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LHC results: Rosetta stone of the SM fit o

E=m Global EW fit

M. Baak et al., arXiv: 1407.3792 [hep-ph] : "Comparison of & Measiireminit G (e
the fit results with the indirect determination in units of the total EERRERS ERARS RARES Ao AN RANAS LARRA RS
uncertainty, defined as the uncertainty of the direct measurement and M, : _
that of the indirect determination added in quadrature. The indirect Tl e beec ber b b by
determination of an observable corresponds to a fit without using the 83 2 4 0 1 2 3
corresponding direct constraint from the measurement". (O -0)/ 6,

l.e. (see the example for M) :

. Oexp : exp. measurement; =0+ 6, girect/ Orot

* Ogy : result of the complete e.w. fit *;

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

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

® Ot Oexp D Cingirect: * blue width : error of indirect fit;

Then, for all quantities: orange displacement : how

* bluestrip  : (Ojgirect ~ Oindirect ) / Otot £ Oindirect/ Otots TN & [Pl mevEs s i

o orange strip : (O, giect — Ofit) / Oror T Ot/ Orors orange width : error of full fit;

* points ! (Oingirect ~ Oexp) / Otot T Cexp/ 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.
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LHC results: SM fits =
* in the past the main interest was: ¢ perfect agreement (see figs.), :::j::::t

>possibledeviationsfromSM; textbook-like. y II!HH!HHLHH!HII!HH!HH!H

In simpler words : M, o mEm
"triumph of the SM" N |
r

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

e now the fit is over-constrained:
look for bad pulls — physics bSM;

the glorious end

of a 25-years story

E 68% and 95% CL contours T ‘::r_":;:':fézr A(LEP) | . e
805 — M fitw/o M,, and m, measurements

-- o =0.76 GaV A(SLD) | i—e——
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o fitw/o MW, m and MH measurements o sin? GZ;:! (Q ) : '

| direct M, and m, measurements FB
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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.

dch(dedy) [nb/(GeV/c)]

HEHH

BOr<cd4dil»

*%e >0

pp and pp

45 GeV < Vs < 7 TeV

(ISR, SppS, Fermilab, LHC)

PDG
2016

CMS (pp at T TeV, lyl<0.5) antikt algorithm R=0.7
ATLAS (pp &t 2.76 TaV, lyl<0.3) antikt algorithm R=0.8
ATLAS (pp at 7 TeV, lyl<0.3) antikt algorithm R=0.6
COF (p¥ &t 1.98 TaV, 0.1<yl<0_7) Midpoint algorithm
GDF (pp at 1.06 TeV,0. 1<lyl<0.7) K, algarithm

DO (pfF at 1.96 ToV,0<lyl<0.4)

COF (pTF at 1.8 TeV,0.1<InI<0.7}

DO (pfF at 1.8 TaV,0.1<Ini<0.7}

DO (piF at B30 GeV, Inl<0.5)

COF (pTF at 546 GeV,0.1<Ini<0.7)

UAZ (pTF at 830 GaV, Inl<0.85)

UAT (pT a1 830 GaV, Inl<0.)

R80T (pp at 45 GeV, Inl=0)

R80T (pp at 63 GeV, Inl=0)

—k
-

p; (GeV/c)
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LHC results: o, running

CMS preliminary L=50fb" \/"— 7TeV
— R | ' ' | | —
S 022 [ S SR SR {—5— JADE 4Jet rate
= N : : : : (—>— LEP event shapes
NN | —O— DELPHI event shapes
an update of the p|ot 0.20 h """""""""""""""""""""""""" : . ' p i
shown in § 6, with | 7O~ ZEUSinc. jets
Y 018 LIERNG; e e e |-0— HiDIs |
many more points. . 5 5 5 |—A— Doinc. jets
-|—— DO angular cor.
016 - Ly : . ,
: : as(Mz) =0.1184 4+ 0.0007 (world avg.)
: as(Mz) = 0.1160T5 007 (3-jet mass)
014 oot PN ] - - - ‘
012 F e TR i
0.10 /== cvs razratio |------ A B s S (TS -
—l— CMS tt prod. : | : :
0.08-+ CMSSJetmass ______ |1 __________ T TITEITE SERRI s

5-10° l(] 2- l(]l 5-101 102 2102 5-10%2 103 2108

) . Q [GeV]
) 1IN_-2N, (Q°
a,(Q )=065(Qo)/{1 a,(Qj) o In(Qé ﬂ

N.=3, N.=3—->4->5-6.
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tandard Model Production ection Measurements Statusg August 2016
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. _ CMS Preliminary

T i 7 TeV CMS measurement (L < 5.0 fo)
ok F OE E E E OE % 8 TeV CMS measurement (L < 19.6 fb™)
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ATLAS Preliminary
[ Theory
Q@ Measurement

—

o
w
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the "heavy flavor/boson" sector:

> tt (QCD);

> single top (ew) [example below];
> WW, WZ, ZZ (ew);

> H (ew);

NNLO+NNLL

shown vs Vs;

lessons:

> LHC "sees" well at the pb level;

> H is not very different from ZW /
WW / ZZ channels, neither as

mass, nor as o, nor as s
dependence;

NNLO
LHC-XS (N°LO ggF) -

as usual, SM (QCD+ew) works well.

Total production cross section [pb]
o

pp > WZ
H
10 il —
B NNLO 7
i pp — LL I
4 6 8 10 12 14

\s [TeV]
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B Tevatron combined 1,96 TeV (L < 8.8 fb™ . .
v CMIS o1 502 ToV (1 2 20 pb ) ) ATLAS+CMS Preliminary (Aug2016 )
~ m ATLASen7TeV(L=4.6f")
e CMSep7TeV(L=51") LHCIopWG
3 m ATLASeu8TeV (L=20.3b"
10°F e CMSeusTeV(L=197 1"
— v LHC combined ep 8 TeV (L = 5.3-20.3 fb™ -
— m ATLASep13TeV(L=3.2fb") .
~ v CMSep*13TeV(L=22fb") ]
™ Ao ATLAS ee/up* 13 TeV (L=85pb™) 1
~ O ATLAS |+jets* 13 TeV (L =85 pb’) 1 7 000000 —
A CMS |+jets* 13 TeV (L=2.3fb ") F 1
~ O CMSalljets* 13 TeV (L =253 fb") -~ 900F J 7
* Preliminary a [ ]
10° : 14 “ 000000 8————
- 800 q 3
= 700F 1 4
| B NNLO+NNLL (pp) i 1 4
: -~ NNLO+NNLL (pp) P S S S —
10 Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 ¥s[TeV] _|
~ NNPDF3.0,m,_ =172.5 GeV, ct(M,) = 0.118 + 0.001 =
[ 1 ISR SN TN (NS Y TR N (N SO SN SN N SN S S N S S - J
Vs [TeV]

e technically a difficult analysis (secondary
verteces + leptons + multijets + E;);

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

e [as seen in 8 3] pp larger at small \s, but pp
equivalent when Vs increases, due to gluon
dominance in PDF at small x;

* another perfect agreement, textbook-like.




LHC results: bSM (CMS DM) =

just as examples, "CMS dark matter" and "ATLAS
supersymmetry" searches

[ATLAS-DM and CMS-SUSY are not too different]

CMS Preliminary Dark Matter Summary¢ ICHEP 2016

DM +jetsV(d)  v| i R T EX0-16-037
9py,~1- 9,025 AV . : : :

DM +y o o EXO-16-039
gm=1’ ngn'gﬁ AV

DM + Z(I) o EXO-16-038
9oy~ 9,025 AV

DM + - EXO-16-040
g, = 3, =025 v FCNC :

DM + H(bbyy) — : : EXO0-16-012
m,=300GeV; m_=100GeV EXO-16-011
g,=08 : : : :

DM + jets/V(d0) 5 EX0-16-037
00,9, Ps ; : ; :

DM + fi EX0-16-005

nothing found until & _—
now, but we know - - : E e
! 1 oo, - : : : nedator B2G-15-007
that something is ug.:‘l :g E):‘tt : ‘ :0 P: : 5 vscusoss
hidden SomeWhere, om 4 10 = ....E L F— .....! 1 L1 |||||| 1 11 |||| 1

so please continue 1 10 1 02 1 03 10
Maximal excluded mass [GeV]
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ATLAS Preliminary
V5=7,8,13TeV

5

Mod STV Jets B [Lanm™) Mass limit Vs=7,8TeV [Y5=13TeV Reference
T T — T T T — T
MSUGRNCMSSM 0-3euf-27 2-10jets/3b Yes 20.3 1.85 TeV m(g)=mi(z) 1507.05525
ad, q—)qf‘!l 0 26 j:elﬁ Yes 133 miF3)<200 GeV, m(1* gen. §l=m(2™ gen. §) ATLAS-CONF-2016-078
g a7, §—q¥| {compressed) mona-jet ; g !ei m 3.2 m(?]n-m[ﬁ)-\:sﬁa\f - ;Zlgﬂo’;rm
25, 7 [} e 13.3 m(F)=0GeV -2016-078
© & s—»qv;’?’—»qu*x“ 0 26jels  Yes 133 m(E})<400 GeV, m(£*)=0.5(m(E}1+m(z)) ATLAS-CONF-2016-078
8 gg. g_,qq(gg;wm Jepu 4jets b 13.2 mi})<400 GeV ATLAS-CONF-2016-037
F-qq 2e,u(SS) 03jets Ves 13.2 mif}) <500 GeV ATLAS-CONF-2016-037
2 &ssINish) 1-2740-1¢ O2jels Yes 32 1607.05879
GGM (bino NLSP) 2y = Yes 32 cr(NLSP)<0.1mm 1606.09150
:% GGM (higgsino-bino NLSP) bl 1b Yes 203 m(E})<950 GeV, er(NLSP)<0.1 mm, u<0 1507.05493
GGM (higgsino-bino NLSP) b2 2jets  Yes 133 m(¥})>680 GeV, cr(NLSP)<0.1 mm, u>0 ATLAS-CONF-2016-066
GGM (higgsino NLSP) 2epu(Z) 2jets Yes 20.3 I3 200 GeV m{NLSP)>430 GeV 1503.03290
Gravitino LSP ] mono-jet  Yes 203 FY2 scale B65 GeV m(G)=>1.8 x 107" eV, m(§)=m(g)=1.5 TeV 1502.01518
i 3 g, fobbi 0 3b Yes 148 (¥7)=0 GeV ATLAS-CONF-2016-052
8, §—i¥ 0-1eu 3b Yes 148 s ATLAS-CONF-2016-052
A = AN 0-1e.u 3b Yes 201 |& 1.37 TeV miE})<300 Gev 1407.0600
Byby, by—b¥) 0 2b Yes 3.2 m{F}}<100GeV 1606.08772
'g b.bh 51_,:le 2e,1(SS) 1b Yes 13.2 miE1)<150 GeV, m{F} j= m{E1)+100 GeV ATLAS-CONF-2016-037
a_ i), fj— 0-2eu 1-26 Yes 4.7/13.3 m{E}) = 2m{E}), m(E})=55 GeV 1209.2102, ATLAS-CONF-2016-077
AL, f]_,wm'/“ or 1) 0-2eu 0-2jets/1-2b Yes 4.713.3 m(E})=1GeV 1506.08616, ATLAS-CONF-2016-077
§_ Ry, F— 0 mono-et  Yes 32 mif,-mi§})=5 GeV 1604.07773
f1fy (natural GMSB} 2e,u(Z) 1h Yes 203 miF})>150 GeV 1403 5222
B hiy, o +Z Sepu(Z) 1b Yes 133 mif})<a00 GeV ATLAS-CONF-2016-038
| B, bl th lep 6Gjets+2b Yes 203 mE)=0GeV 1506.08616
Bplip, f—){,\’l 2ep 0 Yes 203 miE}}=0 GeV 1403.5294
KT, Xy o) 2ep 0 Yes 203 |4 m{E1)=0 GeV, m{Z, #)=0.5(m{fTj+m(¥1)) 14035294
0, A"’l —v(r7) 271 = Yes 203 |&) m{E1)=0 GeV, m{#, 5=0.5(m(ET Jem(E})) 1407.0350
B nr —»szfL: ), EVELETV) e 0 Yes 203 |45 715 GeV M )=m(¥2), m(E?)=0, m(l, 71=0.5(m{ET)emiil)) 1402.7029
E 4 X‘X —)WX 2-8ep O2jets  Yes 203 ifij 425 GeV m(Et)=m(€3), m(E7)=0, f decoupled 1403.5294, 1402.7029
T —.Bvx.kxb, h—shB{WW/Tr|yy €HMY 02b Yes 203 X’,,?i 270 GeV miF; )=mif3), mig1)=0,  decoupled 1501.07110
¥ak3, X33 —int dep 0 Yes 203 ?,, 635 GeV m(E3)=m(F3), m(F})=0, m(f, #=0.5(m(F7)+m(F1) 1405.5086
GGM (wino NLSP) weak prod. Tepu+y m Yes 203 W 115-370 GeV er<imm 1507.05493
GGM (bino NLSP) weak prod. 2y = Yes 203 W 590 GeV cr<1mm 1507.05493
Dimmiiﬁf prod., long-ived ¥ Disapp. trk  1jet  Yes 203 |& 270 GeV s miE )~ 160 MeV, (1)=0.2 ns 1310.3675
Direct %1 prod., long-lived ¥]  dEfdx trk - Yes 184 | A 495 GeV miE)mE )~160 MeV, r()<15 ns 1506.05332
'E o Stable, stopped # R-hadron 0 15jets Yes 279 |E 850 GeV m{E])=100 GeV, 10 us<r(F)<1000 s 1310.6584
Stable g R-hadron trk = - 3.2 1606.05129
=
&:G Metastable g R-hadron dEfdx trk - - 3z m(¥})=100 GeV, r>10ns 1604.04520
= § GMSB, ;tﬂahle 7, 07, p)-i-'r(z w 1-2p - - 191 B 537 GeV 10<tang<50 14116795
= GMSB, 1—+¥(3, long-lived 2y = Yes 203 440 GeV 1<r(¥))<3 ns, SPS8 model 1409.5542
BB, X]—mev epv/ppy displ. “.FEFJ"MP = - 20.3 x; 1.0 TeV 1)< 740 mm, m{g)=1.3 TeV 1504.05162
GGM gz, ¥ >ZG displ. vix + jets - - 203 5 1.0 TeV 6 <cr(¥])< 480 mm, m(z)=1.1 TeV 1504.05162
LFV pp—s¥r + X, Fr—sep/eT/ut EHET T = - 3.2 A3y =0.11, diag1332m=0.07 1607.08079
Bilinear RPY CMSSM 2e,u(SS) 036 Yes 203 145 TeV m{f)=m(g), crpsp<1 mm 1404.2500
,f{',x:r.‘,):/‘f—.w,f“,)g"—»eev,egv, vy deqn - Yes 133 mt,r:E):-M]DGeVJ um#0 (k= 1,2) ATLAS-CONF-2016-075
E BRI —WRL X rrve ey, 3ep+T - Yes 203 m{E])=0.2%m(Ef), d20#0 1405 5086
o B Eoaay 0  4-5large-R jets - 14.8 BR(1)=BR{b}=BR(c)=0% ATLAS-CONF-2016-057
88, 3901, 11 > qqq 0 4-5large-Rjets - 14.8 me¥1)=800 GeV ATLAS-CONF-2016-057
28, g—it, [ —bs 2eu(SS)  03F  Yes 132 m(iy)<750 GeV ATLAS-CONF-2016-037
fify, fi—bs 0 2jets+2bH - 15.4 ATLAS-CONF-2016-022, ATLAS-CONF-2016-084
fify, fi—bt 2epu 2b - 20.3 BR(f1 —be/u)>20% ATLAS-CONF-2015-015
Other Scalar charm, é—scf 0 2c Yes 203 |& 510 GeV' miE1)<200GeV 1501.01325
1 L L M S SR | 1 1 L PR
*Only a selection of the available mass limits on new -1
stales or phenomena is shown. 10 1 Mass scale [TeV]




Conclusions. Edzeczu‘wé &MMﬂ
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

Q&”S—#ﬂ" 227 Jedy 203

NN e

The scalar Sector of the SM and beyonrd




the MSM Higgs boson

 [the symbol s, means that in the slide the
value of the mass of the Higgs may vary: e N
> for didactic reasons, IVB (W*, Z)
> because the analysis is still in progress, \/WWW\/\

> because of a possible larger H sector] H

e [at least] one H boson in SM;

_ o o f(a,q,8%)
e just one Higgs in "minimal standard model"
MSM [MSM assumed in the following]; il

* [>1in theories bSM, e.g. in SUSY: h, H, A, H]

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

N>

°* in MSM directly coupled with all massive
particles, i.e. all buty, g, v's (if massless);

Ly = (D,0) Dyt —V(9) —En F*
D¢ =3¢ + ied,
* it behaves like a normal particle (with exotic E. = 0,4, — 3,4,

couplings): it is produced, it decays, etc etc. i § V(o) =apo+po9)

* [more on this subject later in the chapter] ’ by a<0, >0
RE

x>
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e the Higgs mass is a free parameter
of the SM [sometimes another
correlated parameter chosen as
"fundamental"];

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

e the further demand that the SM be
consistent up to a given scale A
(triviality bound) puts another limit
on m,, function of A (red line);

e the vacuum stability also limits m,,
(stability bound, green line);

e considering all together, A=m,_
— 130 < m, <180 GeV;

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

(GeV)
600

400

<00

106

109 1018 1p1° 1018
A [GeV]




Assume the Higgs has been found

at ~125 GeV:

according to the previous
argument, the universe is stable,
meta-stable, or in-stable ?

even with the MSM assumption
(particle found at LHC = MSM
Higgs), present error ("LHC") does
not solve the question;

only a future, more precise
measurement ("ILC"), will solve it;

notice in the plot:

> the value of the top quark mass
is VERY important;

> the "ILC" value is arbitrarily put
at the LHC/ TeVatron
measurement: only look to the
size of the error;

pole

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

1892
180
178
176
174
172
170 :
168 I

166

164
120 122 124 126 128 130

Bﬂ}{[(;e\f]

e however, if one takes the LHC measurement at face

value, the universe is metastable, but its lifetime
may exceed its age (~ 101° years);

¢ so, do not panic, but improve the measurement !!!




4/6

. ™
Define the SM parameters (PDG 2016 §10):

Vi (0) = —1°0 0+ 27 (') /2;
A \+26,

1 @ other definitions :
A2 >N, A2 02, M4, ..

V,=0—>¢(V,=0)=v

—u? =, ..

2 cosf,,’
2m 2,/m’> —m?
g= * ~(0.65; g': z L ~ 0.35;
L L

S coupling _ _gf\T]]‘\VfH + SVgVV}lVHH + [],

Higgs

the MSM Higgs boson: potential v,

[V=W/Z; §,=1 0,=%]

m 2m?
_ 1. _ V.,
8]«— ) gv_ )

m,* =125 GeV —

m
A =—H ~0.51;
L imho (A, )
o M, neither theor.
1l = —2 ~ 88 GeV clear, nor exp

clean.

4 N\
To test the SM couplings, redefine
g; and g, with "modifiers" «'s:

g A
g =— > K;—;
L L
2m? 2m?
By =—— Ky —;
L
and adjust k; and k,, to the data;
2 G, . 2 F .
K= SIJ\/I’ or x; = 5|Jv|'
C; .
J J
\SM—)KT:KV:I. )

Paolo Bagnaia - PP - 12b
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the MSM Higgs boson function V(¢)

V(o)
Study the function V=V(¢): x107
+ }\,2 ¥ min
V,,(9) = —p’¢ ¢+7(¢ ¢) = 0 ¢

T
:mH(—EM)‘ 6l j

[MZ—H; ey Bl - 25 cev

V=Vmin+mH2(¢_¢min)2

2 ; /
~246 GeV; \‘b/
-10 .
0 ¢™ = |— L ~174 GeV; N/
¢ 242G, y/min - - 191(Gev)
2 0 50 100 150 200 250

v VH(d)m'”) SIG e the horizontal shape of V.. (e.g. ¢™", v) does
NOT depend on my;
2
0 Vi =2m?. e the vertical shape is oc my? (show m,, =100/ 125 GeV);
2
09 9=0™" e the parabola at ¢, represents a particle of mass

m,, = the Higgs boson !
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the MSM Higgs boson: all SM couplings ==

f(a,87)
W < Hff 8hsf = mf/ L = (\/2 GF)’/z m; X (-i)
7(q,8%)

V(W Z)
T .;’\:\I:I\: HW | g\ =2m/j?/v = 2(V2 Gp)* m,*  x(ig,,)
V (W, Z)

H ... V(W Z)
t(:: HHVV | g, =2m2/ 02 =22 Gy m,? x (1g,,y)
H " V (W, Z)
““““ H
TR o HHH | g, =3m2/v =3(\2G) m2 x(-i)
....... .
Heoo e :
"""" Sl HHHH | gy =3m,2/ V2 =3V2 G m,? x (1)

ot .,
Y L2
'Y L]
. G
Y L2
. G
. L2
Y L2
R ‘e
. .,

A. Djouadi, Phys.
Rep., 457 (2008) 1.
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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 8 g y fusion

important (e.g. single top);

emphasis on detectability — some
particles in final state may help;

in the following, W and W?¥* both
appear as W [same for Z/Z*].

VH
production

ttH
process

Paolo Bagnaia - PP - 12b



Higgs properties: decay dictionary

e Higgs decay modes;

e in the diagrams, "f" represents any
fermion; however the coupling (and
therefore the BR) is strongly
dependent on its mass;

e here W and W* both appear as W
[same for Z/Z*].

H—>WW/ZZ

Paolo Bagnaia - PP - 12b



 at "tree level" the partial width for the ¢ 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,2)is given by : the formula with B, assumes real W/z;

when virtual W*/Z* are required, the
computation is different; for m, =125
GeV, results are reported below;

C(H— ff)= G.m mef,

n\f
4m; {1 [leptons]
V4 f = )

- 1— :
by m; 3 [quarks]

e when my increases, new decay channels
open; moreover, the partial widths also

3
I(H—>VV)=3, G, B, (4—4x, +3x2); increase; therefore I, is a strong
4m\2 function of my, :
. _ T I/ Y-
B, = 1__4mf/ - X :_4m\2/_ S = 2 w7l rt°t(mH)_ZJF(H_)fifJ’) +sz(H—>Vk Vi
’ my O omy |10z BR(H— X)=T(H—X)/T', =BR(m,);

* therefore, for m, small (m, < 110 GeV), both I, and BR function of m,,.

H—bb dominates (see § LEP);

e if my >2 my,,, the largest BR would be
forH > W*W-, H > ZZ;



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
H—Zy) are important for the discovery :
> the decay H—ggis 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)=_ —— ———a’Gm|l_|;
3\/_ ‘ [Wi ; (b)] Y
=zq|q mq/mH):f(mH)~0-1+1; Y
b 4

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

I'(H—vyy)= 87T3\/_ocemGFmH‘l ;

| = chqulf(mf /mZ) +1,, =f(m,)~1+10; :‘or 7Y, in(;erferetpce(w <—> t
N arge and negative (a nice

[sum over charged fermions f, c,=1(¢") or 3(q)]. test of the SM).
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Ul

/8

Higgs properties: decay BR vs H mass

— 17 | | I | | | T T —m
o] -
AN - Iww —— it
- S i
Py / tt
R ga _
P —/ i
+ | cC 1
c

mi10%E =
(7)) — ]
o) B N
2 L -
T | - |
10°p E
B " N

UL !

10-4 | : | I L1 1
90 200 300 400 1000

M, [GeV]
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Unlike LEP2, in the LHC energy
range, the Higgs boson decay

mode is highly variable

— challenge for the experiments.

my = 125 GeV [CERN-2013-004]

decay mode| I" (MeV) [BR (%)
bb 2.35 | 57.5
WEiw™* | 0.886 | 21.7
gg 0.349 | 8.6
T 0.257 | 6.3
2Z* 0.110 2.7
cc 0.118 | 2.9

vy 9.3E-03 0.23

Zy 6.3E-03 | 0.15

n 8.9E-04 | 0.022
sum 4.08 100

e




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

<
r

Hgg

HrtT

'_Q| 1 1T | I | I I | | I I | I I I | I I_:E

S WWw S

T B %

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

-F_E F___ .

O -

I__i_ i | Higgs BR mbb
o (my =125 GeV) mWW
o1

78]

o)

o

L

mZZ

M cc

ke
=
]

T '1\

N

lZy

by

LLL

4 |
1060 100 128 140 160 180 200
M, [GeV]
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LHC HIGGS X5 WG 2010

roughly oc m, 2
my=1.4TeV > T, ,~m,,
not anymore a particle

the direct measure of I',,
is a powerful test of the
SM: ideas are welcome




Higgs properties: formation in €8~ uf=

( N

Question (for a lepton collider, not for
LHC): what about the direct formation (ff
— H — X) in the s channel ?

Answer: it is depressed by the H coupling
with low-mass fermions (I'; oc m¢?).

Compute it for a hypotetical u*u~ machine:

4nl I, _4nl T, ’m?

2 2,52 2
(s—mf,) +Im?2 Lymy (s—mfi) +I2m?

o(ff >H—>X)=

An T, ’m?

=all > 64 pb
=l mi T, (s—mﬁ|)2+1“ﬁ|mﬁ|

ff=uu®, Js=m,=125GeV

see § 3 [quoted for ete™ — J/y] :

ta— 2 o
S(ab— 1)y — ff,<Js) = for e*e”, factor (m.,/m,)* ~ 1/40,000:

] — impossible for electron colliders;

— one of the main motivations for
muon colliders.

_16m (2, +1) {&}{&} I2/4
s (2s,+1)(2s,+1)| Iy || Ty (\/g_MR)2+r§/4
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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 my/Tw
' 68% CL

Excluded

10

10
my, [GeV]

10

A(SLD)

sin®65(Q,)

Qu(Cs)
sin®0glee)
sin,,(VN)
g;(vN)
gr(vN)

10

M, [GeV]

10

10




Higgs — pre-LHC : Tevatron legacy (1)

o)

- ;?r.yi15,2'0II!IIII!IIII'IiiJ!IIIIEIIIIEltllg
‘.-‘:, & i‘mmﬂr’y ..., ............ oG S .......... =

CDF + DO combined — , ?_'_ An%]yzed L§=10fb4é,5xp

A A
\

sisrimskasssiassassssfassasassasiastfassasissinssatisissssdfasindinssarsnsincnakaniRernnsarialannansansnasabaaasaranss p—

Probability of 3¢ Evidenc

R IR PO FUTUS FUUTE FUUTR DU P s
120 130 140 150 160 170 180 190 200

Higgs Mass (GeV) )

-

4 \ I
Search for the Higgs Particle
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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8S 05)

LLR

EELIR, 1 Tevatron Runll Preliminary at LEP, for m, < 115 GeV, the value of n (= £

C —IIR Lo WP e — 20 ) int
15 1

R D was monotonic and strongly decreasing with m,;

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

Tevatron Run II Prehmlnary, <L>=591b"

100110120136 146150160170 186196300 e R R R
o (Ge LEP Exclusmn Tevat:ron
G % 10 | T R S T R Exclusmn
-
-
@)
X
e
=N
1
"LLR" = log likelihood ratio =
—28n(A/A) o Faclusien
100 110 120 130 140 150 160 170 180 190 200
H(GeV/c )



Higgs — pre-LHC : complete legacy

6

e the (in)famous "blueband",
already discussed, wants a
light Higgs; it includes all the 5 —
known info, BUT the direct
search at LEP, Tevatron and

LHC, shown separately; 4 -

* instead, the yellow 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;

e everything is now ready to 40
show the direct LHC search.
allowed only here

‘ — (0.02750%0.00033
- L - 0.02757+0.00010

incl. low Q° data

2_

Excluded

100 200

32
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e the real process is at partonic level;

e parton densities (= PDF) at fixed x, depend on \s;

100

WJ52013
T T TT T T T T T T T T ]
[ ratios of LHC parton luminosities: 13 TeV /8 Te f
l ]
f
F /f
— 99 1
----2qq /
TTTag 7

* they are strong functions of § (= M, ). %
:‘é
1§ ’IIIIIIIIIIIIIIIIIIIIII IIIIIIIIE
ey -
2 5y
+
L 10
T -
a -
g N
= B
1= |
9.*"\“ "‘q-'.
10" T Tl B
_II II|IIII|IIII|IIII|IIII|IIIllllllllllllll"lbl.q
10 900 1000

1200 300 400 500 600 700 800

My, [GeV]

* 0,,5 = few X 10 pb;

e many BR decays, some
unmeasurable;

* only observables 0 XBR;;

e notice the scales.




ggF -----------

pb]

—10

o(pp — H+X)

107

(see dictionary)

\s=7 TeV

LHC HIGES X5 WG 20

100 e

500 300 400 500 ____ 1000
M, [GeV]




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

102

i T T T T T

\s= 8 TeV

LI
L 111l

LHC HIGGS XS WG 2012

10

| IIIIIIII
| IIIlIIII

il
o(pp — H+X) [pb]

1 lllllll
L1 IIIIIII

D
) ’ 10-2 Lo | I
(see dictionary) 80 100 © 200

IIII

300 400

7 My [GeV]
s(TeV) | ggF | VBF | WH | ZH | ttH | (..) | Sum S(pp > HX)
7 150|122 | 058|033 (0.09| 0.2 | 174 (pb)

8 19.2 | 1.58 | 0.70 | 0.41 | 0.13 | 0.3 | 22.3 WILLIeTICT R
14 | 492|415 1.47 0.59 56.3 R
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o 10T o L B T T TR
= E o \'s = 8TeV 18
x  TEBFH W Va3 ¢
.- I o E\WH - WW — vy 7

7Z - Mg
77 S Fivw

ZZ - 'l

L

-
g
“a
*u
"w
-
.

potentially visible decays only

[e.g. WW — qqqq iS missing]



Higgs — LHC predictions : 6,, X BR

3 1 0 E | T T T T | T T T g g
lg E ™ \S - 8TEV E g
T i
m WW — Fvag 18
X 3=
© . E
W = 'V .
— I'lqq ]
same plot, different scale, to ) 7
show the high m, behavior ZZ — I'Tvv N
(not irrelevant, even after / ;
Higgs discovery, because of - e -
possible extensions of the ZZ — T
Higgs sector, even in non- 10'3 H Evbb =\ YY | E
minimal SM). F \ =6 U N
- o V=V, V¥V, -
ZH — 'l bb ) q = udscb ]
1 0.4 %ol *y | L 1 I | |
100 200 300 1000
M, [GeV]
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Higgs discovery : H > ZZ* - ATLAS

>
) | e Data2011+ 2012
¢ 40 B SM Higgs B ATLAS looking for the
S 998 Boson H—ZZ*—4l ' I
a [ m,=124.3 GeV (fit) | _1 Higgs boson !!!
c 350 * Vs=7TeV |Ldt=4.61b
= | LJBackgoundz 2z s=8TeV |Ldt=20.7 fo
L ~ [ Background Z+jets, tf ' H— Z2Z* - 22 2¢-
08 77 systune Test mass ~ 125 GeV
251 (exact values from mass fits,
- small variations — within errors)
2017
- |
159
[ ',45/
10
_ 1. ATLAS animated gifs:
ST 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/AtlasPublic/HiggsPublicResults#Animations
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults#Animations
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig13002TWiki
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig13002TWiki

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

o I\II||I|||||\||I|I||I|II‘IIII||I||
ATLAS 4 £+ Tou- 10°E — (Obs 2012 ATLAS
------- Exp 2012 x
8 10°E — Qbs 2011 H=22" >4l
° 2011 : some excess, — T E-reeen Exp 2011 \s=7 TeV |Ldt =4.6 b
below 3G- — Obs Combjnation  ~
: 10E - Exp Combination  ys_g TeV [Ldt =20.7 fbd

e 2012:~ 6 G;

e combined : between 6 10™ """" 3 ;(é
and 7 c. 10 . ' <o 35
more than expected, but 0%  \ % [ 7 :E". % 4o
not incompatible. H S
107 |
10° 460
107"
NB. obs (-) and exp (- -) A 76
are expected to agr‘ee 1 0'13 L 1 1 | | L1 1 1 | YSl o1 | L 11 1 | L 1 1 |::‘ L1 1 1 | L1 1 1
ONLY at m,,°bs, 110 120 130 140 150 160 170 180
my, [GeV]

39
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35

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— 2Z* — 22 2+8-
Test mass ~ 125 GeV

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



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

E 10.12 .. ] usae
S 107 e 2011 : some excess,
o 10';15 . 2 ~3 o;
S 10:55 = :;:.é . 2012:>60;
o 10.7- s e combined : between 6
:Ilg'aé é and 7 o.
1 0-9 —— Observed 7 TeV' .
107"° e well  compatible  with
107" e e : expected.
10" L% CMS Preliminary | o
1013 Y Hozzo4l
1014 WL E=T7TeV,L=511"
-15 vt ys=8TeV,L=196f" _
18'16 E | | L1 11 | L1 1 | 1 Il‘l L1 1 | I | | L1 1 I-:l.:l| I | L1 1 Ij
110 120 130 140 150 160 170 180 [AACIENQELCIDINGY
m, [GeV] are expected to agree

ONLY at m,°®s.
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Events / 2 GeV

(@)
X
e
©

O
=
LL

]

4]
i

-

QO

>
L

10000

8000

6000

4000

2000

500
400
300
200
100

o

8IIIIIIII|I“Iﬂlllllllllllllllllllllll I T1 | I 11 | 11 | I 11 |
[ —e— I

-100
-200

—

\s=7TeV

V\s=8TeV

I
J

Ldt=4.81fb"

Ldt=20.7fb"

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

Bkg (4th order polynomial)

160



Higgs discovery : H — yy - ATLAS p-value

..SMH->7yyexpectedp  ATLAS
— Observe P,

o 10°
10?
10

1

10 Bl N, S I ANEE
10 e 2011 : some excess,

10°° >3 o;

AR ‘ enren 2T
185 e I RPN Ll 0, 2012:> 6 G;
10 Data 2011ys = 7 TeV
107 \
102
10;
107"°
107"
102

-13
18'14IIII|IIII|IIII|IIIIIIII|IIII|III|IIII

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

Local p

-
-
-
-
"
......

5 * combined:>7c.

— Obs. 2011
---+ Exp. 2011

— Obs. 2012
----Exp. 2012

Ldt=4.8fb"
Data 2012 Is=8TeV
Ldt = 20.7 fb"

60  more than expected,
but not incompatible.

NB. obs (-) and exp (- -) are
expected to agree ONLY at m,,°s.
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> _l T | | L T I | I T I T I I T I T I | I | ]
) - CMS Preliminary —— Data ‘ ]
O [ (s=7TeV,L=511t"(CIC) S+B Fit )
05000~ ys=8Tev,L=19.61"(CIC) Bk it Component
:-_-.. - [ J+20 i
n - B
-E4OOO i :
o - ]
i - y
_03000 — -
O i i > - | — T |
E - i D 250 [ CMS Preliminary N == e o
OQOOO — — SJ) r ¥s=7TeV,L=511fo"(CIC) — Fiessoma .
() i 1 = 200]
= . ) £ 150/
- _ ) :
1000 . @ 100
+ B ] e
2 ! 1 £ so
S~ 0 o vy v v by v o b % i
» 110 120 130 140 150 2 o
m,, (GeV) 2 50
& -100°



Higgs discovery : H — yy - CMS p-value

CMS\s=7TeV,L=5.1fb"\Ns=8TeV,L=19.6fb™

Local p-value

1

=L | | | L | [ I I | L I L | L I—
230 "\ NTT w
Z R E : \

HIB s e ]

T, — L [ S T L Ll =
— Shesa --i_ ------ L PR Lk -
[ ] H L] ]
B 1 I (] -
— - : "‘_
2 R
:_ : -l : o"‘ " _:
S ol ¢ ‘ e -
e, 0 B R v -
— ‘."\..‘ -': ."- : -7 0“ ]
'\, L] : ,.-’ * ]

ll-‘*‘ s.‘ : ‘.‘. ‘- ",t “O
[ e - & P v —
S §~~ - ._.3.- L "O‘ =
- A . .’ =
: ~~ﬁ .“' :
- S . o [ = -
- — H—y7 0bs. =
3 == Exp.for SMH |4
' R \IIS — 7Tev |
F CMS preliminary (CiC)  |....-\s=8TeV E
_I 1 1 1 | I .| | I | | I | I N N N Y N N O I | |

1

20

30

4G

110 115 120 125 130 135 140 145 150
my, (GeV)

CMS yy

e 2011 : some excess,
>3 G;

e 2012:>3 G;
e combined :

~4 G.

well compatible with
expected.

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

are expected to agree
ONLY at m, 5.
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Higgs current status =

After discovery, what next ?

[no possibility for stat. fluctuations, but RWEILllal#

maybe it is NOT the SM Higgs] * neither a standard textbook explanation
Strategy : nor a report of present state-of-art
results, but an attempt to show the

°* measure as many as possible H
strategy of the current studies;

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

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

> decay BR's;
>
>

few properties only (e.g. skip the

couplings; interesting but complicated attempt to
decay angular distributions; measure H width);

e compare with SM predictions and check no discussion of bSM analyses (actually

(hope) for discrepancies; most studies, but none successful, until

* look for the rest of the m, range, G-

searching for a richer Higgs spectrum; a neverending work in progress ...

e [the same for any other bSM theory];

* [also with model-independent analyses].
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Higgs current status: mass(es)

Data T T T T I Ll T T T I T T T Ll ] T T L T I Ll T T T | Ll T Ll I T L Ll T I T T
2011-12 f;’g“: a”1d CMS ——i Total Stat. = Syst.
un Total  Stat. Syst.
ATLAS 20 fb ATLAS H—syy H—f=e==—H  126.02:+0.51 (£0.43 £0.27) GeV
20 fbl CMS H—yy —=—— 124.70 + 0.34 (£ 0.31+ 0.15) GeV

ATLAS H—Z2Z -4l e 124511 0.52 (£ 0.52 £ 0.04) GeV
As usual, normalize to SM: | B | e 12599 w045 (20420 IN GV
Huz[GXBR]eXp/ [GXBR]SM" ATLAS+CMS yy I'-EI"[ 125.07 £0.29 ( £ 0.25 £ 0.14) GeV
ATLAS+CMS 41 I‘—I‘E—l 125.15+£0.40 (£ 0.37 £ 0.15) GeV
ATLAS+CMS yy+4l FIE—I 125.09 + 0.24 ( £ 0.21 £ 0.11) GeV
1 1 1 1 I 1 1 L 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
123 124 125 126 127 128 129
m,, [GeV]
/
Ea‘lIIHHIIHI'H”ll'lalrtl.A:sIHll'll"
= f’:’fg“: a"1d cmMS S gnSASHZEEw : e if itis NOT the SM boson — m(yy) and m(42)
m - unt1t MS H—yy - .
X251 e CMS H2ZZ 541 — could be different;
‘E N - - All combined ]
S~ o e e i 7 . .
£ of X sewcL ] * ... and their yield uncorrelated wrt Hg,,;
a - B ] . . . .
5. FN e ] * but in the data their mass is compatible;
T Bl N e, ""‘,,‘ s ]
3 - - Yoo . . . .
L ]  and their strength is (a bit too large, but still)
ke - e ok for a SM Higgs of ~125 GeV; @
:...l....|....|....|..“m.w.‘|....|....: ° i
050l bbb and ATLAS and CMS are fully compatible.
m, (GeV)
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3/10
%J SO_ T T T T I T T T T [ T T T T I T T T T | T T L T ]
&  ATLAS Preliminary ~* Daa .
o BOf- Vs =13 TeV,36.1 1" — Fit J
~ H—ZZ2*— 41 |:] Background -
m [ -
E - -
g 40 1
A ]
300 .
201 :
10F =
:l 1 1 I i L L I i L L 1 I 1 L L i 1 L i ' 1 1
‘P10 115 120 125 130 135
m,, [GeV]
CMs 35.9 ' (13 Tev)
% ?D_f1‘['|‘[[ TTT 'III"||l-'|[['|'||["I|f|'||l|'||['|l[flll
O] - ¢ Data P
Y 6ok ] Ha2s) J
o f 1 qu-2zz, 2y
3 5o M 992z Zr

of
70 80 90 100 110 120 130 140 150 160 170
m,, (GeV)
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-2 AlnL

Higgs current status: mass(es) in 2018

RE:
eV)

0
120 121 122 123 124 125 126
m, (G

i & 1 & oo oo ] = F & %2 T 1
ATLAS Preliminary
Vs=13TeV, 36.1 fb" IR Stat. EEE Syst
Total Stat. Syst.
LHC Run 1 P—IE-——{ 125.09 £ 0.24 ( £ 0.21+ 0.11) GeV
[ Hezzeew | ;* """"""""" 124.88 = 0.37 = 0.37 = 0.05) GeV
|
H—yy — I_ i 125.11 = 0.42 ( = 0.21 = 0.36) GeV
Combined I % i 124.98 = 0.28 ( = 0.19 = 0.21) GeV
X | 1 L I . . N | 1 X | L x . . 1 . L . | X
124 124.5 125 125.5 126 126.5
my, [GeV]
5 CMS 359 fo' (13 TeV)
6_'
| ' m, |125.26 | 124.98
5}
3- : :Zz,u \
S [stat] 0.20 0.19
2 — —— Combined
C el %donage&aafyg(?fB
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* I'(H—>fermions/IVBs/...) = Txnyw/zz/.
completely specified in SM, once m,,
fixed [see table before and IE, § 14];

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

* strong function of m;/ my;

e [€y7 UPp — more events — smaller

m; probed];

* wonderful agreement with theory

[as usual ... © ... ® |;

* powerful test of SM : improve
accuracy for better test —
discrepancies [hope ... ® ... ©].

7

F- ——=G:m mef, [see before]

47T\/_
Am> {1 [leptons]
) f — ,

_ f.
Bf_ 1- 2

m?, 3 [quarks]’

for | R
2 4

- _3Gmm,  (m,|

ww 3 w ’
2T m,

J,, (M, =125 GeV)=0.0227;

2 4
r, :—3GF2mgmz xg, (sin*6, )xJ, (ﬂJ
T

J,(m,, =125 GeV) = 0.00366;

FW and Fgg . see before.

.

take into account m, <2m,_,:




L L A R A I AL
- ATLAS and CMS HEEYY

Define:

G, {cross—section for H production
° ul = — .

o™ | i=ggF, VBF, WH, ZH, ttH
; BR . .
o UL :—f{branchmg ratios for H decay;

SM

a o xBR!,,

to experiments
interpretation of result for u :

e L =0 — nosignal in this channel;

e u=1— compatible with SM — SM ok;
e u>1— too much signal - SM wrong.

¢ c, % BR! {only quantity accessible.

I

VBF+VH

__LHC RU DH—)ZZ
[JH->ww

| =——68% CL + Best fit
[ 1 ! | 1 1 1 1

* SM expected
L L L L |

0 1 2"f"3

mn
An example of this analysis: ~ 99"+t

o for all the decays (5 x "f");

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

e OK I




The modifiers k already defined; in practice:
1’*]

. K =—— [i=all particles (f/V)];
1—‘SM

K, for fermions}

« | simpler: only two: ;
K, for IVBs

"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.
i example
W
g Ke v
g
W

w 1.6

1.2

0.8

0.6

0.4

L
" ATLAS and CMS
. LHC Run 1

1.4

[ — 68% |CL

ATLAS+CMS

ATLAS

CMS

----------- 95% CL| % Bestfit *l SM expected

0.8 1 1.2

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

©

e large errors,
with x, =k, =1;
e agreement ATLAS <> CMS.




Vs

Higgs couplings (measured vs SM):

vs mass of fermions and IVBs;

e agreement ATLAS <> CMS;

* plot together couplings (including «;, Ky))

* clearly compatible with SM (x; = k,, = 1);

* impressive, from m, to m; — more than

3 orders of magnitude. @

~

J

The "[M, €] fit" is another approach:
- redefine g; and g, :

1+e
m m
f f

V .
M(1+28) 4

L
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£|

Higgs current status: couplings vs m,/m,,

1= ATLAS and CMS
- LHC Run 1

¢ ATLAS+CMS i
------- SM Higgs boson |
— M, €] fit :
[ 168%CL
[ ]95%CL
raal |

10 10°

Particle mass [GeV]

o fit M and € from the data: ¢ =0.023+0.029-0.027
SM—¢e=0, M=v=246 GeV. ’ ' M =233+13-12 GeV @
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Higgs current status: other meas =

Current status (not in these lectures, but Next (limits on exotica already shown):
PDG § 11, ICHEP 2016, Moriond '17/|18) e rarer decays;

* (H>vy) and (H—>ZZ* — 48) golden; HH (wait for HL-LHC):

* (HOWW?* — &vév) solid; "violating" decays (e.g. lepton flavor);
(H—>7t / bb) less significant;

decays — dark matter;
decays bSM (e.g. — SUSY);

bSM Higgs (e.g. SUSY higgsinos);
e spin-parity: J° = 0* (established); . ..

also ttH / tH, (— tH coupling);

e H>Zy, cC, uu next in line (?);

e couplings (some results shown)

— until now, all compatible

l[llfl|||I|'||||'|I'|'I|'|'||.'f||f[lll||||||'|II|'|I'§ ‘9 1_—' T '| T T T T T [ T T —g
with SM. H0F M) 125Gev ot 5 TE 3
— |2 /"‘ > [P I
. — ttH > < P e & ww_____— 1%
nice process: [Hsisme T oL L By 13
« 248 etk o4 mOEN 1 & [© —
o s qatt WL — — —
(e.g. 3u le); 2 = o0 = #;%Fr——*‘*—
e >4v (E ) vy 102 =
e 4 sec. vtx; 3 e
iy 101 B}
- 10°F7;
Uy
10 2_ = I
E— e Lo Lo Lo b Do Lo Lowa L aa U 10_4 L | T ' R R T R R
6 7 8 9 10 11 12 13 _14 15 120 122 124 126 128 130
B /s [TeV] M, [GeV]
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... finally (PDG 2018, 811.VIlI, slightly simplified):

The discovery of the Higgs boson [H] is an
important milestone in the history of particle
physics. Five years after its discovery, a
significant number of measurements probing its
nature have been made. They are revealing an
increasingly precise profile of the H.

The LHC has delivered in Run 2 a luminosity
of more than 36 fb~! of data collected by fully
operational ATLAS and CMS. Milestone
measurements have been performed: (i) H
decay to t*t~ (CMS); (ii)) H decay to bb
(ATLAS+CMS); (iii) evidence for the production
of the H through the ttH mechanism
(ATLAS+CMS). These and all other experimental
measurements are consistent with the EWSB
[ElectroWeak Symmetry Breaking] mechanism
of the SM.

New theoretical calculations are still
occurring. With these improvements in the
state-of-the-art in theory predictions and the
increase in luminosity and energy, Higgs physics
has definitively entered a precision era.

5

Since the discovery of the H, new ideas have

emerged to probe its rare decays and
production modes, as well as indirectly measure
the H width. The H has now become part of the
searches for new physics.

Many extensions of the SM at higher energies
call for an enlargement of the EWSB sector.
Hence, direct searches for additional scalar
states can provide valuable insights on the
dynamics of the EWSB mechanism. The ATLAS
and CMS experiments have searched for
additional H's, and imposed constraints in broad
ranges of mass and couplings for various
extended Higgs scenarios.

The landscape of Higgs physics has been
extended extraordinarily since the discovery.
The current dataset is approximately one
percent of the total dataset foreseen for the
High Luminosity-LHC. This perspective brings
new challenges to increase further the reach in
precision and it also widens the possibilities of
unveiling the nature of the EWSB.

(continue ...)



(... continue)

Outlook — The unitarization of the vector boson
scattering (VBS) amplitudes was a determining
consideration in the building of the accelerator
and the detectors. It motivated the existence of
a H or the observability of manifestations of
strong dynamics at TeV scale. Now that a H has
been found and its couplings to gauge bosons
are consistent with the SM predictions,
perturbative unitarity is preserved to a large
amount with the sole exchange of the H, and
without the need for any additional states. VBS
is, however, still an important channel to
investigate further in order to Dbetter
understand the nature of the Higgs sector and
the possible completion of the SM at the TeV
scale.

The H couplings are not dictated by any 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-

5

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 scale
significantly higher than the EW scale. The non-
observation of additional states which could
stabilize the H mass is a challenge for natural
scenarios like supersymmetry or models with a
new strong interaction 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 accelerators. The experimental data
together with the progress in theory mark the
beginning of a new era of precision H
measurements.



il SM today: a simple tree-level flow-diagram o

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

ete”

@ low \s

Z prod
@ LEP

SM weak
@LHC

interactions
8 mixing ~
(3+1 CKM, 4v ) Higgs
@LHC

+ all other SM processes

a‘S
+ running

strong
decays

m v v QCD @LHC
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For the first time after (maybe) the birth
of quantum mechanics, elementary
particle physics is in an uncommon state:

* no major (nor minor) prediction awaits
confirmation (e*, p, ..., W%, Z, t, ..., H all
discovered);

°* no major (nor minor) observed
phenomenon awaits explanation
(strong interactions have been tamed,
CP violation is under control);

 exceptions : dark energy + dark matter;

e hope in the few missing pieces (v
masses and mixing, Higgs precision
measurements, QCD @ low Q?, ...);

— (personal) conclusion:

Either we are at the borders of a big
desert, or some new physics (e.g. SUSY,
extra-dimensions, ...) is just above the
present limits, but has not given us the
slightest hint of a presence:

... however, much indirect evidence that
this story has more chapters ...




THE SM DOES NOT EXPLAIN [SNOWMASS
2013, Energy frontier summary]:

a. dark matter/energy [85% of the matter

in the universe is "dark" - neutral, weakly
interacting];

. 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];

. 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 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].

These difficulties are not equally
important [/ am  particularly

impressed by (a) and (f)] — However,

all together largely justify the claim
that the present SM is not the last
word of the story.




Thanks for attending

Best wishes !

P.B.
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SAPIENZA  End of chapter 12
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