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Standard Model: The Higgs Mechanism




In the Standard Model: The Higgs Mechanism

A most basic question is why particle have masses ?

» The mass mystery could be solved
with the “Higgs mechanism”, which
predict the existence of new elementry
particle “Higgs” (P.Higgs, R.Brout and
F.Englert, 1964)

Yes
» Higgs is responsible for mass:

— it couples to a particle with a strength proportional to its mass

— heavier particles are more likely to appear in Higgs decays



In the Standard Model: The Higgs Mechanism

A most basic question is why particle have masses ?

» The mass mystery could be solved
with the “Higgs mechanism”, which
predict the existence of new elementry
particle “Higgs” (P.Higgs, R.Brout and
F.Englert, 1964)

Yes

» Higgs is responsible for mass:

The Higgs (H) particle has been
searched for since decades at
accelerators, but not yet found...

The LHC will have sufficient energy
to produce it for sure, if it exists
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Heavy ions (e.g. Pb-Pb at ~ 1150 TeV)

P Vs = 14 TeV Lgesign = 103 cm2 s-1
10-14 TeV  Ljjiiar < few x 103 cm2 s (before)

(after 2012/3)

First collisions:

expected in
November 2009

| LHC 27 km ring (previously
used for the LEP e*e- collider)
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ATLAS and CMS:
general purpose

Plus two much smaller
experiments with very
forward detectors at
Point-1: LHCf

Point-5: Totem

LHCb:

B-physics, CP-violation 8




In the Standard Model: The Higgs Mechanism

At TeV scale
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In the Standard Model: The Higgs Mechanism

March 2009
6 March 2009 m =1_ﬁE| Gel
Delta —chi2 as function of the Higgs I 4
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The most recent combined result from m,, [GeV]

Tevatron (CDF, DO) excluding the mass
range of 160 GeV to 170 GeV at 95%CL.

gg — H— W-W* with 3.fb~"
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SM Higgs: production @ LHC
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SM Higgs: production @ LHC
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gg fusion is more abundant, followed by the vector
Boson fusion process *

Typical uncertainties on cross-section
*°gg 10-20% (NNLO)

* VBF ~5% (NLO)

* WH,ZH ~< 5% (NNLO)

*ttH 10-20% (NLO)

WW, ZZ fusion 9
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SM Higgs: Decay
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SM Higgs: Width
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Beyond the SM

J The Higgs mechanism works well technically.

J Descovering the Higgs boson will be the final cornerstone of the SM

Nevertheless it can't be the ultimate theory:

J The SM cannot explain the origin of the Higgs boson
 The SM cannot describe the neutrino mass

d The SM cannot tell us what Dark matter is?
g ...

Even a Higgs boson as predicted by SM my not be Standard
Many more scalar particles may be present

15



Beyond the Standard Model
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Why Two Higgs Doublet Model ?
Motivations

> The simplest extension of the SM by adding one more doublet.
J.F.Gunion, H.E.Haber, “The Higgs Hunter's Guide”

S foul? | Tu(T + 1) = V7]
P = 9 Z |'L-‘n|2}/;3

Experimentally ) o~ 1.001 4 0.002

» The hierarchy of Yukawa couplings
» CP violation explicitly or spontaneously.

» Flavor Changing Neutral Current (FCNC).
> ..
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Potential of 2HDM

In the 2HDM, the most general Higg potential compatible with a gauge
iInvariance and CP conservation is given by

Vo = midldq + mi,dld, — [mi,dld; + hel 2)
+ %)\1 (O] 1)? + %)\2(‘9;‘1}2)2
+ A3(D]07)(Dh D) + Ag(d] o) (0] d1)
+ {Jra(0l02 + De(@}0r) + n(0for)] 0fe; +he. |

where A\i_4, m?;.m3y € R (by the hermicity of the potential).

while in general As_7, m?, € C.

v Z, symmetry S. T. D. Lee, Phys. Rev. D 8 (1973) 1226.

by — —Py, Py — Py or Py — Py, Py — —Dy.
-m.%g = X = A7 = 0. 8



Theoretical constraints

> Perturbativity

Ai| < 8m for all .

» Vacuum stability

A >0, Ao >0,
VA1 Ao + A3 +min(0,)\4 — ‘)\5‘) > (0 .

> Unitarity constraints

S.Kanumura , T.Kubato, E. Tkasugi PLB313 (1993)
A.Akeroyd, A. Arhrib, E.Naimi PLB490 (2000)

by dy J+

‘ai, s |C4 1,y ; ; ;
Fl i ) Fl i i

€10 Jy.0| <8
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Spectrum

> After SSB:
-- Two Higgs CP-even: h, H

-- One Higgs CP-odd: A
-- Two Charged Higgs Bosons

mpo . mpgo , Muo , mygx , tanS ., a and

Yukawa Sector

V.D. Barger, J. L. Hewett and R. J. N. Philips PRD41: 3421,1990
G. Senjanovic and D. Wyler, PRD 30, 1529 (1984).

Ly = ij (ﬁ- CE)EL oy d“;? + éf?j (’t_.-:- C?); r:;» ’L-:“E + h.c.
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Yukawa Sector

> The couplings of the Higgs to fermions could be realized in different ways

Models T 11

dy Py Dy P9
$y Dy Py Py

(I)Q (1)1 (I)Q (1)1

I1 I11

IV

__cosa  cosa  COSQ _ COS
Xouh sin 3 sin 3 sin 3 sin (3
_, COS sin sin « COS Q&
Xdh — sin 3 cos (3 cos (3 ~ sin g
COS S1n COS (v S1N
Xep — sin 3 cos 3 ~ sin g3 cos 3
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Experimental constraints

> Direct bounds
Charged Higgs — LEP 79.3 GeV
B(HT — 7T u)+B(HT — c3)=1

Other Higgs — model dependent — can be very light SM (like) LEP 114.4 GeV

> B— Xyv HNand I |mye > 295 GeV

Mvad

> Z — bb and Bg Bq Excludes low TB in all models. Values of
low charged Higgd ~ 100 GeV and TB ~
1 are disfavoured

> Electroweak precision constraints— compact mass spectrum 1[]—3

"_'FFP--

Op

> B — Tv Excludes high TB just in model Il.

Excludes high TB and low charged

» T — VUV Higgs mass just in model Il and Il 22



2HDM: cross section

» Our Process

pp — S (SiS; = hh,hH,HH)
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FeynArts, FormCalc and Looptools
wwwy. feynarts.cde

23


http://www.feynarts.de/

2HDM: Decoupling Limit (DL)
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Decoupling limit of the 2HDM (1/5)

Scalar masses except the lighter CP-even Higgs become

infinite.
My ~ O(V)
Mijo. Mpo. My~ ~ Ms + O(v?/ms).
In this limit  cos(3—-a) =0 OR a~g3—7/2

v = GHg,vy  With V=7 W=,
9roff = GHg,, 7 with  f = fermion.

And the triple Higgs couplings

Moo — AP = —

/\hU ROHO  — 0. 25



Decoupling limit of the 2HDM (2/5)

S.Kanumura, Y. Okada, E. Senaha, C-P.Yuan PRD 2004
S.Kanumura, S. Kiyoura, Y. Okada, E. Senaha, C-P.Yuan PLB 2002

It has been demonstrated that the one-loop leading contribution
from heavy Higgs and top quark the effective coupling can be

written as

2 4 3
N = e gy mHDz (1 + ﬂf)
v 12m2my,v2 mey,
. mo ( 1L M )3
12m2mZ,v2 mao
+ wn (1 n M )3 N
6m2me,v? mé,. 3m2me, v2

where M = mqo/+/sin 3 cos 3,
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Decoupling limit of the 2HDM (3/5)

The effective couplings 12 | | . |
behaves with the respect to the
SM couplings
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Decoupling limit of the 2HDM (4/5)

Cross section ?

Dependence parameters :

M. mqo, tanpg.
Large cross section [
>
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Decoupling limit of the 2HDM (5/5)

Cross section ?
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2HDM: Fermiophobic Higgs limit (FB)
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Fermiophobic Higgs limit (1/5)

> In the SM:
BR(h" — ~v) is below 0.1%.
¢ /
F v
H f H v  H
F 1%
¢ Y

By enlarging the coupling 77
K.Hagiwara, R. Szalapski, D. Zeppenfeld PLB318 (1993)

K. Hagiwara et al PRD48(1993)
By reducing the coupling of the Higgs bosons to fermions

H. Pois, T. J. Weiler and T. C. Yuan, PRD 47 (1993)
A. Stange, W. J. Marciano and S. Willenbrock, PRD49 (1994)
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Fermiophobic Higgs limit (1/5)

» Fermiophobic...means you turn off couplings to fermions

— Can occur in Type-1-doublet Higgs models
* Type-1 — one doublet couples to fermions, the other to bosons
— sin(a) for H and cos(a) for h
* his therefore “fermiophobic” in the limit a - 172

— Of course we could have a “fermiophobic” H (a - 0)...but h
Is lighter so we look there...

f f

hy ----- =cosa/sinF~ 0. hf i

=
|
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Fermiophobic Higgs limit (1/5)

» Fermiophobic...means you turn off couplings to fermions

— Can occur in Type-1-doublet Higgs models
* Type-1 — one doublet couples to fermions, the other to bosons
— sin(a) for H and cos(a) for h
* his therefore “fermiophobic” in the limit a - 172

— Of course we could have a “fermiophobic” H (a - 0)...but h
Is lighter so we look there...

hy ----- =cosafsinfF~ 0. .. M

|

o3



Fermiophobic Higgs limit (1/5)

» Fermiophobic...means you turn off couplings to fermions

— Can occur in Type-1-doublet Higgs models
* Type-1 — one doublet couples to fermions, the other to bosons
— sin(a) for H and cos(a) for h
* his therefore “fermiophobic” in the limit a - 172

— Of course we could have a “fermiophobic” H (a - 0)...but h
Is lighter so we look there...

W Z*
heVV~ sin’( B—a)—cos*B=1/(1+tan* B).

Wt, Z* 34



Fermiophobic Higgs limit (1/5)

s A . ?me s 1 AG.Akeroyd PRD(2007)
____ ’ :: o -7 ( _____ P r.f-

H_'H :Lﬂ - . é,ivw i # ,f.t‘ul"f
],\,;M S - g “1,1

b

9 9 9

my i
D{hy = 47) = 220y

= F - — Ficos
10243 ”H| 09hsHYH 1 cos 3]
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gm H—I—

) 5 mfjl N
OhsH+H- = CgU a8 Ar— |1 Hj} — (14 53)Xs
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Fermiophobic Higgs limit (1/5)

ﬂf "f
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h, = 2*Z*
contribution with W+ T N —
(= - :
> L i
T - 1
m ,’.
1072 |- =
10—'.3 1 1 ! | ! 1 1 1 | I |
50 100 150 200

my; (GeV)

30



Fermiophobic Higgs limit (1/5)

> More...

3 ‘ Ind.of. TB
XH = e
ffH~1/SB
/\f,:ﬁ h X — m122 sin /3
My o mé,cos 3
ML, o —2sin® 3mé + mé, cos 3 — 4cos® 3 m4
e sin 3 5 )

/\Ft'_ _ ; m2 — m

AGh 2 sy A p

/\ffhi HF X 2 sin® fm,% — m$2 sin3 — 2sin2/3cos ,_.-"3m,2_1,i
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Fermiophobic Higgs limit (2/5)

e >

g(gg . hc'hﬂ) depend on

My, Mo and m3,.

On the resonance

Mijo = 2Mpyo

The cross section is large for light
Higgs mass

10"
my0 = 2my 0

10 | my, = 350 GeV
—~ 10°
= my, = 150 GeV
<~ 1
S 107 |
Iﬁ 10’ . myy=50GeV
o
© 10—1

10‘2 .......................
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Fermiophobic Higgs limit (2/5)

my0 = 2my 0

depend on
04,0
(99 — h°H°) 10° | my, = 350 GeV
2 2 |
Myo. Myo and my,. ~ 10
Q, m, =150 GeV
On the resonance ~
100
mHﬂ — thﬂ S

My =30GeV

-1
HO — ww 10
T
HY . 77 e Ftlarmiophlobic—lirlnit
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my 0 (GeV)



Fermiophobic Higgs limit (3/5)

3

107

my, = 350 GeV

pp~> hh as a function of MH | | m,0 = 60 GeV

107 ¢
7
/ LHC

Tevatron

2
|

H° —,

) | Fermiophobic-limit

10°
100 120 140 160
myp (GeV)

Peak at MH = 120 GeV is very sharp because the total
width of H is very narrow in this region

180

200
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Fermiophobic Higgs limit (4/5)

pp—~> Xh as a function of Mh

pp—>Ah can be large and
still within the Tevatron reach

pp—~>Hh is negligible for the most
of the parameter space

qgg — Al Large than

qq— /" — Ah

clgg —}A{}h{}} '
10" ?
— Fermiophobic-limit
= 10t
10
olgg %H{}h{}}
10" P
50 60 70 80 90
my 0 (GeV)

100
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Fermiophobic Higgs limit (5/5)

1
v Branching ratios depend mainly with
tan )] ﬂfh_ 01t
0.01
v For 10 GeV < M} <100 GeV
Br(h — ~vv) =~ 100%
and decreases with Mh 0.001 -
99 — hh — 4 Y 0.0001 |
gg — hH — hhh — 6+ "
E._

=W W

=y

10 20 30 40 30 60 70 80 90 100

M, (GeV)

T



2HDM: General case
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General 2HDM(1/5)

gg — S;S;, where S = h", H®

[ parameters

Mypo, Myo, [Ty, My+., «,
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General 2HDM (1/5)

gg — SiS;, where S = h", H’

[ parameters

2H DM
}‘hﬂ hO R0

}\QHDJ-I
HYHOYHO

}\EH DM
HORORO

}\QHDﬂ-I
HYHOYRO

Mo, Myo, M., My+, «, _ﬁ mqo

—3e . .
D€ 3 3 2 2 9
—3e I . . ,
s 3 3 2 2 § 2
Ty Sw s 23 L

¢ 2 2 : 2

€S53 —q

1 9 D) 2
Y reer i o2 H
< TNW SW S5 3
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General 2HDM (1/5)

gg — SiS;, where S = h”, H®

[ parameters
Mo, Myo, Mp, My+, «,

We have scanned the 2HDM parameters space

to look for the regions where the cross sections

are larger than the SM one.

46



General 2HDM (2/5)

(tan 3, my,) Plane 500
tan 3  Below 5 due to unitarity osm < OzHpM < 100 Gg)y
Correlation 400 } 621pM > 100 Og)
m1o and tan 3:
Large values of one of the variables % 300
force low values of the other Qo
= 200
hOnOnY  HOPRPRY
S M
: 100
8 X Ahc'h,@h,[-"
0
‘ Y _ 1 2 3 4 5
mgo = 250GeV and sina = —0.9. tanp

M},0 — 115 deV? _on = 350 GeV, my+ = 300 GeV,



General 2ZHDM (3/5)

Pl
(mHGT m12) ane 500

GompM = OsM
The cross section reach the

. Tong = Trpmns = 100 Gy,
maximum when 400 SMF2HDM s

GEH:D}I = 100 GE:'&I
M o = 21Mp0

Destructive contribution between

triangle and boxes o
N l

y 0.9 200 250 300 350 400 450 500 550 600
sina = —0. 10 (GeV)
mpo = 115 GeV, m 40 = 350 GeV, myz+ = 300 GeV

my5 GeV)




General 2HDM (4/5)

Plane 500

SINcv, M <100 Ge
( ) 12) Osm = Oaapm = 100 Gy

Goppm — 100 Gy

400

| sin o] maximize
- ‘ 300
the cross section.

My (GeV)

100

tan 5 = 1
mypo = 250 GeV . 1 05 0 0.5 .
Sinct

mpo = 115 GeV, m 40 = 350 GeV, my+ = 30U GeV




General 2HDM (5/5)
w — mgo = 200 GeV

Before the threshold

The cross section is few pb mz =0
- ) = 120GeV
And does not depend much 10 4 : e ° |
I T mio = 180GeV *
On m12 - *
W+++a; lgﬂlr o
_ 1 ]
Br(H® — h°h°) — 100%. = o ) ‘
= | tan 3 = 2.
07020 / 07,070 B .-
HYh"h h™hPh> N, = 0.1}
I
[y ]
Below the threshold < '
0.01 |
HY — KPRV is closed. 0.001 ¢ ;
- sin(@ — «a) = 0.1 NX
00001 1 1 1 1 1 1 I

60 80 100 120 140 160 180 200

myo(GeV)
mao = 320GeV, myg+ = 380 GeV,



2HDM: Higgs signatures
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Higgs sighatures (type-l)

In model type | the lightest 1 . , . .
CP-even has the SM signatures T o
: tan 3 =1 5
I mpo = 110 GeV |
h° — bb, 777 ;
01 L % e — 7rr™ .
_ i ]
Sina — £1. 1 =]
. * * s 1'::' — g 4
h — oy, WW, 272 . |
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0.001 F .
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Sina — 0.

H° — cc.

In model II, non-b jets

100%.
Dectection of higgs is

;& + % h0 — W L{-»-n}
very hard due to bgd Fo§ * ; o
g
0.01 | ¢ -
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0 —
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Higgs signatures (type-II)

1 [ [
s

0.1 __h-ﬂ — T

an =1 :
e mpo = 110GeV ]

T?-bg\\ o

= mg+ = 300



Higgs signhatures (type-IIl)

1 p

- 0.1
50%. 5

0.01

N

Tt
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h° — bb

0.001

mpgo = mao = mg+ = 300

F RO bh
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Higgs signhatures (type-IV)

1 N T T T

h° — bb

dominant decay mode

mpo = 110 GeV "

L tan 7 = 1 o

hY — 7Hr—

s

|sinal ~ 1.
h° — 7t
70%. 001

Y — e |
0.4%.
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h 0 |—> i
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Conclusions

» The 2HDM has a vast region of the parameter space where the cross section
IS at least as large as the SM cross section

> In the general case, the best scenario need : large m12, large sinalpha and
a nice resonance

» In Decoupling limit the cross section is more than one order of magnitude

-- For large values of m12 extracted
-- Large common mass scale MH. Can be hOhO hO

» We have shown that there are alternative channels to search for FB Higgs
0 with a multi-photon signature.

h Few pb and can still be discovered at Tevatron.

_ gg—h

-- The two photons search can exclude a FB Higgs.
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Thank you



Fermiophobic Higgs limit (2/5)

Fermiophobich —yy (3.0 fb")

CDF Run Il Preliminary

— 1
» Form DO and CDF:; =
T
mp, > 78.5GeV and 82GeV =
m
10™
pp — hV — v+ X L
p]j — I’f 1’7 — h.. — Y —+ X
] =
10 - | —e— Observed limit
B Benchmark prediction
- Expected limit
B 1 sigma region
- 2 sigmaregion
= LEP limit

lIIIJ.IIIIJ.IIIJ.IIIlIIIIlIIIlIIIlIIIlIII

-3
107" 80 90

A lower mj; bound of 100 GeV

100 110 120 130 140
2
m,, (GeV/c9)
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> Form LEP:

ete™ — hZ with hy — ~y

Much higher TB would violate
th Perturbativity cons.

Upper Limit on B(h"—vy)

ete” — hA

Mp, + My < 160GeV

Limit = 105.5 GeV

ZzhiSSuppreSSedforlargeTB _IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
and ZZH is the SM-like 100 110 120

llﬂ 20 30 40 50 6(1 70 80 90
B | fEED .o

mp, > 100GeV 59




General 2HDM

10" ¢

gg — h’h’

"..__E-L- /_\ .‘;;S:S 1 U _1 r-\

gg — hUHU

gg — h’h"

j gg—}hOHU

10° ¢
5 gg—> H'H
m, = 300 GeV

gg s H'H'

my, = 100 GeV

-4 . . . . .
-1 -0.5 0 0.5 1 -1 0.5 0 0.5
Sino Sinot

mio = 200 GeV
mao = 320GeV, myg+ = 380 GeV,

10

60
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G (pb)

In the SM...pairs production ?
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Triple Higgs couplings

A.Arhrib, R.Benbrik and Cheng-Wei Chiang PRD2008.

»The 2HDM tree-level self couplings
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All the triple Higgs couplings are enhanced in the large tan beta limit
by more than 50 times larger than the SM triple coupling.



Conclusions

> In this work we have shown that there are alternative channels to search for
FB Higgs with a multi-photon signature.

> LEP has set a strong limit of  tan /3 or all values of the FB Higgs masses
up to 100 GeV.

> gg — hh  does not depend on tan /3
Will be large
gg — hA tan 7 =10
g9 — hH Will be negligible
> Dependence with  As
> In vast region of the parameter space of the FB Higgs can be probed at the

LHC as well as Tevatron
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Fermiophobic Higgs limit (4/5)

width effect on the cross section
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Higgs sighatures

> Experimental signatures for the Fb Higgs h and for A
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Charged Higgs
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Triple Higgs couplings

A.Arhrib, R.Benbrik and Cheng-Wei Chiang
Phys.Rev.D77:115013,2008.

»The 2HDM tree-level self couplings
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hAA and hhh have no MH dependence, for the other couplings
the variation over MH can change the size by about 1 order of magnitude
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Higgs signatures
Triangle topologies in SM and in MSSM

gg — H" — h'hY.
gqg — hO N hOhO

In SM
PR — 2b2b, bbrt 7~
U. Baur, T. Plehn , David L. Rainwater PRD68(2003)

U. J. Dai, J.F. Gunion, R. Vega PLB371 (1996)

hOhY — bby~y U. Baur, T. Plehn , David L. Rainwater PRD69(2004)
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Higgs sighatures (type-l)
Triangle topologies in SM and in MSSM

0 07,0
gg — H” — h”h". aM

gg — hY — hORY
hPh® — 2b2b. bbrT 7~
U. Baur, T. Plehn , David L. Rainwater PRD68(2003)

U. J. Dai, J.F. Gunion, R. Vega PLB371 (1996)

h'hY — bby~y U. Baur, T. Plehn , David L. Rainwater PRD69(2004)

We will present the profile of the light Higgs
boson in all four Yukawa type models....
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Where Is Morocco ?

We are here
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Fermiophobic Higgs limit (6/6)

> Experimental signatures for the Fb Higgs h and for A

if the decay A — HTW= is kinematically forbidden.
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Fermiophobic Higgs limit (6/6)

> Experimental signatures for the Fb Higgs h and for A

v Branching ratios depend mainly with
A5 tan3 M,

v For 10 GeV < M} <100 GeV
Br(h — ~vy) ~ 100%
and decreases with Mh

As =0
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