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_of the Higgs boson 2

1964 - Higgs mechanism (P. Higgs and others)
1967 - The Standard Model (S. Weinberg, A. Salam)

2000 - End of LEP/ Higgs boson not found

2007 - Start of LHC | 3 yearslow lumi L = 3 104 pb-1
{3 years high lumi L = 3 10° pb!

2010 - First signal of Higgs boson at LHC

2014 - First measurements of Higgs boson propierties

(mass, width, decays, couplings, etc...)

1964 - 2014 = 50 years
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Why do we need a Higgs boson 3

e Because we want the Standard Model to be renormalizable

e Because we don‘t want Goldstone bosons (spin 0 massless

particles)

“From today’s perspective, it may seem odd that so much attention was focused
on the issue of renormalizability. Like general relativity, the old theory of weak
interactions based on four fermion interactions could have been regarded as an
effective quantum field theory which works perfectly well at sufficiently low energy
and with the introduction of a few additional free parameters even allows the
calculation of quantum corrections.”

S. Weinberg, The making of Standard model
( CERN, 16 — Sept — 2003 )
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.-e know experimentally? 4

Direct searches at LEP Loop corrections - LEP observables

My < 219 GeV

My, > 114 GeV (sensitive to Aa, M)

100 200 500 1000

Only mass window left
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Theoretical Hints

A\ = Scale for new physics beyond the Standard Model

G0 ¢

experimentally
allowed region —™™™™
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triviality
limit

Vacuum
stability
limit

/\ seems to be very large
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t
h
h 2 2 2
------------ m,= my(o) + om,
—
h loop corrections
ase mass
/\ = scale for new physics
3 m A beyond SM
om,= [— L — =03A
V2 A A, = ew scale = 244 GeV

l > m, = A
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-ut: loop cancellations 7

The SUSY Scenario p

_l:‘O_h + ,:' p= spin 0 top partner

exact SUSY - dm, =0
broken SUSY - Agysy 01 TeV to avoid fine tuning

The Little Higgs Scenario

t
h O h n Q T = spin %2 heavy top

M(T) ~ 1 TeV to avoid fine tuning
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—Jduction at LHC: mechanisms 8

gluon-gluon fusion Associated prod. (W) Associated prod. (t)
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W/Z fusion (VBF) Associated prod. (Z) Associated prod. (b)

q — - 9 ~ g 000000000, b
leg _______ h [— h
g > > q H\ g 200000000 ——— |
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-duction at LHC: Cross-sections 9
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Example
m; = 140 GeV

prod. o(pb) |events/year
gg-h 25 250 000
WW - h 4.0 40 000
h W 1.2 12 000
hZ 0.6 6 000
htt 0.2 2000
hbb 0.3 3 000

low luminosity
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_ching ratios 10

Example
my = 140 GeV
e decay | BR(%)
W W* 50
b b 33
VAV 6
g9 6
E TT 4
cc 1
vy 0.2
S(IJO T IIOUO
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" Experimental signatures :

my, = 140 GeV my, = 180 GeV
gg - h -y gg - h - WW*
h - z22z2* - 41 h - Z2zZ*

gg - tth - ttbb

dqg - qqh - qgqW W* dgqg - Gggh - qqw w*
. qqTT

XXXII IMFP The Higgs boson at LHC Alicante — March 3"



-nal significance

12

[Ldt=30m"
(no K-factors)

ATLAS

o

H — vy
B ttH(H — bh)

A °H - 22" = 41

H — ww'"

4 qqH — qqrtr

/_\

— Wy

qgqH — qg ww'"

Total significance

Significance S = _N (signal)

V N (bkg)

L = 30 fb! = 3 years/low lumi

Discovery 0 S>5

5
;
=
=
5
2 102F
E%:u
1 1 I 1
100
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140

160

130

1 zm 1
my, (GeV/c?)

m, =140 GeV | m, =180 GeV

Yy 3 WW* 9

tt bb 1 ZZ* 7
ZZ* 7

qg WW* 9 | qq WW* 13
qq Tt 5

total S 13| total S 17
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-on searches in VBF 13

forward jets

e g e \
1 qz y'd
W,z < ______. h @ s
’ D
- - '\@ / @
Q3 Q4 oo

higgs decay products (leptons)

Signature:

- 2 high p; jets with large Key issues:
rapidity gap ’
- no hadronic activity in
central region

- trigger
- tagging of fwd/bwd jets
- central jet veto
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h decays: h - WW=* L /viv

2 leptons
- TTU - /VV/IVV

ATLAS trigger: In|] < 2.5 in all cases

-

e pr > 25 GeV
single leptons <

vl pr > 20 GeV

ce p; > 15, 15 GeV
dileptons 4 m p; > 10, 10 GeV

L eu pr > 15, 10 GeV
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- Forward jets 15
[ [
Calorimeter coverage: In] < 4.9
I
n0.05 - 1 0 0.08
= - — Higgs signal me= eV e B = - — Higgs dgnal my,=160 Gev/<*
;0 4 i --:{tiackg(iou:'\d e :8 - ; : --_tt background
:EE'O r t TR s $ 8% ) s s ;go.os — '{I
go.os o 06 |— . g i .‘: Ll'u
: : oo | £
002 [~ 04 | [
r B ¢ -
- - 0.02 Rt
0.01 O 0.2 j :: ]
0 t-lr‘*'lelrw IR B \h_:LT"I-ﬂ-.‘ 0 - | | 0 ; M N \_:_1"‘1—4 L
-4 2 0 2 4 0 2 4 0 2 4 6 8 10
n L Am
Events with 2 jets Efficiency for rapidity gap
with pr> 20 Gev ~ reconstructing jets cut An > 3.8
with p> 20 GeV
jet veto | Nho events with a third jet
with p+> 20 GeV in central
region (|n| < 3)
T W N U
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-econstruction 16

h—) WW* —>€1V1€2V2
Request 2 leptons + p; (miss) > 30 GeV
only M{(h) can be reconstructed

¢ M2 = (Eq(£6) + Ex(w))? = (Pr(t6) + Pr(w))?

Er(¢0)? = pr(0)? + m(eey?
Er(W)2 = py(W)? + m(W)2

Vv, Pr(miss) = M((4)2

Transverse plane
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Example: M, = 160 GeV

_: Selection and bkg’s

17

Selection:
jeTS <

leptons <

I p+(j;) >40 GeV and p+(j,) > 40 GeV
_ An> 3.8

-

No jets with pr> 20 GeV and |n| < 3.2

pr(/;)>20 6GeV and p(/;)>156eV and |[n| <25

_ + angular correlations

missing energy: |py(miss)| > 30 GeV

Signal vs bkg (only ep channel)

o(fb) Signal | 1+ WWs+jets Z/y* + jets| total bkg
before cuts | 29.6 | 6073 14.2 6.0 -
after cuts 3.8 0.7 0.3 - 1.0
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Example: M, = 160 GeV

do/dM, (fo/10 GeV/c?)

XXXII IMFP

h e

1 Higgs signal my=180 Gev/c?
7 7 background

1 tt + Wt background

E= Www background

All cuts except
lepton angular
correlations

do/dA (fb)

M; < 175 GeV

= q) 1 Higgs signal my=180 Gav/c*
- T 7 background
1 -
- [t + Wt background
- B wWW background
0.75 |—
0.5 |—
025 —
0 ———
0 2 3
CUT A ¢ (rad)

Signal vs bkg

/10 GeV/c?)

~0.75
[,

do/dM
o
[4)]

0.25

o

18

|A(PM| <1

Higgs signal m,=160 Gev/<*

O\I\I‘\I\\‘II\\‘\I\I‘I\\

50 100 150 200 250
2
M; (GeV/c?)

All cuts including
lepton angular
correlations

The Higgs boson at LHC
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I_epton angular correlations 19

h
W- W

- @ -

comle M o fm
Y n m oy

) spin 1 spin 1

s .
weak interaction particles 4_—> p
> {

e

is left-handed s

antiparticles .ﬁ»_>|3’

> lepton angular correlation
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-* : Signal significance 20

Example: M, = 160 GeV he WW* e/ ee+ /0 j

L =10 fb!
E (%)
50 GeV < M; < 175 GeV T acun _qE W
5 U F oK) L pyris pred for i bocher
expeted events | Signal | bkg | Signif. | 3 ATLAS
ho WW* eu | 42 12 8
. > ee+ Ul 40 14 7
. = L 24 | 18 | 5 o |
-Significance calculated using
Poisson statistics
- Significance includes small T o w e m
my, (GeV/ch)
I .
S ASUTION UFE) g — b LA Significance > 5 for My, > 130 GeV

after L = 10 fb! (1 year low lumi.)

Total significance = 11
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h- TT -4, VV/i{,VV

Request 2 leptons + p; (miss) > 50 GeV

in this case M(h) can be reconstructed

m, =0 BVI ] )\Egl
p\)2 = )\pﬁz

6miss = |_5v1 + |_5v2 = )\ll_jll + )\ZE;Iz

can be solved in the transverse plane

(2 equations and 2 unknowns, A; and A,)

Transverse plane
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- Selection and bkg’s 22

Example: My, = 120 GeV

Selection:

" pr(j) > 50 GeV and p+(j,) > 30 GeV
L |An| > 4.4 No jets with pr> 20 GeV and |n| < 3.2

jeTS <

i pr(e) > 15 GeV |n| <25

lep'l'onS <
p+(1) > 10 GeV

} 2 leptons required

missing energy: |py(miss)| > 50 GeV

Signal vs bkg (only ep channel) 110 GeV < M(tt) < 135 GeV

o(fb) Signal | t+ WWs+jets Z/y* + jets | total bkg
before cuts | 5.6 | 2014 18.2 11.6 -
after cuts | 0.27 | 0.03 0.02 0.19 0.24
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b signalvs bikg

Alicante — March 3"

23
ey channel (L = 30 fb1) ’h channel (L = 30 fb!)
> g EF T | 3 " B
& - _ = 2 B — M, =130 GeV/c?
\n 7 . I:I mH—IZO G’EV: U 40 — m E\}le+QCDij
E 6 E _E g - B ttbar
. A 3 £ |
4| ] t, WWEW- ©F
3 .h _z 20 ;
2 A o b
1 niE N
i =
0 = 0
80 100 120 140 160 180 100 150 200
m_ (GeV) m_. (GeV/c?)
o(fb) Signhal | bkg
ho T -ep 0.27 | 0.24
. — ee+ Ul 0.27 | 0.22
A 052 | 0.27
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- . Signal significance

Example: M, = 120 GeV

L = 10 fb-!
110 GeV < M(11) < 135 GeV
expeted events | Signal | bkg | Signif.
ho IT - ey 4.6 3.9 1.3
. > ee+ Uy 45 3.6 1.3
.- lh 85 | 4.2 2.3

Poisson statistics

-Significance calculated using

- Significance includes small
contribution fromgg - h - &

Total significance = 3

Signal significance

24

ho TT - ep/ee+pu/ Ch

10

10 |

5 [Lat=10m" 4 qqH — qqu
» A VBT, combined
r (no K-factors) O VBF, +7y+ ttH(bb) + ZZ'
ATLAS
all searches

ho 1T

B qqH — qq ww'"

h- WW*

h- TT useful if M, <

100 120 140 160 180 200

m,, (GeVic’)

130 GeV
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I The Higgs boson in MSSM 25

« MSSM = Minimal Supersymmetric Standard Model
{ h, H = scalars

* Higgs Sector = h A H H" H A = pseudoscalar
W_J W—I
neutral charged
mass hierarchy : my < My < My
Tree level : mzh « M3 cos 2B < M3

Only 2 free parameters = m,, tan 3
Loop corrections: mf, < Mz cos 2B + (M, M,, W, X, m@)

many free parameters - various scenarios
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- MSSM Scenarios 26

t has 2 partners ( FR , F,_) which can mix

via the mixing parameters U, X,

The heaviest eigenstate is called Mg ,oy = Mg

maximal m, _scenario: X, = 2 Mg u=-200 GeV
No mixing scenario: X, =0 u=-200 GeV

In both cases, all other free parameters fixed:

M, =1TeV (Stop mass)
M, = 200 GeV (Gaugino mass)
my= 800 GeV  (Gluino mass)

Many other scenarios are possible
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| LEPResults (1) 7

Direct production limits

e'e” » hZ o Osin® (B - a)
e'e” » hA o Ocos? (B - a)
h-bb, T+ T

my > 91 GeV

Rather scenario independent

Indirect limits

g
1 x @rimen’ral
£ . limit

tan B tan B, tan B

excluded regions (m, — ©)
m, - max scenario: 05<tanf <24
No_mix scenario: 0.7 <tan B < 10.5
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L Lepresuts (2 .

m, - max scenario

LEP 88200 GeY Preliminary

Q. | _ |

. N
: T ; o :' .. -:3.\\-. N
| ' AR :
R N = §
: Nmﬁzmﬁw %
MOV 0 ev \

N

N T
o

3 100 200 300 :
m . (GeV/c™) m,, (GeV/c™)
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-trategy at LHC 29

e use m,-max as benchmark scenario
— |ook for large tan B values
e use SM channels to look for h
— reinterpretation of results in M,-tan 8 plane
e In addition to h, look for A
(and if possible also for H?, H*, H")

A couplings | 1/tanp (u) . h (SM) couplings
to fermions | 5n 3 (d,1) to fermions
g 000000000 ————b 7 U
o ——- A A

9 000000000 /— b

production decay
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-d performance at LHC 30

I
A exclusion plot Search for h, A, H, H*, H"
Q30 @50 October 2002
g Sa) N\
30 30 %
20 20% \
10 10 § &&
9 - g |
8 b 8 F
7+ 7E
6 6 F
5 5 (AN
4 | 4 & R P i
3 5
= 7707 B
2 E /%‘
. = //72 3
- %
- 7
] |ﬂ:—|||||%ﬂ|| | : . .
50 100 150 200 250 300 350 400 450 500 100 200 300 400 500 600 700 800 200 1000
ma (GeV) ma (GeV)

—> Max m,, scenario can be excluded at LHC
(But over large m, - tan B region only possible to find h )
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XXXII IMFP

EEEREINGrE exotic scenarios .

gg — h suppressed

h - bb, Tt suppressed

mh - max || gluophobic || || small ¢ ||
M, 1TeV 350 GeV 800 GeV
X, 2 M, - 750 GeV - 1.1 TeV
L | -200 GeV - 200 GeV 2.5 M,

Even more exotic scenarios

h = %0 x? (stable neutralinos)

— invisible Higgs

— look for channels with Iarge.éT

The Higgs boson at LHC
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WRBBREEEEGH For boh production .

ME approach (2 - 3) Shower approach (2 - 1)
g - 3 _b b

g ------- h D h
g - - b b

o(s) = /d:rld:z:gfg(ml)fg(:rg)agg(sxlzrg) o(s) = /dCL'ldJZbe(IL'l)fb(152)0'55(358152)

Spira, Krdmer, Dittmaer Dicus, Stelzer, Sullivan, Willenbrock

LO LO, NLO
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--ction for bbh production 33

LO

0 = [ dxdx, fi(x)f;(x;) Oy(sxx))

NLO

hep-ph/0309204

f=1kx Q) 0;=0;(Q?) Dittmaer, Kramer, Spira
< qq, 99 - bbh at NLO
AN
d Shower
g 2000 . —r—r—r T
o)
| T pp — bbH + X [fb]
| Vs =14 TeV
i 1000 | M,, = 120 GeV .
I L, =my+M,/2
i 1] :
i MNLO
| e
I \-M"-\.
2 Q2 200 | — ey
, MA reduced | Tl
Qp = factorization scale at LO
Qg = Renormalization scale B 5 a P A
%{: Q% — QZ L,
o N N N
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. Conclusions 34

‘ Subtle is the Lord, but not malicious’

A. Einstein

If the Higgs boson does not exist, let us
hope that there is something very similar.
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