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Higgs boson was discovered at LHC!
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* The current LHC measurements of
Higgs boson couplings reach the
precision of 10-20%
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What about the Higgs self-coupling???
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Higgs discovery at
LHC, mnh =125 GeV

double-Higgs triple-Higgs
production production

ASM—KJSM—;?/—}L 0.13

The Higgs self couplingis a key parameter that can help
us reconstructing the shape of the Higgs potential.
v How EWSB really happens

v Whether there is an extended Higvgs sector
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However, it is a challenging measurement for the SM due to its
small production cross section

o(pp — h)sm = O(45pb) easy
1
1300
o(pp — hh)sm = O(351b) hard

l 1
350

o(pp — 3h)sm = O(0.11b)
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Where to look for the " L
di-Higgs production? BR HH—xxyy 1. .
WW (my =125 GeV) :
E 1072
> 4b final state channel has 99 =
highest BR. But suffer with E 107
huge QCD backgrounds. b -
» yybb -> clean signal but E 107
Y4
small BR. .
B 10
YY [0.26%| 0.1%
peore)

v 107°
rarer

bb WW g9 T 2z Y

rarer
>

Taken from Luca Cadamuro’s talk
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Currently, ATLAS and CMS have imposed upper limits on o/ 6SM with
various categories of signal final states in Higgs pair searches at the 13 TeV

"""""""""" L CMS 35.9 b (13 TeV)
ATLAS Prehmmary —— g::g;‘t':: HEVY
F
r 13TeV, 27.5-36.1 0 [ Expected * 1o _ Observed 78.6xSM
cg’s’;’,': (pp — HH) =33.4 fb Expected + 26 Expected 88.8xSM
Obs. Exp. Exp. stat. | bbbb
Observed 74.6xSM
_ Expected 36.9xSM
HH— bbbb 129 207 185 ggeHH
7] bbtt
HH—s bbt*t 126 146 11.9 Expecied 25 58N «— Observed
_ - --- Median expected
bbyy
HH— bBy’y 20.4 26.3 25.1 Observed 23.6xSM - 68% expected
e i DeecedlesSMl L [N 9- 5-0/1:> _eZ(E?Qt_eg ]
Combined 6.7 104 92 Combined
QObserved 22.2xSM
D T e e e Expected 12.8x SM
0 "0 20 30 40 50 0 70 a0 67 8910 50 30 40508070100 200 300 400
95% CL upper limit on ¢ —s HH) normalized to 6°
PP agF (PP ) ggF 95% CL on o, /oM
ATLAS-CONF-2018-043 CERN-EP-2018-292

ATLAS: 0K comp < 6.7 XSM (10.4 exp.)
CMS: OHH comb < 22.2XSM (12.8 exp.)
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o(pp—HH) [fb]

Limits on Higgs self-coupling

3500CMS 35.9 b (13 TeV)
= 95% CL upper limits : : : ;
H — Observed

3000 . === Median expected
: I 68% expected
H [ 95% expected

2500 [
H Theoretical Prediction

2000

1500]

1000 E B

500 | E N s ------------------
20 15 -10 5 0 5 10 15

A

k,=
CERN-EP-2018-292 b AR TSM

CMS: 1_ 71 < k;<13.6 (exp.)

3‘ 102 E I LU II_ I_I 1 I LI I LI | LI | LI | LI | LI E
o - --- bbbb &exp.; - - - Combined (exp.) 3
oy - T g%?fc °:’xs- —— Combined (obs.) .
I L pbt't sobg:; [ Expected +10 (Combined) |
I - - - bbyy (exp.) Expected +2c (Combined)
T 10 —— bbyy(obs.) == Theory prediction —
o - -
o C .

LL - I, e -

[ N

o0 | TTmrmrmmmsmaaa
© 1E =
c = -
(@] - ]
= i ]
s 107" ATLAS Preliminary \ -
Q = Vs=13TeV, E
=1 [ 275-36.11p" ]
— - . |
(-2 10—2 1 I 1111 I 1111 I 1111 I 1111 I : ‘I\JI 1 | 1111 I 1111 I 1111 I 1
% 20 15 10 -6 O 5 10 15 20
(0))

K5 = A/ Mgy

ATLAS-CONF-2018-043

—5.0 < K;<12.1
ATLAS:| _e g < K; <12.0 (exp.)

12/21/18 VQTran — CLHCP2018-WuHan 9



Constraints on new heavy scalars
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BSM physics can easily affect the Higgs pair
production cross section through:

1. Modification in the quark Yukawa g M
couplings 000000000 - b- 4" el

2. Modification in the trilinear Higgs self- . A> W -<:
coupling OO0 N

3. New colored particles running in triangle - S

t,b,q; hq

and box loops AR

4. Existence of new heavy scalars decaying | !
Into Higgs pairs 9 hy

» (1)—(3) belong to the non-resonance DA
effect, while (4) belongs to the resonance G2HDM has all

effect. these ingredients!
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G2HDM: Gauged 2 Higgs Doublet Model rep 1604 2016) 01

* G2HDM = Using gauge symmetry, instead of the Z, discrete
symmetry, to protect DM candidate in the inert 2 Higgs Doublet

Model (iDHM).
Matter Fields SUB)c|SUR)LSUR2)\U(1)y ||U(1)x
H = (H;, Hy)" 1 2 2 1/2 1
H = (HhGJF.GO) H, = <H+> H. is stable (DM candidate) under
V2 T4 protection of SU(2)y

New fermions and new scalars are introduced in this model!
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Relevant couplings in G2ZHDM hy = hy

mg . g t, b(g)
e , h
t’b // > ®--—-—---- .
A —-(/
N A Y
g @ \\ g hl
7000000000 S < |
9334}1 Iihn
gqqh,— — Oﬁ, 8hihihy — qw -|-7L<1>Vq> OH) —AAVA(OgIP)
g = OB + 2(<MHA 20s1ava) (02 0% + (Mas — 2Aasva) (02 0%
q'qthi l 9
Vo + 3(Ano) (vOU (%) +ve(0F)? OF)

+ 3(AHAVO{11 (0511)2 -I-)\q:Avchgl (013L11)2) :
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Numerical Results A

1.0 - 1.00
..;g ° - e o 175
’, ‘e 0.751 «*° oy
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v The cross section of Double Higgs Boson productionis up to ~0(10%) times

SM value in the G2ZHDM
arXiv:1810.04837 [hep-ph]
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DM constraints
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v' DM constraints cut off almost all the parameter space which significantly
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enhances the cross section of double Higgs boson production.
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Numerical Results

1.0 A

0.0 1

-30

v Higgs boson trilinear couplingis stringently constrained by DM searches

Without DM constraints

=20

0.8 -

0.0 -

With DM constraints

‘oe¢ o&w .
#

v" The production cross section is about one order of magnitude lower as compared with
the one before imposing the DM constraints
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Benchmark point A B C D E F G
Ahyhihy 0.85 0.15 —-0.53 | —020 | 0.84 0.35 0.41
Aoy 0.76 3.03 3.88 325 | —3.32 5.42 ~7.16

Kqah 0.95 0.91 0.81 —-0.77 | 0.93 0.75 0.86
Kqghs 0.29 0.41 0.58 0.64 | —0.37 0.65 —0.52
Kyt g, -5x107 | —107* [3.7x107* | —107 |[4x107> | —8x 107> | 7x 107>
Ky gth, 2x107* | 1.7x107* | 51x107* | 4x 107> [ 9x 107> | 9x 107> | 8x 107
my,(GeV) 300 400 500 600 700 800 900
mp, (TeV) 85 69.49 70.77 6822 | 88.35 158.2 87.39
mp(GeV) 398 1278 1210 467 883 619 553
mz (TeV) 62.94 67.61 81.03 5929 | 44.38 38.87 58.45
my= (TeV) 62.94 67.60 81.03 5929 | 4439 38.87 58.44
BR(hy — hihi) 0.33 0.58 0.30 0.12 0.18 0.10 0.16
gist ) 8.2 273 16.7 4.6 2.1 2.1 2.1

Pick up 7 benchmark points which allowed by the combined (VS+PU+HP+DIM) constraints

* Higgs self couplingis negativein the points, C, D
e 125 GeV Higgs boson Yukawa couplingis almost the same as SM value.

* A, B,C, Dpointsare used for studying bEyy final state channel. E, F, G for bbbb final state

¢hannel.

VQ Tran — CLHCP2018-WuHan
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bbyy final state channel

0.25— e 0.08f — my, =300 GeV
j — my, =300 GeV |1 : my, =400 GeV |-
* Invariant mass 0.20F — my, =400 GeV ] my, =500 GeV |’
. . . . i — my, =500 GeV i . m, —600 GeV |1
distribution peaked at the Foasl o0 Gev | o ]
mass of h, = SM
* SM peaked at 400 GeV  “E %Y ]
0.05F ]
0.00L 55

I R | | T n
0 100 200 300 400 500 600 700 800 900
M., [GeV]

* Roughly AR = 2my,/PT(h), B ——
i My = ]
where PT(h) = transverse momentum of h. 008 my, =500 GeV |
8 ’ my, =600 GeV |]
' - S 0.06| SM i
Jet1 ety . S 0.06| 7
o J 1Jet2 55

. E o Jefe . IS 0.04¢ i

h, becomes lighter  ~\} =" - h, becomes heavier YA ;
— W 0o |
0.000‘ lll - _ur) :
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x 2 test for distribution of a benchmark points B’ (my, = 400GeV and 0 = ggy)
and SM in the yybb final state

2 350 — SM o ¥°E M
S o —-m, =400GeV S °F —-m, =400GeV
- S ¢
@ s 1.310 @LHC 13TeV R 250
_=F nE 0.030 @LHC 13TeV
E —8~ € F
= 2 -+ o4 — T
é 1.5f— P 15—
- s F -
) - o = —e— |_
< 1= —e— P 1I— —I_'_'
- —e— R - I ——
05 ol _I__I_I_I_'_'_‘—'—-____I_ Z 05— | I e Tt
0:—-'—+'+:"' 4- ' e o o ¢ o of_=*=|—‘—T I
45 111 I | I | I 1111 I | | I | I | I 1111 I | | I | I | I 1111 I | | E E| 1 1 1 I 1 1 1 1 I |||||||||||||||| I 1 1 1 1 I 1 1 1 1
> af 2F
% 3F S15E
® 2 S qE LT
a) Q E
§ QOO' 250 300 350 400 450 500 550 600 650 700 § 0O 0.5 1 1.5 2 2.5 3 3.5 4
o
M, , b (GEV) AR,

v" We can not distinguish the signals between the heavy scalar
resonance with a mass of 400 GeV and the SM at 13TeV HL-LHC
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However, one can distinguish the resonant at 400GeV with
integrated luminosity = 500 fb~! at 100 TeV LHC

- m,=400GeV

&)

N

w

Standard Deviation
N

—
T T

@100 TeV LHC

o

0 200 400 600 800 1000
Integrated Luminosity (fo™")
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Conclusion

v'Studying Higgs boson pair production is an important way to probe
for the details of Higgs boson properties, especially for the self-
coupling of the Higgs boson

v’ The G2HDM not only addresses the DM issue but also Higgs pair
production. It has all ingredients to explore the impacts of new
Physics beyond SM on the Higgs boson pair production.

v We find out that the Higgs boson trilinear coupling is stringently
constrained by the DM relic density and direct searches.

ThankYou
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The G2HDM Matter Fields SU@3)c|SUQ)L|SUQ)E UML)y ||U(1)x
H = (Hy, Hy)" 1 2 2 1/2 || 1
< H,, H, are embedded into by = (@1, ®)" 1 1 2 [ o || 1
SU(2)y. AHz( Ba/2 A”/ﬁ) 1 1 3 | 0 | o0

< ¢y is introduced to gives a Am/V2 —A3/2

Dirac mass to heavy fermions. Qr = (u, dr)” 3 2 1 |16 | o
< Triplet Higgs Ay VEV will Ug = (ug, ufl)” 3 1 2 | 2/3 | 1
contribute to the mass of Dr= (d2, dp)" 3 1 2 | —1/3| -1
charge Higgs mass. ull 3 1 1 |23 o
< SU(2);doublet fermions are ! 3 1 1 |-1/3] 0
singlets under SU(2)y, while Lr=(v,er)T 1 2 1 |-1/2] o
SU(2), singlet fermions pair up Ng = (vg, vi)" 1 1 2 0 1
with heavy fermions as SU(2)y Ep= (e, ep)” 1 1 2 1| -1
doublets. vl 1 1 1 0 | o
el 1 1 1 -1 0

Anomaly free!

12/21/18 TABLE, L., Matter field contents and their quantum number assignments in G2HDM.
Huang, Tsai, Yuan 1708.02355
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10 —————————————1—

Direct Z' resonance search at the
latest ATLAS and CMS 13 TeV.

mb ~ 3% (08 + 03)

solid: spectrum-A
dash: spectrum-B

—— ATLAS 7' 141 |]

gy =01 ->vge >50TelV

—— ATLAS Z'—jj
— CMS Z'— "1~
Vs=13TeV |— cMs z/jj
--------- LEP[Z TV — . 2]
102~ . T
W. C. Huang, H. Ishida, C.T. Lu, 1.5 2.0 2.5 3.0
Y.L. S. Tsaiand T. C. Yuan my (TeV)

1708.02355
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Branching ratios of the two body decays of h, in the benchmark points.

Benchmark point | A B C D E F G
hy — h1hq 0.329 | 0.575 | 0.298 | 0.113 | 0.175 | 0.100 | 0.161
hy - WTW~— 0.462 | 0.255 | 0.391 | 0.496 | 0.471 | 0.529 | 0.500
hy =727 0.206 | 0.119 | 0.186 | 0.240 | 0.230 | 0.260 | 0.247
hy — tt 0 0.049 | 0.123 | 0.150 | 0.122 | 0.114 | 0.091
hy — bb ~0 | ~0 | ~0 | ~0 | ~0 | ~0 | ~O

We observe that the heavy scalar h, mainly decays into
a pair of SM-like Higgs boson h{, W and Z bosons, and

top quark

12/21/18
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yybb final state channel
Cuts:

N,>2, Ny=2, Pr(j)>25 GeV , Pp(b)ds"*' > 55 35 GeV
105 GeV < M., <160 GeV, 95 GeV < My, < 135 GeV .
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bbbb final state channel ATLAS-CONF-2016-049
Cuts: At least four b-jets with PT > 30 GeV and |n| < 2.5.

3160 0.5 < AR]] lead < 655 ‘I— 0. 475 g
4; 235 875 > 1f my; < 1250 GeV | e aa0cey 5Gew
my; < AR]J subl < —I_ 0 35 ) SN 2 2j 9\&0 )
0 < ARjjjeaa <1 .
> if my; > 1250 GeV
0 <ARjjgun <1
mgj GeV]

Select the b-jet pairs that have minimum of Dy,

subl
_ lead 2 subl\ 2 | —1 [ T 1 (115
Dun =/ (mi5g)” + (m)* [sin (m (ml%ad>  tan (m»

12/21/18 VQTran — CLHCP2018-WuHan 28




Cuts (con’t) Plad > 0.5my; —90GeV
PP > 0.33my; —70GeV
AR(h,h) > 1.5,

(1.1 ifmy; < 850GeV

ATln| < <
ATl <45 103 (m4j/GeV) —0.6  ifms; > 850GeV

\

Finally, the mass of Higgs boson candidate must lie in the signal region:

miead —120GeV\ > [ ms —115GeV
X, = / + | = <1.6
\ 0.1 mls2d 0.1m5™
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bbbb final state channel

] — Mp, = 700 GeV
0.04 —— mj, =800 GeV
* BP E has more dominant —— Mp, =900 GeV
contribution from the resonant ’
— 0.03-
process 3
* While BP F G are behavior =
another way around for 8|5 0.02-
— |0
0.01
0.00 7 \ \ =

200 400 600 800 1000 1200
Mp[GeV]
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bbbb final state channel

0.08 5
f l —— mp, =700 GeV 0.06- —— mp, =700 GeV
12 0.061 —— mp, =800 GeV s —— mp, =800 GeV
s T —— mp, =900 GeV =S ]
S h: © 2 0.041
— 0.04- — |
b@ﬁ . b@g
T ] S| ]
3 0.021 g 0.02
— 1D ] — 1o
0.00 +——+— 0.00 +——
o 1 2 3 4 5 0

AR5
* The AR distributions tend to separate into two peaks, one is about AR = 1,
while another is about AR = 3

* The peak about 1 representsthe resonant contribution, while the peak
about 3 represents non-resonant contribution
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Signal Significances of Higgs pair production

e At HL-LHC (14 TeV, 3000fb~ 1)

v ATLAS: 1.050 for yybb final state channel ATL-PHYS-PUB-2017-001
v CMS:

v'1.60 for yybb final state channel

v0.390 for bbt*1~ CERN-CMS-DP-2016-064

v'0.450 for bbVV*
v'0.39¢ for bbbb

* AT 100 TeV LHC: the pair Higgs will be discovered at L = 256 ifb with
bbyy final channel.



