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Measurements of the Higgs boson self-coupling

- Current LHC measurements indicate that the properties of the
discovered Higgs boson is SM-like.

- However, the Higgs self-coupling is not measured accurately.

ATLAS: —0.4 < Ay, /200 < 6.3

CMS: — 1.7 < A/ 22N < 8.7

* In future experiments, it will be measured with better accuracy.
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Probe of Higgs sector by Di-Higgs production

. The self-coupling is determined by measuring di-Higgs production pp — hh.

- Deviation from the SM predictions in 0,,,_,; involves information of Higgs sector.
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Probe of Higgs sector by Di-Higgs production

. The self-coupling is determined by measuring di-Higgs production pp — hh.

. Deviation from the SM predictions in o,

»—hy INVOlves information of Higgs sector.

- Origin of electroweak symmetry breaking

Mystery of the - Structure of the Higgs sector
Higgs sector

» Nature of the Higgs boson ( Elementary'it

How does the sign of compositeness emerge in 6,,_, ), ?
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New physics contributions for Di-Higgs producrion:

CNTITITTLR h 1. Heavy fermion loop

T; 2. Additional Higgs boson loop

g 200909009+

—+We focus on Composite Two Higgs doublet model (C2HDM).

- How much these new physics effects can enhance o, ?

- How the correlation between o, ,;, and 4, looks like ?
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Composite two Higgs doublet model (C2HDM) [1/2]

9 _ SO(6) Broken generators : 8 (=15-7)
* Symmetry: 3/ = 50(4) x SO(2)’
— 8 NGBs (=2HDM d.o.f) h,G°,G*, H A, H*
* Lagrangian: Zz C2HDM — Zz elementary +Z mixing +Z strong

=Ly + ZL g6 (After integrating out heavy resonances )

Z clementary- CONSists of SM gauge fields and matter fields. >
A strong - contains interaction between NGB and heavy resonance.
L ix L interaction Zqjementary PEtWEEN Z((100.

» Higgs masses and self-coupling are generated through Coleman-Weinberg potential.

. . . The potential is described by the
+ + s parameters in the composite sector.
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Composite two Higgs doublet model (C2HDM) [2/2]

Fermion sector ( 22: NGB fields )

clm  + oo = UhLpU! 4 O] M7, — B (VS + VI 5?) 0y,
+H(AL @V + AL T + hee,,

1 : 1
qu — ﬁ(Zva bLa ZtLa _tLa 07 O) Q%T — \/5(0, O, 0, O, 1, 1)tR
1
V2

Top partners(4): Ts/z, Xo3, 11, T, Bottom partners(1): B_;;3,  Exotic fermion (1): X5

Y= = (iB_1/3—i X353, B_1/3+X5,3,1T2/3+iX2/3, —Ta/3+Xa/3, V211, V2T3)

. SO(6) is explicitly braked by the linear mixing between qu and y; p .

- SM fermion mass terms are generated by the Yukawa interaction and the linear mixing.

<X >
tf YR WL e ALAR _
° ¢ ° ~ (YS -+ Y,c )V = V.V

- Two y; p fields are introduced. » 8 heavy top partners contribute to pp — hh.

Kodai Sakurai Double Higgs production in composite two Higgs doublet model 7 /13



Di Higgs production cross section

do(gg — hh) B o’
dt - 512(27)3
| ra T Spin-0
hh

X || 2o CRAEAma) + 3 D (O FY (mimy) + Ol s FEs (i m) contributions
1=1 1=1 7=1

+ ZZ jDth mlvm])+CjD5GD 5(m’67m])> ? ) Spln-2 _
i—1 j—1 contributions

- Feynman diagrams
Box Triangle

g 90— - - - - - h 9 Q909090009 - h g 99000000 h

box diagrams involve contributions of off-diagonal coupling.

« Heavy mass limit

2
FAn — i g Fq — > g G — (9(8_) Spin-0 contributions
myp 3’ m2 3’ ms." is dominant.
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Numerical results: Di-Higgs production cross section

[De Curtis, Delle Rose,

Resonant case ,  Non-resonantcase ;e voret ks
|
Not allowed from resonant constraints 1
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my [GeV] : : 5 ¢ ey 25
» two distinct scenarios
o(gg > H) X BR(H — hh) - o(gg »> H)xBR(H — hh)
Resonant case : 58 > 0.1, Non-resonant case < 0.1
c(gg — hh) o(gg — hh)

- Constraints : A, perturbativity, EW vacuum, H,A,H# direct searches, h couplings { §><705(1))G6V
Uy S 2.4 @ATLAS

— In resonant case, ahh/aSM ~10. In non-resonant case, th/O'SM ~2.3.
[ATLAS,2211.0121]
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Numerical results: Invariant mass distributions

Resonant case
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Numerical results: Invariant mass distributions

Resonant case
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Correlation between ¢, and 4,,, in C2HDM

x Not allowed from resonant constraints -

30.01
20.0;

10.01 REERE

(S
o

hh | hh
0" [ogy,

A/ )\hhh SM

. There is a parameter region where ahh/O'SM ~ 1 but Ay, /2% =1 ~—=20%.

. In such a parameter region, o(eTe™ — hhZ) can deviate from the SM.

— Even if th/GSM ~ 1, one may be able to survey compositeness by measuring
eTe™ — hhZ in future colliders.
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Summary

. Di Higgs production pp — hh is an important observable, by which one can
explore the structure of the Higgs sector.

- We discussed the new physics effects of the di-Higgs production rate in C2HDM.

. In the resonant case, ahh/agf\ﬁ[ ~ 10 due to H contributions. In the non-resonant
case, heavy top-loop contributions are significant ( o/ a§&~2 ).

. There is a parameter space where 6, ~ 0}?}11\/[ but /lhhh//lsill\g —1~-20%.
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Back up




Comparison with elementary 2HDMs

H\H,

The correlation between
mi; ~ f2(1+t3)/(167%) Ky and my is more clear
in C2HDM.

Total cross section o - [De Curtis, Delle Rose,
+  Total width of H Egle,Miihlleitner, Moretti, KS]
1
1
2HDM (Type 1): ahh/ohh ~ 12 [JHEP09(2022)011] :
1 04+ - Composite 2HDM 10
1
2HDM (Type Il): oy, /00" ~2 | ) 1 v s
1 0.2
1
C2HDM: th/Uhh 10 Type Il can be : 0.1 5
separated. ' 0.0—=
: 04l - Type Il 2HDM :
oS STTemEEOEEEES oS oEEEEEEEEEEE AT ' T S5
Deviations in h couplings [see also PLB786(2018)189] < 0.3 o
§ = ~—
[S. De Curtis, et al, JHEP 12 (2018) 051] [PRD96 (2017) 3, 035014] ' \mO-Q 2 =
o —f"— : 0.01 i
1
o g : 04+ +  Flavor-aligned 2HDM 1
094 é‘\' : 0.3
0.92 ' 0.21
C2HDM '
0-90 1000 1500 2000 2500 3000 : Ol- ;‘. 4 &
f[GeV] 10 5 ' 0.01 ol : , : : |
500 ‘“”ITI“"[(’G;’V“‘]O B[00 00y 500 1000 1500 2000 2500 3000
1
ky ~ 1 —02/(2f2) ; my |GeV]
:
1

If H is heavy, a new decay mode H — 17 opens.

» If His light, the difference appears in ¢ &Ky . If His heavy, it appearsin 1
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correlation with scalar couplings

X Not allowed from resonant constraints X Not allowed [rom resonant constraints
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[1902.00134]
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hhh &hhVV O EIE

[ATLAS-CONF-2022-050]

[Phys.Lett.B 842 (2023) 137531]
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Figure 8: Observed and expected 95% CL exclusion limits on (a) the combined ggF HH and VBF HH cross-section
as a function of «, and (b) the VBF HH cross-section as a function of kay, for the double-Higgs combination.
The expected limits assume no HH production or no VBF HH production respectively. The red line shows (a) the
theory prediction for the combined ggF HH and VBF HH cross-section as a function of x; where all parameters and
couplings are set to their SM values except for «,, and (b) the predicted VBF HH cross-section as a function of k;y .
The band surrounding the red cross-section lines indicates the theoretical uncertainty on the predicted cross section.
The uncertainty band in (b) is smaller than the width of the plotted line.
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Figure 10: Observed likelihood scan as a function of x, (left) and x,,, (right) for the full 2016-
2018 combination. The dashed lines show the intersection with threshold values one and four



Composite two Higgs doublet model (C2HDM) [2/2]

Ey A7 5 —ICXT BHIR: [f: composite X —JL]

* non-linearities N5 4 U %dim 6 operator

C;iiC — —
L6 D "}2"” (H! D ,H;)(H D ,H)) +h.c.,

_ o — o e NS 2 - 2 Im[(H1)'(Hy))? _
CEDTINSGA—FIABENEC S ¢ To<16><;}cz x (I(Iri[><|2il<<ﬂzz>>]l2)2' SCPHFREZ R

- Higgs HHSRDFCNCH\FEET

s < g . o ; — : ‘gl:
Louom O Y (aruHy + ag Ho)udy + Y9G, (a1aHy + aggHa)d, flavor aligned Yukawa &5

e }/e"'ﬂl_’bL (aleHl + azeHz)eﬁ + h.c. (Yll] X Yzlj)%—:%i—%

v RBEEE YT R4

[E =2\ /f2, e = i/ (tan 8.1 )

ki — (1— g) cos 6

k= (1+ cﬁ%g) cos @ + ((; + &) sin 6

m%z = ch%l o 83M32 g 829M%2 y =125 GeV

mi = spMiy + gMzg — s20Miy s £2/(1672)
M,

fan 20 — 2 .
e e

f_> OOT\(mHa 89 KV/f) — (009091)

Kodai Sakurai Double Higgs production in composite two Higgs doublet model 18 /11



Custdial symmetry

non-linearities [C & Ddim 6 operatoriCc A TO XS Y —LZED

CijCkl

= —>
£2 (HzT Dqu)(H/JL D ,H;) +h.c,

gdZG D,

(ZNIESp(A)ZE D) DHEEICEDTINGA—=FIC/HT VY —LRNILDEFES
ANG VRS
v’ Im[(H:)(H>))?

oA X m) P+ ()P

T parameter OHIRRIELLT O FRIED 3 1L [0]EE H k S

1.CP:Im < H;>=0

1.C2: < H; > Hh < H,> H0
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Higgs coupling measurements future prospects

E/zcr/z/ Lrontier HZIA Factory /‘;}yfft‘z{t{a;
W, L v e

EF benchmarks .

Gauge Couplings
% Y V%V N % N Ve ot o B Ay
LHC/HL-LHC DDD“’D” & o ¢ ¢ (1
%ILCIC"3250 ddde ¢ ¢ ¢ ¢ « ¢ ¢ 1
T oo 7666066 ¢ ¢ ¢ ¢
Fecee2o ] 2 00 000 66 x ¢ ¢ ¢ ]
ceeco ] 2 66 60 6 6 x ¢ ¢ ¢ ]

Order of Magnitude for Fractional Uncertainty ¢'< 0(107) 4 oon) @ ot @ o60)

D >6(1) ? No study
Beyond HL-LHC

collider Indirect-h  hh  combined
HL-LHC [78] 100-200%  50% 50%
ILC250/C°-250 [51, 52]  49% — 49%
ILCs00/C?-550 [51,52]  38% 20% 20%
CLIC3s0 [54 50% - 50%
CLIC1500 [54! 49% 36% 29%
CLIC3000 [54 49% 9% 9%
FCC-ee [55] 33% - 33%
FCC-ee (4 IPs) [55] 24% — 24%

FCC-hh [79] - 3.4-7.8% 3.4-7.8%

(3 TeV) [64] - 15-30% 15-30%
©(10 TeV) [64] - 4% 1%

20 —

HL-LHC
FCC-ee

o ILe2so/C?

W w125
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Effective lagrangian

For pp — hh, interactions for top and Higgs are only needed.

Eyuk — — GhTz-Tj TLiTth — GHT,,;TJ- TLiTRjH + h.c.
— GraTyT, TiTih — HHT,,;T,,; TiTi2 + e

1
Lg(l:g,lar — 3' Ahhhh3 )\gl}»ZthH
(898 h+698 H)(Hc‘?“h h(?”H) :

3f2

A%)Hhh}[ + A% hHH

- 2) (2 . "
The couplings G771, Grrerrrs /I}Eh}{, ’1}51}1{ appears due to nonlinearlities.
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b —> s y constraint

[S. De Curtis, et al, JHEP 12 (2018) 051]
0.5p

200 400 600 800 1000 1200 1400

M. [GeV]

- Green points are allowed by current direct and indirect searches
at the LHC.

. By taking &, = 0.1&, the constraint becomes weaker.
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Lagrangian of the strong sector for spin-1/2 resonances ¥,

Loomg T Lo = WD W! 4 [0 My Uy — U7 (V]S + Y5/ 52) 03
+(ALB# UL + AL + he,

¥ =Ux U
I . i3] 2 | a1
U=e'’, HE\/iqS?Ea:_i(Bg% 0 )7 ¢z:1(¢§1+z¢?§>
2X2 V2 O; — 195
ibr 0 1B_1/3 —1X5/3
6 1 | L 6 _ _ g\ _ 1 | vlzstidys
dr. = \/5 —tr ) tR 0 tRr, |\ ( w2 ) \/5 —T2<;7—|—~X2/3 )
0 Co, 2T
\ 0 ) \ 159, ) \ V215

- To ensure the finiteness of the effective potential, two spices of ¥; are needed.

- The mixing angle @, is chosen as @, = 0 to insure the CP conservation.

Kodai Sakurai Double Higgs production in composite two Higgs doublet model 23 /11



2-cite construction in the gauge sector

c:|emcntar9 sector 5trong sector

G

SO(6) @ U(l)y

SU2), @ U(l)y

G1 [Xglobal, SU(2)xU(1)IElocallct& EIF S5, Gz ldglobal,

SO6) ® U(1)y

U, l 5,

S0(4) @ SO2) @ U(1)y

Uild) > 735, SO(6).xSO(6)rZ SOB)ICTE D, Z20dG2(CH T
SO(4)xSO((2)xU(1)x [CTE 5

. — 3 T arpa Osxqs P 1 (¢ z(pi
UZ an eXp [ -f'l,2 22 —_ UZEO U2 II= \/_¢ T - (—‘DT 02x2) ) Q; = 7 ( T :
« covariant derivative

DMU1 = 8p,U1 — Z'AuUl -+ Z'Ulpu,

D% = 0,32 — ipy, X2, TAE TXESO(6) & U(1)*D

pu=paTA4+piT* A, = AATA+ X, TX BT
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gauge sector Lagrangian [1/2]

Stron
auge f 1 v
‘C%z}%DM [1 Tr|D, Ul Tr|D E2|2 492(:0A)u( ) _492 (PX)W(PX)/L
PX

(A, (A ——X XM
EélgA )i j 4gX

elementary , — AATA X
DU . . A, = AGTA + X, TX

= 8“[]1 = ’LAMUl -+ ’LUlpu,
D, Yo = 0,39 — i|pyu, X2, pu = p“ AA —l— pXTX

P4 and py are spin-1 resonances

T’y and Ty are geberator of SO(6) and U(1)x
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gauge sector Lagrangian [2/2]

heavy Gauge resonanceZzintegrate out 95U TD ST VI 7 U EEN S,

[ gauge (PT)MU

Composite o O 9

PP ALAL + PTx () X,X,

+j?ﬁg@%AﬁAdeZTATBZ)+f?ﬁﬁ@ﬁAﬁAdeTAZTBzﬂ,

Yy 6yl & 0 0

i mg . 2m:1,(ml23 —~ mg)
Form factors: D@ -m) L e - m3) (@ - m))
o P
2 — 1, X =

ggx (q2 = mfz)x

- W boson &Z boson mass

Iy, (0)
4

(0) o U

may = — 2gin® —, m% = —

4

f? sin? %(1 + tan? Oyy),

() e = s
du=flsn 2 gP=-Tw(0), [ =01
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Scan range of the composite parameters and BPs

f = [700, 3000] GeV,
Ai,R — [_107 10] X f7

9o — [27 10]
Yf,% = [—10,10] x f

BP | f[GeV]  Ap [GeV] Ag [GeV] Y; [GeV] Y, [GeV] 9,
YT — . BT T T oy :

TR AR T
B B . A _119F 1¢

mea| w505 ) (o) (Tiswe wsom) (o7 —mms ) o7
R B o PRy S e

op | msew (830) (-2 (lswsl eesl) (amT W) g
N . o s .

e Er I T o e TR

Table 2: Input values of the BPs analysed in the paper
Kodai Sakurai Double Higgs production in composite two Higgs doublet model 27 /11



Branching ratios of the heavy Higgs boson H

H — tt A H — hh
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Binned distributions
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Influence of Heavy top partner loop contributions

Lo 10.229
"] £3.000
=
S
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T -2.07
1.000
3.0
4.0
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e Heavy top partner gives destractuive and constructive contributions.

e I contributions have influence when ahhlagjﬁ ~ 0.5-2.
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decay rate of H

Composite 2HDM Type 11 2HDM
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Form factor decomposition of gg — /h

aa, 54
M= > { A" gaugel(s {,ft) + B* gauge2(s ,0) Yeger,
8MW PAE | -3 (Ac A
AR = g P1P} ,
il

my p1py  2p,-ppip} 2pz'p3pi’p§‘+2p§‘p§

B¥ =gt + - -

P3P1°P2  PiPL' P2 PPy P pr

Noting that p, , ¢! = 0, gauge1 and gauge 2 are given by the helicity
amplitudes as

M, = M_, =—gaugel, M, = H__ = — gaugel,

The cross section is calculated as
do a2 o:z2

15 4 A2
270 My,§

(|gaugel |* + |gauge2|?).

A

d?
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