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Taking the SM to higher dimensions
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- using established bricks

(fields and symmetries)

- extension organised by

relevance (dimension)

- including all deformations

(theory space coverage)
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Isolating subtle patterns of new physics

- precise SM&EFT predictions

. preC|se measurements

— correlate deviations
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Future et e~ colliders provide ideal precision input
at electroweak scales.

Precision further blurs the separation between sectors
rendering a global, consistent QFT, treatment indispensable.

Gauthier Durieux — Corfu workshop on future accelerators — 24 May 2024


https://inspirehep.net/authors/1273362
https://indico.cern.ch/event/1349196/timetable/#all.detailed

Higgs and weak bosons



Improvement compared to LHC
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Improvement compared to LHC
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Improvement compared to LHC
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Improvement compared to LHC

[Higgs@FC '19]
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Improvement compared to LHC
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W HL+HELHC HL+ILC: HL+CLICag0 pr HL+FCCoe240 10-1
HL+ILC, HL+CLIC1500 HL+FCCoo65 ,
SMEFT fit B HL+LCiog M HL+CLICa000 B HL+FCCogion '> [Ellis,You '15]
[Ellis et al "17]
| | [de Blas et al '16]
L R | el | {102
p [CD e o1 7]
improvement wrt. HL-LHC 7]
rrrrrrrrrr -_— Ny 7]
R ,lif _ _Bn ,., . =™ =
il ERome s oo ] S
"""" Tt b= T R R o Tt |,
,,,,,,, o5=gE8 b

eff eff
9hzz 9aww

Qbe

Bry,_up ~ 60%

eff
g Hrr

Brorr ~ 6%

A

i R IS N N L N

HE BN

o i |

g2 gflww Qﬁyy g:IZy gﬁfég ol ot oty offf Qﬁw 5912 6Ky

Gauthier Durieux — Corfu workshop on future accelerators — 24 May 2024

Az


https://arxiv.org/abs/1905.03764
https://arxiv.org/abs/1510.04561
https://arxiv.org/abs/1701.04804
https://arxiv.org/abs/1611.05354
https://arxiv.org/abs/1704.02333
https://arxiv.org/abs/1708.09079
https://arxiv.org/abs/1708.08912
https://arxiv.org/abs/1711.03978
https://arxiv.org/abs/1711.04046
https://arxiv.org/abs/1907.04311
https://inspirehep.net/authors/1273362
https://indico.cern.ch/event/1349196/timetable/#all.detailed

Higgs-diboson interplay

- ete” — WTW~ crucial for Higgs precision

- benefiting from optimal observables
[de Blas, GD, Grojean, Gu, Paul '19]
at LEP already [Opal, L3, ALEPH, DELPHI]

- sensitivity driven by high energies (240, 365 GeV)

requires good forward detector coverage

- also prObeS %3 COUpIingS [GD, Grojean, Gu, Wang '17]
often unduly neglected in diboson
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Higgs and electroweak precision



. . [de Blas, GD, Grojean, Gu, Paul '19]
Higgs-electroweak interplay
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New EW measurements required for Higgs coupling extraction.
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Electroweak-Higgs interplay

15 EW parameters (13 Higgs-TGC ones also marginalized over)
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Electroweak-Higgs interplay
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high-energy Higgs measurements help constraining g5°
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Electroweak-Higgs interplay

15 EW parameters (13 Higgs-TGC ones also marginalized over)
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high-energy Higgs measurements help constraining g5°

Gauthier Durieux — Corfu workshop on future accelerators — 24 May 2024


https://inspirehep.net/authors/1273362
https://indico.cern.ch/event/1349196/timetable/#all.detailed

Single and triple Higgs couplings



Triple Higgs coupling in proton collisions
SM ratios: 17, 3.7, 1.4
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In lepton collisions, above 500 GeV
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[Barklow et al. '17]

In lepton collisions, above 500 GeV [Di Vita et al. '17]
ILC CLIC

missing et e~ — Zhh to
constrain positive 0k
- exploiting mpy, instead  [Continoetal. '13]

- perfect complementarity
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robust against single Higgs couplings modifications
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In lepton collisions, below 500 GeV

- NLO sensitivity (finite and gauge-invariant NLO EW subset)
- dominated by ete™ — hZ at threshold
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percent effect x permil hZ precision — naive 10% constraint
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[Di Vita et al. '17]

Single-triple Higgs couplings interplay
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Correlations with single-Higgs couplings require two +/s.
Individual 1o limit (14%) much tighter than global ones (460, 110, 50%)
One energy point already help lifting secondary HL-LHC minimum.

Gauthier Durieux — Corfu workshop on future accelerators — 24 May 2024 12


https://arxiv.org/abs/1711.03978
https://inspirehep.net/authors/1273362
https://indico.cern.ch/event/1349196/timetable/#all.detailed

Single-triple Higgs couplings interplay
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[Di Vita et al. '17]
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Triple Higgs coupling prospects summary
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Higgsstrahlung centre-of-mass energy
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ioptimise/split ~ 240 GeV energy/ies?
iradiative return from ~ 365/380 GeV?

jeven from ~ 240 GeV downwards?
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Back-of-the-envelope calculations!
and discussions with Jenny List
& ECFA self-coupling focus group
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Back-of-the-envelope calculations!
and discussions with Fabio Maltoni

Differential hZ information 2 Xiaoran Zhao
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3050 g 00
R R = +
sefe gle| & |e — hZ product n angle
B o048 g0t
2 1 dotree 1 Utree"ro'loop doee o 1
£ oudl dcos 6z Tloop d cos 02 {o@eethi00p)  dcoslz Otree Y O3 07
€ 0.46 i
-0.3
0.44
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cosB(Z) c0s8(Z)
0.70 v
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_ 065 — 002
2 E
S s
2 0,604 & 000
5 4 — H pot +,,— H
2 I3 y
g p~ azimuthal angle | § .| Z/ p"p” azimuthal angle
2 0.55 -
2 1 doy VS 1 doieop 3 d(OtreetTloop) dodhee 1
£ . — - —
§ 0.50{tree d cos Tloop dcos b, § (odeet0i00p) dsin ¢, Otree\d SiN(¢,
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sin gu* sin ou*

iexploitable with an optimal discriminant?
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Structurally large 0k /dky in BSM

[GD, McCullough, Salvioni '21, '22, '22]
see also: [Di Luzio, Gréber, Spannowsky '17]

[Gupta, Rzehak, Wells '13]  [Falkowski, Rattazzi '19]

[Logan, Rentala '15] [Chala, Krause, Nardini '18]

loop factor (or v2/M2) allowed dimensionally btw. H® and D?H*

custodial weak-quadruplet scalar Gegenbauer's Twin

[etc.]

1 2 3 4 5 6 -35 =30 -25 —-20 -15 —-1.0 -05
M [TeV] Sk
~ \
A H*H*(eH)® + /\\/l§ H*H*H*® \3(%?:@‘_\0(\9
QO
23
- dim>6 operators may be very relevant @Q‘e

- vacuum stability limiting the dx)/dky ratio
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Structura”y Iarge 5/{/)\/55\/ |n BSM [GD, McCullough, Salvioni '21, '22, '22]

see also: [Di Luzio, Gréber, Spannowsky '17]
[Gupta, Rzehak, Wells '13]  [Falkowski, Rattazzi '19]
[Logan, Rentala '15] [Chala, Krause, Nardini '18] [etc.]

loop factor (or v2/M2) allowed dimensionally btw. H® and D?H*

custodial weak-quadruplet scalar

Gegenbauer's Twin

14 0.00
12 ~0.011 / /
—0.02{ n=
n =10 E
—0.03 1
A SKy
—0.04 n =8
—0.05 1 s
____________ ~0.061 ne6
i —0.07
1 2 3 1 5 6 135 =30 —25 —20 —15 —10 —05 0.0
M [TeV] Okx
~ \
* [ f* 1 PN NENNEY [ N
ANH*H (eH)¢+)\%H H*H*® % 3&\0(\
e‘?e’(\&
- dim>6 operators may be very relevant o

- vacuum stability limiting the dx)/dky ratio
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Top quark



TOp electroweak |nteract|0ns [GD, Irles, Miralles, Pefiuelas, Péschl, Perelld, Vos '19]

[GD, Gutiérrez Camacho, Mantani, Miralles, Miralles Lépez, Moreno Llacer, Poncelet, Vryonidou, Vos '22]

T g

7 140%

ratio to SM

“ 12%  13%
100 4 = 4.3% L — ratio to current

3.4

= current
stat.oc £71/2 —
x 10! S99 + HL-LHC S1

y=——= + HL-LHC S2 .
stat. o 5_1/2/ e
£71/2 2 rather
5ys. X 10 3 optimistic
th./2 T I_ T T T T T
Cot  Coq  Cotb 3, Cw Cz  Ctp
Ztt tbW dipoles Yuk.

systematics limited, ~ 10% precision
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TOp electroweak |nteract|0ns [GD, Irles, Miralles, Pefiuelas, Péschl, Perelld, Vos '19]

[GD, Gutiérrez Camacho, Mantani, Miralles, Miralles Lépez, Moreno Llacer, Poncelet, Vryonidou, Vos '22]

~+I

t t w+ b t
z —n =Wy
t b u d

10" 140%
— ratio to SM

129 = ()\—> 13%
0
10° 4.3% -

9

-1/2 == current 4
stat.oc L7 3y 4 HLLHC st
4 4+ HL-LHC S2 .
stat. oc £-1/2 —— +ILC 500

l— ratio to current

sys.oc £L71/2 1072 4 w
th./2 : T
Cd>a

Cot C¢_q C¢tb
Ztt tbW dlpoles

systematics limited, ~ 10% precision
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In lepton collisions, above 350 GeV (GD, Perell6, Vos, Zhang '18]

[CLICdp '18]
[see also Janot '15]

Powerful stat. optimal obs.

Experimentally and theoretically robust.

Two energies required for ttV + ttll.

FCCee

0.1 CfA —

+ % ;
0.62 (& n

20 Céq Pt = \u/a Ow/)
0.20 O ! 07 R 500 000 1400 3000

o7 5 [GeV]
037 CV _—I e

8.9 CV
0.38 CR ——— statistically optimal observables
059 CR | CC-like run scenario

s ud 200 b1 at /5 = 350 GeV
310, —_ 1.5ab~" at /5 = 365 GeV
0.62 Cl, P(et,e7) = (0%, 0%)

'
104 10°3 102 10! 10° 10!

Sin TV 2, Ax2 =1
- white marks: individual constraints
- /xx: global/individual ratios
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In lepton collisions, above 350 GeV (GD, Perell6, Vos, Zhang '18]

[CLICdp '18]
[see also Janot '15]

Powerful stat. optimal obs.
Experimentally and theoretically robust.
Two energies required for ttV + ttll.

ILC
0.0019 Cf [— gl
o2 r 15 lz El statistically optimal observables
P o 0019 Cly (— "l ILC-like run scenario
— 0 2 C‘fq 500 fb~! at /s = 500 GeV/
B 000 CY —— ! Lab™! at 5 = 1TeV
1s "4 | Ple*,e™) = (£30%, F80%)
0.3 01 poooos CF (— — |
> 03 CF, —
01 > 0083 ClYy _
0.2 -0.2 -o.z. « . Ly 002 (&N +
i t )UU‘JI‘ cl, ’
" 0.048 CL
CPV Ol .
104 10-° 1072 10! 10° 10!

Sin TV 2, Ax2 =1
- white marks: individual constraints
- /xx: global/individual ratios
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In lepton collisions, above 350 GeV

Powerful stat. optimal obs.
Experimentally and theoretically robust.
Two energies required for ttV + ttll.

CLIC
P 0.00034 C,’; j— EI
)(mnm% Céz f— fl
= nm; Cj;‘q
>0 00027 Cl‘; j— |
>0.00022 CY, fmmmmn :
~ ug; ng L]
0.2 0.2 > 0 n:.:: [ - |
0102 02 <1 [l |y 0014 CR, ﬁl
dipoles e ’
0.028 ct,
107 1072 102 107!

Sin TV 2, Ax2 =1
- white marks: individual constraints
- /xx: global/individual ratios
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[GD, Perell6, Vos, Zhang '18]
[CLICdp '18]
[see also Janot '15]

statistically optimal observables

CLIC-like run scenario
500fb~" at /s = 380 GeV
1.5ab~! at /5 = 1.4 TeV

3ab~!at \/s=3TeV
P(e*,e7) = (0%, F80%)

10° 10t
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Four tops |n pa|r product|on [Degrande, GD, Maltoni, Mimasu, Vryonidou, Zhang '20]
[https://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO]

0~ t t £~ t by

A t A by

(Y- >tt
—0jinlTsm, N2[c;=TeV?
0] MR=HMerr=VS

Wy gt~ >bb
|Ciinllosm, N2/c; = TeV?
MR =HMegrr=VS

-
1073 cqu
cQQ1 -cOtl
qqs L
103 ] a8 10
+cQQ8
10 bands: MC uncertainties 10-¢ bands: MC uncertainties
10 01 10

VS [TeV] VE [TeV]
USM—>1/S, OJin — CSt

cgt chir.-suppressed sign flip around 150 GeV
negative Coo to ~ 0 above 400 GeV
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Composite Higgs scenario

100

50

HL-LHC _ 5
[Farina et al. '18]

[GD, Matsedonskyi '18]

- 1o sensitivities
- fully composite tg
- up to £O(1) factors

. . ————— ]
CLIC (3 TeV o, - 1

[ 4, ( )\\M\;/ <
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top is complementary to Higgs in probing natural BSM
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Top-Higgs interplay



Top electroweak couplings below 350 GeV

EWPO Diboson Higgs
[Zhang, Greinler, lVViIIyenbrvock :12] [GD, Gu, Vrienidou, Zhang '18] [Vrionidou, Zhang, '18]
[Dawson, Giardino '19, '22, '23] [see also Boselli et al '18]
[Liu et al. '22]
e t -7

Wr\/\@'WW
b

W+
t
b
et w- _
¢ e
>-O< )
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https://arxiv.org/abs/2205.05655
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[GD, Gu, Vrionidou, Zhang '18]

Top_nggS |nterp|ay [see also Jung, Lee, Perelld, Tian, Vos '20]
Ctpt AXQ =1
o top@HL-LHC
©Q 240GeV, 5ab ™!
Ciw
Cip
Cip
Cia
1073 1072 1071 10° 10! 10% TevV—2

Individual constraints (blobs)
- competitive with the HL-LHC (e.g. on the top Yukawa C:,)
- dominated by Higgs measurements (diboson improves with energy)

Global constraints (bars) (12 Higgs + 6 top operators floated)
- large flat directions with 240 GeV run alone (not shown)
- still improves the HL-LHC combination
- more differential distributions should help
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. . [GD, Gu, Vrionidou, Zhang '18]
TOP—H IggS |nterp|ay [see also Jung, Lee, Perelld, Tian, Vos '20]

Ax?=1
top@QHL-LHC
+240GeV, 5ab™!

1073 1072 10! 10° 10! 102 TeV—2
Individual constraints (blobs)

- competitive with the HL-LHC (e.g. on the top Yukawa C:,)

- dominated by Higgs measurements (diboson improves with energy)

Global constraints (bars) (12 Higgs + 6 top operators floated)
- large flat directions with 240 GeV run alone (not shown)
- still improves the HL-LHC combination
- more differential distributions should help
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. . [GD, Gu, Vrionidou, Zhang '18]
TOp—HIggS |nterp|ay [see also Jung, Lee, Perelld, Tian, Vos '20]

N

Coot On a linear scale, in the (Ciw, dcz) plane:

T

C L Ax%=1
°e 0.01 top@QHL-LHC
Ciw + 240 GeV (tree)
Cip 0.005 - + 240 GeV (loop)

Coo ™1 « | Ve individual
ty bg ok
Cia .
1073 | —0.005}F i TeV 2
Individy |
- com —0.01f |
- dom 1 | I | |
—-0.2 —0.1 0 0.1 0.2
Ciw

Global ¢ . extra parameter space covered thanks to loop sensitivity

: Ia'_’ﬁ‘ - room for improvement between glo. and ind. constraints
- sti

. more differential distributions should help
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[GD, Gu, Vrionidou, Zhang '18]

TOp—HIggS |nterp|ay [see also Jung, Lee, Perelld, Tian, Vos '20]
Ctpt AXQ =1
o top@QHL-LHC
°Q +240GeV, 5ab™!
Crw +350/365GeV, 1.5ab~?
Cip
Cip
Cia
1073 1072 1071 10° 10! 10% TevV—2

Individual constraints (blobs)
- competitive with the HL-LHC (e.g. on the top Yukawa C:,)
- dominated by Higgs measurements (diboson improves with energy)
- loops in e"e” — tt would improve its impact on Gy, and Cig

Global constraints (bars) (12 Higgs + 6 top operators floated)
- large flat directions with 240 GeV run alone (not shown)
- still improves the HL-LHC combination
- more differential distributions should help
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. . [GD, Gu, Vryonidou, Zhang '18]
H IggS—tOp |nterp|ay [see also Jung, Lee, Perelld, Tian, Vos '20]

light shades: 12 Higgs op. floated + 6 top op. floated
dark shades: 12 Higgs op. floated + 6 top op. — 0

CC 240GeV circular collider with unpolarized beams

[l CC 240GeV + HL-LHC 240GeV (5/ab) + 350GeV (0.2/ab) + 365GeV (1.5/ab)]
light shade: marginalized over top parameters |
solid shade: all top parameters set to zero

Il CC 240/350/365GeV
B CC 2401350365GeV + HL-L]

top@HL-LHC ete—| L 7

precision

107 = = -
6Cz Czz Cm Cy Czy CTo OY OY OYy OYyp Oy, Az k102

Uncertainties on the top have a big effect on the Higgs

- Higgsstr. run: insufficient

- Higgsstr. run & top@HL-LHC: large top contaminations in €y gg,7~,22

- Higgsstr. run & ete™ — tt: large y; contaminations in various coefficients
- Higgsstr. run & ete™ — tt & top@HL-LHC: top contam. in g only
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[GD, Gu, Vryonidou, Zhang '18]

Higgs-top interplay

0.04 : : ~
o\ Higgs @ ete™ h __E’Y_’Y{
0.021 i ***** top @LHC ~
: —— joint loop fit
R e —— +topQefe _
& 0.00{ 17 R \S—— s CtB, v
T r
! ! h--- t
—0.021 ; | !
! ! et t
—0.04 ’ | '2 (') éiml. limf, Ay? = 14 CtB
CiB e” g4 t

Higgs@e'e™ helps improving top coupling precision.
Higgs precision is however contaminated by top uncertainties.

Top@e™e™ is needed to achieve the full potential of Higgs@e™e™.
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Toy model interpretations



Toy model interpretations

[Celada, Giani, ter Hoeve, Mantani, Rojo, Rossia, Thomas, Vryonidou

B HL - LHC, gyv =1 B FCC —ce, guy =1

- Heavy Scalar +HL - LHC, gy = 47 +FCC — e, gy = 4r
o o — —len <l —ln ey
2 A & S 8 & &
[ — —
= =) © < <o o
= <= NS NN Nl

My [TeV]
LEP+LHC
T HL

| FCCee

=4n

100
= 47

see Christophe Grojean (p.28) and Ben Stefanek'’s talks
for additional renormalisation-group running effects
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SMEFT at future eT e~ colliders

It encodes the virtual effects of heavy new physics,

in order to systematically probe small correlated deviations.

It is ideally suited for precision measurements at electroweak scales.

It allows to globally combine widely different measurements,

to account for quantum effects,

which further blur the separation between sectors.
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Extras



Future lepton colliders
2010 15 20 25 30 35 40 45 50 55 60 2065
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