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Electroweak precision measurements
at the ILC

T. Suehara (Kyushu University)

on behalf of ILC IDT-WG3 Physics Potential and Opportunities subgroup
based on arXiv:2203.07622 (ILC Snowmass white paper)

. Suehara, Seattle Snowmass Summer Meeting, 20 Jul. 2022 page 1



e*e- Higgs factories and the ILC

e*e” Higgs factory

* The next EF machine after HL-LHC in 2030-40s
» Solid physics cases (Higgs, BSM...)
Powerful machine for EW precise measurements

Circular machine

FCCee, CEPC
Upgrade path

to hadron colliders
More luminosity In
Z-pole and WW
Multiple detectors
(like LHC)

~100 km tunnel

Linear machine

ILC, CLIC, C? etc. .
Upgrade path -
to TeV e*e colliders
More luminosity In ]
higher energy
Polarization :

< 20 km tunnel

LCinvapan %

(Still) the earliest machine
possible to be realized
Restructuring of strategy ongoing
(expect first feedback this year)
Construction start aimed at

(late) 2020s - operation in 2030s
Support from US (and Europe)
mandatory (the concern of MEXT)
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EVV precise measurements at Higgs Factories

» Electroweak precision observables (EWPOs):
LEP results still alive = supreme channels for lepton colliders

— 1-2 order-of-magnitude improvement foreseen with Higgs Factories

 Direct probe for new physics (eqg. Z' bosons)
— Collision energy is important

 Triple/quartic coupling of gauge bosons
— Better for higher energies

» Important inputs for SM Effective Field Theory
— Essential for model-independent NP search with EW/Higgs sectors
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Topics

e*e” =2 2f measurements
— Radiative return at 250 GeV
— Z-pole (Giga-Z)

— 2f at 250/500/1000 GeV

» Sensitivity to Z' models
» Sensitivity to indirect DM search

Triple gauge couplings

W mass measurements (Z mass/width: the next talk)
Applying to Higgs analysis (SMEFT)

Summary
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arXiv:2203.07944

Radiative Return at 250 GeV, 2 ab™! o smuiaton

—0.8,+0.3) polarization, assuming [ Ldt = 900fb™". Z % qq Only

><106 events Signal Signal (Core) 2fl 4f 1 4f sl 4fh 2f h  Bkg.

Expected 46.0 32.5 12.7 9.34 17.2  15.1 23.6 78.1
Cut 1 32.7 31.1 10.1 5.96 16.0 14.8 21.6 68.3
Cut 2 24.6 244 2.55 1.46 3.22 0.00422 1.09 8&8.32
Cut 3 24.5 24.4 1.93 0.366 0.526 0.00352 1.04  3.87
Cut 4 24.4 24.3 0.299 0.0674 0.523 0.00352 1.00 1.88
Cut 5 24.3 24.2 0.06561 0.0102 0.520 0.00352 0.977 1.58
Cut 6 24.2 24.2 0.0671 0.00807 0.470 0.00210 0.694 1.23
Cut 7 24.2 24.1 0.0534 0.00647 0.463 0.00204 0.682 1.21
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Real 7 prOdUCed with y 0 50 100 150 200 250 300 24 M events after selection with € Pr

E,. [GeV] _ —
CIR e | R Cut 2 120 GeV < E,;. < 160 GeV (16 M with egp, ), negligible bkg.

0 —OR

-

100% pol. Arr =0.22810 = 0.00018 (stat)
O, + OR

total error on Arr is 2.5 x 10™*
observables Including pol. error and other systematics

Stat. error and syst. error comparable
P: polarization

w/ uncertainty Analysis fully utilizing polarization
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boson properties

Quantity

80.379

01.1876
2.4952

0.0482
0.0482
0.1515

0.1515
HE

32
0l

-0.632
0.551

0.2163

0.935
-0.999
0.184

Radlatlve Return: other variables

om, (0.7 MeV): Using Z - ppu only
(if including Z - qq statistical power 0.2-0.3 MeV,
but jet energy scaling should be an issue)

A: (f=p, 1, b, c): from A rrg (N0 simulation done yet)
Estimating (flavor/charge) tagging efficiencies

from full-simulation studies of 250/500 GeV 2f

(t: 80%, u: 88%, b: 40%, c: 7.3%).

g, . calculated from A;

R ‘. R, =1(Z — qq)/I'(Z — hadrons) and 1/R,=1(Z — (7(7)/I'(Z — hadrons)
Same as above but do not need charge tagging
(efficiency on quarks much better)

['5: calculated from R;

Can be improved by line shape (by some factor)
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Quantity

hoson properties

My
myz
'z
I'z(had)
Z-e couplings
/R,
A
gy,
9k
Z-f couplings
/R 1
/R

Z-b couplings
Ry
-1:4.?_']
b
qr,
b
9r
Z-¢ couplings
R,
g1,
IR

current

) [ 10 _"1]

80.379
91.1876
2.4952
1.7444

0.0482
0.1513
-0.632

0.551

0.0482
0.0482
0.1515
0.1515
-0.632
0.551
-0.632

0.551

0.2163
0.935

-0.999
0.184

0.1721
0.668
0.816

-0.367

Z-pole run (Giga-2Z)

IILCJ’Z-F‘GI&
ILEF'FSLC

luminosity [fb™!] : _ _

o(P,.-, P.+) [nb] 60 .4 16. 35.9
Z events [1[__'.--] 3 0.36
hadronic Z events [10”] 3 0.25

0.1 ab' assumed (~1.5 years run) ‘
~50 times more Zs than 250 GeV

Electron polarization maintained
Positron may not be polarized

(depending on positron production method)

No serious simulation studies done
Mostly dominated by systematic uncertainty
of polarization uncertainty (~0.1%)
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2f at 250- GeV (no Radiative Return)

Probe for high energy particles (Z', WIMP,...) Efficiency assumed based on
‘ full-simulation studies

ol
0J

250 GeV, ete
2 ab1

500 GeV,
4 ab

ks ' s FiTh N TN et s cpuit gt ap et Ppd g n g m e dr e A Y
1 Tev + A - DE‘- DE Dd DE D 02 04 DE': EJB 1 -1 08 -06 -04 -0.2 O 02 04 06 08 1
y .

CDEH cosb,
8 ab™

Study of charge assignment of efe- = bb
Measurement with < 0.1% pOSSible T. Suehara, Seattle Snowmass Summer Meeting, 20 Jul. 2022 page 8




2f study: limits to Z' and WIMPs

250 GeV, _ )0 GeV, 4 a 1 TeV, } -1

003 .03
EM E?ﬁéw Is=250GeV EM E‘Z‘;';Lﬂ \s=250GeV Model | excl. dl&w(_ e\(_l dltw(_ excl.
- 002 M,=5000GeV 2000fb™ - 002 M,=5000GeV 2000fb™

(P(e), P(e")) = (-0.8,+0.3) i (P(e), P(e")) = (-0.8,+0.3)

N

|:._;|_t

[ W W

5
9
9
1
1

Table 10.1: Projected limits on Z’ bosons in standard models, from the study of ete™ — ff. The
values presented, given in TeV, are the 95% exclusion limits and the 50 discovery limits for the

successive stages of the ILC program up to 1 TeV.

Angular distributions are checked Limit for Z' models in TeV: SSM, ALR (alternative
to obtain significance left-right model) and E; models

Table 5: Mass reach of EWIMP
SN mass reach (90% CL)

MDM .{][] e ‘i.,

(P(e),P(e*))=(+0.8,-0.3)
{s= 250 GeV

2300 o Z' in GHU (Gauge Higgs Unification)
| ¢
sl | o) (orxiv:1705.05282,1801.04671)
el Big deviation with egp, polarization:

Higgsino

_
Mass reach of WIMPs - B <asy to identify deviation with

at 250 GeV: to be updated 250 GeV linear colliders
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arXiv:2002.02777

Ings at 250- GeV

250GeV & (Fe s Fer)
Fit EW + non-0 pol., (B0%%,30%%:)
-lno syst. unc. (B0, 0% )

Triple gauge cou

Table 1: List of processes used in the fitting framework, including the considered values of
chiral chross-sections and the differential distributions with corresponding binning. A starred
observable (*) is extracted in the rest frame of the corresponding W boson. (g = u,d, s,¢,b)
Cross sections where calculated with WHIZARD [7] and are supplied by the ILD generator

group [8].

Process TR TRL TrL TR R Diff. observ.

frea, Zab

cos (fy— ),

cos (fy+ ),

20 &=

Result on constrained TGCs
250 GeV 350 GeV 500 GeV 1000 GeV (L E P CO n Stral nt ~ 1 0'2)

WTWw-— Wt Wt WTw-

0 .062 0.033 0.025 0.0088

I_:J .{j)!-)(i I_:J ) [:J 49 .I_'J ..U. 1. 1. - - . - -

(Electron) polarization is important in the TGC
L)),

A47.7

N ]

ol — = =
— — —
—
o Qo kb
=1 &=

—
: e
1o =] o
=

g1z, KA) 63.4 63.
PGz, Aa) 47.7 47.
plEA, Aa) 35.4 35.

P I
- =] W=

il

Table 13: Projected statistical errors, in %, for eTe™ — WTW ™ measurements input to
our fits. The errors are quoted for luminosity samples of 500 fb~! divided equally between
beams with -80% electron polarisation and +30% positron polarisation and brams with

+80% electron polarisation and -30% positron polarisation. Please see the text of Appendix | S u e h a ra , Seattl e S N me aSS S u mm e r M eeti ng , 20 J u I . 2022 pag e 1 O

B for further explanation of this table.




AMw |MeV| LEP2 | ILC | ILC | ILC

W t Vs [GeV] 172-209 | 250 | 350 | 500
m a S S m e a S u re m e n L [ﬂ..-:_ ‘]__“ 3.0 21;_‘11:_)1:_‘1 :zr__‘;lf_} 40 |:__1r__i|
Pen 1% o 0 | |

Methods to measure W mass with ILC: b ey
Constrained reconstruction (kinematic constraints with VW*VV-) e R
Hadronic mass (single W or semileptonic W-pair) 1]]“ s | oa |0 | 0s

sk ald s

statistical 30 ).75 2.8 0.9

Lepton endeintS total 36 24 | 39 | 34
Dilepton pseudomass Numbers with method 1.
Polarized threshold scan (at WW threshold) 2 \eV precision should be in reach

W= gg Gen. Mass Difference

x] ﬂ::!

=

- 700 J' Full simulation study with
bt X background overlay

£ 5% s=500 GeV

so0f- WYW™ = qafe (f = e p,7) [} Before pileup
' ' mitigation (black)

WW, with at least one W — F v (l=e.u —_aEn i
(Few) 15=250 GeV WW —T 1 v vi(l=eu) Vs=250 GeV

2an lATDItrary units)

1/ do/dM, (arbitrary units)

After |3Ii|'E-‘LJ p Whizard 2.71 “E-R + EFE-} ‘I:—E“]. 31]}
mitigation and M. = T79.419 GeV

2010 event selection U W o i an M.. = 79.419 GeV
— M, = 80.419 GeV ) W ISR

200 - | M,, = 81.419 GeV

400

1/N dN/dx,,

i Whizard 2.71 (ISR + BS) (-80, 30)

M, = 80.419 GeV
M, =81.419 GeV
Shape comparnison only i _
: Shape comparison only
‘4 00 a0 60 :.1.;_1, 20 0 20 A1) &0 .::': ) 100 - 0.7 qa .G )85 1.9 70 80 g 100 110 120
Moe - My X PseudoMass (+) (GeV)

lepton

Hadronic mass at 500 GeV Lepton endpoints and dilepton pseudomass at 250 GeV
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Quantity
(x10° )
Amyy (MeV) 12*
Amz (MeV) 2.1%
Ampg (MeV)
Al'w (MeV) 419*
ATz (MeV) | 2.3
AA, (x107)
AA, (x10°)
AA, I| % 10° '|
A A '| % 10° )
AA. (%10 . )
ﬂu‘.?i"i;_“i (pb) 37*
OR,. (x 10° ) 2 A4*
OR, (%10 3 )

R (x10%)

Ry (x10%)

SR.(x10%)

400*

current
17.8°

170*

190*
1500*

2000
2700*

ILC250
17.8%
0.5 (2.4)
0.7 (0.2)
14

2

1.5 (0.2)
14 (4.5)
832 (4.5)
86 (4.5)
53 (35)

140 (25)

0.5 (1.0)
0.5 (1.0)
0.6 (1.0)
0.4 (1.0)
0.6 (5.0)

ILC-GigaZ

0.12
1.5 1 &)
3 (8)
3 (8)
9 (50)

20 (37)

0.2 (0.5)
0.2 (0.2)
0.2 (0.4)
0.04 (0.7)

0.2 (3.0)

Comparisons

3.8 (1.2)
0.25 (0.3)
0.004 (0.1)
2.5 (2)
1.2 (0.3)
0.004 (0.025)

0.035 (4)
0.004 (0.3)

0.0014 (< 0.3)
0.015 (1.5)

17.8*
0.35 (0.3)
0.005 (0.1)

5.9
1.8 (0.9)
0.005 (0.025)
1.5 (2)
3.0 (1.8)
1.2 (20)
3 (21)

6 (30)
0.05 (2)
0.003 (0.2)
0.003 (0.1)
0.003 (0.1)
0.005 (0.2)
0.02 (1)

CLIC380

» Circular collider has much higher
luminosity at < 250 GeV

» Polarization partially compensates
difference of luminosity

* Mostly dominated by systematics
- effect of too much luminosity
IS rather limited

 TGC/VBS better in higher energy

Table 3: EWPOs at future eTe: statistical error (estimated experimental systematic error).

LC would give better numbers
(but ~10-° with 250 GeV for TGC)

A (0) stands for absolute (relative) uncertainty, while * indicates inputs taken from current
data [1]. See Refs. [17,24,26,27, 36, 37].

Snowmass electroweak summary for EWPOs

Input to SMEFT with Higgs
NEEEIEINERIE
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SM Effective Field Theory fits

_ A
}“ 5 (IJT f\’ (IJ}((IJT f\,u (IJ} — ce (..(IJ—I'(IJ

1”" b |”_

f),.' H W ((IT(IJ}II*H II*H;Jh

pv

209 cw B
I”_

(DTt D)W B

pv

L BB (@td)B,, B + W e W W

(l.”-

| o
o W O

Model Independent EFT Fit LCC Physics WG [LC250 ILC500
W HLLHe @1Lez50 coupling | RadRtrn GigaZ TeraZ | RadRtrn GigaZ TeraZ

Il HL-LHC @ILC250 @ILC500 — — — — — - -
p— — P — e - N —
I HL-LHC @ILC250 @©ILC500 @ ILC1000 % II ?‘Z Z D u.'.'_f ..Z% ) . .f- . 2 U [] . ._:'[] ” . lt]

darkllight; with/without BSM decays hW W ).38 ).35 0.3 ).20 0.20 0.19
hbb ).8( ).78 ). 77 .43 0.43 0.43
hTt 0.95 (.94 0.92 .63 0.63 0.63
fa._(:]_(:,r 0.91 0 fll
f LYy J. U [] . [l (r
hyZ ) )

— N
g N

O
o
|

0.70 0.69

Precision of Higgs boson couplings [%]

Effect of EWPOs for Higgs couplings
SMEFT results for Higgs couplings

. Suehara, Seattle Snowmass Summer Meeting, 20 Jul. 2022 page 13



Summary

Electroweak measurements are one of the important
programs in Higgs factories

— Necessary for SMEF T — eventually for Higgs precision
— W mass puzzle can be cleared

1-2 order-of-magnitude improvement from LEP expected
Circular collider better for EWPQOs, LC upgrade for TGC/VBS

Systematics important in most of variables
— Need more detailed investigation

Some study including full detector simulation exists
— But not fully covered yet, a lot of work still needed
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