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"My friend, we are in the peculiar position of not knowing what
questions to ask. We are like little children playing cache-cache in

the dark. We stretch out our hands and grope about.”
— Hercule Poirot in The ABC Murders



OUTLINE

» Motivations

« Exotic models with Kw # Kz

» Determination of kw/kz (at ILC)
« Summary
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AN EXTENDED HiGggS SECTOR

- The SM Higgs mechanism offers an elegant and minimal
framework that achieves the required EWSB.

- Just to break the EW symmetry, one can employ nontrivial
Higgs representations other than the doublet (though the
choice of doublet is economic for fermion mass).

* For W and Z in cases where more Higgs fields participate
in EWSB,
i masses involve different origins
m couplings with H(125) may be modified and/or different
w HWW and HZZ couplings (or kw and kz) being
fundamental in EWSB and indicators the custodial
symmetry
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SALIENT FEATURES OF SM

* Due to custodial symmetry, interactions between Higgs
and weak gauge bosons dictate that at tree level

oMy
P = M2 2 o
7 cos® Oy

liWZHJZ=1

- How can we deviate from these predictions provided data
show otherwise?

» What kind of exotic Higgs extensions can we go after?
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ReceNT RUN-II DATA

Parameter ATLAS CMS Average
Ky 1.07 +0.10 1.1275 16 1.08 4 0.08
1.07 == 0.10 0.99 £ 0.11 1.03 £ 0.07

Kz

ATLAS-CONF-2018-31 (13 TeV, 80/fb)
CMS-PAS-HIG-17-031 (13 TeV, 36/fb)

« Concentrate on the central values.

* Kw and/or Kz may be greater than 1.
» Kw and Kz may be different. (~10% from CMS alone)

» What kind of (minimally extended) Higgs sector features
these properties?

 How different can kw and Kz be?

- Confine ourselves to only extending the Higgs sector.
Cheng-Wel Chiang, @ NTU 6 HPNP 2019 @ Osaka



Higgs EXTENSIONS

* Higgs extensions are subject to a stringent constraint
Pexp = 1.00039 = 0.00019 PDG 2018

* In models with an extended Higgs sector, at tree level
- > | Ti(T + 1) = Y2
Ptree — ZZ 21/7;2?]22




Higgs EXTENSIONS

* Higgs extensions are subject to a stringent constraint
Pexp = 1.00039 = 0.00019 PDG 2018

* In models with an extended Higgs sector, at tree level
> 07 |Ti(Ti +1) = Y7

Ptree — ZZ 21/7;21]22

* If only one new SU(2). rep is added to the SM, piree = 1

gives the following possibilities, under (SU(2)L,U(1)y):
(0,0) — real singlet, " interacting mainly with hgy
(1/2,1/2) — doublet, " a popular choice (e.g., 2HDM)
(3,2) — septet,
(25/2, 15/2), (48,28), etc »» disfavored by unitarity bound




Higgs EXTENSIONS

* Higgs extensions are subject to a stringent constraint
Pexp = 1.00039 = 0.00019 PDG 2018

* In models with an extended Higgs sector, at tree level
> v | Ti(T +1) = Y72
S WP AT
* One can also choose to add a custodial symmetric
representation (n,n) (n € N) under (SU(2).,SU(2)r) with

vacuum alignment.
m generalized Georgi-Machacek (GM) model
w n = 3 is the original GM model Logan, Rentala 2015




Higgs EXTENSIONS

* Higgs extensions are subject to a stringent constraint
Pexp = 1.00039 == 0.00019 PDG 2018

* In models with an extended Higgs sector, at tree level
> 07 |Ti(Ti +1) = Y7

Ptree = Zz QYiQUiQ
» Simplest CP-conserving custodial Higgs models:
- real Higgs singlet model (rHSM): ® + S
- two Higgs doublet model (2HDM): ® + @’
- GM model: © + A

- will make a comparison of them in hVV couplings.




Orvv IN SIMPLE MODELS

Model  Higgs KV = 9HVV /JhsuVV Kw/Kz
rHSM h COS (¢ 1
2HDM/1 h sin(B — a) 1
SMolike Higgs = <|
. H cos(f — «) 1
N\ 3
GM h sin 5 cos a — §C S 3 sin o 1
H? sin B8sin o + gcosﬁcosoz 1
H? 0 —
cos 3 2cos
H? Ky — and Ky =
— " 3 ~ 3

Uy (%0
2HDM:tan 8 = — and GM:tan (g =
o Uq b 2\/§UA




ReceNT RUN-II DATA

Parameter ATLAS CMS Average
Ky 1.07 +0.10 1.1275 16 1.08 & 0.08
KR 1.07 0.10 0.99 = 0.11 1.03 £ 0.07

ATLAS-CONF-2018-31 (13 TeV, 80/fb)
CMS-PAS-HIG-17-031 (13 TeV, 36/fb)

« Concentrate on the central values.
v Kw and/or kz may be greater than 1.

- Kw and Kz may be different. (CMS alone and central
values only, by ~10%)

- How much can kw = Kz be violated by
?

m model-dependent



K> AND K

- hVV scale factors at 1-loop with momentum dependence
are defined as: v momentum of off-shell V*

_ fl(m%/apzami)NP
- Dy(mi, p?,mi)sm
- At 10, Kwz are (will be) determined to be
LHC Run-I kz =[0.94,1.13] kw = [0.78,1.00]
HL-LHC Akz =2 — 4% Arw =2 — 5% 14Tev, 3000/

ILC Akz =058%  Amy =081% 0500

1606.02266 [hep-ex] @& 250 GeV, 500/fb
o _ _ 1310.8361 [hep-ex]
- Radiative corrections in SM: 150605992 [hep-ex

kv (p?)

for \/p? = 250 (500) GeV

tree

g 212 (+1.0) % (hZZ)
Ihvv

1404 (41.3) % (AWW) |
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satisty theoretical
constraints (unitarity, stability,
perturbativity, and oblique
parameters [S and T]).

Darker dots further satisfy Higgs
signal strengths from LHC Run-I
(20 channels). ATLAS+CMS 2016

Other types of 2HDM are
expected to have a similar
result as 2HDM-I.

It is possible to discriminate
among the rHSM, 2HDMs and
GM model.

Aky ~ O(1%) and may be
observable.

1.5

T R

05' ,

0.0F = s g ~~~~~~~~~~~~~~~
_0.52- ' GM mode
e -

CWC, Kuo, Yagyu 2017
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MORE EXOTIC MODELS



ExoTic Higgs MuUuLTIPLETS

- At least two active Higgs multiplets (X1, Xo, ..

.) larger than

doublet are required, in addition to SM doublet .

m consider simplest case with N = 2

» Suppose their quantum numbers are (T1,Y+) and (T2,Y2).
» The VEV of a complex (real) Xa is denoted by va/vV2 (va).
* To have piee = 1, the new VEVs have to satisfy

”U% - T1 (T1 T ) — 3Y12

T =

with the total VEV
v? =03 + %0 with €2 =4 (Y12

v Ty(Th +1) — 3Y7

7“Y22 )

- Define the mixing angle (analogous to 2HDM)

v
tan 8 = il

£
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ExoTic Higgs MULTIPLETS

* Tree-level unitarity of scattering processes requires that
Ta<7/2 (4) for a complex (real) scalar in the N = 1 case.
w used here as a conservative bound Hally, Logan, Pilkington 2012

* In certain scenarios (often those with larger SU(2)L reps),
electroweak couplings develop Landau poles below the
Planck scale.

w glways g at a lower scale than g’

 There could be accidental global U(1)’s associated with
phase rotations of X4 and Xo.
w at least one unwanted massless NG boson after EWSB

» Discard such scenarios, but otherwise impose no custodial
symmetry on the Higgs potential.

Cheng-Wei Chiang, @ NTU |7 HPNP 2019 @ Osaka



VIABLE SCENARIOS

|5 scenarios allowed EW quantum #'s

CWC, Yagyu 2018

(11, Y1) (T2, Y2) ro 7 o
GM model w/o m  (1,1) (1,0) 1/2 4 118
custodial symmetry(3/2,1/2)  (LI) 3 13 65 demanding yu <vA4T
(3/2,3/2) (1,0) 3/2 9 79 at electroweak scale
n =4 GM model m (3/2,3/2) (3/2,1/2) 1 10 75 m lower bound on ve
w/o custodial (27()) (171) 6 24 48
symmetry (20)  (3/23/2) 2 18 56 || caseswithr >
(2,1) (1,1) 3 16 59 2caseswithr=|
all involve a (2,1) (3/2,3/2) 1 13 65 2 cases with r < |
represe_ntaﬂon (2,2) (2,1) 9 24 A8
e Te s Iy (1,1) 8 33 4l
gives a negative
contribution to p (5/2,1/2) (3/2,3/2) 8/3 25 47
(5/2,3/2) (1,1) 2 17 57
(5/2,3/2) (3/2,3/2) 2/3 15 61
(3,0) (1,1) 12 48 34
septet at most (370) (3/273/2) 1 26 39
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NeutTrAL Higgs MIXING

« CP-even neutral components of @, X1, and X2 mix in a
general way:

physical states original fields
v v
h PY
Hy | =R | x
Ho T X5

orthogonal rotation matrix

« Since only ® couples to SM fermions, the scale factor for

Yukawa couplings is universally, given by

Ri11
krp = —— = Ri1 = KFpsg

Sp
mixing matrix element R11 in terms of kKr and 3.
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PREDICTION OF K\w AND K=

« For W and Z:
2T (T + 1) — Y2 R

Ry = 35?11 o ¢ Co
2(TH(T5 + 1) — Y2\ R

commonpalrt _I_Cﬁ\/; [ 2( 2"’5) 2] So
AY? R’ AYZ R

Ky = Sgl11 + ¢g 15 ce—kcﬁ\/F 25 So

T

dependent only on hypercharges R = \/1 — R%l

- Custodial relation kw = Kz occurs when tanf = —/r, a
special mixing angle related to the ratio of exotic VEV’s.
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FIrRST SCENARIO

1.2

CWC, Yagyu 2018

- Correlation plot for
Kr = 0.9 (dashed) and 1.0 (solid) with
vi =10 (red), 20 (green) and 40 (blue) GeV,

1.1}

0.9

by scanning mixing angle 6. <
» The dark (light) indicates
IKZ - KWI < 005 (010) 0.6;-

» The purple cross marks current data at 10. 875 o7 55 a5 75 17 12

100 l

» Blue region allowed by current data of kw,z
at 1o level.

- Except for SM-like limit, there generally eX|st<D L
upper and lower bounds on va. o
w importance about knowledge of Kr 2

80 1

O |

Kr
Cheng-Wei Chiang, @ NTU 7| HPNP 2019 @ Osaka



DETERMINATION OF Kw/Kz



Knw/ Kz,

* The ratio KW
>‘WZ —

Kz
for the SM Higgs boson is +1 at tree level.

* This may not be true for exotic Higgs bosons.
m e.9., —1/2 for Hs% in the GM model

 For the 125-GeV Higgs, data show that
—1.10 S Awz S =073 or 0.72 <Az < 1.10 (Run-I)
—1.39 S Awz S —0.97 or 0.92 < A Awz < 1.37 (Run-II, 35.9/fb)
w3 two-fold ambiguity in such measurements

- With 3/ab, the HL-LHC is anticipated to achieve

|(S/<Vw/liw‘ S 5% ] 5/12//12‘ S 4% = ‘5>\WZ/>\WZ| S 64%
assuming that the central values remain SM-like.
m NO good way to resolve sign ambiguity
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SOLVING THE AMBIGUITY

* How can we experimentally determine this ratio, especially
its sign?

[t can be measured iIn H = ZZ* — 40 due to the

interference between tree and one-loop amplitudes, which
are proportional to the HZZ and HWW coupllngs
respectively. e R

10 10? 10° 10
IIII| T IIIIIII| T IIIIIII| T IIIIIII|

Chen, Lykken, Spiropulu, Stolarski, Vega-Morales 2016

Loose cut, no prior
—— Loose cut, prior on |yt|

10 —— Run | CMS-like cut, prior on |yt| a

€ - —=— Loose cut, y, fixed
Vi
h /
_-— e = g/
Vs /!

FIG. 1. Schematic representation of the hV'V contributions
to the h — 4¢ amplitude where V1 2 = Z,~ and 4,0’ = e, p.
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SOLVING THE AMBIGUITY

* How can we experimentally determine this ratio, especially
its sign?
» We propose to consider the ete- = W+W-H process,

where a desirable interference occurs among the tree-

level amplitudes and allows us to experimentally fix Awz.
CWC, He, Li 2018

a H// W+
/
- Use 125-GeV Higgs as
g an explicit example
' (©) . - H here i1s not limited to
) o SM-like Higgs boson
Y TN 2




Cross SectTioN @ (LC

CWC, He, Li 2018

- Cross section of ete- -+ W*W-Hasa
function of colliding energy for different _"
polarization schemes. :

w preferring 500-GeV ILC with |
P(e-,et) =(-0.8,+0.3) 1306.6352 [hep-ex] 4 /\
w peak position generally changes for

0

a d|fferent H|ggS bOSOn 300 400 500 600 700 800 900 1000

c.m. energy [GeV]

* We consider the above scheme with an integrated

- : — _ 1506.05992 [hep-ex]
luminosity L = 4 /ab: 150607830 [hep-ox]

— P(e~,e)=(0,0)
— P(e”,e*)=(-0.8,+0.3)
— P(e”,e*)=(+0.8,-0.3)

cross section [fb

Oprod = /f%v [OW + Aﬁ}zawz + A;VQZOZ}
OWwW — 13.54fb, Oz — 1.015fb, OW_zZ — —2.5551b

- Ow > Oz by one order of magnitude
- destructive interference if Awz is positive
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REMARKS

» Our proposal is a simple counting measurement.

 The interference term can certainly result in noticeable
effects on differential distributions, such as that of the
rapidity of the charged lepton and that of the azimuthal
angle difference between the charged lepton and the
leading-pr light jet.

* These distributions generally require more statistics in
order to reach the same sensitivity for Awz as proposed
here.

Cheng-Wei Chiang, @ NTU 77 HPNP 2019 @ Osaka



THE efe = WTW H — jjf-

« Consider ete-—mW+W-H, with one

W—2v, the other W—jj, and H—bb. ¢

» 50 discovery achieved with
L = (600/tb, 300/fb, 450/tb) for
(BP1, BP2, BP3), respectively.

* BP1 requires the largest luminosity

due to the smallest cross section
from destructive interference.

» Assume SM-like Hff couplings.

» H—=>WW?* scenario also considered.

W See our paper
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b PROCESS

CWC, He, Li 2018

7

50 100 500 1000
L [fb™']

0 ‘
10

signal significance as a function of L
BP1: Rw =— 1, Rz — 1 (SM)
BP2: Rw — 1, Ky — —1

BP3: Rw — 1, Rz — 0.



THE e¢te” = WTW™H = jjl~vbb PROCESS

discovery significance Sp

- Contours of signal significance for 2 5w » W
L = 4/ab. L=4jab- \
- Discoverable for Ikwl = 0.6, | *SM |
irrespective of the value of Awz. e e
 More sensitive to scenarios with oo
IAwzl = 0.4 as owz becomes less 1
important than oz. (Awz—0 m Kz— )
.. . . =20 s e
- By combining this cross section 00 05 10 15 20 25 30
|lkwl

measurement and measurement of
Ikwl at HL-LHC, it is straightforward to determine Awz
(magnitude and sign) at a high precision.
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SMMMARY

- Knowledge of kwz is crucial for our understanding of
EWSB and the Higgs sector.

- Current data show tantalizing hints of “non-standard” Kw,z:
(1) either one could be slightly greater than 1; and

(2) they could be different from each other.

m exhausted simplest Higgs sectors with such features

- give quantitative predictions about their values

* |t Is experimentally possible to determine magnitudes and
relative sign of kw,z through interference in the
ete-—HW+W- process at ILC-500, along with LHC inputs.
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