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MOTIVATION: PRECISION HIGGS PHYSICS AND BEYOND

i Precision measurements from ATLAS and CMS confirm
the SM Higgs mass near 125 GeV.

i However, no additional scalars have been observed so
far, the nature of the Higgs sector remains an open
question.

"W The Two-Higgs-Doublet Model (2HDM) is a
well-motivated minimal extension of the scalar sector:
* Provides a richer scalar spectrum: h, H, A, H +

* Enables LHC benchmark scenarios for both light and
heavy Higgs bosons

> Sych frameworks remain consistent with Higgs data and
open avenues for discovering new particles.
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ATLAS H —vyyRun 1
CMS H —vyyRuni
ATLAS H = 4lRun 1
CMS H - 4lRun 1
ATLAS-CMS vy Run 1
ATLAS-CMS 41 Run 1
ATLAS-CMS Comb. Run 1
ATLAS H —»yyRun 2
ATLAS H - 4lRun 2

CMS H — 4lRun2

ATLAS and CMS  —+ Total [ ] Stat. [ Syst.

7 TeV, 8 TeV and 13 TeV

Tot. Stat. Syst.
@ 126.02 + 0.51 (+ 0.43 + 0.27) GeV
124.70 + 0.34 (+ 0.31 + 0.15) GeV
124.51 + 0.52 (+ 0.52 + 0.04) GeV
125.59 + 0.45 (+ 0.42 + 0.17) GeV

125.07 +0.29 (£ 0.25 + 0.14) GeV

125.15 + 0.40 (+ 0.37 * 0.15) GeV
125.09 = 0.24 (+ 0.21 £ 0.15) GeV
125.11 1 0.42 (+ 0.21 + 0.36) GeV
124.88 + 0.37 (+ 0.37 = 0.05) GeV

125.26 + 0.21 (+ 0.20 £ 0.08) GeV
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ATLAS and CMS Higgs mass measurements (Run 1 and 2)
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MOTIVATION: VECTOR-LIKE QUARKS (VLQS)

4 VLQs are hypothetical colored fermions where left- and right-handed components transform identically
under SU (2) .

4 Their mass term m1) is gauge invariant and independent of electroweak symmetry breaking.

4 VLQs can mix with SM quarks and couple to both neutral and charged Higgs bosons in extended Higgs
sectors.

4 VLQs are among the simplest BSM fermions still allowed by current collider constraints with unique decay

signatures:
T —tH, tZ, bW B — bH, bZ, tW

4 VLQs can appear in various representations under SU (2) p:

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); 1 1 2 2 2 3 3
SU(3)c 3 3 3 3 3 3 3
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4 Electric charges include: Q7 = %, @B
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2HDM PARAMETRIZATION

The most general scalar potential of the 2HDM [Branco, G. et al. Phys.Rept. 516 (2012)] :
V(@) = m?, ®Id; + m2,dld, — [mgqﬁcpg +he
A 2 A
+ 2 (qﬂcbl) +22 (cb*cbZ) 25 (@]@1) (@f@2) + A4 (@], (@ly)

+ {25 (CIDTCIDQ) + [ (@]@1) + A7 (@) | Df@r + h.c.}

with :
Do = gbb " w&
’ % (vi2+ p12+in2)

4 The 10 independent parameters (m?,, m2,, m2,, Ai.... ) are assumed to be real. .
P p 11 22 12 Yoo
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2HDM PARAMETRIZATION (Z> SYMMETRY)

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

4 Each Higgs doublet transforms under : &1 — &1, &3 — —Ds.

4 Type I: 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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VECTOR-LIKE QUARK PARAMETRIZATION

4 In the Higgs basis, the VLQ Yukawa Lagrangian reads:
Lo —yQY Hou% — y?QY H1d% — M a9 ul, —
4 Considering mixing between the top quark and a new vector-like partner T, the weak-to-mass basis

transformation is: _
tLrY _ oS 9%,3 — sin 9%’]%6@% t%R

MJd) d% + h.c.

4 The mass Lagrangian (up- and down-type) in the weak basis is:

Y33 Y34
mass — fo TO \/_ \/_ ( ) h 5
- g )<y43fM>TO+C

(Similar structure applies to the down sector for b—B mixing.)

4 The matrix is diagonalized via:
Uf M (UR)" = M,

4 Depending on the VLQ representation:

tan 0%, = 4 07 inglet

an 67, o an (singlet)

tan0? = L tan@?,  (doublet)
mQ
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PARAMETRIZATION & YUKAWA SECTOR

# All VLQ representations can be parametrized by only two free parameters, except the T'B doublet which
requires three:

Representation T B TB XT BY TBY XTB
Parameters mr, 87 mB,de mT,s%,st mr, Sp mB,st mr,S;  mr, Sy
#* Charged Higgs interactions (H *tb and HTb): # W™ boson interaction (W Tb):
mr - g =
Lot = — \/%]WTWT(cot BZE Py + tan BZE PR)bH™T Ly = —ETW(VI%PLJrVJ%PR)bWJ +he.
g < L R +
— t(cot BZ; Pr, +tan 872, Pr)bH™ + h.c. : :
\/§MW ( 6 th* L ﬁ tb R) ngb _ s%che_Z¢“—c%scLie_Z¢d
R _ d_—i
In the 2HDM-II+TB scenario: Vi, = —chshe™ "%
d
S .
Zﬁj = chc%—l——g(s%z—S%Q)ez(%_%) t T
m i s 20 el
R b d | SL(.d2 A2y, i(¢u— - -- ----
Zy = o C%CL+S_d(SL — sh7)e'? ¢d)]
L
| d b b
Zhy = clsteT % + (sf? — sk?) e i
L t T
R My | du,—iy 42 dN\CL ity W+ W+
Zry = — |cpspe "+ (si” —s17)—ge
mT ST
b b
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CONSTRAINTS

Theoretical

Experimental

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

unitary.

7% Perturbativity constraints impose the following
condition on the quartic couplings of the scalar
potential:|\;| < 87

7% Vacuum stability constraints require the potential

to be bounded from below and positive in any
direction of the fields ®;, consequently, the
parameter space must satisfy the following
conditions:

Al > 0, Ay > 0, Ag > —4/ )\1)\2,

A3+ A — | As] > =/ A1 de.

2HDMC-1.8.0 (D. Eriksson, J. Rathsman and O. Stal
[0902.0851])
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parameters S, 7', we require
Ax2(SVLQ 4 §2HDM pVLQ 4 P2HDMY < ¢ 18,

SM-like Higgs boson discovery: an agreement
between selected points in parameter space and the
current measurements of the properties of the
discovered Higgs boson at 125 GeV is enforced by
means of the publicly available code
HiggsSignals—-3 via HiggsTools.

Non-SM-like Higgs boson exclusions: to check
the parameter space points against the exclusion
limits from BSM Higgs boson searches at LEP,
Tevatron and, the LHC, we apply the public code
HiggsBounds-6 via HiggsTools .

B-physics observables are tested against data by
resorting to the public code SuperIso v4.1,
(mainly B — Xy, Bgg — ptp~ and Bs — 7v).

Direct search constraints from the LHC for VLQs:
The current LHC limits mainly target the SM decay
modes of VLQs and are addressed by a dedicated
code, which will be publicly available soon:

R. Benbrik, M. Boukidi, M. Ech-chaouy, S.
Moretti and K. Salime, JHEP 03 (2025)
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2HDM-II+7T SINGLET SCENARIO

BR(T — SM) BR(T — non SM)
0.7 0.8 0.9 1.0 0.00 0.05 0.10 0.15 0.20 0.25 0.30

TN ;
750 1000 1250 1500 1750 2000 750 1000 1250 1500 1750 2000
my [GeV] my [GeV]

4 BRs of T in the (m7, tan 3) plane for a singlet T under SU(2)
4 SM channels dominate: T — tZ, th, bW

4 Exotic decays are suppressed in this representation

Arhrib, Benbrik, Boukidi, Manaut, Moretti Eur.Phys.J.C 85 (2025) 1, 2
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2HDM-I1+7TB DOUBLET SCENARIO

BR(T — SM) BR(T — non SM)
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
T BARRARSS. T T
10 g 10 g7
; X
2 o RS
; $
} <
1 SR
9 9.
X 3
: | %
< <<
. x 6
- o
< (av]
d -+ 5

SR

0 0 000
750 1000 1250 1500 1750 2000 750 1000 1250 1500 1750 2000

mp [GeV] mr |GeV]

4 Same parameter scan, now for a (7, B) doublet
4 Dominant decay modes: T' — Ht, At, HTb
4 These exotic modes are enhanced due to the doublet Yukawa structure

4 LHC searches focused only on SM final states could miss this scenario

Arhrib, Benbrik, Boukidi, Manaut, Moretti Eur.Phys.J.C 85 (2025) 1, 2
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2HDM-II+7TB DOUBLET SCENARIO

Parameters Scanned ranges
2HDM
mp [130, 800]
mA [80, 800]
M+ [80, 800]
tan [0.5, 20]
sin(f — «) 1
2HDM-I1+ (TB)
s [-0.5, 0.5]
mr [750, 2600]
1.0 M » BUPY  CE o 1)
: ] + ° o. l} L)
X H' = TVr %el ® °
Z L e g
0.8F o HYth @ e,
. ...‘osu';. o";o..&. .o
S - °'o:'g. .z:: o..
< 0.6 A oehan ¢
" .o'.. o“
Ty
E‘ E .&. s .v‘...:. (] )
@ 4 NN I
9 ......0:“.~ 0 e .w. ‘
02F 4 TP Nl S
. .0. ¢ ;:.;?.\::'.:.’..:'.
S o 8e “.oﬁ.’;'." o0 ‘}t:.
0.0F d ..L..T: ..... .‘. |’|I|.|||||\|||I||‘| .\.f.’l..i.. ..'...l..:
1000 1500 2000 2500 400 50 60 700 800
my [GeV] my: [GeV]
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MC SIMULATION

= Two complementary collider studies in this work:
* Multi-b-jet analyses: 4b and 50 final states from TT — H b Hb.

* Dilepton + multi-b-jet analysis: [T1™ + 6b + .

= Simulation pipeline:
* MadGraph5@NLO - Event generation .
* Pythia8 - Parton showering and hadronization.
% Delphes - Fast detector simulation.
* FastJet - Jet clustering .
* MadAnalysisb - Cut-based analysiss.

WARSAW, SEP 24, 2025 Scalars 2025: Higgs bosons and cosmology
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PAIR PRODUCTION OF VLT WITH T — H b AT THE LHC

o7 X BR(T — H'b)?> x BR(H' — tb)* [f0]
1072 1071 10° 10! 102
| i i LI L | i i LI |

S

(S |

1000 1200 1400 1600 1800 2000
mp [GeV]

# Feynman diagrams for pp — T'T and decays

teading to 4 +21. _ ] % opr x BR(T — H*b)? x BR(H* — th) vs. my and
7 Signal: pp — TT — (bH)(bH ™) — (b(tb))(b(1b)) . tan 6 in 2HDM-II+T' B. Orange circles mark the

7 Signal regions: N(b) > 4and N(j) > 8, selected BPs.
N(b) >5and N(j) > 8.

# Main backgrounds: t#tt(j), ttbbj, 4bj, and 2bjets .
Arhrib, Benbrik, Berrouj, Boukidi, Manaut Phys.Rev.D 111 (2025) 9, 095026
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4b ANALYSIS

0.25f Cuts Definition

ool Cut 1 NOb)>4 , N(j)=>8
Cut 2 spr > 1400 GeV

0.15F
Cut 3 prt > 140 GeV

0.10f

0.05¢ # Cut set for signal/background at /s = 14 TeV.

0.0~

10-'F
1072
1073k
107'H)

1075_

Signals Backgrounds

Cuts

BP1  BP2  BP3 BP42bjetsdbj  2t2bj 4t
Basic  10.36 195 0.819 0.28324(07F7.74 202.56  16.60

Cutl 441 0760 031 0.093005.22.9  29.60 3.07
Cut2 1.00 0272 0.13 0.043.60 0.33  0.543 0.033
Cut3 0.67 0.168 0.08 0.026.96 0.179 0.18 0.008

Efficiency 6.48% 8.83% 9.70% 9.74203245x 939 x  4.94 x
1076 1074 1074 10~4

0 1000

- [bl})szz;ﬂ?(aev?}?;ﬁ” 0 F¢ Cutflow of cross sections (fb) for signal and SM
backgrounds at /s = 14 TeV.

7 Distributions of N (b), N(j), pr(bs), and
spr(b1babsby) for BPs (BP1—BP,4) and backgrounds at
Vs = 14 TeV.

WARSAW, SEP 24, 2025
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4b ANALYSIS

L£=300" £=1000fh! £=3000 fb!

mr [GGV]

# Discovery significance Z;. for the 4b
analysis shown for different systematics (9)

and integrated luminosities
£ = 300, 1000, 3000 fb—!.

#* Fixed parameters: my = 600.26 GeV,
ma = 595.24 GeV, my+ = 658.07 GeV,
tan 8 = 6, s% = 0.05, s¢ = 0.11.

# Significance vs. myp for mpy= = 600 GeV (left),
800 GeV (center), and 1000 GeV (right).

1053~ 647
9.05 5.8
6.74

m e~ 600 GeV mHi ~ 800 GeV mHi ~ 1000 GeV

30 e premerree e ey B e —r——— ey 30 premer— P rr— :

f — 5_300“0 L : ] f ]

[ _ -1 1 [ ] [ ]

25F L=10007 4 o5t {1 =t ]

: —— £ =13000 " : ] : ]

5 — 6="5% ] : ] 5 ]

S ﬂ)? e 5= 10% = 20? ? 20? ?

c% ....... § = 20% |

S BF 95% CL i 1 1 15F -

c: i 1 [ 1 [ 1
20} 5

2o 10F -

o | S

100 1200 1400 1600 1800 2000 100 1200 1400 1600 1800 2000 1%00 1200 1400 1600 1800 2000
mp [GeV] mp [GeV] mp [GeV]
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50 ANALYSIS

Events (scaled to one)
— —
=5 9

—_

=
QO

aa

—_

=
B

™

—5-....|..
0000

1%

LHC /5=14TeV |

L 2t2b5
= 4y
I 6
L1 2bjets

'.IT

hi

[ BP; |
DBP? E

i

2000

Spr [b1b2b3b4b5: <G6V/C>

% spr distribution for BPs and backgrounds in the 5b

analysis.
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3000 4000

5000

# Cut set for signal/background at /s = 14

TeV.
Cuts Definition
Cut 1 N®B)>5 , N(j)=>8
Cut 2 spr > 1500 GeV
Cut3 pgi* > 120 GeV

# Cutflow of cross sections (fb) for signals and
SM backgrounds at /s = 14 TeV for the three

typical BPs.
Signals Backgrounds
Cuts
BP1 BP2 BP3 BP4 2bjets 4bj 2t2bj 60
Basic 1036 195 0.82 0.28 3240727.74 20256  0.14
Cutl 276 047 0.18 0.054241.7 164 1021  0.040
Cut2 084 021 0.096 0.0320.84 0.18 0.28  0.0015
Cut3 073 018 0.08 0.0260.7220.145 0.18  0.0013
Efficiency7.09% 9.17% 9.75% 9.73%2.23 x1.99 x 881 x  9.40 x
10 107* 107t 1077
M.BOUKIDI 17
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50 ANALYSIS

_ -1 _ T
my [GeV] L£=3001b £ =1000 fb

£=3000 fb!

30 e A P
: — £—300fb b
[ _ -1 1
o5k £=1000 " ]
g —— L£=23000 "
g — =5% ]
o 20F ——-e =10%
% ; ....... § = 20%
= 15} 95% CL
= F
S0}
910
o

I OO 1200 1400 1600 1800 2000
mr [GGV]
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9.60
8.17
6.08

mHi ~ 800 GeV

20F

mr [GGV]

30 prrrrrrr e prereeeee

100 1200 1400 1600 1800 2600

# Discovery significance Zy;. for the 5b
analysis shown for different systematics (9)
and luminosities (£ = 300, 1000, 3000 fb~1).

7 Fixed parameters: my = 600.26 GeV,
ma = 595.24 GeV, my+ = 658.07 GeV,
tan 8 = 6, s = 0.05, s‘;{ = 0.11.

7 Significance vs. myp for mpy= = 600 GeV (left),
800 GeV (center), and 1000 GeV (right).

m e~ 1000 GeV

25k

20F

10F

30p

g
AT P B DU

d

%00

1200 1400 1600 1800 2000
mp [GeV]
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FINAL STATE WITH MULTIPLE b-JETS AND OPPOSITE-SIGN DILEPTON

% PFeynman diagrams for T'T" pair production with subsequent decays into opposite-sign dileptons, multiple
b-jets, and missing transverse energy from neutrinos.

% Signal: [T +1" +6b+ Ep
% Backgrounds: ttbb(3j), tt+jets, ttW (j), ttZ(j), tth(j), tttt

Benbrik, Berrouj, Boukidi, Kahime Eur.Phys.J.C 85 (2025) 5, 500
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RESULTS

0.5 0.30 . : :
: i #* Distributions of N (b), N(j),
ol spr(b1babsby), and Hy for signal
5| benchmarks (BP;-BP,) and
i 0.k backgrounds at /s = 14 TeV.
T | # Event selection cuts applied at /s = 14
{90,2: TeV:
I
0.1
Cuts Definition
- Cutl N(b) >4 N(j)>5 NI ) =1, N(I) =
' Cut2 pr(1F) > 20 GeV
Cut 3 pr(b1) > 300 GeV, pr(by) > 40 GeV
0.08F Cut4 spr > 900 GeV
I LHC /s =14 TeV Tl Cut5 Hp > 1500 GeV
EO‘O&— [ 4 L] 2t2b(j)- !
S | B 2:7()) BP, 0.06f
2 0.06f ;
ko Tl I () [ BPs |
5 | O ) 8P 0.04}
%004— Ajets BPp ] |
E
>
&

002} K- 0t
0oL M 0.00E=

I l K_L IR s | -
1000 2000 3000 0 1000 2000 3000 4000
spr [bibabshy| (GeV/c) Hry (GeV/e)
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RESULTS

Cuts — Dackgrounds % Cutflow for signals and backgrounds at
BPL BP2 BP3 BP4 220(j) 2ttjets 2W(j) 20Z(j)  2h(j) 4t ) ) "9
Basic 338 73 60 084 5828 467702 43621 3463 2419 305 \/g = 14 TeV; cross sections in 10~ fb.
Cutl 734 159 126 018 313 1056 0.10 3.13 111 316 .
Cut2 629 136 111 016 265 81.9 0.08 248 990 253 * 2 dis? Sho.wn for several SyStemaPCS 0 and
Cut3 534 125 102 015 @ 237 5.45 0.01 021 0.65 0.42 luminosities 300, 1000, 3000 fb_ .
Cut4 457 112 096 014 053 1.81 0.002 0.09 014 015
Cut5 324 095 088 013 014 0 0.002 0 0 ooy mp = 600.3 GeV, my = 595.2 GeV,
Eff. 9.6% 13.0% 14.7% 155% §b4_>5< 0 Libl—é 0 0 167_1 mpy+ = 658.1 GeV, tan 8 = 6, 31}% = (.05,
d __
Sp = 0.11.
- [GeV] L =300 fb~ ! £ = 1000 b1 L = 3000 fb~!
! 5—=5% |0=10% | 6=20% | 6=5% | 6=10% | 0 =20% | 6 =5% | 6 = 10% | 6 = 20%
1000.0 . . . 15.05  14.54  13.11
1100.0 . . . 14.67  14.18  12.80
1200.0 : . . 12.44  12.08  10.99
1300.0 . . . 9.96 9.71  8.93
1400.0 . 7.40 7.24  6.74
1500.0 . 5.36 5.27
1600.0 2.03 2.02 1.99 3.69 3.64 3.45
1700.0 1.38 1.38 1.36 2.52 2.49 2.38 4.33 4.18 3.72
1800.0 0.93 0.93 0.92 1.69 1.68 1.61 2.91 2.82 2.54
1900.0 0.61 0.61 0.60 1.11 1.10 1.06 1.90 1.85 1.68
2000.0 0.40 0.40 0.40 0.73 0.73 0.70 1.26 1.23 1.12
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RESULTS

My ~ 600 GeV My ~ 800 GeV Mp+ 1000 GeV
30— e e 1 30prrrr——— i amanns e 1 30p —— A :
g — ,c 300 " : : ; ]
[ . -1 1 [
o5l — L=10000" 2k ;
; —— L£=3000 fb" ;
| =% | |
O [ [ ]
= B S \ N ; :
g : :
=BG SR\ 15F ]
= F — [ '
N ;
Y10 10F
| s 5

1%00 1200 1400 1600 1800 2000 1%00 1200 1400 1600 1800 2000 1%00 1200 1400 1600 1800 2000
my |GeV] my |GeV] my [GeV]

#* Discovery significance Zy;,. as a function of mr for three charged Higgs benchmark masses: m g+ = 600
GeV (left), 800 GeV (center), 1000 GeV (right).

# Results shown for different systematic uncertainties (§) and luminosities (£ = 300, 1000, 3000 fb™1).
7 Parameters fixed to my ~ m4 ~ my=+, tan 5 = 5, sp = 0.05, 3% = (.11.
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CONCLUSIONS

# We studied the pair production of vector-like top quarks (T) in the 2HDM-II+T B scenario, focusing on the
decay channel ' — H 0.

#* Two complementary analyses were performed:

Hadronic final states with multi-b jets (4b, 5b).
Opposite-sign dilepton final states with multiple b jets.

#* Discovery significances Z;,. show strong prospects, reaching multi-TeV my scales at high luminosities
(HL-LHC).

# These results demonstrate that exotic decays of VLQs into charged Higgs bosons provide viable discovery
channels beyond the traditional W, Z, and h searches.
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