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Evidence for a Standard Model like Higgs boson

» In the summer of 2012 an SM-like particle (h) was found at
the LHC.

» So far its properties agree with SM predictions at tthe 20%
level.

> |ts mass derived from the vy and ZZ channels is

S 20— T T =
s F JLdt=451* \5=7Tev ATLAS 7
= 10— —
g o =
5 b ~4-Dpata |
g Combined fit —
W o E — Signal+background -
E «-=+ Background =
of- — signal =
100[— —
sof— —
60— —
o~ ;
o — p|
2 8
A
B 4
g 2
9 0
£ 2
g 4F
z  GE
W GE E
110 120 130 140 150 160

m,, [GeV]



Status of SM particle physics

I The Standard Model of particle physics

Years from concept to discovery
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SM Lagrangian: Short form

1
B 1 Fp.r.z FHY

i I + h.c

Yiyij Y@ + h.c
|D,o)? — V(o)



SM Lagrangian: complete form before EWSB (A. Djouadi:
Phys. Rept. 457 (2008), 1-216)
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fermion masses and couplings to Higgs

interactions between quarks and gluons



SM Lagrangian: Higgs Mechanism

SM Higgs Mechanism

Standard Model includes complex Higgs SU(2)

doublet - ‘N
1 (h+id) (o §
(I)_ﬁ{%_i_’%]_[{po} \’é_i“/

With SU(2) x U(1) invariant scalar potential
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If w2 < 0, then spontaneous symmetry breaking
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SM Lagrangian: From unphysical to physical states:
Symmetry breaking
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SM Lagrangian: complete form after SSB
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Evidence for a Standard Model like Higgs boson
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Evidence for a Standard Model like Higgs boson
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Evidence for a Standard Model like Higgs boson (Sushi,
ggHiggs,...)
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Evidence for a Standard Model like Higgs boson (Sushi,
ggHiggs,...)
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Evidence for a Standard Model like Higgs boson
(http://tiger.web.psi.ch/hdecay/)
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Evidence for a Standard Model like Higgs boson

Hizgs praduction -~ Higgs decay fo phetons
R
.f,-,) ’\ulx.
e o
. : il
i '
e e ¢

LS LA HNL LA B B B
ATLAS Preliminary +——Total - Stat. =Syst. "1 SM
m, = 12509 GeV, Iy, <25

Py, =87% Stat.
aoF 1r - 00,
ggF 22 -

g9gF ww -

ggF ——

ggF comb.

VBF 1 =

VBF ZZ ———

VBF WW e

VBF Tt —

VBF bb ———

VBF comb. b o,
VA 1Y b o5
VH 2z i 18,
VH bb <on
VH comb. ol o1t
tHatH vy - 8.
ttH+tH W e e
HAH 0 e——— a8,
[tH4tH bb et o,
1tH-+tH comb. i 018
PRI BT B L

-2 0 2 4

\ o x B normalized to SM |



Rachid BENBRIK


Rachid BENBRIK


Rachid BENBRIK


Rachid BENBRIK


Rachid BENBRIK


Rachid BENBRIK



Beyond the SM

EW ? TFTV

—>
SM Desert NP
Y SESN

» The SM-like limit exists in various models with extra neutral
Higgs.
> Any extended Higgs sector a Charged Higgs would be a signal.

» Such scalars appear in multi-Higgs doublet (MHDM).
> From EWO are in agreement with SM with p = 1.
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Potential with sotf Z>-violating

1
V(®1,82) = —5 {mfldﬂd)l + m3 050, + [mfzq’l% + h-c-} }

)\1 A2
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+ A4(¢Td>2)(d>Td>1) + [A5(¢T¢2)2 +hel. ()
Apart from the term m2,, this potential exhibits a Z, symmetry,
(P1, P2) < (P1,—P2) or (b1, P2) &> (—P1,P2). (2)

The most general potential contains in addition two more quartic
terms, with coefficients Ag and A7, and violates Z> symmetry in a
hard way T.D.Lee PRD8,1226'73," JF.Gunion et al. The HHG".

» The parameters A\;—\q, m?; and m3, are real.

» The potential (1) can lead to CP violation when A5 and m3,

vvw\{\aare complex.
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Mass eigenstates
We use the following decomposition of the doublets:

o) = ﬁ 2) 2= @ 2
((w *@Q@/ *f> ((V2 \Cli '@M> (3)

Here vi =cosfBv, vo =sinfv, v=2my /g, with tanf = v /v.
The charged Higgs bosons are the combination orthogonal to the
charged Nambu—Goldstone bosons:

H* = —sin ﬁapf + cos Bgof (4)

and their mass is given by

2
14
M = i — = (Mg +RXs), (5)

where we define a mass parameter u by

,u2 = (v2/2v1v2)%m%2. (6)
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Mass eigenstates and gauge couplings

With all momenta incoming, we have the HT W*¢ gauge
couplings:

Tig
HFW*h: == cos(B — a)(pu — pjf);

2
+ig .
HEW=H : =Esin(8 - a)(p, - p}):
HTW*A: %(pu —p).

The strict SM-like limit corresponds to sin(8 — ) = 1.

VWh: sin(B8 — «),
VVH :  cos(f — ),
VVA: 0.

V=Ww=*7z



Theoretical constraints

The 2HDM is subject to various theoretical constraints.
> Stability or positivity of the potential:

V($1,92) >0 as |®1], |P2] — 0. (9)

This requirement gives the following conditions on \'s
PM. Ferreira et al ,PLB,2005

A1 >0, A >0, A34+2y/ A2 >0, A3+Aa—| 5] > 2/ A0
(10)
» Perturbativity: satisfy |\;| < 8w (i =1,...,5). has significant
effect on (tan 8, My=+) plane.

» Unitarity: all 2 — 2 processes scattering are under control.

Max(Eigenvalues(M)) < 0.5 (11)



Yukawa Interaction for the 2HDM T.D.Lee PRD8,1226'73

—Lyuiawa = QLP2FP DR+ Qu®,FYUg + L ®.F Lg+hoc., (12)

Model d u 14
I ¢2 ¢2 ¢2
Il OJ] O 0%
" D1&P;  D1&D,  P1&P;
X ¢2 CDQ ‘Dl
Y ¢1 ¢2 ¢2

Table 1: The most popular models of the Yukawa interactions in the
2HDM.

in Type Il (MSSM) PK P\,
- ig r— )
H* bt : ———— Vip[mp(1 + 5) tan B + m¢(1 — 7s) cot 5],
Zﬁmw
H™th: ﬁ Vip[mp(1 — 7s5) tan 5 + m:(1 4 s) cot 53].
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Charged Higgs boson decays

a charged Higgs boson can decay to a fermion-antifermion pair

HT — c5, T
Ht — cb, Y O

HT = 1%u,,
H™ — tb,

to gauge bosons,
HT — Wy, Eﬁ/&/\r M

HT - wtz,
or to a neutral Higgs boson and a gauge boson:
HT = hwt, AWt

and their charge conjugates.

Tree
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Light H (My= < m;)

» We focus on CPC case and set M, = 125 GeV.

» Use 2HDMC and HDECAY software

» We consider 3-body modes via off-shell of HT — th,
HY — hW*, HT — HW™ and HT — AW™.

> We use B — X7y constraints: light charged Higgs is excluded
in type-Il.



Light HT (My: < my)

Branching ratios for MHflOO GeV
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Figure 1: Light charged-Higgs branching ratios vs tan .

» We focus on CPC case and set M, = 125 GeV.

» Use 2HDMC and HDECAY software

> We consider 3-body modes via off-shell of Ht — tb,
HT — hW™T, Ht — HW™ and HT — AW,

> We use B — Xy constraints: light charged Higgs is excluded
in type-ll.



Heavy HT (My+ > my)

Branching ratios for M =500 GeV
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Figure 2: Heavy charged-Higgs branching ratios vs tan .

> sin(8—a)=1.



Heavy HT (My+ > my)

Branching ratios for MH*:SOO GeV
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Figure 3: Heavy charged-Higgs branching ratios vs tan (.

» sin(8—a«a)=0.7



Branching ra1tios vs My=+ in Type |
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Figure 4: Branching ratios of charged-Higgs as a function of My« in

Type | with sin(8 — «) = 0.81 and tan 3 = 8.
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Figure 5: Branching ratios of charged-Higgs as a function of My« in
Type | with sin(8 — «) = 0.81 and tan 3 = 8.



Constraints From B Physics

> b — sy (yellow), B — up (red), BY — pp (magenta)
> AMs; (blue), AMy (cyan).

Type I Type I
102 102
10!
T oeSSsS— B 100 I ——— -
107!
10—2 2
0 200 400 600 800 1000 0 200 400 600 800 1000

Mpy:(GeV) Mpy:(GeV)
Figure 6: Exclude regions from B Physics in (Myz,tan 3)plane in Type |
a,d Il with sin(8 —a) =1 and m;, =125 GeV, my = mag = My«
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Production processes: Single production at the LHC
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Figure 7: Feynman diagrams contrlbutlng in Single production at the
LHC production processes.




Production processes: Single production at the LHC
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Production processes: Single production at the LHC




Production processes: Pair production at the LHC




Production cross sections pp — H*X

We use CTEQ6L, /s = 14 TeV and sin(8 — «) = 1 in Types | and
Il.

> gb — H*t, (solid),
> gg — H'bt, (dotted),
» gg — Hj — HT W™, (dash-dotted).

Cross sections pp — H*X

Model | =)

ad Model Il
red: tan p=1 o N Excluded —=— red: tan p=1
green: tan B=3 10°E Wb -sy green: tan B=3
blue: tan =30 5 blue: tan B=30

10°k
100N *i’:;.,_ ) 10E N TR,
" beuad | | Low Py i | | | | | R T
100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000
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Figure 8: Charged Higgs production cross sections in the 2HDM, at 14
TeV




Production cross sections pp — H*X
We use CTEQ6L, /s = 14 TeV and sin(8 — «) = 1 in Types | and
Il.

> For tan 8 =1, type-l and type-ll are diffrent due to sign
Yukawa.

» Models X and Y will have the same predictions except for
(Tv).

» The bumpy structure is due to resonnance of neural Higgs.

Cross sections pp — H*X

[fb]

Model |

Model Il

red: tan p=1
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0" EN green: tan =3
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Production cross sections pp — H*X
We use CTEQ6L, /s = 14 TeV and sin(8 — «) = 1 in Type II.
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LHC strategies searches: ATLAS results at 8 TeV

2HDM Type |

Obs. 95% CL
X Bestfit

= === Exp. 95% CL

- = SM

ATLAS

Vs=7TeV, 4547 fo"
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Figure 9: ATLAS regions of the [cos(5 — «), tan 5] plane for the 2HDM

Model | (left) and Model Il (right) excluded by fits to the measured rates

of Higgs boson production and decays.

cos(f-a)



LHC strategies searches: ATLAS results at 13 TeV

ATLAS Preliminary - M ATLAS Preliminary I
VS =13TeV, 24.5-139 ! T Expected 95%CL VS =13TeV, 24.5- 139 b1 ---- Expected 95%CL
—— Observed 95%CL —— Observed 95%CL
my;=125.09 GeV, |yn| <25 « BestFit Obs. my=125.09 GeV, |yy| <25 « BestFit Obs, :
2HDM Type-| cos(@—a) = 0,005, tan = 0.062 2HDM Type-Il o8B a) = 0.001, tanp = 5.4
g 10 T T o 10!
2 7 2
E g N\
! N
100 100
107 10-
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Figure 10: ATLAS regions of the [cos(8 — «), tan 3] plane for the 2HDM
Model | (left) and Model Il (right) excluded by fits to the measured rates
of Higgs boson production and decays.



Looking pp — tt, t — HTb, H* — W¢, (My+ < my)
Here we use for my = 172.5 GeV:
o(pp — tt) = 252.897530(scale) + 11187 (PDF)(pb) /s = 8 TeV
o(pp — tt) = 8317617350 (scale) + 13208 (PDF)(pb) /s = 13 TeV
o(pp — tf) = 984.507%5 2 (scale) + 4131 (PDF)(pb) /s = 14 TeV

The PDF uncertainty was obtained with MSTW2008 at the
68%CL. The plots shows

o(pp — tt) x Br(t — HTh) x Br(H* — W™h) in type-l including
uncertainties from scale variation and 68%CL PDF.

Model I: BR(t -> H'b) x BR(H" -> tv)

Figure 11: Product of branching ratios, BR(t — HTb) x BR(H* — 77v)



Looking pp — tt, t — HTb, H* — W¢, (My+ < my)
> o(pp — tt) x Br(t — HTb) x Br(H* — W¢) in scenario:1

140 Vs=8TeV mmmm 2HDM type-| 500 Vs=8TeV mummm
—_ Vs=13TeV mw— — 450 Vs =13 TeV mw—
£ 1201 s=14TeV ) V5= 14 TeV 2HDM type-|
= < 400
= =
1 100 1 850
4 4
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Z w L 300
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Figure 12: The rates for

o(pp — tt) x BR(t — H*b) x BR(H* — W**¢) with ¢ = h (left) and
A (right) in the 2HDM-I as a function of my+ with ma = my, = 125 GeV
for tan 3 =5, sin(3 — ) = 0.85, my = 300 GeV and m?, = 16 x 103
GeV?. The bands correspond to a 1o deviation from the tf cross section
central value as computed at Next-to-Next-to-Leading Order (NNLO) at
three LHC energies.



Further search for H* at the LHC

» Channels for My+ < my:
e Single H™ production

Mpy+ 100 GeV | 150 GeV
tan 3 3 10 |3 10
pp — HTW=bb vV VY
94(q’) = H'bq v )V
pp(bg) — HTtX, HF = WT¢ v V)|V
e HTH™ pair production
My+ 100 GeV 150 GeV
tan g 3 10 30| 3 10 30
gg,bb — H*W~ v (V) v (V)
gg,bb — H"H™ vV vV VIV VY
94(q') = H"H q'Q’ vV VIV VY

Table 2: Proposed channels, denoted by /, for Models | and
X, requiring resonant production, at 30 fb~!. The cases
denoted by (/) would need higher luminosity.




Conclusions and perspectives

» Various SM like models exsist with extra Higgs scalars.

» A charged Higgs would be the most striking signal of a Higgs
with extra doublets.

» In this talk we have analyzed different models in 2HDM by
focusing on the most decay modes.

» In type |: the most "natural” decay modes are :7v or W¢
with any neutral Higgs.

> In type II: the most "natural” decay modes are :th or W¢
with ¢ are heavy.

> If a signal were to be found. How to distinguish between
MSSM and 2HDM (or even type-1 and type-2)?

» In case where of high mass, QCD background is very
challenging, so improved analysis techniques could turn out to
be very benefical.



Thank you!
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