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The SM In a nutshell
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¥ SU(3)X x SU(2). x U(1)y gauge symmetries.

¥ Matter is organised in chiral multiplets of the
fundamental representation of the gauge
groups.

¥ The SU(2) x U(1) symmetry is spontaneously
broken to EM.

¥ Yukawa Interactions are present that lead to
fermion masses and CP violation.

¥ Neutrino masses can be accommodated
two distinct ways.

¥ Anomaly free.

¥ Renormalisable = valid to OarbitraryO high
scales.
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SU(2)x U(1ly

Experimental evidence, such as charged weak currents cougbnly with left-handed fermions, the
existence of a massless photon and a neutrdl. .., the electroweak group is chosen to be
SU@)L! UQ)y.

1 1
I 1 _ 11} I I 1 . + 11} I I —_ I + I
L 2(1# 5)! I R 2(1 5)! ! e+ IR
! # ! #
1 . #, 1
L|_ T _(1# ||5) e $ — eL $ eR T _(1+ ||5)e
2 e e 2

¥ SU(2).: weak isospin group Three generators=$ three gauge bosonsW?!, W2 and W?,
with gauge couplingg. The generators for doublets areT? = $2/ 2, where$? are the 3 Pauli
matrices (when acting on the gauge singleer and #, T2 " 0).

¥ U(1)y: weak hyperchargeY. One gauge bosorB with gauge couplingg'.
One generator (charge)Y (! ), whose value depends on the corresponding Peld.
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SU(2)x U(1ly

Following the gauging recipe (for one generation of leptonsQuarks work the same way

L, :iI?LIDLL+ib{9RID!eR+ianDeR

where
. I .
DV = "HI igWHT'! ig’ (2#) T':% or T'=0 i=1,2,3
L! " Lkin + Lcc + LNC
L, = iB TL +ilag!!er+ier! er
L. = gW1@L%$—LL+gW2|@L%‘§LL_%WJ@L%$+LL+#%W; B S L,
- %qu%eL+#%wuq%!L
! !
Lve = gWS[beL%l!eL! ﬂ_%eL]+%BMIIY(L)(beL%!eL+@L%eL)
+Y(!er) Ber %W !er + Y(er) B8R W €R
with
# $ # $
szﬁi_ Wi $ W $t = 2 $ls ig?
2 2
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SU(2)x U(1ly

We perform a rotation of an angle!y , the Weinberg angle in the space of the two neutral gauge
pelds Q/fo and B;;). We use anorthogonal transformation in order to keep the kinetic terms
diagonal in the vector Pelds

By = Apcosty ! Z,sinly

3
Wi

Aysinlyw + Z, cosly

! ! ! !
Y

Lee = WIH gsin"w Ts+ g cos'w 5 I A+ B1H gcos'y Ts! ¢ sin"w > 1 Z,
= ePIHQ! A, + BIHQ,! Z,
where Q7 Is a diagonal matrix given by
e # $
= : T:!'Q sin®"
QZ COS"W Sln"W 3 Q W
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SM charge assignment

SU@B) SU@) U@y Q=Ts+ ¥

| ! H ! H
" uL n CL " t|_ g
QL = $ $ $ 3 2 L :
dv SL b. | 2
Ug = UR CR tr 3 1 4 2
le = dR SR hQ 3 1 ' % ' %
| | ¥ H
LI — Tl I eL $ " I lJ.L $ Tl ' L $ 1 2 ' 1 O
eL ML "L 1 1
e, = er UR "R 1 1 | 2 11
! iR - L er LR IR 1 1 0 0
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Masses

Gauge invarianceand renormalizability completely determine thekinetic terms for the gauge

bosons
— 1 (VU 1 a !
Lyvmy = | ZB”! BH | ZW“! W

B¥ = 1HB'1 I'BH

a LLWR T T W2+ g Wy, W,

The gauge symmetry doeNOT allow any mass termsfor W* and Z.

Mass terms for gauge bosons

1
Losss = = M2 Ay AF

N

are not invariant under a gauge transformation
I 1

AR " U(X) A”+|§!“ u' 1(x)

However, the gauge boson®f weak interactions aremassive(short range of weak interactions).
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Two SubtletiesE

Actually, the story Is bit more subtle than this...

¥For U(1) the apparent gauge violation of the mass term Is irreleva
The basic reason is that quantization implies a gauge fixing. This is C
be easily seen by taking the limit of the=!0, "0, vI# , With
"v?=M? and ev=m fixed, of the Abelian Higgs model, which then
becomes a free theory of two massive scalars and one massive ve
boson. This vector boson can then be coupled to fermionic matter. T
Is called theStuckelberg mechanismHowever, for SU(N) this does
not work since the selfcoupling of the fieltD .
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Two SubtletiesE

Actually, the story Is bit more subtle than this...

¥One can still reals the gauge symmetry in a non-linear way, as
gauged non-linear sigma model. In this case one groups the golds
bosons into a triplet $ whose interactions are described by

-

v- .
L= ITI'{D“‘Z )'D 2

With  DAS =93 +i(g/2)a- WHS —i(g'/2)So*B*  and !=exp(io-7/v)

. - _ [0}
For the fermions one writes ,_ —mF3 |.._ | |[frtHe
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The unitarity bound

WL ZL
WL ZL

L VL s

v

HESEP - July 2018

ap |

S

D2

SM;s

11

[Chanowitz, Gallard.1985]
[Appelquist, Chanowitz,1989]

Inelastic tree-level amplitudes
for longitudinal W and Z and
fermions violate unitarity at a
scale:

' Ewse = 8lv

Our effective description
contains information on where
It IS going to fall.

Only case we know of where
unknown physics has to appea
below 1 TeV.
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BEH mechanism

We give mass to the gauge bosons through thBrout-Englert-Higgs mechanisnt generate mass

terms from the kinetic energy term of a scalar doubletPeld ! that undergoes a broken-symmetry
process.

Introduce a complex scalar doublet:four scalar real Pelds

! #
|+
| = v $ 1)y =
| o ¥ Y()=1
% &
Lhiggs = (Dyul) (DY 1 v 1
i |

DH = "H| igWi“#?! ig!%B“

0 0
v/!ol&z !pZ!!+$/f’!8Q, us,$> 0

¥ The reason whyY () =1 is not to break electric-charge conservation.

¥ Charge assignment for the Higgs doublet throughQ = T3 + Y/2. The potential has a minimum
In correspondence of
2 2
|| |2 — U'_ 1 V_
2% 2

v is called the vacuum expectation value (VEV) @f the neutral component of the Higgs doublet.



BEH mechanism

Expanding ! around the minimum

! # | 0 !
+ + N, wiron &
1= " ! ¢ _ " ! $ — J.i_exp #i$ (x) 0 $
10 v+ HOO + 1 ()] 2 v v+ H(x)
We can rotate away the pelds$ (x) by an SU(2), gauge transformation
| #
. " 0
I(x)" 1 (x)= UX)( x) = L $
2 v+ H(®X)

SR
whereU(x) = exp # 2

\Y

This gauge choice is calledinitary gauge, and is equivalent to absorbing the Goldstone modes
$'(x). Three would-be Goldstone boson®eaten upO byhree vector bosons(W?* ,Z) that acquire
mass This is why we introduced a complex scalar doublet (four elmentary pelds).

The vacuum state can be chosen to correspond to the vacuum expectation value
! #



The Higgs potential

The scalar potential | . | "

Vi o =1p? b+ 11
expanded around the vacuum state
# %
I( x) = 2 g 0 &
2 v+ H(x)
becomes | )
1° !
V=3 22 H? + IvH?3 + ZH4+const
¥ the scalar beldH gets amass
m2 =21y ? vi = pé/!

¥ there Is a term of cubic and quartic self-coupling.

Note: this means that "3 = "4=" In the SM. To have (independent) deviations of the
trilinear or quadrilinear, one needs to deform the potential with a BSM hypothesis.
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Vector boson masses and coup

: / O 1| n
| “gv 2 o + g2 V2 H
(DF®) D@ = S1PHEH + 28 ‘Wi w 2z, 1+

2

1
u+§

¥ The W and Z gauge bosondave acquiredmasses
I

2.,2 02 + 2 V2 mz
m2, = &V mz=29"9 ¥ _ M
4 4 cog |
From the measured value of the Fermi constantGg
# 3, v
Gk g 1 1
— = — — == vV = ~ 24622 GeV
V2 22 my V2Gk

¥ the photon stays massless

¥ HWW and HZZ couplingsfrom 2H/v term (and HHWW and HHZZ couplings from
H?/v? term)
2mg, 2 1 gmg

m
W W HH + —27HZ H = gmyw W W H + 2
! Vv H JIimw Wy 2 cos! v

LHVV = ZHZHH
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Fermion masses and coupling

A direct mass termis not invariant under SU(2),_ or U(1)y gauge transformation

I 11}
mf"f’ = Ms 'ﬂR' L+t !ﬂL! R

Generate fermion masses through Yukawa-type interactiongerms

Lvukawa = ! !E@Li" d::zj! !El"dei" :_j # %
o W e w1l v H(X)
1T @™ cug +hec c=i"2" = §$ . &
1118 e +h.c

where Q’, u' and d' are quark pbelds that are generic linear combination of the mss eigenstates.

anddand! ,,!4and! . are 3# 3 complex matricesin generation spacespanned by the indices
and j .

M=
2
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Higgs couplings

imyg /v

ingguV —
2ivg,, - My [v°

mz

*g cos Oy Juv =

: 2 /2
2ivg,, - my /v

—3iv-m; Jv°

1. The coupling to fermions Is
proportional to the mass.

2.The coupling to bosons Is proportione
to the mass squared.

3.Four-point couplings HHVV and
HHHH are also predicted from the
gauge symmetry and the structure of
the Higgs potential.

4.Couplings to photons and gluons are
loop (Vs and quarks) induced.
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The Higgs restores unitariy

2
wy S S, M
VRV V2
fL — 2
TV SMi 4 SM; | M;
1 V2 v2 2
fL""'H- V\JZL

SM is a linearly realised gauge theory which valid up to arbitrary high
scales (If my<<1 TeV).
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Vacuum stability

The one-loop renormalization group equation (RGE) for ! (M) is
!

- [ 1] 1 $
d! (W) 1 o 3 4 37 5 o 4 2, 3, 2, o 2
— 12! — — < 1 3hy ! 3lgetl = ' 6!h
Tog ? = 1672 +5gt s g ‘13ig?1 21 P g% +lh
where
m; = —ht; m2 = 2! V2

This equation must be solved together with the one-loop RGEs for the gauge and Yukawa
couplings, which, in the Standard Model, are given by
| "

dg(p) _ 1 1_993

dlog p2 3212 6

dg' (1) L 410

dlog p? 3212 6

dgs (1) 1 # 38

dlog p2 3202 ° 5

dhe (b) %y, 0o, 17, . °
t 7.3 2, J 2 Ll 12

dlog |12 3az ' 8kt 20t 50

here gs is the strong interaction coupling constant, and the MS scheme is adopted.

Solving this system of coupled equations with the initial condition
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Vacuum stability

It can be shown that the requirement that the Higgs potential be bounded from below, even after
the inclusion of radiative corrections, is fulblled if! (1) stays positive, at least up to a certain
scalep ! I, the maximum energy scale at which the theory can be consideed reliable (use

e
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"ective action).

- [ | T T T T | T T | T T | ] ﬁn r I I I T T I I I
[ m, = 174.3 Ge¥ | - '
B ] 2
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I This limit is extremely sensitive to the top-quark mass

The stability lower bound can be relaxed by allowing metastability
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The future of the Universe

The fate of the Universe depends on 1GeVin m | .
[Degrassi, et al. O12]

180

Z e 1010
200 | . WF
> -~ Meta=stability -
> S P 4
S 150 = 175
-3 Z @
% 100 S
& | g 170 .
= ' D ]
50 - 3
; &
of 165 !
115 120 125 130 135
Higgs mass M,, in GeV Higgs mass M, in GeV

M
Vi(M¢) = 0.93587 + 0.00557<Getv | 17315) ...+ 0.0020@Q,

1tOs the Yukawa that enters in this calculation.
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http://arxiv.org/abs/arXiv:1205.6497

Naturalness

Apart from the considerations made up to now, the SM must be considered as an effective
low-energy theory: at very high energy new phenomena take place that are not described by the

SM (gravitation is an obvious example) = other scales have to be considered.

Why the weak scale (" 10? GeV) is much smaller than other relevant scales, such as the Planck
mass (# 10'° GeV) or the unification scale (# 101® GeV) (or why the Planck scale is so high with

respect to the weak scale = extra dimensions)?

This is the hierarchy problem

And this problem is especially difficult to solve in the SM because of the un-naturalness of the

Higgs boson mass.

As we have seen and as the experimental data suggest, the Higgs boson mass is of the same order
of the weak scale. However, it’s not naturally small, in the sense that there is no approximate

symmetry that prevent it from receiving large radiative corrections.

As a consequence, it naturally tends to become as heavy as the heaviest degree of freedom in the

underlying theory (Planck mass, unification scale).
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Naturalness: example

Two scalars interacting through the potential

2 2 "
vy M2 MBS " # ey Sg0
2 2 4! 4! 4
which is the most generalrenormalizable potential, if we require the symmetry under! I'" |
and! !'" 1. We assume that M2 # m?2. LetOs check if thisiierarchy is conserved at the

quantum level. Compute the one-loop radiative correctionsto the pole massm?

I " I
M 2 7 2 2 2
s oo m me< $M M=
mpoIe = m (IJ- )+ 3204 IOgF 1 3204 IOQF 1
where the running massm?(u?) obeys the RGE
dm*(u?) _ 1 # ,$
dlogp2 3298 me+ SV

Corrections to m? proportional to M ? appear at one loop. One can choosg® $ M 2 to get rid of
them, but they reappear through the running of m?(p?).

HESEP - July 2018 23 Fabio Maltoni



Naturalnessxample

The only way to preserve the hierarchym? ! M 2 is carefully choosing the coupling constants
Im2" "M?

and this requires Pxing the renormalized coupling constarg with and unnaturally high accuracy

IV
D~

This is what is usually called the Pne tuning of the parameters.

The same happens if the theory is spontaneously brokem{? < 0, M2 # |m?| > 0).

Therefore, without a suitable Pne tuning of the parameters,the massof the scalar Higgs boson
naturally becomes adarge as the largest energy scale in the theory. This is related tole fact
that no extra symmetry is recovered when the scalar masses vanish, agontrast to what happens
to fermions, where the chiral symmetry prevents the dependence from powers of higher scales,
and gives a typical logarithmic dependence
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Naturalnhess in the SM

The Higgs mass Is renormalised additively. Using a cutoff the regularization :

2 _ 2
My = Mg

3!

Putting numbers, one gets:

L 1 qu

|
10TeV

(125GeV)’ = mg,+ ! (2TeV)? + (700 GeV)? + (500 GeV)?
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Naturalnhess in the SM

loops

tree

mH2 ~ (125 GeVYy

top W/Z Higgs

] l =2
2 — 2 + | E ~+ - + 2 :
(125 GeV) mg o (2 TeV) (700 GeV) (500 GeV) 10TeV
Debnition of naturalness: less than 90% cancellation:
l+ < 3TeV — top partners must be OlightO
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Review questions: SVa

1. What are the hypercharge assignments of the fermions in the SM? Can you explain in an elevator ride
the anomaly cancellation mechanism in the SM? And its implications?

2.1t is often said that a mass term for a gauge boson violates the gauge symmetry. What is the usual
argument? Is this really true for an abelian gauge group? Is this true for non-abelian gauge group? Why?

3.Can | write a "SM" for which is SU(2)xU(1) invariant, yet does not contain the Higgs beld? If so, how? Is it
unitary?

4.1f a mass term for the fermions is introduced that does not respect the EW gauge symmetry, at which
scale the model will end to be valid?

5.What is the mass of the Goldstones in the SM? What is a shift symmetry? Can you describe the
mysterious analogy of the SM EW sector with QCD at low-energy?

7.List the options that exist to give mass to neutrinos in a renormalizable way and by adding higher-
dimensional operators.

8.Debne as a OSM portalO a combination of SM belds which is a gauge singlet and has dimension less than
four. How many of such portals do exist?
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The Higgs boson

1.The scalar excitation of the Higgs field
with respect of the EWSB vacuum.

2. My=125 GeV

3. Width = 4 MeV

4. Weak couplings to SM particles Oproportional" to the magscan
radiated by heavy particles

5. QCD and electrically neutrab interactions with gluons and photons only
through loops, it does not radiate.
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Higgs couplings

i oo rTer oo rrer —
> 1t ATLAS and CMS Mo _oMe _Mh _ 05
g - LHC Run 1 Mmp, My
8
Ll -1
> 10 E 2l
Elu r=2"
107 E SM logarithmic spiral
¢ ATLAS+CMS
I SM Higgs boson
107 — M, €] fit 1  ¥Measurements only on vector
68% CL : bosons and 3rd generation fermions
95% CL 1 ¥We donOt know the couplings to
10%4 S 2nd and 1st generation
10~ 1 10 102 ¥ We donOt know the self couplings

Particle mass [GeV]
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Higgs decays

3 ™
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Higgs decays

1 [ ! I ! [ | ! !

I IIIIIIII

ggs BR + Total Uncert
o

—
Q
N
I IIIIIII|
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! T | I ! | | [ !

/ .
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140

160

o _fg ra GFmQNci

12 I'(h — — foe 33
(h—=f[) o

77 _:§
- Br = \/l—élmfc/m,?z
—— 7 3G g\ TN
| Th—a@= 4\/§Wm3(mi)mhﬁj (1 5672 )

>~ ¥ H! bb dominating decay mode

g \'4

180 200

M,[Gev] ¥ H! tautau second mostimportant one

¥H! c csmaller because of the quark mass running!
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Higgs decays

-5 1 :_ I I I I I I | | I I I I | | | IV\/IV\/l I | I _: g 3g4mh ]\/—[W
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& 47 13 1
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Higgs decays

BN
(=)

w
*u
T
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- |
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{s=8TeV |Ldt=207f"

3gtmy, . ( Mw
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| ) ( ) 51273 (mh
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* g mp 2 4 17
I'(h— Z77) = 7T— — i Fl=2).
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47 3 1
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¥ 4| channel has been the discovery mode
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¥ 4| channel has the possibility of spin and CP analysing
the Higgs couplings to VV.

34
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Higgs decays

t 1__[ I | | I I | | I | I I | | I I I | I I I__E
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+ ]
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Fio(1q) = =274 {1 + (1 — Tq)f(Tq)] .

2m? m
Fijo — m_Qq log? (—q> for mn >>mq

h Mh o
ar  OOOOD0) ttp
4
Fl/Q—)—g. fOrmq >>Mhn , J>____
by OOOODO t—q
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In this case, this means that the loop calculation has SERELEEEEE e
to give a Pnite result! ¢ ——
by BO0000 =
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In this case, this means that the loop calculation has
to give a Pnite result! ¢ ——

LetOs do the calculation!
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In this case, this means that the loop calculation has SERELEEEEE e
to give a Pnite result! ¢ ——
by BO0000 =

LetOs do the calculation!

1T

1 dmy ad¢ TW

iA =1 (1 igs)?Tr( t3t°) )7 Den

(i)°eu(P)er (q)

where
Den= (121 m3)[(! + p)2! mZ("! g?! mf]
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4

H — gg abne loop

In this case, this means that the loop calculation has SERELEEEEE e
to give a Pnite result! ¢ ——
by BO0000 =

LetOs do the calculation!

S lamg  d% T

A . N2 b (2405 A3

iA =1 (1 igs)?Tr(t3t?) 2 Dar () eu(p)e (q)
where

Den= (121 m))[(! + p*! me(1! @)?! my]

. . . . 1 _2;1dx; e dy

We combine the denominators into one by using  xg¢ ~ . . [Ax+By+C@! x! y)

1 ' 1

Den 2 dx dy[!2! m2 +21 &(px! qy)®’
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H — gg abne loop

We shift the momentum:

I'=1+ px! qy RG] t+p
1 - 1 ¢ —_— —
— 1 2 dxd .
Den y[!! 2" mg+ MaxyP® by OOOOTO ‘=g
Fabio Maltoni
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H — gg abne loop

We shift the momentum:

"= 1+ px! qy . TTTTOON -+
1 - 1 14 —_-— —

— 1! 2 dxd .

Den y[II 2" mtz + |\/||?|Xy]3 by OOOCO0 t-q

And now the tensor in the numerator: L

TH =Tr | '+ m)"*(+ p+ m)('! g+ m)")

— 4 .Ll! 2 | 2|M|?| M p! M
= 4my g (mt.€.7)+4€€ +pq

where | used the fact that the external gluons are on-shell. This trace is proportional
to mt ! This is due to the spin RBip caused by the scalar coupling.
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H — gg abne loop

We shift the momentum: P
"= 1+ px! qy wn TOCCOON, (40
1 - 1 ' - —
— 1 2 dxd .
Den y[II 2" mtz + M I?I Xy]3 by OOOCO0 t-q

And now the tensor in the numerator:

TH =Tr | '+ m)"*(+ p+ m)('! g+ m)")

— 4 .Ll! 2 | 2|M|?| M p! M
= 4my g (mt.€.7)+4€€ +pq

where | used the fact that the external gluons are on-shell. This trace is proportional
to mt ! This is due to the spin RBip caused by the scalar coupling.

Now we shift the loop momentum also here, we drop terms linear in the loop
momentum (they are odd and vanish)
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H — gg abne loop

We perform the tensor decomposition using: v
. » TEOOO0) +
DL S DL |
k21 C)m _ d9 (k21 C)m . —-
by OOOO00 0=
So | can write an expression which depends —

only on scalar loop integrals: q

. 2¢m? o, A A L
iA = | gsvmt !ab (2#)d dxdy gp. m2 + nl?2 d + Mﬁ (Xy | é)
, ' 2dxd . .
+pl g1 4xy) 4 (D)™ (q).

(121 mZ+ M2xy)3 "

ThereOs a term which apparently diverges....??
Ok, LetOs look the scalar integrals up in a table (or calculate them!)
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H — gg abne loop

dvk k? i @+ o —
1) (k21 C)3 ~ 32!2(4!)' RS “u  TOOO00) L+p
ddk 1 | | " 1!
(2! )9 (k2! 0)3:! 32 )T )C . | j>+_
by BOOOO0 tq
where d=4-2eps. By substituting we arrive at —
a very simple pnal result!! ‘
A(gg! H)=" Sl g" M5 p o ” dxdy. . $(P$ (9)
| "V 2 mZ " m3 xy A
Comments:
* The Pnal dependence of the result is me : one from the Yukawa coupling, one from the
spin 3Ip.

* The tensor structure could have been guessed by gauge invariance.
* The integral depends on mt and mh.
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Higgseffective coupling to gluoi
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Higgseffective coupling to gluoi

LetOs consider the case where the Higgs is lighi

m? M 2 X C1" 4xy
(gg! H)= v #a 0" —-" P dxdy 27 M2 xy

$(p)E (9).

| 2
mp My S#ab g Ma | P %(p)$ (g). %&%,

SY 2 99999,/
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Higgseffective coupling to gluoi

LetOs consider the case where the Higgs is lighi

lsm? . M2, 1" 4x
A(gg! H)=" fvt#ab ¢" —-"pdt dxdy s mzyxy $.(p)S (9.
t H
I| H ! | | M2 | %{)%\
"R S ¢ S P Si(ps (). -

2 99999,/
This looks like a local vertex, ggH.
The top quark has disappeared from the low energy theory but it has left

something behind (non-decoupling). Any heavy quark coupled as in the
SM to the Higgs boson gives the same contribution.
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Higgseffective coupling to gluoi

This Is an effective non-renormalizable theory

(no top) which describes the Higgs couplings
to QCD.

1" lsH _,
121 2 GH G
4 3" v .

2% LA H"(p, po)
ks

pivo HY (p1,p2) = 9" prap2 ! pip5.

ST, -Agf VY (g paps)

VE (p1, P2, p3) = (P! p2) g% +(p2! pa)t'g +(ps! p1) g,

(B Paivc

T IJ,' H _ " F- # B
Xied = favefcae(d” g7 ! g™ g )

g . L H 7
P":'E];G'ﬁ'ﬂ'ﬁ'ﬂ'ﬂ%ﬁ_ﬂ_:_@_:ﬁ_ﬂ_: ] A X + f acef bde(glJ g l g” g )

) s U OO Vo

S “H: adef bce (9“ gp o gupg )

(c) P C
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Low-energy theorem

In fact, there is a very elegant trick to obtain the loop-induced Higgs couplings to
photons and gluons. 1tOs simply based on the fact that Higgs couples to the masses of the
particles running in the loop in a linear way, and the resulting coupling to the Higgs at
zero momentum can be obtained with a shift

v v+ h lim Amp(Xh) = m 0

A X
pp—0 v Om mp(X)

For example, calculate the vacuum polarisation for a gluon (see FrancescoOs lectures)

5k

j k |2
A B . 2“." t a b I
() ! I O
i ) (T°7%) 32 1og 2

One obtains the expression for the Hgg vertex by deriving:

| (s
i(pPg" 1 pHp')o?P = s
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Low-energy theorem

For the H-gamma-gamma vertex one has to consider the loops of top and WOs
(transverse and longitudinal), obtaining

| | o 4 12
i(p°g™ ! php) (7 NCQ$§)I09

Qo (21 4)1 A?
O -
ar' 4 3/ 082

v2

= —i(p°g" — pt'p¥)

Exercise: Using the formulas above check what is the expected rate (= sigma * Br) for
diphotons at the LHC (from gluon fusion) in presence of a fourth generation.
Hint: The result is rather surprising!

Sao
mo
20
OQ-
;‘T
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Higgs width

¥Summing up all partial widths one obtains a total width of about 4 MeV.
Very narrow! How can the width be measured?

1.Interferometry : gf

go—h(125 GeV)-»yy
6 _| T T I T I T T I T k I T T T T T I T I_
- ( \ I’ \ -l LML AN B B N BN AL I BN BN NN AN L RN BENL BN BNNL LR ¢
——- BW

—

I S
4= int p \

= Fll Int ! \

[ Interference % »

do/dmyy (pb/GeV)

-0.02 -0.01 my, 0.01 0.02
Myy (GeV)

nice feature: model independent

HESEP - July 2018

d O.sig
M.,
d O.int

dM,,

d O.sig
dM.,,
d O.int

dM.,

P

S
TOE T S~
(M2, —m3 )R+ muylyl

B (M2, —m$)2 +myuTy e, [~ CgCy

_'FH

— WI/(QmH)
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Higgs width

¥Summing up all partial widths one obtains a total width of about 4 MeV.
Very narrow! How can the width be measured?

9
2.0n-shell/Off-shell : gg!ZZ! 4leptons /
’ ? - l4I—1epton roducticl)n I S Lutls I\/sl=fl3o ITeV
| A(gg = h) | A(h — ZZ) |? / [ e 3

gg - 4leptons(cont)

(g9 —>h—2Z7) rv/ds

(s —mp)? + Lmj;

gg - 4leptons(total) —

g

% =
h’lQ 7712 l‘EQ m2 < Bl
¥0On-shell: 6(99 = h— z2)™ ~ o(h)7 (M) S
mnl'n 0L i
2( ) w2 AF 3

¥Above: 699 — h— ZLZL)™"" ~ / 4510 ) 3 \
| A[Z 107 e ll(l)Or 2(|)0 I I 5(|)0 — IIOIOO 200!

my[GeV]
Jabove/aon_peak ~ 1y beware: model dependent
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Summary: Higgs decays

¥A 125 GeV Higgs boson has (seems by

£ qC | | ] g chance) a wealth of decay channels that make
S F bb Its phenomenology very rich.
= |
§10'1 ﬁ. _ 2z & ¥ It is a very narrow state Gamma/M <<1.
+ ‘ Z
% - CC ~ -
310_2—_ ) ¥ Diphoton and 4l Pnal states offer the cleanest
il - signatures, yet with the smallest rates.
- A Zy ]
107 . ¥ SM predicts an invisible width ZZ ! 4! for
u LLLL . the nggS
7 N
| I | I \ | | | |

120 140 160 |l\1/|801c3 200 ¥ Hadronic bnal states are difbcult at hadron
1 [GeV] colliders because of the backgrounds. These
will be easily accessible at e+e- colliders.

4 1 1
1080 100
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Higgs production at the LHC

Vs= 13 TeV

IIIIIII I T
o

s
LHC HIGGS XS WG 2016

LAY L

11 IIIIIII

| IIIIIII| | lIIIIIIl | lIIlIlIl l IIIllIll | lIIlIIll | lIlIIlII LI

1073

llllllll Illllllll IIIIIIII| llllll"l

1 1 lllllll | | | I S -

20 30 100 20 1000 2000
M., [GeV]

b
o
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The LHC master formula

\\§/ short distance

> HF

_ 2 A2
|y = dx1dXz f (X1, UE )fo(X2, ME) ! Bapr x (X1,X2," s(M3), Qz ’ Qz )
b O HE HR
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Higgs production channels

q

Weak-Boson Fusion

p q V 2 E‘W P — b
I f ) tﬁ_ _

Higgs Strahlung ttH bbH
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Higgs production channels

¥Gluon fusion: Loop-induced yet the largest production channe
Theoretically where most of the efforts have gone to achieve precision. |
known at N3LO in QCD and NLO in EW. Contribution of the loops frol
the bOs around -6%. H+1 jet probes the loop structure. H+2jets backgt
to VBF and sensitive to CP properties of the Higgs interactions.

50

‘ ] ' : ’ : . . LHC @ 13TeV T T T
e &= | 0.12 LopTH o
V=ig=le e
- :.,.:.g’ /] NLO
‘ O. 1 odeted N N LO
KX vk
e s\
© 0.08 55
B RRRK
Q sty VI
et BRI 7
‘ L 0.06 e\
I : 4 Q. KKK
I | | e} ;%7/
1 [9) XS .
| - S 0.04 S
‘ otete i
20— . : N | o
F 1 | ‘ @ i\
; 0.02 | 4 e
- | vy
: * . - . L - l‘ vesdderd & e |
10 0.5 1 2 O L 1 AR
iy 0 50 100 150 200
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Higgs production channels

e Vector boson fusion. Large, even though it Is ¢
electroweak process, because of the initial state
tOs the brother of VH and of H to 4 leptons (pro
the same couplings In different regions). V'
Interesting signature with two jets forwards and

QCD radiation in the central region of the detew?®;

Now known at NNLO in QCD and NLO in EW.

1 I 1 1 ) L I ] I ) 1
my=120 GeV, p;>20 GeV

0.3

0.2

1;‘"" do fld:‘rrul

=
—

HESEP - July 2018 51

104 F

1.1

08 L

do/dpy ;, [pb/GeV]

09 |

LO
NLO ]
- NNLO 3 1
e POWHEG = 1

&
2 pe - E

= VBF CUTS
e LHC 13 TeV |

=2
-8
S_S
= 2

NNPDF30 nnlo_as_118 cﬁn _
IJo(Pt n/2 <HR IJF<2ﬂo(Pt H) 8

[

20 40 60 80 100 120 140 160
Ptj, [GeV]

Fabio Maltoni



) &
Higgs production channels

 VH: Drell-Yan like, WH and ZH. At e+e- main production channel (onl\
for ZH). ZH receives also contributions from gg channel through or
loop gluon-gluon fusion. Known at NNLO in QCD and NLO in EW. ItO

the channel through which we detect H to bb, typically at high-pt with
boosted Higgs.

o ttH/bbH: directly sensitive to the to Yukawa couplings. ttH just observe
by CMS and ATLAS. Critical to understand the quark sector. Known
NLO in QCD and EW.
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The big news:Top-Higgs Interact

| | 1 | I 1 | | 1 I | | 1 | | 1 I | | I | 1 1 | l 1 |
ATLAS e Total [ | Stat. Syst. — SM
{s=13TeV, 36.1-79.8 " ¥CMS and ATLAS results
Total  Stal. Syst presented at LHCP.
iH (ub) —— 079% oz (% oz, 2053) ¥ Both collaborations had to
H (muttilepton) | 156+ 04 (3 92 4 ox) combine channels to obtain
the sensitivity necessary to
H (yy) == 139+ 0% (o3 % of7 ) claim an observation.
HZD P ¥ All possible adv%nced tools
were used (MCOs at NLO,
Combined e 132+ (2 (£0.18,% 7% ) AMVA, MEM,E)
| | | | I | | | | I | | | | | | | | | I L1 | | I L1
-1 0 1 2 3 4
Ou{ Oy
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The big news:Top-Higgs Interact

Why iIs it so important?

¥We have proof that t and H strongly interact.

¥We have broken the degeneracy

D O00000—»——
v > T3
e OO00000——€——

and therefore we can add a point there
without additional assumptions*

* This measurement opens the way to the
determination of the Higgs potential at

the LHC.
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The big news:Top-Higgs Interact

Why iIs it so important?

¥We have proof that t and H strongly intera

£> 1-'arLAsandcms 00
2 | LHC Run1
S

¥We have broken the degeneracy

e> 107
L C

- i z
Devs T g 28

and therefore we can add a point there

¢ ATLAS+CMS ]
------- SM Higgs boson

1073

: L : * 4 — [M, ] fit
without additional assumptions = 68% CL
. [ ]95% CL
* This measurement opens the way to the B T
determination of the Higgs potential at Particle mass [GeV]

the LHC.
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The big news:Top-Higgs Interact

Why iIs it so important?

¥We have proof that t and H strongly interact.

¥We have broken the degeneracy

— TR —>——
v > TR
A TR0

e

and therefore we can add a point there
without additional assumptions*

g ,-H
* This measurement opens the way to the t L o’ g
determination of the Higgs potential at ! NN
the LHC. g ~H
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The big news:Top-Higgs Interact
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¥We have proof that t and H strongly interact.
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Higgs production channels

 VH: Drell-Yan like, WH and ZH. At e+e- main production channel (onl\
for ZH). ZH receives also contributions from gg channel through or
loop gluon-gluon fusion. Known at NNLO in QCD and NLO in EW. ItO

the channel through which we detect H to bb, typically at high-pt with
boosted Higgs.

o ttH/bbH: directly sensitive to the to Yukawa couplings. ttH just observe
by CMS and ATLAS. Critical to understand the quark sector. Known
NLO in QCD and EW.
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Higgs production channels

 VH: Drell-Yan like, WH and ZH. At e+e- main production channel (onl\
for ZH). ZH receives also contributions from gg channel through or
loop gluon-gluon fusion. Known at NNLO in QCD and NLO in EW. ItO
the channel through which we detect H to bb, typically at high-pt with
boosted Higgs.

o ttH/bbH: directly sensitive to the to Yukawa couplings. ttH just observe
by CMS and ATLAS. Critical to understand the quark sector. Known
NLO in QCD and EW.

e tHj : Unigue SM process where t
VVH and ttH couplings appear
the same time (lkke H->gamn
gamma) probing the relative sign
the Interactions.
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Review guestiorndiggs &

. Determine the scaling of the partial widths of the Higgs with respect to the Higgs

mass and the Pnal state particle mass for fermions and vector bosons.

. Calculate the width of a pseudo-scalar into two gluons at one-loop or via the EFT.

. List the most salient features (size, typical signatures, backgrounds, coupling

iInformation, status of the predictions) of the each of the main production mechanisms
for the Higgs boson at the LHC.

Brainstorm on other Higgs subleading production mechanisms at the LHC. Imagine a
reason why the could be interesting/useful. Guess-estimate their cross sections brst,
then check it with an automatic MC tool.

. Brainstorm on how new physics could modify the couplings of the Higgs to the SM

particles. Make a list of simple modibcation/additions to the SM and determine how
the couplings, production and decay of the Higgs would be modibed.
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