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Motivation : hcredible Success of the Standard Model

The Absolutel yAmavmg Theory of Almost Everythmg - | standard Model of Elementary Particles
SU(3) x SU(2) X U(1) -

three generations of matter

: [fermions)
v Y e | Il 11l
QCD EleCtroweak o nass | =2.2 Mevjc2 =128 GeVjc2 =173.1 GeVic2 [i} =125.09 Gev/c?
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_‘% F’;V F a4 spin |12 l‘J/ 12 C.I 12 tj 1 a 0 H
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- = =4,7 MeVic? =96 Mevc? =418 Gevfct i
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=0.511 Melic® =105.66 Mav/ce =1. 7768 GeW/c? =01.19 GeV/c”
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electron muon tau I Z boson

+Rel-V@) s 5 Lo s J orom JL ot

energy stored

GAUGE BOSONS

in Higgs field t£ <22 eWjc? =1.7 MeVc? <15.5 MeW/c® =80.39 GeV/c*
symmetric o 0 a a0 £
my =mwy =mz=0 = 12 VE!' 12 Vl-'- 12 W ‘
4 Higgs boson & electron muon tau W boson
— neutrino neutrino neutrino

broken symmetry

Py m~y =0

myw, mg 7 0 Fig. 1: Particle content of the Standard Model. Courtesy to Wikipedia.

value of Higgs field

‘ extra W,Z polarization ‘




Fermion mass hierarchy ?

Only 3 generations below electroweak scale ?

Flavor mixing structures ?

Parameters of the Standard Model peV meV eV keV MeV GeV TeV
Symbol Description i‘::::r:'lnea:(:zit::}n Value 3L : '-v_ - . > .EP At 3
Mma Electron mass 511 keV c :
my Muon mass 105.7 MeV Jg - : s C
m; Tau mass 1.78 GeV % 2 ' = 2 8 ’ * . -
my Up quark mass Mg = 2 GeV 1.9 MeV ® : :
my Down quark mass LS = 2 GeV 4.4 MeV " N ‘ '
mg Strange quark mass His = 2 GeV 87 MeV 1 ﬁ "1 . 3 39 . 1
me Charm quark mass Hias = me 1.32 GeV : . :
my, | Bottom quark mass HiFS = My 424 Gev 10° 10° 10* 10® 10* 10" 10° 10" 10° 10° 10* 10° 10" 10" 10" 10 10™ 10" 10"
my Top quark mass On shell scheme | 173.5 GeV Mass (eV)
81 CKM 12-mixing angle 13.1°
653 CKM 23-mixing angle 24°
613 CKM 13-mixing angle 0.2° (l \) b m l 2 3
5 CKM CP violation Phase 0.995 ] % . 1
gy org' | U(1) gauge coupling Hifs = mz 0.357 Ll E e H.~ .
gzorg | SU(2) gauge coupling Hiis = mz 0.652
gs or gs | SU(3) gauge coupling Mg = mz 1.221 I ] ’ I = C ﬁ] . I l'v | = Ill lm .
Baco QCD vacuum angle ~0
% Higgs vacuum expectation value 246 GeV t . u T - .

Higgs mass

125.09 £0.24 GeV




Parameters of the Standard Model

Symbol Description Renonnaliza-tion Value
scheme (point)

Mg Electron mass 511 keV
my Muon mass 105.7 MeV
m; Tau mass 1.78 GeV
my Up quark mass Mg = 2 GeV 1.9 MeV
my Down quark mass Mg = 2 GeV 4.4 MeV
mg Strange quark mass His = 2 GeV 87 MeV
me Charm quark mass Hias = me 1.32 GeV
my Bottom quark mass s = My 4.24 GeV
m; Top quark mass On shell scheme | 173.5 GeV
845 CKM 12-mixing angle 13.1°
G54 CKM 23-mixing angle 24°
B4 CKM 13-mixing angle 0.2°
& CKM CP violation Phase 0.995
gy org' | U(1) gauge coupling Hifs = mz 0.357
gzorg | SU(2) gauge coupling Hiis = mz 0.652
gs or g | SU(3) gauge coupling His = mz 1.221

QCD vacuum angle

~0

Higgs vacuum expectation value

246 GeV

Higgs mass

125.09 £0.24 GeV

10 '

0+ 10 10% 10" 10"

Scale [GeV]

10]4 1016

Why 0 is so small?
Axions?




Metastabilityof Higgs field ?

Dynamical origins of the EWSB se&or

Parameters of the Standard Model

Renormalization

Symbol Description e (e Value
Mg Electron mass 511 keV
my Muon mass 105.7 MeV
m; Tau mass 1.78 GeV
my Up quark mass Mg = 2 GeV 1.9 MeV
my Down quark mass Mg = 2 GeV 4.4 MeV
mg Strange quark mass His = 2 GeV 87 MeV
me Charm quark mass Hias = me 1.32 GeV
my Bottom quark mass s = My 4.24 GeV
m; Top quark mass On shell scheme | 173.5 GeV
815 CKM 12-mixing angle 13.1°

653 CKM 23-mixing angle 2.4°

613 CKM 13-mixing angle 0.2°

& CKM CP violation Phase 0.995

gy org' | U(1) gauge coupling Hijs = mz 0.357
gzorg | SU(2) gauge coupling His = Mz 0.652

gs or g | SU(3) gauge coupling HS = Mz 1.221
Baco QCD vacuum angle ~0

% Higgs vacuum expectation value 246 GeV

My

Higgs mass

125.09 £0.24 GeV

M, (GeV)

10p i \//108 /
178} | Instability

176}

" Metastability

- -

Stability

-
—~

120 175 130

My (GeV)

135

Elementary scalars or composite ones ?




Metastabllltyof nggs field ?

Is there any testable process to study the properties ofsbalar
potential at colliders ?

Symbol

grorg'
gzorg
g3 0r gs

Baco

Parameters of th
Description

Electron mass

Muon mass

Tau mass

Up quark mass

Down quark mass
Strange quark mass
Charm quark mass
Bottom quark mass
Top quark mass

CKM 12-mixing angle
CKM 23-mixing angle
CKM 13-mixing angle
CKM CP violation Phase
U(1) gauge coupling
SU(2) gauge coupling
SU(3) gauge coupling

QCD vacuum angle

Selfcouplingof the Higg$osonisa crucialproperty which depends
on the dynamicsf the EWSB sector.

My

Higgs vacuum expectation value

Higgs mass

T =10° )
etastability
e g
One of the probes afliggsseltcouplingis the nggsbosonpalr -
productionat the LHC & futurdnadron colliders.
Stability
130 135
WS = Mz 1.221 My (GeV)
~0
246 GeV

125.09 £0.24 GeV

Fundamental scalars or composite ones ?




The shape of the Higgs potential & EWSB In t

early universe

Slow 29 order phase transitio
:{} _ in the SM ?
: il
e/
After the discovery of Higgs the next question is what is the shape of Strong Bt order phase

the Higgs potential. The EW phase transition is first order or second
order? Strongly 15t order phase transition is motivated by the EW
baryogenesis.

{a}) 1 i)
>, f second-order first-order
Hi=0 SHi=v
baryon ==— | baryon # S
violation conservied

by gpha]cmlﬁ, “u I EWbaryogeneSiSI
-* Higas field, H H

transition with a modified
Higgs potential ?

Felal
ViH)




1000 e T

gg—+ HH

100 gg+HH | 104_

It is clear that thegluon
fusion into HH gives the
largest cross sections

1000 ¢

. 10F qq'~Higg' :
2 ok _ independently of [¥§%
: 74/t HE
S ggwm From now on we shall
0.1} PO g (ppemen)in] | PRI LR focus on the gluon
\/g_ 14 TeV My =125 GeV \/T:m Mo o125 Gt fusion m_echanlsm for
00] YR T T I TN T T N T N N TN N YT T T Y TR Y S AT N S []] PR I R (N S T TS O AN S R [ SN S A N SIS NNHT S Our StUd|eS!
-4 -2 0 2 4 6 8 10 -4 -2 0 2 4 6 8 10
Ay A3 g

FIG. 1. Production cross sections for various channels for HH production at /s = 14 TeV (left) and /s = 100 TeV (right).

The NNPDF2.3L0 PDF set is used. _

(a) gg double-Higgs fusion: g9 -+ HH (b) WW/ZZ double-Higgs fusion: q¢' — HHqq'
9 o000 % ] I ; ; q
. q VE 00 Sadee b
-{1.‘, Q --.::~H ::~
N % ) q V. H ----- -
g "oTVOT ‘H g "TOooo e q
(¢) Double Higgs-strahlung: ¢ - ZHH/WHH (d) Associated production with top-quarks: ¢7/gg — ttHH

T -H =
q |74 ’.: \ g t q
H UL TS P 1 § g Sa e
q ‘/' \\\ \\\ --.~~~ H i .\\
g "l
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EffectiveLagrangian

JHEPO0S(2015)133

~L= ( ‘UZ>@H3 + @f.‘+ gl JtH + %%ff g )t H
trilinear coupling (yp) 1 the SM. o — g =1 and g —0 and gy =0
top-quark Yukawa Coupling
dim-5 contact-type ttH H coupling

h
- - = f h hf_,.; £ 'H.;h
t S -
s c2
- - h™ - h

i
w




EffectiveLagrangian

trilinear coupling A\sg

JHEP 1305 (2013) 066
Phys.Rev. D88 (2013) 055024

Ragicn whare EW Model
—+ baryogenesis is
erpected
1 1 H _ o
£ B Mixed-in Singlet 18%
ST' inirmurm ue I 1 LY
2. 140 e veveol Composite Higgs tens of %
= | fior EW baryogenesis
S MSSM 2%, -15%
00 b
0.8 1.2 16 2 2.4 NMSSM _259/,
Senaha, Kanemura I’:ﬂ‘”b




EffectiveLagrangian

top-quark Yukawa coupling gf r’P‘

1

0.5

-0.5

1.5

After ICHEP 2018

\ arXiv:1810.02521

m Kingman Cheung, Jae Sik Lee, Po-Yan Tseng

Cases CPV2
Vary C5,CP
Parameters
|
[ c5 | oo o0y
c3 1 1
cy 1 1
C, 1 1
ASY 0 0
ASY 0 0
AT (MeV) 0 0

AP 0 0
x2/dof 52.07/62
p-value 0.812




EffectiveLagrangian

, . 5. P
dim-5 contact-type ttH H coupling gﬁ" ‘

Minimal Composite Higgs models agashe, contino, omaror:

Contino, Da Rold, Pomarol]

m In an effective low-energy description only the Higgs couplings to the SM
fields are modified and depend on & = %; with £ € [0, 1]

[Giudice, Grojean,Pomarol Rattazzi]

m spinorial representation: MCHMs  New coupling: Giprr = 555 in MCHM,
7€
a fundamental representation: MCHMs and O = 546 in MCHMs

m Global symmetry G = SO(5) x U(1)x broken down to

JHEP 06 (2011) 020 [arXiv: 1012.1562]
m SO(4) x U(1)x on IR-brane

m SU(2), x U(1)y on UV-brane



EffectiveLagrangian

dim-5 contact-type ttH H coupling gﬁﬂ

Ina general 2HDM we can have a diagram \aitlertex(f.trv) and
(pHH) vertex connected by the hea\p

Whenthe heavyyp Is Integrated out, we are left with the contact
diagrami ¢ H

On the other hanci;tzkgH aldim-5 operator, whichmay originate

from a genuine dir® operator, e.g. (QLPtg)(®1P)

after electroweak symmetry breakin® = (0, (v+ H)/v2)"
JHEP08(2015)133




EffectiveLagrangian

. . 5. P
dim-5 contact-type ttH H coupling g{;’ ‘

JHEP08(2015)133
We can examine the validity of the anomalous ttH H contact coupling by projecting

out the leading partial-wave coefficient for the scattering tt — HH. At high energy, the
amplitude

_ NN S
IM(Hf — HH) ~ qﬁ%ﬁ |
v

The leading partial-wave coefficient is given by

| 1 . 11 \/E
“0 = Gar /_1 d(cos#) Fo(cos 0)(iM) = qéﬁ '

Requiring |ag| < 1/2 for unitarity we obtain
I

17.6
D
Gt

Therefore, the anomalous ttH H contact term can be safely applied at the LHC for q;; <
3 — 5 as most of the collisions occur at v/§ < a few TeV.




AThe differential cross section ftte process ¢(pi)g(p2) — H(ps)H(ps)
In the SM :

do(gg — HH) GF”
dt J12(2

“AgH g7 D(3)FR + (g7 )*F5°

. 512,55 |?
e

where .
D(5) = M

AHerewe extend the result to including the @éd top-Yukawa and
the anomalousttHH couplings :
do(gg — HH) G
!’H JJ.Z(H:L)

T 2
{ ()\3H.F’J£SD( 5) + (;ﬁ) F — (% )2F (t’jf)Q'FEP‘

]

+|(98)2GES + (gF PGET

+| (Nangi DI(3) + 9i) FA + 97 91 FG"

2
(J't Uf (TD ‘ :



Aln the heavy quark limit, one may have

. 9 | L 2 . 2 .

FR = +§ +O(5/mj)) . F5° = -3 +0(5/mg), FH' = +§ +0(3/md) .
FL=+1+ O(f;/mé) : 5P =1+ O(ﬁ/n%) .

GE® = GEF = gaF = (ﬁ/mé)

leading to large cancellation between the triangle and box diagrams.

AThe production cross section normalized to the corresponding SM
cross sectionwith or without cuts, can be parameterized fmlows :

olgg — HH)
osm(gg — HH)

= N [e1(s)(g7)? + do(s)(gf )] + Aamgp [ca(s) (g7 ) + da(s)(gF)?]

+ [fffB(:S)(.f}f) +d3( )(%) (.fft +f1'4 (s ( ) ]
+Asm [fl(‘»)qf .fftf + f1(; )f;"f-(!‘ft} T G’ft [ 2(s )(fif ) + fa(s )((ft )2}
+ [f'f3(:="v")(!}’§)2 + f3(s )f}f G’f G’H + fa(s)(g Ifj) ] (2.7)



where the numerical coefficients ¢ 93(s), d1234(5), €1.23(s), and f1234(s) depend Oﬂ@
and experimental selection cuts. Upon our normalization, the ratio should be equal to 1

when g7 = A3y =1 and ¢/’ = g;;" =0 or ¢1(s) + cals) + c3(s) = 1. The coefficients ¢ (s)
and c3(s) are for the SM contributions from the triangle and box diagrams, respectively,

and the coefficient c5(s) for the interference between them.

Once we have the coefficients ¢;. d;, e;, and f;’s, the cross sections can be easily obtained
Our first task is to obtain the dependence of the

for any combinations of couplings.

coefficients on the collider energy /s, Higgs decay channels, experimental cuts, ete.

Vs (TeV) c1(s) c2(s) c3(s) d1(s) d2(s) dz(s) da(s)
(N3 (a2 | Pau(a)?] | [(e)*] | [Nau(ad)?] | [Pamgd (98)?] | [(a0)2(a)?] | [(98)?]
8 0.300 —1.439 2.139 0.942 —6.699 14.644 0.733
14 0.263 —1.310 2.047 0.820 —5.961 13.348 0.707
33 0.232 —1.193 1.961 0.713 —5H.274 12.126 0.690
100 0.208 —1.108 1.900 0.635 —4.789 11.225 0.683
Vs (TeV) e1(s) e2(s) es(s) fi(s) fa(s) fa(s) fa(s)
Nsmgian) | [90(90)%] | [(92)?] | [Namgf o] | [90:(aD)?] | [98af af] | [(92)7]
8 1.460 —4.313 2.519 2.104 2.350 —T7.761 3.065
14 1.364 —4.,224 2.617 1.848 2.269 —6.886 3.769
33 1.281 —4.165 2.783 1.622 2.207 —6.033 D.635
100 1.214 —4.137 2.974 1.474 2.154 —5.342 10.568 | THEP08(2015)133
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To some extent we have understood the behavior of the triangle, box, and contact di-
agrams with the center-of-mass energy, which is kinematically equal to the invariant mass
@ of the Higgs-boson pair. One can then uses Mg to enhance or reduce the relative
contributions of triangle or box diagrams. The higher the My g the relatively larger propor-

tion comes from the box and contact diagrams. Since My correlates with the boost energy

of each Higgs boson, a more energetic Higgs boson will decay into a pair of particles, which

have a smaller angular separation between them than a less energetic Higgs boson. There-

fore, the angular Separatim)etween the decay products 7,7 is another useful kine-
matic variable to separate the contributions among the triangle, box, and contact diagrams.

LHC-14, Detector Level-ATLAS, CPC, 13H=gs=1 LHC-14, Detector Level-ATLAS, CPC, 13H=g's=1
%‘ 024 R ,(s)?f,,(g ) Q 024 M a— C-(S)Kiy(gf’z
O 022 : C,(S)(g ) S 022 ‘J Lﬂ T gls)(g, )
o ﬂ —
= 2f —SM =~ 02F L —SM
3 - — - ey’
~ 018 e’(q"g ? 0.18— . o
aicE ~ O(g =D N : { — olg,=D
s —o(g =-1) | B J ” = 0(2:=-l)
Ol 012 © 012
> 5 = F
L=} 0.1 :_ - f 01—
% b =
7 0.08— J 0.08
Tle” "E | =
0.06— ‘J 0.06—
0.04— 0.04 —
wf ] “ Wb ol
E o BT RS H’r‘r’]—d:—rmul.xﬁﬂ.]ﬂ«l 0: ||||||||
Y00 200 300 A 400 500 600 700 800 900 1000 1100 0

M,{ —_— (GeV)



AThedifferential cross section fahe process 9(p1)g(p2) — H(p3)H (ps)
Inthe SM :

do(gg — HH) G202 NS ., S\ eSS
S = 5ma(ep | M DEF + (9 FS°

2 S\2 58S 2
+ |(oF 26| ]

where 02
D(3) = i
8)= 3= M2 +iMuTy

AThe triangle diagrartred line) peaksit the lower invariant mass and
decreasesvith M. .,; , because of thes-channel Higgs propagator
The box diagranskyblueline), on the other hand, is larger than the

triangle diagram at high invariant mass _ ,  ttcpeecorteveranas
S = » c_.(sm.::‘)‘l
3 E —SM
-:,2:0.04:—
= -
znm_—
"‘lb" -
0.02—
0.01—
s PO Pt (7 A T,

O VA ralir ol I Sl o84 Ui L bl
Y()O 200 300 400 500 600 700 800 200 1000 1100
y
M, ., (GeV)
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EffectiveLagrangian

JHEP0S(2015)133

~L= ( ‘UZ>@H3 + @f.‘+ gl JtH + %%ff g )t H
trilinear coupling (yp) 1 the SM. o — g =1 and g —0 and gy =0
top-quark Yukawa Coupling
dim-5 contact-type ttH H coupling

h
- - = f h hf_,.; £ 'H.;h
t S -
s c2
- - h™ - h

i
w




Numericabknalysis Classifications

1. CPC1 — the top-Yukawa coupling involves only tho scalar part and the scale in

the anomalous contact coupling is very large — 0111\ nd are relevant. The
relevant coeflicients are 311(1‘
2. CPC2 — the top-Yukawa and the anomalous contact couplings involve only the

scalar p&lt and@ are relevant. The relevant coefficients ;11'0.

3 CPV1 the tOp-Yukama coupling involves both the scalar and pseudoscalar parts —

and@&re relevant. The relevant coefficients ar @.@@@@@ 3,11

4 CPV2 _ the contact tt H H coupling involves both the scalar and pseudoscalar parts

are relevant while the top-Yukawa coupling is kept at fixed values.
In this Ca%e, all the coeflicients become relevant. In one of the simplest cases with qt —

1 and _gﬁ = (), for example, the relevant coeflicients are @@@@@@ 311




i pp - HH — ’y’ybg‘

) The most sensitivechannelbecause of the

background suppression ansignalreconstruction

Decays of a 125 GeV Standard-Model Higgs boson

I Hard Scattering I MadGraph5_aMC@NLO 6%

charm/anti-charm.' z OZ;; attiars
0, . 5 A
tau/anti-taui’{’ |3 J o7 0.6%

2 gluons —
9%

|Snft radiations I Pythia8

\ 4

Detector Simulations

Basic cuts :

Delphes3 & ROOT codes

pr, > 10GeV, pr, > 10GeV, || < 2.5, |m| <25, ARy, > 04, ARy > 0.4,
My — M. < 15 GeV, | Mg — My| < 25 GeV,  |My — Mer| < 25 GeV. (4.1)



Numerical analysis CPC1: g and A\3p

JHEP08(2015)133

LHC-14, Detector Level-ATLAS LHC-14, Detector Level-ATLAS
& = —— e % - — A E)
] - — (s I O 006 eyl
S ok AS)(E, Basic cuts = '
= - —SM < C —SM
= 006 ~ oos
2008 = i) ;“:0-04 —
ol ouf ol
Bl E ...| Z 003
© - © -
— 0.03 -
A bﬁ E 0.02[—
0.02— -
= 0.01—
0.01— E
- mC 1(S)=C 2(S)=C_3(9) i 1 1 1 | ]
—||l| S e i S8 n 5 & e A n l Sy 0 A1l Lokt ) Il B 1Y | Ml L X ko L1 1 (RET &S &
f00- 200 300 400 500 600 700 800 900 1000 1100 0 e L U R ‘“"‘,’ f&’evf”"
M'Y Ybb (GCV) T,
LHC-14, Detector Level-ATLAS
g . 1 —cl(s)k:g(g?)2 —)
S | — o)’ dR > 2 dR <2
= 006 . —SM
|
:0.05 i

Ill]]llllllllllllllllllllllllllllll

0.02
0.01
S PN trr Y SOUTRUOT .Y TR O mC_1(S) = C_2(S) = C_3(S) mC_1(S)= C_2(S) = C_3(S)

AR, ,



, : g¢ , , S
250 &50% foro fosy =1 1 3 Basic Culs, ARy, ph > 2, ARy, 4y < 2 gt
L , - . € i Detector Level -- ATLAS, LHC-14
Detector Level -~ ATLAS, LHC-14 0.3 < |)\‘3H | < 2.6  DetsstorLevel
" Basic Cuts Bmoriogy =5
I ﬁR?}-.hh >2 | Flogy =2
AR, gy <2 ——— ' SUlosu=1
al ¥¥,bb 4 2 .-IT|rr|'-|'_q.;|.| =5 .
1k 1
0 ' Py
3H
—1F -1
I —%
R -
3 =3 . .
T 35 m $ T -10 -5 0 5 10

We adoptan approach that the signal crossctions(after background subtraction) are measured JHEP03(2015)133
with uncertainties of orde25-50%.



Numerical analysiscpc2: ¢°, A3y, and g3

5| JHEP08(2015)133
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Numerical analysiscpc2: ¢°, A3y, and g3 [

(2015)133

LHC-14, Detector Level-ATLAS, CPC, 7»3H=g;°‘=1 LHC-14, Detector Level-ATLAS, CPC, x3H=gf=1
g 0.24— — cl(s)kiu(gf)z ; F p— c,(s)li,,(gs)z
5 022 o) ; @  0a8— el sS4
= ' Basic cuts N i)
= 02 =0 ; S e —SM
) _— f_ —_— e,(s:(g;‘) ~ aik :_ P e_,(s)(g‘:l)z
016 B I ' E — ol(g=1)
i = —— ol(g =1 012 — o(g =
& Z0u4fE- T S n_x--“"‘zE olg,=1)
O 0.12 © 01—
= = - = -
® aE B 0.08
- bﬁ 0.08 ;— 0.06 E_
0.06 — o
= 0.04[—
004 mc_1(s)mc_2(s)mc_3(s) -
E 0.02
sy Terbnco fl me 1(s)me 2(s)me_3(s) -
{00 800 900 1000 1100 0
M, ., (GeVY)
LHC-14, Detector Level-ATLAS, CPC, A,,=g=1
g 024 : — c,(s)li,.(gf)’
Q. 022 - c,(s)(gf)‘
S Y= —SM
018 e’
= E - olg=1)
ol ¢ = —— olg =-1)
l< 0aaf-
T oz
— bﬁ 0.1 ;—
0.08 E
0.06 —
0.04 —
002 mc _1(s)mc_2(s)mc_3(s) mc _1(s)=c_2(s)mc_3(s)
T i e me l(s)me_2(s)me_3(s) =e_l(s)me_2(s)m e_3(s)




3l 25% & 50% for o/ corsy = 1 356 & 50%% for ofosy =1
gsee =1 | gse=-1
Detector Level -- ATLAS, LHC-14 " Detector Level -- ATLAS. LHC-14
Basic Cuts | Basic Cuts . o
-'flR]r]r.bl:l = 2 Z-ﬁl{”«hh = 2
2 AR < 2 - ’
¥¥.bh | ﬁky}f.hh = 2
2
0 o — B
[ = T H\ \
A (]
i Qo‘
1 o Qo
| )
O
—21 —3l
-3l - —al
e i0 =T - 3 5 m




250 &30% for o fogy =1

gs, =1

Detector Level -- ATLAS, LHC-14
Basic Cuts

i]{y;".hh > 2 -

i]{y}'.hh <l —

~10

i 25% & 0% for o/ osy = 1
A3zg= 1
Detector| Level -- ATLAS, LHC-14
Basic Cuts
AR,vpb > 2

Al ARry.tltl < 2

4l

2t

) /

_/ 4
2t
-3 ~2 -1 i i 3




Numerical analysis CPV1: g7, g/, and Asy
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Numerical analysis CPV1: g7, g/, and Asu
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The comprehensive sigrackgroundanalysis; H:-LHC
AThe backgroundsclude

e single-Higgs associated production, such as ggH, ttH, ZH, bbH followed by H — ~7,
e non-resonant backgrounds and jet-fake backgrounds, such as bbyy, ceyy, 7777, bbjvy, ccjv, bbjj, and Z~y~ — bby,

e t1(> 1 lepton) and tty(> 1 lepton) backgrounds .

barrel region (|n| < 1.37)

Sequence| Event Selection Criteria at the HL-LHC

1 Di-photon trigger condition, > 2 isolated photons with Pr > 25 GeV, [n| < 2.5

2 > 2 isolated photons with Pr > 30 GeV, |n| < 1.37 or 1.52 < |n| < 2.37, AR;, > 0.4
3 > 2 jets identified as b-jets with leading(subleading) Pr > 40(30) GeV, |n| < 2.4

4 Events are required to contain < 5 jets with Pr > 30 GeV within |n| < 2.5

5 No isolated leptons with Pr > 25 GeV, |n| < 2.5

6 0.4 < AR < 20,04 < ARy, < 2.0

7 122 < M, /GeV < 128 and 100 < My;/GeV < 150

8 P27 > 80 GeV, P2 > 80 GeV

arXiv:1804.07130



The comprehensive sigAaackgroundanalysis; HL-LHC
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The comprehensive sigrackgroundnalysis HL-LHC

Expected yields (3000 fb—) Total | Barrel-barrel Other |Ratio (O/B) ||# of Gen.
Samples (End-cap) Events
H(bb)H(y7), Asir = —4 | 77.14 £ 0.94 57.03 £ 0.75(20.11 £ 0.34| 0.35£0.01|| 3 x 10°
H(bb)H(v7v), A3y =0 19.50 4 0.20| 14.33 £0.16| 5.17£0.13| 0.36 £0.01| 3 x 10°
H(bb) H(yv), dap =1 €11.42 £0.082D8.53 4 0.092(2.89 £ 0.048| 0.34 £0.01| 3 x 10°
H(bb)H(y7), Asi = 2 6.82 £ 0.05| 5.14+0.04] 1.68+£0.03| 0.33+£0.01| 3 x 10°
HbD) H(yv), A\sy = 6 11.03+£0.21| 7.91+0.23] 3.12+0.10] 0.39+0.02| 3x 10°
H(bb) H(vv), Aagr = 10 57.46 +1.01] 41.94 +0.60[15.52 £ 0.62| 0.37+0.02| 3 x 10°
gg H(v7) 6.60 £ 0.69| 4.50+0.71| 2.10£0.30| 0.474£0.10] 6 x 10°
tTH(v7) | 13.21 +0.230 9.82+0.19| 3.39+0.17| 0.35+0.02 10°
ZH(v7) 3.62+0.16| 2.44+0.16] 1.18+0.08| 0.48 +0.05 10°
bb H () 0.15 4 0.024| 0.11 + 0.027]0.04 £ 0.014| 0.40 £0.16 10°
bby @ 1886 £ 00D 11.15+0.7| 7.71+0.5| 0.69+0.06] 1.1 x 107
ceyry 7531106 4.79+1.10 274+ 0.81] 0.57£0.21 107
33 3.34+046 1.59+0.31| 1.75+0.32| 1.10£0.29 107
bbj~y Q3.7 + L.OOD10.40 + 0.83| 8.37+0.63| 0.80 +0.09 107
cejry 502+ 14 3.94+1.0f 1.58+0.6| 0.40+0.18 107
bbijj 5.54 £ 0.5 3.81+0.3| 1.73+0.2| 0.4540.06 5 x 10°
Z(bb) vy 0.90 4+ 0.03| 0.54+0.02| 0.36+0.02| 0.67 +0.04 107
tt (> 1 leptons) 498 +0.23] 3.04+0.12] 1.94+0.21| 0.64 +£0.07 107
tiv (> 1 leptons) 3614021 2.29+0.15] 1.32+0.15| 0.58 +0.08 107
Total Background 92.63 £ 2.5 5842+20| 3421 +1.4] 0.59+0.03
Significance Z <s¥ 1@) 1.090 0.487

Combined significance
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The comprehensive sigrackgroundnalysis HL-LHC

1 x10°F £(®d77)

5><104;‘ 05 % C.L. |
I x 104} 3.5 ab” :
o 5000} -
[N :
1000 | |
500? LHC 14 TeV

pp~HH - b b_‘y’}'

.100-.|||,,|,,.|. R TS RSN ST ST SRNY HNNT ST ST SR AN TR N NOW
—4 -2 0 2 4 6 8 10

A3 g

FIG. 7. HL-LHC: Required luminosity for 95% CL sensitivity at the 14 TeV HL-LHC versus Azx. Here we assume that the
top-Yukawsa, coupling takes the SM value.
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The comprehensive sigaackgroundanalysis; HL-100 TeVCollider

AThe backgrounds include _
arXiv:1804.07130

e single-Higgs associated production, such as ggH, ttH, ZH, bbH followed by H — ~~,
e non-resonant backgrounds and jet-fake backgrounds, such as bby~y, ccyy, 7777, bbjvy, ccjvy, bbjg, and Z~vy — bbby,

e t1(> 1 lepton) and tty(> 1 lepton) backgrounds .

Sequence| Event Selection Criteria at the HL-100 TeV hadron collider

1 Di-photon trigger condition, > 2 isolated photons with Pr > 30 GeV, |n| <5
2 > 2 isolated photons with Pr > 40 GeV, |n| < 3, AR;, > 0.4

3 > 2 jets identified as b-jets with leading(subleading) Pr > 50(40) GeV, |n| < 3
4 Events are required to contain < 5 jets with Pr > 40 GeV within |n| < 5

5 No isolated leptons with Pr > 40 GeV, |n| < 3

6 0.4 < ARy < 3.0,04 < AR, < 3.0

7 122.5 < M~ /GeV < 127.5 and 90 < M;/GeV < 150

3 P17 > 100 GeV, P2 > 100 GeV




The comprehensive sigaackgroundanalysis; HL-100 TeVCollider
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Expected yields (3000 fb~1) Total Barrel-barrel Other|Ratio (O/B) || # of Gen.
Samples (End-cap) Events
H(bb) H(v7), Asg = —4 5604.46 + 63.36| 4257.36 £57.90| 1347.10 £ 23.22| 0.32 £ 0.007 3 x 10°
H(bb)H(v7), Asg =0 1513.56 = 14.81| 1163.04 = 14.09 350.52 + 3.57| 0.30 £ 0.005 3 x 10°
H(bb) H(y7), Aag =1 CO41.37 £7.65D 723.86 +6.64 217.51 + 3.66| 0.30 £+ 0.006 3 x 10°
H(bb)H(vv), Asg =2 557.36 £ 1.93 431.45 + 1.87 125.91 £ 1.21 0.29 + 0.003 3 x 10°
H(bb)H(y7), Asy =6 753.18 £ 6.02 566.18 + 5.59 187.00 £ 5.33] 0.33 = 0.010 3 x 10°
H(bb)H(v7), Azag =10 3838.33 £ 36.82| 2924.25 £32.11| 914.08 £28.01| 0.31 £ 0.010 3 x 10°
gg H(v7) 590.47:|:72.91! 742.97 £ 58.43| 147.50 +£20.51| 0.20+0.03 10°
ttH(vy~) 868.73 £ 8.53) 659.33 £ 12.94 209.40 £ 7.04| 0.32£0.01{[9.63 x 10°
Z H(vy7y) 168.86 = 5.91 122,91 £4.68 4595+ 1.69| 0.37=0.02 10°
bbH(v7) 9.82+0.59 7.00 £ 0.58 2.82+0.25| 0.40=+0.05 10°
bby~y 770.42 £ 23.48| 514.96 £20.81| 255.46 4+ 15.10| 0.50+0.04|| 1.1 x 107
cCyry 222.88 £40.55| 111.44 £32.55| 111.44426.92| 1.00 £0.38|| 1.1 x 107
JIvY 32.28 £3.23 20.98 £3.99 11.30 £ 2.34| 0.54 £0.15 107
bbj~y 1829.13 £ 75.08| 1288.34 £45.27| 540.79+49.79| 0.42+0.04| 1.1 x 107
cCcjy 2 40.11| 216.49 = 36.71 77.32432.97| 0.36 £0.16{ 1.1 x 107
bbjj < 3569.73 + 209.992294.83 4 207.69|1274.90 + 189.68| 0.56 +0.10|[3.43 x 10°
Z(bb) vy 54.87 £ 3.79 35.72 £ 3.36 19.15+£2.02| 0.54 =0.08 10°
tt (> 1 leptons) 59.32 £ 7.40 38.32£5.79 21.00 £ 5.61| 0.55£0.17|] 1.1 x 107
tty (= 1 leptons) 105.68 £ 8.22 62.53 £5.07 43.15+£7.95| 0.69+0.14 10°
Total Background 8876.00 + 243.07|6115.82 + 227.41|2760.18 + 202.67| 0.45 +0.04
Significance Z C 9.823 9.082 4.087

Combined significance
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The comprehensive sigaackgroundanalysis; HL-100 TeVCollider
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Discussions and Conclusions

Al. One of the major goals of the HIHC and HLOO TeVhadron
collider is to unfoldhe mystery of theEWSB mechanispwhich is
relatedto the origin of massWe have investigated thgilinear self-
couplingof the Higgdoson inHiggspair productionusing the most
promising channelpp — HH — ~~bb With a fully comprehensive
signatbackgroundanalysis.




Discussions and Conclusions

A2. We have performed an exploratosfudy withheavy degrees of
freedom being integrated owtnd resulting in possibimodifications

of the top-Yukawa couplingHiggs trilinear couplingand anew
contactttHH coupling aswell as the potentiaCRodd component in

the Yukawa and contact couplings

LB QD DD

lnear conpling () B S g < 1 0 .5)}111_?1.'@_1.'5 =0,
top-quark Yukawa couphng‘

dim-5 contact-type ttHH coupling‘




Discussions and Conclusions

A3. We have identified useful variables the angular separation
between the decay products of the Higgs bosonto discriminate
among the contributions from th&iangle box, andcontactdiagrams

Numerical analysis : cPC2: g7, A3, and g3

LHC-14, Detector Level-ATLAS, CPC, lm=gl5=1
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Discussions and Conclusions

Higgs boson trilinear sed:foupling precision test The comprehensive signal-background analysis — HL-100 TeV Collider
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Discussions and Conclusions

A5, The large event samples of signal and background processes can
afford machine learningwhich isbelieved togive moreefficient
background rejection and signatention. (In Progress !)
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