Elementary Particles II

SM Higgs:
A Very Short Introduction

Higgs Field, Higgs Boson, Production, Decays
First Observation
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Reminder - 1

Extend Abelian Higgs model to non-Abelian gauge symmetry:
Gauge group = SU (2)L QU (1)Y

SSB in the Standard Model :
Add a doublet of complex, scalar fields:

={50)

Q[¢+ (x)] =+1

Assuming y =1— |Q[¢° (x)] 0
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Reminder - 11

SU(2), ®U (1), Gauge transformation of doublet:

fo

Sax)r+E 00001

¢—>¢':exp{—i

SU(2), ®U(1), Covariant derivative:

D' =9" +i %T-W“—l—%yB“

— Additional term to EW lagrangian:

— D AT 2 44 i1\
Ly =D,¢'D"¢—’¢'¢—\(¢'0)
Take p*> <0, A>0:

R s
mn 2N 2 A
Pick ground state (= vacuum) as
0
<¢> , =| v |— SSB of Electroweak gauge symmetry
NG
v =246 GeV
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Reminder - III

Introduce field deviation from vacuum:
b= 1| o +io,
v+n, +in,

A 2
—>V:—Z—)\+)\v27712—|—)\v771 (012—|—022—|—7712+77§)+Z(012+0§+7712—|—7722)

V2

After properly rotating' to Unitary Gauge:
1 massive scalar: i, ,m =m, =+2\v* « The Higgs

Uit

2

2 massive, charged vectors: W=, m,, = £ B

2 A
2 12
N (8" +¢") G
2 A
— Relating model parameters to independently measured constants e,G,.,sin 0,,:

2 2 M
M, = V2 */5,62 ~775 GeV, M,=—"~884 GeV
8G, 8G, sin” 0, cos

_¥_

GF

. 0
1 massive, neutral vector: Z ,m,

M, 779
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Reminder - IV

Gauge terms of L in the unitary gauge, in terms of the physical fields:

L,+L,
— —iFW (x)F" (x) Photon
1 y 1
-3 F¥  (x)F"™" (x)—l—am;,WJW“ W= boson
1 1
_ZZW (x)z"™ (x)—i—EmEZMZ“ Z° boson
—i—(aua)(@“a) —%m,f,az H Higgs boson
+Lyy + Ly + L Gauge-Higgs, Higgs self-, Gauge self-interactions
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Reminder -V

Describing interaction between Dirac and scalar fields:

Fermion masses: Yukawa (scalar) coupling

Example: Single lepton family

Ly, =g, [\TJIL(I)@/JZR + @ZIR(I)T\IIIL] - &Z
=0 for massless neutrino

Uiy + 07|, &= [ (bb*]
—¢,
In the unitary gauge:

I - I -
LHL — __mﬂ/)l ¢l g __muld)ulwulo-
1% 1%
Lepton masses in terms of model parameters:

vgl ngl
RN

g, individual constant

(=0 in the Minimal Standard Model)
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Reminder - VI

Higgs vertexes:

2iMyN2G g W W, 2iM22G, g hhZ ) Z]

Observe: Amplitude ~ mass(fermions), mass?(bosons)
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About the Higgs Field - 1

Universal, constant field

Lorentz scalar — Same value in any frame
Higgs boson: Quantum excitation of the field

Non-standard feature:

Vacuum expectation value v = 0
Some analogy to a spontaneously magnetized ferromagnet: M = 0

Actually, more similar to a superconductor:

Quantum condensate of superconducting electrons (= Cooper pairs : The 'Higgs field' of superconductivity)
State of minimal energy: Density =0 — SSB of QED gauge symmetry

— Photon becoming massive inside the superconductor

— Meissner effect, B — 0 inside
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About the Higgs Field - I1

Energy difference between normal and s.c. state at two different temperatures

AE=a (T) |¢|2 + %b (T) |¢|4 +... From Landau theory of phase transitions

w is the Cooper pair ‘wave function” — |yf> ~ density of Cooper pairs
~f. 4
fitn r>T,

T<T

C

%d'

Below T, the minimum energy state (‘vacuum’) occurs for i = ¥, # 0, phase undefined
—U(1) QED gauge invariance spontaneously broken — Photon becomes massive — B = 0 inside
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About the Higgs Field - I1I

v ‘Higgs field’ of superconductivity: <y>£0 <> Permanent supercurrents

Superconductive state:
‘Higgs field’ = “Wave function’ of Cooper pairs

—Not a fundamental field
—’Composite’ field of fundamentals fermions (electrons)

Why there is the composite?
e-e effective interaction: Attractive (!) due to e — lattice interaction
Is the ‘real’ Higgs field a genuine, fundamental field or a composite?

Good question..No answer (yet):
Take it as a fundamental field
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Higgs Decays - I

f(ﬁ)s TQ)
Hp) . 1 m2 4m?
_____ P(H = ff) = Nog=—3 Mu(1 - 3%
H
f(73. r3)
A(pa, T2)
COH - ) — L Miv (1 4M§,)1/2(3+1M§, Mf,)
H=2WW) = i\~ 32 AL T ME
1 M} AM2\1/2 1M}, M3
—— — 94 -"H 7H
T8 —-28) 87 Myv? (1 Mf_, ) ( L 4M§ M%)

Alps. r3)
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Higgs Decays - 11
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Higgs Decays - 111

2 asd Su
g J‘Il‘r 2/ G Tﬁy
- V, d
21,2 J‘IH I tbl QS [334 —1‘1&!]2

3-body phase space factor

I'(H —- Wtb) =Ng

W= (pa, 2)
2 2
g~ 3My,
JulPs, r3) I'(H — W{, fa) =¥ 2563 My S(z)
3-body phase space factor
fal(Pa, r4)
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Higgs Decays - IV

_ g* 3MZ R(0.)
) T(H - Zff) =5 :’3 Mu S(z)——2
Rl 710 a )
— e 2 e 4
(12 9 sin” f, + 37 sin Gw)

3-body phase space factor

t-(il » ’-'ﬁ)

W
Z
24 1.2 L
Y 7 v
“' ", Z L" %Y, Z
T Y
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H Width

Entirely determined by Higgs mass: ,

1000
100 |

104

I'(H) (GeV)

fe—y
T

i
f
|
|

| My=126 GeV—1,~5MeV! 3

o.m_é _____ _IZ ____________ .? .

0.001 :

\
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H Branching Ratios -I
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H Branching Ratios -I1
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H Branching Ratios - I1I

Selecting best decay channels for detection.l

Strongly dependent on (unknown) M ,,
By taking M ,, <2M,,

Large BR > 50 % , good signature (secondary vertexes), lots of QCD background
: Large BR ~ 7 %,somewhat harder than bb (neutrinos)

Tiny BR ~ 2 107, small background, experimentally challenging

Large BR ~ 35 %, 2 jets, lots of QCD background
! Small BR ~ 3 %,small background in the 4 leptons mode

*“:Large BR ~ 20 %,sizeable QCD background in the 4 jets mode, harder than ZZ *
in leptonic modes (neutrinos)
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Detector Guidelines

Go for:

Excellent muon tracking
Excellent e.m. calorimetry

Vertexing
Large acceptance

High momentum/energy resolution

High vertex resolution

No way of directly measuring H width for M ,, <2M,

PDG (2013) best estimate: M =125.9 GeV, o,, ~ 400 MeV
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Magnetic Analysis & Accuracy
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Motion of a charged particle in a uniform magield: Cylindrical helix coaxial to B

P
r=—— r:.: m, : GeV, B: T
0.3B P
X .0 L 6 L 0.3BL
sin—-=— — —x"— >0~ —
2 2ri<2r2 2 D,
0 6 6> 0.3BL
s=r—rcos—~r|l—|1——||=r—
2 4 8 8p,
o, ., 03BL
P 8s
Take 3 measured points, with single point accuracy o B=4T,L=2m,p =50GeV :
Then: s=xB—xA—+xB—>02 :az—l—laz 2302 — 5 0'3'4'4mz£mm1 cm
2 ’ 2 2 400 100
o, o, _\Fa_ 3 08p, _ [300:64 0p, o, 50p, |7~ 100Km
- —— _— == —_— ) — 2 ~ . 2
P, s 2s 2 0.3BL 18 BL BL _>& ~30 10_420.3%_>0_M
) . g op P 1 ,—306ev
N >10, uniformly spaced points: P 283 —————
P, BL’\N +4 T i)
——L ~0.6%0 — i) >80MeV
(M)

4tracks

~ 0.6%
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Electromagnetic Calorimetry

$=2.8 (%) (GeV)? _'
N=0.12 (GeV)
C=0.3 (%)

: S ¥-".H——<l::

P AT AT R AT BT
Preshower 50 100 150 200 250
E (GeV)
End-cap crystals
7o (S, Ny o
—£ ~05% — L~ 7%
E=50GeV M . )
S: Photon statistics, shower containment
I(m) N: Electronic noise
———+~1% — o0, >130 MeV : B
< M > C: Intercalibration
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Production

I

Start from H coupling to Fermions:

-ig,m
/\ e

m
— H coupling down by a factor ~ —_

my,

Leptons: Easier to handle

Feasible ate e’ colliders ?

Tiny cross section, in view of factor

Better chance fora p p” collide

2
~410"

W

w

Compare to coupling to Z° :

Zige A
A 2costy '/‘(Vt Acvs)

as compared to Z°

Major task, several unsolved issues about short muon lifetime vs. intensity
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Production - I1

Quarks: Best bet is with b
m,
2
w

But: No b-quark beams, must rely on bb sea inside the nucleon

Factor ~ 3107 encouraging

b-quark partonic density small...
Taking H production at small rapidity y ~ 0, with a 7 TeV beam x ~107°

— Incident flux of sea b-quarks very small

:‘- 4_IIIIH\I| IIIIHT|| lIIHH'll \IHHII| \IIlHII| T 1T &-ZU IIII|'|T|'| IIII|'|T|'| II\IITI" II\II|'|T| IIlI|T|'|" TTTT
g i Q
% 3.5 Q?=25GeV?] X
= 3 ] %
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Production - 111

Shift to gauge bosons (Exclude massless photon), Top
More promising: W,Z,t mass very large

e"e” colliders

'Higgsstrahlung', 'Gauge boson fusion'

e e
Z
H
Z
X e

Ple. e"F(-0.8, 0.3). M =125 GeV

g

gb)

8

Cross section
-

900 250 300 350 400 450 500
Vs (GeV)
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Production - IV
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Production -V

e Ve
1035 T T T T T T T
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2 | - :
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Production - VI

®

pp, pp colliders

|
FT~ 1 1 -t r T o g
(. | -
t Gluon Fusion 10° ! o(pp > H+X) [pb] |
N ™ g Vs = 14 TeV ]
t ;\I'\ go — H (NNLO) ° ©
10 :_: NID/NNLO -
ET‘..‘ -
N | i
Vector boson fusion 1 b S \ _
R T \
af! e ]
10 ! qq — Hqq i
F
_2-| g
tt associated production 10 F| 29/qq — €H (NLO) 3
- ]
3! -
10 ¢! -
F 1 MRST B
Fol =]
WH/ZH associated production 10'4 PPN EPSPEIFE IR EP RPN ST AR EAErIT EPEFEPEr B
100t 200 300 400 500 600 700 800 900 1000

My [GeV]
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Production - VII

Need to convolute with parton densities... ...Results for LHC cross sections
12f 1 w0l o(pp — H+ X) [pb]
_ g = 14 TeV
E=== CT10- gluons (x 20) 2 i Vs e

10k === CT10 - up quarks - 10

\_/\ NLO/NNLO i

----- MSTWos E
o - NNPDF2.1 1 ;b ] \ !
I CT10 - strange quarks

- B
- - E
- - 4

g N o
z Q=M oL qq—>Hyq " 7---
) -2;_ o9o/qq — ttH (NLO) q

.3-

0o

- MRST
0 I 10 I T T T D B B T
10° 1074 10° 102 10" 10 100 200 300 400 500 600 700 800 900 1000
. My, [GeV]
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Results

CMS Preliminary
5]

> - T T T T = > 19000 ¥ T X e —
3 30 v Data Dec 05, 2012 | I Selected diphoton sample R
X [ 1m.=126 GeV Ns=7TeV:L=51fb" 3 & gf° i 1268 Gev) -
2 25 __ I:lZY*,ZZ \(E_ BTeV L_ 196fb —_ ‘g : ......... &91411-; Wﬂl:ﬁ'ﬂﬂﬁml :
8 Ez+X . ug_' sooo - ATLAS Preliminary ]
C - = - -
g’ 20 ; ~ 4000 :— _:
w - r . C ie=7TeV, |Ldi=481' =
15 - 2000— '
E s : - ys=8TeV. |Ldi=2071 .
B 4 & - wok A
10 } . } 4 &5
. 1 8
T IR
0 te¢,d &8 ' Y
80 100 200 300 400 600 800 ¥ o "

m,, [GeV]

6-7 o effect = Discovery

E.Menichetti - Universita' di Torino Fall 2013



