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Introduction

The choice of the next e+e- machine heavily relies on LHC results, in
particular on the presence or absence of extra scalars

So far, no single analysis has provided for a 5 s.d. evidence, but there
are however several indications at the ~3 s.d. local level with
compatible masses which reveal significant indications

Can we understand these results and predict the cross sections in
e+e-?

The answer seems to be yes, but this requires extending the
available phenomenology



LHC inputs for our work

» We choose to select > 4 s.d. global significance
with the exception of h151 which results from
an unofficial combination of CMS & ATLAS data

» This keeps 4 neutral scalars and one pseudo
scalar

» No change of significance after a CMS update
of h(95)->2y with RUN1 and RUN2 after some
cleaning against Z->e+e-

Process | Channels References # s.d. glob. | Michelin
h125 WW/ZZ ggF/VVF yy 11 bb >6.9 % %k %
H650 WW/ZZ ggF/VVF h95h125 2009.14791 6.7
2103.01918
CMS PAS HIG-20-016 * %
CMS-PAS-HIG-21-011
A400 tt ZH320->Zh125h125 1908.01115 5 *
ATLAS-CONF-2022-043
h(95) vy 11 bb (LEP) 0306033 4.3
1811.08159
1803.06553 %
CMS-PAS-HIG-20-002
h151 Yy +ETmiss 2109.02650 4.8 ?
H+375 W ATLAS-CONF-2022-005 3.5
2104.04762
h146 e CMS-PAS-HIG-22-002 2.8 (3.8)
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The unitarity constraint

* The large VBF cross section H(650)->WW observed by CMS is violating a
general rule which is imposed by the preservation of unitarity for
W+ W--> W+ W-

* Haber et al. in PR.D 43 (1991) 904-912 have shown a way to restore
unitarity by introducing a cancelling u-channel exchange of a
doubly charged H - - (see also 1202.1532 )

137 fb™ (13 TeV)

eeeeeeee

Olfae % BH™ — W*W?) [pb]
< =i

242 2 p=1l 5 4 2 2
g*(4miy — 3mZcly) ~ g*miy = 2 :§W+W—Hg - E :9w+W+H,“
k !

* From the measured WW couplings of h125 “SM=gmw and H650 ~0.9gmw,
one predicts a large gy .,w.n__ coupling

* In absence of a signal in W+W+ at LHC, one predicts a heavy mH++ but one
should take into account the possible opening of H+W+ which could reduce

BR(W+W+) well below 1
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The Georgi Machacek model ?

* This model has one iso-doublet plus two iso-triplet and passes the p ~1
rule at tree level

* It predicts H++ as belonging to a custodial 5-plet H5,H5+,H5++ , not
necessarily mass degenerate in an extended GM, e-GM1 2111.14195

* The neutral H5 component of GM does not allow to interpret the
pattern of decays followed by H(650) which dominantly decays into
W+W-

* We have therefore elaborated a further extension of GM, e-GM2, with
an additional doublet which does the job, H(650) becoming a mixed
state of the two doublets

* This extension also allows to include H(320), an additional scalar
observed by ATLAS in the reaction A(420)->H(320)Z



https://arxiv.org/abs/2111.14195

The neutral sector in an e-GM

* e-GM comprises two doublet fields ¢1 , ¢2 with vl and v2 and two triplet
fields y, & with the same v.e.v. u

 For the neutral sector one writes:

([ hgs ) (9
hias | ¢
Hspo | Faxa x%

| Heso &)

where the matrix is 4X4 unitary real (no CPV) with 16-4-6=6 free parameters
requiring the unitary vectors to be orthogonal

* |n total there are 643 (v1, v2, u) free parameters and 14 observables from LHC
measurements

* One needs to choose between various Yukawa coupling patterns and we find
tnatdtype | (all fermions having the same coupling) gives an agreement with
the data



Type | result

137 o' (13 TeV)

1 |2 [3 [a [nttysm]|zz/sm | ww/sm 5 N B oo
¢l | $2 X g ; Ol 8, =1
H95 | 0.08 | -0.56| 0 0.82 |-096 |-0.34 |0.59 s
H125 | 0.58 | 0.58 | 0.47 [ 0.33 |0.99 |099 |1.1 £
H320 | 0.31 ] 0.30 | -0.88 | 0.17 | 0.52 |-1.29 |-0.38
H650 | 0.74 | -0.52 | 0 -0.43 | -0.90 |-0.43 |-0.91 0 n e

m,,. [GeV]

* Non-trivial result since it allows to predict and all ZZ/WW signs relevant

for the second sum rule
WW-->212

2.4 .2
gmzcyye=l 9 o9 2
m%V =g mz= Zk:gW+W-HEQZZHg - ;-gw+zgr

 There is a cancellation which allow to Yaccommodate mH5+=375 GeV

* Predicts I'};350.77"10 GeV, excluded by the 4 lepton search unless I', ,~100 GeV

* Appears plausible if H(320) is predominantly coupled to hh as indicated by the ATLAS
result A->ZH(320)->Zbbbb

F. Richard 1JCLab April 2023 7



Predicted cross sections
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* Large x-sections allowing very precise measurements
* Access to H(320)hh self-coupling ‘easy’ ~200 times larger
than SM hhz
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TeV collider reach
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An example: ttH (from SiD)

* |LC provides 8000 fb-1 at 1 TeV

* Mass degeneracy inside GM triplet mH3+=mA=400
GeV was assumed

* The final states are complex modes (~ttH) requiring the
highest L and an almost ideal detector

* H(650) mainly produced through VBF (beam
polarisation allows a factor ~2 gain, not included)

* Using a e-e- collider one could also produce H =~
through VBF

F. Richard 1JCLab April 2023 9



CONCLUSIONS

* We propose a consistent description for the most significant observations
of neutral scalars at LHC with a simple extension of the GM model, referred
to as e-GM2

* This allows for a plausible, but not unique, prediction for the e+e- cross
sections at future colliders

* At a LC reaching a centre of mass energy of ~1 TeV, almost all these states
are measurable, except perhaps H++ which should be observed at HL-LHC,
illustrating the complementarity of the two colliders

* An e+e- LC would allow to probe the triple scalar couplings, an essential
ingredient to establish the model

* The complexity of the heavier final states and their low cross-section will be
challenging even for an e+e- machine operating in an easy environment

e Within this scenario, HL-LHC and a TeV LC offer a great discovery potential



Previous presentation

F. Richard 1JCLab April 2023



1

15t indication : H->ZZ into 4 leptons

ATLAS+CMS 113.5 fb-1
— ZZ->ee+pp

 The cleanest channel for discoveries

* From a combination of published histograms done in 1806.04529
with 113.5 fb! from CMS (2/3) and ATLAS (1/3) one observes a :
eak at M,~660 GeV I",,~100 GeV, ~90 fb with s/b=42/14~3.75s.d. &
ocal significance

e With 139 fb-1 ATLAS a ~3.5 s.d. effect at the same mass 2103.01918

* With 139 fb-1, with sequential cuts, an excess is observed at the
same mass, s/b=9/2 ~2.1 s.d., for VBF->H(660)->ZZ ~30 fb (~2 times
smaller with a MVA analysis less contaminated by ggF) 2009.14791

* The VBF cross section is below the inclusive cross section ~90fb
implying a dominant ggF contribution

* CMS analyses into four leptons, ggF nor VBF, are not yet published

* These results call for a combination of both analyses before one
can draw a valid conclusion

* Could stop here but...

Events/20 GeV

700 Mzz GeV

X axis logarithmic for m,, > 225 GeV
- Data TR
Mag — 4 gg—4l ]
W) VvV E

ATLAS 7T
Vs=13 TeV, 139 fb”

Events / GeV

Data/Prediction

Events / 30 Ge'

Data/Pred,
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https://arxiv.org/abs/2103.01918

Evidence for VBF->H(650)->W+W- ->88VvV

CMS PAS HIG-20-016

Large top background even after b-jet vetoing ~ ewsemmay  sorwiasten o o R 1
Wide signal with £50% mass resolution § ormt, B g [ @ e |
VBF->H(650)->€€VV (up, ee and pe) favoured & g

with 3.8 s.d. local (2.6 global) significance |

The VBF cross section ~160x50 fb, close to SM, S |

is >5 times larger than ZZ, inconsistent with GM = |

which predicts for the scalar H5 WW/ZZ=0.5! : 2 ') *
Within 2HD, h(125)WW from CMS gives e R R
sin?(0—f)~0.97+0.09 meaning that uiCeV)

H(650)WW~cos*(a—f3)~(0.03+ 0.09)SM
2HD 2 s.d. upper limit shown by the blue line

Table 3: Summary of the signal hypotheses with highest local significance for each fi 5 sce-
nario. For each signal hypothesis the resonance mass, production cross sections, and the local
and global significances are given.

Both inte rp retatio ns a re inco nsiste nt ! :Zi;z[ngrf 2{[1?188 [GeV ] rg‘glli cross sec. [pb] X?f;ross sec. [pb] Eocal signi. [o] ?éoiaé ;igni. [o]
An attempt from ATLAS does not reach the ~Fa=— ™ o - T
same senS|t|V|ty (onIy ue) ATLAS-CONF-2022-066 floating fygp | 650 29 %100 0.16 38 24£02

F. Richard 1JCLab February 2023 13




Evidence for gg+VBF->H(650)->Y(90)+h(125)->bb+yy

* 3.8 5.d. for mH=650 GeV and mY=90 9 -
GeV shown at ICHEP22 R e

* Mass resolution on Y does not allow CMS Profiming 1'38;;)_1(13%\/
to distinguish between Zand h(95) g .F Tl moo e

. . o : ” “‘:'10:: S >~ 300 8 610 Expected limit + 2 std. deviati
= %10™ . Xpecied IImit = £ std. deviauon
WhICh IS y nOW a gOOd Old frlen g% - oy Exzected limit + 1 std.deviation

.01012 ——> T = 400 GeV (x10") 0 e
;1 oe o TTTT Expected 95% upper limit

* CP says that bb cannot come from oD | S ) e Obsoed 9% pprlind
Z->bb but could be h(95) which is % 100 —
another strong candidate seenin3 1%

channels 2203.13180+1 (2302.07276 ) @ 1t
K10 e O D)

* The cross section is dominant over 110 Bsasamm—— oo
all other indications ~200 fb g

m, = 750 GeV (x10°)

m, =950 GeV (x10")
__>m, = 1000 GeV (x10")

|

1 | 1 1 | | | 1 | 1 | 1 |
200 400 600 800 1000
HIG-21-011 my [GeV]
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https://arxiv.org/abs/2203.13180
https://arxiv.org/abs/2302.07276

~l
o

. > 400 sy Ao ot =
-ATLAS Prel —
Interpretations S A :
o e - 139 b Q
H(650) cannot be accommodated within 2HD nor the 360f 1 A boson 7 i
genuine GM model S : }
340F
Requires an extension of GM with an extra doublet : by
where H(650) is a mixed state of doublets and = 2
triplets, under construction by our group 300} ®
Combining indications from H(650), one gets 6.7 s.d. 280f E
using P=Nbins*I1 Pi and 5.8 s.d. with a conservative 260~ 5
approach 400 600 800 -~
. . GeV
The ¢hannel H(650)->h(95)h(125) provides a T [GeV]
reinforced evidence for h(95) 2204.05975 Reac::”) #C“a”“ef/ex"“ #o TIPi llod) | # o Frequ.. | Michelin rating
pp->h(125 >2/2 >6.9 6.7 * %k %
Initial evidences for A(400)->tt and Zh from ATLAS  [eeteso) 7 67 58 om
not confirmed, nor progress on A->tt from CMS pp->A(400) 3/2 5 45 *
. h(95) LHC+LEP2 3/2 43 4 *
But new evidence for A->ZH(320)->Zhh->Zbbbb from = 7 v 28 ;
ATLAS at 3.8 s.d. ATLAS-CONF-2022-043 which also pp->H5+(375>WZ 1/2 35 3
. h(125)->a(52)a(52) 1/1 1.7 (3.3) 1.7
requires e-GM pp->H3+(130)->bc 1/1 16 16

See 2208.00920 and 2112.00921 for alternate
interpretations of H(650)

F. Richard 1JCLab February 2023 15



SUMMARY OF BSM CANDIDATES

VBF->ZZ/WW ggF->ZZ

H(650) ]

ttZh tt

ZW
[ H+(375) ]

27

A(420)
\ z
h(125) ]

WW/ZZ yy 1t yZ pp

aa?

h(151)

Zh yy Tt Yy aa?
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Missing slides & additional slides

(lack of lime)
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Events / 2.0 GeV

Data-Bkg

Compatibility h->pe and h->yy

CMS Preliminary 138 fb" (13 TeV)
24[]_ T T L NN B B B B N S B B B R = % BOU __| T 1 1 | L | T 1 1 1 T I T T | T 1 1 1 | L q__
220F- NN Weighted 3 o f + Data :
200 All S(yy, Iiy) - o — S+B fit -
= — : = -
180F- — Signal = © 100 - -=-== B component
160F- — g::.:nkgmund = g B i
140E- = g 200 4 [ ]+2¢ E
120E — Rl N ]
1[}[]:_ = g B i
E = 200 [— .
80~ — o [ )
Eﬂ:'— pls J) B
= = =~ 100 -
40F- = %) - 5
IEn:_ ._: 0 B 1 L 1 L | 1 L L L | 1 L 1 L | L 1 L 1 I 1 L 1 L | 1 1 L L | 1 1 L L i
T T T T | T T T T | T L T '| T T T T I T T T T T 1T T T | T L. T
20 ¢ - 80 B component subtracted
60
0 ‘ ‘ " . . ‘ ‘ . ® . AD
¢ 20
. N - , N 0
130 135 140 145 150 155 160 -20 b .
-40
ms [GEV] _60 1 L 1 Il | 1 1 1 L | 1 Il 1 L | L 1 Il 1 I 1 L 1 Il I 1 1 L L | 1 1 1
100 110 120 130 140 150 160 170
me, [GeV]
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H->WW->pe vy from ATLAS

LRI B L L AL I B LR
10 = . .
: ATLAS Preliminary
T {s=13TeV, 139 fb™
[ GM, VBF, Hy - WW—evuv

* ATLAS has provided a preliminary
result (PISA) on VBF->H5->WW in
uevVy (not pu nor ee) ATLAS-CONF-2022-
066

e Like CMS, ATLAS sees a wide excess
around 650 GeV but with only at the 1

s.d. level
e ATLAS can set a 200 fb 2 s.d. limit for
o(pp->H)xBR(H->WW)

* This limit is compatible with the
observation of CMS 16050 fb

* ATLAS has a smaller efficiency as R T N E
compared to CMS (retain only pe) ., [GeV]

Expected
—— Observed Limits |

95% CLs Limit on o(pp—s H) x BR(H—> WW) [pb]

10 =

F. Richard 1JCLab February 2023



Predictions from the sum rules

e For H+5->WZ the blue band is closer to the
limit from CMS and one cannot exclude
mH5+=375 GeV, as indicated by ATLAS and
CMS

* The blue band, obtained assuming
BR(W+W+)=1, will decrease with the opening
of H++-> H3+W+, H3+H3+ and H5+W

F. Richard 1JCLab February 2023

ot x BH — W'Z) [pb

o

137 b’ (13 TeV)
. CMS — Observed -

B 68°% expected

== 95% expected
e ﬂ:u. $“= 1

10°

1000 2{]}}!] 3000
m,;. [GeV]

137 fo' (13 TeV)

rrrrrrrr

or X B(H™ — W*W*) [pb]

H
Sy
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s |
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A(420)->ZH(320)->Zh(125)h(125)

* Local (global) significance of

3.80 (2.80)

* hh into 4b using mass constraint 340

to improve resolution

* Requires e-GM for H(320) 3001

* Note that A(420)->ZH(320) is
close to threshold, meaning that :
the true width of H(320) could 260

320

be larger than indicated by the

plot

F. Richard 1JCLab February 2023

280+

e
- ATLAS Prelig
- Vs =13 TeV
[ 139 fb!

_ LW A boson
| Observeg—

400 600

ATLAS-CONF-2022-043

800
m, [GeV]

N w H (@)} (@)) ~
(@) (@) (@) (@) (@) (@]
95% CL limit on G(A)x
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o

0

24
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Complex events

An example: ttH (from SiD)

F. Richard 1JCLab February 2023
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GM model issues
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Georgi-Machacek for pedestrians

* Allows 1=2, H++, without violating p=M?w/Mz?*cos*0w=1 at tree level

* Is achieved by combining 1 isospin doublet (v,) + 2 triplets, one real the other
imaginary, with the same vacuum expectatlons

Uy + 405 + 457 v? =1 with v =Ve=U
72 + 832 2+ 402 — 7). X

p=

* Predicts a 5-plet of physical states H5++ H5+ H50 H5- H5— Fermiophobic only
produced by VBF

e + 3-plet H3+ H30 (CP-odd) -> A(400)

* Mass degeneracy inside multiplets usually assumed but unnecessary for p=1
see 2111.14195

* + Singlets h(125) and H mixing angle o

F. Richard 1JCLab February 2023 27



Yukawa coupling schemes in 2HDM

* Yukawa couplings in 2HDM offer a
wide range of possibilities
2104.03275

* In most 2HDM models each type of
fermion (u,d,®) is coupled to only

one scalar doublet ¢, or ¢, hence no

FLV

* |In type lll they can be coupled to
both hence FLV at tree level
1612.01644

* The preferred mass region is for
mh<2Mw

D S S ¢ Yo G G G
Typel| 0 0 0  x x ottt
Typell] x 0 x 0 0t —tg -tz
TypeX| 0 0 x 0t ;' s
TypeY| x 0 0 0 x g ~tg  t5
I BN =

F. Richard 1JCLab April 2023
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The GM model for advanced

* GM is constituted by one doublet ¢ and two triplets, | H1 and H1’

. have following composition
one complex ¥ and one real £, with the same vacuum 8 P

expectations to get p=1 St
X £+ Hi' = \/;50 N \/;XOJ‘
$*
e ( )’ = o ’ - ' H
) * (:o) ¢ (f_’) e The physical states are
_ _ P _ _ h=cosaH] —sina H}',
Y=1/2T=1/2v$  Y=1T=lvy Y=0 T=1 V¢ ma L
H=smaH; +cosaH;.
72 + 402 + 4072 e
P=""52 1802 v+ 42 —2) -
¢ T X x ¢ * The mixing angle a has to be small to

* Only ¢ couples to fermions avoid altering the doublet properties

* They form the following physical states, dominantly  of the SM h(125)

triplet e E.g. sin 0=-0.15 & sH=0.5, v$=213 GeV
B =25 for the doublet, vE=vy=43.5 GeV for
B = 20— [ the triplets

(x*+£")
Hf = —syo* +cu

V2
11(; = —s”o”" + ('”\”'I.
F. Richard 1JCLab December 2022 29



SGM: a SUSY version of GM

1308.4025

* GM does not necessarily mean
compositeness

* SGM provides all the “goodies” of SUSY
e Perturbativity, computability

\° ) - ( & ot ) - (7 u'**)  EWSB naturally triggered
_XVT’ 3 = 05_ 3 I —

 Mh predicted with less “tension” on
stop masses with extra contributions to

RC
= * Two doublets as needed to interpret
) . Hy= ( i ) H320 and the ZZ/WW decays of H(650)

e DM candidate

* Complex/rich world with ~20 Higgs
scalars

F. Richard 1JCLab December 2022 30



x B(H" = WZ) [pb]

>
o

1072

N

What about H5+ and H5++ ?

2104.04762

. CMS

137 fb' (13 TeV)
T | T T T T _l

— Observed
B 68% expected
=--- 95% expected

cegH =
GGM,SH_‘I

..
*
"4

1000

2000 3000
m,, [GeV]

* CMS cross sections assume s, =1 are divided by 4 for s,=0.5

6 x B(H* — W2) [fb]

5

ATLAS-CONF-2022-005

|IIII|IIII|IIII|IIII|IIII
Obs. 95% CL upper limit

T 17T | L | T 17T
ATLAS Preliminary
EVs=13TeV, 139" — — Exp. 95% GL upper limit

- VBFSR [ ] Expected limit (+10)

B |:| Expected limit (+2)

o
]

10°

1 1 1 | 111 1 | I 1 1 1 | I 11 1 | I 11 1 | I 11 1 | I 11 1 | I 11 1
200 300 400 500 600 700 800 900 1000
m,: [GeV]

CcMS

137 b (13 TeV)
L

— Observed
[ 68% expected
= 95% expected
gl s =

Cow sH =1

1 ‘ 1 | Il "‘.I
2000 3000

m,.- [GeV]

* If H3+is light H3+Z and H3+W+ become dominant and these resonances become
wide

e Coincident excess at mH5+~375 GeV for ATLAS (2.8sd) & CMS while naive GM
predicts 650 GeV

* Not excluded in eGM 2111.14195

E Richard 1ICI ah Echriiarvy 2002
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e+e- Colliders
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LUMINOSITY at 1 TeV

e R —

| Luminosity vs Energy of Future e*e” Colliders

* |In reference 1903.01629 a
running scenario of ILC at 1
TeV collecting 8000 fb-1 has
been envisaged

* Beneficial for Higgs self-
coupling measurement

. | —e=— FCCee

Ny i.] == cepc |4 S

e\ | —a= LCbaseline |- A

—h
o
AV
'I
|

_ _____________ ==& = |LC luminosity upgrade @ | .. _____ =

:d vimoe ILC 10 Hz operation | e

e Discoveries at LHC would
boost these studies at ILC an
CLIC

e Convert ILC into an ERL
2105.11015 and 2203.06476

Luminosity /IP [10** s''cm?]
=

1
Center-of-Mass Energy [TeV]


https://arxiv.org/abs/1903.01629
https://arxiv.org/abs/2105.11015

Snowmass Paper

arXiv:2203.07622

Quantity Symbol Unit Initial £ Upgrade Z pole

Centre of mass energy NG GeV 250 250 91.2 500
Luminosity £ 10¥%ecm=2s7! 135 2.0 0.21/0.41 1.8/3.6
Polarization for e~ /e™ P (Py) % 80(30) 80(30) 80(30) 80(30)
Repetition frequency Frio Hz 5 5 3.7 5
Bunches per pulse Nbuiic 1 1312 2625 1312/2625 §1312/262
Bunch population N, 1010 2 2 2 2
Linac bunch interval Aty ns 554 366 554/366 554/366
Beam current in pulse Loiilse mA 5.8 8.8 5.8/8.8 5.8/8.8
Beam pulse duration toulse s 727 961 727/961 727/961
Average beam power Pava MW 5.3 10.5 1.42/2.84%) 10.5/21
RMS bunch length o, mm 0.3 0.3 0.41 0.3
Norm. hor. emitt. at IP Yéx 1 5 5 5 5
Norm. vert. emitt. at IP Yey nim 35 35 35 35
RMS hor. beam size at [P oy nm 516 516 1120 474
RMS vert. beam size at IP oy nim 1.7 Tl 14.6 5.9
Luminosity in top 1% Lon/L 73% 73 % 99 % 58.3 %
Beamstrahlung energy loss OBs 2.6 % 2.6 % 0.16 % 4.5%
Site AC power Piite MW 111 138 94/115 173/215
Site length T km 20.5 20.5 20.5 31

Table 4.1: Summary table of the ILC accelerator parameters in the initial 250 GeV staged configuration and possible upgrades.

A 500GeV machine could also be operated at 250 GeV with 10Hz repetition rate, bringing the maximum luminosity to

5.4 -10* em™2s™! [26]. *): For operation at the Z-pole additional beam power of 1.94/3.88 MW is necessary for positron
| production.
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