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property measurements so far
provide us reasonable understanding
of the Higgs very close to the VEV
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Higgs Precision and Electroweak Phase-Transition

, Higgs boson discovery and its

A =0 //' property measurements so far
\/d?? \ ) o provide us reasonable understanding
\ [ of the Higgs very close to the VEV
- !
) ,’ o How does the potential look like?
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Higgs Precision and Electroweak Phase-Transition

N

How does the potential look like?

Is EWPT strong enough?

J 4

Higgs self-couplings determinations shed lights.

Both the self-coupling determination and the strength of EWPT

convolutes with other Higgs property measurements.
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Finding probes for Higgs trilinear at FCC-ee

0.5 T T T ' | 7 I T I ' |
P(e ,e™) = (-0.8,+0.3) ,
04 ete” — Zhh -

» vvhh (W-fusion only)
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Here tree-level probes for the Higgs self-couplings are
*NOT* kinematically accessible, we need to think about
alternative probes.
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Finding probes for Higgs trilinear at FCC-ee

1.000 —
0.100 —

0.010—

0.001

WW vy gg Zy HH tt bb cc Tt un BR,, T
e HL-LHC e FCC-ee e FCC-hh e FCC-eh

ete” - ZH, the best determined process without dependence
on the exclusive decay of the Higgs boson at FCC-ee*

_ e £& Fermilab
6 1/16/18  ZhenLiu 2nd FCC Physics Workshgﬁere | choose the fit result on hZZ coupling in k-framework instead

the direct measurement, just to visualize the precision.



Finding probes for Higgs trilinear at FCC-ee
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1.000 —

0.100 —

0.010—

0.001 —
WW vy gg Zy HH tt bb cc Tt un BR,, T

e HL-LHC e FCC-ee e FCC-hh e FCC-eh

ete” - ZH, the best determined process without dependence
on the exclusive decay of the Higgs boson at FCC-ee*

Use precision to gain knowledge (directly) accessible at higher
energy.
" 2% Fermilab

1/16/18  ZhenLiu 2nd FCC Physics WorkshoEere | choose the fit result on hZZ coupling in k-framework instead
the direct measurement, just to visualize the precision.



Constraints from ete™ - ZH

M. McCullough 1312.3322;
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A natural/free threshold enhancement 0 5: ;
helps enhancing the sensitivity; ~ 250 300 350 400 450 500
Vs [GeV]
O(30%) precision achievable at FCC-ee,
with some assumptions that we will break down in the next
few slides;
£& Fermilab
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http://arxiv.org/abs/arXiv:1312.3322

Constraints from ete™ — ZH : discussion

Hard to achieve single O,
operator from UV point of view;

To gain knowledge about the O,
in presence of other operators
one needs to include more
observables;

2% Fermilab
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Constraints from ete™ — ZH : discussion

100} msraso ssocey #9—0a%, s-1%) |  Hard to achieve single O
- operator from UV point of view;
_ ILCITev \\ \\ To gain knowledge about the O,
i; b \\\ \\\ in presence of other operators
) one needs to include more
-0 1 observables;
M. McCullough
_100l 1312.3322

~15 -10 -05 00 05 1.0 15
oz [%]

Taking the simplest extension of the SM:

SM+1 singlet O,, and O, are simultaneously generated, can be translated into 6, and

0, here;*

One can use the ete™ — ZH cross section at different center of mass energy to

constrain the Higgs trilinear coupling.

S £& Fermilab
*for more detailed discussion using fuller set of observables, see

10 1/16/18 Zhen Liu 2nd FCC Physics Workshop .
next talk by S. Su, on work J. Gu, H. Li, ZL, S. Su, W. Su 1709.06103;


http://arxiv.org/abs/arXiv:1312.3322
http://arxiv.org/abs/arXiv:1709.06103

Constraints from ete™ — ZH : discussion

100} 71 240+ 350G l ] : :
PR [= e2%=04%, 59-1% Hard to achieve single O
operator from UV point of view;
50 lHL—LHC \
_ [LCITeV \ \ To gain knowledge about the O,
X 0 ILCITeV-LU : I
= | How many more do we need to operators
include to robustly extract trilinear more
-50¢ . . .
Higgs couplings from this process?
M. McCullough
_100l 1312.3322 . |
: —J In particular, we are extracting loop-level
-15 -10 -0.5 : :
corrections from SM corrections on a tree-level
process; any in precise determination of other
Taking the simplest] BSM contributions could spoil this.

SM+1 singlet O,, and O, are simultaneously generated, can be translated into 4, and
0, here;*

One can use the ete™ — ZH cross section at different center of mass energy to
constrain the Higgs trilinear coupling.

- S £& Fermilab
11 1/16/18  ZhenLiu 2nd FCC Physics Workshop for more detailed discussion using fuller set of observables, see

next talk by S. Su, on work J. Gu, H. Li, ZL, S. Su, W. Su 1709.06103;


http://arxiv.org/abs/arXiv:1312.3322
http://arxiv.org/abs/arXiv:1709.06103

more operators

How many more
do we need to
include to robustly
extract trilinear
Higgs couplings
from this process?

EFT is a nice framework to address this issue:

a) ‘'model blind”’;

b) Can relate different measurements at different scales
and observables, allowing a more consistent/transparent
treatment beyond Higgs observables;*

2% Fermilab
17 1/16/18  ZhenLiu 2nd FCC Physics Workshop *as discussed in details in Lian-Tao’s talk earlier today.



more operators

How many more
do we need to
include to robustly
extract trilinear
Higgs couplings
from this process?

Oww = g2|HPW 2, W
Opp = g”*|H|* By, B*
Owp = g9 Hlc® HW 2, B
On = 3(OulHI*)’

Or = %&HTDMH)z
0¥ = (iHte*D, H)(Liy*o°Ly)
OF) = (Lryuo®Le)(Lry o Ly)
0% = (iH'D,H)(Lry*LL)
0%, = (iH'D,H)(éry"eR)

EFT is a nice framework to address this issue:

a) ‘'model blind”’;

b) Can relate different measurements at different scales

]

| [ | N. Craig, M. Farina, M.
| McCullough, M.
Perelstein, 1411.0676
-

and observables, allowing a more consistent/transparent
treatment beyond Higgs observables;*

0 5 10 15 20 25
AV e; (TeV)

9 tree-level CP even dimension-6 operators contributing at linear level,
and more if we include some of the SM input parameter uncertainties;

13 1/16/18 Zhen Liu
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*as discussed in details in Lian-Tao’s talk earlier today.


http://arxiv.org/abs/arXiv:1411.0676

more operators

| |  Hoi B vy
40GeV (5/ab) + 350GeV (1.5/ab)
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 The impact of adding the new d.o.f of Higgs trilinear
modifications is quite sizable;

e Strong correlations between the trilinear modification and the
parameter (hZZ shifting); already seen in the simplest example
for the singlet extension;

e Sizable reduction in other "coupled” coefficients;

e - « £& Fermilab
14 116 Ch H zz \WW\ 7y ‘ 99 |ff C, linear dependence on trilinear modifications

on-shell A decay | 0.0083 | 0.0073 | 0.0049 | 0.0066 | 0  G. Degrassi, P. Giardino, F. Maltoni, D. Pagani, 1607.04251



http://arxiv.org/abs/arXiv:1607.04251

More observables (that are sensitive to Higgs trilinear)

linear dependences of observables to parameters dk,, 6cz, czz, Cza

o' " E B
K (SCZ Czz Czo|
(x500) .

=
<2 |
|8 2
0
_2 S I S S S S| A A
Gﬁ;ﬂ GeV Uﬁgo GeV aﬁ-‘lptheV GE%OhGeV rZZ* rWW‘
New probes:

Cross sections at different c.o.m. energies, 240 GeV & 350 GeV ;
Different production processes, ZH & WW-fusion;
Decay processes, WW™ and ZZ";

$& Fermilab
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More observables (that are sensitive to Higgs trilinear)

linear dependences of observables to parameters dk,, 6cz, czz, Cza
Threshold ]
n

enhancement g H ol ]
K (SCZ Czz Czo|
(x500) —

| 40 Gev | .35'0 Ge'v | . -'J;O Gelv | 350 Gei/
Gﬁz Ohz Of Vh Tyvh

M2z Fow

New probes:

Cross sections at different c.o.m. energies, 240 GeV & 350 GeV ;
Different production processes, ZH & WW-fusion;

Decay processes, WW™ and ZZ";
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16 1/16/18 Zhen Liu 2nd FCC Physics Workshop



Results

OVt T o Rine soooevian raateviisng || After profiling over the other
B RS U HL-LHC +240GeV/(5/ab)+350GeV(200/fb) |1 12 (11) EFT coefficients, we
8 Ay § (= e L | obtain the Ay? distribution
\ \ o / | of the Higgs trilinear
\'\- 1 coupling;

| FCC-ee can determine the

| trilinear coupling to +44%
| in this general EFT

| framework, after combining
| with HL-LHC.

2% Fermilab
anas corresponas t0 0.1% to (o) systematlc
*band ds to 0.1% 10 1% i

uncertainties assumed for aTGCs
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Results

10— —————————— "
- \ W o= RI_LHC +240Gev(5/ab)3506ev(1 5/ap) || After profiling over the other
A\ LR L HL-LHC +240GeV(5/ab)+350GeV(200/b) |1 12 (11) EFT coefficients, we

: ——— HL-LHC +240GeV(5/ak . . . .
8/ \g HLLHEQ,W% Vo | obtain the Ay? distribution
\ i / | of the Higgs trilinear

| coupling;

| FCC-ee can determine the

| trilinear coupling to +44%
| in this general EFT

1 framework, after combining
| with HL-LHC.

* Higgs precision improves the HL-LHC results on Higgs
trilinear coupling significantly;
 Complementary information in the Higgs precision program

at 350 GeV c.o.m. further improves the results significantly;

2% Fermilab
*bands corresponds to 0.1% to 1% systematic

18 1/16/18 Zhen Liu 2nd FCC Physics Workshop T
uncertainties assumed for aTGCs



Results: 240 GeV and 350 Ge

precision on ok, from EFT global fit
3.0

V interplay

conservative
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L3s0cev (@b™") unpolarized

ion of relative size of datasets (240 GeV

eV) to be done M. Klute’s talk today

H 7.0 1.8 abl/year
machine modification for RF installation & rearrangement:
top 1st year (350 GeV) 0.8 0.2 abt/year
top later (365 GeV) 1.5 0.38 ab/year

M. Benedikt’s talk yesterday

0.0 ' L i 1 : L L 1 L " " 1 " N 1 L L i
0 2 4 6 8 10

Loao cev (ab™") unpolarized

19 1/16/18 Zhen Liu 2nd FCC Physics Workshop
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Results: 240 GeV and 350 GeV interplay

precision on ok, from EFT global fit

3.0

conservative

T

i

|

|
|
|
|

ion of relative size of datasets (240 GeV
eV) to be done M. Klute’s talk today

H 7.0 1.8 abl/year
machine modification for RF installation & rearrangement:
top 1st year (350 GeV) 0.8 0.2 abt/year
top later (365 GeV) 1.5 0.38 ab/year

M. Benedikt’s talk yesterday

Assuming that the instantaneous
luminosity of 350 GeV is % of 240
GeV run, one can find the optimal
running point for the Higgs trilinear;

L3s0cev (@b™") unpolarized

Similar practice can be done for
0‘00 4T e g 4o manyothers, physics goals need to
be chosen carefully.

Loao cev (ab™") unpolarized

& Fermilab

* 0 0 .
20  1/16/18  ZhenLiu 2nd FCC Physics Workshop bands corresponds to 0.1% to 1% systematic
uncertainties assumed for aTGCs



Results: complementarities

bounds on 6k, from EFT global fit
-2 —1 0 1 2 3

'—H—l 68% 95%CL bounds Iepton colllder only
"I 68%,95%CL bounds, combined with HL-LHC

XXX XXX 88% CL bounds (combined with HL-LHC)

T 68%,95%CL bounds, h only W/HL=LRC 1h) ||| - HC results from arXiv:1704.01953)

HL-LHC *128114TeV(3/ab), rates & distributions
CEPC *19%1240GeV(5/ab) only (CEPC)
& 1 *0781940GeV(5/ab)+350GeV(200/fb)
FCC-ee +0-441240GeV(5/ab)+350GeV(1.5/ab) (FCC-ee)

+040 /oo _ee with zero aTGCs

+0.80

3

grmllab

*After profiling over other parameters and use A 1and 4,

21 1/16/18 Zhen Liu 2nd FCC Physics Workshop
we define the 68% and 95% C.L. level;



Results

22

HL-LHC

Similarly, but crucially CEPC
with direct tree-level &
Higgs pair FCC-ee
productions at ILC

and CLIC, the trilinear

Higgs determination ILC
still receive great
complementary
improvement when
combined with single
Higgs process;

The precision
achievable with full
ILC (H20) or CLIC is
factor of 2 better in
trilinear coupling
determination;

CLIC

bounds on 6k, from EFT global fit

e
k- 68%,95%CL bounds, lepton collider only
"M 68%,95%CL bounds, combined with HL-LHC
XXX XXX 68% G| bounds (combined with HL-LHC)

"= -——--= 68%,95%CL bounds, 1h only (w/ HL-LHC 1h)

1/16/18 Zhen Liu 2nd FCC Physics Workshop

-2 -1 0 1 2 3

(HL-LHC results from arXiv:1704.01953)

-1 14TeV(3/ab), rates & distributions

240GeV(5/ab) only (CEPC)
240GeV(5/ab)+350GeV(200/fb)

240GeV(5/ab)+350GeV(1.5/ab) (FCC-ee)
FCC-ee with zero aTGCs

250GeV(2/ab) only
250GeV(2/ab)+350GeV(200/fb)

027 1above + 500GeV(4/ab)

above + 1TeV(2/ab)
350GeV(500/fb)+1.4TeV(1.5/ab)+3TeV(2/ab)

+ Zhh at 1.4 TeV
binned M, in vvhh (4 bins)

2% Fermilab



Summary

23

bounds on 6k, from EFT global fit

-2 —1 0 ‘I 2 3

—
[

=X.XX +X.XX

" f— -

68% 95%CL bounds Iepton collnder only
68%,95%CL bounds, combined with HL-LHC

88% CL bounds (combined with HL-LHC)

HL-LHC

" 68%,95%CL bounds, Th only W/ HL-LHC 1) (1) .| HC results from arXiv:1704.01953)

+1.26114TeV(3/ab), rates & distributions

.......

CEPC

FCC-ee

*1%41540GeV(5/ab) only (CEPC)
*0.761240GeV/(5/ab)+350GeV(200/fb)

240GeV/(5/ab)+350GeV(1.5/ab) (FCC-ee)
0401 =~ c_ee with zero aTGCs

3

Higgs self-couplings are the keys to reveal nkéture of EWPT and EWBG;

FCC-ee could use precision Higgs measures to constrain Higgs trilinear couplings in a robust
way in the general EFT framework; we setup the framework and include more observables;
The observable set and operator set can be further expanded for a fuller treatment, so far
we dropped a few of them constrained by EWPO;*

Interplay between Higgs precision and EWPO, 240 GeV and 350 GeV, FCC-ee and other
future collider programs, can be studied in this framework and provide useful information;
This direction needs support from simulation groups for various channels and programs;

Independent probes are always useful, even if we can achieve 5% precision at FCC-hh;

1/16/18
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*Studies by Peskin et al (1708.09079), and Lian-Tao Wang et al (1711.04046), |nd|cate a larger

EFT set analysis will not affect the trilinear determination, consistent with our treatment;


http://arxiv.org/abs/arXiv:1708.09079
http://arxiv.org/abs/arXiv:1711.04046

Summary

bounds on 6k, from EFT global fit
-2 -1 0 1 2 3
e
4 68%,95%CL bounds, lepton collider only
B 658%,95%CL bounds, combined with HL-LHC
XXX XX 88% CL bounds (combined with HL-LHC)

‘ Thank you! ‘

[T 68%,95%CL bounds, Th only (W HL-LHC 1h) ||| .| HC results from arXiv:1704.01953)

1261 14TeV/(3/ab), rates & distributions

+6.05

HL-LHC

24

.......

*1%41540GeV(5/ab) only (CEPC)
+0.761240GeV/(5/ab)+350GeV(200/fb)
*41240GeV(5/ab)+350GeV(1.5/ab) (FCC-ee)

0401 =~ c_ee with zero aTGCs

CEPC
&
FCC-ee

3

Higgs self-couplings are the keys to reveal nAéture of EWPT and EWBG;

FCC-ee could use precision Higgs measures to constrain Higgs trilinear couplings in a robust
way in the general EFT framework; we setup the framework and include more observables;
The observable set and operator set can be further expanded for a fuller treatment, so far
we dropped a few of them constrained by EWPO;*

Interplay between Higgs precision and EWPO, 240 GeV and 350 GeV, FCC-ee and other
future collider programs, can be studied in this framework and provide useful information;
This direction needs support from simulation groups for various channels and programs;

Independent probes are always useful, even if we can achieve 5% precision at FCC-hh;

_ _ _ £& Fermilab
*Studies by Peskin et al (1708.09079), and Lian-Tao Wang et al (1711.04046), indicate a larger

EFT set analysis will not affect the trilinear determination, consistent with our treatment;

1/16/18
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Backup

2% Fermilab
25 1/16/18 Zhen Liu 2nd FCC Physics Workshop



More observables Iin 2h
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o[fb] /50 GeV

e*e” - Zhh

4 T T
—— |LC 500 GeV, P(e",e")=(¥0.8,£0.3), 515 fb
ILC 1 TeV, P(e”,e")=(-0.8,0.2), 0.17 fb
- CLIC 1.4 TeV, unpolarized, 0.09 fb
3r CLIC 3 TeV, unpolarized, 0.03 fb

-2
6K,\
CLIC 3 TeV, e'e »vvhh
'H ' ) '

0.15 =.5 " — 6K =0

I === k)= 1.30 |
010}
005}
0.00

0 2000
1/16/18 Zhen Liu 2nd FCC Physics Workshop

e*e” - vvhh

4 v g — u |- — T
I ——= ILC 1 TeV, P(e",e")=(-0.8,0.2),0.13 fb
SR R CLIC 1.4 TeV, unpolarized, 0.15 fb
3 _\\ —-=- CLIC 3 TeV, unpolarized, 0.59 fb
h
%\
N, .‘-.\
2NN
\.,Q:..\
B N
| CLIC 3TeV.(£20%)
I C 1TaV (+37%)
| CLIC 1.4TeV (244%)

2% Fermilab



10 d=6 operators

_ f t Tt f _ A
AL = 21)26 (2'0)9,(210) + (@t Dro)(@! D, @) - %5
4
+g CV2VW @T@W:‘/Wduy 4 gg CQ:WB (I)Tta(I)WSUB“U
my, My,
g’2CBB (I)T(I)B#,,Blw n g303W Eacha Wbu W cPH
W

+=
My

—(@'8)°

The 10 HEFT ops consist of:
(1) at least one Higgs or EW gauge,
(2) only Higgs, EW gauge and electrons

HEFT Sunghoon Jung (SNU)

& Fermilab
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ILC, global fit

10 —\ T
i — up to1TeV
................. \ | —— up to 500GeV
\ ------ up to 500GeV (1h only)
\ ILC: 250GeV/(2/ab)+350GeV(200/fb)
+500GeV(4/ab), P(e”,6*)=(¥0.8,20.3)
1TeV(2/ab), P(e”,e*)=(-0.8,0.2)

Results:

ILC, global fit
10 \ ¥ \ t l'l. L N7 L T 'i
i \ =\ [us== “"-‘500 GeV + 1 TeV\ [’ .
r \\— = |uirte-E30GeleV, vvhh (inc usjve) §
L\ \[ i ===500GeV, Zhh (inicldsive) i
8l ----3 [lIL(6:5500@6V@/ab)yP(e" e PEF0.8+03),]/ 3 i
\ \ ILC: L) GeV(2/abliBeN(Z/abhofite.e] —( 0.8,0.2) H
| \ +&)AGeV(4/ab), P(e".e")=(0.8,+0.3) / I $ H
6- \ 18\ (2/ab). P(e”67)=(-0.8.02) /I i
N |
< . :
4._.....
2.-
0
2& Fermilab
1/16/18 Znen Liu  Znad FCC PnysICS VWOrkshop
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240GeV (5/ab) only

240GeV (5/ab) + 350GeV (200/fb

240GeV (5/ab) + 350GeV (1.5/ab
0.020F | light shade: 13-parameter fit including 6k, 1
solid shade: 12-parameter fit with &x,=0

precision
e
o
2
1%}
d
i

o
o
2
=)

0.005[ 1 ; 1

0.000

6107 8c; €z Cze Tyl10 Tyl10 TN Sy/10 by, by, by, &y,10 A

4& Fermilab
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Results: CLIC

CLIC, global fit

10 T \l‘ T T T T T v T ’ v L '. T
s | == vVvhh (inclusive) + CEPC 240GeV ’
............. \.i. el Vth,4binsithh cnssussellltesuronnsnne]
8 === vVvhh, 2 bins in My,

vvhh (inclusive)

\ CLIC: 350GeV(500/fb) +1.4TeV(1.5/ab)
\ +3TeV(2/ab), with unpolarized beams

. \i &
I l /]

210 —05 00 05 1.0 15 20

$& Fermilab
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Fuller consideration: input uncertainties

31

[((0a)? )2 = 2.4%

A [< A2 >]V2 | A [< A% >]1/2
cn 0.65 | (cur + ) 0.014
(—4.15¢q + 15.1(8cww)) 2.8 62.1(cyr, + ¢jy) — 53.5cyr 0.85

o/(SM) =1+ 1.158g;, + 0.856gx + 1400z + 1.02n22 + 18.6¢z + 2.0Caz
+0567]h — 15895 + 621(0;{[, + C‘}{L) — 53-5CHE

—3.90mp, + 3.50mz .

1/16/18 Zhen Liu 2nd FCC Physics Workshop
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» A global fit with 12+1 parameters!

» Triple Higgs coupling
Kx = r}‘% Ska=rkr—1 =G — 3ou, with £ —22(HTH)®

» HL-LHC: [arXiv:1704.01953] Di Vita, Grojean, Panico, Riembau, Vantalon
» Single Higgs measurements alone could not constrain i, well under a
global framework.

» Other parameters contributing to the double-Higgs process can be well
constrained by single Higgs measurements.

» Differential observables in HH process helps resolve the 2nd minimum.

5 Incl. single Higgs data i H & HH all inclusive 5 incl. H & diff. HH
“‘ : I = : ’ }ab ' ------ KA exc;lusive lill ‘ / -------- : K exclt;sive fit I iH
mE 5 [ KA exdusTve fit i ] : global fit H § | —— global fit ;
IR | gfof,);?ffﬁ;rs :GC) 2 . 8 i |=——-global fit (Hdata @LO) | | | 8 global fit (H data @ LO) |}
8 ..i ‘\ : ! i { o i
".. \ 6r 4 6
& L\ 4 4
[ %, M AR Gt St N SN | AN (R (10 / A S RN - N -
2t \ 2 /,’ x 20 27 2 /\
0\ ~ P & 0 i ab N 0 X % ," N bab™
-4 -2 0 2 4 6 8 10 -4 10 -4 -2 0 2 4 6 8 10
6K,\ 6KA

2% Fermilab
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» HL-LHC: k) € [-0.8, 7.7] at 95% CL from Atlas projection for the bby~
channel, ATL-PHYS-PUB-2017-001

» 100 TeV collider (from the CERN Yellow Report [arXiv:1606.09408])

process precision on o) | 68% CL interval on Higgs self-couplings
HH — bbyy 3% A3 € [0.97,1.03]

HH — bbbb 5% A3 € [0.9, 1.5]

HH — bb4l 0(25%) A3 € [0.6,1.4]

HH — bbt e~ 0(15%) A3 € [0.8,1.2]

HH — bbtte~ - -

HHH — bbbbyy 0(100%) A\ € [—4,+16]

Table 26: Expected precision (at 68% CL) on the SM cross section and 68% CL interval on the Higgs trilinear and
quartic self-couplings (in SM units). All the numbers are obtained for an integrated luminosity of 30 ab—! and do
not take into account possible systematic errors.

& Fermilab
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ILC CLIC (vvhh inclusive)

10 \ . . l 10 . :
[ \ ====== global fit (scaledAqy) | 1 J:r s+ 1 [ 3 q |==eee=- global fit (scaled A4 p) 1
[N | === global fit S B [ ah i (N S S === globalfit gt 1
Zhh, &k, only fit I vvhh, 8k, only fit 1
\ y Y
8 ILC: 250GeV(2/ab)+350GeV(200/b) l T 8r CLIC: 350GeV(500/fb) +1.4TeV(1.5/ab)
\ +500GeV(4/ab), P(e”,e")=(¥0.8,£0.3) l +3TeV(2/ab), with unpolarized beams

-0.5 0.0 0.5 1.0 1.5 20
(5K,\

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

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

» Much worse: can significantly worsen the bounds on dx from
double-Higgs measurements.
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» We work in the Higgs basis (LHCHXSWG-INT-2015-001, A. Falkowski)
with the following 12 parameters,

6CZ: CZZ: CZD: C’Y"/? CZ’}’: CQQ.'- 5yf: 6yC.'- 5J/b: 5%—: 5J/,u: )\Z'

v

The Higgs basis is defined in the broken electroweak phase.
> 8¢z > hZMZ,, Cz7 +» hZ**Z,,, Czr <> hZ,8,ZM".

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

v

3 aTGC parameters (0g1,z, 0k, Az), 2 written in terms of Higgs
parameters.

» |t can be easily mapped to the following basis with D6 operators.

On = 5(9u|H?|)? Ogg = 95 |HI?G, G 1Y
Oww = G°|HIPWa, Wa:rY Oy, = yulHI? Q Hug

Opg = g'?|H|? By, B*Y Oy, = Yg|HI*Q Hdg

Opw = ig(D*H)T (DY H)W2,, | Oy, = ye|H|?L Heg

Opg = ig' (D" H)T (DY H)B,,., O3y = A GeapcWAY WE WEPH

2% Fermilab
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precision reach of the 12-parameter fit in the SILH' basis

F W LHC 300/fb Higgs + LEP e'e 5WW B CEPE 240@8V (5/ab) + 350GeV (200/fb)
[ W LHC 3000/fb Higgs + LEP e*e »WW B FCGtee 240GBV (10/ab) + 350GeV (2.6/ab)
- light shade: e*e” collider only HILC 250GeV (2/ab) + 350GeV (200/fb) + 500GeV (4/ab) |
- solid shade: combined with HL-LHC M CLIC|  350GgV (500/fb) + 1.4TeV (1.5/ab) + 3TeV (2/ab) E
- blue line: individual constraints
-1
c 10
o
0
o
5 1072
1073%
107

cH  KwwXx10kge*x10 Kpw KHB KGGx102 Cy, Cy. Cy, Cy

Cy, Kaw

T

» Results in the SILH'(-like) basis (Ow, 8 = Oww, ws)

C
Lpeg = hdal OH +

$& Fermilab
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precision on 6k, from EFT global fit

3.0
[ conservative

o& 25¢
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0 ©
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_1\ 50%P(e",6*)=(+0.8,-0.3)
L2s0Gev (AD7") 50 % p (e~ e*)=(~0.8.+0.3)
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39

CEPC FCC-ee
[240GeV, 5ab '] [350 GeV, 200fb~ '] || [240GeV, 10ab~ '] | [350GeV, 2.6 ab~ ']
production Zh vih Zh vih Zh vih Zh vioh
a 0.500/0 - 2.40/0 - 0.40°/o = 0.67O/o -
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 — cc 2.5% - 15% 26% 1.2% = 4.1% 71%
h — gg 1.2% = 1% 17% 1.4% - 3.1% 4.7%
h — TT 1 .Oo/o - 5.30/0 370/0 0.7°/o - 1 .50/0 1 00/0
h — WW* 1 .Oo/o - 10% 9.8% 0.9°/o - 2.8% 2.7%
h — 27" 4.3°/o - 33% 33% 3.10/0 - 9.2% 9.3%
h — ~~ 9.0% - 51% 77% 3.0% - 14% 21%
h — L 120/0 - 1 1 50/0 27 50/0 13°/o - 820/0 760/0
h — Z’Y 25°/o - 144, - 18% - 40% -

Table: For et e~ — vih, 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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ILC

[250GeV, 2ab~ '] | [350GeV, 200 fb~'] [500 GeV, 4ab~'] [1TeV,1ab~ "] [[1TeV,2.5ab ]
production Zh vih Zh voh Zh vih tth v h tth vivh tth
o 0.71% - 21% - 1.1% - - - - - -
o X BR
h — bb 0.42% 3.7% 1.7% 1.7% 0.64% 0.25% 9.9% 05% 6.0% | 0.3% 3.8%
h — cc 2.9% - 13% 17% 4.6% 2.2% - 3.1% - 2.0% -
h — gg 2.5% - 9.4% 1% 3.9% 1.4% - 2.3% - 1.4% -
h— rr 1.1% - 4.5% 24% 1.9% 3.2% - 1.6% - 1.0% -
h — WW* 2.3% - 8.7% 6.4% 3.3% 0.85% - 3.1% - 2.0% -
h— Z2Z* 6.7% - 28% 22% 8.8% 2.9% - 4.1% - 2.6% -
h — ~~ 12% - 44% 50% 12% 6.7% - 8.5% - 5.4% -
h— pp 25% - 98% 180% 31% 25% - 31% - 20% -
h— Z~ 34% - 145% - 49% - - - - - -
$& Fermilab
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CLIC

[350GeV,500fb~ "] | [1.4TeV,1.5ab '] | [3TeV,2ab~ ']
production Zh vivh vivh tth vivh
o 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— rr 6.2% - 4.2% - 4.4%
h — WW~* 5.1% - 1.0% - 0.7%
h — ZZ* - - 5.6% - 3.9%
h— ~~ i i 15% i 10%
h— up . i 38% . 25%
h— Z~ i i 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 (e"e~ — e e~ h) are not included in our

analysis.
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