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MOTIVATION

4 Higgs properties measurements at run 1 and run 2 are in

a good agreement with the SM ATLAS and CMS  —+ Total [ ] Stat. [ Syst.
. 7 TeV,8TeV and 13 TeV Tot. Stat. Syst.
4 Perhaps other scalars are not yet discovered
ATLAS H —-yyRun 1 .E. 126.02 = 0.51 (£ 0.43 = 0.27) GeV
4 Two Higgs Doublet Model (2HDM) CMS H —yyRun 1 e 124.70 +0.34 (+ 0.31 + 0.15) GeV
5. ¢ . ATLAS H — 4l Run 1 E 124.51 + 0.52 (+ 0.52 + 0.04) GeV
4 Minimal extension to the SM
CMS H - 4lRun 1 i 125.59 +0.45(+ 0.42 + 0.17) GeV
4 Rich collider phenomenology ~ prieeeomeemoooooss e

ATLAS-CMS vy Run 1 125.07 + 0.29 (£ 0.25 + 0.14) GeV

4 LHC benchmark mode ATLAS-CMS 4l Run 1

125.15 £ 0.40 (£ 0.37 = 0.15) GeV

4 Benchmarks for light/heavy charged Higgs =~ oo

ATLAS H = yyRun 2 125.11 + 0.42 (£ 0.21 £ 0.36) GeV

4 Benchmarks for light/heavy neutral Higgses ATLAS H - 41 Run 2

124.88 + 0.37 (+ 0.37 = 0.05) GeV

CMS H - 4lRun2 125.26 + 0.21 (+ 0.20 + 0.08) GeV

118 120 122 124 126 128 130 132
m,, GeV

C. Patrignani et al., Particle Physics Group, Chin. Phys. C, 40 100001
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MOTIVATION

7% LH and RH same SU (2), transformation.
7% VLQs don’t get their mass from the Higgs: m1).
#* VLQs can mix with SM quarks and 2HDM Higgses .

7% VLQs are the simplest type of colored fermions still experimentally allowed.

7 VLQs could be singlet, doublet or triplet under SU (2)7.

Component fields T B TB XT BY TBY XTB
U(l)y 2/3 -1/3 1/6 716 -5/6 -1/3 2/3
SU(2) g 1 1 2 2 2 3 3
SU(3)c 3 3 3 3 3 3 3

7% VLQs have the electric charges: Q1 — %, QB = —%, Qx = g, and Qy = —%.
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2HDM PARAMETRIZATION

The most general scalar potential of the 2HDM [Branco, G. et al. Phys.Rept. 516 (2012)] :

V(®1®;) = m?, ®[ Dy + m2,dld, — [mfzcb{cpz +he

A 2 A
+ 22 (<I>T<I>1) + 22 (cb*cpg) + 25 (@]@1) (@fd2) + A4 (@], (0ly)

+ {;5 (@chg) + [ (@]@1) + A7 (6]@,) | <I>J{<I>2+h.c.}

with :
D9 = ¢T’2 " wb
’ % (vi2+ p12+in12)

4 The 10 independent parameters (m?,, m2,, m?2,, \i...7) are assumed to be real.
p p 11 22 12 -
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2HDM PARAMETRIZATION

4 Introduced to avoid flavor-changing neutral currents (FCNCs) at tree level.

4 Each Higgs doublet transforms under Zs: ®; — &1, &3 — —Po.

4 Type L: One doublet couples to all fermions.

4 Type II: One doublet couples to up-type quarks, the other to down-type quarks and leptons.

4 Lepton-specific (Type X): One doublet couples to quarks, the other to leptons.

4 Flipped (Type Y): One doublet couples to up-type quarks and leptons, the other to down-type quarks.

2

4 2 minimization conditions and the combination v% + v3 = v? = 7 free parameters:

v 2
Mp, MH, MA, Mg+, SG_q, tan G = v—iand my 5.
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VLQ PARAMETRIZATION

#* In the Higgs basis, the Yukawa Lagrangian can be written as:
—£ D y“QY Houl 4+ 4?Q% Hyd% + M@ ul + MId d% + h.c.

7% When only the top quark “mixes” with T
tLr\ _ [ t% R\ cosf p —sindy Rew“ t% R
TL R — CLAR TLO P | sin 07 Re_w“ cos 07 p TL0 R ’

7% In the weak eigenstate basis the diagonalisation of the 7 Using standard techniques of diagonalisation, the mixing
mass matrices makes the Lagrangian of the third matrices are obtained by
eneration and heavy quark mass terms such that:
& Y q UQMQ(UQ)T_M

diag ’
- Y335 Y34
Linass = — (] T7) < y43\/_ M\[> (T%) # Using the above equation and depending on the VLQs
V2 7 representation one can find:
0 A Yss 5 Ysaz ) [ O
0 RO V2 7942 R Mg .
(bL BL) (yflis\;}— MY > (B%) +h.c, tan 9;12 = m—Q tan Hq (singlet) ,
M is a bare mass and the y;;’s are Yukawa couplings. While tan 07 = . 6%, (doublet),
ya3 = 0, for the singlet and y34 = 0, for the doublet. mq
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CONSTRAINTS

Theoretical Experimental

7 Unitarity The variety of scattering process must be #* EWPOs, implemented through the EW oblique

unitary. parameters S, 7', we require

2(qVL 2HDM VL 2HDM
7 Perturbativity constraints impose the following AxP(SVE9+ S TV 4T ) <618,

condition on the quartic couplings of the scalar % SM-like Higgs boson discovery: an agreement
potential:|\;| < 8« between selected points in parameter space and the
7 Vacuum stability constraints require the potential current measurements of the properties of the
be bounded from below and positive in any discovered Higgs boson at 125 GeV is enforced by
direction of the fields ®;, consequently, the means C_)f the pubh.cly gvallable cod
parameter space must satisfy the following el L e i
conditions: % Non-SM-like Higgs boson exclusions: to check
M0, A>0. A> v the parameter space points against the exclusion
limits from null Higgs boson searches at LEP,
A3+ A —[As5] > =/ A Tevatron and,

in particular, the LHC, we apply the public code

2HDMC-1.8.0 (D. Eriksson, J. Rathsman and O. Stal HiggsBounds—6 via HiggsTools .

[0902.0851])
7% B-physics observables are tested against data by

resorting to the public code SuperIso v4.1,
(mainly B — Xy, Bsg — ptp~ and By — Tv).
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2HDM-II+7T SINGLET SCENARIO

V2

—Lg+r = —t (HtthL — /‘mebPR) bHT + h.c.,
v
Models Kt Kp
2HDM-II cot 8 —tan 3
2HDM-1I+(T) cr, cot —cy tan

555 BR(B = Xyy)

20,08 :
175 A
15.09 15.0F
125k 19.5E
o oo
510.0p 1 510.0k
75058K I
5.0 1 50
255K 95k
20 |
00 600 80 1000
mpy+ [GGV]
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95% C.L Excluded Regions

20.0ggrxrrrRrR

1 BR(B{=p*p)

00

600 Hllé(l)(l)HHHIlIO_OO
mpy+ [GGV]

1 BR(B) = p'p)

= BR(B — )

400 600

42" International Conference on High Energy Physics (ICHEP 2024)

1000

M.BOUKIDI



0.175}

0.150}

0.125}

7% Fixed parameters: my = 532.80 GeV,
my = 524.26 GeV and mpy+ = 538.02 % 0.100}

GeV, with tan 8 = 5.19.

PRAGUE, JUL 20, 2024

2HDM-II+7T SINGLET SCENARIO
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0.050F

0.025}
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M.BOUKIDI
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2HDM-I1I+7 SINGLET SCENARIO

Parameters Scanned ranges
2HDM
my [130, 800]
mA [80, 800]
M+ [80, 800]
tan 3 [0.5, 20]

sin(f — «) 1
2HDM-IT+(7)

5 [—0.5,0.5]
mr 750, 2600

0.8 T — Wb I 08F % o HY S

™
~
1
N
® 4
°s
o’ “
..."'

BR(T — XY)
= =
H~ )
&
° L
%o
- o“... ’: :’...‘:

iy . TS HD (RUR . . (PR ETY r

my [GeV]

1000 1500 2000 2500 600 700 800
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2HDM-I1+7TB DOUBLET SCENARIO

Models

Kt

Ky

2HDM-II

cot 3

—tan 3

d : u .
2HDM-TI+(T B)|cot B | ch et + 2 (s42 — s%2)e0u=0a) || tan B |clhcd + i—é(sdf — 5%,2)¢t(du04)

U
St

95% C.L Excluded Regions

] BR(B! = u'p”) 3 BRBy =)

555 BR(B = Xyy)

= BR(B )

20,0_ T T TKTTYTTTTTTTTT [TTTTTTTTT JTTTTTTTT E 20.0

XXX XX
9‘:’:& 2HDM-11+TB
% ISAAAARS
XXOXXNS
AR
04/0004500%
RS
KRN
000
KL
K
0000
& 10040 9
LSBT

AT T = 1500 GeV mr = 1500 GeV |3 : mr = 1500 GeV |3
) =0 1o =00 % G=00
999, sh=10 of st =102 - oF sh=045 |

17,56 IR

15.0F 15.0¢]

12.5

12.5E 12.5

tan 3

L%
X HKIHXXHIIN

AVAVAN
X X
o Sz

2.0

||||||||||| Litiii11] N SENNNNNENI SNNNEENENG

00 400 600 800 1000 200 400 600 &0 1000 00400 600’00 1000
ms [GeV] m= [GeV] mp= [GeV]
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2HDM-I1+7TB DOUBLET SCENARIO

of oy, R ([ ., GEER | ., GEER
LODED |1 LUD@D | | LUD@D 5

0155— BY( 1t BY( 1t By( E

i % 2 % 2 % 2

@Qd -

* 0.10f 1t 1t .
0.055— 1F 1F :
i, Smm | simoos ] =01 ]

| 2, <, i
0.15F 275! 1F & 1F & ;
&y %, | 2
y 2, | f %
0.10F 1F S 1F &) .
: Y, (s
; 2
0.05F 1F 1F -
“fooo TEG0 50005500 1000 TE00 20005500 1000 TE00 20005500
my [GeV] my [GeV] my [GeV]
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BR(T — XY)
-]
T~

2HDM-I1+7TB DOUBLET SCENARIO

Parameters Scanned ranges
2HDM
m [130, 800]
m4 [80, 800]
m g+ [80, 800]
tan 3 [0.5, 20]
sin(f — «) 1
2HDM-II+(T B)
s [-0.5, 0.5]
mr [750, 2600]

0.0F

-
1A

02 .".' ° b
4.;:'6.: ':fo ' 5
B AL TR Y .:a“:'. -y \0'.' .
\0 .Oo:,o ..5
F & : ‘ O \’ . oO () o '

.' * f"‘oo ° . 'S 00

PP | z "l’«f "-.
1000 1500 2000 2500 400 500 600 700 800

my [GeV] my: [GeV]
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2HDM-I1+7TB DOUBLET SCENARIO

BRYT — H*'b) x BRY(H"™ — tb) o X BRYT — H'b) x BR*(H" — tb)” [f0]
0.2 0. 4 0.6 0.8 1073 1072 1071 10V 10 10?

o®
o
..
3 c") ‘ ‘ﬂ
ot "". oo
1000 1500 2000 2500 1000 1500 2000 2500
my [GeV] my [GeV]

4 The signal (4b2t) can exceed 100 fb for my <= 1000 GeV.
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CONCLUSION

4 In the doublet scenario QHDM-II+ (T B)), the charged Higgs mass limit is reduced to approximately 200 GeV (and 360
GeV after including EWPOs constraint).

4 In the 2HDM-II+ (7T B) model, the branching ratio of T — H b is nearly 100%, while in the 2HDM-II+(7T') model, it is
only 25%.

4 The decay of H= — tb results in a final state with two top and four bottom quarks (2t4b), with the signal rate reaching
up to 100 fb in the 2HDM-II+(T B) scenario.
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VLT PAIR PRODUCTION AT THE LHC
A.ARHRIB, R. BENBRIK, M.BERROU]J, M.B, B. MANAUT [arXiv:2407.01348]

pp — TT — HTbH b — 2t4b, pp — BB — H bH b — 4t2b
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VLT PAIR PRODUCTION AT THE LHC
A.ARHRIB, R. BENBRIK, M.BERROUJ, M.B, B. MANAUT [arXiv:2407.01348]

o] LHC 2b(3) BP, |
TP Vs=14TeV B 4 — By
<> | B 2020 — bBPy |
3 0.20f 6b BP -
Q |
— i
VU |
©0.15
= 0.1
2|
20.10
g |
)
> I
£ _
0.05_‘
0,00k~

0 500 1000 1500 2000 2500 3000
SPT[bleb3b4b5] [GGV]

Cuts Definition

Cut1 AR(b,b) > 04 , n(b) <25
Cut2 spr > 1500 GeV

Cut 3 prt > 120 GeV
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MC: VLT PAIR PRODUCTION AT THE LHC
A.ARHRIB, R. BENBRIK, M.BERROU]J, M.B, B. MANAUT [arXiv:2407.01348]

[ (s+b) (14 02b) 1 s
. = (148 |
Zdise \/2 _(S+b)ln(b+52b(s+b) 52 I\ 10y

[ s+b+x 1 b—s—+x 1
- pn (22T i (22T pgs— ) (14— ).
Zorel \/2 _3 bln ( o) ) 5 In ( o )] (b+s—ux) ( 526)

WITH x = \/(3 +b)? —4625b2/ (1 + 62b)., IN THE LIMIT OF § — 0, THESE EXPRESSIONS SIMPLIFY TO:

Ziise = \2[(s + D) (1+ /D) = 5], Zep = 1/2[s—bIn (1+5/B)].

- Exclusion at 20 V= 14TeV 0 Discovery at 5o Vs= 14TeV
R hsooo hsooo
0.18F 0.18F
0.16F 0.16F
Hi000 Hi000
0.14} 0.14f
D
< 0.1% — e 012 —
& 30 & % | H300
0.10F o =010} _
0.08 0.08
H100 00
0.06F 0.06F
0.04F 0.04p
1000 1200 1400 1600 2000 1000 1200 1400 1 1800 2000
my |GeV] my |GeV]
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MC: VLT PAIR PRODUCTION AT THE LHC
A.ARHRIB, R. BENBRIK, M.BERROUJ,M.B, B. MANAUT [arXiv:2407.01348]

Exclusion at 20 Vs = 14 TeV Discovery at bo Vs = 14 TeV
0. 20— I | NN RS : 0. 20T R s :
\ \ ] ]
VoV, W Excl by (S,T) Excl by (S,T)
0.18F N 2% \\ i 0.18F ;
‘\\ SN W\ — =0 g — §=0
\\ UDOO ‘\\
0.16F Q 7\\“\ -=- §=10% . 0.16F === 0=10%
B % N AN \\\‘ |
\ M W ]
0.14F \\ 9@ ‘\‘\\ ¢ % 0.14F @
\\\ 0\\ \\% \\\\ O? ? %
2012 5% NE ] ax 01y g
0 N, A N | » PO
:\\ 00‘ LH\\\\ \\\\\ - 3 S \T -
0.10 \ [\ {\ "‘ SO \~\\ ] 0.10 772T RS 30(//
NS ~ N S R <D (R
N RNt el g ol s S
0.08F 5({ Y heel T 0.08F r 20%
/\\\ |||| \\\\\ =~ P T~
0.06f I T 0.061 ~de
: ‘\,{L'\ T~ S ‘ My = 10%\5
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