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Motivation

We’ve entered the stage of measuring the properties
of the 125 GeV resonance more precisely

Through a long-term experimental program we

hope to find out more about the nature of this
particle and EWSB

Many extensions of the SM involve the Higgs
mixing with another scalar

These scenarios can be tested by measuring
coupling deviations or by direct searches

Focus on the scenario where no new particles are
observed



Motivation

Measuring 3-pt couplings inform us about the
degree of mixing, other scalar’s contribution to
EWSB and fermion coupling pattern

Electroweak quantum numbers are not determined
just by measuring the 3-pt couplings

Easiest to see when the additional scalar does not
contribute to EWSB or couple to fermions

All couplings are modified by a common
multiplicative factor that depends on the mixing
angle



Motivation

e When it does contribute to EWSB it is not possible in
general to disentangle the mixing angle and the EW
quantum numbers in the 3-pt couplings

e hhVV coupling depends on weak isospin and
hypercharge and is accessible via electroweak-
initiated di-Higgs production

e Measuring these at the LHC is extremely hard
(details to follow)

e We propose to extract them from cross sections of
at the following processes at the proposed ILC

ete™ = Zhh (500 GeV) ete” — viphh (1 TeV)



Motivation

These processes have been looked at in the past
only to extract the Higgs self coupling (hhh)

The two cross section measurements can be used
to extract hhV'V and hhh couplings simultaneously

Allows us to distinguish between models where
the Higgs mixes with scalars with different EW
quantum numbers

So the main goal of this work is to make a case for
doing this hard measurement at the ILC in order
to find out more about the EW quantum numbers
of the scalar the Higgs mixes with



Measuring Higgs Couplings - LHC

e Atthe LHC what we measure are signal strengths

(production x Branching Ratio)
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Measuring Higgs Couplings - LHC

e Extracting Higgs couplings in a model independent way
from the signal strength require global fits (too many
parameters vs model dependence)

| |
ATLAS

H— 1t

\s=7TeV: [Ldt=
\s=8TeV: [Ldt=

H—- WW" = v

\s=7TeV: [Ldt=
\s=8TeV: [Ldt=

H— vy

\s=7TeV: [Ldt=
Vs =8TeV: [Ldt =

H—zZ" - a4l
\s=7TeV: [Ldt=
\s =8 TeV: [Ldt=

13 b
*

|
Preliminary  m, = 125.5 GeV
W,Z H — bb '

\s=7TeV: [Ldt=
\s=8TeV: [Ldt=

47" Py
13 b

467" P

) .
4.6 fb ) —e—
20.7 fb .

1 :
4.81b D —e—

20.7 b

" :
4.6 fb E ——

20.7 b

Combined
\s=7TeV: [Ldt=
\s=8TeV: [Ldt=

u=1.30 = 0.20 :
46-4.8 fb“1 | e
13-20.7 fb"

-1 0 +1

Signal strength (u)

Moriond 2013

\Is=7TeV,L<5.1fb" \s=8TeV,L<12.2 "

CMS Preliminary m, = 125.8 GeV
H — bb .
H—o 1t i
H- vy -
H— WW —l—y
H-ZZ el
Lo SR, L L P

15 2 25
Best fit O'/O'SM

i = 0.88 4 0.21
HCP 2012



Measuring Higgs Couplings - LHC

Estimates for accuracy in Higgs coupling measurements
with 300 inv fb of data (end of this decade)

g(hAA)/g(hAA)
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Measuring Higgs Couplings - LHC

e hhVV and hhh couplings are hard to measure because
the cross sections for di-Higgs production are small

e Atl14TeV LHC
pp --—>h ~ 50 pb (gluon fusion)
pp--—>hh~20fb (gluon fusion)
pp -->h h ~ 2 fb (VBF)

A. Djouadi, W. Kilian, M. Muhlleitner and P. Zerwas, Eur. Phys. J. C10 (1999) 45
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Building the ILC

There are good reasons to do better even in
channels that the LHC measures to ~10%
precision

A number of NP scenarios with a light Higgs and
other particles (heavier than a TeV) can cause
deviations smaller than that in one or more of the
Higgs couplings (decoupling limit)

In the absence of any other particles being
discovered at the LHC, measuring the Higgs
couplings more precisely is crucial

Measuring these couplings more precisely is one
of the main physics reasons to build a linear
collider like the proposed ILC

11



Advantages

e+ e- collisions have much smaller total cross
sections (~100 nb as compared to ~100 mb)

No pile up or hadrons from underlying event

Z and W bosons are recognized easily even in
hadronic decay modes

Absolute branching ratios of the Higgs can be
measured as the Higgs can be tagged when it

recoils against the Z boson in ete™ — Zh at 250
GeV

Combined with o(ete™ — vh — bb) at 250
and 500 GeV gives the Higgs width to 6%

12



LHC-ILC comparison
g(hAA)/g(hAA) |, -1 LHC/ILC1/ILC/ILCTeV
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DOUBLE HIGGS PRODUCTION AT ILC

e"e” — Zhh (500 GeV)
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DOUBLE HIGGS PRODUCTION AT ILC

e’ +e — Zhh

e* + & — vvhh (WW fusion) 7

e* + e — vwhh (Combined) :

m, = 120 GeV =
e

0
400

15



PARAMETRIZATION OF COUPLINGS

' 2h e = ‘
AR Ve | y; 1 e
D Ry My VvV, | _I_CLVUSM VU%M_ mfff : —I_CfUSM_
| h fie |
SN he ] L L d

o IntheSM, a;, bi, € g =
§ Cccan be different for each fermion

. V=WorZ

® kW:L]{Z:l/Q

e (aw,bw) # (az,bz) in models where custodial
SU(2) is violated




NOMENCLATURE

a,b,c,d are multiplicative factors by which the SM couplings
are modified and V denotes the W or Z boson
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COUPLING MODIFICATIONS

h = ¢cosf — xsinb.
® X -real neutral component of general electroweak multiplet X

e [fit doesn’t couple to fermions or get a non-zero vev

aw = az = a = cosb, = 0 — 030
e When X acquires a vev it contributes to masses of W & Z bosons

e Alsoleads to X coupling with WW and ZZ
(= ¢

ay = cos@sin f — /by, sinf cos G C= —

sin 8 = vy /vsm

b = 2 [T(T+ n YT] e SM Higgs T = 1/2,Y=1

18



COUPLING MODIFICATIONS

(SN Tlicos T—1/2,Y=1) b5 =051

e Note that 4 and c depend on 3 parameters (b3, cos 6, sin 5 )

e Thus b, can’t be extracted by just measuring a and ¢

19



COUPLING MODIFICATIONS

hhVV  couplings are modified by xxV'V' couplings

2 2
L g g
XXW W by Gy XXZuZ iV G
%%

After mixing

by = cos® 0 + b sin? 6.

X does not carry vev

a or ¢ determine the mixing angle, b can be used to
determine the quantum numbers
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COUPLING MODIFICATIONS

hhVV  couplings are modified by xxV'V' couplings

2 2
L g g
XXW W by Gy XXZuZ iV G
%%

After mixing
by = cos® 0 + b sin? 6.
X carries vev

a, b and ¢ determine mixing angle, vev of X and its
electroweak quantum numbers

21



COUPLING MODIFICATIONS

e hhVV couplings are modified by XXxV'V couplings

92 %

L Ny
XXW W by Gy XXZuZ iV G
%%

e After mixing

by = cos® 0 + b sin? 6.

e Models that preserve a custodial SU(2) have by = bz

e by >1 ispossible whenT >1/2

22



BENCHMARK MODELS

We will assume the benchmark models preserve custodial
SLI(2)

Additional scalars do not couple to fermions to avoid
constraints from FCNC

Additional scalar(s) carry zero or small vev

The models differ only in the value of b (¢ =0.9, d = 1)

23



BENCHMARK MODELS

BIEE SV + Real Singlet Scalar (a=c=0.9, b = 61 d =i

h=¢@cosf —ssinf

by = by = cos? 0 = a? (true irrespective of the

singlet vev)

o (I[I: SM + Additional Doublet (a=09,b=1,d=1)
Type 1 2HDM where the doublet ®2has small vev

CP-conserving potential with

R ole, miolo,iho softly broken Z2
+ %)\1 (<I>J{<I>1>2 X %)\2 (@5@2)2 + 25 (@]@1) (@f@) + Ay (@]0,) ()2 ) oo

i {%)\5 (@1@2)2 bt [)\6 (cb’{cbl) G (cb;cbg)} (qf{@g) - h.c.} .
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BENCHMARK MODELS

BIEE SV + Real Singlet Scalar (a=c=0.9, b = 61 d =i

h=¢@cosf —ssinf

by = by = cos? 0 = a? (true irrespective of the

singlet vev)

o [I[I: SM + Additional Doublet (a=09,b=1,d=1)

Consider a Type 1 2HDM where the doublet @ has
small vev

CP-conserving potential with

h = ¢1c080 — Pasin 0 softly broken Z2

bw = by = cos® 0 +sin’ 6 = 1
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BENCHMARK MODELS

e | TIT : Georgi-Machacek model (a=0.9, b=1.32,d=1)

e (Contains the SM doublet along with a complex triplet
(Y=2) and a real triplet (Y=0)

e Together they can be arranged so as to preserve
custodial SU(2)

¢O>|< gb+ / XO* ‘£+ X++ \
(I) = ( _¢+* ¢O ) X s _X‘|‘* 50 X‘|‘
Cae o
(®) = %12x2 (X = 1

2 2 2
UsM = Uy T+ SUS

e Note that each of those triplets taken individually
with SM would violate custodial SU(2)
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BENCHMARK MODELS

e The model contains two custodial SU(2) singlets
that can mix to produce the observed resonance

2 1
= = \/;Xo’r+ﬁfo
b= Hi cos@ — H sin#
8

b260829+§sin29

e For small X vevs the following approximation
can be made

bWZbZICLz—I—g(l—CLz)

e Fora=0.9 this yields b =1.32
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MEASURING THE hhVV COUPLING

e Scenario: LHC + 250 GeV ILC data point to the
Higgs mixing with another scalar that doesn’t
couple singly to fermions and whose gauge

boson couplings are negligible
a=c=09

e The production rate would be scaled by a factor of
0.81 but all the BRs would stay the same

& 1lic 250 GeV ILC measurement of e'e” = 7
would yield a to a precision of Aa/a = 1.3%

with 250 inv. fb of data (~ 3 yrs)
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DOUBLE HIGGS PRODUCTION AT ILC

e"e” — Zhh (500 GeV)
\ N \\h \ ~ \ N
o s,
e “h e l; - \\
(a) () (c)

eTe” — vvhh (1 TGV) WBF and Z(— vi)hh

Ve 7 v,
ot W /h ot W //h
/
/ /
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-t <
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Ve Ve
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DOUBLE HIGGS PRODUCTION AT ILC

e We calculate the cross sections using CalcHEP
and MGS5 for di-higgs production for the SM and
the three benchmark models assuming a = 0.9
and d =1 (unpolarized beams)

e We choose our BM pts such that the additional
heavy states are beyond the kinematic reach of
the ILC and their contribution to the cross
sections is negligible

Models b o2 (7 hh ) g o (Zhh) o = PR

Singlet 0.81 0.11 b 0.082 tb 0.041 fb

Doublet 1 0.14 b 0.11 tb 0.027 tb
GM 132 0.191b 0.18 tb 0.090 b
SM 1 0.16 tb 0.12 tb 0.071 tb
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Extracting b and d

e The cross sections for the two processes depend
differently on b and d

e This dependence also varies with the CoM energy

ete” — Zhh (500 GeV) ete™ — vohh (1 TeV)

— — — —
(M) N o) o

0 1 2 3 0
d

Contour Plots of Cross sections (in fb)
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Extracting b and d

e Measurements of eTe™ — Zhh at 500 GeV
and e"e- — vihh at1 TeV can be used to fit for b
and d

e We can compute the two cross sections in terms of
our effective lagrangian for a = 0.9 while varying b

and d

e Next we can plot 68% and 95% CL chi sq plots for
each Benchmark Model

ST e

2
— AOBM,@'
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Extracting b and d

> 0o o

D
i=1,2 AUBM,i

e We use cross section uncertainties from the ILC Large
Detector Study for the ILC Detailed Baseline Design
(DBD) Report

e These uncertainties are scaled appropriately for the
Benchmark Models as their cross sections are different

from the SM

Model b Aoc/o(Zhh,500 GeV) Ac/o(vvhh,1 TeV)

Singlet 0.81 38% 39%
Doublet 1 32% 42%
ENE 8D 24% 18%

SM 1 27% 23%




Measuring b and d

e Account for different selection efficiencies for (Z--> v
v) hh and WBF at 1 TeV by scaling the Zhh process
to get the relative efficiency of 11%

Model b Aoc/o(Zhh,500 GeV) Ac/o(vvhh,1 TeV)

Singlet 0.81 38% 39%
Doublet 1 32% 42%
GM 1.32 24% 18%
SM 1 e 23%

e Beam Polarisation : P(e-,e+) : (-0.8, +0.3) at 500 GeV
and (-0.8.02)at1 TeV  Int Lum. =2000 inv. ib

e Change in relative contribution of each feynman
diagram due to kinematic cuts is beyond the scope
of this work
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Measuring b and d

e Relative uncertainty increases for Singlet and
Doublet Benchmark model and decreases for GM as
one would expect from the table of cross sections

Model b Aoc/o(Zhh,500 GeV) Ac/o(vvhh,1 TeV)

Singlet 0.81 38% 32%
Doublet 1 32% 42%
GM 1.32 24% 18%
SM 1 Wit 23%

Model & o°°(Zhh) 0'%%(Zhh) o'0°(WBF)

Singlet 0.81 0.109 fb  0.0815 fb  0.0411 fb

Wenil -t 1 D036 D130 00273
GM 132 0.188fb 0.183fb  0.0901 fb
SM 1 0.157fb 0.119fb  0.0712 fb




Fit Results

GM model can be distinguished from singlet and
doublet benchmarks at 68% CL (chi sq. = 2.28)

68% Confidence Regions

28 — b =0.81
16— — b =1.00
b=1.32

14—

12—

0.8—
0.6[—
0.4—

02—




Fit Results

e Overlap at 95% CL is minimal (chi sq. = 5.99)

95% Confidence Regions

—b=0.81
— b =1.00
16 b=1.32
14—

1.8—

12—

0.8—
0.6—
0.4—

0.2—

e (Crescent shape due to WBF cross section not
being monotonic in b



Measuring b and d

e The DBD report assumed a Higgs mass of 120
GeV and considered the channel where higgs
decays to bottom quark pairs

e At 125 GeV this would reduce the cross sections
by about 20%

e The lost precision can be regained by including
the hh — WWbb
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M, as Kinematic Discriminant (Zhh)

et e Z hh (SM, 500 GeV)
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f A 1
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I )
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% 2 e Diagram (a)
~  8.x1077" i i
& ,
é }f % Diagram (b)
B | EE [}
2 6.x1077" / :
_g Ef: 7 3 o — Diagram (c)
T 4.x1077" : :
0; — :
TS0 300 350 - A00- 450 LhE 500
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e [LD collaboration is exploring improving
sensitivity to d by weighting events based

on My,
J.Tian, talk at LCWS2012, http://www.uta.edu/physics/lcws12/ @
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M, as Kinematic Discriminant (Zhh)

et e Z hh (SM, 500 GeV)
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i % % —_— Diagram (a)
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B | EE [}
S 6.x1077" ’ ﬁ
_g Ef: 7 3 o — Diagram (c)
T 4.x1077" : :
0; — :
TS0 300 350 - A00- 450 LhE 500
My, (GeV)

 Improves precision on d by 10% at 500 GeV
and 1 TeV for the SM case (a=b =1)

K. Fujii, Talk at Higgs Snowmass Workshop 2013,
http://physics.princeton.edu/snowmass (0)
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M, as Kinematic Discriminant (Zhh)

et e Z hh (SM, 500 GeV)

12x 10-65 %%ﬁ@fﬁ}%ﬁﬁ : |
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= i ¥ l
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My, (GeV)

Method can be adapted to improve
extraction of b and d

Significant contribution from interference

Contribution from (c) is higher at lower My,
and from (b) has a broader M, dependence
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M, as Kinematic Discriminant (Zhh)

et e Z hh (SM, 500 GeV)
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% 2 e Diagram (a)
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B | EE [}
2 6.x1077" / :
_g Ef: 7 3 o — Diagram (c)
T 4.x1077" : :
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TS0 300 350 - A00- 450 LhE 500
My, (GeV)

e Contribution from d is highest at low M
and from b has a broader My, dependence
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Constraints on d from LHC

e Accessed via di-Higgs production through gluon
fusion

* Depends on top Yukawa coupling as well as new
particles in the gluon-fusion loop

H
& BOOC00000000) /H S 00000 | =~ = ~ = -
H .7
t Y - - ¢
8 00 N B Omnenonn0—————— - - - - - -
H H

figs. from F. Goertz, A. Papaefstathiou,
L.L.Yang, J. Zurita [ arXiv : 1301.3492 ]
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Constraints on d from LHC

di-Higgs production at LHC is not very sensitive
to b (the hhVV coupling modification)

d can be constrained to be +ve at 96% CL using
600 inv. fb at 14 TeV LHC

F. Goertz et al. [arXiv : 1301.3492]

With 3000 inv. fb the 1 sigma uncertainty is
reduced to +30% and -20%

The study assumed c = 1 and no new particles in
the loop

A joint analysis from LHC and ILC data can thus
be used to constrain b, d and new colored particles
or higher-dimensional operators
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Caveats/ Viability of Benchmark Models & Methodology
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Double Higgs production at ILC

e The approach we used to calculate di-Higgs rates doesn’t
account for contribution from t- and u-channel exchange of
SU(2) triplet states in the doublet and GM model

e Doesn’tinclude H -> h h where H is the heavier custodial
singlet

e We assume these states are heavy enough to be kinematically
forbidden at the 1 TeV ILC

Mpo > 910 GeV cier— Z(FE—Fh)
Myo 2 875 GeV e — A — 2
My > 500 GeV ciien o Huk

For the Doublet case including these states increases the di-
Higgs cross section by a few % for

Mgy = 660 GeV M4 o = 880 GeV
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Unitarity Constraints on Heavy States

We cannot assume the heavier states to be
arbitrarily heavy

This is because in the presence of Higgs coupling
deviations we need contributions from NP to
ensure perturbative unitarity

ViV — hh
VLVL rg VLVL

We calculate these amplitudes at tree level and
impose the following condition on the zeroth
partial wave amplitude

1
Re(ao)| <

49



e C(learly the t- and u-channel exchange is required
to restore unitarity when b — a? # 0
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E2
&)
Including SU(2) triplet state (H*,4%) contributions we get

8 2
Doublet : m%,i,Ao = - ~ (2150 GeV)?

= \/3(1 o CL2) \
a—={19
e

GM : m2 + 40 = 37‘-?}2 e (1320 GGV)2
Bl Aoy \/§(1 il CL2)

Assuming 4mviy > m},m?, and triplet masses are degenerate
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Including SU(2) triplet state (H*,4%) contributions we get

=
Doublet : mQHi,AO = 4 ~ (2150 GeV)?

~ V3(1 - a?)
\ a=0.9
Pt

—
GM: m? . 0<® ~ (1320 GeV
Bl Aoy \/§(1 i CL2)

Coefficients are different because the triplet states in these models
have different EW quantum numbers
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W Ve —e W i
= W
o(%) e 0 of

6

Coupled channel analysis yields
i 16mvg,
EE S BT )

%

h
EQ
5

@
/\ b‘
N 7

~ (1790 GeV)* < a=0.9

e Thus perturbative unitarity constraints do not
prevent us from assuming H° — hh

contributions are beyond the kinematic reach of
the 1 TeV ILC
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VL VL = VL VL

K0

16703
e SV olleo)

,02

MH® ~ 51 2)

a=0.9

e We neglect exchange of custodial 5-plet as its

contribution is small for small vy

-
o,

Q

E2

€

2
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A

Benchmark Models assumed Higgs mixing with a
scalar that doesn’t participate in EWSB or break
custodial SU(2)

There are well motivated models for which these
assumptions do not hold

[f new scalar participates in EWSB then a # ¢

This can be determined from the high precision

measurements of single Higgs couplings at the
[L.C
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i

The extraction of b and d is not affected

What changes is the interpretation of a and ¢

a and c can be used to extract the mixing angle
and scalar vevs for an assumption of EW

S

uantum numbers

E

his leads to a prediction of b for the chosen model
ay = cos@sin f — /by, sin 6 cos B.

cos 0 cos 0
c = = :
Vg / UsM sin 5

by = cos® 6 + by sin? 6.

56



SM + Doublet

. : 0 :
ay = cosfsin B — 1/br sinf cos 8 ey sin 5 = vy /vsm
sin
/ U2 : /
panEG— ~— cos = sin(B" — «a)
U1

Softly broken Zo

e enforces fermion coupling structure

e additional doublet zero vev a=c—=l
e additional doublet non zero vev a7 @

No Zo

e additional doublet zero vev adi=c =

e Requires a theory of flavor to explain absence of FC
neutral Higgs couplings
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Sutficient Mixing & EW Precision - BM 1

e (Can we get the mixing we require for each of our
benchmark models?

e For a mixed-in scalar singlet dimensionful
coupling allows for enough mixing without

needing large quartic scalar couplings

020

Nuf 0.10

0.05

0.15"-

Allowed by EWPT

800

1000 1200
mH(GeV)

1400

1600

R. Gupta, ].Wells, H.
Rhezhak, arXiv : 1206.3560
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Sufficient Mixing & EW Precision - BM 1

 Main constraint from EW precision observables

S = cos® 0 Sam (mh) a5 sin? @ Ssm (mHo)

0.207 e e / SIS
0.15\\\\
“c 0.10F el e S S
A i Allowed by EWPT F
0.05
OO I ‘ : ‘ : ‘ ‘ ‘ ‘ L ‘ L \ . w ! \ ‘ ‘
800 800 1000 1200 1400
mH(GeV)

1600

R. Gupta, J.Wells, H.
Rhezhak, arXiv : 1206.3560

e For most of the heavy scalar mass range (910 - 1790

GeV) sin?6 < 0.1
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Sufficient Mixing & EW Precision - BM 1

sin” § = 0.19 represents a mild violation which can be compensated
by additional new physics that adjusts the S and T parameters

020 N R / R T
Gis = ¢
ﬁ REaa- , R. Gupta, J.Wells, H.
=010 ; A e e ] Rhezhak, arXiv : 1206.3560
I Allowed by EWPT 7
0.05

OO 7 : : ‘ ‘ : ‘ ! ‘ ‘ L L \ ! L w \ ! | ! |
800 800 1000 1200 1400 1600
mH(GeV)

Note that a smaller mixing corresponding to a = 0.95 would be
allowed by EWPT
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Sufficient Mixing & EW Precision - BM 11

Harder to obtain mixing while keeping the additional states beyond
the kinematic reach of the 1 TeV ILC

We use 2HDMC to scan the general CP-conserving potential
Veen =2, @] @1 + mZ,018, — [m@cb}cbg = h.c.}
i %)\1 (@{@1)2 i %AQ (@3@2)2 Jn (clf{cbl) (<1>$<I>2) o (qf{cbz) (@5@1)
i {%)\5 (@{@2)2 s [)\6 (qf{cbl) oL (cb;cbg)} (@J{Cbg) i h.c.} .
A=Ay =0

Obtaining sufficient mixing cos = sin(8 — a) = 0.9
requires large quartics As and A4 of order 10

These quartics lead to a mass splitting between charged scalars
and the pseudoscalar and therefore to the T parameter

Could be compensated for by isospin-violating new physics
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Sutficient Mixing & EW Precision - BM 111

Most general custodial SU(2) preserving potential

L H3 ot )2
Ve — ; Tr(®'d) + ; Tr(X'X) + A\ [Tr(2'®)]

+ X Tr(®T®)Tr(XTX) + A3Tr(XTXXTX)

+ 0 [Tr(XTX)]? = AsTe(®T o ®r0) Tr( X T2 X t0)

+ M Tr(®T7D7%) (X)) s

S O (X0
The two dimensionful parameters M1 and M2 allow for large
masses and sufficient mixing without quartics becoming

large

Traditionally these terms are omitted by imposing the
discrete symmetry X — -X

We find obtain cos§ = 0.9 with M1 ~ -2400 GeV and vy ~ 30 GeV
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SM + Septet (T=3,Y=4)

W = = s
For a = 0.9 and small septet vev we get b = 3.85
This will be well separated from the 3 BM models

Even for a = 0.99, the septet yields a sizable b =
15

68% Confidence Regions

— b =0.81
—b=1.00
b=1.32




Broken Custodial SU(2)

If custodial SU(2) is broken then bw # bz

Two measurements will not be sufficient to
measure bw, bz and d

Additional information from kinematic
discriminants and /or the LHC will be needed
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Conclusions

If Higgs couplings show deviations from the SM
expectation a direct measurement of the hhV'V
would be important to determine EW quantum
numbers of the other scalar

This measurement is extremely difficult at the
LnlG

At the ILC it is accessible via di-Higgs production

di-Higgs production has mainly been studied as a
handle on the triple-Higgs coupling
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Conclusions

e The hhVV can be separated from the hhh coupling
with rate measurements at two different centre of
mass energies

e In addition LHC measurements can constrain the

hhh independently
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BACKUP SLIDES



Unitarity limits

The amplitude for a scattering process can be written in terms
of partial wave amplitudes of definite angular momentum

M =167 ) (2J + 1)a;P;(cos6)
J

The cross section in each partial wave is limited

Since this is a result of the unitarity of the S-matrix the bounds
on the partial wave amplitudes are called unitarity limits

Im(ay)

A

1
Re(a))| < - <>
< > Re(

ay)
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di-Higgs from VBF

100

T T ‘
SM: pp — HH +
LHC: o [fb]

<

09
l
s
T

10

WW+Z77Z — HH

WHH+ZHH

WHH:ZHH = 1.6
WW:Z27 =23
01 | \ | | | \ | \ | \ | \ |

90 100 120 140 160 180 190
M, [GeV]

Figure 3.40: The cross sections for gluon fusion, g9 — HH, the WW/ZZ fusion qq —
qqWW/Z7Z — HH and the double Higgs—strahlung q¢ — WHH + ZHH in the SM as a

function of My . The vertical arrows correspond to a vartation of the trilinear Higgs coupling
from L to 2 of the SM value, Ny = 3M% /M2, from Ref. [254].



Major Processes

Energy Reaction Physics Goal Polarization
91 GeV ete — 7 ultra-precision electroweak A
160 GeV ete” - WW ultra-precision W mass H
250 GeV ete” — Zh precision Higgs couplings H
350-400 GeV ete” — it top quark mass and couplings A
ete” - WW precision W couplings H
ete” — vUh precision Higgs couplings L
500 GeV e precision search for 7’ A
ete” — tth Higgs coupling to top H
<___ete” — Zhh Higgs self-coupling R (|
ete” — xx search for supersymmetry B
ete” — AH,HTH~ search for extended Higgs states B
700-1000 GeN— eTe~ — vhh Higgs self-coupling > L
ete” > vovVVo composite Higgs sector L
ete” — vUtt composite Higgs and top L
Carcmie search for supersymmetry B
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UCliCl'dl 1ooUG. OCllpolulvViLy LU LLLIC Ul'Ubb ©CULIULL

effect of irreducible diagrams

olog,

graph 1 graph 2

graph 3

o/ogy

0.5

graph 4 0

eTe” — ZHH @ 500 GeV

BBl w/o weight
Il v/ weight (Optimal)

A
AA _g02e
A o

ete” - vvHH Q1 TeV

BBl w/o weight
Il v/ weight (Optimal)

A A
Ar 8527

A o

O
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Q

>

$0.0014
0.0012

0.0008
0.0006
0.0004
0.0002

Weight

£ 0.002
~
£0.0018
L
= 0.0016

weighting method to enhance the coupling sensitivity

0.001

900

| L 1 7
300 350 400 450 500
M(HH) / GeV

M(HH) / GeV

4y Blx) Bz T 5

irreducible interference  self-coupling

observable: weighted cross-section

o :/Cf—gw(x)dx

ax

equation of the optimal w(x):
o(x)wo(x) /(I(w) + 25(z))wo(x)dx = (I(x) + 25(x)) /J(x)w%(a:)da:

general solution:

Koyt 2500
o(x)

c: arbitrary normalization factor

Wl — e
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" Higgs Self-coupling: ILC 1TeV: Full Sim.

signal and backgrounds (reduction table
Polarization: (e-,e+)=(-0.8,4+0.2) E., = 1 TeV, Mg = 120 GeV

)/L:2ab1

Expected | Generated | pre-selction cutl cut2 cut3 cut4

vvhh (WW F) D2 1.05x10° 127 107 72 47.6 657)
vvhh (ZHH) 74.0 2.85x10° 32.7 18257 6.68 4.88 -388-
vvbbbb 650 2.87x10° 553 505 146 6.21 4.62
vvecbb 1070 1.76x10° 269 242 63.3 2.69 0.19
YYXYyX 3.74x10° 1.64x1090 18951 4422 38.5 26.7 1.83
yyxyev 1.50x10° 6.21x10° 812 424 44.4 11.0 0.73
yyxylv 2.57x10° 1.17x10° 13457 4975 202 84.5 4.86
vvZH 3125 7.56x10% 522 467 257 30.6 17.6

BG 7.86x10° 34597 11054 758 167 @

significance 0.30 0.68 1.01 2% D) 4._29

AN

A

~ 20% — 18% with weighting ,

ILD DBD Study (Junping Tian)

4

24
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-

ILD DBD Study (Junping Tian)

difficulties

%fundamental:

irreducible SM diagrams, significantly degrade the coupling sensitivity.

very small cross section (0zur~0.22 fb with Pr) and we are only using
~40% of the signal (both H-->bb). large integrated luminosity needed.
(high beam polarization helps a lot)

huge SM background (tt/ WWZ, ZZ/Zy, 2727/ ZZH), 3-4 orders higher.

-technical:

Higgs mass reconstruction: mis-clustering, missing neutrinos, wrong pairing.
flavor tagging and isolated-lepton selection: need very high efficiency and purity.

neural-net training: separate neural-nets, huge statistics needed.

developments since Lol time

LCFIPlus: Vertexing before jet-clustering --> flavor tagging much improved
Improved data selection (neural-net optimization)

Event weighting to enhance the signal diagram
15
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%&6‘\ DBD analysis at 500 GeV (combined)

o 1
i P(e-e+)=(-0.8,0.3) et ea o T M(H) = 120GeV / Ldt =22
significance
Energy (GeV) Modes signal background i o
(D) (IT)
SN e S 4.3  BioTo) J Bl
500 ZHH — (I11)(bb)(bb
4.5 6.0 1:5g 1.20
500 ZHH — (vv)(bb)(bb 8.5 759 2.50 2.1o
LI 13.6 30.7 2.20 2.00
500 ZHH — (qq)(bb)(bb
: 18.8 90.6 1:90 1.80
OOBHYPOFhe,SISI test IIIII I 2 as a function of cross section
I 0.075— _.—._._. Expected by signal + background —E 145_ Lumi =2 ab™
S oot —=— overne ' JHH — 022 == (00 fb
'<“§ oo ZHH excess significance: 5.00 3 -
> - P ] Lo =t
§_ 0.022: / \\'\\. // \\\\\ :é 5 A / A — 48 %
i ” ® ” Xzz(.)ZInLE—b:SO (Cf. 80% for qubbb 00_ 100 200 300 400 500 600 700 800 :Zio I_u1moioo
at the Lol time) O\

with weighting, it would be: 7 = 44%

ILD DBD Study (Junping Tian) 17

v
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