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{ Introduction }
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2012 discovery of a Higgs particle
G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 716 (2012) 1

S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B 716 (2012) 30
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As of 12.03.2018 : CMS-CONF-PAS-031
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[What are the implications & questions ?}

ﬁ Scalar particle h for
1. EW symmetry breaking(?)

2. Substantially couples to top quark
1. Yukawa — New, 5t force of nature
(gg->h, h->ZZ* h->t11)
2. Particle mass generation
3. Isita probe to new physics at TeV scale
1. via portal interactions?

K 2. via scalar potential?
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: Models with modified Higgs interactions J

Modified Higgs Potential

» Extension of the Higgs potential

Extra Higgses

Higher-Dim. terms in the Potential
General potential beyond
renormalizibility

F. Boudjeama & E. Chopin Z. Phys. 73 (1996)
R. S. Chivukulla & V. Koulovasilopoulos

PLB 309 (1993), PRD 50 (1994)

H.-J. He et al, PLB 554 (2003), PRD 67 (2003)
N. Haba e tal, PRD 89 (2014)

Recent works on Higgs pair

M. Carena PRD 97 (2018)

C.-W. Chiang etal, PRD 97 (2018)

Z. Kang, PLB 89 (2017)

G. Buchalla et al,arXiv:1806.05162....

Higgs coupling to new particles

» Extra Higgses (doubly charged),

singlets, dilaton, GUT remnants,
colored particles: SUSY, LQs, Extra
family, composite particles

A.V. Manohar, M.B. Wise PLB 786 (2006)
M. I. Gresham & M. B. Wise PRD 76 (2007)
D. Lopez-Val, J. Sola PRD 81 (2010)

R. Boughezal,

E.Asakawa etal, PRD 82 (2010)

B. A. Dobrescu etal, PLB 670 (2008)

G. Kribbs, A. Martin

J. Alwall etal PRD 86 (2012)



[ Higgs pair production via gluon fusion at LHC }

5ol q - TN 1 &
i ,,’ < Distractive interference which
=== ¢ @ makes the rate very small
\‘H ( -~ e ~30-40fb at 14 TeV
g ) <> Very high luminosity required
<> Sensitive to new physics
2 2 2 2
——ﬂ ﬂFt"FFb _|_|Gb |2
~ - 3 ~ ot tr ox ox
256(27) s—m;

Higgs pair production in the SM

O.J. P. Eboli et al, Phys. Lett. B 197, 269 (1987).

E. W. N. Glover and J. J. van der Bij, Nucl. Phys. B 309, 282 (1988)

D. A. Dicus, C. Kao and S. S. D. Willenbrock, Phys. Lett. B 203, 457 (1988)
G.V. Jikia Nucl. Phys. B 412 (1994)

A. Djouadi, W. Kilian, P.M. Zerwas, EPJ C10 (1999) 45-49

QCD corrections

S. Dawson, S. Dittmaier, M. Spira, Phys.Rev. D58 (1998) 115012
T. Plehn, M. Spira, P.M. Zerwas, Nucl.Phys. B479 (1996) 46-64

Many recent works on NLO & NNLO...

D. de Florian et al, JHEP 1609 (2016), 1710 (2018)
M.Grazzini, JHEP 1805 (2018)...... 10



[ Higgs pair production via gluon fusion at LHC }

i AT

A 2

< Distractive interference which
makes the rate very small
oy ~30-40fb at 14 TeV

<> Very high luminosity required
<> Sensitive to new physics
Higgs pair production in the SM
K. Hagiwara and H. Murayama, PRD 41 (1990)
2
g as [ h h
F£ = Tog 108(A/0) T 1o \v o 202
Qg 3m?
3TV

11



Higgs production mechanisms
<~ gg-fusion <> VB-fusion <> Higgs-strahlung

//H




[ ICHEP July 2018 : CMS on Higgs pair production ]

bbVV

Observed 78.6xSM
Expected 88.8xSM

bbbb

Observed 74.6xSM
Expected 36.9xSM

bbtt

Observed 31.4xSM
Expected 25.1xSM

bbyy

Observed 23.6xSM
Expected 18.8xSM

Combined

Observed 22.2xSM
Expected 12.8x SM

CMS preliminary gg—HH 35.9 b (13 TeV)

6 78910

2 Higgs decay channels

—e— Observed

- —— - Median expected
68% expected

95°/¢1 expected
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[ General Potential for Higgs ]

[Higgs potential as a general function of |H|A2=x ]

1]2 2

h
V=V(H|) \H\2:7+”h+7

[ Expansion around minimum ]
v? v? h? 1 v? h*\ 2
V=V|— V' — h+— | +=V" — h+—
(3)+v(3) (r+3) 2 (5) (%)
1 . 7}2 h2 3
+6V (2 vh+2 4

[ The Minimum and the Higgs mass J [Trilinear and Quartic interactions ]

V/(12/2) =0 V" (v?/2) -tree level

2
m%l = 2V (%) V”’(@2/2) -quantum correction
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Example: Non-perturbative potential

N. Haba e tal, PRD 89 (2014) 015018
[ Simple example:] [Minimum: ]

V = m}2Ll|H‘2 + A4—2a<|H|2)a :> m%i 1+ aA4—2axa—1 — 0

[ Higgs mass ]
ms = 2a(a — 1)A*24x*"1 =2(1 — a)m¥,

a < 0 Non-perturbative runaway potential

ST
v a > 2 Renormalizable
( ) (" a\ e ~N
V(¢)  NP-potential V() Mass term etc V(¢)
+ -
~_ ‘/
\_ <¢>) \_ <¢z \_ (V) <¢>)
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Non-canonic kinetic term

Non canonical kinetic terms appear in several models with strong dynamics:

2|H|”
Ly, = F 3 DﬂHTD”H F(1) =1 forthe SM.

()
R. S. Chivukula and V. Koulovassilopoulos, Phys. Lett. B 309, 371 (1993); Phys. Rev. D 50, 3218 (1994).

...............................................................

.................................................................

» (MypWHW— + MT%ZZ) (1 + G’(l)% + (G'(1) + 2G"(1))h_2 4. )

/I}Q
\s=7TeV,L<51fb" \s=8TeV,L<19.6fb" .
CMS Preliminary m,, = 125.7 GeV 111 the SM
Pg,, = 0.65
H_)uzbmsro.ez _"._' l
H-o1t . .
—* :> <> Not to conflict with data.
" Huﬂgo.ﬁt 0.27 '_.— y
Ho W . <> General kinetic term Cy =2G"(1)
H _)uz=zo.92 +0.28 _._
R Y R N R S

1.5 2 25
Best fit G/('SSM
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Example: Non-perturbative potential
. Aflleck, M. Dine & N. Seiberg, PRL 51 (1983) 1026, NP B 241 (1984) 493
[ susyacp: | |[SU(N) x SU(N;), x SU(Ny)g x U(1) g
Q:(N,Ng, 1), Q:(N,1,N¢)

[ Instanton induced Superpotential ]

N
A3+ NQ—I{I'f
Wy = 2 .
(det QQ) ™"
N. Haba e tal, PRD 89 (2014) 015018 N=2
Ch:_g_gm where Kk = 1/(N — 2)

N 2 Higgs case
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Higgs pair production @LHC

ﬂ gg-fusion \

< Effective operators & amplituds:

A

— 1 H)G¢ G
Eeff 127 ( 0g )GMI/G
a. (h h?
— [ | Ge G
127 (1} 202 ) -

- 2
<> Cancellation S — (4 + BCh)mh
<> Negative ('}, ->increase
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Higgs pair production @LHC

/ \ 12+ LHC (/s =8TeV) 1
s gg'fUS|on 10+ Tsml gy=m,, = 4.11 fb (CTEQ6.1) :
[ Tsml yp=m,, = 3.78 fb (MRST2006nnlo) ]
= gl ]
9]
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g @ 6f N e CTEQG6.1 .
5
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0* | | P | | 3
—4 -2 0 2 4
Cy
9 TEEEEO) ----
i @ i LHC (s =14 TeV)
10 ]
I Tsnl s, = 195 fb (CTEQ6.1)
g ‘000000 --=--H gL Tsnl yyr, = 183 fb (MRST2006nnl0)
7
\ / b il
=~ 6 — MRST2006nnlo 4
Qj ...... CTEQ6.1 1
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Higgs pair production @LHC

< gg-fusion < VB-fusion <> Higgs-strahlung

//H




Higgs pair production @LHC

o(pp — hhjj)sm =~ 1.6 fb at 14 TeV

20j\\

-\, R=0(pp—hhijj)/o(pp—hhijj)su

15 '

R=0(pp—gg—hh)/o(pp—hhyjj)

LHC (/s =14 TeV)
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Higgs pair from vector boson fusion

< VB-fusion <> Higgs-strahlung

//H\
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Higgs pair via VB fusion pp->hhjj @LHC

5
4
3L
2
1
0

S

[0(191? — hhjj) = o(pp — g9 — hh)]

23



Higgs pair via VB fusion ee->hhvv @ILC

N W B W

1 1 1 150 ‘77457 _ 1 7 ] ] ] 1 1
5 4 -3-2-10 1 2 3 4 5 -5 —4 -3 -2 -1 0
Ch

Figure 4: The contour plots of the ratio of the cross section, o(Ch,C2)/o(Cr = Cy = 0) of
ete” — hhvw. Left (/s = 500 GeV), and right (/s =1 TeV).
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Higgs pair via Higgsstrahlung ee->Zhh @ILC

LS I I

Ch

Figure 5: The count our plots of the ratio of the cross section, o(C}, Cs)/o(Cr = C2 = 0) of
ete” — Zhh. Left (/s =500 GeV), and right (/s = 1 TeV).
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Diff x-sec for ee->Zhh .vs. scaled Z energy @ILC

"""""""""""" 25 T T T T T T T T T T T T T T T T T T3]
2.0 -_ /// : // I
: o ya
1.5F '. ] i / ||
[ | 1.5 N /
5l ‘_ 1 515 f y , |
= 1.0 | ] o : ///
: 1.0 C .
05} O\ ] [ |
: v ‘\ ] ; gl -
ool oo o+ 0 Ty Lo ool . | A T R L]
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Xz xz

Figure 6: The differential cross section (in fb) of ete™ — Zhh. Left (/s = 500 GeV), and
right (/s = 1 TeV). zz is a scaled energy of Z boson in the final state : zz = 2E7//s.
(Ch, Cy) = (0,0),(—2,2),(0,2) from below to top in each graph.

2 2 2
£ %(1 +Ch)h® + <MV2VW+W— + %ZZ) ((1 renP ot )
v v

v2
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[ Color-octet vector & scalar particles J

[Lagrangian 1
L= Lsn+ LS,V )kin + LS,V )int — As|SPIH|> + AWV, V| H|?

) A A
Real

/

[ Complex

h \\ h\\ h\\ //S h\\ V
3 LY V \\ /} \\
N \ X
> = === Agv NV Ay v AN Ag ) Ay
e e /4 AN g P
h ;7 h// h’ N h’ V

[Odd operatorsin S & V =»Prompt decay }

VEGy.q, S°, V*SDuS, V*V,S
SV G, €uo,VFOPSOWY, SO,V,0"WH ...
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[ Higgs productions Color-octet vector & scalar particles J

Gras |1 Agv? Ay 02
— s 124, ALY VY Qg
Ugg—>h 126\/§7T 2A§($t>—|—c 47’)’2,% 0(x5>+0 47’)’2,%/ 1(33\/)
Ai(x) = =2+ 3+ 322 —x) f(x)),
AO — —fE'(l—QZ'f(Zlf)),
arcsin® (1/4/7), ifz>1
@ =93 1/ 1+vi—z \* .
\_Z <log1_m—m> , ifr <1
4m?
i) —19 for rT=—5 24

A2(96) mh
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[ Higgs pair production in the SM }

E. W. N. Glover and J. J. van der Bij, Nucl. Phys. B 309, 282 (1988)
T. Plehn, M. Spira and P. M. Zerwas, Nucl. Phys. B 479, 46 (1996)

F,, = szz (24 (4m? — ) Ca)
Frpw = QTmf (2 +4m?Cyp — (S + 2m; — 8mf) m? (Dapc + Dpac + Daci)
4 T8I (4 ) (Cac + Ciop) + (1= m2) (Coc + Ca)
~ () Dacs)
Gbor = s(tu”z;lm;lb) ((tz i mfbn?_ 8tm;) (sCyap + (t — m3})(Cuac + Cpp) — stDpac)

(u? + mj — 8um?)

+ - (sCap + (u — mi)(CBc + Cap) — suDapc)
t
(t? + u® — 2m3)(t +u — 8m?)
o 2 C1C’D
my

— 2(t4+u—8m?)(tu — m},) (Dapc + Dpac + DACB))
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[ Contributions from colored scalars }

A. Belyaev et al, Phys. Rev. D 60, 075008 (1999) for MSSM
E. Asakawa et al, Phys. Rev. D 82, 115002 (2010) for LQ
G. D. Kribs and A. Martin, Phys. Rev. D 86, 095023 (2012) for Octet scalar

>\ Cv?
Ftiz = sk (QmSCAB‘|‘1)
ms
AgCiv? 2C,(\gv?)?
Fbsox = = Sm (2mgCap + 1) — (SS ) (m% (Dape + Dpac + Dacs)
S
t —m? u—m? ut — m?
— hCuc — hCpe + 5 hDACB) ,
s
2C5(Agv?)?
Gopw = — (SS ) (m& (Dapc + Dpac + Dacs) — Cep
1
t2D 2D
+ 2(tu—m;§)<8 BAc + su"Dapc

+ s(s —2m;)Cup + s(s — 4m;)Cep

— 2t(t —m3)Cac — 2u(u — m})Cpe))
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[ Contributions from colored vectors J

G. V. Jikia, Nucl.Phys. B412 (1994) 57-75
s+ Qm% CyAyv?

FX,Z = m,% - (SSC'AB + (6m2 + m%) (1 + QmQC’AB))
A, 02 2 m?2
m 2s

mi — 2mim? + 12m?*

Sy ((t — m2)m?Ce + (1 — m3)Che

~(tu — ) Dacy) — 25m* (Dabe + Doac + Dacy))

pWIE: 2 m2
Gboaz = CU ( 3 ) 2_8 (2(tu — m%) (Dabc + Dpge + Dacb) — 4SCab

1 )
2m?(tu — m7)
(4m?(u — m32)? — M*)(2(u — m?)Chue + (u — m?)? Dype )
M* + 4m?s ( s 5
- ((s = 2m3)m?*Cyp + (s — 4m3)C.
2m2 tu — my
—(t — 2m3) Dpae — (1 — 2m?)Dype + 2m* Dy, — 2Ccd))

((4m?(t —m3)? — M*t)(2(t — mj;)Cac + (t — mj;)* Dpac
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[ Calculation: Higgs pair production via gluon fusion at LHC J

<> Higgs pair production in the presence of colored scalars
and vectors are implemented in MG5
<> The rate was calculated scanning over the masses
m¢.& m,,
and their portal couplings
A& A,
of the color octet scalar & vector
particles for three cases:
e RealS&V
e ComplexS &YV
* Real V& complexS
<> The constraints of the single Higgs production via
gluon gluon fusion from ATLAS & CMS are put on
these parameters



[ Scan over vector & scalar octet masses: }
R(gg—h)

1500 -

s

1250 - SM ggH expectation: 1 ]

\

I
]
I
I
I
I
]
1
/J
]
/]
/]
/]
!
1
7
/

1000 -

mv(GGV)

750 -
o(gg — h)

o(g9 — h)sm
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[ Scan over vector & scalar octet masses: ]

1500 -

1250 -

my(GeV)

750 -

R(gg—h)

1000 -
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[ Scan over vector & scalar octet masses: }
R(gg—h)

1500 -

1250 -

I
]
I
I
I
I
]
1
/J
]
/]
/]
/]
!
1
7
/

1000 - { CMS ggH: O.85+O.19-0.17J

my(GeV)

750 -
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[ Scan over vector & scalar octet masses: J

1400

1200

1000

my(GeV)

300

600

200 250 300 350 400 450 500
mg(GeV)
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[ Scan over vector & scalar octet masses: Complex S & V J
R(gg—hh)

15001

1250 Portal Couplings:
A=1.5
A=1.5
>
O
O 1000,
-
S
750
500
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[ Scan over vector & scalar octet masses: Complex S & V J

R(gg—hh)
1500+ —
1250+ Portal Couplings:
A=1.5
A,=0.5
> |
O |
O 1000+ !
~ |
S
750+
500+
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[ Scan over vector & scalar octet masses: Complex S & V J
R(gg—hh)
? ,

1500

— ] Portal Couplings:
A=0.5
A1,

1250+,

mV(GeV)

750* ********************************************** 30 L
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[ Scan over vector & scalar octet masses: Real V & Complex S J

1500}

*(Portal Couplings:
A=1.5
L A=1.5

1250+

1000+

my(GeV)
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[ Scan over vector & scalar octet masses: Real V & Complex S J

R(gg—hh)
1500+ . |
,'" Portal Couplings:
1250~ ,'" \=15
A,=0.5
>
Q /
QO 1000+
-~
S
750+
500¢ ‘ 777777 ‘
250 300 350 400 450 500
mg(GeV)

200



[ Scan over vector & scalar octet masses: Real V & Complex S J

R(gg—hh)

1500}

Portal Couplings:
A=0.5
A1,

1250+

1000 -7/

my(GeV)

750, L
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Scan over portal couplings: Complex V & S J

Masses:
m.=300 GeV
m,=700 GeV
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[ Scan over portal couplings: Real V & Complex S J

30

Masses:
m.=300 GeV
m,=700 GeV
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[ Example Model of Octet V & S ]

K. Ishiwata & M. B. Wise, PRD 83 (2011) 074015
T. E, W-S. Hou & H. Yokoya, PRD 84 (2011) 094013
J. Alwall, T. E., W-S. Hou & H. Yokoya, PRD 86 (2012) 074029

A. Ildilbi et al, PRD 82 (2010) 075017
< SU(2)-singlet SU(3)-octet vector wg, SU(2)-triplet SU(3)-octet scalar g
wg -> W g (Z g ) ->WWg (ZZg)

[ Experimental signals for color octets ]

W

<> CMS Collaboration, JHEP 09 (2015) wg->W 14 (Z 11 )->WWg (ZZg) 50%+bb 50% 5



[ Example Model of Octet V & S ]

K. Ishiwata & M. B. Wise, PRD 83 (2011) 074015

T. E, W-S. Hou & H. Yokoya, PRD 84 (2011) 094013

J. Alwall, T. E., W-S. Hou & H. Yokoya, PRD 86 (2012) 074029
A. Ildilbi et al, PRD 82 (2010) 075017

< SU(2)-singlet SU(3)-octet vector wg, SU(2)-triplet SU(3)-octet scalar mg
wg -> W g (Z g ) ->WWg (ZZg)

[ Experimental search for pair produced colorons }

19.7 " (8 TeV) 19.7 fb" (8 TeV)

E 1 0 § LI I LI I LI I LI I LI I LI I LI I ? E 1 O E LI I LI I LI I LI I LI I LI l L I ?

e [ CMS op - 6%’ s (Zg)(tB). wihm_=23m, § & F CMS pp —» 6%° - (Zg)bb). with m_=5m, 3

5 B —--- Expected limit N ~ . e Expected limit 7

x 1F Expected + 10 = @ 1 Expected+ 1¢ =

2 F Expected: 2 3 2 F Expected+ 26 3

o B —e— Observed limit ] o B —e— Observed limit .

;-é 107 &= Color-Octet (with PDF uncertainty) oé- 107 &= Color-Octet (with PDF uncertainty) =

- B . -l B .
O 102k - O 00 N

X E  TTrSTmt=— = IEPCI - S

Yol C 41 w - 3

(o)) 10 a D a3

E = 107 g g

E B(@°—»bb)=05 = E B(e° - bb)=05 =

N B(e° — Zg) + B{e® — vq) =0.5 7 N B(e° — Zg) + B{@" - yg) =05 7

1 0-4 e by by b b by ooy by | 1 0—4 YT TN TN W N T TN TN W T TN U TN TN AT TN TN ST U YUY TN WO TN NN SN TN TN U Y o |
200 300 400 500 600 700 800 900 200 300 400 500 600 700 800 900
mye [GeV] mge [GeV]

<> CMS Collaboration, JHEP 09 (2015) wg->W 14 (Z 15 )->WWg (2Zg) 50%+bb 50% 46



[ Conclusion }

<> The Higgs pair production is studied for general potential and
in the presence of Scalar and Vector octets for LHC.

<> Single Higgs production constraint on the effective operator &
Scalar & Vector octet masses and portal couplings have been
studied by scanning over them.

<> Several set of parameters & portal couplings are chosen
which are consistent with the current data.

<> They have been found to be affected for some values even
the single Higgs production receives moderate correction.



Thank you for
your Attention!
Thank you, organizers!



Jet tagged W channel

95% CL, limit for 6*BR(w, — m,W/Z) at 8 TeV LHC with 20 b’

Mo
s 8 8 8 8
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ard Wjet + soft leptonic W

600

800 1000 1200 1400 1600 1800
M(r,) (GeV)

2000

—
Q

Cross section limit (pb)
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M(w,) (GeV)

2000

Hard leptonic W channel

95% CL, limit for c’BR(ws — n,W/Z) at 8 TeV LHC with 20 fb-1

1800

1600

1400

ic W* + soft hadronic W™ channel

o

800

1000 1200 1400
M(x,) (GeV)

1600

Cross section limit (pb)

50



[Scan over vector & scalar octet masses: Real S & VJ

1500+

Portal Couplings:
A=1.5

1250 !
‘ A=1.5

1000~

my(GeV)

750

500 : | ‘ ‘ ‘ ‘ h
200 250 300 350 400 450 500
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[Scan over vector & scalar octet masses: Real S & VJ
R(gg—hh)

15001

Portal Couplings:
A=0.5
A1,

1250~

1000 7~

mv(GCV)

750+

5001,
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[Scan over vector & scalar octet masses: Real S & VJ

R(gg—hh)
1500} ; |
/ C .
1250+ / Portal Couplings:
ll" }\.S=1.5
lll' \_ }\V=O.5
=
5 1000 '
2 s a
S The SM NLO expect.:
0.=30-40fb at 14 TeV
750+ . \_ y,
500 -— I
250 300 350 400 450 500
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[ Scan over portal couplings: Real V & S J

Masses:
m.=300 GeV
m,=700 GeV
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