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iTimeline and run plans
subject to frequent updates!
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High luminosities at the peak of o(ete™ — hZ) and below
will dramatically improve our knowledge of the Higgs and
electroweak sectors.

...but...

Determining the trilinear Higgs self-coupling
—constrained to order 100% at the HL-LHC—
through Higgs pair production requires higher energies.

Much of the top electroweak sector will remain loosely
constrained after the HL-LHC (order 10%) and tt, tth
production also require higher energies.

...any improvement in the next 15-20 years?



For the Higgs trilinear and top EW couplings,
Q1. Could loop sensitivities and precision measurements
at lower energies be exploited?

Q2. Could loosely constrained loop contributions
contaminate precision measurements?

in a robust global SMEFT approach.




Probing the SMEFT quantum structure
at future lepton colliders

- Tree-level Higgs and diboson
- Higgs trilinear loops

- Top electroweak loops



Global Higgs and diboson
tree-level SMEFT analysis

i

systematically
parametrizes the theory
space above the SM!



Baseline setup
[GD, Grojean, Gu, Wang,

- Higgs basis of dim-6 operators
- Higgs and diboson processes:

ete” — hZ, WtwW~ (incl. angular distributions)
hv, htt, hhZ, hhvi
h— ZZ*, WW*, vy, vZ, gg, bb, cg, 77, whp™
- flavour universality, relaxed to distinguish Yukawa's
- no CPV, EW parameters, dipole operators

— 12 EFT d.of.: My /TS ~ 1 25
dcz, czz, czo,
Cyvs Czys Cggs
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http://www.arxiv.org/abs/1704.02333

Global Higgs and diboson constraints [GD, Grojean, Gu, Wang, '17]
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— importance of complementary measurements
(different c.o.m. energies, polarizations, distributions)

— importance of diboson measurement precision
(not studied much by exp. collaborations)

— order of magnitude improvement wrt LHC, and dy. constraint
(especially on dcz, §czz, dczo, Syb, Oyr, Az)
— LHC helps for ¢, dy,, and dy; (below 500 GeV!)


http://www.arxiv.org/abs/1704.02333

Higgs trilinear loops



Higgs trilinear (aka dk)) loops

- NLO sensitivity (finite and gauge-invariant NLO EW subset)

- dominated by eTe™ — hZ at threshold [McCullough *
[Gorbahn, Haisch ’
[Degrassi et al
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— few permil hZ measurement naively implies a few 10% constraint
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Q1: Global trilinear loop sensitivity (at the ILC)

[Di Vita et al. '17]

- individual Ax?*=1 limit (30%) much tighter than global ones (580, 130, 60%)
- 350 GeV run necessary to lift approximate degeneracies, without LHC
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- second LHC minimum already resolved by a 250 GeV run
- constraints dominated by lepton colliders for 1.5ab™" at 350 GeV (~ 50%)


http://arxiv.org/abs/1711.03978

Q2: Trilinear loop contamination (at the CEPC/FCC-ee)
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- Two centre-of-mass energies are required to controle dx) uncertainties



Q2: Trilinear loop contamination (at the CEPC/FCC-ee)
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Compared to direct determinations

et AX*=1,4 pounds, lepton collider only
I Ax*=1,4 bounds, combined with HL-LHC

HL-LHC |} %1 14TeV(3/ab), rates & distributions
CEPC| % 11941 240GeV(5/ab) only (CEPC)
& 8 0761 240GeV/(5/ab)+350GeV(200/fb)
FCC-ee | +0441240GeV(5/ab)+350GeV/(1.5/ab) (FCC-ee)
+040) ECC-ee with zero aTGCs
ILC|™% +1131250GeV(2/ab) only

0831 250GeV/(2/ab)+350GeV(200/fb)
024 above + 500GeV/(4/ab)
*02 above + 1TeV(2/ab)

CLIC|%% 0321 350GeV/(500/fb)+1.4TeV(1.5/ab)+3TeV(2/ab)
o w3114 Zhh at 1.4 TeV
o 027 binned My, in vzhh (4 bins)

2 -1 0 1 2 3=/ AM -1
robust indirect constraints at low energy require a global analysis
~ 40% with 1.5ab™1 at 350 GeV
- best direct high-energy determinations
~ 20% precision with 500 GeV + 1 TeV runs




Top electroweak loops



Top electroweak loops
° At the Z pOIe [Zhang, Greiner, Willenbrock '12]
e In diboson production [GD, Gu, Vrionidou, Zhang '18]
t
differential in the production angle

. [Vrionidou, Zhang, '18]
e In Higgs processes [see also Boselli et al '18]

t
><: >%//
d

- Higgsstrahlung and W-fusion through reweighing in MG5/AMC@NLO
- Higgs decays

(excluding four-fermion operators, no top loop included in ete™ — tt)
10
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Q1: Improvement on top operators (at the CEPC/FCC-ee)

Ctpt AX2 =1
o top@QHL-LHC
©Q 240GeV, 5ab ™!
Ciw
Cip
Cte
Cic
10-3 10—2 101 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 op. floated)
- large flat directions with 240 GeV run alone (not shown)
- still improves the HL-LHC combination
- more differential distributions would help further

11
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Q1: Improvement on top operators (at the CEPC/FCC-ee)
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- extra parameter space covered thanks to loop sensitivity
- room for improvement between glo. and ind. constraints
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Q1: Improvement on top operators (at the CEPC/FCC-ee)

th AXQ =1

_ top@QHL-LHC
Ccpcz +240GeV, 5ab™!
Ciw +350/365GeV, 1.5ab~!

10~3 10—2 10~1 109 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)
- loops in e"e” — tt would improve its impact on Cy, and Cig

Global constraints (bars) (12 Higgs + 6 top op. floated)
- large flat directions with 240 GeV run alone (not shown)
- still improves the HL-LHC combination
- more differential distributions would help further
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Direct determination (at cLIc)

[GD, Perello, Vos, Zhang '18]

from a global EFT analysis of ete™ — tt — bW+ bW~
using so-called statistically optimal observables
including simultaneously all linear top EFT contributions

. 380 GeV
38041400 GeV
3804140043000 GeV
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0.00042 C:;
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0.011 CcE,
0.058 cr,
U.t):}l CIA

104 103 102 10°¢ 10° correlation matrix

inTeV=2, Ax? =1
blobs: individual constraints
gray numbers: global/individual ratios
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http://arxiv.org/abs/1807.02121

Q2: Contamination in Higgs operators
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Uncertainties on the top have a big effect on the Higgs
- Higgsstr. run: insufficient
- Higgsstr. run & ete™ — tt: large y; contaminations in various coefficients
- Higgsstr. run & top@HL-LHC: large top contaminations in €, g 7,2z
- Higgsstr. run @ ete™ — tt @ top@HL-LHC: top contam. in ¢z only
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Summary



Probing the SMEFT quantum structure
at future lepton colliders

Precision measurements of Higgs processes at future lepton
colliders will probe the quantum structure of the SM(EFT).

Indirect sensitivities and contaminations from loosely

constrained couplings constitute opportunities and challenges.

Q1. Runs at 240 and 350 GeV are necessary for an indirect
determination of the trilinear Higgs self coupling.
Q2. A 240 GeV run needs to be combined with HL-LHC data
to mitigate contaminations in single Higgs couplings.

trilinear

Q1. Differential information will play a crucial role
to indirectly constrain top electroweak couplings.
Q2. So far, ete™ — tt measurements look indispensable
to avoid large contaminations to single Higgs couplings.

top EW

14



Backup



. . [Atwood,Soni '92]
Statistically optimal observables [Diehl Nachtmann '94]

minimize the one-sigma ellipsoid in EFT parameter space
(joint efficient set of estimators, saturating the Cramér-Rao bound: V=1 =/ like MEM)
For small C;, with a phase-space distribution o(®) = oo(®) + >_ C; ;(P),
i
the stat. opt. obs. are the average values of O;(®) = ;(P)/00o(P).

c2

e.g. 0(¢) =1+ cos(¢)+ Cisin(¢) + Cosin(29)
1. asymmetries: O; ~ sign{sin(i¢)}

2. moments: O; ~ sin(i¢g)
sin(i¢)

3. statisticall timal: O; ~
statistically optimal: O; T+ cosd

— area ratios 1.9:1.7:1

Previous applications in eTe™ — tt, on different distributions:
[Grzadkowski, Hioki '00] [Janot "15] [Khiem et al "15]

15


http://dx.doi.org/10.1103/PhysRevD.45.2405
http://dx.doi.org/10.1007/BF01555899
http://arxiv.org/abs/hep-ph/0004223
http://arxiv.org/abs/1503.01325
http://arxiv.org/abs/1503.04247

Up-sector SMEFT

Two-quark operators:
+

Scalar:  O,, = qu ¢ @'y,
. 1 — S u 55
Vector: O,y = gq7"q ¢'iD, v
0} = gnks! 3o
pqg = 97T Q ‘Péu@
Opu = Uy*u ¢'iD, ¢
—
Opua = uy"d §5T’.D/1 ¥,
Tensor:  Ouwu = go"u ¢ gyBuy,
Ow = (.TIU”VTIu@ng‘LIW,
Ow = go"7'd ¢ gwW,,,
Owe = qot” TAu ;;"gsG;‘,,.
Two-quark—two-lepton operators:
Scalar: Ofequ = le ¢ qu,
Oreaqg = le dq,
Vector: 01, = Iv,1 gv*q
Ol = In7'l gy''q
O = J_.’yul ay*u
O = &7"e qyuq
O = é'}/ue l_l’y“u
Tensor: OlTequE Io,,e & go'’u.

C.
Lerr = X 5% 0;

= O::q + O;fq - oéqv
_ % A
= O»l”q - O<pq + qu
= qu + Oéq

= Oua —tanbyw O,z
= Oya + cotan 0w O,z

= O,; + O,‘g — O,f‘77
=0, — Oy + O,
=0y + O,
= o%, — Oi{,,
= O + 0%,

[Grzadkowski et al '10]

(CC also)
(CC only, my int.)

(CC also)
(CC only, my int.)
(NLO only)

(CC also, m. int.)
(CC only, me int.)

(CC also)

(CC also, me mti%


http://arxiv.org/abs/1008.4884

Top@HL-LHC

Estimates used for HL-LHC top-quark measurement prospects,
with theoretical uncertainties:

Channels Uncertainties
without th. unc. with th. unc.

tt 4% [1] 7%
Single top (t-ch.) 4% 2] 4%
W-helicity (Fp) 3% [3] 3%
W-helicity (F.) 5% (3] 5%
ttZ 10% 15%
tty 10% 17%

tth 10% 16% [4]

gg — h 4% 11% [4]
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