
H — Z7Zp H — ss H — LN
new force new Higgses hew matter

[
|
|
]
|
|
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|
]
|
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Higgs portals and Higgs exotic decays

|HI2 and HL are SM-singlet of low dimension
they can have large (renormalizable) couplings to hidden/dark sector that could
(i) make up the DM relic abundance
or (ii) be key agents in models of neutral naturalness

new exotic/invisible decay modes: ee sensitivity BRexo<1%
(if mne< my/2, possible production via of f-shell Higgs but limited reach Craig et al 14 )
C ZwZp |H|?|S|? HLN )
H — Z7p H — ss H — LN
new force new Higgses hew matter
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with LHC

> Complementarity
searches

b-jets!?

Y's! light jets

T’s?

Example: See Liu, Potter, Example: (as in the NMSSM)

1309.0021
h—)ZZD—>4I for a ILC h— ss— 4b

These can be seen h —s 47 Background limited at the LHC.
by the LHC pretty easily:  analysis Theory studies show that BRs ~ 0.1
BRs ~ 10° - 10" can be might be reached Cao et al, 1309.4939
probed by the HL-LHC
Curtin, Essig, SG,
Shelton 1412.0018
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Higgs and Flavor Origin

it is core property of the origin of fermion masses in the SM
that the Higgs doesn't mediate FCNC at tree-level
Seeing any large flavor violating Higgs channels, we'll have unique implications
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Higgs and Flavor Origin

it is core property of the origin of fermion masses in the SM
that the Higgs doesn't mediate FCNC at tree-level
Seeing any large flavor violating Higgs channels, we'll have unique implications

h—1tu
h— ue ] RIS Y [T Tight now: 2j channel statistics
- N N {  limited, 0j+1j not

how about with ~1 09 h.17
LHC8 = 100 TeV 3 ab

Harnik Kopp Zupan 1209.1397

e indirect
bounds better
than LHC

assume same scaling for

signal and bckg

° B1’~10_2 @
o N~0.2 TeV =/N~2TeV

| if bckg free
: 10° N T, 2 6
| Yeul ) ] ) p ] ® Br~10 =Br~10
o N~0.2 TeV =AN~20TeV

2
(Yo Yo=m,m_ /A")
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e what can one do with
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( FCC week, Mar 26 2015, Washington DC
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Higgs and Flavor Origin

it is core property of the origin of fermion masses in the SM
that the Higgs doesn't mediate FCNC at tree-level
Seeing any large flavor violating Higgs channels, we'll have unique implications

h—1tu

h— ue ] 197 1s=8 Tov right now: 2j channel statistics
- N N {  limited, 0j+1j not

Harnik Kopp Zupan 1209.1397

how about with ~1 09 h?

e indirect H
LHCS8 = 100 TeV 3 ab

bounds better
than LHC

assume same scaling for

signal and bckg

° B1’~10_2 @
o N~0.2 TeV =/N~2TeV

4 | if bckg free
) 10 —A == - -
| Yeul ) s \J 10 ] ° Br~102 =Br~10 °
o N~0.2 TeV =N~20TeV

2
(Yo Yo=m,m_ /A")

* h—pue very

(o u)dE ok

clean channel

660

e what can one do with
10° Higgses @100TeV?

(@)
.-
c
o
0
=
=
%
=
o)
O
=2
®
o
3y,
Q
-
N

( FCC week, Mar 26 2015, Washington DC

380 GeV
—e— 500 GeV
—e— 1000 GeV

BR(t — ch) x BR(h — bb)

ee prospects on t—ch

Expected limit
3

Basic event selection:
* 1 lepton + Etmiss + 4 jets, among which 3 b-jets

* 0 lepton, no Etmiss, 6 jets, among which 3 b-jets

—
e
a

LN R NI NI Qe
10° 10°
Top pairs produced
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Higgs @ high thresholds (unique to ILC/CLIC)

ttH

Higgs self-coupling

Higgs potential
(dynamics of phase transition, baryogenesis)

direct access to top Yukawa coupling
(vacuum stability, Higgs mass hierarchy)

ILC current studies:
(4b and 2b2W modes)
29%@4/ab, 500GeV
167%@2/ab, 1TeV
10%@5/ab, 1TeV

final states analyzed:
“8 jets”: t(—qgb)t(—qgb)H(—bb)
“6 jets”: t(—qqb)t(—Ilvb)H(—bb)
[ “4 jets”: t(—Ivb)t(—Ilvb)H(—bb) ]

crucial assets of ee colliders:
* jet reconstruction in complex final states

-flavor tagging CLIC studies:

(VBF w/ 80% e -pola)
247.@15/ab, 1.4TeV
120/0@2/C(b, 3TeV

*charged lepton identification
*missing energy reconstruction

Collider LHC ILC | ILC | CLIC
CM Energy [TeV] 14 14 0.5 | 1.0 1.4
Luminosity [fb™!] 300 3000 1000 | 1000 | 1500
Top Yukawa coupling x; | (14 —15)% | (T—10)% | 10% | 4% 4%

63 (upm
+3% if J's,/550GeV

top WG @ Snowmass’l3 arXiv:1311.2028

need to disentangle
AHHH and gHHvv

Can high thresholds be probed by combining LHC+low threshold ee?
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Top physics
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Top programme @ ee colliders

three-fold programme

(1) study of the threshold for ¢t production around 350 GeV = “hydrogen
atom for strong interactions”, i.e. bound state free of nonperturbative
quark confining interactions

(2) measure the top-Higgs coupling (see ttH discussion in Higgs chapter)

(3) study of top quark production and decay (at high energy) to access
top EW couplings
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0.6 / ——
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Top pair production @ threshold

* Two key steps forward this year:

» Conversion of pole /1S / PS mass to msbar mass at NNNNLO QCD warquard et al’15

e NNNLO QCD calculations of threshold Beneke et al ‘15

B ,I T T T T | T T T T | T T T
[ tt threshold - m{® 171.5 GeV

E — Beneke et al. NNNLO —ILC 350 LS only
— ISR only — ILC 350 LS+ISR

* The cross-section around the
threshold is affected by several
properties of the top quark and by
QCD

* Top mass, width, Yukawa
coupling
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* Strong coupling constant

based on CLIC/ILC Top Study
EPJ C73, 2540 (2013)
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o Effects of some parameters are correlated;

dependence on Yukawa coupling rather weak - 5mt m~J 30 Mev

precise external as helps

to be compared to HL-LHC prospect
' oms+ ~ 500 MeV
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Top EW couplings

mportant properties of tt production above threshold

. events are fully reconstructable,
all final parton angles can be measured
- production is from y-Z interference,
asymmetries are of order 1
- decay is by weak interactions,
asymmetries are of order 1

M. Peskin @LCWS’15

' _ . g
i (K, q,q) = —ie {’m (Fiv (k) + % Fia (k) + 50

Janot 15,
arXiv:1503.01325

Khiem et al ’15,
arXiv:1503.04247

Uncertainty

. syst. error included (Vs=360 GeV)
. stast. error only

. show feasibility of kinematic
reconstruction of the di-lepton _
final state: eTe™— tt — 6f g: . use final-state polarization
: instead

. ho beam polarization

. extract all ten form factors
simultaneously using ME [ - cross-over region (3656eV)

method well under control?
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Top EW couplings
important to access the EW top couplings
Z\ ) chiral gauge symmetries are the only one o be spontaneously broken?

2 probe various scenarios of physics beyond the SM
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ILC sensitivity down to 0.5% (factor 10 improvement over TESLA estimates)
=> probe New Physics resonances up to 15-20 TeV, way above direct LHC access
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New Physics Searches
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ee colliders as NP discovery machines

no BSM particle discovered @ LHC: is it still worth searching?
LHC searches left territories unexplored
DM, neutral naturalness come with light uncolored particles
that are best searched for at ee colliders!
Even compressed gluinos are good ee-targets
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ee colliders as NP discovery machines

no BSM particle discovered @ LHC: is it still worth searching?
LHC searches left territories unexplored
DM, neutral naturalness come with light uncolored particles
that are best searched for at ee colliders!
Even compressed gluinos are good ee-targets

~~ a few examples for illustration ~~

(1) compressed spectra (misp~mnLsp)

~» well-tempered neutralino DM
~» weak LHC bounds (soft decay, small MET)

(2) light staus (similarly for higgsinos)

- weak LHC bound (~906eV)
» DM with stau-neutralino co-annihilation
~» enhance di-photon Higgs decay rate

(3) heavy neutral leptons (aka as ir)

-» heutrino masses .
~» possibly DM and matter-antimatter asymmetry
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ee colliders as NP discovery machines

(1) compressed spectra (m.sp~mnLsp)

~» well-tempered neutralino DM
- weak LHC bounds (soft decay, small MET)

PP T R R T FEE T
ll'll"llll"[IF;IIYITIWIY'Illl'YI'III'T'
B )
./ ATLAS Preliminary
-:I

I Ldt=20.7 fb ', Vs=8 TeV

m 0= m 0
%, Z,
m = ( m‘ir + My )2

llll

|

|

Observed limit (+1c55, )

Expected limit (+1¢,,,)

All limits at 95% CL

1llllllllllll‘lll

L1l 11 1.1 1 1 1 1 1 11 11 1 ‘ 1 ’
200 250 300 350 400 450G 300 50 100 150 200 250
m_ [GeV] Mms,, [GeV]

LHC:
Difficulty when mass difference is small Good sensitivity up to kinematic limit for
(essentially) any mass difference
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ee colliders as NP discovery machines

(2) light staus (similarly for higgsinos)

- weak LHC bound (~906GeV)

» DM with stau-neutralino co-annihilation
~» enhance di-photon Higgs decay rate

=
<

Q,

T, Signal
SM i
B Other SUSY -

>
()
O
™~
o
<
12
2

1
0

stau pair production dominates over background
mass determination: stau~200 MeV, neutralino~400 MeV
EW quantum numbers of stau determined by production rates with polarized beams
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ee colliders as NP discovery machines

(3) heavy neutral leptons (aka as ir)

-» neutrino masses
~» possibly DM and matter-antimatter asymmetry

st;'ongcoupling ) \)R are pr'OdUCCd in The 1012 TLEP Z dZCCIYS

000 1 e Assuming m, = 0.1eV

0.1 meutrino masses 1 g 2 . 14
are 0o large o if Y ~ 1 implies M ~ 10*GeV o ,

o if My ~ 1GeV implies Y, ~ 0=~ N — €+€,_V

Yukawa coupling

remember Y;,, ~ 1. and Y, ~ 107° ’ or

07’ 0 y ot »7
v MSM LHC saw N ) eqq

Inverted hierarchy

FCC-ee - SHiP
complementarity
to probe the interesting region

A. Blondel et al. ’14

Ll
10
HNL mass (GeV)
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Probing heavy SUSY (model-dependent)

Gluino search at LHC
Chargino/Neutralino search at ILC
- Comparison assuming gaugino mass relations

LHC 8 TeV (heavy squarks)
LHC 300 fb-!, Vs=14 TeV

Bino LSP , LHC 3000 o', Vs=14 TeV
(Gravity

mediation ILC 500 GeV

Wino LSP
(Anomaly
mediation

0
-
)
=
Q
—
®
cﬁ
=
S
@
&
=
=
ax

Higgsino LSP

3 4
Gluino mass M, (TeV)

* Assumptions: MSUGRA/GMSB relation M, : M, : M3 =1:2:6; AMSB relation M, : M, :M;3=3.3:1:10.5
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Probing high scale NP @ CLIC

Table 1.6: Discovery reach of various theory models for different colliders and various levels of inte-
grated luminosity, . [73]. LHC14 and the luminosity-upgraded SLHC are both at /s =14 TeV. LC800
is an 800 GeV e*e™ collider and CLIC3 is /s =3 TeV. TGC is short for Triple Gauge Coupling, and “u
contact scale” is short for LL u contact interaction scale A with g = 1 (see Section 1.4).

New particle

collider:

LHC14 SLHC LC800 CLIC3
£ 100fb~! 1ab' 500fb~' 1ab!

squarks [TeV]
sleptons [TeV]
Z! (sM couplings) [TeV]
2 extra dims Mp [TeV]
TGC (95%) (2, coupling)
U contact scale [TeV]
Higgs compos. scale [TeV]

2.5 3 0.4 1.5
0.3 - 0.4 1.5
5 7 8 20
9 12 5-8.5 20-30
0.001 0.0006  0.0004  0.0001
15 - 20 60
5-7 9-12 45 60

Christophe (Frojean

ghts of fulire ee colliders

CLIC CDR arXiv:1202.5940
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Main questions and main approaches to address them

High-E | Dedicated Neutrino Dedicated |Cosmic
colliders | high-precision | experiments| searches |surveys
experiments

H, EWSB X
Neutrinos

matter/antimatter

New particles,
forces, symmetries

Universe
acceleration

F. Gianoti EPS ’15

Combination of these complementary approaches is crucial to explore the largest range of
| E scales (directly and indirectly) and couplings, and properly interpret signs of new physics
- hopefully build a coherent picture of the underlying theory.

\[? \[?
\'4 @ \'4
there is a enticing case for Higgs/top factory
and we need a continuity in the field with a running machine
and more than ever importance of the synergy and
complementarity of experimental program
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