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Introduction

Two Higgs doublet model (2HDM)

Bosonic decays of charged Higgs: HT — W*A/W*HO
W4~y, Wab, W2b27 signatures for a light H* at the LHC.

Conclusions
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Introduction:

After the Higgs-like discovery at 7@ 8 @ 13 TeV LHC, the mission
of the LHC run at 13.6 TeV is:

e The improvement of the Higgs-like mass and
Higgs-like coupling measurements.

e Find a clear hint of new physics beyond SM
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Introduction:

After the Higgs-like discovery at 7@ 8 @ 13 TeV LHC, the mission
of the LHC run at 13.6 TeV is:

e The improvement of the Higgs-like mass and
Higgs-like coupling measurements.

e Find a clear hint of new physics beyond SM

e Accurate measurements of the Higgs-like couplings
to SM particles would help to determine if the
Higgs-like particle is the SM Higgs or a Higgs that
belongs to a higher representations:

e Most of the High representations predicts:
singly and/or doubly charged Higgs
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2HDM:G. Branco et al Phys rep'2012
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The most general potential for 2HDM:

V(®1,0;) = midldy + msdld, + (m),d1d, + h.c)
1 1

5A1(P101)7 + S ha(®]02)?

A3(S]01)(PI o) + Ag(®I o) (1)

+ o+ o+

1
§[A5(¢I¢2)2 + (MeP]D1 + N D) dldy + hic],
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2HDM:G. Branco et al Phys rep'2012
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The most general potential for 2HDM:

V(®1,0;) = midldy + msdld, + (m),d1d, + h.c)
1 1

5A1(P101)7 + S ha(®]02)?

A3(S]01)(PI o) + Ag(®I o) (1)

+ o+ o+

1
§[A5(¢I¢2)2 + (MeP]D1 + N D) dldy + hic],

e Zy: CD,' — *¢,’<:> )\6,7:0

o No explicit CP violation: Im(m3y\s567) =0
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2HDM:G. Branco et al Phys rep'2012
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Ly = 3 [ Y3 @adr+ Qu Vg Baup + L V7 Ol +hc|
a=1,2

leads to FCNCs at tree level.
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2HDM:G. Branco et al Phys rep'2012

o _ oF e 2
Tl s ria) ) T et tia) |

Ly = 3 [ Y3 @adr+ Qu Vg Baup + L V7 Ol +hc|
a=1,2
leads to FCNCs at tree level.
e Classification of 2HDMs satisfying the Glashow-Weinberg
condition which guarantees the absence of tree-level FCNC.

Type-I Yld =0, Yg =0

Type-lI Yyl = Y3€ =0
Type-lll (X) | Yi,=Y7=0
Type-1V (Y) YL},Z =Y7=0
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Lysr = —Qg,,:ljv’?(yi,sfﬂL"Yi’,Dﬂs)in,
Lyt = +;n’;bw b(c,PL+crPR)tH™ + h.c.,
Luw = —2— (cos 8Oy, +sin B0y, ;) gu V* V"
HV
Lymtws = fg(s,-wp [ ( ) ,} W+ + he.
Si = 304,i —5304,i, Pi=
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me - .
Lysr = _fm;vf(yi,sfﬂL’YiI,Df%)th

Ly = + ST E(CLPL+CRPR)tH_ + h.c.,

fmw
Luw = —2— (cosBO¢2,—|—smﬁO¢1,)gw,V“V
HV
Lymtws = fg(s,-wp [ ( ) ,} W+ + he.
Si = ¢304,i —5304,i, Pi=0O
Sum rules:

oY, (H;W)2 =1

o (HiVV)? + |HEWTFH;|? =1 fori=1,2,3
e 2HDM+S : (H;VV)? + |HEWFH;]2 + S =1for i =1,2,3
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CP conserving 2HDM: CP-even h,H, CP-odd A and H*

The Yukawa Lagrangian:

m - m - .m -
Ly = > (TEREBUR + TEREGHH® — (Tl spA) +

Y=u,d,l

A
I/L/RH+ + H.c. >

Vid
'mu/{ P, + myr4 P dH+—|—
( ( L+ mqrg PR) ﬁv

V2v

R R R R
Type-l | ca/sg | ca/Ss Ca/sg | cotfB | —cotf | —cotf
Type-ll | ca/sp | —Sa/cs | —Sa/cs | cOt S | tan 3 tan 8
Type-lll | co/sp | ca/Sp —Sq/Cp | cotB | —cotf | tanf3
Type-IV | co/sg | —Sa/Cs | Ca/58 cotf | tanf3 —cotf3
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@ Stability of the 2HDM potential requires that it should be
bounded from below, i.e. that there is no direction in field
space along which the potential becomes negatif.

A1 >0 R A >0
)\3>—\/)\1)\2

A3 + min(O,)\4— | A5 |) > —1/ A2

@ The vacuum of the model is global one if and only if:
m2,(m2; — k?m3,)(tan 3 — k) > 0 i k= {‘/%

e Perturbative unitarity: V;*V,” — V"V, hi hj — h; h; ...
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2HDM-Calculator linked to Superlso
In 2HDM-II and IV: my4 > 800 GeV for any tan3 > 1

In 2HDM-I there is no limit on H* for tan 5 > 2
HiggsBounds and HiggsSignal
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Charged Higgs production

o light H=: my+ < m; — my: are copiously produced from tf
production pp — tt* — tbH™ + c.c.
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Charged Higgs production

o light H=: my+ < m; — my: are copiously produced from tf
production pp — tt* — tbH™ + c.c.

@ various direct production modgs:
QCD: gb — tH™ and gg — tbH™,

o gg — W*EHT (loop) , bb— h* H*, A* - WTHT
qq — v, Z* - HTH™ | gg— HTH (loop)
qg — W* — ¢H* where ¢ = h, H, A,
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Charged Higgs decays

Fermionic decays

e HE 57 , ¢
o HE = tb
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Charged Higgs decays

Fermionic decays

e HE 57 , ¢
o HE = tb

Bosonic decays
o H* — W0 | @0 = O HO, A°
o H* — Wty W*Z: small because loop mediated
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Br(H+ --> xy)

Br(H+ --> xy)
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CMS 35.9 o’ (13 Tev) MS 35.9 fb™ (13 TeV)
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MSSM with m, < my = 125 GeV:

M }125 scenario

My, My, M,

reV]

i

o 56 % '
=7 ' /'

]\J[[: [GCV]
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left: 2HDM-I, right: 2HDM-III
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Search for H¥ — W*A° at LEP-II

LEP 183-209 GeV
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CMS searches: H¥ — HW=*
HE — AW — ptp~ W with B(A — ptp~) =1
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Very Ilght al in the NMSSM [ A Akeroyd, A.A and Q.S \LmEF‘JC‘DT]

HEWTa; x cosfa: 04 is the doublet-singlet mixing.

Abdesslam Arhrib New discovery modes for a light charged Higgs boson at the LHC(



HEWTa; x cosfa: 04 is the doublet-singlet mixing.

Br(H--> xy)
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CP conserving 2HD

CMS CMS

tanE
1)

2HDM Type |

35.9 b (13 TeV)

Observed 95% CL
---- Expected 95% CL

1074
-08 -06 -04 02 O 02 04

e 2 alignment limits:

06 08
cos(B-a)

35.9 b (13 TeV)

tanE
S

2HDM Type Il
erved 95% CL.
Expected 95% CL

o
008 06 04 02 0 02 04 06 08
cos(p-a)

e h=125 GeV SM-like: sing_, = 1 (Decoupling limit)
e h < H=125 GeV SM-like: cosg_, = 1:
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HO-SM like : m, < my = 125 GeV

In the alignment limit cos(8 — a)) =~ 1, the heavy CP-even Higgs

H° completely mimics the SM Higgs:
= sina - cosa
HOff = ~1 , Hhff=
sin 3 ’ sin 3
H'W = cos(f—a)~1 , hVWW =sin(B—a)=0 (1)

e mp < my =125 GeV: H® — hOKO: AOAD; ZAC might be open:
Br(H® — hOh%) 4 Br(H® — A°A%) + Br(H® — ZA®) < 10%

o if h% and A® too light: Z — hPA® o cos?(3 — o)

@ For mp <125 GeV and my = 125 GeV: EWPT imply that
H* and A® would be also light.
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EWPT:Sand T

2HDM-I with m;, +m, <m, 2HDM-I with m, <m,, =125 GeV
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H-SM like vs new CDF measurement: [ics 2201 1201]

MSPF = 80.4435 4+ 0.0094 GeV. [ ]

MM = 80.357 + 0.006 GeV.| ]

MﬁVDF presents a deviation from I\/la/'\’I with a significance of 7.0 o.

2 M2 1 2 _ g2
M2HDMY2 _ MSM2:a0CW Z|_ S5 T4 W cSwyl
( w ) ( W) Cav_sav 2 w 453‘/
1
Asin2 Heff = % |:4S — S%VCEVT] .
w T Sw
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Can h° be Fermiophobic ?

o In 2HDM-I, hOff oc £2¢ = sin(8 — ) + cot S cos( — a)
For negative sin(3 — ) and positive cos(8 — «),
it is clear that cosaw — 0. h° becomes fermiophobic.

o WV ocsing_o &~ 0; h® — {VV*, V*V*} very suppressed;
h® — 4~ could reach 100%
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Can h° be Fermiophobic ?

o In 2HDM-I, hOff oc £2¢ = sin(8 — ) + cot S cos( — a)
For negative sin(3 — ) and positive cos(8 — «),
it is clear that cosaw — 0. h° becomes fermiophobic.

o WV ocsing_o &~ 0; h® — {VV*, V*V*} very suppressed;
h® — 4~ could reach 100%

o HEWTH o cos(f — ) ~ 1

e light H* can be produced from t — bH™ and also
pp — W* = {HTh, HEA®} ; pp — v*, Z* — HEHT

o with h° close to fermiophobic,
pp — tt — bWbHY — 262Wh® — 2b + 2W + 2+ ;
pp — HER® — WHORO — 4~ + W
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Br(H* — W=S)
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Br(h® — ~v) and Br(H* — W=hP)
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Comparison: o(pp — tf) x BR(t — Htb) vs

2HDM-I with m, <m, =125 GeV

170
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o
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[ SR

S B N @

S o o o
my- [GeV]

S0 —h, H*) [fb] at +

©
o

10?
10° 10" 10° 10° 10* 10°
o(pp—ti) BR(t—H" b) [b] at v =13 TeV
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a(qc? — HERY); a(qc;’ 220

BP | my muyr mp  sing o tanfB oy, [fb] Br(h® — ~¥)
1 [ 242 1522 111.1 -0.048 20.9 359 0.94
2 1283 837 109.1 -0.050 20.2 2740 0.97
3 1445 123.1 1199 -0.090 10.9 285 0.70
4 1569 97.0 1203 -0.174 5.9 39 0.22
5 163.3 148.0 129.2 -0.049 20.7 141 0.71
10* 170 10° v 170
160 — §® \TzlssTeL:/ 160
150 & 2 ) 150
§ 10° 140_ % h > ®! S 140 _
2 = 1 . o s
= 1308 4 1308
? : 120: I 10 x 120:
S ; 105 i . 110 &
S T 10°
00§ ; L 100
slre | WO ° R ot %
10' 30 40 60 80 100 120 0 w05 zoxyx T . 55 8: 550 80
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Cuts and selection efficiencies

We require pseudorapidity |n| < 2.5 for the lepton and photons,

and an isolation AR = \/(An)? + (A¢)? > 0.4 for all objects.

(i) all photons: pJ > 10 GeV; charged lepton: p% > 20 GeV,
(ii) imposes that pJ > 20 GeV and p{zr > 10 GeV.
e The irreducible SM W44~ Background < 107° pb.

e The selection efficiencies: ¢ = o(cuts)/o(no cuts).

pp >10 GeV, pf >20 GeV
my\m,[ 20 | 30 | 40 | 50 | 60 | 70 | 80 | 90 | 100

80 0.08( 0.10| 0.08

90 0.10( 0.13| 0.13| 0.10

100 0.14] 0.16| 0.16| 0.13| 0.11

110 0.13] 0.18| 0.19| 0.17| 0.16| 0.13

120 0.14] 0.20| 0.22| 0.24| 0.22| 0.17| 0.13

130 0.10| 0.16 0.23| 0.25( 0.28| 0.25| 0.24| 0.20| 0.15
140 0.10| 0.18| 0.23| 0.27 0.28| 0.31| 0.28| 0.27| 0.21
150 0.11| 0.19| 0.26( 0.31| 0.31] 0.33| 0.32| 0.29( 0.27
160 0.12] 0.21| 0.26| 0.29| 0.34| 0.34| 0.34| 0.30| 0.32
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o(qq — H*h — v + 4v) with cu

e x o(pp—H* h—{* v+4) [fb]

p; >10 GeV, pf >20 GeV
V5 =13 TeV
* x .
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a(qq — H*h — v + 4v) with cuts

e x o(pp—H* h—{* v+4) [fb]

p; >10 GeV, pf >20 GeV
V5 =13 TeV
@ @ ~. ®
e % X
* o % S o ™ .
20 40 60 80 100

m, [GeV]

IS
o
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110

100

80
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>

py >20 GeV, pf >10 GeV
VE =13 TeV
@) x
)
@ x- %
x
x
20 40 60 80 100

my, [GeV]

A full Monte Carlo (MC) analysis at the detector level shows that
W4+ signal is very promising, at the LHC with 300 fb~! luminosity.
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Is h — ~~ ruled out?

@ ATLAS searched for new phenomena in events with at least
three photons at 8 TeV and with an integrated luminosity of
20.3 fb~1. [ATLAS ; hep-ex/1509.05051] based on
pp — H — AA — 4~

e pp — H — hh — 4~: [A.A et al JHEP 07 (2018) 007]
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gg - H—>hh—4yvsgg - H— AA— 4y

© gg - H— hh— 4y and gg - H — AA — 4~ have the
same differential cross section,

@ The matrix elements can be put as

M = Clky - ko™ — K kY Vet (ki) (ko) (ks - kan”” — k§k3)
xen(ks)es(ka)d®e(pr) - (p2)

MA = Del(ki)eh(ka)e®™ ™ kikoer (ka)es (ka)e” 1 k3 k3 6%Pep, €,

p1 and po is the momentum of the initial gluons, ky — k4 are
momentum of 4 photons in the final state.

o | MM [2oc {€2, D} (ki-ko)? (k3-ka)?
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gg - H— hh — 4y vs gg - H— AA — 4y

= 2

3 — m, =60 GeV. 38 — m,=60 GeV
s " 3

& o m =40 GeV. 2 *+ my=40 GeV
5 .

@ e m;, =20 GeV ¢  my=20 GeV

Distributions at detector level: (a) ms, for gg — H — hh — 4~, (b) m3,
for gg — H — AA — 4,

m3y: the invariant mass of the 3 leading Pr-ordered photons
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gg - H— hh — 4y vs gg - H— AA — 4y

3
8
3
H — m, =60 GeV — m,=60 GeV
o
+ene, =40 GeV r w1040 GeV
o M, =20 GeV

e M=20 GV

Distributions at detector level: (a) may3 for gg — H — hh — 4~ and (b)
mys3 for gg - H — AA — 4~.
mo3: the invariant mass of the 2nd and 3rd Pt-ordered photons.
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Projection from 8 TeV to 14 TeV sensitivity

@ In order to project the sensitivity of the future LHC run at
V/s = 14 TeV, we have to rescale 8 TeV results.

@ The ‘boost factors’, for both signal and background processes
is calculated using MC tools: (MadGraph 5, PYTHIA:
simulate showering, hadonisation and decays and PGS to
perform the fast detector simulations).
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Projection from 8 TeV to 14 TeV sensitivity

@ In order to project the sensitivity of the future LHC run at
V/s = 14 TeV, we have to rescale 8 TeV results.

@ The ‘boost factors’, for both signal and background processes
is calculated using MC tools: (MadGraph 5, PYTHIA:
simulate showering, hadonisation and decays and PGS to
perform the fast detector simulations).

@ we adopt the same selection cuts of the ATLAS collaboration,

i) ny > 3: we consider inclusive 3 photon events.

i) The two leading photons should have a
P¢(y) > 22 GeV and the third one should have a
P:(y) > 17 GeV

iii) The photons should be resolved in the range
In| < 2.37 and do not fall in the end-cap region
1.37 < |n| < 1.52.

iv) AR(yv) > 0.4.
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0/0sy % BR(H-hh) x BR{h—=yy)?

Expected upper limit H=hh—4y +20
+lg 1556 points
Current Bounds (LHC 8 TeV, 20.3/f data)

my [GeV]
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fermionic decays of h° and A°

production and decay chain

oBi(2W2b2f) | 2 4z x BR(t — bHT) x BR(f — bW)x

BR(H* — Wh;) x BR(h; — ff)

oli(2wW2b2f) | o(pp — thH™) x BR(t — bW) x BR(H* — Wh;) x
BR(hj — fF)

Di-Higgs production and decay chain

a,’;'f(2W2f2f’) o(HTH™) x BR(H* — W*h;) x BR(H* — Wih) >
(BR(h- — ff) x BR(hj — f'f') +h; < h}) 1+5ﬁ,
1+5f,/ o(H*h;) x BR(H* — _Wihj) X

(BR(h; — ff) x BR(hj — f'f") + h; +— h})

hi
th(W2f2f’)

Table: i,j =1,2 and have hy = hand h, = A; f(f') = bor 7.
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o(pp — H*h) x BR(H* — W*h) x BR(h — bb)? compared to 2
o3¢ (left) and o (right). Red points identify: B
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compared to of, (left) and o (right). The red points identify
o(HTH™)xBR(H* — Wh)?xBR(h — bb)xBR(h — 7F77) for
2HDM-I while the black points are for 2HDM-X rates:

o(pp — HTh) x BR(H* — W*h) x BR(h — 7777)2
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Conclusions

@ In 2HDM-I there is regions of the parameter space compliant
with all constraints yielding substantial BRs for
HE — W**h/W=*A in which the my+ < my — mp,.

o o(pp — tt — tbHt — tbWAP) and/or
pp — HT¥h/H*A/H*HT could be sizeable

o light H* in the 80-160 GeV mass range, still being consistent
with all LHC, LEP Tevatron and B-physics data.
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@ In 2HDM-I there is regions of the parameter space compliant
with all constraints yielding substantial BRs for
HE — W**h/W=*A in which the my+ < my — mp,.

o o(pp — tt — tbHt — tbWAP) and/or
pp — HT¥h/H*A/H*HT could be sizeable

o light H* in the 80-160 GeV mass range, still being consistent
with all LHC, LEP Tevatron and B-physics data.

o pp — HT¥R® — W™ + 4~ with significant events.

o pp — HTR® — W= + 4f could be much larger than events
from pp — tt or pp — tbH™.
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