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e Introduction: Higgs at LHC

e The 2HDM with real singlet (2HDMS or N2HDM):
parameters, sum rules and constraints

e Exotic decays of the SM Higgs

e Multi-photons signature at 2HDM-I, 2HDMS-I:
pp — Hios — hh — 4~

@ Bosonic decays of charged Higgs H* — WS
pp — W* — hHt — Whh — W + 4

e Conclusions
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Higgs at LHC: Prologue

@ 1964: Brout-Englert-Higgs: Higgs mechanism to explain the
origine of masses

@ 2001: Search started at LEP-II: ete™ — ZH, H — bb,
my > 114.4 GeV,

@ 2004-(2008)-2011: Search continue at Tevatron run Il
@ 4th July 2012: discovery of Higgs-like particle at LHC by

more than 8600 citations (in average & 4 citations per day)
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Higgs at LHC: Prologue

@ 1964: Brout-Englert-Higgs: Higgs mechanism to explain the
origine of masses

@ 2001: Search started at LEP-II: ete™ — ZH, H — bb,
my > 114.4 GeV,

@ 2004-(2008)-2011: Search continue at Tevatron run Il
@ 4th July 2012: discovery of Higgs-like particle at LHC by

more than 8600 citations (in average ~ 4 citations per day)

@ August 2012: The combined CDF and DO search for H — bb
revealed evidence for a particle consistent with the SM
prediction

@ December 2013: Nobel prize to Englert-Higgs
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What do we learn from Higgs discovery?

1. The Higgs mechanism is operating: from ®®VV we get HVV.
2. Observation of bosonic decays: H — ~v, ZZ, WW
Observation of Yuhawa interactions: H — 777 tt and bb

All observations are consistant with SM (errors within
~ 10 — 15%).

Still missing h — ~vZ, p*u~, triple and quartic couplings hhh,
hhhh
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What do we learn from Higgs discovery?

1. The Higgs mechanism is operating: from ®®VV we get HVV.

2. Observation of bosonic decays: H — ~v, ZZ, WW B
Observation of Yuhawa interactions: H — 7777, tt and bb

All observations are consistant with SM (errors within
~ 10 — 15%).

Still missing h — ~vZ, p*u~, triple and quartic couplings hhh,
hhhh

3. The Higgs vev is full strength, HWW  HZZ are SM-like (BUT;
data has large errors and it may be possible the vev strength
is shared by other Higgs like in Multi-Higgs models, SUSY...).

4. A precise measurement program is needed at Future
LHC-HL/ILC/CLIC in order to pine down the nature of the
Higgs-like particle.
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Motivations for 2HDM with real /complex singlet

Dark Matter:

Dark matter and neutrino masses:

Special case of the Next-to-MSSM:

CP violation and dark matter:

CP violation :
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Scalar Potential

The scalar sector of 2HDMS consists of two doublets H; (i = 1,2),
with Y =1 and real singlet

T
Hi = ( %(Vi‘i‘éi‘i‘b{i) ) ’ 5= 7(V5+¢S)

g

2
V = By + md i — 2 (H{Hy + hc) + 7557

A A 2
+ 3 (HTHl) +72(H2TH2> + A3 H] Hy HY Hy + M\ HY Hy HY Hy

+ % [(H{Hz) + (H§H1>2]

+ %%5“ + %M (Hith)s?+ %)\8 (Hire) 52
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Model Parameters

@ 6 physical Higgs: 3 CP-even hy, hy and h3, 1 CP-odd A° and
one charged Higgs pair H*.

@ The scalar potential have 15 independent parameters:
m3,, m3,, m3%, u?, vi, va, vs and A1__g.

@ 3 minimization conditions and vZ + v2 is fixed from myy.
we are left with 11 free parameters

a123, tan B, vs, mp, < mp, = 125 GeV < mp,, mpy, my+ ,u2

2HDM limit: a1 wa+75 , a2 =0 and a3 —0
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Higgs Couplings to Vector gauge bosons and sum

8mvww i CayCB—an
8mWV i CazSB—oq — SanSazCB—as

ghsVV - _5a35ﬁ7a1 — Sap Ca3 C,Bfala

3
Zgﬁ,vv =1, =|gnw |1
i=1
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8mVvs:  —CaSg—ay;
8mVS i CazCB—a; T SazSazSB—ar»

gh3V5 . _Sa3c,3—oz1 + SOQCOGSﬂ—qu

2 2
Ehw=ws T 8hwtHF T Ry =1

2 2 2
8hzz + 8hza T Rz =1

for S=AV=27:5=H*V=WTF

Ri3 is the singlet component of the Higgs h;

If Ri3 =1, h; is pure singlet then g vv = ghvs =0
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Higgs couplings and Sum rules

3

Z g8 r =1
i=1

= if |gnw |=1; gnvv =0 forj#i then 8her=1

i=1,2,3
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@ Tree level perturbative unitarity a la Lee-Quigg-Thacker

Sensitive to the new parameters \g 78
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@ Tree level perturbative unitarity a la Lee-Quigg-Thacker

Sensitive to the new parameters \g 78

e Boundedness from below (BFB) of the scalar potential a la

Sensitive to the new parameters \g 78

Abdesslam Arhrib Phenomenology of 2HDM with real singlet



@ Tree level perturbative unitarity a la Lee-Quigg-Thacker

Sensitive to the new parameters \g 78

e Boundedness from below (BFB) of the scalar potential a la

Sensitive to the new parameters \g 78
@ EWPT constraints: S, T and U

@ LHC and LEP constraints from Higgsbounds and HiggsSignals
(8 TeV and 13 TeV)
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Inputs: hy is the SM-like Higgs

my, € [10,120] GeV, my, € [200,700] GeV, my= € [80,700] GeV,
ma € [62.5,700] GeV, m3, € [0,1.5 x 103] GeV, vs = 300 GeV,
— 7T —T s

T
— <o <, 7<O‘273<67

5 5 5 and 0.5 < tan 8 < 25,

@ case with h; ~ 125 GeV was considered by

@ Scenario with my < 125 GeV=my is viable in 2HDM, MSSM
( ) and other models .

@ We concentrate only on 2HDMS-I : hy ff o sin g cosap/ sin 3

@ a1 ~ 0, hy is fermiophobic
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Figure: Correlation between S and T. The errors for x°7-square fit are
99.7% CL (black), 95.5% CL (green) and 68% CL (red)
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h; Couplings
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Figure: Ii?l as a function of m'\’} with R?, and tan 3 at 95% C.L
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hy — bb, WW  ~~ decays

1

09

08

0
8 3

06, :
£ 3

0y 1

we £
N
m m

03

02

o

Br(hy =1

Figure: Br(hy — W*W~) and Br(hy — vv) vs. Br(hy — bb) (left), and
my, (right) at 95% .CL, in 2HDMS type |
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Exotic decays of h;
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Figure: Y Br(hy — ff) as a function of > Br(h; — VV) vs
Br(h — SV) and R? at 95% .CL in 2HDMS-I.
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Similar result in 2HDM type |

o hOff g 2 0fora— 7/2 , h° becomes fermiophobic.

o h® — vy mediated by H*/W¥ loops could reach 100%
@ in the fermiophobic limit h° — bb, h® — sb would compete
with A0 — v
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Quasi-fermiophobic A° in 2HDM type |

o h® — vy vs h® — bb at one-loop:
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g8 — th = hlhl = 4’7

@ The search channel that mostly enabled Higgs discovery was
gg — H — ~y decay.

@ Because photons final states are clean at hadronic
environment LHC

@ Also because of sharp resolution in the di-photon invariant
mass achievable by the LHC detectors

@ knowledge of my = 125 GeV, one can enforce my, = my

/

@ One can reconstruct in each event photon pairs: my, = m.,
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ATLAS study

o G. Aad et al. [ATLAS Collaboration], “Search for new
phenomena in events with at least three photons collected in pp
collisions at /s = 8 TeV with the ATLAS detector,”
EPJC76(2016)

@ ATLAS study was motivated and applied to the Next-MSSM
case with light CP-odd gg — H — aja; — yyvy7y.

o L e e B B
S 10| — Observed upper limit  ATLAS i
‘; E ----Expected upper limit h - aa - 4y E|
T r Etlo _
9 [ [+20 m, =125 GeV
§ r \s =8 TeV, 20.3 fb*
\_:110'2 E 95% C.L. upper limits
% F m,, resonance search 4
X5 m,-dependent width
Dbm
10°
10 E
B b b b ey |
10 20 30 40 50 60
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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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Invisible decay of h;
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Figure: Br(ho — h1hy) x Br(hy — v7)? (left) and
o(gg — hy) x Br(hy — hyhy) x Br(hy — v)? (right) as a function of
myp, at 95% C.L in 2HDMS type-|
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o(gg — H — hh — 4~) in 2HDM-|
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o(gg = H — hh — yyv7y)
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Bosonic decays of H*

fermionic decays

e H* - 7v |, ¢ , cb
o H* = tb
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Bosonic decays of H*

fermionic decays

e H* - 7v |, ¢ , cb
o H* = tb
bosonic decays
o HE = WEg0 | 40 = 0 A0 HO
o H* — Wy, W*Z: small (loop mediated).

o H* — W*Z exists at tree level in triplet models.
(production through WZ fusion)
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very light A%: tan 8 =5, my = 300 GeV, sin(8 — a) =

Yellow excluded by data
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Br(H= — W=S) ; H SM-like, cos(8 — o) = 1

Lo 2HDM-| with my +mé <my
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Br(h® — ~v) and Br(H* — W=hP)
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>, 0(qd—h; H*) [fb] at vs =13 TeV
S, 0(qd—h; H*) [fb] at vs =13 TeV
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Conclusions

@ In the 2HDM and 2HDMS a scenario with one higgs < 125
GeV is still alive, leading to exotic decays of h; and/or hy
such as hyp —+ Z*A, h1o — W*H=.

@ In 2HDM and 2HDMS-I there is regions of the parameter
space compliant with theoretical and experimental constraints
yielding substantial Br(h — ~v) as well as Br(H — hh).

@ The cross section for gg — H — hh — 4~ is at pb level and is
sensitive to ATLAS exclusion.

@ In 2HDM-I, the bosonic decays H* — W*h/W*A , for
my+ < my — mp wherein W — [v., could be substantial.
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