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LHC papers =

ATLAS < April 2021

detector « ~ 1000 papers;
8%

> 100 papers/year;

[arbitrarily] divided into 8 subjects;

heavy ions
7%

bSM searches > %;

in the future [probably]:

e

> slower rate (dominated by stat +
sys.);
> more bSM.

[NB too boring to repeat it for CMS,
but must be very similar]

exotica :
20% Higgs
16%
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* few examples only;

e only show the results;

* no unfair comparison
ATLAS < CMS;

e analyses in progress,
no attempt to follow
the frequent updates.

NB. SppS and Tevatron
are pp, LHC is pp.

However, no difference
within the accuracy of
this plot.
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The LHC leaves us with the deepest mathematical pb:

Dissertori, ECFA '13

> - 0
7 \

number of already number of general state of (our)
searches interesting/exciting
deviations from
SM predictions

Understanding the scalar sector of the SM
will help us grasping what lays beyond the SM

C ooz i)

NS — |

The scalar sector of the SM and beyond
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"Simple" explanation:

Inclusive differential jet cross sections,
in the central rapidity region, plotted as
a function of the jet transverse
momentum.

Results earlier than from the Tevatron
Run 2 used transverse energy rather
than transverse momentum and
pseudo-rapidity n rather than rapidity
y, but p; and y are used for all results
shown here for simplicity. The error
bars plotted are in most cases the
experimental stat. and syst. errors
added in quadrature.

The CDF and DO measurements use jet
sizes of 0.7 (JetClu for CDF Run 1, and
Midpoint and kT for CDF Run 2, a cone
algorithm for DO in Run 1 and the
Midpoint algorithm in Run 2). The
ATLAS results are plotted for the antikT
algorithm for R=0.4, while the CMS
results also use antikT, but with R=0.5.
NLO QCD predictions in general
provide a good description of the
Tevatron and LHC data; the Tevatron
jet data in fact are crucial components
of global PDF fits, and the LHC data are
starting to be used as well.

Comparisons with the older cross
sections are more difficult due to the
nature of the jet algorithms used.

10*
10°
10?

d?c/(dp_dy)[nb/(GeV/c)]

LHC results: jet spectrum

HEHH

PDG
2016

pp and pp
45 GeV < \s < 7 TeV
(ISR, SppS, Fermilab, LHC)

s CMS (pp at T TeV, lyl<0.5) antikt algorithm R=0.7 L-i E X
[} ATLAS (pp at 2.76 TaV, lyl<.3) antikt algorithm R=0.8 A % i A e
ATLAS (pp at 7 TeV, lyl<0.3) antikt algorithm R=0.6 } A l‘
v CDF (pfF at 1.96 TeV, 0.1<lyl<0.7} Midpoint algorithm i I AX
& CDF (pp at 1.98 TeV,0.1<lyl<0.7) k_algorithm .§ Iim‘ N
A DO (ot at 1.96 TeV,0<lyl<0.4} A
O GOF (p at 1.8 TaV,0 1<ni<0.7} .Ii ‘!‘
[} DO {pFF at 1.8 TeV,0.1<inl<0.7} 4 A
DO (pfF at B30 GeV, Inl<0.5) %
e GDF (p at 546 GaV,0.1<Inl<0 7} Iim itS on !‘ "
A UAZ (pF at 630 GeV, Inl<0.85) . ‘;
A UAT (pTF &t 630 GeV, Inl<l.D) phyS|CS bSM ,L
i RE07 (pp at 45 GeV, Inl=0) ? '
¥ RB07 (pp at 63 GeV, Inl=0)
L 1 11 | | | | | | | |

—k
-

p; (GeV/c) 10°
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LHC results: o running

0.35

a LN T
T decay (N°LO) Ha+
low Q? cont. (N°LO) +e—
DIS jets (NLO)

Heavy Quarkonia (NLO)
ete” jets/shapes (NNLO+res) H+
pp/pp (Jets NLO) H=H
EW precision fit (N*LO)—e—
pp (top, NNLO)

PDG 2020, an update
of the plot shown in
PP-§6, with many
more points.

015 -_ ...................................................................... —
01 F : -
: Easmzzjfzo.llwio.omb Q [GeV] Y
005 b— it 0t i
] 10 100 1000
11N_—2N ?
aS(Q2)=a5<Q§) 1+ocs(Q§) : In = ; N.=3;, N=3->4->5-6.
12m Qg
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= 800F 1 3
l 700F 1
n E—— NNLO+NNLL (pp) [ 1
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* technically a difficult analysis (secondary
verteces + leptons + multijets + £;);

* agreement ATLAS <> CMS and QCD <> data;

[as seen in PP-§3] pp larger at small \s, but
pp similar when \'s increases, due to gluon
dominance in PDF at small x;

e another perfect agreement, textbook-like.




LHC results: nice SM rare processes (1) =

only diagram at tree level for some very smart analyses; interested readers are kindly invited to look at
the Prague 2020 material, e.g. the talk of Bogdan Malaescu.
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LHC results: nice SM rare processes (2) =

~N

q q >t
q \% q \% I Z/H/"gold-
) : stone"
W I W Wi W
t ’ gt t s e+ L
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ATLAS Preliminary
[ Theory
@ Measurement

* the "heavy flavor/boson" sector:
> tt (QCD);
> single top (ew) [example below];

—h
o
w
T 1T

NNLO+NNLL N

\
\
‘Q@
%&}
|

,z-*ﬁ{:}
o

Total production cross section [pb]

102 =43 ﬁﬁﬁfémm —

> WW, WZ, ZZ (ew); i r NNLO % y

L. e i o

* shown vs \/s; - = =

_ NNLO
* notice: - LHC-XS (N°LO ggF) -
> LHC "sees" well at the pb level; pp — WZ

» H is not very different from ZW / 100 pp— H _

WW / ZZ channels, neither as \I/ NNLO .

mass, nor as o, nor as Vs -

dependence; T \p‘? —:) ZIZ | 1 ! 1 | 1 1 L ] 1 L 1 | L ! 1 | 1 1
 SM (gpm + pQCD + ew) works well. 4 6 8 10 12 14

\s [TeV]



Standard Model Production Cross Section Measurements
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CMS Preliminary

8 7 TeV CMS measurement (L < 5.0 fb™) CMS
8 8 TeV CMS measurement (L < 19.6 fb"l)

i 13 TeV CMS measurement (L < 137 fb’

- Theory prediction

% & 4 CMS 95%CL limits at 7, 8 and 13 TeV

, o [pb]

fﬁ

—
o
™o
R Bhdii BREL A FRBLLL, BLALLL, FELL, PRA
(AR, S smmea - e W e O
b a

Production Cross Section
o —
L o

. —
3 3
w o

I I I | | [ = 1 I i i l
10 'w'z mzﬁm’wzzzmmmm 222 Wy vy Wy ?wsﬂiﬂwsquéw ‘EWEWwE‘zz ", Wty 12 0z by uwttuggHVBF'vH‘szH tH' tH HH
EW 2y Wry: ficducial with W—stv, Z—Il, lze Th. d'.n in exp. Ao

All results at: http://cern.ch/go/pN;7




LHC fits: Rosetta stone of the SM fit o

= Global EW fit

J. Haller et al., arXiv: 1803.01853 [hep-ph] : "Comparison of & Measurement X it
the fit results and the input measurements with the indirect determinations B RAER A ERARS RARES AR RAAS LR
in units of the total uncertainties. Analog results for the indirect M, : i
determinations illustrate the impact of their uncertainties on the total Tl biree e v b b by
uncertainties. The indirect determination of an observable corresponds to a 3 2 4 0 1 2 3
fit without using the constraint from the corresponding input measurement." (o] -0)/ 6,

l.e. (see the example for M,, ) :
* Oyp ' €xp. measurement; =0 £ 0, girect/ Otot
* O :result of the complete e.w. fit *;

* O girect : €-W. fit, with all meas, BUT the plotted one;

* Gop :erroron O, (stat ® sys @ theo); roughly speaking:

* Opt Oexp @ Oingirect: * blue width : error of indirect fit;
Then, for all quantities: orange displacement : how

* bluestrip (O girect — Oingirect ) / Otot T Cindirect/ Otots much a point moves its fit;

* orange strip : (O, grect — Ofit) / Oror * Ot/ Orors orange width : error of full fit;

* points ! (Oingirect = Oexp) / Otot T Oexp/ Ot points : uncorrelated wrt blue;

points / err : pull.
"@" ="in quadrature"; [a lot of info, main result:

* the e.w. fit gets (using higher orders) m, m,, couplings, SM = ok — all within errors ]
fermion masses; then all e.w. quantities can be computed.

Paolo Bagnaia - CP - 5b




* in the past the main
interest was:

> predict unseen particles
(top, Higgs) via rad.
corrections;

> [possible deviations
from SM];

now the fit is much over-
constrained: look for bad
pulls = physics bSM;

however, good agreement
(see figs.), textbook-like.
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e

. —

—b—‘
+_
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LHC fits: m, vs m,

The LHC version of an old plot: m,, vs m, ¢ ... and fear (hope ?) they move apart;

for few values of my; * it would show that m, is inconsistent

* supposed to be very sensitive to physics with the other masses — the 125 GeV
bSM (and to exp. mistakes !); particle is NOT the SM Higgs.

e watch the blue and green ellipses ...

I I I | I I I I | ‘
68% and 95% CL contours il
) o m, = 172.47 Gev
I Fitw/o M, and m, measurements I -- 6 =046 GeV

h Ny
Fit w/o M, m and M, measurements i ~— 0= 046 ©0.50,  GeV

i 7
Direct Mw and m, measurements

T T T T
“ m, comb. + 15
I

|III‘

|M~|||||

M, comb. + 16

80.35 M,, =80.379 £ 0.013 GeV o —:
keep improving !!! [ .
: 80.3 —
[especially m,, !!] I ]
80.25 /mb‘“ ,{L‘JGB ﬂ,c)QG%: ) &:t%eb _
' w ’:’ \1\7\/ W g »\\’\‘:_/, |i: |
| | | | | | | +/ 1 | | L"‘ I i | | | | | | | | | | I_

140 150 160 170 180 190
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Measurements Results of the EW fit
¢ LHC 68% confidence levels
~—— PDG
—— LEPEWWG
== Gfitter

= Gfitter incl. direct searches

The prediction from SM fits and the e

direct observation vs year for: ;:' 250

* my, the Higgs mass (indirect data 200
from LEP, Fermilab, LHC, direct
observation at Fermilab+LHC)); 150

* m, the top quark mass (ditto for 100
i.d., d.o. at LHC).

50
200 T T T T T T T T T T T T T T T T 0

%l - 1 1

O 1\

E"' 190 — I.‘ ]
180 [ —
170 f'— —
160 = Results of the EW fit ]

- x)f_\ | Measurements 68% confidence levels
- 1 Tevaton ~ PDG 5
150 — | . $LHC -~ LEPEW WG -
- / & Gfitter, incl. M, ]
Cf | 1 | } Tevatron T LHC (sea(ret:hlgs or |rneas) .
| | | | | | | | | | | | | | | | | | | | | |

140 1995 2000 2005 2010 2015

Year

Why show these plots ?

* irrelevant for physics, which is independent
of discovery time and method;

e NOT for parochial feuds ("who really made
the discovery ?");

.. but to give confidence on the quality and
reliability of the fits;

.. which however require a lot of tech. skill
(... and are less convincing...)



the MSM Higgs

* [the symbol g, means that in the slide the
value of the mass of the Higgs is unknown e N
and may vary: IVB (W43, 2)
> for didactic reasons, ‘/WVW\M
> [because the analysis is still in progress, ] : H
> because of a possible larger H sector :

5§ pt
* [at least] one H boson in SM; f (a,q,8%)

* just one Higgs in "minimal standard model" H
MSM [MSM assumed in the following]; '

[> 1 in theories bSM, e.g. in SUSY: h, H, A, HY] \_ Y,

charge : 0; spin : 0; J° = 0" [other H may have
different g.n.];

N>

Ly = (Du0) Dyt —V(9) —En F*

in MSM directly coupled with all massive

- - ' Dy¢ = 3¢ + ied, ¢
articles, i.e. all but vy, g, v's (if massless);
Y

B = GuAy — A,

it behaves like a normal particle (with exotic Ir § V@) =apte+ e

couplings): it is produced, it decays, etc etc.. 35
Pre

Ot a<0, >0

]
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H(MSM): potential V,

e ) ~ . .
Define the SM parameters (as in PDG 2020 §11): L ~246.6 GeV (indep. of m,);
m.;® =125 GeV —

Vii(9) = 1200+ A(9"0)" + e 2

-1/2 ex m .
V, =0 ¢(V,=0)=v=1/—p* /A :(ﬁGF) ; A =—1~0.128; NIRRTy
L neither
2 2 _ 4.2
m; =2A0" =-2u°; exp z%zSS GeV. ;h;or. CI&;Z:;
: gZUZ : (g2+g.2)02 m\zN : 2
My =—— M;= — o M, =0; 4 . )
4 4 cos“ 0, To test the SM couplings, redefine
2 2./m%>=m> g. and g, with "modifiers" «'s:
g="" 065 g'="VN": w035 f Y
L L mf mf
coupling = u gf = Kf —
L o™ = —g Yoy H+3,8,V V'H+[...]; L L
2 2
V=W/Z; §, =1, §,=%] gVZZmV%KVZmV;
L L

g =m./v; g,=2my/v;

and adjust k; and k,, to the data;

PDG § 11, YN3, Degrassi : this def;
PDG § 10: 202 + %1 4

Thomson: %u2d?+ %l 4  etcetc
u

| SM—x; =x, =1.
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Study the function V=V(||):
V,(0) =2(0'9)+2(¢'0) =

=u{\¢r+%\¢r‘j=
v

=—m73(\¢\2 —/26,/9[")

Paolo Bagnaia - CP - 5b

V(9)
x107

-10 |-

me

0

i m, = 125 GeV

H(MSM): function V(¢)

¢Tm

/

|91 (Gev)

50

100

150

200 250

e the horizontal shape of V., (e.g. ¢™", v) does
NOT depend on my;

e the vertical shape is o«c mZ (shown m,, = 100 / 125 GeV);

e the parabola at ¢, represents a particle of mass
m,, = the Higgs boson !

20



H(MSM): all SM couplings f=

f(q,€7)
W < Hﬂ: ng]‘ = mf/ 1)) = (\/2 GF)V2 m]c X (‘l)
f(q.e")

V (W, 2)
W t’\:\l:l\: HW | g, =2m//v = 2(V2 Gp)*my? X (ig,)
V (W, 2)

H ... V (W-, 2)
.:C\,:: HHVV | g =2m,¥ v? =2V2 G. m2 x (ig,,,)
H-" V (W, 2)
““““ H
H reseesasanes e HHH Bun 3mH2 / L = 3(\/2 GF)Vz mHZ X (-l)
....... ¥
Heol H
...... pol HHHH | gy =3m,2/ V2 = 3+/2 G, m, 2 x (-i)

** e
. .
. L 4
. 5
. .
. L2
. .
. .
o .,
Ng v,

A. Djouadi, Phys.
Rep., 457 (2008) 1.
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* in the SM the Higgs mass is a free
parameter; however its value is
limited by the consistency of the
theory [more on next page];

e the vacuum stability limits m vs
the scale A of hypothetical new
physics (green line);

e the non-violation of the unitarity
puts a limit m, < 1 TeV (approx.);

e if the SM has to be consistent,
the triviality puts another limit on
m,, as a function of A (red line);

e all together, if A=m,,.., then
130 < m, < 180 GeV [approx.];

e the blue line corresponds to
m, = 125 GeV [quite puzzling].

400

<00

o (My) = 0.118  _

not allowed

not allowed

106

109 1018 1pl1° 1018
A [GeV]



Vacuum stability (green line) roughly means
the following:

> the parameter "A" is a constant at tree
level only;

> when higher orders are considered, A
becomes a variable, which follows an
appropriate equation (renormalization
group equation, r.g.e.);

> A is required to be +ve for all the values of
the scale Q;

> if, for a given value Q = A, the value of A
becomes —ve, the SM breaks;

> the only way to restore A, is to assume
that, for Q > A, some new physics appear
in the equation, such that A remains +ve;

> therefore A is NOT a precise value in
some process, but a scale for new physics;

» A depends on my, and the H couplings;
the most important (and unknown) is m,.

Triviality (red line) means:

> from the r.g.e. equation, one gets:

1 1 3 [QZ J
= ———In| =
AMQ) AMv) 4 (v

> to be consistent, A(Q) must be small and
only vanish if Q = oo; in this case, the H
gets no interaction (trivial solution);

> to avoid A(Q) — o (Landau pole), with a
similar argument as before, A(Q=A) < o;

> this requirement puts a limit on m, vs the
scale A of possible new physics:

2 2
mHZZU},S 800||\||||||||

my

2 (Gev)
<2v xmax = 600 m, = 175 GeV  —
2.2 a,(M;) = 0.118
8m°v 7
— . 400 —
3fn(A2 /UZ) - not allowed _|
200 — allowed —

7 not allowed
_||\||||||||||||

0
103 106 109 101 1019 1018
A [GeV]




H(MSM): vacuum stability o

this page should appear after the discussion
Assume the Higgs has been found of the Higgs discovery, but here it is easier.

at ~125 GeV:

e according to the previous
argument, the universe is stable,

==
-

176 =
meta-stable, or in-stable ? o }
\&\I’GE‘N"'J'
e even with the MSM assumption by
(particle found at LHC = MSM -
Higgs), the present error does not b e
) 172 =W
answer the question; P f
i i G
e only a future, more precise r»fz giloat™
. . 170 '_MV_-,‘%@*{.E&@"” ol
measurement will solve it; R
e notice in the plot (year 2018 !!!): el
> the error on the top quark mass L.
) i 122 124 126 128
is VERY important; o
>the scale of "new physics" e if the LHC measurement is taken at face value, the
necessary to get stability is very universe is metastable, but its lifetime may exceed
large: > 1010 GeV; its age (~ 1010 years) [next page];

¢ 5o, do not panic, but improve the measurement !!!

" ¥
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From the same paper:

Thus, the lifetime of the Standard Model
universe is

+160
Ty, =[...] 10 years.

H(MSM): is the universe decaying ?

+

Since the bubbles expand at the speed of
light, chances are if we saw such a bubble
we would have been destroyed by it; thus
it is reassuring to find the probability of

this happening to be "quite small".
That is, to 68% confidence, 10192 <

To/years < 10321 To 95% confidence 10 <
To/years < 101383,

To be more clear about what the lifetime
means, we can ask a related question:
what is the probability that we would have
seen a bubble of a decaying universe by
now? Using the space-time volume of our
past lightcone [...] and the Hubble constant
[...], the probability that we should have
seen a bubble by now is

pole

170f, o= Seed

—606.538
. =10 ", Absolute stability
V light—cone

liust as an amysep,
humbers across

ent, go to arxiy and
the 4 Versions of thjs Jo,

ncerneqd ... Ah, the theo
Paolo Bagnaia - CP - 5b
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Higgs properties: production dictionary

Higgs production processes in hadron
colliders, with their usual names;

gluon
gluon

only main diagrams, many others less :
Y g ! y fusion

important (e.g. single top);

emphasis on detectability — some
particles in final state may help it; a/6

W,Z

here, when relevant, also virtual
W,z

particles [e.g. W = W(*), Z = 7(*]], a/q’/4/q’

VH
production

ttH
process
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Higgs properties: decay dictionary

* Higgs decay modes;

« "f'" = any fermion (q, €, NOT v) ; the
coupling (therefore the BR) is
strongly dependent on its mass;

* asusual, e.g. W=WMH 7 =7*)
[but, for m,, =125 GeV, H > WW¥*,
ZZ* only !1].

H—>WW/ZZ

Paolo Bagnaia - CP - 5b



* at "tree level" the partial width for the e« in the region m, = 110 + 180 GeV, the

Higgs decay into a pair of real fermions decays into W*W and Z*Z are important
(f=quarks, leptons) or real gauge bosons (also because of their detectability); but
(V=W,Z)is given by : the formula with B, assumes real W/z;

_ when virtual W*/Z* are required, the
F(H—)ff)_n—\/_G M, miB;; computation is different; for m,=125

GeV, results are reported below;

_ fo.
Bf_ 1- 2

Am? 1 [leptons]
m2

in principle correct,

3 [quarks] ’

" but useless

( G.m;, ,
HH= W) =0, m/i Puld=ax, +3x) * when m, increases, new decay channels
am? am? {2 (W] open; moreover, the partial widths also
By=,1-—"; x,=—~; 8, = ' increase; therefore I, is a strong
q My My 117] y function of m, :
* therefore, for m, small (m, < 110 GeV),
H—bb dominate: (see § LEIg); Lol Z FH—=1, f) +Z (H—> V),

tot

BRH—>X)=I'(H—>X)/I', . =BR ;
* if my > 2 m,,,, the largest BR would be ( )=T )/ (m,)
for H = W*W-. H — 77 both I', . and BR function of m,,.



Higgs properties: decays gg, vy

* in addition, also few "higher order" decays (yy, 4 )
Zy, 88); t, (b) g

* the decays H—gg and H—yy (much less H—>Zy) __H-
are important for the discovery :
> the decay H—gg is large, although not easy 8

to identify (— 2 jets, large QCD bckgd);

> the decay H—yy is rare, but has high
efficiency and little bckgd (see later);

e complete formulas in references : H Y
FH—>gg) =7 3\f0ch \1 ; y
W1, t, (b
Igg =Zq1q mq/mH):f(mH) ~0.1+1; [ ( )]
~ 4

(sum over quarks, important for g=t);

I'H—vyy)= 3\/_ a: Gm’ ‘I ;

I, = chqulf(mf /mZ) +1,, =f(m,)~1+10; }‘or O, indterferefc_nce(w <—> t
N arge and negative (a nice

[sum over charged fermions f, c,=1(¢7) or 3(q)]. test of the SM).
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Higgs properties: decay BR vs H mass

/
'_O| 1_—| | | I | | | I |—:§
S F N1 ww T e
- S e
:)10-1TT ‘ ti
3 IR _
2 - ) 1
+ | cC 1
oC

m10% =
n - .
o) N N
D L -
T | - |
10°H E
- \J N

T 1

10-4 | : | I [

90 200 300 400 1000

M, [GeV]
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is highly variable

Unlike LEP2, in the LHC energy
range, the Higgs boson decay mode

— a challenge for the experiments.

mp = 125 GeV [CERN-2013-004]

decay mode| I" (MeV) [BR (%)
bb 2.37 | 58.2
WEw™* | 0.871 | 21.4
gg 0.334 | 8.2
Tt 0.255 | 6.3
2Z* 0.107 2.6
cc 0.118 | 2.9

1Y 9.2E-03 0.23

Zy 6.2E-03 | 0.15

n 8.9E-04 | 0.022
sum 4.07 100

e




Higgs properties: BR(80 < m,, < 200 GeV)

<
r

Hgg

Wt

|—O| 1 1T ] I | I I ] | I I | I I I ] I I—:E

S WW S

= 12

8 - Ja enlarge for 80 < m, < 200 GeV.
c | iE:

-F_E F___ -

O ‘

I__i_ i | Higgs BR mbb
o (my =125 GeV) mWW
M1

72

o)

=2

L

mZZ

M cc

ke
=
]

T '1\

N

W Zy

b

LLL

4 |
1080 100 120 140 160 180 200
M, [GeV]
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; 1 03 E | T T ] |’ I T —I J—%
8 E FH=mH R - - E
10 E

1 E
10'F =

-I 0-2 E_ .................................................... _E

G5 XS WG 2010

:\_J> .

roughly o« m3
my=1.4TeV > 1, .~ m,,

\__hot anymore a particle

the direct measure of
[, is a powerful test of

500
M, [GeV]

200 300

it ?id welcome !
"\ eas welcome )

the SM. How measure

71000



Higgs properties: formation in €+€- uf=

[ ) | Question (for a lepton collider, not for LHC):
f why not a direct formation from (spin %) -
fermions (ff > H — X) in the s channel ?
Answer: it is depressed by the H coupling
f with low-mass fermions (I'y oc ms?).
Compute it for a hypothetical u*u~ machine:
- 16 1] 15| T /4
G(ff—)H—)X) :[_ﬂ:} {_}|: ff:||: x:| H/2
S 4]l Ty LTy (\/7—|\/|H) +T2/4
47[ Fﬁ
— ———————> 64 pb.
Js=m,, X=all m; FH ff=u*n", m,=125 GeV

[see Introduction, or the J/y in PP]

for ete™, factor (m_/m )2 ~ 1/40,000:
G(ab—>R—>X,\E): ( e/ u) /

— impossible for electron colliders;

s 2S,+1)(2S,+1) | T || T

R

:{16_71} { (2, +1) }{&}{&} /4 — one of the main motivations for
( (5 -

b -
MR) +T2/4 muon colliders.
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Higgs — pre-LHC : Tevatron legacy (1)

0-9 ? '.:. 3 in,lary ....... S ,..é.....,..uu-;; ............ e A i. ............. i. .............é .......... _E
0.3 X‘\ AMARLL . ..., ', ........... E_,,“,.,..,..i..,.-..-‘-..-i‘-_-..-.. ..:..:, .......... ;,.‘...“.,..“E ,,,,,,,,,, —
K)e (== anayzedlztomiExp/ i\ | ]
e\ N ACE K Y : H 3 ] H ] : i -
0.7 ;‘/ T A [ s = — s =

Yy )X X );;‘ —— Anélyzed L§=5 fb'1a‘:Exp i i i i 2
0.6 z 7 {,\‘ki """" """"""" """""" * """""" """"" 3

The "American dream" in 2009:

ility of 3¢ Evidence\

get the Higgs before LHC, by
combining CDF + DO.

120 130 140 150 160 170 180 190 200

\_ Higgs Mass (GeV) )

Search for the Higgs P3article
Status as of March 2009 \

95% confidence level

Excluded by
LEP Experiments

Excluded by
Indirect Measurements
95% confidence level 95% confidence level

100 114 120 140 160 170 180185 200 GeV/c2

Higgs mass values
- J
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°§15§ Tevateon Runll Preliminary at LEP, for my < 115 GeV, the value of n (= £, & o,)
. was monotonic and strongly decreasing with m;

10: on the contrary, for higher m,, due to the different
5 decay modes with different efficiency, n has various
. maxima; the exclusion interval breaks accordingly.

5 Tevatron Run II Prehmmary, <L>=591b"
100110120 130 140 150 160 170 180 190 200 S | N PN
.5 LEP Exclusmn ; | Tevatron

m GeV UJ : :
- (V) E 10 | 5 EXC]US]OH
£
—
—
O
N
un
=)
1
"LLR" = log likelihood ratio = - . i_
~2n(A/Ay) ol I T R
100 110 120 130 140 150 160 170 180 190 200
mH(GeV/c )



Higgs — pre-LHC : complete legacy (1)

 the (in)famous "blueband", 6 ' -
already discussed, wants a . -
light Higgs; it includes all the | Al g =
known info, BUT the direct ) = 0.02750+0.00033
search at LEP, Tevatron and T L e 0.02757+0.00010
LHC, shown separately; 4 ) el low Q2 data

* instead, the vyellow bands
represent the result of the
direct searches [NB : no N%e 3
experimental correlation
with the blueband];

e the yellow bands varied a
lot with time; the present i
figure refers to just before
2012; it includes TeVatron
(160-170 GeV excluded) and i
the first LHC data; Excluded

. everythmg-ls now ready to 40 100 200
show the direct LHC search.

2_

1 —

allowed only here

36
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bottom: m,, vs m,, (strong correlation);

right
80.5

80.4

m,, [GeV]

80.3

. individual meas. contribution;

— High Q° except m,,/T',
' 68% CL

Excluded

10

10
my, [GeV]

10

A(SLD)

sin®65(Q,)

Qu(Cs)
sin®0g(ee)
sine,,(vN)

g (vN)
g(vN)

10

10

M, [GeV]

10



Already in 2010, radiative corrections
+ direct searches allowed for a very
precise determination of m,,.

[Gfitter, Eur.Phys.). C72 (2012), 2003]

. . _ +30 [+74]
w/o direct search:m, =917, ', GeV

c c p 2
direct search in: m, =120"; 2% GeV

f

more formally, the radiative correction ar

2
mW
= ~p,(1+0p, +0p, +...);
p Tcos70. Po(1+38p, +8p, +...)
3G.m> ?
Sp, v —L A 0.0096(Lj ;
8\/2m 173 GeV

_3Gm;sin®8,, [, m; 5

i

Opy =

\ 8~/27? m2, 6

Ay?

Ay?

-
=]

Tevatron 95

LT~ T - B - I D - -]

-

.........................................

o

50 100 150 200

20 g
18 |

16 I - -----======c=ssccsaccssna===- ."'_ 2t~

14
12 &

10

o N = O @

. Theory uncertainty
— Fit including theory errors
---- Fit excluding theory errors

3c

2a

da

130



Higgs — LHC predictions : productlon

WJS2013

* real process at parton level; W= ] FIE
X n i ratlos of LHC parton Iumlnosmes 13 TeV/8TeV !
* PDFs depend on M,, and \/s, (i.e. V§ and X); '
* G,,c = few X 10 pb;
* observables = 0XBr;, but some decays not
measurable, some difficult.

luminosity ratio

1 02 L | I | LI | LI | LI LI
— —
Q —
O ¥
[ M— E“‘.—
a-x--. K 1 | w MsTwzogsNLp
+ ", 100 1000
T 10F W, () M, (GeV)
T : .‘*‘*I‘i :
Q | 4.‘.':1. _
2 i - _
5 | _
1 =
107
| .

1001 200 300 400 500 600 700 800 MQEE% L%JDD
y e
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pb]

—10

o(pp — H+X)

107

(see dictionary)

\s=7 TeV

LHC HIGES X5 WG 200

100 o

500 300 400 500 ____ 1000
M, [GeV]




Higgs — LHC predictions : 6, @ 8 TeV
; \ :

10?

I I | 1 1 1 ] 1

\'s=8 TeV

ggF ...........

LLLLLLLL
L1 111l

LHC HIGGS XS WG 2012

10

L IIIIIII
L1 IIlIIII

o(pp — H+X) [pb]

L1 IIIIII|

—_
L lllllll

llll

1 | I 1 1
(see dictionary) 80 100 © 200 300 400

Vs (TeV) | ggF | VBF | WH | zH | ttH | (..) | Sum o(pp —> HX)
7 15.0 | 1.22 | 0.58 | 0.33 | 0.09 | 0.2 | 17.4 (pb)

8 19.2 | 1.58 | 0.70 | 0.41 | 0.13 | 0.3 | 22.3 W[l P IeTcRio)s
14 | 492|415 0.59 TRy M= 125 GeV]
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—k
o

ggF

o x BR [pb]

| — I+Ib5 -{::5:;2:;_._ “'n

T \'S =

WW — Fvag
#‘ W = I'viv

' — I''qq
“ 27 - [Ty
ZZ > 1"

— FVb I'.{‘,_ YY

L ‘.
200 300
potentially visible decays only
[e.g. WW — qqqq iS missing]

8TeV

L il Ll L Ll
LHC HIGGS X5 WG 2012




Higgs — LHC predictions : 6,, X BR

10 I - 1 1 — T T 1

o 1UE r 15
IE E ™ \S = 8TGV E g
L5 ]
Same plot, different scale, to % - 7 E
show the low m,, behavior. ™ 1 S/BE H WW = Fvqq 3 2
The dots are the "golden b EWH - WW — IIo 12
channels": n ]
a) ] ; 10-1 — ZZ — I+I-q{_1 =
b) €628~ S ]
: ) ' : 7 Z7 - I'Mvw 3
i.e. a compromise between d i
yield and observability. oL 77 — I B
10<E .
3L ZHi — FTbb\ i
1 0 — I | e! l,l, '-\‘-.“h- ?Y B
- VI VeV N ]
i g udscb \" oo el ]
1 0_4 | ! ! ® | | | | | I = | I LT T
100 150 200 250

Paolo Bagnaia - CP - 5b 4




Higgs discovery : H > ZZ* - ATLAS

>
0} e Data2011+ 2012
(Lg 40 " SM Higgs Boson ATLA? looking for the
a r m,=124.3 GeV (fit) H%ZZ —4 y Higgs boson !!!
c 350 ) Vs=7TeV |Ldt=461b
> | L JBackgroundz 2z Is=8TeV |Ldt=20.7fo"
L ~ [ Background Z+jets, i ' H— Z72Z* - 222"
OF 7 Systure Test mass ~ 125 GeV
25 (exact values from mass fits,
- small variations — within errors)
2012
- |
159
B }45/
10
_ 1. ATLAS animated gifs:
S0 https://twiki.cern.ch/twiki/bin/vi
% ew/AtlasPublic/HiggsPublicResul
0 ts#Animations

100 150 200 250

. ditto for CMS:
https://twiki.cern.ch/twiki/bin/vi
ew/CMSPublic/Hig13002TWiki
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults#Animations
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig13002TWiki

2/8

ATLAS 4 &*

« 2011 some excess,

below 3c;
* 2012:~60;
* combined :
and 7 o.

between 6

more than expected, but
not incompatible.

NB. obs (-) and exp (- -)

are expected to agree
ONLY at m,°"s.

definition o -value ?i:>

Paolo Bagnaia - CP - 5b

Higgs discovery : H > ZZ* - ATLAS p-value

= 1 05 S (E)bs 2281122 ATLAS
------- Xp .

o 103 —— Obs 2011 H_>ZZ —4l

el i Exp 2011 (s=7 TeV [Ldt =4.6 fb"

—— Obs Combination
Exp Combination

10

a® Ve
ooooooo
oooooo
e
o

arY
-
~.
- .
.....
-------

[y
LI (L]
IIII|IIII|'|J'|II\|IIII|IIII::‘IIII|IIII

(s=8 TeV |Ldt =20.7 f5's

10713

110 120 130 140 150 160

45

4 60

/0

170 180
my, [GeV]
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30

25

Events / 3 GeV

20

15

10

CMS Preliminary {s=7TeV,L=5.1fb";ys=8TeV,L=19.61"
[ | I [ [ | [ [ [ | [ [ [ | [ [ [ | I [ [ L
s Data

mH=126 GeV

H—.—l—l—|||||||||||||III|IIII|IIII|IIII

m,, [GeV]

H— 72Z* > 2 2¢-
Test mass ~ 125 GeV

(exact values from mass fits,
small variations — within errors)



Higgs discovery : H —» ZZ* - CMS p-value

g 10.12 3 CMS 4 8*
T102E ST
& 107 e 2011 : some excess,
© 10?5 . 2 ~3 G;
S 10:55 = :;:.é . 2012:>6 0;
o 10_7 55 » combined : between 6
:Ilg.gé é and 7 o.
1 O-g = Obszerved 7 Te\/' =
10710 e well  compatible  with
107" s BE e : expected.
10" L% CMS Preliminary o
107" - HoZZ—4
10714 WL E=T7TeV,L=511"
-15 % (5=8TeV,L=196M" _
18'16 [ | I | | | .| I‘m :1 1 1 1 | 1L 11 1 | 11 I-:I.:I| | | | | .| |j
110 120 130 140 150 160 170 180 [RAGEGEE (-1 ad”dtexp (--)
m, [GeV] are expected to agree

ONLY at m,,°bs,
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Events / 2 GeV

o
X
0
©

QO
=
LL

1

98]
i

c

Qo

>
L

10000

8000

6000

4000

2000

500
400
300
200
100

o

8III|IIII|I“Iﬂlllllllllllllllllllllll I 1T 1 | I 11 | 11 | I 11 |
| —e— |

-100
-200

—

\s=7TeV

V\s=8TeV

I
J

Ldt=4.81b"

Ldt=20.7fb"

Data 2011+2012
SM Higgs boson mH=1 26.8 GeV (fit)

Bkg (4th order polynomial)




Higgs discovery : H - O - ATLAS p-value

..SMH-yyexpectedp  ATLAS
— Observe P,

o 10°
10?
10

1

10 B e N/ S, N T
102 * 2011 : some excess,

10° >3 o;

AR ‘ Ry
18-5 e I PP Ly 40, 2012:>60;
10 Data 2011ys =7 TeV
107 i
10
10
10"
107"
102

-13
18'14IIII|IIIIIIIIIIIIII|IIII|IIII|IIII|IIII

110 115 120 125 130 135 140 145 15
my [GeV]

Local p

-
-
.
-
"
......

56 °* combined:>7c.

— Obs. 2011
---+ Exp. 2011

— Obs. 2012
----Exp. 2012

Ldt=4.8fb"
Data 2012 Is=8TeV

66  more than expected,
but not incompatible.

Ldt = 20.7 fb”

NB. obs (-) and exp (- -) are

expected to agree ONLY at m°®s.
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5 GeV

d Events / 1

S/(S+B) Weighte

5000

4000

3000

o

)

o
IIII|IIII|IIII|IIII|II

o
o
-

o

- CMS Preliminary
| {s=7TeV,L=5.11f"(CIC)
— Vs=8TeV,L=19.6ib" (CIC)

Data
S+B Fit

------ Bkg Fit Component
[ 1+1o
[ 20

110 120 130

140 150
m,, (GeV)

S/(S+B) Weighted Events / 1.5 GeV

250
200

150

CMS Preliminary

{s=7TeV,L=511b"(CIC)
{s=8TeV,L=19.6 fb’" (CIC)

- S/(S+B) Weighted Data Residuals

Fitted Signal

I:I +10 Stat+Bkg

B3] +2 0 statsBig




Ns=7TeV,.L=51fb"'\s=8TeV, L=19.6 fb"
|IIII I|

110 115 120 125 130 135 140 145 150
m,, (GeV)
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% 1 EI ] | | | L | | | | L | | L | | |§
C_U :Q‘O a",‘
?10_1' i L 10 CMS [
R . I I E
8 : s P ’,.520 e 2011 : some excess,
8102l - s e
= : o ‘."' = * 2012:> 3 G;
10'3 ‘..56.\\\\ ~ :': -‘—‘i,oi """"""" o"" 130 * combined : ~4 o.
- e ' e 7 well compatible with
- B ST Lhae - expected.
4 _
10 = — H—yy 0obs. =
: eee Exp.forSMH | 9440
10° . U \s=7TeV —
= CMS preliminary (CiC) ... \s=8TeV E NB. obs (=) and exp (- -)
_I 1 11 | | | | I | | 11 1 1 | I 1 T T I T N N N T T T Iy I | ]

are expected to agree
ONLY at m,°s.




Higgs today =

After discovery, what next ?

[the new particle exists, but must check RUYIIlK

whether it is exactly the SM Higgs] * neither a standard textbook explanation

Strategy : nor a report of present state-of-art
« measure as many as possible H results, but an attempt to show the
properties : strategy of the current studies;

* best effort to produce updated results
and plots, but no guarantee (updates
almost daily);

> mass ( — masses in all decays);
> production rates (— vs \s);

> production mechanisms and decay
BR's (— couplings);

* few properties only (e.g. skip the
interesting but complicated attempt to

> angular distr. of decay products; measure H width and JP);
* compare with SM predictions and check TN IR e Rl /R Ll IR el ATl L)%
(hope) for discrepancies; most studies, but none successful, until

* look for the rest of the m, range, now..., see next chapter);
searching for a richer Higgs spectrum; * g neverending work in progress ...

* [the same for any other bSM theory];

* [also with model-independent analyses].
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> 180:L| TT ‘ TTTT | TTTT | TTTT | TTTT | TTTT | TTTT } TTTT | TT IJ:
& FATLAS — ] A fresh look to new data at 13 TeV for H — 48*
160 H — Z2Z* — 4| omtzmee
t‘\} C Vs =13TeV, 139 fo! -‘LZ)E)Z(,)VVV . (see £plot).
» 140 B zijets. . . . .
+= %
P: 7 W Uncerainty . The data size has strongly improved: just look at
oo 1 the discovery plots.
100 . .
- . The exact p-value looks irrelevant, we are back to
- ] the old-fashioned regime "the presence of the
60 B effect is obvious" [but NOT the interpretation !]
40 -
20; > 240 ;crr?nwsw‘?FF{ITT?H?C‘HET??HT?‘OE?\ TTTTTT |1\3|‘7|-1 |ﬂ?1| (|1|3|Te|vg
N M 220 ¢ Data -
Y - [TH(125) B
0 90 100 110 120 130 140 150 160 170 200 } Sz z
2160~ o € 180 =§E;’ZZ’Z" s
- ATLAS s=13TeV e T ]
2140 Preliminary - ] (g 160 3
0 C i . ‘1 i r ]
21p0- MILHeDelivered e a7 iy E 140 :
%100;_ [ |ATLAS Recorded E 120~ =
g 805 § 100| i
© C ] N J
> ] ch 80 E
3 40 =k s0[- ;
" 20- =k :
5_ T e : "™ 80 100 120 140 160
30 30 Py P 0 P g e g™ m,, (GeV)




> F— T " 1 T T T T T L L R IR =
ol - ¢ Data ATLAS Preliminary _+
© 3000 \s=13TeV, 139"
£ 25000 Background m, = 12500 GeV  —
D 20005_ —— Signal + Background categories =
= = In(1+S/B) weighted sum =
© 1500F S = Inclusive —
,;Eg 1000 **teeecrse, =

500 E_ —] %

9 100E ©

©  s0E 2

c o )

3§ 0 &

I —50 . . . . ke

S 110 120 130 140 150 60 £

a m,[GevV] &

[0

=

[i2)

+

<2

%)

...and for H — vyy.

[same comment on p-value]

©

fﬁ?@ﬂ482"220

10°CMS Preliminary 137 fb' (13 TeV)
T T T T I T 1 T 1 | T T T T I T T T 1 | T T T T I T T T 71 | T T T 1 | T 1 17 1T
- Hoyy, m, = 125.38 GeV All Categories |
50 i =1.03 S/(S+B) weighted
B ¢ Data ]
40 — S4B fit .
e ™ B component ]
30 ESR -
C [ ]+20 ]
20 -
10— —
O : 11 1 ] | N I | I 11 1 1 ] L1 1 1 l 11 1 1 ] L1 1 1 I 11 1 1 | L1 1 .
T 1 T 7T | 1T 11 I T 1T T 71 | 1T 11 | T 1T T 71 | 1T T 1 | T 1T 1T 71 | 1T 11
2000 B component subtracted
1500

||||||||\||||||¢||\\||||||\|

1 1 1 11 | 111 1
100 110 120 130 140 150 160 170 180

m,, (GeV)




Higgs today: mass(es ?)

PDG2020
ATLAS and CMS ~ Total [ stat. == S'lr's'f-mFot the (1) and (4€) channels

7 TeV,8 TeV and 13 TeV Tot. Stat. Syst. AmH/mH < 1% (very precise):
ATLAS H —yyRun 1 == 126.02 +0.51 (£ 0.43 +0.27) GeV e if particle NOT the SM H —
CMS H —yyRun1 == 124.70 + 0.34 (+ 0.31 + 0.15) GeV m(_] ) and m(4€) could be
| ATLAS H - 4IRun1 =+ 124.51 £ 0.52 (+ 0.52 + 0.04) GeV | different;

CMS H — 4l Run 1 —— 125.59 + 0.45 (+ 0.42 + 0.17) GeV e but in the data their mass is
| ATLAS-CMS yyRun1 - - 125.07 +0.29 (+ 0.25 + 0.14) GeV | compatible;
T R - SR 12515 F040 (03T 20198V |+ and ATLAS and CMS are fully
| ATLAS-CMSComb.Runt M 12509 roa 02 T 019GV | compatible;

ATLAS H —yyRun 2 124.93 + 0.40 (£ 0.21 = 0.34) GeV

e assuming combination, the
ATLAS H - 4IRun 2

______________________________________________ 124.79 £0.37 (+ 0.36 £ 0.05) GeV | PDG 2020 estimation has the
ATLAS Comb. Run 2 124.86 = 0.27 (£ 0.18 £ 0.20) GeV error at 10-3 |eve|:

CMS H — 4IRun2 125.26 + 0.21 (+ 0.20 + 0.08) GeV m, = 125.10 + 0.14 GeV

CMS H — Run 2 125.78 £ 0.26 (£ 0.18 £ 0.19) GeV .
LSS - RS [an unprecedented success, just

CMS Comb. Run 2 125.46 £ 0.17 (+ 0.13 £ 0.11) GeV go back and /OOkaI’ W/Z at the
I|||I||II| |I||I||II

] ] ] | =
118 120 122 128 130 132 Spps].
m,, GeV @
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e the indirect measurement still likes a low- < stat. fluctuation [most likely imho] or real

mass Higgs; hint of new physics ?
e [but be aware that "2c" is NOT "2 x 15";] e "ai posteri l'ardua sentenza" ["sentence
waits posterity", really ?]
Nx 5 I I I I | I I I I | I I I I | I I I I | I I I I | I I I I | I I |I I | I I I T
= - =
< 4.5 f— SM fit E fitter SM|z |
4 ; SM fit w/o M,, measurement ,'/ /% 26
3.5 ~  ~® LHC combination [PRL 114, 191803 (2015)] E
3 r‘\; —i
2.5F =
2 & E
1.5 =
1 i i lo
| love this plot, 0.5 =
/’ve Shown it 5 O E | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | :
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One of the highlights of the last year: * before it, only 37 family + IVB's, this is
H— ptu the 15t fermion of the 2" family;
* the coupling is very small (BR 2x104) —  * in the SM the coupling is NOT a function
difficult; of the family [but you never know].
137 b (13 TeV) CMS Preliminary 13710 (13 TeV)

800F  CMS Preliminary % Data ; Combined = 11932
7001 All categories —— S+B (u=1.19) - B g;'";:;b:,ﬁt T
o[ S(S+Blweighted Bkg. component ggftoat | e B 6 c. |
my, = 12538 GeV 1o []o5%CL

VBF-cat u=136

[]t20c . ' o

m,, = 125.38 GeV

=
TT T[T T IT[TT

S/(S+B) Weighted Events / GeV
& & 2
I

fiH-cat. I‘-=2-32f;7
300 B 7
C VH-cat. = 5.48':;: o
200 L _
10(}:—
r I 1 1 1 I 1 I 1 1 1 | 1 1 1 I 1 1 1 | 1
N | | | | | | | ] —4 -2 0 2 4 G 8
0 | I | L 111 | | L 111 1111 1111 1111 1111 .
d) 5'_I T TT |+I T'TT | T T I§I | T'TTT | T TTT | IrTTT | T TTT | rTT1T13 BESt-'It I“I'
= 3 . .
Q - combined signal strength
— 44
g 1 H= 119:342
D _5 1111 | L 111 | 111 | L 111 | L1011 | 1111 | L1011 | L1

110 115 120 125 130 135 140 145 150
\e
m,,, (GeV) 2020




For production/decay precision meas.,
better SM predictions are needed.

Calculations of Higgs properties vs m, up
to m, = 1 TeV are now useless (they are
used to look for a larger Higgs sector).

M(H)= 125 GeV =

0 QCDL N0

—Jﬁ;iigﬁh—-""r

|
LHL‘:HIchl'.‘Sl )lfs WG 2016
Branching Ratio

=L

FTTT

6 7 8 9 10 11 12 13 14 15
/s [TeV]

New calculations for:

* Oy VS \/sLHC for m, =125 GeV;
* BR(H —X).

—
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* I'(H—>fermions/IVBs/...) = Ugww/zz,..
completely specified in SM, once m,,
fixed [see plot before and IE, § 14];

» very different if real/virtual W/Z
(Hi;s > W*W or Z*Z only);

e computable from H production and
decay (difficult because of higher
orders, loops, ...);

» strong function of m;/ m,;

* [£nT Up = more events — smaller
m; probed];

» wonderful agreement theory <> exp.

[as usual ... © ... ® ];
* powerful test of SM improve
accuracy for Dbetter test —
discrepancies [hope ... ® ... ©],

N
F ——=G.m m:B:; [see before]
4n\/— fo
g . 4m§ 1 [leptons]
o m>’ ' |3 [quarks]
for I, e/ » .80 My <2m
L o_3amml (m,)
ww 27_[3 w mH ’
J,, (m,, =125 GeV) =0.0227;
FZZ:L';mZ><gz(sinzew)><lZ My ;
21 m,
5 7 10 , 40 ,
X — ——X +—X;
gz( ) 12 9 27
J,(m, =125 GeV) = 0.00366;
[’ and I, : see before.
y,




The modifiers k already defined; in practice:

FJ
-k} =—= [j=all particles (f/V)];
SM

K; for fermions
i, for IVBs °

. {simpler: only two: {

"k" is the "non-SM"-ness of the j-coupling, e.g. :

«k; =0 — no coupling observed in case "j";

«k; =1 — compatible with SM — SM ok;
«k;> 1 —> too large coupling — SM wrong;

* K; # K, — fermions and IVBs different.

( example
W
g K H Kw
g
W

T T T | T T T T | T T T T | T T T T | T T T T ]

1.3 ATLAS Preliminary * SMVale .

- + BestFit B

[ Vs=13TeV,245-139fb" ... Observed 68% CL

1 2; my = 125.09 GeV, ly | <25 — Observed 95% CL ]

- [ Pgy=45% i

1.1- =

U ]

0.9 .

0.8

1 | | | | | | | | | | | | | | | | | | | | | |

0.95 1 1.05 1.1 1.15

Ky

An example of this analysis:
* K; VS Ky (i.e. fermions vs IVBs);

* large errors, but compatible
with k; =k, = 1;

* agreement ATLAS <« CMS
(not shown).




ATLAS Preliminary : :
—_— The present situation:
(5=13TeV,245-130 " 007 CL g
my=12500GeV, ly | <25  g59, oL * a measurement of the modifiers «; for
; : the couplings withZ, W, t, b, 1, g, v;
Kz  ——— —mb
e T i 4 1 [of course the couplings with g and y
w
i P go through loops];
Kt .  ————
. B 7 7 ¢ Bi[nvisible] and Bu[ndetected] are added as
0 | i free parameters to allow for possible
Kz ———— bSM couplings;
% I . —"-— | * consistency with SM: all ¥'s =1, B's »
Ky e 0 (B, < 9% at 95%CL).
’ B,=B,=0 i
B, | Poy=92% B AT
' i | | %H | | ‘

0.8 1 1.2 0 0.5 1




a similar plot for CMS:

IJ'W
MZZ
MWW
M‘c*c
ubb

Hlll—'«

35.9fb" (13 TeV)

CMS @ Observed
= 110 (Stat @ syst)
B — *+20 (stat @ syst)

; == +10 (Syst)

i
-—
I\Illl\lllll\lill\llll\I|II
-2 -1 0 1 2 3

Parameter value

couplings with bosons (y/Z/W), 3
gen. fermions (t,b), 2" gen.
fermions (u);

coupling with t also tested via
production;

15t gen. still missing;
="1" — SM ok;

the physics is VERY
deviation from SM.

clear: no



Higgs couplings (measured vs SM): 35.9-137 b (13 TeV)

> II| T T T IIII| T T T IIII| T T T IIII| T
> B t .
* plot together couplings (including x, EL>_ 1§ CMS Preliminary wZ Ko
Ky) vs mass of fermions and IVBs; ; i m,, = 125.38 GeV ,- :
o 4L e .
* compatible with SM (k; = x, = 1), | &> 10 :
represented by the line (- - - -); & - b ]
102 T 87 -
» agreement ATLAS (not shown) < - . -
CMS; I ,."‘ ¢ Vector bosons ]
: : 10°%:u .7 ¢ 3™ generation fermions -
e impressive, from m to m. — more S nd . : -
B i . ¢ 27 generation fermions ]
than 3 orders of magnitude;, |} ¢ SM Higgs boson i
. . . 1074 F E
* [imho the best evidence for SM in the < T BT R R
higgssector]. ‘.,O" 1.55II| T T IIIIII| T T IIIIII| T T IIIIII| T E
o 1*% -------------- ;--'} ----------------- -i'ii-
E :Ill | | 1 IIII| | | (I IIII| | | (I IIII| | :

0550 1 10 10°

particle mass (GeV)




Define:

.Mi:

7

c;® | cross-section for H production
o™ | i=ggF, VBF, WH, ZH, ttH
f
Lo BR.\
H _'B f

SM

{branching ratios for H decay;

exp

oV xBRL,

.Hi:

Vi

o P xBR! (only quantity accessible
to experiments

interpretation of result for p :

e 1L =0 — no signal in this channel;

e u=1— compatible with SM — SM ok;
e u# 1— too little/much — SM wrong.

VBF+VH

L 1

- ATLAS and CMS [JH— vy
"LHC Run 1 [ JH>2zz
I —6870 CL + Best fit| * SM expecte-d|

0 1 > . 3

] Anold example of this analysis:

« for all the decays (5 x "f"); @

e group (VBF+VH) and (ggF+ttH),
i.e. bosons vs fermions.




ATLAS Preliminary —e—totar |  |stat m Syst

Vs=13TeV,245-139 i
m, =125.09 GeV, ly 1<25

Pew = 86%

a0 ==

—
z e
ZH

ttH+tH

=005 ,

=013,

+017

=018 »

=016,

+0.16

=015 »

Syst.
+ 005 )

+012
-010 ]

+015
-014 ]

+015
-013 ]

+014
-013 ]

06 08 1 12 14 16 1.8 2 22 24 26
Cross-section normalized to SM value

All main production
mechanisms (see diagrams)
observed with significance
> 50 and yields compatible
with SM;




: production & decay

Higgs couplings
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... finally (PDG 2020, slightly simplified):

The discovery of the Higgs boson [H] is a major
milestone in the history of particle physics as
well as an extraordinary achievement of the LHC
machine and the ATLAS and CMS experiments.
Seven years after the discovery, substantial
progress in the field of H physics has been
accomplished and a significant number of
measurements probing the nature of this unique
particle have been made. They are revealing an
increasingly precise profile of the H.

The LHC has now concluded its Run 2,
delivering a dataset of 13 TeV pp collisions
corresponding to an integrated luminosity of
approximately 140 fb™! of data collected by
ATLAS and CMS. With the substantial increase in
production rates at the higher center-of-mass
energy and the larger datasets, new landmark
results in Higgs physics have been achieved.

Three new results of fundamental importance
have been achieved with partial Run 2 datasets
by ATLAS and CMS independently: (i) the clear

5

and unambiguous observation of the Higgs

boson decay to taus; (ii) the clear and
unambiguous observation of the H decay to a
pair of b quarks; (iii) the clear and unambiguous
observation of the production of the H through
the ttH process. These results provide direct
evidence for the Yukawa coupling of the H to
fermions of the third generation: taus, bottom
quarks and top quarks, at rates compatible with
those expected in the SM. These, and all other
experimental measurements, are consistent
with the EWSB mechanism of the SM.

New theoretical calculations and
developments in  Monte-Carlo simulation
pertaining to H physics are still occurring at a
rapid pace. [...] With these improvements in the
state-of-the-art theory predictions and the
increase in luminosity and center-of-mass
energy, Higgs physics has definitively entered a
precision era. Its impact can already be seen on
the latest Run 2 combined measurements of the
H couplings.

(continue ...)



(... continue)

Since the discovery of the H, new ideas have
emerged to probe its rare decays and
production modes. [...] The H has now become
part of the standard toolkit in searches for new
physics.

[...] The ATLAS and CMS experiments have
searched for additional H in the Run 2 data, and
have imposed constraints in broad ranges of
mass and couplings for various scenarios with an
extended Higgs sector.

The landscape of Higgs physics has been
extended extraordinarily since its discovery. The
current dataset is approximately only five
percent of the total dataset foreseen for the HL-
LHC project. The current precisions on the
measurements of the couplings of the H to
gauge bosons and third generation fermions are
typically of the order of 10-20%. The uncertainty
on the H coupling to the muon is approximately
100%, and the upper limits on the branching

5

fraction to new invisible or undetected particles
are approximately 20%. The sensitivity to the H
self-coupling has not reached the SM value yet
and there is no information on how the Higgs
field acquired its VEV in the early times of the
Universe. This situation allows for new
challenges to ultimately increase further the
reach in precision and it also widens the
possibilities of unveiling the true nature and the
dynamics of the EWSB.

(continue ...)



(... continue)

[...] The fermion-Higgs boson couplings are not
governed by local gauge symmetry. Thus, in
addition to a new particle, the LHC has also
discovered a new force, different in nature from
the other fundamental interactions since it is
non-universal and distinguishes between the
three families of quarks and leptons. The
existence of the H embodies the problem of an
unnatural cancellation among the quantum
corrections to its mass if new physics is present
at scales significantly higher than the EW scale.
The non-observation of additional states which
could stabilise the H mass is a challenge for
natural scenarios [...] in which the H is not a
fundamental particle. This increasingly pressing
paradox starts questioning the principle of
naturalness.

The search for the H has occupied the particle
physics community for the last 50 years. Its
discovery has shaped and sharpened the physics
programs of the LHC and of prospective future

5

accelerators. With the HL-LHC, the precision will
improve by a factor 5-10 on all observables with
respect to current data. [... In this case t]he
experimental systematic uncertainties are
similar to the statistical uncertainties, but the
dominant source of uncertainty arises from
theory, and this remains the case even after
assuming that, by the end of the HL-LHC run, the
theory uncertainties can be reduced by a factor
two compared to the current uncertainties, a
hypothesis that appears realistic but still
requires dedicated and concerted work. For
both hadron and lepton colliders, some
theoretical progress is crucial to fully exploit and
capitalise on the experimental data. In
particular, the expected HL-LHC data together
with rapid ongoing progress in theoretical
calculations are defining a new era of precision H
measurements.



) SIM today: a simple tree-level flow-diagram o

a possible choice of independent CC decays
parameters (not the smartest).

ete”

@ low \s
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SM weak
@LHC
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8 mixing ~
(3+1 CKM, 4v)= ) Higgs

+ all other SM processes

CX‘S
+ running
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why the SM is not final - (1)

THE SM PROBLEMS [SNOWMASS 2013,
Energy frontier summary]:

a. dark matter/energy [85% of the matter
in the universe is "dark" - neutral, weakly

interacting];

b. excess of baryons over antibaryons in

the universe [the SM contains a
mechanism to generate baryon number in
the early universe, baryon number
violation, CP violation, and a phase
transition in cosmic history; however it
predicts a baryon-antibaryon asymmetry
that is too small by ten orders of

magnitude];

c. grand unification [the quantum numbers
of the quarks and leptons under the gauge
symmetry SU(3)xSU(2)xU(1) of the SM
suggests that these symmetry groups are

unified into a larger grand unification

group, like SU(5) or SO(10); however, the

Paolo Bagnaia - CP - 5b

results of precision measurements of the
strengths of the gauge couplings is
inconsistent with this hypothesis];

. V. masses [the SM could account for Dirac

Vv’s with few new parameters — technically
simple, but intriguing];

. fermion mixing [the pattern of weak

interaction mixing among neutrinos is
completely different from that observed for
quarks];

. gravity [no quantum theory of gravity is
incorporated in the SM].

Imho  these diffic
.equally important [
IMmpressed by (a) an

ulties are not

I'am particy/qyy,
‘.j ()] - However,

o




THE SM

why the SM is not final - (2)

PROBLEMS [according to

J.lliopoulos & T.Tomaras, 2021, slightly

simplified]:

Unification. The Standard Model describes

three fundamental interactions in the
unified framework of gauge quantum field
theories. Nevertheless, it is not a unified
theory because it contains three
independent gauge coupling constants.

Quantisation of the electric charge. For
example, the equality of the electric
charges of the electron and the muon
must be imposed by hand.

The three families. This is part of the
general problem of flavour.

The large number of arbitrary constants. A
really fundamental theory should be able
to predict the values of all its

Paolo Bagnaia - CP - 5b

o

dimensionless constants, or at least to
reduce this number considerably.

Questions related to astrophysics and

cosmology. Examples are the absence of a

dark matter candidate, or an explanation
for the observed matter-antimatter
asymmetry in the universe.

The gravitational interactions are not

included.

The particular value of the [Higgs] boson

mass.
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SAPIENZA  End of chapter 5b
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