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= VWhat do we learn from the Higgs boson?

Kg Ky Ahkh Onz BRiny BRuna K¢ pay BR,, Ty

Question

Is h Alone? - - +
Is h elementary? +
Why m} < mp,? - +
1st order EWPT? - -

CPV? +(CP)
: : ”
Light singlets? 4 + BH, Y. Nir
i arXiv:1905.00382

Flavor puzzles?

Many problems of particle physics today relate to Higgs observables
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¢ Contributions to the EPPSU:
#152: HL-LHC #29: CEPC

#160: HE-LHC  #145: CLIC

#135: FCC-hh  #77. 1LC

— Briefing Book 89 P ce

— Higgs Boson studies at future particle colliders

¢ Different simulation/analysis program for each proposal, varying from full
simulation to parametric modelling (GUINEAPIG, CLICdet, WHIZARD,
DELPHES)

¢ Generally assumed progress in systematic uncertainties over the next
decades (experimental and theoretical)

¢ We should not over-interpret 20% differences between projected
sensitivities. In many cases these are likely not significant

¢ Contributions to the GTO1:

— Physics opportunities at a future linear e+e— collider

- Di-Higgs production and Higgs boson self-coupling at the HL-LHC with the
ATLAS detector

— LPNHE scientific perspectives for the European Strategy for Particle Physics


https://cds.cern.ch/record/2691414/files/Briefing_Book_Final.pdf
https://link.springer.com/article/10.1007%2FJHEP01%282020%29139
https://indico.cern.ch/event/765096/contributions/3295995/
https://indico.cern.ch/event/765096/contributions/3296016/
https://indico.cern.ch/event/765096/contributions/3298216/
https://indico.cern.ch/event/765096/contributions/3295557/
https://indico.cern.ch/event/765096/contributions/3295976/
https://indico.cern.ch/event/765096/contributions/3295702/
https://indico.cern.ch/event/765096/contributions/3295723/
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¢ Higgs couplings and properties

¢ Higgs self-coupling
¢ BSM Higgs

Collider Type Vs P (%] N(Det.) Linse [10*] L Time | Refs. Abbreviation
e~ /et] em~ %! | [ab7!]  [years
HL-LHC pp 14TeV 2 5 6.0 12 [13] HL-LHC
HE-LHC pp 27TeV 2 16 15.0 20 [13] HE-LHC
FCC-hh'* pp 100 TeV 2 30 30.0 25 (1] FCC-hh
FCC-ee ee Mz 0/0 2 100/200 150 4 (1]
2 My 0/0 2 25 10 1-2
240 GeV 0/0 2 7 5 3 FCC-eey4
Mo 0/0 2 0.8/1.4 15 5 FCC-eess
(+1) (1y SD before 2miop run)
ILC ee 250 GeV  £80/430 1 1.35/2.7 2.0 11.5 [3, 1—1] ILCy50
350 GeV  £80/£30 1 1.6 0.2 1 ILC350
500 GeV £80/£30 1 1.8/3.6 4.0 8.5 ILCs00
(+1) (1y SD after 250 GeV run)
1000 GeV  +80/+20 1 3.6/7.2 8.0 8.5 4 ILC 1000
(+1-2) (1-2y SD after 500 GeV run)
CEPC ee Mz 0/0 2 17/32 16 2 2] CEPC
2 My 0/0 2 10 26 1
240 GeV 0/0 2 3 5.6 7
CLIC ee 380 GeV +80/0 1 1.5 1.0 8 [lf}] CLIC gy
1.5 TeV +80/0 1 3.7 2.5 7 CLIC 500
3.0 TeV +80/0 1 6.0 5.0 8 CLIC 3500
(+4) (2y SDs between energy stages)
LHeC ep 1.3TeV 1 0.8 1.0 15 [12] LHeC
HE-LHeC ep 1.8 TeV 1 1.5 2.0 20 (1] HE-LHeC
FCC-eh ep 3.5 TeV 1 1.5 2.0 25 [1] FCC-eh




Higgs couplings and properties

Higgs Boson Pizza D
2t CERN

What's happening on my Vegetarian pizza?
What's happening on my Ham & Cheese pizza?
A two asparagus (proton-proton)’ collision produces a juicy Higgs boson (cherry tomato)? decaying
i3 (proton-proton)' Golll a spicy Higg on (chorizo)’ ng Into four high-energy peppers producing a tasty signal in the artichoke (muon)® chambers
’ ged ) and neutral and a lot of charged (red and green peppers)' particies that are detected In the pizza (detector)’ entirely covered
[ —

Cherry tomato o Artchoke
g Bossn [
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¢ High cross-section and luminosity
— from 2.107 (LHC) to 3.10'" (FCC-hh) produced Higgs bosons

¢ Probing the Higgs boson at high pT enhances the sensitivity to new physics
(not captured in the analyses presented here)



= 11199s boson production at ee colliders

FCC-ee, ILC, CECP

FCC|eT, ILC, CLIC

ILC CLIC CLIC
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¢ Two important thresholds: \s ~250 GeV for ZH, 500 GeV for ttH
¢ Recoil mass method to obtain a precise ZH cross section measurement in a
model independent way, regardless of the decay

- M2=M?>  =s+ M2—2E, s

recoil —

¢ Circular colliders: precision EWK program at MZ and MW
¢ Linecar colliders: polarized beams and potential to go to higher energies



=K and EFT Frameworks
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¢ «appa framework:

- Higgs coupling properties in terms of a series of strength modifier parameters k.

SM (2 SM (2 -
g K- K o-BR K -K

o-BR)(i—»H = f)= —— ,{ L 5 pf= :ia,’rr

{ ) f) s i = Gom-BRsw Kj

— 1mplies that Higgs coupling in production and decay are identical
— Nno new operators

— Pros

* compact parameterization

* does not require any BSM calculation per se
— Cons

* does not distinguish the source of NP

* only for total rates, no kinematics, no polarisation

¢ EFT framework:

— global fit, including not only Higgs but also di-boson and EWK precision
observables

— introducing set of SU(2)xU(1) compatible operators
— breaks simple relation between Higgs production and decay
- total width and Higgs to invisible as free parameters



Higgs couplings at HL-LHC

¢ Couplings based on projections of the current Run 2 analyses (36fb™)

¢ Two scenarios for systematic uncertainties

— S1: same as Run 2

— S2: theoretical uncertainties /2, estimate ultimate performance of the experimental

uncertainties
\(_ 14 TeV 3000 fb per experlmem

¢ O(few%) measurements of
couplings

¢ Systematic errors dominate in
general, large effect of theoretical
uncertainties (production&decay)

.| Total ATLAS and CMS
Statlst_mal HL-LHC Projection

—— Experimental
—— Theory Uncertainty [%]
Tot Stat Exp Th
Ky = 1.8 08 10 1.3
Kw = 17 08 07 13
Kz E— 15 0.7 06 1.2
Kg =__. 25 09 08 2.1
Ky == 34 09 1.1 3.1
Kb e 3.7 13 1.3 3.2
o ——— 19 09 08 15
K.ll _ 43 38 1.0 1.7
KZy— \98 7217 6.4

0 002 004 006 008 01 012 014
Expected uncertainty

even in S2

o CMS Projection (s =13 TeV
= . E
220.45] WYRIS e
S o04f syst. uncert. (52) e SiTh
= E —m— BkgTh
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5w [iggs couplings at Future Colliders
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¢ All results combined with HL-LHC

| || b2
S ——— .
— Kw Ku ~ Bripy
;0 free & [T =
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-— -_ — FCC-eefeh/hh - CLIC‘UUU [ ] lLC]OUU [ LHeC |K\*’ <1
K’}’ Kg B FCC-eeqps mm CLIC; sy ILCsqq B HE-LHC |xy| < 1
I L FCC-eea49 CLIC3g9 [LCas0 HL-LHC |xy| < 1
I —
E— [— CEPC
Higgs @FC WG Future colliders combined with HL-LHC
Uncertainty values on Ax in %.
00 04 08 12 16 2.0 00 06 12 18 24 30 Kappa—S, 2019 Limits on Br (%) at 95% CL.

¢ Sensitivities of ee colliders in their initial stages are rather comparable

¢ The most precise coupling measurements (to Z and W bosons), are measured
to 0.2-0.3% 10



&aa ImMprovements wrt HL-LHC

¢ « framework ¢ EFT framework
&g J:‘ 0
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(*) |xy| < 1 applied for hadron colliders ~ (**) Not requiring |ky| <1  (*) Not measured in HLLHC SMEFT ND (x) not measured at HL-LHC

¢ Remark: no use of differential distributions = underestimate of power
11
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= Rare decays: light quarks

¢ Constraints on light Yukawa obtained from the upper limits on BRuntagge ;

Higgs@FC WG

I Bl FCC-ee+FCC-eh+FCC-hh
FCC-CCyU

— CEPC
o EEl CLIC;,00+CLIC, 509+CLIC350
Precision | Upper bound at 95 % CI [ [LCS(}U"'ILC]S(}+IL(:25[]
| E— B LHeC [xy| <1
B HE-LHC |ky| <1
HL-LHC [xy| < 1

0 1% 2% 3% 4% 107! 100 10! 10? 10° 104 10°

¢ Hee: very challenging

- FC\?-ee: SM sensitivity could be reached in a five year run with a dedicated run
at Vs=m
H

12



¢ Connection between the Higgs boson and dark matter searches
¢ In the SM, BRy,, ., = BR(H—4v) = 0.11%

¢ Current LHC limits ~ 15-20% @ 95%CL

¢ Direct searches for invisible width: fundamentally different in a hadron
collider (ETmiss uncertainties) and a lepton collider (Z recoil)

— Lepton colliders would improve upon HL-LHC limits by an order of magnitude

— FCC-hh : another order of magnitude — values below the SM

iSM CT] Di
: Direct Search
FCCee/eh[th B Fit ©0 By,

FCC€€3(,5 . Higgs@FC WG

CEPC

CLIC3000 -

CLIC 500 |

CLIC:5 [

ILCsqo

0 05 1 15 2 25 3
95% CL upper bound on BR,  [%]

13



mem F1199s boson CP
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¢ Sensitivity to the CP-odd hVV weak operators: studies both at the level of
rates/distributions and via CP-sensitive observables

¢ CP violation in fermionic Higgs decays: Tt decay channel — measurement of
the linear polarisations of both taus and the azimuthal angle between them

¢ CP violation in the top quark interactions: ttH and tH (rates and distributions):
— HL-LHC: CP-odd Higgs excluded with 200fb"! Name N ;
- CLIC 1.5 TeV : a, (ttH) better than 15° HLLHC | & | 045 (0.13)

- LHeC: Higgs interacting with the top quarks HE-LHC 0.18
with CP-odd coupling excluded at 3¢ with 3 ab"!

FCCoch e oo CEPC 0.11
- -¢h: precision of 1.9% on o, FCCoconry | 10°
— current indirect limits from EDM bounds stronger ILCoysg 40 0.014

than direct (though comparable for tau)
14



v [1199S boson width
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¢ Three methods explored for HL-LHC

— diphoton interference can only provide constraints|~8-22*SM

— fits in the kappa framework: subjected to theoretical constraints (eg [k, |<1 and
B =0)
unt

— HZZ on-shell and off-shellj 20%|precision, but very model-dependent

¢ Measurements in lepton colliders

— mass recoil: measure the inclusive cross-section of ZH without assumption on

the Higgs BR olee>ZH)  olee»ZH) N[G(ee—>ZH)] o
- mild model dependence BR(H-»zZ") T(H-»zZ)IT, T(H»zZ), "
Collider oLy [%]  Extraction technique oy [%]
from ref. for standalone result kappa-3 fit

ILCaso 23  EFT fit [3, 4] 2.9

ILCs00 1.6 EFT fit [3, 4, 14] 1.1

ILC1000 1.4 EFT fit [4] 1.0

CLIC3gg 4.7 k-framework [98] 2.5

CLICq500 2.6 k-framework [98] 1.7

CLICs3000 2.5 r-framework [98] 1.6

CEPC 2.8 r-framework [103, 104] 1.7

FCC-eeqqq 2.7 k-framework [1] 1.8

FCC-eesgs 1.3 r-framework [1] 1.1 ) 15
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¢ Current experimental precision ~0.1% (160 MeV)
¢ In lepton colliders m,, needs to be improved to around 10 MeV to avoid any

limitation on ZZ/WW couplings
- HL-LHC reach dependent on muon p. calibration with high statistics: 10-20 MeV
plausible (no formal study yet)
— ZH recoil at lepton colliders: statistically limited

Collider Strategy ompy (MeV) Ref. §(T'zz-) [%]
LHC Run-2 | m(Z2), m(vy) (160 ) [96] 1.9
HL-LHC m(ZZ) 10-20 13]  0.12-0.24
ILCo59 Z H recoil 14 3] 0.17
CLIC3gg Z H recoil 78 98]  0.94
CLIC;500 m(bb) in Hvv 3020 98] 0.36
CLIC3000 m(bb) in Hvv 23 98]  0.28
FCC-ee Z H recoil 11 99] 0.13

CEPC Z H recoil 5.9 2] 0.07




Higgs self-coupling

Nous sommes en l'an VII aprés la découverte du boson de Higgs.
Toutes ses propriétés ont été mesurées. Toutes ? Non ! Un petit
couplage, le tri-linéaire, résiste encore et toujours aux physiciens.
Et la vie n'est pas facile pour les chercheurs des camps retranchés
d'ATLAS et CMS.



Introduction

1M2(I) + A D

¢ Higgs potential: V (D)=

N L A
. l\\\\l\'lli.in!!!“!‘%llll

L m
\\\\‘\\ l‘lllll“"'lmmﬂ,lll/ /

ey

-a.‘\ \‘W 4,‘5

4 .
V/ _
< 500 300 400

0466 300 200 ~108 ? T Rel0
¢ Approx1mat10n around the V.e.V:

V(D)~ kvh+7\vh+ Loon!

7

Y Y
mass term self-coupling terms m2

¢ )\ known from v.e.v and Higgs mass: A= -~0.13

2.y°

¢ BSM effects could change A = define deviation of tri-linear term: x, = x,=

— no quartic terms considered here

AHHH

SM
A‘HHH

18



Di-Higgs production: pp colliders

¢ Main production mode: ggF

— destructive interference between triangle and box diagrams = G(HH)/G(H) 0.1%

w HL LHC HE LHC FCC hh ulql ||||||||||||||||||||||||||||||||||||||||||||
HH production ft pp colliders at N[O in QCD 0000 - ~h E
My =125 GeV, MSTINV2008 NLO pdf (68%c| i = - > & - §

*30 2 97X < i
(b ;
op\ IIIIIIIIIIIIIIIIIIIIIII LLSARRRRRRURIRIRIRIRRE))]
p -----------
9000 >~ -t
[ | 1
1 @ 1
7 > —hy

p- ZrH

® s

MadGraph5_aMC@NLO
b |

8 1314 25 33 50 75 100
b s (€ I

vs[Tevi o oumEmmeEmErEs

¢ Self-couplings through total HH cross section, and diff. cross section do/dm,,,

T T T T T E
HH production at 14 TeV LHC at (N)LO in QCD ]

‘--~-__‘_\g - M,,=125 GeV, MSTW2008 (N)LO pdif (68%cl) | 5l ‘ ','\'\‘ ' I —
i . [ == Chox =1t ey =en]=0
Wiy, degeneracy TN -ee =i Ghox=cnl =0
Ty P ';' ;l.' ™ = =l Gpox =i =0
o O 1NN
O /! R
::S" ,’! \\ \1
® = 4l ;'," \ \‘\ 1405.7040 ]
Q .
g =
: b‘ S
S
1% S|3
{2
{8
?% L 1 1 1 1 1
1% 300 400 500 600 700 800 900 1000
-4 -3 -2 -1 0 1 2 8 % myy, [GeV |
K
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https://arxiv.org/pdf/1405.7040.pdf

v D1-H1ggs production: ee colliders
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FCC-ege, ILC, CECP
. . _ FCCiee, ILC, CLIC CLIC
¢ Main production modes: ZHH and vwHH I'ic Ci'c *
- ZHH o) 1g
°f
107F
10°F
0 500 1000 1500 2000 2500 3000
/s [GeV]
= 5:“"""""|""\""|"":
% 45 —ee - WHH 1400 GeV =
. : ° 4. e S ZHH 500 GoV /b
¢ Self-couplings through HH cross-section 35F " Cee S ZHH 1400 Gev -
- - c| -
at different Vs + production modes + m_, 25f E
— ZHH stronger constraints for k, > 1 1:: 3
— vvHH stronger constraints for K, <1 0;: :
0 | | | | | E
2



Self-coupling via single-Higgs couplings
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¢ Higgs self-interaction via one-loop corrections of the single-Higgs production
- K,-dependent corrections to the tree-level cross-sections

¢ pp colliders: ¢ cc colliders:
T . t
ttH e 7
l t
% q
VH | >~ VBF
: v :. i g
N \|. i - 7
/ & ~ H 5 q
— “9gF - important when Vs below HH
Y o " threshold

¢ ex. for k, =2:

- o(pp—ttH) modified by 3%
- o(ee — ZH) modified by 1% 21
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=aHH measurements at HL-LHC (1)

¢ Either extrapolations from Run-2 analyses, or dedicated studies with
smeared/parametric detector response, corresponding to pile-up of 200

Expected SM HH events for 3000 fb™

ATLAS

CMS

bbbb

extrapolation

parametric

Largest BR ©
Large multijet and tt bkg ®

bbtt

extrapolation

parametric

Sizeable BR ©
Relatively small bkg ©

bbyy

smearing

parametric

Small BR ®
Good diphoton resolution ©
Relatively small bkg ©

bbVV
(- 1viv)

parametric

Large BR ©
Large bkg ®

I I I I I
)1}
vy B
0 - 1
ligq i 1 1
vvagq E 6 4 4
Ivqq E 187 66 [NECEEENE 9% 1
- 433 569 = 101 (SN 145 S
b;_ 939 314 | 291 | 1354 | 16
pb W lvgg VV44 I llgg YY lIvw U

¢ General analysis strategy:

— multivariate methods trained for observation

of SM di-Higgs production

bbzZz
(-4l)

parametric

Very small BR ®
Very small bkg ©

Events / 2 GeV

— require candidate masses consistent with

SM Higgs boson

- use m distribution when possible

o DD W A OO N 00 ©
[RRRN LARRRRRRRN LARE T

Py P i s
© ATLAS Simulation Preliminary 'S = 14 TeV, 3000 o

B s s o

B SM HH—bbyy

[l Single Higgs

[ bbyy

I Reducible
Others

NN Stat. Unc.

N

160
my, [GeV]

22




HH measurements at HL-LHC (2)
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¢ Expected significance (SM) with and without systematics at HL-LHC

Statistical-only Statistical + Systematic

ATLAS CMS ATLAS CMS
HH — bbbb 1.4 1.2 06l 0.95 .
HH — bbrr 205 16 2.1 1.4 4o expected with
HH — bbyy 21 18 20 1.8 ATLAS+CMS!
HH — bbVV (llvv) - 0.59 - 0.56
HH — bbZZ(4l) - 0.37 - 0.37
combined 3.5 2.8 3.0 2.6
Combined Combined
4.5 4.0
. ATLAS and CMS HL-LHC prospects 3ab1 (14 Te
¢ Measurement of signal strength pt (SM):  ~v2— ik i A
. . . :C', i SM HH significance: 40 — Combination
- ~25% (30%) without (with) systematics 5[ 0.1 <11 < 2.3 [95% CL] ,
) ST 0.5 < k1 < 1.5 [68% CL] ] -+== bbyy
— 1 =0 (no SM HH signal) excluded I : _
at 95% CL 99.4% cL 8 bbre
I “* bbbb
6}
B bbZZ*(4l)
¢ Measurement of «: et aft R
- 68% CI of 50% Al
- 2" minimum excluded at 99.4% CL  %C°. }|
thanks to the m,,, shape information S

29



Self-coupling at Future Colliders
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¢ di-Higgs: ¢ Single-Higgs:
- ILC and CLIC: vwHH and ZHH - CEPC, FCC-ee, ILC, CLIC

g [ ——e'+e—ZHH @500 GeV . ¢ Based on Very gOOd preCiSiOH on Cross-
S N ey section, eg CEPC and FCC-ee240:
L1102 | ' o

....... - o(ZH): 0.5%

________ S\ - o(vwH): 2-3%

ol : D ¢ Additional sensitivity from combining

— NG different Vs
0.5 1 1.5 2 _ d . f h . h
plot J. Tian, priv. communication ~ A/ hgy, reduction of the uncertainty on other

EFT parameters, removing correlations

~ FCC-hh: main channel bbyy in the global fit

FCC-hh Simulation (Delphes)

> LA L B B L R FCC-ee, from EFT global fit
Q regob Vs = 100 TeV 000 T T T 5/ab at 240 GeV
ris= iy 3 _
9 3500F o B jy + Jets - 0.02L — +0.2/ab at 350 GeV |
2 F =30a yy + Jets ] . — +1.5/ab at 365 GeV
£ 3000 . VH 4 NN e 350 GeV alone
£ o ttH B LN N 365 GeV alone
o . goH 1 0.01 AxP=1 ]
2500 -
- ] ~N I
2000F - ) L
: ] L 0.00_
1500 - i
C E -0.01}
1000, - == I i
E E ~002f 1809.1004
.1

ST 4 2 0 2 a4
'P1B

120 122 124 126 128 130 132
6K,1 24
m, , [GeV]


https://arxiv.org/pdf/1809.10041.pdf
https://arxiv.org/pdf/1809.10041.pdf

ReSU ItS
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¢ 68% CL uncertainties on «,with di-Higgs and single-Higgs:
— all combined with HL-LHC

Higgs@FC WG November 2019

1 1 1 1 1 1 1 T
! ! ! I di-Higgs single-Higgs
HL-LHC HL-LHC HL-LHC
...... 50%. ... 80% (AT%)
HE-LHC HE-LHC
HE LHC AAAAAA [10-20]% ... . == 50% (40%) ...
- FCC-eeleh/hh  |\] FCC-eeleh/hh
R, \] 5% eee 25% (91%;)
.............. —_— e _ ~J ]
m
FCC-eh FCC-eh
FCC-ee/eh/hh N [ vt S
24% (14%
under HH threshold FCC-(ee )
365
FCC-ee —_— 33% (19%)
WO J Fcc‘eezm
......................................... e e
_ ILC ILC
ILC 10% 350;00?%5%)
N NAR | LC.. LCy
.............................................................. 27% 38% (27%)
under HH threshold ILC.,
cepClb-onon— | b 49% (29%). ...
CEPC
T e eene ] | 49% (17%), ...
‘ cLic,,, & CLIC,,.,
CLIC T%+11% L) 49% (35%)
\\\'\! \ \ \ \ CLlCTECK] CL|C15CK]
& 36% 49% (41%)
010 20 30 40 50 CLC,y,
50% (46%)

68% CL bounds on x5 [%] Al future coliders combined with HL-LHG

¢ HL-LHC will exclude the absence of the Higgs self-interaction at 95%CL

¢ Several of the proposed FCs will reach a sensitivity of ~20%
= establish the existence of the self-interaction at 5o

¢ CLIC3000/FCC-hh can reach a sensitivity of ~10%/5% = can start probing
the size of the quantum corrections to the Higgs potential directly

25



BSM Higgs studies

PAR cERTAINS ASPECTS, ELLE
RESSEMBLE FORTEMENT AU
Bisen pE Higes PREPIT
PAR LE MOPELE STANPARD

Qui saiT yw Bisen pe Higes
SUPERSYMETRIQUE 0 UN BiSON
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aComposite Higgs scenario

CENTRE DE PHYSIQUE DES
PARTICULES DE MARSEILLE

¢ Central idea: the Higgs emerges as a bound state of a new strongly-
interacting confining Composite Sector, analogue to QCD but with a much

higher confinement scale
¢ Two parameters: the mass scale m* and the coupling g*
- m" confinement scale, analogue to A, . Its inverse can be interpreted as the
geometric size of the Higgs, IH = 1/m: (=0 if Higgs elementary)

— g*: interaction strength among particles originating from the Composite Sector
Composite Higgs, 20

A

Composite Higgs, 20

10FT

10FT

)
) AN

FCC—ee(Cy
FCC-hh

W/
\Q\\\

8

—
—
— —

m, [TeV] m, [TeV]

¢ The discovery reach of these particles at HL-LHC, HE-LHC and FCC-hh are
of 1.5, 2 and 4.7 TeV, respectively -



T Extended Higgs sectors (1)

CENTRE DE PHYSIQ
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¢ Simple possibility is the extension of the SM scalar potential by a singlet
massive scalar field S with interactions V = AS* /4 + A [HJ]*S?

— Mixing case: heavy singlet mixes with the SM Higgs boson (mixing parameter
siny)

- Non-mixing case: S does not acquire a vacuum expectation value and the Z,
symmetry remains unbroken, the new scalar is stable and escapes undetected

e y 1

"‘"= = Direct: 2 2 5 [t Higgs couplings:

@ 10" ~— CLIC, 5 < ©78 g HLLHC

poe — CLIC, & B ---- HE-LHC

o up, 6 TeV, 5 ab™ . - LHeC

e 5 w— B

= TR n, 14 TeV, 20 ab i ILC

e (LT : ’ E ol ---- FCee or CEPC
NN 7.5 4 bt ettty o s bttt bt ekttt ol bl bl ks . : ILC

i =t .

o (8]

2 10_2 -0 et . GO
& in

o o

Higgs couplings:
#24 HL-LHC
===s HE-LHC
LHeC W%
Lc,,, >
==: FCC-ee or CEPC

/ / ?99 WA ot Ceetss
y European Strat 1000 KK ey i Direct:
// «+ =+ FCC-ee/eh/hh e e HL-LHC
Sai v —FCC-hh Two-step phase transition

. s
BT
-
4y
-

: I : : : : : : —— : : : : : : oo b b b b
2 4 6 § 19 m rre\}]z %D 100 150 200 250 300 350
s m, [GeV]

¢ NB: a large fraction of the region compatible with a first-order phase
transition could be probed by the full CLIC or FCC programmes

28



Extended Higgs sectors (2)

CPPM

¢ Addition of a second SU(2) doublet
— naturally appears in supersymmetric extensions of the Higgs sector or in models
with a non-minimal pattern of symmetry breaking
— the scalar sector contains two CP-even scalars h and H, one CP-odd scalar A
and a charged scalar H+

¢ Most sensitive channel: htt at pp colliders, hbb at ee colliders

tan(p)

hbb / htt coupling:
#z8 HL-LHC
==.HE-LHC

LHeC
--CEPC
-=:FCC-ee

ILC,,,
--.FCC-ee/eh/hh

ILC1ODD
--.CLIC, .,

Direct:
—HL-LHC, A =» 11T
== FCC-hh

1 1 1 1 1 1 |
3 104

95% C.L. limit on m_ [GeV]




== (Conclusion

¢ Huge program for Higgs physics ahead of us

¢ Strong implications and recognised expertise of IN2P3 teams at LHC: many
channels covered (yy, 41, bb, ttH)

¢ HL-LHC: O(few%) measurement of couplings and 50% measurement of
self-coupling

most measurements dominated by systematics — implication on detector
upgrades and object performance

¢ Future Colliders:

most precise coupling measurements (Z and W bosons) measured to 0.2-0.3%

Higgs decays to invisible particles (e.g. dark matter candidates) can be
constrained to values much better than 1%

measurement of the total width to within a few percent, possible at e + e —
colliders, will provide an important constraint on many new physics scenarios

self-couplings: 5-10% could be reached at FCC-hh at 100 TeV, CLIC at 3 TeV
or ILC at 1 TeV

¢ More on GTO01 contributions in back-up
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Back-up slides
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IN2P3

es deux infinis

‘.U“C}cab Higgs physics at ILC: Plans groups IN2P3 %

Laboratoire de Physique
nfints

* Extraction of the Higgs coupling to the Z boson from a simple countin

of relying on the momentum resolution of the tracking chambers.
* The efficiency is extracted from a ‘Reference Sample’ created by ete-— HZ recc
into a muon pair. From this the efficiency for the reconstruction of Higgs signal
applied to channels in which the Z boson decays to particles other than a muon |
the analysis is the number of final state hadrons

* Study of Higgs production in e*e-— Z(qq)H
* The analyses of hadronic final states of the process e+e-— HZ by IN2P3 groups
intense development of a new generation of highly granular calorimeters
(SiW ECAL and SDHCAL) and the realisation of the first technological prototype
* Result will benefit from the development by the IN2P3 groups of a new PFA al

Roman Pdschl GTO01 2020 32
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B8, Dhysics: IN2P3/ATLAS plans

¢ Concentrate on bbyy channel (already important contribution) + start bbtt
channel

¢ Plans for Run-3 (2021-2023)
— refinement of analyses
— SM measurements:

* diphoton + two (b-)jets: flavour composition + description of kinematic
variables

* Z(—bb)H(—vyy/t1) and ggF+2 b-jets: could reach 2o at the end of Run 3
— preparation of detector and performance

¢ Plans for Run-4 (2027-2030)

— commisioning of detectors and objects (eg new tracking stategies)
— towards the ultimate performance of the detector and di-Higgs observation

Run-3 LS 3

HL-LHC
(2021-2023) (2024-2025)

2026-2037

SM background measurements
Z(—bb)H(—yy or —171) measurement
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#® | PNHE scientific perspectives
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¢ Plans through Run 3 of the LHC (ending 2023) and into the HL-LHC period
which will begin around 2026

— The LPHNE-ATLAS team is commited to two already approved Phase-II
upgrade projects: ITk and HGTD.

— The group expertise in tracking detectors and jets and photons performance will
be essential to exploit the physics potential of HL-LHC.

¢ The FCC program (ee then pp) appears to us as the most promising future
path to reach deeper understanding of elementary particle physics, while
other collider and non-collider future facilities would also be very rewarding.
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(s Higgs-strahlung at lepton colliders

Iréne Joliot-Curie

@mm
Les deux infinis

Laboratoire de Physique
—des 2tnfinis

0 A B L L
* Powerful channel for unbiased tagging of Higgs Events [ —*— Toy MC Data ]
* Absolute normalisation of Higgs couplings > 400 —— Signal+Background
* Sensitivity to invisible Higgs decays L i i
300
e.|. + i
Well measurable 200 L
decay leptons from Z [
u Pairs, e pairs [
- 100
- No assumption on Higgs T P Bt L TR A
\\ decay modes 910 120 130 140 150
. H Recoil Mass (GeV/c?)
Higgs Recoil Mass: * Clean and sharp peak in Z recoil spectrum

Mfl:Mfecoil:s-l- 1‘/122_2EZ\/E ..
* lllustrates precision that can be expected
from e+e- colliders

Roman Pdschl GTO01 2020 35



'UCLab Fitting Higgs Couplings — Kappa and EFT @mng

Iréne Joliot-Curie
es deux infinis

Laboratoire de Physique
—des 2tnfinis

Couplings to Higgs Boson in Standard Model

Z/W
_____3_ ' = 01 i | "W 0
m _My
gHVVZTV ngf—T
Z/W f
Analysis using Kappa-fit: - o(e*e” = Zh) E
i 3 B |
SM

* Simple scaling of SM-couplings
* Implies that Higgs coupling to Z in production and decay are identical
* No new operators
. . : ['(h—= ZZ%)/SM = (1 + 2n; - 0.50(;
Analysis using EFT-fit: ( " _)/, "‘ (4207 Jf’_")
o(eTe” — Zh)/SM = (1 + 27 + 5.7(z)

* Introducing set of SU(2)xU(1) compatible operators
* e.g. breaks simple relation between Higgs production and decay

* Total width and Higgs to invisible as free parameters
* Receives additional input from e.g. ee->WW and EWPO

Roman Pdschl GTO01 2020
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WCus

9
et Prririn Precision o\gﬂ-liggs Physics — Kappa framework@
(@)

i ol IN2P3
—::s ZPiru?nsi?:irae dePhysique ) Les deux infinis
| Q?
.Qmw 9x=9xSM (14A,) A(l’ T#LT, A#A 68% CL
0.11 F= ILC-base \ﬁ\ ILC-lumi === |LC-stage m— Gy o=0 |
T - FCCee-basQ FCCee-350 T Update 1706 ozth:g .
0.1 & 1 Eur.Phys.Lett. 101 (2013) 51001 |
0.09 :\\0(\ ) |
0.08} .\00 If
0.07F O
0.06 "
$)
0.03¢ I
7 T I
660.03' 1 If']' 11 | | [ ]
0.02f 11 T _dr 11 AR #
o LEELIT oviss il 11l | IS il
9% ¢ 94 ¢ % < 9 9 i%% %%% q@e % %% %

* Latest results from SFITTER group
Assumption: HL-LHC basically completed before e+e- machine starts

* ILC250 already powerful program (needs however e.g. top-Yukawa as input)

* Higher energies beneficial for total width

Roman Poschl

and top-Yukawa couplings (fit constf&itits and H->yy) 37



'IbJ“Cthab Precision on Higgs couplings — Model dependent @

ollotte IN2P3
Laboratoire de Physique Les deux infinis
LCC physics working group
Model Dependent Fit (I'g5,,=0 & no anom. hZZ/hWW coupl.)
L B HL-LHC @ILC250
B HL-LHC ®ILC250 ® ILC500 i
Y e e — darkfight: S1/82 -
- 1 * Much higher precision at ILC for Higgs couplings
(/) R W W General observation for e+e- colliders

* Comparison to projected LHC results require
model dependent assumptions

“| * Precision on couplings benefit from higher
energies

Precision of Higgs boson couplings [%]

Z W b v g ¢ y w2 t2 MO

Roman P¢
oma Gschl GTO1 2020 38



WCus

Iréne Joliot-Curie TO p Yu kawa CO U pl i n g

%mzps
Les deux infinis

Laboratoire de Physique
2

T a 0 | Ie-|le+lpc|)I.l=(ll).0,0.|0):
- t @,10 5 thW 3
H §10°F ff =
. 3 10 _ ttH (with ¢ bound-state effects) 77 -
e { 2 F N\
- Coupling of Higgs to o _ tH (without £f _:
heaviest particle known ; r' ”H(nggs et off Z)
(e —
- Up to eight final state jet 5000 600 700 800 900 1000
e A s (GeV)
Vs[GeV 550 1000 1400
]
Llab-1] 4 8 2

Syt/ 2.8 2.0 2.7

Roman Péschl yt[o/o]
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',UJ,C}Cab Higgs self-coupling and new physics @mm
—::sbzo.r:.tﬁ:f de Physique Les deux infinis

Manifestation of new physics in observables and extracted results?

%4_' T N IR I RN
o} —e+e—>ZHH@SOOGeV .
~ i § 7
° 3 —_ g +e —>WHH @1 TEV
c - 3 . _ _
90
0
)
n
)]
)]
o
0]

05 1""1.5""2

* Remarkable sensitivity of 500 GeV machine in case of large upward deviati
* 1 TeV machine superior for large upward and downward deviations

Soman Pasch 18nabe, Higgs Coupling 2016

GTO01 2020 40
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= 1119gs couplings: K scenarios

¢ « framework:

(c-BR)(i = H — f)=—

¢ Extension to allow for the possibility of Higgs boson decays to invisible or

a.

SM 2 . T5M 2

I

untagged BSM particles:

SM .2
FH id ."‘LH

osm - BRem Ky

'y =

1 — (BRinV -+ BRunt)

¢ Different fitting scenarios:

O-'BR. H?'f{f

Scenario BRi. BRnt include HL-LHC
kappa-0 fixed at 0 fixed at O no
kappa-1 measured fixed at 0 no
kappa-2 measured measured no
kappa-3 measured measured yes
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= H199s couplings: additional scenarios (1)

¢ Comparison of the different FCC scenarios in the kappa-0-HL scenario

(similar to kappa-0 in that it does not allow any BSM decay, but including
HL-LHC data)

K

=
2
e
I
LN

K'Z-],-

20 02 04 06 08 1.0 00 03 06 09 1.2 15 00 04 08 12 1.6 20 0.0 25 50 75 10.0

HL+FCC-ee+FCC-eh+FCC-hh
HL+FCC-hh
HL+FCC-eh+FCC-hh

HL+FCC-ee+FCC-hh Higgs@QFC WG

HL+FCC-ce(41P)
HL+FCC-eeszs Kappa-0-HL, 2019
20 03 06 09 12 15 00 03 06 09 12 15 HL+FCC-¢e240
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= Higgs couplings: additional scenarios (2)

¢ Combination of the different future ee colliders with FCC-hh and HL-LHC,

in an extension of the kappa-0-HL scenario. Note that ILC 250 and CLIC
380 (first stages) are shown in comparison with CEPC (240) and FCC-ee

o K e Ky 00T w [ Ky

00 02 04 06 08 10 00 02 04 06 08 1.0 00 02 04 06 08 10 00 02 04 06 08 1.0

B Kz e Kp o K B

00 02 04 06 08 10 00 02 04 06 08 10 00 08 1.6 24 32 40 00 02 04 06 08 1.0

T T BN HL LHC+FCC-hh

- Ky _ Ke mm HL-LHC+FCC-ees+FCC-hh
HL-LHC+CEPC+FCC-hh

[ I S LALECHCL ComhCCenl

e PR A

00 02 04 06 08 10 00 02 04 06 08 1.0 Higgs@FC WG Kappa-0-HL, 2019
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&y (1ggs couplings: additional scenarios (3)

¢ Expected relative precision (%) of the k parameters in the kappa-0-HL

scenario for future lepton colliders combined with the HL-LHC and the

FCC-hh 37.5, and with HL-LHC and FCC-hh. No BSM width 1s allowed in
the fit: both BR _ and BR. are set to 0.

HL-LHC+FCC-hh+

kappa-0-HL HIL-LHC+FCC-hhs; 5+
ILCos59 | CLIC35p | CEPC | FCC-eezq5

kw [%0] 0.94 0.62 0.81 0.38
2 [%) 0.21 0.33 | 0.13 0.14
Kgq|70] 1.3 1.3 0.97 0.87
K| %] 0.64 0.68 0.62 0.62
Kz~ 0] 3. 3.1 2.8 3.

ke[%) 1.9 3.9 1.9 1.3
e[ %] 1.9 1.9 1.9 1.9
k|70 0.99 0.94 0.81 0.58
Ky [%] 1. 1.1 1. 1.

Kr [ 70] 0.96 1.2 0.83 0.6

kappa-0-HL
[LCo50 | CLIC38¢ | CEPC | FCC-ees¢5
kw [] 0.37 0.36 0.35 0.27
kz|%] 0.19 0.26 0.12 0.13
K g7 0.65 0.69 0.55 0.55
Ky [J0] 0.31 0.34 0.29 0.29
Kz~ |%] 0.71 0.74 0.69 0.7
Ke|70] 1.8 3.8 1.8 1.2
ket [Y0) 0.96 0.96 0.95 0.95
K| 70] 0.63 0.68 0.52 0.5
K u[70)] 0.43 0.47 0.41 0.41
K+ | %0] 0.61 0.78 0.52 0.49
L [%] 0.90 0.98 0.74 0.67
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CMS
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Run-2 results

¢ ATLAS

ATLAS  —e Observed
E=13Tev, 275-361107 0 E’X‘gggzg —
oM (pp — HH) = 33.5fo Expected * 20
L Obs. Exp. Exp.stat. _|
HH—> bbt*t P 12
HH—> bbbb I 129 2t 18 B
HH— bbyy I 20.3 26 26 i
HH— W'WW*'W I r { 160 120 77 1
HH— W'Wyy I B i} 230 170 160 |
HH—> bBW*W I - { 305 305 240 |
combinea| 47 i e 0
10 10 16° 10* 0

95% CL upper limit on @ ¢ (PP — HH) normalised to c

¢ Expected 11m1t on G(HH) 10¥SM

= Frr e e 5
= : ! 1 |- - - Exp. 95% CL limits
T C 1 ]
T E i 1 |~ obs. 95% CL limits
T ey 1 -
g || e : ~— bbbb
= 1 =
E £ 1 [— bbrr
© E .
i 1 [~ bbyy
[ Allowed «, interval 7 e
omDb.

10! at 95% CL

E Obs] Exp. ] j Comb. +16 (exp.)
r (Exp. stat.) ATLAS 9
[ -5.0-12.0 | -5.8-120 ! Vs =13 TeV = Comb. +26 (exp.)
I 58 =11.5) 4 275-36.1f" |

= Theory prediction

DT g e S B WU U A U PRI F
-20-15-10 -5 0 5 10 15 20

¢ —5.0<k <12.0 at 95% CL

¢ CMS
cMs

35.9fb" (13 TeV)

bbVV

Observed 78.6xSM
Expected 88.8xSM

bbbb

Observed 74.6xSM
Expected 36.9xSM

gg—HH
bbtt

Observed 31.4xSM

Expected 25.1xSM —e— Observed

- --- Median expected

bbyy i
Observed 23.6xSM - 68% expected
Expected 18.8xSM 950/0 expected
Combined

Observed 22.2xSM

Expected 12.8x SM

30 40 50 6070 100 200 300 400
95% CL on o, /oM

¢ Expected limit on o(HH): 12.8*SM

35.9 ol (13 TeV)

678910 20

g I 95% CL upper limits
== i —— Observed
T 3000f e = = =+ Median expected
T E [ 68% expected f_\
g_ [ 95% expected \
& 2500 X T 0 e
\6 e Theoretical Prediction

2000

SM:

1500F s

1000

500F

-20 =

¢ —7.1<k, <13.6 at 95% (™"
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&y Detector performance at HL-LHC (2)

CENTRE DE PHYSIQ
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1/N dN/m,,, [1/GeV]

¢ Outcome of TDRs: current resolutions/efficiencies could be kept at HL-LHC!
¢ Example for ATLAS HH — bbyy analysis

— Electromagnetic calorimeter

— Inner TracKer

R TR L e . . ] R 0 . . o
L o
r i i (a]
0.12~ATLAS Simulation ” ggF H— vy
B NN vertex selection
0.1 a o HL-LHC, u=0
- & o HL-LHC, n=200,
0.08— o % optimistic
E 6% g0 ”@ e HL-LHC, p=200,
0.06[- - i ';. pessimistic
- * ' . Run2
0.04— o2 o %
r o2 e
"_ © O g
0.02- ..gj o0 Dc}@&é..
:..MM%%@" e 'DD| ! ! ?DDE@&%Q@ 5o ?g..
i 116 118 120 122 124 126 128 130 13 4

significance [O]

w

Strip TDR 1.05
LAr TDR 1.29
Pixel TDR 1.51

u-jet rejection

- ATLAS Simulation E
[ Vs=14TeV, ti, <u>=200 - ]
— hjl<

10* o-MV2 | ) E

— 2<nl<3 =

\\ — 3<hi<4 §
=k \\ ----- I<2.5

NJ‘ \ \ op Run2 (<25 §

102 gn e E

3 \\\"I.K \~\ 3

e Wi, UL ]

Inclined Duals \A{k\ ]

10E 50*50 jiHi k\ E

0l55 0.6 065 0.7 075 0.8 0.85 0.9 095 1

b-jet efficiency

¢ Systematic uncertainties: common agreement between ATLAS and CMS
— performance uncertainties scaled by 0.5 to 1

— theoretical uncertainties divided by 2

— MC stat uncertainties neglected
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Di-Higgs production at hadronic colliders (3)

¢ Sensitivity to k, directly related to the acceptance, so to the m, shape

CMS 35.9fb7 (13 TeV)
ie) ss0dr © 95% CL upper limits
: B : Observed
a5 3000: ........ -—— Meodizr:( e:é)(:cted }
::Ti : 4 5 gguﬁ:exzec:eg f‘\\ K)\ZOZ no triang|e =
8 200 e Theoretical Prediction JEEE H H
5 increase of cross-section
e Sl fabove 2*m. + large tails
: ; "9 0.14_IIII|IIII| .IIIIII.IIIItIII||||||||_
1500F S % - TLAS |mu|at|on :
1000 . Z\ 012__ :l_ __
- ' o (s =13 TeV :
5001 | o) B =
. 474 - Y K= 0 :
—;0”J1—1|5'“'—1|0”“—15"”o s i T ERE CEE G, Ehih —Kx=2 .
Ko =P Msu 0.08~ K, =5 2l
T T | BRI | T | FT I | T It | T TT I T T EETd TTT1 B 0.06_— —_
N - : . - = e
&, | ATLAS Simulation i R -
> = = — -l
8 L Vs=13 TeV ——bbyy, 2btagy - bb’cleprhad SLT T 0.04[- i
.g - ——bbyy, 1 bfag| =-e-bbr, 7. ]
= —— bbbb Y 0.0 -
L  J ]
X 1 O E Rl et “Lﬁ‘e‘%a&ﬁﬁﬁﬁﬁrﬁrﬁﬁﬂ = =
- = 0 )
S - W ]
&) o Ittt = dedeke o
C o -]
i i
Q T T K,=5: interference at high K,=2: max interference =
e i m,,,, = soft spectrum deficit between 2*m , and
N _ 2*m_+ large tails
e = |k,|>10: trilinear dominant
: PN N FEST FEETL RET ST PR N i = peaks at 2*m,

-20-15-10 -5 0 5 10 15 20
Ky,

¢ NB: most analyses optimised for k=1 48



Single-Higgs at HL-LHC (1)

¢ Method applied to ttH(—vyy) differential cross-section measurement:

CMS Phase-2 Simulation Preliminary 3ab’ (14 TeV)
> o - :
8 —#— Stat + exp. syst. + ggH+VH theo. uncert. CMS Phase-2 Simulation Preliminary 3ab (14 TeV)
é 10—2 __ l HadrOrIlC ca[egones Only _I 6_ T T T ‘l, T T T T ‘ T T T T | T T T T | T T T T | T "\ T T |
—~ - | Leptonic categories only = - —— W/ YR18 syst. uncert. ]
T - ~ Expectation «; = 10 < C N
g - TR O BT pectation . I e T N Stat. uncert. only ]
o B ._‘[ﬂ_. -------- Expectation , = -5 - 7
E i | | S TP | PR fiH+tH theo. uncert. : Hadronic categories only ]
L3 4 — —
£ | 95% CL Leptonic categories only /|
x bl - :
2 e e L R H in K= E
I - o -
S - i (P} >350GeV)150 GeV B i
2 C : 2 _
[} ! B *
=] — : [ . 1
~ [YH <25 (AR | | 1E ]
- Hovyipl > 20GeV, || <25 : - s8% cL ’ ]
>=2 jets: p, > 25 GeV, |nf| < 4, at least one b jet : C ]
n | 1
10 ! ! ! ! H %% -5 0 5 10 15 20
0 45 80 120 200 350 K
pi (GeV) A

¢ 68% CIL: -1.9 <k, <5.3 if only «, varied

¢ First test with experimental “data”, more channels to be added



Single-Higgs at HL-LHC (2)
14_""'""""I"""""""
¢ Global fits of single-Higgs inclusive e
couplings and ttH differential : HL-LHG single Higgs, inclusive
10+ HL-LHC single Higgs, differential
measurements :
8_
— for HL-LHC and HE-LHC %o
6_
¢ Different BSM scenarios
- only kx, can be varied (dotted line)
— EFT framework (solid line) o 5 10 15
. . . 0Ky
¢ Different scenarios for systematics (bands) R ——
l|‘ dotted: ok, only / solid: global fit ;'
i ',‘ width: S1 and 52 scenarios ,fJ
. . . . B ! HL-LHC single Higgs, differential ‘:'
¢ Biggest impact from diff. cross-section SR HLLHC double Higgs, differential | /
10} v HL-LHC combination 4
¢ Improvement of di-Higgs direct :
measurements for variations of k, only 3

¢ HL-LHC: 68% CI (optimistic systematics):

- -0.1 <x, <23 1fonly , varied

- -2 <k, <3.9 for global fit
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=w 1E-LHC, HH measurements

¢ Extrapolation of ATLAS HL-LHC results to HE-LHC: method 1

— scale cross-section to 27 TeV (*4) and luminosity to 15 ab™!' (*5),

no systematic uncertainties

— bbtr channel: significance: 10.7c, precision on K,: 20%

~ bbyy channel: significance: 7.1c, precision on K,: 40%

e pessimistic because analysis not optimised for measurement of «,

¢ Phenomenology study for bbyy: 15% precision on K,

* realistic detector performance

-2In(AL)

* no pile-up considered
(1=800-1000)

4 Combination of channels: K, could be
measured with a 68% CI of 10 to 20 %

\|II\§\I\|II\|II|III|III|III

HL-LHC/HE-LHC

HL-LHC combined

T Ys=14TeV, 3ab"
HE-LHC combined

== \Vs=27TeV, 15ab"

ile)

30

20

\|II\§\I\|II\|I§I|III|III|III§
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FCC-hh, HH measurement

PARTICULES DE MARSEILLE

CPPM

FCC-hh Simulation (Delphes)

z :"\"'I"'I"'I_"I;q:".l"'
‘ Method (1) o 3500 1= 100 TeV -ETJ&JSUD) =
° - L=30ab’ yy + Jets
. 1 2 - m VH ]
¢ Main channel : bbyy = -
. ) 2500[ g E FCC-hh Simulation (Delphes)
— Delphes simulation b CERN-ACC2018-0045 ] w77 i T,
1 1 - . * o . ¢ — 5/5=1% B
- 2D likelithood fit of m  vs my,, .+ ; : E S s ag=
: : : : {1 12 g
— scenarios with varying 1000k, — _——-— HH > bbyy E
° phOtOl’l efﬁciency so0F E 8;_ FCC CDR ]
< 'P18 120 122 124 126 128 130 132 ; I
e m resolution g 2
Birieerereeeeee e AN e eneerneerersnssseeneesnessesnsaflolonsnsescons .
* background level
, E
L 10 |
* small effect (1-2%) NSRRI, S AN NI
08 085 09 095 1 105 11 115 1.2
0 < K, = R ha
= 5_7 A) uncertalnty on K?x I ”rfff?‘-flf?‘F:fm.lf{fffﬂql(f??fehff)l
g 12:22 Vs = 100 TeV E:‘;‘”::é - ;
2 F [ _soab Ewawe 3
¢ Other channels: ﬂ ;
bbyy | bbZZ*[—4¢] | bbBWW*[—2jlv] | 4b+jet A
0Ky | 6.5% 14% 40% 30% 3
¢ Determination of «, at the level of O(5%) ;

expected to be within the FCC reach

121 122 123 124 125 126 127 128 129 130
my [GeV]
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https://cds.cern.ch/record/2642471/files/CERN-ACC-2018-0045.pdf
https://cds.cern.ch/record/2651294?ln=en

==|.C, HH measurement

CENTRE DE PHYSIQ
PARTICULES DE MA

¢ Method (1)

¢ ZHH @500 GeV
- Z — 1'I''vv/qq and HH — bbbb/bbWW
— precision of 16.8% on the total cross section for e” e — ZHH

~ 27% uncertainty on K,

= 4T 9
I | -~ e"+e—>ZHH @ 500 GeV - <
B - ] <
3 SRS S SO0 e++e—)VVHH@1TeV .......... <
- | . © 10
2
' 10 |
ol ] 0.5 1 15 2
0 0.5 1 1.5 2 2.5 3 i i icati
2 /2 plot J. Tian, priv. communication N )\.SM
SM

¢ Also studies of vwHH @1 TeV — 10% uncertainty
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http://inspirehep.net/record/1493742

ZSCLIC, HH measurement

tight: S = 367, S/B>~1
® Method (1) loose: S = 766, S/B ~0.2 >
_ CLICdp
¢ wWHH @1.4 and 3 TeV £ 12005 L=5000/fb 4:1 pol. scheme ]
. . . > C 3 TeV — 7
— full-simulation + BDT selection =z : ev> Gafv
o 1000F B ey vagag ]
— Significance: - = ee > qaug
* 1.4TeV: 3.60 — ey
B ee » qaaqvv ]
* 3TeV:~140 B ce > qaHvw :
‘ ——ee> HHvv 7]
ZHH @ 1.4 TeV | 1901.05897
— extrapolation of 380 GeV full-sim :
0.15 0.2
p erformance BDT respbonse
~ no background = 0.2 cledp
8 0.182— i Ky = 0-8; Ky = 1.0 -
. o 0.16F ! = Ky = 1.0 Ky = 1.0 3
¢ Uncertainty on S ok Kt = 125 Ky = 1.0
. . :—é 2 E,,, """"" Kpue = 2-2 Kyyww = 1.0 3
- m, or ZHH cross-section to lift the i 0'3215_ | { g 3
= ek b E
degeneracy 5 0.08F i .
. 2 '8 006;_ ; I i"i'l‘! -;
Constraints for Ky based on Ay~ =1 0.0 4;_ i —IT-:I.H _
HHvV cross section only (3 TeV) [0.90,1.12] U [2.40,2.61] 0.02F "'i.th .
HHvV (3TeV) and ZHH (1.4 TeV) cross section [0.90,1.11] T ,l','l'[, . LT
HHvVV differential (3 TeV) [0.93,1.12] Ct) 500 1000 1500 2000 2500 3000
HHvvV differential (3 TeV) and ZHH cross section (1.4 TeV) [0.93,1.11] MHH [GeV]
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https://arxiv.org/pdf/1901.05897.pdf

¥ e colliders below the HH threshold: CEPC, FCC-ee

300———

T
— Total
—ZH CEPC CDR

— WW fusion
—— ZZ fusion

¢ Methods (3) and (4) only
¢ CEPC, FCC-ee@?240 GeV, ILC@250 GeV
¢ FCC-ee@365 GeV, ILC@350 GeV, CLIC@380 GeV |

N
a
o
T | T 1

Total

150}

’ 1Q1 1 100} I
Based on very gOOd precision on CI'OSS-SGCthH, i :
eg CEPC and FCC-ee240: sof s

i o
- G(ZH): 0.5% I = ‘ ‘ a*e . 224 f !;-,:('?III.-:
— 200 250 300 350 400
- o(vvH): 2-3% /s [GeV]
- eX.: 6(ZH) modified by 1% for x,=2
= 20 sensitivity - FCC-ee, from EFT global fit _
o — oy
0.02 T 11%5/ab at385 Gav |
PN TN, e 350 GeV alone 1
NN 365 GeV alone 1
0.01+

¢ Additional sensitivity from combining different Vs 7 ]

- allows for a reduction of the uncertainty on other & o000
EFT parameters, removing correlations in the

global fit

_002 1809.10041

............



https://arxiv.org/pdf/1809.10041.pdf
mailto:CLIC@380

e Additional inputs

CENTRE DE PHYSIQ
PARTICULES DE MA

¢ clectron-proton colliders: LHeC and FCC-ch
- FCC-eh di-Higgs:
« 0.83<xk <124 @3.5TeV

« 0.88<xk <I1.14 @5 TeV 1509.04016

- FCC-eh single-Higgs: missing the 1-loop dependence on k,
= can’t apply Methods (3) and (4)

¢ muon colliders  1901.06150
— preliminary projections
- Vs=10, 14,30 TeV
- HH — 4b: measurement of x,,: 3% at 10 TeV, 1% at 30 TeV

] : ,
------ 4 h w )
¢ Quartic term X, | S -

_ 26 at FCC-hh, x_, in [-4; +16] at 95% CL o7

- s
> M == >, ()

— muon collider @ 30 TeV: 0.8<«k,, <1.5 at 68% CL (ifx,, = 1) sl e,


https://arxiv.org/abs/1509.04016
https://arxiv.org/abs/1901.06150

Di-Higgs production

CMS

¢ Only ggF production considered at present

HH production at pp colliders at NLO in QCD
My=125 GeV, MSTW2008 NLO pdf (68%cl)

p-\mp‘O"ed‘

)
i)
|
=
8

Q

1

=

. ®

— %

107 v ©

2 pp W .

. g <

- :

2L

10 3 5‘

- B

- g

B =

102 L1 | L 1 1
8 1314 25 33 50 75 100

Vs[TeV]

oyLolfol]

-
o
o

—
=

| | I I I E
HH production at 14 TeV LHC at (N)LO in QCD
M,,=125 GeV, MSTW2008 (N)LO pdf (68%cl) ]

MadGraph5_aMC@NLO
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Single-Higgs couplings (1) =

CENTRE DE PHYSIQUE DES
PARTICULES DE MARSEILLE

¢ Higgs self-interaction via one-loop corrections of the single-Higgs production
- K,-dependent corrections to the tree-level cross-sections

¢ pp colliders: ¢ cc colliders:
0 : : ot 7 o 7
ttH g H |
= <! ZH Ty
| i e * h c > h

VH . e
I " e
N S
\. -
/ \\ H 5 q/
9 VT - \ggF
=
S ¢ ex. fork =2:

- o(pp—ttH) modified by 3%
- o(ee — ZH) modified by 1%
58



Single-Higgs couplings (2)

CENTRE DE PHYSIQUE DES
PARTICULES DE MARSEILLE

¢ More global view: SMEFT, |
¢ Deformation of the single-Higgs + EW processes:

SMEFTND = {5!“, nga 56:,3 C’]f’}/a C:,’}’a Czzy €70, 6}’;, ayt':v ayba 5}’1'3 ay,ua )‘z}

+{ (867" 01 (08F" ) (85" )0 (8871, (38 )ars (38R )ars (865N}
q1=q2743, [=e, 0,7

+ correction to the trilinear Higgs self-coupling: ox, =« -1

¢ Can also consider the effect of 6k, on the other parameters

- afew examples:
Higgs couplings variation along the flat direction 1704.01953

'; +307 +30 ; +30
2 C f oC
g9 zZ

- +lo +1at +1a
c i
© e,
+— i
(7)) |
— g -1at ! -1ot
c o i
2 I Cgg oc; Czz
© | _ ; _ i
= 3920 -10 0 10 8K, 3920 -10 0 10 8K 3920 -10 0 10 K
G - - -
>

OK oK OK

— could also affect EW precision observables at NNLO
29


https://arxiv.org/pdf/1704.01953.pdf

= How to measure deviations of A,

¢ The Higgs self-coupling can be assessed using di-Higgs production and
single-Higgs production

¢ The sensitivity of the various future colliders can be obtained using four
different methods:

di-Higgs single-H

exclusive

global

60



= Higgs self-coupling: summary of measurements

CENTRE DE PHYSIQ
PARTICULES DE MA

¢ Summary of inputs:

Vs HH measurements | single-Higgs couplings
HL-LHC 14 TeV v v
pp |HE-LHC 27 TeV v v
FCC-hh/eh/ee 100 TeV v v
CEPC 240 GeV v
ILC250 250 GeV v
ILC350 250 + 350 GeV v
ILC500 250 + 350 + 500 GeV v v
ee |CLIC380 380 GeV v
CLIC1500 380 GeV + 1.5 TeV v v
CLIC3000 380 GeV + 1.5+3 TeV v v
FCC-ee240 240 GeV v
FCC-ee365 240 + 365 GeV v

¢ Combine FC results with HL-LHC (50% uncertainty on ;)



(NFN  PATRIZIA AZZI - INFN PADOVA

6 HOW TO APPROACH SYSTEMATICS

* The large HL-LHC dataset will enable accurate measurements and
unprecedented sensitivity to very rare phenomena

* In several analyses systematic uncertainties will become a limiting
factor

* Several sources of systematics to consider:

Detector driven Data statistics Theory normalization
in control regions and modeling
Luminosity
Method uncertainties MC statistics

* Synergy of ATLAS and CMS in many physics projections and

complexity of the problem required development of a common set of
guidelines

* Focus on experimental systematics that are most important for the
projection studies we need (can't be comprehensivel!)

* Jet Energy Scale/Resolution, MET, B-tagging, Tau-ID, and many
more...

* Evaluation of theory uncertainties improvement



PATRIZIA AZZI - INFN PADOVA

INFN

/ COMMON GUIDING PRINCIPLES FOR YR18

* Statistics-driven sources: data — /L, simulation — 0
* account for larger data sample statistics available
* to better understand full potential of HL-LHC
* Theory uncertainties typically halved
* applies to both normalization (x-sec) and modeling
* due to higher-order calculation and PDF improvements
* Uncertainties on methods kept as latest published results
* Trigger thresholds same or better(lower) than current

* assumption that pile-up effects are compensated by detector upgrades
improvement and algorithmic developments

* Intrinsic detector limitations stay ~constant

* usage of full simulation tools for detailed analysis of expected
performance, thanks to the large effort for TDRs preparation

* detector understanding and operational experience may compensate for
e.g. detector aging

* harmonized definition of « floor » values for experimantal systematics

* Luminosity uncertainty 1%



PATRIZIA AZZI - INFN PADOVA
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3 MORE DETAILS ON PROCEDURE

* Whenever feasible present results as
value * stat * syst_exp * syst_theory [+ syst |lumi]
* Baseline scenario defined as:

* YR18(52): based on synchronised estimates of ultimate
performance for experimental and theory uncertainties, and
applying guidelines as in previous slide

Muons reco+|D(+1SO) 0.1%(0.5%)
Electrons reco+ID+ISO 0,5%
Taus reco+ID+ISO 5%(as in Run2)
B-jet tag 3?,;21:3;%025\;\/ ~19%(2-6%)
c-jet tag ~2%
Light jets L/M/T WP 5/10/15%
JES abs/rel scale 0.1-0.2%(0.1-0.5%)
JEC Pile-Up 0-2%
JEC Flavor 0,75%
Integrated Luminosity 1%




Electroweak observables

¢ Decicated program at FCC-ee (and CEPC to some extend)

LEP TEV FCC(ee)

" Precision EWK Observables
wr Submission Inputs: 29, 145, 101, 132, 135

! . Z-pole 1012 Z’s : _
- Mw W(WW) f4 = EWPO Current | CEPC | FCC (ee)
10"} . Tera-Z Mz [MeV] 2.1 0.5 0.1
2 'z [MeV] 2.1 0.5 0.1
F N, [%] 1.7 0.05 0.03
10?_
My [MeV) 12 1 0.67
I A% [x104] 16 1 <1
10°- sin® 6y [x10°] 16 1 0.6 LHeC can measure

# Events

Ry [x10°] 66 4 26 sin26,y as f(E).
RY [x107] 2500 200 100

10-

LHeC : Mw to 10 MeV but can measure PDFs allowing HL-LHC to
half PDF uncertainty and achieve O(5 MeV) Mw.

- “Giga-Z” running not part of baseline ILC/CLIC : Mw to 5 MeV similar to HL-LHC/TeV average.
but maybe later

M. Lancaster
ILC:

¢ ILC:
— studies of radiative return to the Z at 250 GeV
— possibility of a 1-year run at the Z pole (3 x 10° Z's)
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EWPO: improvement wrt HL-LHC

1.5

1.5

1.6

&<, &
&2y, P, i, &5y oy, 82, 82, es & & 0>, & o & &,

ey "y Vay Cee, gy g, Mgy ey "W " Teags ey ey Sy gy ey e sy gy by oy
1 I | I | 1 1 1 | 1 | ] I | 1 I
ILCy5p - 12 15 1.1 1.1 1.0 1.0 1.0 1.0 1.1 1.0 1.1 1.0 1.0 12
ILCsq0 -n 12 16 13 18 10 10 10 10 Ll 10 11 1.0 12
CLICsgg - 1.1 1.0 1.1 1.0 12
CLIC 500 - S I S R B 13
CLIC3p00 - B 1.1 1.1 1.1 1.1 1.3

CEPC - 10 10 1.1 10 L1 10 10 1.2

FCCCC'M,U -l

¢ Trilinear gauge couplings

29 29

— will achieve precision 10--10
— about 2-3 orders of magnitude better than LEP

1.2 1.5
1.2 1.5
1.2 1.6
1. 1.6
1.3 1.6
.2 1.5

1.0 1.0
1.0 1.0
1.0 1.0
1.0 1.0
1.0 1.0
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pact of EWPO (Z pole meas.) on Higgs couplings

10}

: B HL+LCs:; [ HL+ILCsee W HL+CLICas; W HL+CLIC3000 M HL+FCCo.ooq0 I HL+FCCoeass M HL+CEPC

Hligrgrel 0 Wi

May 2018 Dark/Light: SMEFTpey (Perfect EWPO) / SMEFTyp (Global fit)

Assuming LEP

69;lgi[%]

107 - -

Perfect EW measurements

Ohzz Ghww GHyy Ohzy OGhgg Ohe OHce OHoo Ghrr Ohuy 091z 0Ky Az

Differen t

____________ . 10—2

'5gaTGC

nce of precise enough EW tLC (ho Z pole run

Can be mitigated by using: (1) High-energies (2) EWPO from radiative return
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