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Introduction

® The main outcome of the LHC physics program may be the discovery of
the Higgs and a first exploration of its properties.

® We have experimental evidence (Dark Matter, Neutrino masses, ...) and
solid arguments (e.g. Hierarchy problem) to expect the presence of new
physics beyond the Standard Model:

EW hierarchy/Naturalness = Solutions expected to leave imprint on the

interactions of the EW/Higgs sector

® Therefore, a key component of the physics program at future colliders
has revolved around the possible improvements on the knowledge of
properties Higgs and, to less extent, the EW gauge bosons...

e ... including physics that will remain largely beyond the reach of the (HL-)
LHC, e.g. a measurement of the Higgs self-coupling
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Introduction

Future Particle Colliders
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f Large E reach = Direct searches A
“Dirty” environment
= Mass reach limited by PDF
Sensitivity to NP with strong interactions
Y J

Limited E reach for direct searches

Sensitivity to NP with EW interactions

Clean environment = precision measurements
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Introduction

Future Particle Colliders

0.5/ab 1.5/ab 1.0/ab 0.2/ab 3/ab
ILC 250 GeV 250 GeV 500 GeV 2Miop 500 GeV
5.6/ab 16/ab | 2° SppC
CEPC /ab
240 GeV M, | am, =>
1.0/ab 2.5/ab 5.0/ab => until +28
CLc 380 GeV 1.5 TeV 3.0 TeV
FCC 150/ab 10/ab 5/ab 1.7/ab hh,eh
ee, M, ee, 2My | ee, 240 GeV ee, 2m,,, =>
LHeC
HE- 10/ab per experiment in 20y
LHC
FCC 20/ab per experiment in 25y
eh/hh

Starting time at To

CEPC 240 GeV z W

ILC 250 GeV 500 GeV & 350 GeV

FCC-ee Z W 240 GeV 350-365 GeV

CLIC 380 GeV 1.5TeV 3 TeV
e S

FCC-eh/hh 20/ab per exp. in 25 years

HE-LHC 10/ab per exp. in 20 years

HL-LHC 3/ab

Earliest start time in ESU documents

Note: Different definitions of “Year”: ILC 1.6 x 107 sec, FCC-ee/CLIC: 1.2 x 107 sec, CEPC: 1.3 x 107 sec
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Introduction

The Open symposium on the ESU

® Meeting prepared to present and discuss the inputs presented by the
different future experimental projects to the Update of the European
Strategy for Particle Physics

{
European Strategy o

for Particle Physics

13-16 May 2019 - Granada, Spain

CERN Council Open Symposium on the Update of -
\
9y,
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Introduction

The Open symposium on the ESU: EW/Higgs session

Session 1:
Talk 1: Prospects for Higgs and EW measurements at HL-LHC (P. Azzi, INFN Padova)
Talk 2: QCD uncertainties on Higgs and EWK measurables (F. Caola, Oxford)
Talk 3: Theoretical Perspective on direct and indirect searches for new physics (R. Rattazzi, EPFL)

Session 2:
Talk 4: Overview and technical challenges of proposed Higgs factories (D. Schulte, CERN)
Talk 5: Capability of future machines for precision Higgs physics (M. Cepeda, CIEMAT)
Discussion

Session 3:
Talk 6: Electroweak Precision Measurements at future experiments (M. Lancaster, Manchester)
Talk 7: Precision Electroweak calculations (Giga-Z,WW, Higgs BRs, etc) (S. Dittmaier, Freiburg)
Talk 8: The Higgs potential and its cosmological histories (G. Servant, DESY)

Session 4:
Talk 9: Path towards measuring the Higgs potential (E. Petit, CPPM Marseille)
Talk 10: Interpretation of Higgs and EWK data in EFT framework (J. de Blas, Padova)
Discussion
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Future Collider Studies of the EW/Higgs sector
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EW/Higgs studies for the ESU

® Most quantitative results from preliminary version of:

Higgs Boson studies at future particle colliders
- Preliminary Version -
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ABSTRACT

This document aims to provide an assessment of the potential of future colliding beam facilities to perform Higgs boson studies.
The analysis builds on the submissions made by the proponents of future colliders to the European Strategy Update process,
and takes as its point of departure the results expected at the completion of the HL-LHC program. This report presents
quantitative results on many aspects of Higgs physics for future collider projects using uniform methodologies for all proposed
machine projects of sufficient maturity. This report is still preliminary and is distributed for the purposes of discussion at the
Open Symposium in Granada (13-16/05/2019).
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Introduction
Methodology

The Higgs boson couplings to fermions and vector bosons
The kappa framework . ... ... ... ... ... ...
Results from the kappa-framework studies and comparison. . . . . ..
Effective field theory description of Higgs boson couplings . ... ...
Results from the EFT framework studies . . . ................
Impact of Standard Model theory uncertainties in Higgs calculations .

The Higgs boson self-coupling

Rare Higgs boson decays

Sensitivity to Higgs CP

The Higgs boson mass and full width

Future studies of the Higgs sector, post-European Strategy
Higgs prospects at the muon collider . . ... ................
Higgs physics at multi-TeV ete~ colliders . . . . ... ............
What and Why: Higgs prospect studies beyond this report . ... ...

Summary

To be updated in the coming weeks including the input from the discussion at the
Open Symposium at Granada
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Baseline of Higgs/EW studies at Future Colliders

e Higgs projections from HL-LHC, EWPO/WW from LEP/SLD:

(s = 14 TeV, 3000 fb™' per experiment -3 -2 -1 0 1 2 3
as (MZ)
.| Total ATLAS and CMS ® (AZF)
. . had zZ
Statistical HL-LHC Projection .
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(assumes ~2 better than LHC Run 2) - SM TH « Exp. Uncertainties
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L Model-dependent: ratios, no couplings ) _ w, Mt, IVIH g ang y
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Baseline of Higgs/EW studies at Future Colliders

e Studies prepared using 2 frameworks:

K-framework
GiSM K'i2 ' FiM K]% o -BR

OosMm - BRsm

(60-BR)(i = H — f) =

Pros _ Cons
-Compact parameterization of NP in - Not usable beyond single Higgs processes
single Higgs processes | - Only for total rates, no kinematics
-Does not require any BSM calculation per se (Energy, angular dependence), no polarization
-Info easily applicable to several interesting -Does not distinguish the source of NP

NP scenarios (e.g. CH, MSSM) (interpreted only as mod. of SM-like H couplings)

SMEFT-framework

Ly=)>,C0,
O] =d
Con

-Theoretically robust framework -Many parameters (2499 to dimension 6)
-Describes correlations between EW/Higgs/VV/Top/...  -Requires extension to apply to not-heavy
-Easy to interpret within general classes of (decoupling) new physics

new physics
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Higgs interactions
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Single Higgs couplings

Results Iin the k-framework
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Allowing for extra invisible or other exotic (untagged) H decays

-WARNING: Hadron collider results assume |kv|<1
No assumption needed when including a lepton collider
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Single Higgs couplings

Results in k-framework: Improvement wrt HL-LHC
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Single Higgs couplings

Precision Higgs Physics at Lepton vs. Hadron Collider

Hadron Collider Higgs Lepton Collider Higgs
3
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Single Higgs couplings

The Higgs width

e Hadron colliders:

e Diphoton interference studies ~8-22 x SM
e k-fit requires extra constraints (e.g. |kv|<1)

e HZZ on-shell vs off-shell: ~20% precision but model-dependent

e Lepton colliders: absolute measurement of couplings increases model
iIndependence

K-framework

From recoil mass method — O(¢Te™ —ZH) o(ete” — ZH) [G(e+e_ — ZH)

— ~ F
From Hrates —» BR(H — ZZ*) [(H — ZZ*)/Ty T(H — ZZ*) LM *H

Collider o0l'y (%) Extraction technique standalone result o'y (%)
from Ref. kappa-3 fit
ILCy50 2.4 EFT fit [3] 2.4
ILCs00 1.6 EFT fit [3,11] 1.1
CLIC359 4.7 k-framework [80] 2.6
CLIC1500 2.6 k-framework [80] 1.7
CLIC3000 2.5 k-framework [80] 1.6
CEPC 3.1 o(ZH,vvH), BR(H — Z,bb,WW) [85] 1.8
FCC-eeyqg 2.7 k-framework [1] 1.9
FCC-eesq5 1.3 k-framework [1] 1.2
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Single Higgs couplings

Results in the SMEFT-framework (Higgs/aTGC)
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Single Higgs couplings

Results in SMEFT-framework: Improvement wrt HL-LHC
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The Higgs self-coupling

e Comparison of capabilities to measure the H3 coupling

Directly: Higgs-pair prod Indirectly: via single Higgs

Hadron e .i o
Colliders ;

et Z
Lepton \
Colliders \‘\

e~ “h

exclusive
global
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The Higgs self-coupling

e Comparison of capabilities to measure the H3 coupling

Higgs@FC WG |l di-H, excl. [l di-H, glob. ¥ single-H, excl. [l single-H, glob.

All future colliders combined with HL-LHC

50% ! !
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50% . . . . .
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ee: Indirect ~34%

@ hh: Direct ~5-10%

Little indirect reach
w/o 365 GeV run

Direct ~10%

ilp
IIL Direct ~27%

Assuming upgrade to 500 GeV
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Electroweak interactions
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Sensitivity to NP in EW interactions

Electroweak precision measurements

® \lery precise measurements of the Z and W boson properties

-

Running at the Z-pole

105—

Cross-section (pb)
s
=

T—T7T IW

m L _
| | Lﬁ)ll | | IJlIEI, III | _E

|
KEKB
PEP-II

0

i 1 1 1 1 1]
20 40 60 80 100 120 140 160 180 200 220

Centre-of-mass energy (GeV)

Tests of Vffinteractions:

(G=D))

Tera Z (1012 Z): EWPO (sys dominated)~10-100x better

than LEP/SLD

e
o

Giga Z (10° Z): Z-pole run not in baseline (but possible)

e Studies of EWPO included in the global EFT fits prepared for PPG:
e 17 extra EFT directions considered (no fermion universality)

e Studied interplay between Higgs/EW constraints based on inputs to the

ESU
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Sensitivity to NP in EW interactions
The other “half” of the SMEFT fit: EW Zff couplings

2
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EFT results projected into effective Zff couplings
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Sensitivity to NP in EW interactions
The other “half” of the SMEFT fit: EW Zff couplings
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L -WARNING: CEPC EWPO ~ FCCee EWPO (except 365 GeV: top).
Difference due to current status of EWPO projections (Flav. Non-univ, sys,...)

- Linear colliders (w/o Z-pole): Improv. in electron couplings from H/VV processes

- Circular colliders (w Z pole): precise Zff without trading precision with other processes
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to effective Zff couplings

EFT results proje

Sensitivity to NP in EW interactions
The other “half” of the SMEFT fit: EW Zff couplings

2
10°F B HL-LHC M HL+LHeC M HL+HELHC [ HL+ILCaso HL+CLIC35 M HL+CEPC
[ Hivas@FC WG . HL+ILCsq9 HL+CLIC 1500
o il SMEFTyp fit M HL+CLICs000

f:10_4

f:10'5

7% 9. 9k 9L 9k 9{°9K° 9! gk 9f~g%° gf gR

7WARNING: CEPC EWPO ~ FCCee EWPO (except 365 GeV: top).
Difference due to current status of EWPO projections (Flav. Non-univ, sys,...)

- Linear colliders (w/o Z-pole): Improv. in electron couplings from H/VV processes
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Sensitivity to NP in EW interactions

Improvement with respect to HL-LHC

ez SIS

-WARNING: CEPC EWPO ~ FCCee EWPO (except 365 GeV: top).
Difference due to current status of EWPO projections (Flav. Non-univ, sys,...)
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Interplay between EW and Higgs

Impact of EWPO (Z pole measurements) in Higgs coupling sensitivity

| | BEgm] ™ HL+ILCxy M HL+ILCso M HL+CLICss M HL+CLICs000 Ml HL+FCCocoso Ml HL+FCCoozo5 Ml HL+CEPC

| | Higgs@FC WG
May 2019 Dark/Light: SMEFTpgw (Perfect EWPQ) /| SMEFTyp (Global fit)

10 2 7 :f: :7:: 7 7777777 7 ﬂ. 10-2
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Perfect EW measurements

T N

eff eff eff eff eff eff eff eff eff eff
9Hzz 9HwWww GHyy GHZy GHgg IHtt GHee IHbb IHrr GHpp 091z Ok, Az

Difference due to absence of precise enough EWPO at LC (no Z pole run)
z Can be mitigated by using: (1) High-energies (2) EWPO from radiative return

More in Jiayin Gu’s talk on Wednesday
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Electroweak at high-E

® Electroweak interactions beyond the Z-pole: precision via high E
High Energy probes of new physics:

e.g. growing with energy-effects in 2 = 2 fermion processes

Global fit - CLIC Baseline (8uys=0.3%, &%, 1;)
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<My AO B W & Y parameters
Osn A2 CLIC~25x better than HL-LHC
V1 Vs Similar to 100 TeV FCC-hh
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Electroweak/Higgs: low E vs. high-E

e Example:

Indirect constraints in Composite Higgs models

CLIC3000

ZHbb, 2-0region
~4%

Similar sensitivity to same operators via:

T oty Y. (1) Low-E high precision (EWPO)
~ Owrccrmsen [ ] (2) High-E moderate precision (ZH)

/ OW,Cchso Gev
-~ OW,CUCs Tev

Higgs@FC WG

m, [TeV]

Simplified CH benchmark: 1 coupling (g+) - 1 scale (m+)

Co6yr & cowapae 1 1

AT N @
cr i1 1 Cow,0B _ g 1 C3IW3G _ 1 1
A2~ T6m2 m2’ m2’ A2 16 m2 AL 16mm2

KAIST-KAIX Workshop for Future Particle Accelerators
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The role of theory
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Will SM theory calculations be enough?

Estimates for SM theory uncertainties used in the ESU studies

~ )
Decay Partial width Projected future unc. AT'/T [%] Intrinsic TH unc in production
[keV] ThIntr ThPar(mq) ThPar(as) ThPar(mH) e g e+ e-_)ZH
H — bb 2379 0.2 0.6” < 0.1 — LO to NLO: 5-10%
. O- (]
H — rtrr~ 256 <0.1 - — — .
Missing 2-loop: O(1%)
H — ce 118 0.2 1.0° < 0.1 —
N Full 2-loop should
H - 0.89 0.1 - - — .
TR = reduce uncertainty to 0(0.1%)
H - WWwW* 883 <0.4 — — 0.1} _
ﬁ Z width effects relevant
H 335 1.0 - 0.5 - i . .
99 at this level of precision?
H -~ ZZ* 108 < 0.3 — — 0.1
H — 7y - < 1.0 - _ _ Assessment of TH uncertainty
may require full 2->3 NNLO
H — Z~ 2.1 1.0 — — 0.1
"From ete~ — ZH.
'For 6 My = 10 MeV. Adjusted for Higgs mass precision at CLIC. In any case, reducible with
"For émp = 13 MeV, ém. = 7 MeV. (Lattice projection). necessary effort from theory side
"For da; = 0.0002. (Lattice projection).
Hence the choice of presenting
_ _ main results with parametrics only
S. Heinemeyer et al., arXiv: 1906.05379 [hep-ph] \ )
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Will SM theory calculations be enough?

Comparison of SM Theory uncertainties in Higgs calculations

1.6¢
1.5

<14 <

513 5

£1.2 83

322!

g:lgg
1.4
1.2
31.0
(o]
©0.8
0.6}
gt 9w
| t of SM th rtainti Col d -
- eacten i heony unceraintes pereece Largest effect on HVV couplings |
qrice  [Hica  [fHucLCm o Intrinsie une. Differences in other couplings |
M HLecUCuy MHrcCy MIHLFCC s Full Th. unc. 1 No Th. unc. mainly due to unc. in production
. No Parametric unc. .
B HLicePc Higgs@FC WG Exception: Hbb
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Will SM theory calculations be enough?

Theory requirements for EWPO

experimental accuracy
current ILC FCC-ee

intrinsic theory uncertainty
current current source prospect

AMz[MeV]
Al'z[MeV]
Asin? 054[107°]
ARp[107°]
AR,[1077]

2.1 — 0.1
2.3 1 0.1
23 1.3 0.6
66 14 6
20 3 1

0.4 a’, ol as, ool 0.15
4.5 a’, o as 1.5
11 a3,a2as 5

0 a’, o’ 1.5

Current: Full 2-loop corrections = Not enough for future Exp. precision

4

Prospects: Extrapolation assuming EW & QCD 3-loop corrections are known

Technically challenging but feasible (with enough support)

KAIST-KAIX Workshop for Future Particle Accelerators
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Summary
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Comparison of k-framework results

Number of largely improved H couplings (k-framework): 12 quantities total

Factor 22 Factor 24 Factor 27 Years from T,
CLIC380 5 2 2 7
Initial FCC-ee240 6 4 3 9
Run ee || CEPC 7 4 4 10
ILC250 6 4 3 11
LHeC 4 2 0 15
2nd/3rd FCC-ee365 9 7 4 15
Run ee CLIC1500 7 4 2 17
HE-LHC 4 0 0 20
eh or hh || 't©°00 9 6 3 22
CLIC3000 8 4 2 28
ee,eh & hh || FCC-ee/eh/hh 12 10 6 >50

Note: Different definitions of “Year”: ILC 1.6 x 107 sec, FCC-ee/CLIC: 1.2 x 107 sec, CEPC: 1.3 x 107 sec
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Comparison of EFT results

Number of largely improved H couplings (EFT): 13 quantities total

Factor 22 Factor 25 Factor 210 Years from T,
CLIC380 9 6 4 7
Initial FCC-ee240 10 8 3 9
run CEPC 10 8 3 10
ILC250 10 7 3 11
FCC-ee365 10 8 6 15
2"4/3rd || cLIC1500 10 7 7 17
Run ee || HE-LHC 1 0 0 20
ILC500 10 8 6 22
hh CLIC3000 11 7 7 28
ee,eh & hh || FCC-ee/eh/hh 12 11 10 >50

Note: Different definitions of “Year”: ILC 1.6 x 107 sec, FCC-ee/CLIC: 1.2 x 107 sec, CEPC: 1.3 x 107 sec
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Conclusions

General considerations from discussion at Granada

e Motivated by the Higgs factory option, there seems to be a consensus that a
future lepton collider must be the next step in particle collider experiments:

¢ Model-independent determination of H couplings
® Near per-mille level precision in some H couplings. O(10-30%) in H3

e But rare channels limited by stats = need Hadron collider afterwards

e Beyond Higgs: possibility of improving knowledge in EW interactions

e Which lepton collider? Not so clear. From the point of view of CERN experiments:
e Option 1: build lepton collider (FCC-ee/CLIC) and, later, a high-E pp machine
® Option 2: lepton collider somewhere else (CEPC/ILC) and focus on high-E pp

(" Low Energy FCC? )
6 T Magnets in 100 Km tunnel = 37.5 TeV pp collider ?
\_ (To be extended later on to 100 TeV) y

® Other options?
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Single Higgs couplings

Kw (%) Kz (%) Ke (%)
0 0 ]
| | | |
m | n ]
| | | | | | | |
0.0 04 0.8 1.2 1.6 2.0 00 04 08 1.2 1.6 2.0 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
Ko (%) Ky (%) K (%) Ky (%) Kzy (%)
| I | |
[ ]
] I ] — *
[ I I ] i
| | | |
0 1 2 3 4 00 1.5 30 45 6.0 7.5 00 1.5 3.0 45 6.0 7.5 0 4 8 12 16 0 4 8 12 16
K fit: No extra Higgs decays
. Bl FCC-ee+FCC-eh+FCC-hh B CLIC3000+CLIC500+CLIC3g0 ILCy50
H I1g8S @FC WG Bl FCC-ee35+FCC-eenq CLIC3g0+CLIC500 B LHeC
Kappa-0 FCC-eea40 CLIC330 HE-LHC
May 2019 CEPC ILC500+ILC350+ILC250 HL-LHC
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SMEFT: Bottom-Up approach

e The dimension 6 SMEFT:

Li=)>,Ct0O; (O;] = > (i)d—él

A
_ Effects
A: Cut-off of the EFT suppressedby g = v, FE < A

LO new physics effects “start” at dimension 6: 59 B & L preserving operators
B.Grzadkowski, M.Iskrynski, M.Misiak, J.Rosiek, JHEP 1010 (2010) 085 (2499 counting ﬂavor)

SMEFT describes correlations of new physics effects in different types of
observables, e.qg.

r v2 B WEV Modifies neutral gauge  pywpT \

" (dim 4) boson self-energies
Oswp = ¢'o. 9B W/, P
vhB" WMV h — ZZ, Yy Higgs phys.
EWSB (dim 5)
k = Use global EW/Higgs fits to estimate sensitivity to NP effects J

Focus on EW/Higgs: Assume CP-even. 4-Fermion and dipole operators
tested better by other processes (no EW/Higgs) and are neglected.
We also restrict the analysis to flavour preserving processes/interactions
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