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CP CONSERVING 2HDM
* The Two-Higgs-Doublet Model (2HDM) is an effective theory with extra SU(2); doublet
accessible at the LHC, properties testable at the LHC

*  Simple, compatible with relevant experimental and theoretical constraints, (part) of the Higgs spectrum

A A
V(®1,8,) = mddl0 +mddie, — (1,870, + he] + 71(<1>1T<1>1)2 + 72(@;%)2 + N (0] @) (9] 9))
Xs
+ M(@iey)(@]e) + {7(<1>1T<1>2)2 + [N (@I ®1) + A7 (@] @) ] DT B, + h.c‘}

* To prevent FCNC at tree-level, a Z, symmetry can be imposed — removes Ag, A7

Neutral scalars

*  Free parameters : 5 masses after EWSB, tan 8 = v, /v;, mixing angle « and m?,

Charged Higgs
«

limit)

* Standard hierarchy : cos(8 — o) — 0, h = Hgm
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*  Alignment limit (the current LHC data favor the parameter space of the 2HDM around the alignment
Couplings to fermions and gauge bosons lead to different phenomenology w.r.t the SM

* Inverted hierarchy : sin(8 — a) — 0, H = Hgy (our main focus)
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MINIMAL FLAVOUR VIOLATION

The general structure of the Yukawa Lagrangian when both Higgs fields couple to all fermions :
Ly = Qu(M}, H +Y, H)ug + Q' (M} Hy + Y Ha)dg + L (M] Hy + Y] Hp)lg + h.c
= FCNC at tree level

*  Z, symmetry — 4 scenarios based on how the couple to SM particles

Type | 1 Typell Lepton Specific Flipped
. ‘| u u - o8
et cap 1@ @
| couples to all couplesto - quarks couples to couples to ' quarks
| @, couples to Down quarks @, couples to leptons and
- and leptons @, couples to Down quarks
Cav — o3
< =sin(f -« cot fcos(fB — «
oM | v v | ] s = sin(B-a)tcotfeos(f - a)
Type-1 ‘ Ca/sp CafSp  CafSs | Salsp  Sa/Sg  Sa/sp H % = cos(B — a) — cot Bsin(8 — a)
1 1
sg x tan 3
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THEORETICAL AND EXPERIMENTAL CONSTRAINTS
constraints

% Our Strategy : Scan BSM parameter space, keeping only points passing various theoretical and experimental
2HDMC Code (D. Eriksson, J. Rathsman and O. Stal)
%k Unitarity, Perturbativity, Vacuum Stability
3¢ EW Precision Observables (S, T and U)

HiggsBounds (P. Bechtle et al), and HiggsSignal (P. Bechtle et al)

% Exclusion limits at 95% Confidence Level (CL) from Higgs searches at colliders (LEP, Tevatron and LHC)
*  Constraints from the Higgs boson signal strength measurements

SuperlIso (F. Mahmoudi)

#  Constraints of flavour physics observables, namely, B — X7, Bs 4 — ;ﬁ' pn~ and Amg g
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2b2T ANALYSIS AT LHC

# Many BSM models motivate additional features of new di-Higgs final states (accessible by the
LHC experiments in a variety of signatures, e.g. H — aa, hh)

CMS preliminary 138 fb (13 TeV)

e it B
14~ 95% CL upper limits. b

[ tbb Final state —— ovsenved

[ Combined - Median expected
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* Expected limits on Br(H — aa — bbr) are found to be in range (1.5-5.6)%, for m, between 12
and 60 GeV, corresponding to observed limits in range (1.8-7.7)% at 95% CL
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2b2T7 ANALYSIS

#* Type-I can accommodate light scalars
% Strategy : random scan over Type-I parameter space
* Checking different BRs within the allowed region
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Inverted hierarchy

p scan

1y, (GeV) 10, 61]

11y (GeV) [62,100]

my (GeV) 125
my (GeV) [100, 160]
sin(8 — a) [-0.25, 0]

tan 8 [0, mi sin B cos 3]

Total width is dominated by
h — bb

Upper limits of 12% and 16%
are set by ATLAS and CMS
respectively on Bpsy

045-~ Teaches 0.4 pb when
BR(H — hh), BR(h — 77) and
BR(h — bb) all reach their
maximum values
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2b2T7 ANALYSIS

* Theo cons

* Performing an additional scan with : 200 . passal
my+ = 165.58 GeV, my = 98.9 GeV, sin(8 — o) = —0.10,
m?, = 154 GeV?
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2b2T7 ANALYSIS

Toolbox to generate and analyse MC events

MadGraph-v.9.2.5is used to
generate signal/background events

PYTHIAS is used for showering and
hadronising parton level events

#  Samples of BPs for the signal given by ( Applying detector simulation }
H — hh — bb 7,7, are considered viaDelphes—3.5.0 (CMS card)

* 7,7, and 7,7, are neglected to suppress DY

% Different background processes are considered : [C

Applying cuts and
arry out analysis using MadAnalysis

7 +  F17, miss
I C\l; —1: lt)t —epthb +‘E2T ) ducti % QCD corrections to signal and background
€ak DOSON processes : £-pair pro uction, processes are considered through K-factor
Zbb, Z1 T, ZWj

% QCD processes bbjj

Background process o (pb)

pp = Z(— hE)Z(t» ), 1= (e, s Te, 1) 0.009 pb

“ Cuts at generation level : pp = Z(= 1), 1 = (e, p, Te, 1) 6.1 pb
pp = Z(= b0l 1= (e, p1, Te, i) 0.015 pb
* pr(b) >10GeV, pr(l) > 5GeV, 9 — ZWE], WE < oy (1= ¢, jii7 ) | 00051 pb

* ET > 5GeV, |n(b,1)| < 2.5, pp — tt— e=pTbb + EF™ 0.28 pb

*  AR(I, bl,bb) > 0.3, Hr < 70 GeV
o« = = = 9ac
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2b2T7 ANALYSIS

Challenge : ey trigger

# Soft b-(anti quarks) = b-tagging efficiency?! Selection criteria en
pr(e) 23 — 10 GeV
* Soft leptons with low pr prip) 8Gev
6pr () > 10 GeV
* Lepton triggers thresholds?! (e, )] <24
Tsolation(e/ 1) 0.10/0.15

— mh = 17Gev

~ —mh = 28GeV
Fr-'i — mh = 37Gev
1]

~— mh = 54Gev ]

Jj 11 < 20 GeV

{ B

ep trigger : p* ~ 10 GeV
with a rate in 2- 5 KHz
is feasible a’% Run 3

Events ( scaled to one )
Events (scaled to one )

ol oy

10 20 30 40 50 60 40 50 60 F . . .
P, 11,1 (Gevio) b, 11,1 (Gevio Triggering on electron pairs
’ T Za o ] T e after applying a dR cut
* Tl hen in Run 3
~ mh = 54GevV —

Double muon trigger : low p¥|
from B meson decays

Events ( scaled to one )
Events (scaled to one )

— mh = 28 Gev ]
{ mh = 37 Gev ]
‘ mh = 54GeV o

E—
P, [b,1(GeVic)

T[T T T T

st bl il

E—
P, [b,1(GeV/c)
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2b2T7 ANALYSIS : DETECTOR LEVEL

# Low kinematic variables for signal /Large values for BGs = improving signal-to-background

ratio
§ ol e 1 8 T e ] e e
£ I B IO T 3 HJ " e
— mh=28Gev 400F —mh=28Gev Tmh=20
205 h=33 Gev £ ez 3 P 1‘ mezc 3
;: g S gm0 1l S
ER: ! 1 " o 3
E , F e e E ] S , , L e ]
m,5 (Gev) mll (Gev) m (Gev)
# Eevents selection requirements :
# 2-leptons (e*uF) and!  polb /b 15/10 GeV
e
*  my-veto: |my — my| < 10 Gev\ pr(b1/b2) > 15/
* 625 < mil < 125.5GeV v pr(b1/b2) > 20/15 GeV
* Amy = (myy; — m%)/m% <05 v pr(b1/by) > 20/20 GeV
* myp < 62.5GeVand mll < 62.5 GeV How the efficiencies can change?
o T = = z 9ac
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2b7 ANALYSIS : DETECTOR LEVEL

pT(bl/bZ) > 15/10 GeV

pT(bl/bZ) > 20/20 GeV

[ Sigal®P ] BT | B2 | BP | B | B | B% | B [ B | BM | B0 | [ gy [ BPL | BP2 | B | BPd | B%5 | Br6 | B | B | B9 | BPD |
I m(GY) | U7 | B9 [ B% | BN [ U% [ N6 | U7 [0 [ BH | BY | [ mGV) [ U | B9 | B% | B0 ] 7% [ U8 [ 77 [ 50 | BH | 0¥
[ NoHCo) || 91286 | T | 6574 | 5783 | 77L7% | 6918 | 0862 | 0SS | 00N | TR0 | | NoB(Co] || 9128 | 775 | 65V4RL | 5733 | TIL7A | 76918 | 108662 | 1508 | SO0ON | TTL70
&iF 156934 [ 151874 | 141054 [ 11484 | 1634 | 1362 | 16054 | 20494 [ 15126 [ 111163 &iF 156934 [ 151874 | 141054 [ 11484 | 134 | 1362 | 16054 | 20494 [ 15126 [ 111163
Ve T5695% | 51874 | 141094 | TI48E | 164 | 162 | 1605 | 20494 | 51206 | TILI) Tiz-vet0 T5695% | 151874 | TAL09 | TI48% | 16 | 1362 | 1G05¢ | 2044 | 51206 | TILI)
2iels B0 | 0N | B9 | 33 | B | 0% | 09 | B2 | BB | BB 2es B8 | B | B0 | 153 | 1% | 1602 | B3 | B7 | U1® | 1
65GeV <ol <I5GeV || T8 | W% | B | 164 | N4 | B [ B0 [ B9 | 0% | 65 | [ 66V <l <I5GV || 268 | 716 | 8 | 57 | 684 | 616 | 614 | 138 | 68 | 4B
A <03 §1 | B® | Bl | 1% | 1621 | U8t | B18 | 734 | 16% | 108 A <03 186 | 55 | 5% | 45 | 5% | 48 | 55 | 82 | 55 | 3B
W <8256V 81 | 158 | 514 | 1o | 6 | st | 818 [ 78 | 166 [ 1% W <8256V 186 | 55 [ 5% [ 46 [ 5m | 48 | 5% | 82 | 55 [ 3B
i < BL5 GV §1 | B | B | 191 | 64 | 1% | BB | 00 | W | 0% i < BL5GeV T8 | 55 | 5% | 48 | 53 | 4B | 55 | sk | 5B | 3B
P (b1/b2) > 20/15 GeV
[ SigalBPJ ] B ] B2 ] BP | B [ B | B% | BV [ B | BM ] BID0 | 3Gs 70 i
1, (Ge) [ 767 T B9 [ 8% [ B0 ] 7% [ 08 [ 727 [ 56 [ 84 [ 93 NoE(L, o) 2562000 117600
NGE[C,o) || 9028 | 706 | 6574 | 553 | 777 | 7618 | 10862 | 15288 | 0000 | T7LT0 pr(by/by) (GeV) 1510 | 2015 | 2020 1510 | 2015 | 2020
& 156934 | 151874 | 141094 | 11484 | 14644 T 1362 [ 1605¢ [ 20494 [ 151206 [ 111163 T 158368 | 158368 | 158368 || 614135 | 614135 | 614135
nvelo 156934 | 151874 | T4L054 | TIEBE | 1639 | 1362 | 16054 | 2049 | 151 | 111163 nz-veto 158014 | 158014 | 158014 || 545116 | 545116 | 545116
2its B9 | B | W8 | BN | B3% | B | B% | 00% | BI5 | B4 2bjets 151257 | 1059.63 | 503558 || 168714 | 137786 | 884326
6GeV <nfl <156V B | Ban |13 | R | 123 | U | 2% | BM | 90 65GeV < nl <125GeV || 272439 | 154314 | 332724 || 352954 | 188916 | 3087
A, <03 1% | 107 | 890 | 107 | 981 | 192 | 17% | 1093 | 7a% Ay < 05GeV 07072 | 300678 | - 175266 | 76678 -
W] <8256V 13 | 07 [ s [ wr | 9w | g [ w5 | sl | 73 ] < 625GeV 17072 | 300678 | - 142366 | 6125 .
My < 625GeV 3 | 07 | 692 | 107 | 97 | 19 | 1738 | 10948 | 7363 iy < 625 GeV 117.072 | 30.0678 142366 | 6125 -

# Cuts on mass observables can greatly suppress the BGs

* Maximising the signal events with loose cuts

# Loss of signal for large p%. ; an expected outcome for /1 within the sub-50 GeV range
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2b2T7 ANALYSIS : DETECTOR LEVEL

¥ = NL-SH\/" with Ng(p) is the signal (background) events number after applying the kinematic
S B

cuts
BP Significance (%), £ =300 fb ! Significance (), £ = 3000 fb |

15710 (GeV) | 20715 (GeV) | 20720 (GeV) || 15/10 (GeV) | 20/15 (GeV) | 20720 (GeV)

BP1 0.68 0.81 1.36 2.15 2.56 4.30
BP2 1.30 1.64 2.34 411 5.18 7.39
BP3 124 157 2.35 3.92 4.96 743
BP4 1.07 1.32 211 3.38 4.17 6.67
BP5 1.33 1.57 2.3 4.20 4.96 7.27
BP6 122 144 2.18 3.85 455 6.89
BP7 148 171 234 4.68 5.40 7.39
BP8 2.14 2.37 2.84 6.76 749 8.9
BP9 1.36 1.59 2.28 4.3 5.02 7.2
BP10 1.0 111 1.76 3.16 351 5.56

TABLE - Significances for our signal against the two dominant backgrounds with /s = 13 TeV and integrated

luminosity 300 fb " (left) as well as 3000 fb~* (right)

* A Dbetter significance with a pre-selection cut of 20/20 GeV
* Difficulty in discovering/ruling out some of the BPs at Run 3
# HL-LHC can can offer sensitivity to 2HDM Type-I
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*

CONCLUSION

The possibility of optimising searches for very light Higgses in 2HDM Type-I

*

*

Focusing on the th — bbre7,, decay pattern

*

A potential improve of the analysis sensitivity due to the trigger choice

Run3 and HL-LHC phase can offer sensitivity to 2HDM Type-I signal

Thank you for listening
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NUMERICAL RESULTS

Theo cons

Pass all

50 55
my (GeV)

50 55
ma [GeV]
FIGURE — Allowed (left panel) and excluded (right panel) parameter space over the (11,, tan 8) plane. Here,
my+ = 165.58 GeV, my = 98.9 GeV, sin(B8 — o) = —0.10, m3, = 154 GeV*

The triple Higgs coupling Hhh is written as follows :
Hhh

_ 8B-a
mesgﬂ
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[(Zmi + m%_I)SZQSZB — 2(352(1 — 323)11’1%2]
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FIGURE — The pr distributions of the leading (subleading) lepton and b-(anti)quark of different background

BACKGROUNDS AT PARTON LEVEL

Events (scaled to one )

Events (scaled to one )

0

0

E—
p, [b, 1(GeV/e)

processes are shown at parton level
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Events ( scaled to one )

Events ( scaled to one )
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