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Gauge Symmetries

Sebastiao Fonseca Studying Higgs production at the LHC and future colliders



Gauge Symmetries

Example: U(1) gauge symmetry on a Dirac field

L=V (iy'd, -m)v Y(x) — e Mw(x)
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Gauge Symmetries

Example: U(1) gauge symmetry on a Dirac field
L=V (iy"g,-m)V W(x) - e My (x)
= L=V (Y9, -mV + Uy () V

We have to redefine g, — D,,, with D,W — e @)D, W(x)
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Gauge Symmetries

Example: U(1) gauge symmetry on a Dirac field
L=V (iyd,-m)WV W(x) - e My (x)
= L=V (iy"0, - m)V + Uy (d,a) ¥
We have to redefine g, — D,,, with D,W — e @)D, W(x)

D,V = [8, + igB,| V¥ B* — B* + Bﬂ_a(x)
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Gauge Symmetries

Example: U(1) gauge symmetry on a Dirac field
L=V (iyd,-m)WV W(x) - e My (x)
= L=V (iy"0, - m)V + Uy (d,a) ¥
We have to redefine g, — D,,, with D,W — e @)D, W(x)

D,V = [8, + igB,| V¥ B* — B* + aﬂ_a(x)

- - 1 -
L= 10y9,V —mb¥ — 2 FF,, ~ gBy U
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Gauge Symmetries

Example: U(1) gauge symmetry on a Dirac field
L=V (iya,-m)w V(x) - e ™y(x)
= L=V (iy"0, - m)V + Uy (d,a) ¥
We have to redefine g, — D,,, with D,W — e @)D, W(x)

DV = [5,, + igB”] v B* — B + M

- - 1 -
L= 10y9,V —mb¥ — 2 FF,, ~ gBy U

But mass terms for the fields, such as m®B, B, break gauge symmetry.

m?B*B, — m*B"'B, + SB“(?#Q(X) + é&"a(x)a,,a(x)
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Spontaneous Symmetry Breaking (SSB)

1 1 1
L=3(0'9)(9u8) = V(9) 5 V()= z1°0" + 729"

]
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Spontaneous Symmetry Breaking (SSB)

1 1 1
L=3(0'9)(9u8) = V(9) 5 V()= z1°0" + 729"

\ i L ¢
™ __,»/ .. / \ ',/’J
r-_; - i
(250 <0
1 1 2\ 2 3 1 4 1 4
¢(X) = V+h(X) == L = E (al‘h) (6ﬂh)— 5(2/1V )h —Avh —Z/lh —|—Z/1V s

The h(x) perturbations have mass m = v21v
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The U(1) Higgs Mechanism

. 1
L= (D"¢)" (Duop) — Plgf* — Alp|* - 27"
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The U(1) Higgs Mechanism

. 1
L= (D"¢)" (Duop) — Plgf* — Alp|* - 27"

Introducing perturbations ¢(x) = \/lé (v + h(x) + ix(x)).

1 1 1
L= (0"x) (O.x) + > (0"h) (9,h) - AvPh? + égzsz/‘Bﬂ +gvB, &'y +(...)
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The U(1) Higgs Mechanism

* 1
L= (D"9) (Dut) ~ P10 ~ Al* ~ 2 FFp

Introducing perturbations ¢(x) = lz (v + h(x) + ix(x)).

1 1 1
L= (0"x) (O.x) + > (0"h) (9,h) - AvPh? + Egzsz/‘Bﬂ +gvB, &'y +(...)

Performing the gauge transformation B, = B, + jaﬂx.

L= 5 (@) @,0) =K + SGEBB, +(..)

The B field now has mass mg = gv.
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Higgs Production Processes

There are four main production processes for the higgs: gluon fusion, top anti-top
fusion, vector boson fusion, and vector boson bremsstrahlung.

Of these, gluon fusion (ggF) is by far the most important, and it will be the focus
of this project

9 BTETECLEEY] t q
gg fusion:: t >—' H® WW, ZZ fusion :
t
9 9900909000

9 1

i wZz
tt fusion : s H® W,Z
2
9
bt HO

W, Z bremsstrahlung

He

1
o
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Gluon Fusion at LO

There are two Feynman diagrams at leading order, both with the same amplitude

g g
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Gluon Fusion at LO

There are two Feynman diagrams at leading order, both with the same amplitude

E g
----- H -----H
E g
_ (g+Ki+m) (g+k+H+m) (g (g+m)
= ’f(z ’gs'}’,u ) (q+k)Z- ( 19syy kI)SZ( T ki + ko)2 — m2 (_'Emw)’qz_mz
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Gluon Fusion at LO

There are two Feynman diagrams at leading order, both with the same amplitude

E g
----- H -----H
E g
_ (g+k1+m) . (g+k+H+m) (g (g+m)
= ’f(z ’gs'}’,u (q+k1) ( 19syy kI)SZ( T ki + ko)2 — m2 (_'Emw)’qz_mz

! , (d* [
= o (V2GE) masTH(T°T%) &} mzq = 5‘1 =
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Gluon Fusion at LO

There are two Feynman diagrams at leading order, both with the same amplitude

E g
----- H -----H
E g
_ (g+k1+m) . (g+k+H+m) (g (g+m)
= ’f(z ’gs'}’,u (q+k1) ( 19syy kI)SZ( T ki + ko)2 — m2 (_'Emw)’qz_mz

1 : , (d'q Tw
- 4—n(\/§GF) masTr (T2T°) &e} = 5‘1 B,

T =Tr[(g+ m)yu (g + ki + m)y, (g + K + Ko + m)]

"

Sebastiao Fonseca Studying Higgs production at the LHC and future colliders



Gluon Fusion at LO (cont.)

Since gluons are massless, they only have transversal components, and we can

introduce the transverse projector, Pr,, = 1,, — k;fff; without losing any
information.
s deFPr, with Feipe [(99_To
8 v ’ = = . .
172 Tu 47 in? DOD1D2
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Gluon Fusion at LO (cont.)

Since gluons are massless, they only have transversal components, and we can
. . _ K1, kay
introduce the transverse projector, Pr,, = 1,, — without losing any

ki.ko ?
information.
v . 1 v d4q T,UV
— 8/'1182FPTHV ,Wlth F= ZP{;- i7r_2DOD1D2~
Now square the amplitude and sum over all the initial states of the gluons.
— 1
2= Y FP1.,
MF = 32881 §(V2Ge)m Z Z f

pol. a,b=1

8 @V v
Z(PTHVUIJ nﬁPTaﬁFg)zs(P{;' PT/JVFZ):4F2
4 4

a=1
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Gluon Fusion at LO (cont.)

Since gluons are massless, they only have transversal components, and we can
. . _ K1, kay
introduce the transverse projector, Pr,, = 1,, — without losing any

ki.ko ?
information.
v . 1 v d4q T,UV
— 8/'1182FPTHV ,Wlth F= ZP{;- i7r_2DOD1D2~
Now square the amplitude and sum over all the initial states of the gluons.
— 1
2= Y FP1.,
MF = 32881 §(V2Ge)m Z Z f

pol. a,b=1

8 Y v
Z PT.an” nﬁPTaﬁ F2 -8 P¢ PT/JV F2 _ 4,__2
a=1 4 4

So the expression for total amplitude squared is

\/EGFG?S

2 2
3022 M F

= MP =
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Result for the Amplitude

F=2m+ m(4m2 - m,ﬁ) Co (ki, ko, m)

( ) —m—22 arcsinz(\/g), p= ‘tnizz > 1
CO k1,k2,m = H 2 H
1_2(|og(1+_ v1-p)_,-ﬂ) , p=14m o
my 1=Vi-p my
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Result for the Amplitude

F=2m+ m(4m2 - m,ﬁ) Co (ki, ko, m)

Co(k1,k2, m) = 2
1 1+ ; _ 4m?
w2 Iog(1 F) in) . p_mig<1
— V2GraZm
2 il
IM| _WA()

with

2
2 _ Y
Alo) = o (1+(1 p) arcsin (\/:)), . p>1
1 .
p2(1—j¢1— ||0g 1+ﬁ) m‘), p<1.
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Amplitude Plot

0.5 1.0 15 2.0

Figure: Plot of A (p) for quark masses from 0 to 2my

IMIR ~ 150 MP |2
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Cross Section at LO

Miar = D" MT = [Migrall® = 2MI? = 4] M

quarks
. of 1
1+ (1 —p)arcsin -
P

2
2 4
V2Gragmy, ,

|Mtotal|2 = 3227_[2 P
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Cross Section at LO

Miar = D" MT = [Migrall® = 2MI? = 4] M

quarks
2
- V2GraZm? 1
M 2 — S'""H 2 1 1- . 2 -
IMiotall a2 P + (1 = p) arcsin 5
The cross section is
1 d®p

—_— 71' —_—
(2m)*  Motal® = ?5(3 = mﬁ) IMiotall?
H

O part =

2s J (21)32p,
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Cross Section at LO

Miar = D" MT = [Migrall® = 2MI? = 4] M

quarks
2
1
1+ (1 - p) arcsin? -

T part = l f ﬂ(Zﬂ')‘thmt&lﬂz = L‘S(S - mz)lMtotaI|2
P 2s J (2r)32pg m2, H

a 2 2
O total = %A(p fdyf[\/:exp(y)]f{\/@exp(—y)]

\/_GFQS my 2

|Mtotal|2 322 2

The cross section is
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Computational Results

Ihixs 2 - configuration
my = 125GeV, ug = 62.5 GeV, ur = 62.5 GeV
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Figure: Plot of the cross section as a Figure: Plot of the relative contributions
function of the collision energy of each order as a function of the

collision energy
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Computational Results (cont.)

Vs=8Tev
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Figure: Plot of the cross section result
for various PDFs at 8 TeV
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Figure: Plot of the cross section result
for various PDFs at 13 TeV

Studying Higgs production at the LHC and future colliders



Conclusions

NHoyy = BRi .y X |77y X 48107 + 0ra7ey X 20.7fb71] ~ 1000

> 10000~ T T T T =
8 £ ATLAS B
N e e Data20114+2012 i
5 C SM Higgs boson m, =126.8 GeV (fit) |
£ C Bkg (4th order polynomial) ]
9 so00— —
w E Hoyy J
Aﬂﬂﬂ; -
C Vs=7Tev J‘Ldl -48f" i
2000 -
[ ¥s=8TeV J-Ldl =207 6" |
o o ; ; ; ; : =
o 400E- E
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. I + . Siay a4t v (]
2 gl F T 40T RS S ARFAS S
c
g -200 &~
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Conclusions

NHoyy = BRi .y X |77y X 48107 + 0ra7ey X 20.7fb71] ~ 1000

> 10000 T T T T T =
8 £ ATLAS B
N e e Data20114+2012 i
5 C ——— SM Higgs boson m =126.8 GeV (fit) ]
£ . Seq e Bkg (4th order polynomial) ]
9 so00— —
w E Hoyy J
Aﬂﬂﬂ; -
C Vs=7Tev J‘Ldl -48f" i
2000— -
[ ¥s=8TeV J-Ldl =207 6" |
o o ; ; ; ; : =
o 400 E- =
hel 300E- =
2 200E- + ' E
[y 100E- + E
. I + . Siay a4t v (]
2 gl F T 40T RS S ARFAS S
c
g -200 &~ -
w 1 10 120 130 140

1somW[Gev]o
Future Circular Collider (FCC)
NHoyy = BRi_yy X[ 01007y X (0.2 - 2)ab™"| ~ (0.32-3.2)x10° per year!
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