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Introduction

Introduction

» Higgs and nothing else? What next?
» An eTe™ collider is an obvious direction to go.

» Higgs factory (e*e~ — hZ at 240-250 GeV, e e~ — vizh at higher
energies), and many more other measurements.

» The scale of new physics A is large = EFT is a good description at low
energy.

» A global analysis of the Higgs coupling constraints, in the EFT
framework.

» Robust constraints on the triple Higgs coupling at both circular and linear
colliders. (2nd part of this talk)
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Introduction

Future et e~ colliders

» Circular colliders [—
» The Circular Electron-Positron Collider (CEPC) in China. Dsnproe

» The Future Circular Collider (FCC-ee) at CERN.

> 91GeV(Z-pole), 160 GeV(WW), 240 GeV(hZ) and
350 GeV/(tt).

> Large luminosity.

> A natural step towards a 100 TeV hadron collider.

» Linear colliders
» The International Linear Collider (ILC) in Japan.

» The Compact Linear Collider (CLIC) at CERN.
> |LC: 250 GeV, 350 GeV, 500 GeV and possibly 1 TeV.
» CLIC: 350(380) GeV, 1.4(1.5) TeV and 3 TeV.

» Can go to higher /s, and also implement longitudinal
beam polarizations.
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Introduction

Higgs measurements

» ete~ — hZ, cross section maximized at around
250 GeV.

» e"e” — vih, cross section increases with energy.

» At higher energies (not available at circular colliders)
> ete~ — fth (top Yukawa).

» ete~ — Zhhand et e~ — vizhh (triple Higgs
coupling).
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Global fit in the EFT framework

k framework vs. EFT

From the CEPC preCDR and
11 “Physics Case for the ILC”
| ] ([arXiv:1506.05992])

K Ky Lo TE3

» Conventionally, the constraints on Higgs couplings are obtained from
global fits in the so-called “x” framework.
o= gn(1+k).
» Anomalous couplings such as hz"*Z,,,, or hZ,0,Z"" are assumed to be
zero.

» EFT framework

» Assuming v < A, leading contribution from BSM physics are
well-parameterized by D6 operators.

» Gauge invariance is built in the parameterization.

» Lots of parameters! (Is it practical to perform a global fit?)
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Global fit in the EFT framework

The “12-parameter” framework in EFT

» Assume the new physics
» is CP-even,
does not generate dipole interaction of fermions,
only modifies the diagonal entries of the Yukawa matrix,

has no corrections to Z-pole observables and W mass (more justified if the
machine will run at Z-pole).

v

v

v

» Additional measurements
» Triple gauge couplings from eTe~ — WW. (The LEP constraints will be
improved at future colliders.)
» Angular observables in ete~ — hZ.
» h — Zvis also important.

» Only 12 combinations of operators are relevant for the measurements
considered (with the inclusion of the Yukawa couplings of t, ¢, b, 7, ).

» All 12 EFT parameters can be constrained reasonably well in the global
fit!
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Global fit in the EFT framework

EFT basis

» We work in the Higgs basis (LHCHXSWG-INT-2015-001, A. Falkowski)
with the following 12 parameters,

6027 Czz, Czo, C’Y"/? CZ'77 ng7 5}’t7 5}4:, 5yb7 5}’77 (Syp,, AZ~

v

The Higgs basis is defined in the broken electroweak phase.
> §cz <> hZMZ,, cCzz <> hZ“UZ;“,, CzO < hZ;La,,Z/“’.

v

Couplings of h to W are written in terms of couplings of h to Z and .

v

3 aTGC parameters (6g1,z, Ik, Az), 2 written in terms of Higgs
parameters.

v

It can be easily mapped to the following basis with D6 operators.

On = 3(BulHP|Y? Oge = GIHI* G}, GMHY
Oww = g |HIPW2, wav Oy, = yulH*Q Fug

Opg = g'?|H|?By., B Oyy = yalH?Q HdR

Onw = ig(D*H)T (DY H)WR, | Oy, = ye|H|L, Heg ,

Opg = ig (D" H)T (D" H)B.,, Osw = A geans W2 W2 werk
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Global fit in the EFT framework

angular observables in ete~ — hZ

v

Angular distributions in e"e~ — hZ can provide information in addition
to the rate measurement alone.

Previous studies
> [arXiv:1406.1361] M. Beneke, D. Boito, Y.-M. Wang
> [arXiv:1512.06877] N. Craig, JG, Z. Liu, K. Wang

v

v

6 independent asymmetry observables from 3 angles

AG] 9 Ag) ) AS;) ) A$)7 AE;) ) A091,092 .

v

Focusing on leptonic decays of Z (good resolution, small background,
statistical uncertainty dominates).
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Results

Results of the “12-parameter” fit

precision reach of the 12-parameter fit in Higgs basis

[l LHC 300/ Higgs + LEP &'e SWW
[ W LHC 3000/fb Higgs + LEP e*e”>WW
light shade: e*e” collider only HILC 250GeV (2/ab) + 350GeV (200/fb) + 500GeV (4/ab)
solid sh: ined with HL-LHC 1 CLI 350GV (500/fb) + 1.4TeV (1.5/ab) + 3TeV (2/ab)
blue line: individual constraints
red star: assuming zero aTGCs
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» Assuming the following run plans (no official plan for CEPC 350 GeV run yet)
CEPC 240 GeV(5/ab) + 350 GeV(200/fb)

» FCC-ee 240 GeV/(10/ab) + 350 GeV(2.6/ab) '

> |ILC 250 GeV(2/ab) + 350 GeV(200/fb) + 500 GeV(4/ab)

» CLIC 350 GeV(500/fb) + 1.4 TeV(1.5/ab) + 3 TeV(2/ab)

The luminosities of FCC-ee have been recently updated to 240 GeV/(5/ab) + 350 GeV(1.5/ab),
see talks at the FCC week 2017.
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Results

C2

AxP=1

o?| 2

Cq

» Global Determinant Parameter (GDP = ¥/det 02).
» Ratios of GDPs are basis-independent.

» Anti-capitalism definition: smaller GDP — better precision!
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If you don't like the Higgs basis...

precision reach of the 12-parameter fit in the SILH' basis

W LHC 300/fb Higgs + LEP e'e >WW B CERC  240@eV (5/ab) + 350GeV (200/fb)
B LHC 3000/fb Higgs + LEP e'e >WW W FCQLee 240GEV (10/ab) + 350GeV (2.6/ab)
1 light shade: e*e” collider only W ILC || 250GeV (2/ab) + 350GeV (200/fb) + 500GeV (4/ab) _
solid shade: combined with HL-LHC [l CLI 350GV (500/tb) + 1.4TeV (1.5/ab) + 3TeV (2/ab)
blue line: individual constraints
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» Results in the SILH'(-like) basis (Ow, 8 = Oww, wa)

S, Oy S, Ksw

(4

CH Kww kBB KHW KHB
Lps = —35O0H+ —3 OWW+FOBB+_20HW+FOHB
v m3, o m3,

w
kGG k3w Cy
—=0 ——O. —— 0Oy, .
* g, 066t Oow + > 2O

w f=t,c,b, 7,1

DESY & IHEP

Higgs EFT at e lepton colliders



Results

The importance of combining all measurements

precision reach at CEPC with different sets of measurements

CEPC 2

M CEPC 2
0101 g cCepc 2
W CEPC 2
M CEPC 2
0.08] M CEPC2
dark

0.06

precision

0.04

ocz

(0.56)
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DGeV (5/b), Higgs measurements (e*e - hZ / vvh), rates only
10GeV (5/ab), Higgs measurements only (¢*e”> WW not included)
0GeV (5/ab), e*e - vvh not included
0GeV (5/ab), angular asymmetries of e*e™— hZ
0GeV (5/ab), all measurements includétl
10GeV (5/ab) + 350GeV (200/fb)

ivic fit assuming all other 10 ar

(0.26)
C; c. Ty, /10 Tz, /10 gof

77 Zo vy Zy Coo

6Y;

Syp Sy, 6y,/10 Az

» The results are much worse if we only include the rates of Higgs
measurements alone!

» There is some overlap in the information from different measurements.
» Measurements at different energies can be very helpful.
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Impact of the 350 GeV run

precision reach at CEPC with different luminosities at 350 GeV
W CEPC 24 ab) only dark shade: individual fit assuming all other 10 parameters are zero
B CEPC 240GeV (5/ab) + 350GeV (200/fb)
Il CEPC 24DGeV (5/ab) + 350GeV (500/fb)
W CEPC 240GeV (5/ab) + 350GeV (1/ab)
W CEPC 24DGeV (5/ab) + 350GeV (2/ab)

0.015
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precision

0.005

0.000

6c; oz Cm SyM0TyM10 g oy, Oy, Oy, /10 A

» Advantages of the 350 GeV run

» Much better measurement of the WW fusion process (et e~ — vizh).

> Probing et e~ — hZ at a different energy.
» |Improving constraints on aTGCs (eTe~ — WW).

» Very helpful in resolving the degeneracies among parameters!
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0.006

0.002

0.000

DESY & IHEP

e lepton colliders



Results

CEPC 240 GeV vs. ILC 250 GeV

precision reach at ILC 250GeV (2/ab) with beam polarizations

0.025[  F(=$=0]0.1,02/03,04,05,06,07,08,09, 1, F+-)=1-F(-+)
) ILC 250 GeV with 2/ab data [l CEPC 240GeV (5/ab),
dark shadg individual fit assuming all other 10 parameters are zero unpolarized beams <oP
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8¢z €z Cza Tyl10 Tz,/10 Egg &y, Oy, Oy, Oy,/10 Az

» Beam polarization helps discriminate different parameters.

» Two polarization configurations are considered, P(e—,e*) = (—0.8,+0.3)
and (+0.8,—0.3).
> F(—+) in the range of 0.6-0.8 gives an optimal overall results.

» Large luminosity still wins (but it is important to include all possible
measurements).
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The Higgs self-coupling at et e~ colliders

» Triple Higgs coupling
Ky = % Sha=hra—1 =05 — 3o, with £ —S}(HTH)®

v

HL-LHC: ~ 0(1) determination. (k) € [—0.8, 7.7] at 95% CL from Atlas projection for the
bb~y~ channel, ATL-PHYS-PUB-2017-001)

v

Linear colliders: direct measurements with ete~ — Zhh, e"e~ — vihh.

» ILC: 26.6% at 500 GeV (4 ab—") [C. F. Diirig, PhD thesis, Hamburg U. (2016)]

» CLIC: 40%-54% at 1.4 TeV (1.5ab~') and 22%-29% at 3 TeV (2ab~') (Higgs
Physics at CLIC [arXiv:1608.07538]).

> Are these bounds robust under a global analysis in an EFT framework?

v

Circular colliders: probe indirectly via the loop contribution in

ete™ — hZ ([arXiv:1312.3322] M. McCullough).
» TLEP (FCC-ee) 240 GeV: |6x | < 28% assuming all other Higgs couplings
are SM-like.

» What if other Higgs couplings are not SM-like?

» A global analysis in the 12+1 parameter framework!

Jiayin Gu DESY & IHEP
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Triple Higgs coupling in single Higgs processes

a

4
— | 56,0 @s a function of Vs’

& 2 ¢ 2 8 6Ky s
w 0.020
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linear dependences of observables to parameters 8k, 6Cz, Czz, Cza
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[

350 GeV
vV

M2z Fww:

One loop corrections to all
Higgs couplings (production
and decay).

240 GeV: hZ near threshold
(more sensitive to 0k )

at 350 GeV:

> WW fusion
» hZ at a different energy

h— WW*/ZZ* also have

some discriminating power (but
turned out to be not enough).
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x? vs. dxy, from global fits at CEPC

sz vs. 6K, profiling over other parameters

Results

sz vs. 6k, profiling over other parameters

8

r T r i 10 T T i —— ym T
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» 240 GeV + 350 GeV much better than 240 GeV alone!

» 240 GeV alone can improve on the top of HL-LHC bounds.

» HL-LHC: Both single and double Higgs measurements, inclusive and differential.
[arXiv:1704.01953] Di Vita, Grojean, Panico, Riembau, Vantalon

[arXiv:1502.00539] Azatov, Contino, Panico, Son
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The precision reach of jx) at circular colliders

precision of 6k, from EFT global fit

precision of 6k, from EFT global fit (zero aTGCs)
JRCE= ’ 3 ‘

Lasocev (ab™")

Laspcev (ab™")

20
Lasocev (@b™")

» The precision reach of j«, in the luminosity plane (luminosities at
240 GeV and 350 GeV).

» e" e~ — WW measured very well = setting aTGCs to zero is a good
approximation.
Jiayin Gu
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A summary of the (future) bounds on dx

bounds on 6k, from EFT global fit
-2 -1 0 1 2 3
e~ 68%.057%CL bounds, lepton colider only
["H" 68%,95%CL bounds, combined with HL-LHC|
XX 9% 8% CL bounds (combined with HL-LHC)
- 8%,95%CL bounds, ILC & CLIC, 1h only

HL-LHC 1% 14TeV/(3/ab), rates & distributions
CEPC|?% 1%41240GeV/(5/ab) only
e +0441240GeV/(5/ab)+350GeV/(1.5/ab)
0% +040|above with zero aTGCs
FCC-ee|" 40881 240GeV(10/ab) only
35 0381 240GeV(10/ab)+350GeV(2.6/ab)
0% 032 above with zero aTGCs
ILC|*% 72| 250GeV(2/ab) only
o 0271 250GeV/(2/ab)+350GeV/(200/fb)+500GeV(4/ab)
= D _EFEL ....... #02 above + 1TeV(2/ab)
CLIC Eim‘ﬁ #0221 350GeV/(500/fb)+1.4TeV(1.5/ab)+3TeV(2/ab)

028 above with My, distribution for vizhh
920 above + CEPC240GeV(5/ab)

3

1
N

I
N
o
-
N
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Conclusion

Conclusion (and how to write the CDR)

» It makes sense to go beyond the “x” frame and study Higgs physics in
the EFT framework.

» We can obtain strong and robust constraints on the coefficients of the
relevant dimension-6 operators!

v

Choice of basis (my personal view)
» Higgs basis: closet thing to “x” frame, yet essentially a D6 EFT.
> A convenient choice of D6 operators works equally fine, and the translation
is straightforward.

» The 350 GeV run is good!
> Very helpful in discriminating hVV type couplings with different Lorentz
structures.
» Crucial for obtaining robust constraints on the triple Higgs coupling.
» How much luminosity do we want?

v

Unanswered questions...
» What's the impact of a future Z-pole run?
» How well can aTGCs be constrained from ete~ — WW? (Experimental
studies desired.)
» Include Higgs invisible/exotic decay?

Jiayin Gu DESY & IHEP

Higgs EFT at future lepton colliders



Conclusion

backup slides
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Conclusion

Impact of §x) on the other parameters

precision reach at CEPC with and without ok, at CEPC
EPC 240GeV (5/ab) only
PC 24€ Ge\/ (5/ab) + 350Ge\/ (200/fb)
closy e iy e
eV (5/ab) + 350GeV (1/al
0.020 I GeV (5/ab) + 350GeV (2/ab)
de:| 12-parameter fit including 6k
shade: 11-parameter fit with 6k;=0

0.015

precision

0.010

0.005

0 L = = :
6Kk)102 6Cz  Czz Cza Tyyl10Tz/10 agg oY, Oy, Oy, 6Y,/10 Az

» Adding one more parameter could worsen the bounds on others.
» The effect is under control if the degeneracies are well-resolved.

» The HL-LHC bounds on dx» can also help.

Gu DESY & IHEP

s EFT at future lepton colliders



Conclusion

Double-Higgs measurements

e'e” > Zhh e*e” > vvhh

T T T T T T T T
— ILC500 GeV, P(e”¢)=(-0803), 0.23 b == ILC 1 TeV, P(e,e)=(-0.80.2), 0.13 b
ILC1TeV, P(e"e)=(-08.0.2), 047f | o [ ... CLIC 1.4 TeV, unpolarized, 0.15 fb

------ CLIC 1.4 TeV, unpolarized, 0.08 fb )
3r —-—- CLIC 3 TeV, unpolarized, 0.03 fb —= CLIC 3TeV, unpolarized, 0.59 fb A

CLIC 1.4TeV (244%)

2 ] 0 1 2 %6 05 o0 05 10 15 20

(K=J

» Diagram with A\ppp interferes with diagrams without Appp.

» e"e~ — vihh has destructive interference! Important to keep both the
linear and the square term.
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M, of vohh

CLIC 1.4 TeV, e*e"»vvhh CLIC 3 TeV, e*e >vvhh
T T T T T - = T
et 3
05 i i" —_— k=0 025 —_— k=0 ]
H H === 6k;=1.16 : ——— Ok = 1.32
04 H H o20f FH P Sy =1 1
P I e
03f i 05k i: i_: ]
i |"| -
02} | 0.10F H '-\ ]
i I
01f 0.0sf 9
o 0.00 - - -
0 200 800 1000 1200 0 500 1000 1500 2000
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vs. dk), for different scenarios

AXP vs. 6Ky, ILC

Ax? vs. 6y, CLIC
\\ } 2 TG TeV (2ab P=(06.402) 10 f i
\ o ILC:WZV(Whao y (-0.8,+0.2)) += CLIC (binned) + CEPC240 + HL-LHC I
= CLIC e*e"»vvhh + e*é">Xh + CEPC240
8 == :'[g ‘Jf‘ﬁg ‘:Vb—""‘né“ﬂ only - CLICe'e —)v‘hmblnned +e'e oxh
ILCHL-LHC, gobal i 8 — CLIC &"™>v7hh + &6 X
- ull, global fit CLIC, e*e">vvhh amy 8Ky only
ILC, e"e”Zhh only, 6k, only 1C: 350GeV(500/fb)+1.4TeV/(1.5/ab)+3TeV(2/ab),
\ |2 1L th measurements, giobal i Unpoarized boams
6 ILC: 25066V (2/ab)+350GeV/(200/fb) +500GeV(4/ab), 6
610803

» The double-Higgs measurements still provide the best reach on dxx

» Other parameters are well constrained by single Higgs measurements

» CLIC: The 2nd minimum can be lift by the My, distribution or combining
with CEPC 240 GeV.
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Dy vs. 6k, ILC My vs. 6ky, CLIC
10 T T T T 10
v
A \\\ T N 1 == CLIC full, globa it ! ’ ,’
e'e —Zhh only, 6k, only ' 1 —r Thh only, 6k, onl
AR\ A ILC full, tree level 5;, global fit H B &'e">vvhh only, 6k, only
8 \ \ g / 1 \ - CLIC full, tree level 6Ky, global fit ]
\ 1 RS Gy gjeveoo 00 van) |y . 1 8 1 CLIC: 50GEVIS00) o1 4TeV (1. 5ab)3TeV 2, ]
I N i \ 7 !
\ / - /
6 \\ Aq %0, 5[! // 1 6 \ I’ /
\ ! ) 1 /
% \ R
4 Y i f/ < Ayx0 2,
‘\ \ Iy 4 4 /A‘, 10
W\ ! //
\ /
2 \\ ‘\\ ,’/ 2 e
A\ . Y/ f/,'\
\/ /
0 , . . 0
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0. 20 25
OKy 6K/\

» What if the single Higgs measurements are much better or much worse?

» Much better: can further improve the bounds on éx, from double-Higgs
measurements.

» Much worse: can significantly worsen the bounds on d« from
double-Higgs measurements.

Gu DESY & IHEP

Higgs EFT at future lepton colliders



Conclusion

Impact of the Higher energy runs

precision reach at CEPC with different luminosities at 350 GeV precision reach at FCC-ee with different luminosities at 350 GeV
. Gark shado: indidual fit assuming al oher 10 parameters aro zero S S i iy 8 bbor 1 paraelrs e 0
rcr o 24068V (10/ab) <
GeV (5/ab) + 350GeV (5 e 24000y (10/ab) + 35060V (1ab) . i
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o fon) + 350 o) V(d/ab) + 1TeV(1
1LE 3806ev(3ab.  boarzations) + 38068V
0020 I e zsuaiv}z/sn 18&2552@5{ 350(3;/(200%) * sagcevura 1 B LG 3503 Sacsvianomy - S00cevah 17
ILC 250GV(2/ab, 2 polarizations) + 350GeV(200/) + 500GeV(4/ab) 0,008} 76V run: only o"e"v¥h and o” &~ fn are included 1
Light shades, eV notincluded
0015 -
5 § 0.006]
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]
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g 0010 -2
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ete” — vih

CEPC Preliminary

¢ W v 6000 WW Fusion; f L=5ab’
h [ —+ CEPC Simulation
***** [ ——S+BFit
% L = WW Fusion
—— ZH Backgrounds
| wee 4000 g
e v = L
2
=
= L
=2000
0 L |

50 ‘ 100 1;0
M [GeV]
» Itis hard to separate the WW fusion process from ete™ — hZ,Z — vis
at 240 GeV.

» |t is not consistent to focus on one process and treat the other one as
SM-like!

» For CEPC/FCC-ee 240 GeV, we analyze the combined e e~ — vivh
process, assuming new physics can contribute to both processes.

DESY & IHEP

Higgs EFT at future lepton colliders



Conclusion

v

ete™ — WW offers a great way to probe the anomalous triple gauge
couplings (aTGCs, parameterized by 61,7, 0k, Az).

v

001,z and dx~ are related to Higgs observables.

CEPC with 5ab~" data at 240 GeV can produce ~ 9 x 107 eTe™ — WW
events.

With such large statistics, the aTGCs can be very well constrained
([1507.02238] Bian, Shu, Zhang), but with two potential issues:
» Systematic uncertainties can be important!

» If ete~ — WW is measured more precisely than the Z-pole measurements,
is it still ok to assume the fermion gauge couplings are SM-like?

v

v
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The interplay between Higgs and TGC

precision reach of aTGCs at CEPC 240GeV (5/ab)
light shade: eef<WW measurements only
0.014] Slid shade: combined with Higgs |
assuming the folloing systematics in each bin of the|diffefetial distrubtions of e*e”WW:
0.012] ] o T 5 5
2% > Ky <>
_ oot § EZ{/:V 91z, Y
:§ 0.008 H g rehl only Czz, Czo, Cyy, CZ'y
oo » We try different assumptions
oo on the systematic uncertainties
.002| . . . . N
o : (in each bin with the differential
0.0 . . . . .
5912 Ok Az distribution divided into 20
precision reach at CEPC 240GeV (5/ab) assuming different tics for e*e >WW .
00358 cpc 24066V ({ab), all measurements included, : bInS).
0.030) sﬂu:/':mg the follgwing systematics in each bin of the differetial distrubtions of e*e >WW:
ooz » Detailed study of ete™ — WW
§ oo required to estimate the
S ooty systematic uncertainties!
0.010]
0.005
0.000

bz oz Gm 5,0 5110 T by oy, Oy Gy/10 A
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Conclusion

TGC at ILC 500 GeV

ILC
uncertainty correlation matrix
001,z Okqy Az
591,z || 8.1 x 1077 1 0.634 0.477
Sk || 6.4x107% 1 0.354
Az 7.2x107* 1

» Linear colliders (large /s, beam polarizations) could potentially
constrain the aTGCs very well.

» Estimated precisions of aTGCs from the e" e~ — WW measurements at
ILC assuming 500 fb—' data at 500 GeV and a beam polarization of
P(e~,e") = (£0.8,40.3). [I. Marchesini, PhD thesis, Hamburg U.
(2011)]
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Conclusion

Asymmetry observables

1
A, =~ / dcos 01 sgn(cos(261)) ——— dcos(9
A LT dé sen(sin ¢) 22
¢ g do’
@ 1 27 . do
A . /0 d¢ sgn(sin(2¢)) a5
27
@ 1 do
Ag . d sgn(cos ¢) a5’
27
A9 % /0 deb sen(cos(26)) Z—: , (1)
1 1 d?s 2
Acoy,c0, = . /71 d cos 64 sgn(cos (91)/71 d cos 0 sgn(cos 02)—dcos 9,dcost,’ ()
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Conclusion

The “12-parameter”’ framework in the Higgs basis

» The relevant terms in the EFT Lagrangian are

LD Luyy + Ly + Lige (3)

» the Higgs couplings with a pair of gauge bosons

h gAve L
Lpyy = ; (1 +5CW)_WM WM + (1 +5Cz)

(& + )V
2 G

2
+ cww % W W, + cwo g2(W;61, W}, +he.)

2 e2 ev/ 2 + 12
+ Cgg i—styGﬁV + Cyy IA#,,AW + ¢z, —92 9 ZAuw
?+9g? 2
+ Czz ZuwZuw + 2092400 20w + €40 gg’Zual,A,“,} . (4)
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Conclusion

The “12-parameter”’ framework in the Higgs basis

» Not all the couplings are independent, for instance one could write the
following couplings as
dcy =d0cz +46m,
cww = Czz + 2s§WcZ7 + sgwcw ,

cwo = [QZCZIII +9%czz — €, 00y — (6 - 9'2)3§WCZA,] ;

1
g2 _ g/2
1
R [2%cz0+ (6 + 9%)0zz - ey — (62— 9P)cz,| » (6)
» we only consider the diagonal elements in the Yukawa matrices relevant

for the measurements considered,

h -
Lp = _V Z m,«(1 + 5yf)foL +h.c.. (6)

f=t,c,b,7,n
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Lie = igse, AL (W "W, — W W)
+ig(1 + 897 )Co,, ZH (WY W, — WH W)
+ ig [(1 +0kz)Co, ZH + (1 + ém,)SQWA‘“’] W, w,h
i _
b g 200 2+ 20, A YW W, ™)
' = 0V, — 9, V, for V= W= Z A Imposing Gauge invariance one
obtains 6z = 6g1,z — 15,65, and Az = \,.

>

» 3 aTGCs parameters 6g1,z, 6k~ and Az, 2 of them related to Higgs
observables by

1
001,z = P =97 [—92(92 +9%)czn — 9%(9% + 9%)czz + €29 ¢y + 929 — 9'2)027]

& &2 ?—g?
Sky = — ) (cw g7 c, . (8)
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Conclusion

CEPC/FCC-ee Higgs rate measurements

CEPC FCC-ee
[240GeV, 5ab— 1] [350GeV, 200fb— '] || [240GeV, 10ab— '] | [350GeV, 2.6ab~ ']
production Zh vih Zh vih Zh vih Zh vih
o 0.50% - 2.4% - 0.40% - 0.67% -
o X BR o X BR
h — bb 0.21%*  0.39% 2.0% 2.6% 0.20%  0.28% 0.54% 0.71%
h— ct 2.5% - 15% 26% 1.2% - 4.1% 71%
h— gg 1.2% - 1% 17% 1.4% - 3.1% 4.7%
h— 77 1.0% - 5.3% 37% 0.7% - 1.5% 10%
h— ww* 1.0% - 10% 9.8% 0.9% - 2.8% 2.7%
h— ZZ* 4.3% - 33% 33% 3.1% - 9.2% 9.3%
h— vy 9.0% - 51% 77% 3.0% - 14% 21%
h— up 12% - 115% 275% 13% - 32% 76%
h— Zy 25% - 144% - 18% - 40% -

Table: For et e~ — vivh, the precisions marked with a diamond < are normalized to
the cross section of the inclusive channel which includes both the WW fusion and
ete~ — hZ,Z — v, while the unmarked ones include WW fusion only.
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Conclusion

ILC Higgs rate measurements

ILC
[250GeV, 2ab— '] [ [350GeV, 200 fb~ '] [500GeV, 4ab— '] [1TeV,1ab— "] [[1TeV,2.5ab— ]
production Z v Zh vih Zh vih tth vih tth vih tth
e 0.71% - 21% - 1% - - - - - -
o X BR
h — bb 0.42%  37% | 1.7% 1.7% 064% 025% 99% || 05% 6.0% | 03% 3.8%
h—ct 2.9% - 13% 17% 46%  22% - 3.1% - 2.0% -
h— gg 2.5% - 9.4% 1% 39%  1.4% - 2.3% - 1.4% -
h— 17 1.1% - 4.5% 24% 1.9%  3.2% - 1.6% - 1.0% -
h— ww* || 23% - 8.7% 6.4% 33%  0.85% - 3.1% - 2.0% -
h— zz* 6.7% - 28% 22% 88%  2.9% - 41% - 2.6% -
h— vy 12% - 44% 50% 12%  6.7% - 8.5% - 5.4% -
h— up 25% - 98% 180% 31% 25% - 31% - 20% -
h— Zy 34% - 145% - 49% - - - - - -
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CLIC Higgs rate measurements

CLIC
[350GeV, 500fb '] | [1.4TeV,1.5ab— '] | [3TeV,2ab ']

production Zh vih vih tth vivh

I 1.6% - - - -

o X BR

h — bb 0.84% 1.9% 0.4% 8.4% 0.3%
h — cc 10.3% 14.3% 6.1% - 6.9%
h— gg 4.5% 5.7% 5.0% - 4.3%
h— 77 6.2% - 4.2% - 4.4%
h— ww* 5.1% - 1.0% - 0.7%
h— zz* - - 5.6% - 3.9%
h— vy - - 15% - 10%
h— pp - - 38% - 25%
h— Zy - - 42% - 30%

Table: We also include the estimations for o(hZ) x BR(h — bb) at high energies in
[arXiv:1701.04804] (Ellis et al.), which are 3.3% (6.8%) at 1.4 TeV (3 TeV). For
simplicity, the measurements of ZZ fusion (et e~ — e e~ h) are not included in our
analysis.
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