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Prologue: EFT Analysis of Higgs Self Coupling at ILC

SiD, ILD, Theory
T. B., K.Fujii, S. Jung, M. Peskin, J. Tian

We assume that o(e"e” — HHZ) can be described by an effective field theory (EFT) containing
a general SU (2) xU (1) gauge invariant Lagrangian with dimension-6 operators in addition to the SM.
Using the Warsaw basis of dim-6 operators, the 10 CP-conserving dim-6 operators relevant to this analysis:
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After EWSB we have, AL = AL, +AL ., + AL ;. Where
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Inthe SM attreelevelg, =e 0, =0Cc, Oy =&, =0y =71, =1,, =1y =1 =1, and all others =0
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The couplings 6,, 1, ¢, 9,,,, TGC's & EWPO's take the following form in our EFT:
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Cz = Gz = 8(cieww + 2sgewn + 3 cBB)
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c; is uniquely accessible through the Higgs self coupling measurement.
The other 9 EFT parameters appear in several places.

Note the relationship between the SM hzz & hhzz couplings 77, &7,

Precise measurement of I'(H — yy), I'(H — Zy) from
LHC+ILC will be used to constrain ¢, + Cgg

The TGC's depend, in particular on ¢,
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EWPO's also depend on many of the Higgs-related
operator coefficients, again through EWSB.



The coefficients ¢, c',, C, C Cus Cqyy
are determined by the 3 EWPOQ's
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At ILC with the full H-20 scenario the error on the TGC's are
A(A) =2x 10™*
A(Ag) =8x10™



Through EWPOs and ILC measurements of TGC's the number of independent

EFT parameters has been reduced from 10 to just4: ¢, C,, Casz Cs

Withc, ,c', &c,, tightly constrained by EWPQO's &TGC's, ¢, C,,, & Cgs are obtained

dn
through o, | P21 at the ILC and I'(H— ), T'(H—> Zy) at LHC+ILC.
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Let's now rewrite the Lagrangian relevant to e'e” — ZHH using our measured
variables n, ¢, and the one remaining unconstrained EFT parameter c,

2 2
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In this EFT approach all of the couplings in the calculation of

o(e'e” — HH2Z) are tightly constrained by the other Higgs coupling
measurements, TGC measurements, and EWPQO's. The only unconstrained

parameter IS c,.



BR(h — u +/J 7) Shin-ithLi[I)<awada

 Challenging analysis: tiny branching ratio (BR(h - u*u~) =
2.2*10“* at M, = 125 GeV)
» Can be used for testing:
* Y &« my
* mass generation mechanism between 2nd/3rd leptons (x, /k;) and
2nd lepton/quark (x,/x.)

» Today | will show the first results at E), = 250/500 GeV
* HL-LHC prospects (3000 fb-'): ~14% precision for cross

A(oxBR)
section times branching ratio oxBR).

Previous Studies

Everything performed at >= 1 TeV

beam pol. A(a x BR)
oo [

LC-REP-2013-006 1TeV (-0.8, +O 2) 500 fb! 44% ILC/ILD
. ILC/ILD
. = o -1 0,

arXiv:1603.04718 [hep-eX] 1TeV (-0.8,+0.2) 500 fb 36% used TMVA
CLIC_SiD

Eur. Phys. J. C73(2), 2290 (2013) 3 TeV unpol. 2000 b1 15% M, = 120 GeV
used TMVA

unpol. 38%
Eur. Phys. J. C75, 515 (2015) 1.4 TeV 1500 b1 e

(-0.8,0) 25% used TMVA



Single Higgs Production

Vs =250 GeV

Higgs-strahlung (Zh) dominant

Vs =500 GeV
WW-fusion dominant

Egy | process | beam pol. [ Ldt | # events |
_ L 58

BR(h —>,Ll+,u_) ILD
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vvh
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1 R 1600
. L 1350
M R 450

General Event Selection
Selections at 500(250) GeV:
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« 0.5<y?(u*)/Ndf < 1.5 only select

. O'(Mu"u‘) < 1(0.5) GeV well-measured muons
« 100 < M+~ < 130 GeV h - u*u~ candidate

* cosf,+,- <0.55(-0.4)

LD preliminary 1
o

Shin-ichi Kawada
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other colors: SM background
plots from nnh500-L
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BR(h — " 17)

—— Signal

. — background
TMVA Analysis plots from qgh250-L
2L Y 3 7 input variables:
w w01
3o 3 €S Omisss Myt [Pt -,
_§, * _§, _ charge * cos 9#1, Esubleading: Mjets
(R}
e T r TR
N, 2218 581
- Npg  20.13 1.03
12 anllum 1y o {irlinin'a sampic) i - :::::z;m, z %E:‘w“mm . S 34 59
0= =nas| 8 Ez" L ‘:n‘:: (—S + B
s g g 08 / ‘)sa’ ﬂ(O’ x BR)
s-‘ reliminal g £ os relimina - — ——= 29[%) 45[%)
b prel ry % g oe. preliminary ' (GXBR)
, ; 0z} bz | #still overtrained
s -‘-"--;ﬁ____,_ é D: 4;:,'}"32..“?..";‘::""'“ ; e : need more MC (under production)

BOTG rasnonse Cut value soolied on BOTG oulnut

first results of h - u™u~ at 250/500 GeV
based on ILD full simulation for the first time

A BR
Table 7: Obtained precision M

(0 x BR)

500 GeV qqh vvh

left-handed
right-handed
250 GeV
left-handed
right-handed

26% (1600 fh—1)
369% (1600 fh—1)
qqh
29% (1350 b~ 1)
45% (450 th™1)

Everything is better than extrapolation results
Combine everything gives 14% precision:

AalrmAact cama Nnraricinn avinar-tad at the HI | HOC

31% (1600 1)
61% (1600 fh—1)

virh

preliminary

ILD
Shin-ichi Kawada

Combine this 14% ILC error

with 14% LHC error on

I(hou'u)
I'(h— )

1 .
error by — relative to that

J2

obtained from just one of
the two measurements

to reduce
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BR(h — 7Z)

Junping Tian

SM: BR(yZ) = 1.5 x 10

#events for 2 ab-1 using e+e- —> Zh —> Z(yZ): 900

assume signal efficiency ~10%, which
would result in very high S/B

ABR(h — ~72)
BR(h — ~Z)

Factor of 3 better than LHC A rth - y2) =31%
I'(h— yy)
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BR(h —> WW *) Hirolai?Ono

Higgs Branching Fraction study

KILC 2012 ACFA physics session
Apr. 24. 2012, Daegu, Korea
H. Ono (NDU)

* H2>WW?* analysis 250 GeV 250 fb'? M,=120 GeV  note: right-handed e- pol used to suppress WW
— ABr/Br(H®>WW*->qqqq)=13.6% (vwWH, HWW*->qqqq) Ac(e'e” - vvh)xBR(h ->WW* — qqqq) = 13.4%
— ABr/Br(H2WW*=>1vqq)=10.6% (qqH, H2> WW*=2>Ivqq) Aoc(e’e” —» qgh)xBR(h >WW* — lvqq) =10.3%

Combining the two modes and scaling M, =120 GeV result to M, =125 GeV:
Ac,, xBR(h >WW*) =6.4% for +/s =250 GeV, 250 fb

We will use the ILD result

Ac(e'e” > ggh)xBR(h > WW* — lvqq)
Ac(e'e” > vvh)xBR(h->WW* - qqqq)
to estimate CEPC Ac(e'e” - qgh)xBR(h > W W* — lvqq)

=0.77

13



CEPC

BR(h —> WW *) Liao Li-bo

ME ASUREMENT OF Integrated luminosity: 5ab™! , my = 125GeV, /s = 250GeV
BT(H > WW*) Tool:
AT CEPC Generator: Whizard 1.95

Simulation: Gent4

Particle reconstruction: Arbor kd 3.3
Charged PID: LICH

Jet clustering: ee — ky

Flavor tagging: LCFIPlus Dominant diagram
Category Signal Relative uncertainty  Efficiency of selection

Z—-ete  H— WW*' - evey 20+7 35% 25.0%
Z—ete s H— WW* = pvuy 44+8 18.2% 43.1%

Z—>ete  H-> WW* - evuy 5348 15.1% 27.6%
Z—ete :H->WW" 5evgg 435123 5.3% 37.0%
Z—ete H->WW - uvgg 551424 4.5% 48.0%
Z - utu  H— WW" - evey 2345 21.7% 258% ABr(H — WW™) .
Z = H = WW* oy 3947 18% WU8% B S WW) 1.40%
Z-outu  H— WW* = evuy 93+10 11% 54.1%
Zoutuy i H->WW" >evgg 57325 4.0% 51.7%
Zopwu s H-WW' - puvgg 756430 4.4% 68.4%

Z—-vwH—- WW" - qqqq  8403+202 2.4% 34.7%

Z - ptu i H— WW* - gqqq + 2.93% Wel Yuqian’s work




BR(h >WW ") S5,  Sblack boxmodes, Ao, xBR(h—WW*)=0.014

Z boson decay

W boson decay ce HH i "

WW* — evev 88 525
WW* - uvuv 87
WW* - evuv
WW* = evry
WW* — uvry
WW* - tvry
WW* — evqq
WW* — uvqq
WW* - tvgqq
WW* — gqqq

} .019 (CEPC
error using
ILD result)

CEPCerror 250 GeV5ab?: .0337 .030 024 5,

Must obtain a CEPC error of 0.0075 in order to cut ILD Ao,,, xBR(h - WW *)
/ in half. Including ILD result for Z — qq,WW * — lvgq and assuming error
(1/0.01991/0.024)™* =0.015 of 0.033 for Z — e*e”,WW * — qqqq

0 5*{5000}; _0.067 V Ao, xBR(h >WW*) =(1/.014®1/.019 @ 1/0.033)* =0.011 .
' e We know then that we can get a factor of .015/.011=1.4 improvement.

The blue box modes Z - qqWW* ->qqqq @ Z —»>vwv,\WW* > lvqq
must have a total error of 0.011 to achieve factor 2 improvement . 15



P —

o(e'e” - v.,h)xBR(h — bb)

9
Caww Frers

Br(H — WW¥) - Br(H — WW¥)

» it has been long advertised that WW-fusion Higgs production is

crucial for Higgs total width and Higgs couplings measurement

» at 250 GeV, cross section is x10 smaller than 500 GeV

recent EFT analysis proves that HWW coupling can be
constrained by HZZ coupling based on SU(2)xU(1) gauge
symmetry —> custodial symmetry

nevertheless, direct measurement would be still useful —>
purpose of updating this analysis

ILD

Junping Tian

reminder of old studies

Lol simulation

fevents / 2GeV  (HestiRsitsssisstnsasbians

. T + — Higgs-strahlung
L b 250 GeV — background
204 C 5 ==== [il result
; 1

Tyl

= Wil-fusion

%H » simulated data

.\*t

50 10 120 140 (2]
m, [GeV]

DBD simulation

M(H) / GeV

ANaor
vl 06T

OyvH

Duerig, Tian, et al, arXiv: 1403.7734
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o(e'e” > v i h)xBR(h — bb) ,,I°

e 250 GeV analysis using DBD framework

o t-channel and s-channel vvH samples privately

o all other SM 2f & 4f samples from DBD

event selection
e no overlay removal algorithm applied
o isolated lepton finder

o 2-jet clustering and flavor tagging (LCFIPlus)

generated

e I R S B
0.06 - — signal vvH (fusion)

[ —— 21 Background

= 4f Background

0.04 -

0.02

Normalised to 1

040 60 80 100
Higgs Mass [GeV]

120 140 160

Junping Tian

#isolep =0

#pfos >=6 in each jet; Y3., < 0.1

» missing pt > 10 GeV

btagl > 0.8; btag2 > 0.2
Higgs mass: [110, 150] GeV; missing mass > 20 GeV

MVA using (my, cosOy, cos 0j, Yo )= 0065

(cutl)

(cut2)
(cut3)
(cutd)
(cutb)

(cut6)

17



Entries/ 1 GeV

a(e'e” > v i h)xBR(h = bb) .

new result: o(vwH) from template fit

Nyins re o
32 = bz (Npred - Nidata)2/a_2(NPred) N? d = Fww Ny i + fZHNéH??; + fbgrle;tg:d‘»jt
120 TR » background 2f/4f normalisation
ASR— i : can be almost fixed —> 0.1%
100 -
— yvH (ZH) : : :
80— stest Background F o » vvH (ZH) normalisation can be
| ] ; constrained by gqgH and IIH
60k fit result -
! measurements —> 1.5%
40 =
A e N R - s W OvvH AT{-L-'W
40 60 80 100 120 140 160

Missing Mass [GeV]

~20% improvement w.r.t. previous result (10.5%), which

is similar with the case that no constraint on vvH (ZH)

18



ILD

AnOma|OUS ZZh &- WWh Couplings Tomohisa Ogawa

In the Higgs rest frame

Angular Asymmetry derived from the new structures

- “az’ Is a simple normalization parameter
which affects the overall cross section of processes.

The Lorentz structure
1 (just rescales the SM-coupling)
Lozu —UZ( ; )Z ZhH
v s — - “b;" has a different tensor structure which affects
27 JWE 4 Z;w 7 H momentum spectra and
changes angular/spin correlations.

2N 1Y 2A
“bzt” is a CP-violating parameter which affects
angular/spin correlations.

19



Anomalous ZZh & WWh Couplings ILD
Tomohisa Ogawa
I ) I T R 04 LA L L L A B AL B
- sor_2EH il e i bl - e = TH— " R s HiggHH— b I e T H " He e Mg H— D) : 0.]:— ey H.‘e'eluqqllrll—obm_:
05 4.n.1pu;_rm..m" 0.5+ dﬂ_w_i-rl.ﬂ.—ml 1 02+ :;:;i“[mll — 00550 :;;Z:}::I- E
- ® |« § 7 @
o 5o S - 1 onsf M :
-05 C -a:saa_m 1 03 r B 65% CL comt ] 02 F -6:%(.:[.5011 [ B es% CLcom
E ——95% CL comt :  05% CL ecmt ] r I—‘J-M'-l-lmt | | | ] —IJ.]:— — 95% CL cant ]
T T ¥ - il I L B T T
b, b, b, b,
ay bz SZ az l-!72,' 52;'
ZH efeh - +0.103 0051 | ZH efeh - +0.0196 +0.0183
with shape €Rer - +0.117 +0.060 with shape €per - +0.0212 £0.0197
ZH erep 0301 =0.107 =0.050 ZH epep =0.114 =0.0198 +0.0181
with shape+o egez +0.355 £0.125 £0.060 with shape+o eﬁeg +0.129 +£0.0214 +0.0198

Critical to showing that CP-violating EFT terms can be neglected:

TABLE IX. The sensitivity to the anomalous ZZH and vZH couplings with the combined results of both /s =250 and
500 GeV. The ILC operating scenario, so-called H20 is assumed as the integrated luminosity. The values correspond to one
sigma bounds.

az (zz Caz (zz Caz Cy Cww Cww

ZH

with shape - +0.00798 =+0.00481 =+0.00858 =+0.00051 - +0.00114 +0.000242
ZH

with shape+o +0.0309 +0.00735 +0.00282 +0.00861 =+0.00051 || +£0.0146 =+ 0.00100 =+0.000248
ZH 7 Z-fusion

with shape - +0.00786 +0.00483 +£0.00835 =0.00049 - +0.00114 £0.000232
ZH+ 7 Z-fusion

with shape+o +0.0219 +0.00572 +0.00280 +0.00826 =+0.00049 || +£0.0109 +0.00080 =+0.000236

20



A ., frome*e” > yZ - yff at s =250 GeV ot
cross section: 26 pb for eLpR; 16 pb for eRpL

#events for 2 ab-1, with 67.5% elLpR and 22.5% eRpL

overall efficiency ~ 30% (conservatively,
Tsuchimoto @ Tokusui Workshop 2015)

—> 6.2M elpR events; 1.3M eRpL events

—> potentially reach 0.1% statistical error for A_r

conservatively assume a factor of 3 better than
today (0.7%)

Full MC study Is required to evaluate systematic errors.
For example, how well do we need to control M_- ?

Is the beam polarization measurement good enough? 21



cTGC's frome'e” > W 'W " e

Robert Karl

Polarization, Triple Gauge Couplings and W Mass

Precision Measurement @250 GeV
ILD Analysis/Software Meeting

Robert Karl':?

'DESY

2University of Hamburg

07.06.2017
Triple Gauge Coupling Extrapolation to 250 GeV

» Statistical precision:

far (250 GeV, 2000fb) = 500fb™" - (9521.45fb + 45.58fb)
- | \/ 2000 fb=" - (18781.00fb + 172.73fb)

» Coupling sensitivity:

2

(250Gev)”
» Detector contribution:
Jaet,ag (250 GeV) = (fuer,ag (1TeV)) ™' = 1.1571 = 0.87
faer.an (250 GeV) = (fyeran (1TeV)) ' =171 =1

faer.an (250 GeV) = (faer.an (1TeV))™H = 13771 = 0.73

0.355

22



cTGC's frome’'e >W'W"
The scaling from 500 to 250 GeV is fine.

There is a problem though with the 500 GeV precision:

Result @ /s = 500 GeV ( lvan Marchesini )

» Integrated luminosity £ = 500 1/fb
» P,_ = 480%, P,+ = £30%, equal luminosity sharing between o4 4
> Binning in cos (), cos (6;), ¢7: 20-10-10

» Ag=6.1-10% Ar=6.4-10"% AX=7.2.10"4
thesis table 5.7 [1]

This was not how the analysis was done at LEPII. You need to form an optimal observable from

all5angles 8, & ¢ 6 @ and use all decay mode combinations had - had, had - lep, lep - lep.

Doing it this way with a fast MC the Tesla TDR claimed for Js =500 GeV & 500 fb™
Ag; =2.8x10" Ak, =3.1x10" A4 =4.3x10™

These numbers are probably closer to what can be obtained at 500 GeV, but we need to understand
differences of full vs fast MC, and properly estimate the dominant systematic errors. Alternatively
we could do a fast MC study where we bin 3 angles and only consider the lep-had decay mode.

23



o(e'e” > Zhh) cadeno

Claude Duerig

Measuring the Higgs Self-coupling at the

International Linear Collider

Claude Fabienne Diirig!, Junping Tian®, Jenny List!, Keisuke Fujii?,
Masakazu Kurata®

1pEsy Hamburg, Germany
2KEK, Japan
3University of Tokyo, Japan

LCWS 2016, December 6th 2016

v/s=500GeV, L=4abl, P(ete) = (£0.3, 70.8)

» for HH — bbbb

Ao (ZHH) _

» combined with HH — bbWW"*

Ao (ZHH)

» results in 26.6% precision on Agp

F

» advanced reconstruction gives 10%

im provement

24



Epilogue: Higgs Self Coupling Systematic Error

OZhh 1 =05

OSM
—6.48CT — 65.1CIHL + 61.1CHL + 52.6CHE?

0 Zhh _1_20’0&]

OsM

1
0.065

Cg —

The covariance matrix V. for all ¢; except for ¢ can be obtained from a linear least
squares fit of electroweak precision observables, the LHC measurement of BR(h —
Z7*)/BR(h — ~v7), and ILC measurements of TGC’s, ¢ x BR’s and the polarized
cross section o(ete” — ZH) The total error on c¢g is then

b=

1 A h
Acg = [( 4l 2+Za(1J ]

0.565 OSM

Given the full ILC program of 2 ab™! at 250 GeV and 4 ab™! at 500 GeV

Z(Ii(lj(vc)ij] ’ = (0.04 <K —— < —0.168

565¢6 — 3.58¢y + 16.0(Scyw ) + 8.40(8cyp) + 1.26(3¢p)

25
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