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Outline

Introduction
Higgs production. LHC & ILC.

Recoil Higgs at ILC, Higgs invisible & non-standard
decay.

Model independent analysis.

* Apply to BSM, 2HDM,Higgs portal, MSSM.

* What can do at ILC?
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ATLAS and CMS
LHC Run 1
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Introduction

* The coupling scale factors: To describe the deviation
from SM Higgs.

Kty Kby KTy KII s K7y «e-

* For SM:

Kt =Rp =Kr =Ky = kg =1
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Introduction

The coupling scale factors are model-dependent.
Kty Kby Ky KV s K7 -

Effective Field Theory Formalism:
K.Fujii, S.Jung, T.Ogawa, M.E.Peskin, J.Tian et.al: 1708.08912,
Peskin's and Junping's talks.

84 SM gauge Invariant dim-6 operators relate to Higgs
couplings.

Reduced to 10 CP conserving operators, and 4 CP
violating operators.



Introduction

* SM Higgs invisible decay:
BR(hgn — 224 — vvvr) ~ 1 X 103
»* 125 GeV Higgs non-standard decay.

BR(h125 — non — standard)

* BSM, Higgs decay into
1.DM through Higgs portal model
2.light neutralino from MSSM

3.neutrinos



Introduction

* SM Higgs invisible decay:
BR(hgy — 22 — vvwvw) >~ 1 x 1073
» 125 GeV Higgs non-standard decay.

BR(h125 — non — standard)

* At LHC, In order to give upper limit for it, Further
assumptions are needed.:

¢).BR(h195 — Non — S.) = BR(hj95 — inv.)
i1).BR(h195 — Non — S.) = BR(h125 — gg, cc, ...)

Iﬁjv<1
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ProductionRate :

geF = 80%, VBF = 15%, Vh = 4.5%, tth = 0.5%

P.Y. Tseng,



Higgs Production at Lepton collider

* The production mechanism: Zh, vvh.

a ¥

The theory of Electroweak interaction

* At ILC(250GeV): Zh, ILC(500GeV):Zh+vvh.

T.Mawatari's talk, K.Fujii,A.Ishigawa,D.Jeans,,J.Tian,H.Yamamoto:1604.07524

P(e’, ©)=(-0.8, 0.3), M =125 GeV
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Higgs Production at Lepton collider

»* At 250 GeV center of mass energy: production rate Is
230fb.

* LHC 13 TeV, production rate is 44pb.

[LC(250GeV) : luminosity : 2 ab~ Lt gof h:6 x 10°
CEPC : luminosity : 5 ab_l,jj of h:1.2 x 10°

FCC — ee : luminosity : 30 a,b_l,jj of h:6.9 x 10°
HL — LHC : luminosity : 3 a,b_l,ﬂ of h:1.3 x 10°

Z.Liu, L.T.Wang, H.Zhang: 1612.09284



Higgsstrahlung process

* The production production at ILC(250GeV): Zh.

* Higgs tagging: recoil mass technique.

Z.lLiu, L.T.Wang, H.Zhang: 1612.09284

anything



&

Higgsstrahlung process

The production production at ILC(250GeV): Zh.

Higgs tagging: recoll mass technique.

J.Tian, K. Fujii: Nuc. & Par. Phys. Proc. 273-275 (2016) 826-833
Z.Liu, L.T.Wang, H.Zhang: 1612.09284

4-momentums of final states can be fully reconstructed.

Myecoil = \/S — 2\/§(E€+ + Ef_) + m%e
Mpocoi] — 120GeV| < 5GeV

The hZZ coupling(1.3%) and Higgs mass(+-30MeV)
can be measured model-independently.



Higgsstrahlung process

* Once know the hZZ coupling, the Higgs total width
obtained from:
ptot _ 1 nszzs
h' 7 BR(h — ZZx%)
J.Tian, K. Fujii: Nuc. & Par. Phys. Proc. 273-275 (2016) 826-833
* For invisible Higgs decay, use the recoil mass technique,
this time Z-->gg mode also used.

ABR(hlgg) = invisible) S 0.44%

\mmfy £ g7

> Invisible



Higgs non-standard decay

* Fix the coupling scales to their SM value 1.

i).BR(hio5 — inv.) < 17%
ii).BR(h125 — N.S.) < 20%
P. Bechtle et. al.: 1403.1582,K.Cheung, J.S.Lee, P.Y.Tseng: 1302.3794
For the Invisible case, it include the hZ searches from
ATLAS and CMS.

»* The total width can be determined by the off-shell
Higgs production.

Hideki Okawa's talk
F. Caola, K. Melnikov: 1307.4935
J.M.Campbell, R.K. Ellis, C.Willlams:1311.3589



Model-Independent
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Beyond SM




Higgs Portal DM

* The A;y®H'H allowed the mixing between Higgs doublet
and scalar singlet

* Higgs precision measurement at LHC:
ABR(hj95 = ZZ) S 10% = |sin 0] S 0.32
* The Invisible Higgs decay mode:

i | DM
1995 mediator

HE B B B B iy
K.Cheung, P.Ko, J.S. Lee, P.Y. Tseng:1507.06158, DM

T.Kamom, P.Ko, J.Li: 1705.02149,



Two-Higgs-Doublet Model

* The coupling scales are correlated:

Coupling scale factor Type I Type 11 Lepton-specific Flipped
Ky sin(B — @)
Ky cos(a@)/ sin(f3)
Kd cos(a)/sin(3) —sin(a)/ cos(B) cos(a)/ sin(B3) —sin(a@)/ cos(B)
K¢ cos(a)/sin(3) —sin(a)/cos(B) — sin(a)/ cos(B) cos(a)/ sin(f3)

ATLAS collaborations: 1509.00672



ZHDOM Type | ATLAS

Obs. 95% GL
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ALCW2018,

2ZHDM Type Il ATLAS

Obs. 85% CL B
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ZHDM Flipped ATLAS

Obs. 95% CL
= Vs =7 TeV, 4.5-47 fb
> Bestfit Vs =8 TeV, 20.3 fb"
- === Exp.95% CL
—_— = Sk
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cos(p-ct)
id) Flipped

P.Y. Tseng, p.22
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ZHDOM Type | ATLAS
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The form factors are given by

S"(My,) =2 Z Ne Q?‘ gff,-ff st(Tf) - ng-vvpl(TW) T AS?:
f=bt,r

P'(Mu,)=2 Y, NeQ} gy s Forlrs) + AP,
f=bt,r

ALCW2018, P.Y. Tseng,

p.25



What can do at ILC?
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ILC v.s Light WIMP with scaler mediator

» Sub-GeV WIMP with scalar mediator.

* Thermal equilibrium: WIMP < mediator < SM.

mediator

C sin 6
Cpoph

WIMP SM

S.Matsumoto, Y.L Sming Tsai, P.Y. Tseng



ILC v.s Light WIMP with scaler mediator

* Maintain thermal equilibrium. .
mediator_ _ _ / sin
> WIMP & mediator < SM. \ "
mediator_ _ mediator
mediator : mediator sin 6
_ SM ' SM
sin 6
Cs C mediator, | __ __ mediator
PO

1
'higgs  Coon
SM SM

WIMP SM

S.Matsumoto, Y.L Sming Tsal, P.Y. Tseng



ILC v.s Light WIMP with scaler mediator

* Current experimental constraints for light mediator
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S.Matsumoto, Y.L Sming Tsal, P.Y. Tseng



ILC v.s Light WIMP with scaler mediator

* Current experimental constraints for light mediator

The sin too small,
j but Cpg need to be large

to maintain thermal equilibrium.

S.Matsumoto, Y.L Sming Tsai, P.Y. Tseng



ALCW2018, P.Y. Tseng, p.29



ILC v.s Light WIMP with scaler mediator

* Current experimental constraints for light

mediator
10"F RR  (hshry ™ = .
e R
¢oh = VH 108 L Komwv CHARM
o 1074
: D 5
r ~ ooh c 10
(h - ¢¢> 327Tmh L8 10°®
107
108 | BBN
10'9 s .
ABR(’HZS — invisibl ) <0 449 1910 3 O S S Medlator decay
10 10 10 10 Iength>30m
H. Baer et. al., ILC: m, [GeV]
1306.6352

S.Matsumoto, Y.L Sming Tsai, P.Y. Tseng



ILC v.s Light WIMP with scaler mediator

* Current experimental constraints for light

mediator |
ol NCLTr '. Mediator decay
n / ol BRax(N—00) :.“\ . length~[1mm-30m]
}.L--('\ E 108 L Komw CHARM :
¢’ < € g 107
28 10°8
107
108 ~ BBN
109 L
10710 3 2

m, [GeV]

S.Matsumoto, Y.L Sming Tsai, P.Y. Tseng



Triple Higgs coupling

* At ILC(500GeV), the triple Higgs coupling can be
measured from

J.Tian, K. Fujii: Nuc. & Par. Phys. Proc. 273-275 (2016) 826-833

Ag/e Baseline LumiUP

del‘/fb 250 500 1000 1150 1600 2500
[y 11% 5.0% 4.6% 5.4% 2.5% 2.3%
[nv. 095% | 0.95% | 0.95% | 044% | 0.44% | 0.44%
Ay 83% 21% 46% 13%




Triple Higgs coupling

* However, triple Higgs coupling receives many

contributions and uncertainties from BSM effects.
K.Fujii, S.Jung, M.E.Peskin, J.Tian et.al: 1708.09079
Sunghoon's talk.

* Using effective field theory formalism, they shown only
5% systemic uncertainty in the determination of the
triple Higgs coupling.

It is sub-dominate to the statistical and experiment
systematic errors.

* Model independent limit for operator - fj’j‘(cp*q))i% can be
obtained. |



Summary

* Higgs precision as powerful tool to probe BSM.

* New physics modified 125 GeV Higgs couplings via:
|) mixing, i) heavy fermion running in hgg, h-diphoton loops,
lil) decay into DM or mediator pair.

»* At ILC, the total Higgs width will be nail down to few
percent by recoil mass technigue. This can be used to
probe light WIMP scenatrio.



Thank You !
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Higgsstrahlung process

* ATLAS and CMS, Z boson recoiling against missing
transverse energy for Zh production.

* The assumption for non-standard decay mode:

1).BR(h195 — Non — S.) = BR(hj95 — inv.)
O.J. Eboli, D. Zeppenfeld: hep-ph/0009158

* They obtained upper limit for

k%, x BR(hi25 — invisible) < 0.75

ATLAS-CONF-2013-011,ATLAS-CONF-2013-013
,CMS-PAS-HIG-13-018,CMS-PAS-HIG-13-028
,ATLAS 1708.09624,CMS 1610.09218.
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P.Y. Tseng,

Exp.
[] Obs.,, H> WW- Iv qq/lv

s=7 TeV, 4.5-4.7 fbo’’
Vs=8 TeV, 19.5-20.3 fb™’
hMSSM, 95% CL limits

p.24



ILC v.s Light WIMP with scaler mediator

* The mass of WIMP from GeV to O(100) TeV.

10%%

Gipt {pb)

| biackchole remnan
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Towards Dark Matter Discovery 2018
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* The mass of WIMP from GeV to O(100) TeV.
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Introduction

» Thermal equilibrium.

> WIMP & mediator & SM.

mediator
sin 6
Coph

WIMP SM

S.Matsumoto, Y.L Sming Tsal, P.Y. Tseng



Introduction

» Thermal equilibrium.

> WIMP & mediator & SM.
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S .
» Mediator C S1I1 9
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mediator WIMP SM

S.Matsumoto, Y.L Sming Tsal, P.Y. Tseng



Introduction

» Thermal equilibrium.

> WIMP & mediator & SM.

mediatqr

WIMP

sin O
Cooph

SM
mediator_ _ _ / sin 6
\ SM

mediator_ _ mediator
: mediator sin 6
SM ' SM
mediator, _ __ __ mediator
higgs oo
SM ) SM

SM

S.Matsumoto, Y.L Sming Tsal, P.Y. Tseng



ILC v.s Light WIMP with scaler mediator

* Current experimental constraints for light

mediator
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