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Fl'he SM of the electromagnetic, weak and strong interactions is: T
e a relativistic quantum field theory,
e based on local gauge symmetry: invariance under symmetry group,
e more or less a carbon—copy of QED, the theory of electromagnetism.
QED: invariance under local transformations of the abelian group U(1)q
— transformation of electron field: ¥ (x) — ¥'(x) = e'*¥X) P (x)
— transformation of photon field: A ,(x) = A/ (x) =A ,(x) —20,x(x)
The Lagrangian density is invariant under above field transformations

LqEp = —iF F* +iW D M — m, W

4~ v
field strength I, =0, A, — 0, A, and cov. derivative D,, =0, —ieA ,
Very simple and extremely successful theory!
— minimal coupling: the interactions/couplings uniquely determined,

\_— renormalizable, perturbative, unitary (predictive), very well tested... J
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|7 The SM is based on the local gauge symmetry group T
Gsyv = SU(3)e x SU(2);, x U(1)y
e The group SU(3). describes the strong force:
— interaction between quarks which are SU(3) triplets: q, q,
— mediated by 8 gluons, G?, corresponding to 8 generators of SU(3)¢
Gell-Man 3 x 3 matrices: [T?, T?] = if*P°T_ with Tr[T*TP"] = Zap
— asymptotic freedom: interaction “weak” at high energy, oy — % <1
The Lagrangian of the theory is given by:
Laocp = _inngy + iZi (_li(au - igsTaGfL)’WQi (— Zi m;q;q;)
with Gf;,/ = 0,G? — 8,,(}2 + s fachEij
The interactions/couplings are then uniquely determined:
— fermion gauge boson couplings : —gi@VMWTﬁ
L_ V self-couplings : ig; Tv(9,V,—9,V,)[V,, V, ]+ 1g? Tr[V,, VVPJ
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fo SU(2)r, x U(1)y describes the electroweak interaction:

— between the three families of quarks and leptons: fi,)r = 5 (1 F 75)f
3L.3R Ve —

" =420 = L= ("), ,R=eg, Q= (})1, ur, dr

Ye=2Qq—21 = Y= 1, Yr=—-2.Yo=} Yuu =4 Yar =2

Same holds for the two other generations: 11, v, c,s; T,v;,t, b.

There is no R (and therefore neutrinos are and stay exactly massless)

— mediated by the WL (isospin) and B, (hypercharge) gauge bosons
the gauge bosons, corresp. to generators, are exactly massless

T? = 272; [T TP =ie***T, and [Y,Y] =0

Lagrangian simple: with fields strengths and covariant derivatives
W2, =0, W2—0,W2+g,e***WPW¢ B, =0,B,-0,B,
D, = (0, —igT.W3 —ig'2B,) ¢, T? = {72

L,CSM — —iwzng” — iBW/BMV + FLi iD,u/Y'u FLi + fRi iD,u/Y'u fR‘J
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1. The Standard Model: brief introduction

’—:> High precision tests of the SM performed at quantum level: 1%—0.1%
The SM describes precisely (almost) all available experimental data!

e ~,Z to fermions couplings e Gauge structure of the SM

e Z and W boson properties e Properties of the W bosons

e measurement & running of ag 5. LEP2 and Tevatron

— T - T o
M Fi omeas_qfty gmeas -8_ L E P
easurement it O| S |20 3 \; | PRELIMINARY |
m,[GeV] 91.1875+0.0021 91.1874 b;
r,[GeV]  2.4952+0.0023  2.4959 20 - |
0

Opglnb]  41.540+0.037  41.478 E
R 20.767£0.025  20.742 PSS
Ay 0.01714 £ 0.00095 0.01646 ] t 4
AP, 0.1465+0.0032  0.1482 s
Ro 0.21629 + 0.00066 0.21579 oA
R, 0.1721 £0.0030  0.1722 10 ,,’;'," —
Ay’ 0.0992£0.0016  0.1039
A 0.0707 +0.0035  0.0743 p YFSWW/RacoonWW
Ay 0.923 + 0.020 0.935 T K ----no ZWW vertex (Gentle) ]
A, 0.670 + 0.027 0.668 '5/ ....only v, exchange (Gentle)
A(SLD)  0.1513+0.0021  0.1482 0
sin“0P(Q,) 0.2324+0.0012  0.2314 ' ' ' ' '
m, [GeV]  80.399%0.023  80.378 160 180 200
rylGev] — 2085:0.042  2.092 Vs (GeV)
m,[GeV]  173.20 £ 0.90 173.27

0o 1 2 3 e Physics of top&bottom quarks, QCD
L LEP1, SLC, LEP2, Tevatron Tevatron, HERA and B factoriesJ
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There is a big problem with picture: fermions and W/Z are massive!
However, if gauge boson and fermion masses are put by hand in Lsm T
M3, V#V , and/or myff terms: breaking of gauge symmetry.

This statement can be visualized by taking the example of QED where
the photon is massless because of the local U(1)q local symmetry:

T(x) - W'(x) =MW (x) | A,(x) = AL(x)=Au(x) - 2d,0(x)
e For the photon (or B field for instance) mass we would have:
1
sMAA, AF — M3 (A, —20,0)(AF—20Fa) £ M3 A AP
and thus, gauge invariance is violated with a photon mass.

e For the fermion masses, we would have (e.g. for the electron):

meee = meé(%(l —vs) + 5(1+ 75)>e = me(€rer, + €rer)

again this mass term is non—invariant under SU(2)xU(1) gauge symmetry.
We need a less “brutal” way to generate particle masses in the SM:

\_ — The Brout-Englert-Higgs mechanism => the Higgs particle H. J
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hn SM, gauge boson and fermion masses come from spontaneous EWSE

_|_
= introduce a doublet of complex scalar fields: ® = (ZZO ) , Yea=+1

with a Lagrangian that is invariant under SU(2);, x U(1)y
Ls = (D"®)'(D,®) — *®'® — \(PTP)?

V(¢) V(o)

1> > 0: 4 scalar particles.

12 < 0: ® develops a vev:
0/®[0) = (°, )

with vev = v = (—,uz/)\)%

— symmetric minimum: instable
— true vacuum: degenerate

— to obtain the physical states,
\— write Lg with the true vacuum:
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F Write & in terms of four fields 0, 2 3(x) and H(x) at 1st order: T

05 (x)72(x)/V ~ O2+i0
®(x) = IV (0 ) = T (i i)

e Make a gauge transformation on ¢ to go to the unitary gauge:

B(x) — eI B(x) = L(O )

e Then fully develop the term |D ,®)|? of the Lagrangian L:
° Ta ° 2
D, = |(0, — iga3 W2 — i%B,) &)

8,{—%(g2Wf’b+ngu) - lgzz.(wt—iwﬁ) (O )
— B2 (W1+iw2) Ou+5(82W3—g1B,) v+H

2

1
2

=3(0.H)*+ 583 (v+H)? (W, +iW7 2+ 5 (v + H)?|g2 W} —g1B,|?
e Define the new fields WZE and Z , [A , is the orthogonal of Z ]:

4+ _ 1 1 2  g2W3-g1B, _ g2W34g1B,
w _E(WM:FWM)7ZM_ - Ay = \/;%Tg%
L with sin29WEg2/\/g§+g%:e/g2 J
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ro And pick up the terms which are bilinear in the fields Wi, Z, A: T
MWW+ 2M2Z,7Z" + M3 A A¥
= 3 degrees of freedom for Wi, Zy, and thus My, Mz:
MW: %Vg27 MZ — %V\/g§+g%7 MA:O,
with the value of the vev given by: v = 1/(v/2Gg)'/2 ~ 246 GeV.

—> The photon stays massless, U(l)QED Is preserved.

e For fermion masses, use same doublet field P and its conjugate field

~

® — i75,P* and introduce L+ Which is invariant under SU(2)xU(1):
EYU.k:_fe(éy ﬂ)L(I)eR — fd(l_l, (_l)LCIJdR — fu(ﬁ’ (_l)L(i)uR + ...

1

= _ﬁfe(pev eL)(V+m)er - = _%(V +H)erer - -
_ fev — fll_v — fd_v
:>me_\/§ , MMy — V2 , 1l = NG
With same ¢, we have generated gauge boson and fermion masses,
while preserving SU(2)xU(1) gauge symmetry (which is how hidden)!
\_ What about the residual degree of freedom? J
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rIt will correspond to the physical spin—zero scalar Higgs particle, H.
The kinetic part of H field, 2 (0, H)?, comes from |D,®)|? term. T
Mass and self-interaction part from V() = 2P + \(PTP)2:
V=90,v+H) S w) + 30,v+H)(S 1)
Doing the exercise you find that the Lagrangian containing H is,
Ly =21(0,H)(0'H) -V = 1(0"H)? — \W?H? — \vH3 — 2 H*
The Higgs boson mass is given by: MZ, = 2\v? = —2/2.
The Higgs triple and quartic self-interaction vertices are:
gps = 3iIMz /v, gua = 3iM3 /v?

What about the Higgs boson couplings to gauge bosons and fermions?
They were almost derived previously, when we calculated the masses:
Ly, ~ M2 (1+H/v)? | Loy, ~—me(1+H/vV)

= SHff = lmf/V guvv = —2iM3 /v, guavv = —2iM% /v?
L Since v is known, the only free parameter in the SM is M or . J

Monopoli, 18—24/09/2023 Higgs Physics A. Djouadi —p. 10/85



rPropagators of gauge and Goldstone bosons in a general ( gauge:
ANNNNNN\, , ( =o0: Landau gaugej
—1 . (C L 1) qdudv

272 Juv T 22
—q My e T —CMy ( =1:’t Hooft-Feynman
+ .0 —1
Wwr,w . TE=m= q2—CM‘2/—|—ze

¢ In unitary gauge, Goldstones do not propagate and gauge bosons
have usual propagators of massive spin—1 particles (old IVB theory).

e At very high energies, s > M?2,, an approximation is My ~ 0. The

V1, components of V can be replaced by the Goldstones, Vi, — w.

¢ In fact, the electroweak equivalence theorem tells that at high energies,

massive vector bosons are equivalent to Goldstones. In VV scattering e.g.:

AVE-VE VI V) = (D) (-D)YA(W! - w? = wlow?)

Thus, we simply replace V by w in the scalar potential and use w:
LV_ H(H? +wj +2ww )H—|—8V2(H2—1—W0—|—2W+ —)? J
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|7$implest SM extension: add one scalar ¢ that develops a vev v; it hasﬂ
V(®,0) = A(®T®)2 + 12DT® + Apgr BT D¢ + Ny + 1129
after EWSB (,u?b < 0), one has two Higgs bosons H and H’ which mix

. 0 . A
(1) = (55 Soss) = (Rego) with tan2f — SHE=ZC

The masses of the two physical states read (H is the SM-like boson) :
M = (AV + Agvy) F [AvE — ApV3|V1 + tan? 20

The model has 3 parameters (on top of vand Mg): My, Aga, sinf with

A=+ St ), = 32:32{?41{: (ml:gzﬂ — 8§ ) Vo = — szﬁ'ji%

H’ and H will share the SM Higgs couplings to fermions and gauge bosons:
CHE' _ (Hey — Hsg) [ W Wi 4 Maznz, 5~ mefy

Vv

The trilinear couplings are slightly more complicated than in the SM; ex:

HH' 21T/ 12 '3
£scal — _% [/{HHHH?)_'_HHHH’SGH H ‘|‘/1HH/H/C@HH —I—IQH/H/H/H ]
M7 Aprep/ V2 2M?Z, +M?2 —_
— T H 4 2 AHH/ _ H H/ 2 HEL
RHHH — v2cg (CQ — Sy AM?—IH/) , "HHH' — V2 Co + AM?2
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rBefore LHC, only unknown SM parameter was M j;; but some informariUT
First, there were constraints from pre—LHC experiments: LEP, Tevatron...

Indirect Higgs searches:

H contributes to RC to W/Z masses:

- —

” ~

i \

H
W/2Z W/2Z

Fit the EW precision measurements:

we obtain My — 92f§§ GeV, or

5)
5 A ¢ Adag = B
i —0.02761+0.00036 H
] L% - 0.02747+0.00012 |
4 | % e incl low Q®data [ fY
(\|>< 3 i
<
2 - -
| &
1 - .“. -
i . .,,-' o i
0 Excluded XA Preliminary
20 100 400

m,, [GeV]

Mg < 160 GeV at 95% CL
(Mg S 126 GeV at 68% CL!)
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Higgs Physics

Direct searches at colliders:
H looked forinete™ —ZH

e’ Z
_ Z"
e H
My > 114.4 GeV @Q95%,CL
%] E\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\—-\_\:
S =
10 - LEP -
o
10 ¢ ]
10 _3; — Observed .
R Expected for
4r background
0= ?
st 3
10 ¢ 1153 =
6f - N
]0 \\\‘\\\‘\\\‘\\\‘\\\‘\\\J\\\‘\/\\‘/\‘\\\‘\\\
100 102 104 106 108 110 112 114 116 118 120

M,(GeV)

Tevatron My #160—175 Ge
(30 evidence a few days before..)
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cattermg of massive gauge bosons V1,V — V1V, at hlgh-energyT

e e

Because w interactions increase with energy (q* terms in V propagator),
s> M3, = o(wrw™ — ww™) o s: = unitarity violation possible!
Decomposition into partial waves and choose J=0 for s >> M3, :

MZ

M?Z, |
ag = — g% [14— M2 + Hlog( )
For unitarity to be fullfilled, we need the condition \Re(ao) < 1/2.

s>M?2 M2
o At high energies, s > M#, M%,, we have: a9 — — 5%

unitarity = My < 870 GeV (My < 710 GeV)

s<<1\/_[12{

e For a very heavy or no Higgs boson, we have: ag — ——32;\,2

unitarity = /s S 1.7 TeV (/s < 1.2 TeV)
LOtherwise (strong?) New Physics should appear to restore unitarity. J
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e quartic coupling of the Higgs boson )\ (o< M?2 1) increases with enerm
If the Higgs is heavy: the H contributions to )\ is by far dominant

~ -’ ~
~ -, RN - ~ - -, N s
~ ’ S - ~ - ~ 7’
~ 7’ —~ ~ ’ N - AN Ve
~ e 1 ~ ] e N 7
o ) > 1< x
VRN \ PR IN /N
S s \ 4 ~ LN
~ s ~_- ~
N -, ~
N - S S - ~

’
= 7 N
v )
X4 \ N
~_7

The RGE evolution of A\ with Q2 and its solution are given by:

2 97 —1
S = 2 V(@) = @) = A [ 1= 2o Y|
o If Q% < v2, \(Q?) — 0..: the theory is trivial (no interaction).
o If Q2 >> v2, \(Q?) — oc: Landau pole at Q = v exp (4”2"2).
The SM is valid only at scales before \ becomes infinite:

If Ac = MH, A < 4T = MH < 650 GeV
(comparable to results obtained with simulations on the lattice!)

If Ac = MP, A < 4T = MH < 180 GeV

(comparable to exp. limit if SM extrapolated to GUT/Planck scales)
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hhe top quark and gauge bosons also contribute to the evolution of )\.T
(contributions dominant (over that of H itself) at low Mz values)

el . 2\:{% -----
F
H ...l | ___. H &
The RGE evolution of the coupling at one—loop is given by
mé 2
MQ2) = A(V3) + i |12 + % (288 + (g3 + 89)%) | log %

If )\ is small (H is light), top loops might lead to A\(0) < A\(V):

v is not the minimum of the potential and EW vacuum is instable.

= Impose that the coupling )\ stays always positive:
mé 2
MQ?) > 0= Mg > g [—12V—£ + 16 (282 + (85 + g%)z)} log 3
Very strong constraint: () = Ac ~ 1TeV = Mg = 70 GeV

(we understand why we have not observed the Higgs before LEP2...)
u SM up to high scales: Q = Mp ~ 10® GeV = Mg > 130 GeVJ
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3. Constraints on Myg: triviality+stability

ombine the two constraints and include all possible effects:
. 800|||||||||||||||—‘
— corrections at two loops
— theoretical+exp. errors
— other refinements - - -

600 m, = 175 GeV

o (M;) = 0.118

GeV]

|IIII|IIII|II

AC ~ ]_ TeV :> 70§MH§7OO GeV l_lm 400
= B
AC% Mp; = 130§MH 5180 GeV -
Cabibbo, Maiani, Parisi, Petronzio =0 :_ =
Hambye, Riesselmann o L1 Lo L -
103 106 109 101 101 1018
A [GeV]

A more up-to date (full two loop) calculation in 2012:
Degrassi et al., Berzukov et al. ?Loo
At 2—loop accuracy for mP°'°=173.1 GeV: R
fully stable vacuum if Mgz => 129 GeV...

but vacuum metastable for M below.
metastability OK: the vacuum is unstable

but it is very long lived Tiynel < Tuniv- - U e
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rHiggs couplings proportional to particle masses: once My is fixed, T
e the profile of the Higgs boson is determined and its decays fixed,

e the Higgs has tendency to decay into heaviest available particle.

Higgs decays into fermions:

f FBorn(H — ff) 4\/—7T MH me ﬁ?
AL Br = \/l—éjcmf./l\/I%I . f velocity
f N. = color number

e Only bb, ce, 77—, 1~ for My < 350 GeV, also tt beyond.

o] x 63: H is CP-even scalar particle (o< [ for pseudoscalar H).

e Decay width grows as MH moderate growth....

e QCDRC: I' x I'y[1 — log ] => very large: absorbed/summed

. . 1
using running masses at scale MH : mp(M3) ~2mp°°~3 GeV.

Lo Include also direct QCD corrections (3 loops) and EW ones J
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10 | | | I I L I I I I I
f L T(H = bb) [MeV] ] | T'(H — cc) [MeV]

[ with full QCD 1
- _ with full QCD
with run. mass 0.1 - .

with run. mass

1100 110 120 130 140 150 160 100 110 120 130 140 150 160
My [GeV] Mp [GeV]
Q mQ EQ (mQ) EQ(IOO GeV)
c 1.64 GeV 1.23 GeV 0.63 GeV
b 4.88 GeV 4.25 GeV 2.95 GeV

LPartiaI widths for the decays H — bb and H — cC as a function of NI;HN
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G, M3,

- . V. D(H - VV) = S2785y By (1 — 4x + 12x%)|
x = M2, /M3%, fv = V1 —4x
Sw=2,07=1

V(%)

e For a very heavy Higgs boson:
I'(H— WW)=2 x I‘(H — ZZ) = BR(WW) ~ 2 BR(ZZ) ~ 1

I'H— WW + Z7Z) x because of contributions of V1 :

2 (1 Te V)3
heavy Higgs is obese: width very large, comparable to M at 1 TeV.
. : M2
EW radiative corrections from scalars large because oc \ = ﬁ

e For a light Higgs boson:

My < 2My: possibility of off-shell V decays, H — VV* — Vff.

Virtuality and addition EW cplg compensated by large g11vv VS SHbb-
un fact: for Mz > 130 GeV, H - WW* dominates over H — bb J
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f Electroweak radiative correctionsto H— VYV : T

Using the low—energy/equivalence theorem for Mg > My,, Born easy..
21M2, \ 2 M3

T'(H—ZZ)~T(H— wowo) = (—21\14H) ( 2VH) L(L) o M

H — WW: remove statistical factor: I'(H—W*W ™) ~2I'(H — ZZ).

Include now the one- and two—-loop EW corrections from H/W/Z only:

T vy ~ Tpon [1 133 + 6232 4 0(&3)} A= )/(1672)

My ~ O(10 TeV) = one-loop term = Born term.

Mg ~ O(1 TeV) = one-loop term = two—-loop term.
=> for perturbation theory to hold, one should have My < 1 TeV.
Approx. same result from the calculation of the fermionic Higgs decays:

. Tri ~ T [1 28— 3232 4+ 0(5\3)} N
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general 2+3+4 body decay calculation of H — V*V " :
* * M2 dszVFV (Mu—q1) 2dq My v

Ax,y;2z) = (1 - X/z _ y/z)z B 4Xy/z with by 17 2/1 vy
F 16\/_71'5 \/)\ q17q27M2) |:)\(q17q27M2) 121\?I]%Iq2i|

1F T T /J,_.,------—.Zl [ T T T T
e BR(H > WW) "% 3 [ BR(H — 272)

0.1F
0.1

0.01
0.01 :

0.001 : ' L 0.001

100 120 140 160 180 100 120 140 160 180 200
My [GeV] Mp [GeV]
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fH 4 g ' H— gg) = i%%h:; ZQ A1/2(TQ)‘2T
|0 A =20+ (- ()

f(7) = arcsin? /7 for 7 = M /4mg, < 1
e Gluons massless and Higgs has no color: must be a loop decay.
eFormg — 00,7q ~ 0= Ay /)5 = % — constant and 1 is finite.
Width counts the number of strong inter. particles coupling to Higgs!
e In SM: only top quark loop relevant, b—loop contribution < 5%.
e Loop decay but QCD and top couplings: comparable to cc, 77.
e Approximation mqg — 00/7q = 1 valid for My < 2m; = 350 GeV.
Good approximation in decay: include only t-loop with mqg — ©0. But:
e Very large QCD RC: the two- and three—-loops have to be included:

I' = I‘O[1+180‘S +156 ] ~ To[1+0.7+0.3] ~ 2T

e Reverse process gg — H very important for Higgs production in pp!
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W and fermion amplitudes in H — ~~ as function of 7; = M3, /4M?.
Trick for an easy calculation: low energy theorem for Mg << Mi:

\—replaces vertex calculation by easier two-point function (self-energy) Oﬂ
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-

042 3
B Y T =Sa M |5, Nee?A¥(re) + Al (rw)

128 /2 73
WZ) AT, () = 2[r + (1 — Df(7)] 772
A{{(’T) = —[272 + 37 + 3(27 _ 1)f(7-)] 2

e Photon massless and Higgs has no charge: must be a loop decay.

e In SM: only W-loop and top-loop are relevant (b—loop too small).

e Form; — 00 = A/ = 3 and A; = —7: W loop dominating.

(approximation 13y — 0 valid only for Mg < 2Myy: relevant here).

v~y width counts the number of charged particles coupling to Higgs!

e Loop decay but EW couplings: very small compared to H — gg.

e Rather small QCD (and EW) corrections: only of order % ~ 5%.

e Reverse process 7y — H important for H production at v~ collider.
Lo Same discussions hold qualitatively for the loop decay H — Z~. J
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f Branching ratios: BR(H — X) — 11:((11;331)) T

e ‘Low mass range’, My < 130GeV:
-H — bb dominant, BR = 60-90%
-H — 7777, cc,gg BR=a few %

D1t

-H — v, vZ, BR = a few permille.

e 'High mass range’, Mj; = 130 GeV: P
-H > WW* ZZ" upto = 2Mw Omj_ i
-H - WW,ZZ above (BR — 2,3) |
- H — tt for high My; BR < 20%. | °

e The Higgs total decay width:
— O(MeV) for My ~ 100 GeV (small); L%

100 130 160 200 300 500 700 1000

— O(TeV) for Mz ~ 1 TeV (H obese). My [GeV]

o
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Total decay width: I'yy = ) y I'(H — X)) T

e 'Low mass range’, Mg < 130 GeV:
- H — bb dominant, BR = 60-90%
-H — 7777, cc,gg BR=afew % ol

1000 F— I — I I I

-H — vv,vZ, BR = a few permille. _

¢ 'High mass range’, Mg 2 130 GeV: 'l
-H - WW* ZZ*upto >2Mw 1}
-H > WW,ZZ above BR — 3.%) |
- H — tt for high My; BR < 20%. -
e The Higgs total decay width: Wt
- O(MeV) for Mg ~100 GeV (small); [, | | o

100 130 160 200 300 500 700 1000

— O(TeV) for Mz ~ 1 TeV (H obese). My [GeV]

o |
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However: there are theoretical uncertainties....

-

1;__llli_|ti||1ll
=

=
(=

e Input quark masses in H — bb, cc
ME™ — g = M)

~my,(My) = 4.1970-018 Gev

~m.(M.) = 1.2710005 GeV

e Theory+experimental error on oy :

as(M3Z)=0.117+0.0014 @NNLO

e Scale error: measure of higher orders:

My < pu < 2My.
e Scale and o5 errorsin H — gg.
I'H — gg) < a? + large O(a?)

lllll 1 L 1 lllll
LHC HIGGS XS WG 2017

)

Higgs BR + Total Uncert

21
10°F

i AED AR . N 5 Y.
000 120 140 160 180 200
= M, [Gel

Include all individual items — small/moderate total uncertainty
Lesp. for Mg ~120-150 GeV: a few % for H — bband H - WW* J
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5. SM Higgs at hadron colliders

100 . . .
Main Higgs production channels o(pp — H+ X) [pb]
Vs =8 TeV
Higgs—strahlung Vector boson fusion gg—H MSTW2008
_ 10 ¢ m; = 173.1 GeV
q V q
q [ q aq—qeH ..
o q@—WH .. e
gluon—gluon fusion in associated with QQ qq—ZH ....................................
gH 9 T —r—— ol T T |
b _____ @----- H TE NG e T
9 BOO00 o E——- T~
0.01 L :
300 400

Large production cross sections
with gg— H by far dominant process
1fb~!= O(10%) events@IHC
= (0(10°) events @LHC
buteg BRH— Vv, ZZ —4()~103
L ... a small # of events at the end...
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My [GeV]
100 ‘ T |
e — ttH
My = 125 GeV qq/gg
% gg —+H
- qq’ — Hqq'
h .- bb—H
” = qq— ZH
g w0 B mt
5
~
S
Y
1 : ‘ ‘ |
13 25 50 75 100 J
Vs [TeV]
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15 pp/pp cross sections

|* —> an extremely challenging task! B

¢ Huge cross sections for QCD processes gz R = =
e Small cross sections for EW Higgs signal = o s g
S/B 2 10'° = aneedle in a haystack! " E /A/
e Need some strong selection criteria: iZw o
— trigger: get rid of uninteresting events... 1w’ /? ]
- select clean channels: H—~7, VV = (" o i —
— use specific kinematic features of Higgs iz . (?:?é _—
e Combine # decay/production channels 0 ]
(and eventually several experiments...) 1": - /&
e Have a precise knowledge of S and B rates izz i v /
(higher orders can be factor of 2! see later) 1 .o, -lsoc,m><><
e Gigantic experimental + theoretical efforts 1 T
(more than 30 years of very hard work!) v o
For a flavor of how it is complicated from the theoretical side:
L let us have a close look at the gg — H case.
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rExampIe of process at LHC to see how things work: gg — H T

hadrons

Nev=LxP(g/p)xa(gg—H)xB(H—7ZZ)xB(Z— pu) x BR(Z— qq)
For a large final number of events, all these humbers should be large/
Two ingredients: hard (o, B) and soft processes (PDF, hadronisation).

But factorization theorem. Here we discuss production/decay process.
The partonic cross section of the subprocess, gg — H, is given by:
6(gg — H) = [ & X 55 X 75 Mugg|* Goit—(27%)6* (q — pn)
Flux factor, color/spin average, matrix element squared, phase space.
Convolute with gluon densities to obtain total hadronic cross section
o= [y dxa [y dxe ™S T(H — gg)g(x1)g(x2)0(8 — MF). |
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|7 The calculation of o, IS NOt enough in general at pp colliders: T
need to include higher order radiative corrections which introduce
terms of order o log™ (Q /My ) where Q is either large or small...

e Since o is large, these corrections are in general very important.

e Choose a (natural scale) which absorbs/resums the large logs.

Since we truncate pert. series: only NLO/NNLO corrections available.

e The (hope small) not known HO corrections induce a theoretical error.
e The scale variation is a (naive) measure of the HO: must be small.
Also, precise knowledge of ¢ is nhot enough: need to calculate some
kinematical distributions (e.g. pT, 7, 51—1{’4) to distinguish S from B.

In fact, one has to do this for both the sighal and background (unless

directly measurable from data): the important quantity is 0 — —Ns

— a lot of theoretical work is needed!
\_But most complicated thing is to actually see the signal for S/B<1! J
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rLet us look at this main Higgs production channel at the LHC in detail.j

“0000)

9 IO\ . H Orolgg — H) — s Tro(H — gg)5(s — M)

2

g G, o
“0000° O-(I)_I: 288\/_71‘ Z A1/2(TQ)

Related to the Higgs decay width into gluons discussed previously.

e In SM: only top quark loop relevant, b—loop contribution < 5%.

eFormg — 00,7q ~ 0= Ay /s = 4 = constant and ¢ finite.

e Approximation mqg — oo valid for MH < 2m; = 350 GeV.

Gluon luminosities large at high energy+strong QCD and Htt couplings
gg — H is the leading production process at the LHC.

e Very large QCD RC: the two- and three—loops have to be included.

L. Also the Higgs P is zero at LO, must generated at NLO. J
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O: already at one loop

QCD: exact NLO: K ~2 (1.7)

EFT NLO: good approx.
EFT NNLS: K ~3 (2)
EFT N°LD: ~ +few% (5%)
EFT other HD a few %.

EW: EFT NLO®: =~ =+ very small

exact NLO: ~ + a few %
QCD+EW a few %

Distributions: a few programs

o

4Georgi+Glashow+Machacek+Nanopoulos

bSpira+Graudenz+Zerwas+AD (exact) y!

“Spira+Zerwas+AD; Dawson (EFT)

dHarIander+KiIgore, Anastasiou+Melnikov 15}

Ravindran+Smith+van Neerven

®Anastasiou et al. BN

'Moch+Vogt; Ahrens et al.
9Gambino+AD; Degrassi et al.

" Actis+Passarino+Sturm+Uccirati
'Anastasiou+Boughezal+Pietriello
JAnastasiou et al.; Grazziniet; Nason...

Monopoli, 18—24/09/2023
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I—- At NLO: corrections known exactly, i.e. for finite m; and Mg: T
— quark mass effects are important for Mg = 2m;.

- m; — o< is still a good approximation for masses below 300 GeV.

— corrections are large, increase cross section by a factor 2 to 3.

e Corrections have been calculated in m; — o0 limit beyond NLO.

— moderate increase at NNLO by 30% and stabilization with scales...

— Corrections at N°L0 also available but small: ~ a few % increase.

Note 1: NLO corrections to Pr, 1) distributions are also known.

Note 2: NLO EW corrections are also available, they are rather small.

' ' T T T T | |

2.5 K(gg — H) y N K(g9 — H) i
Vs =14 TeV Vs =1.96 TeV
2 = 25 F -
—’/\__/ KO
15F Ko - 2r ot 7
15 i
1 . .
I e Bl IO Hoeermerem? )
b | r

Kvirt 0.5 Kvirt ]
S ——— ] TR i
Ky Ky e,

-0.5 : - —— 05 ! ! -
100 1000 100 150 200 300
My [GeV] My [GeV]
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o

Despite of that, the gg — H cross section still affected by uncertainties:

e Higher-order or scale uncertainties:
K-factors large = HO could be important
HO estimated by varying scales of process

po/K < pm, e < Ko
at IHC: (g = %MH, k=2 = Agcale ~ 5%
e gluon PDF+associated o uncertainties:
gluon PDF at high-x less data constrained
(s uncertainty (WA, DIS?) affects 0 o< o2

— some discrepancy between NNLO PDFs
PDF4LHC recommend: A 4¢ ~5%QLHC

e Uncertainty from EFT approach at N°LO
Mjoop > My good for top if Mg S2my

not above, and no b (~ 10%), W/Z loops
Estimate from exact NLO: A ¢ ~2— 3%

e Include ABR(H—>X) of at most few %

total Ao NH2x ~ 10-20%@IHC

Monopoli, 18—24/09/2023 Higgs Physics
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f . V*q y 5-LO — ]i\?I?IgT_IzF(H — VLVL)%|VLVL/qq —‘
q v, %’VLVL/QQ P (V<21 T 33)2 10%(1\4@%)

Three—body final state: analytical expression rather complicated...

Simple form in LVBA: ¢ relatedto I'(H — VV) and % VLVL/qq

Not too bad approximation at \/§ > My: afactor 2 accurate.

Large cross section: in particular for small M and large c.m. energy:
=- most important process at the LHC after gg — H.

QCD radiative corrections small: order 10% (also for distributions).

In fact: at LO in/out quarks are in color singlets and at NLO: no gluons

are exchanged between first/second incoming (outgoing) quarks:

QCD corrections only consist of known corrections to the PDFs!
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inematics of the process: a very specific kinematics indeed.... T
e Forward jet tagging: the two final jets are very forward peaked.
e They have large energies of O(1TeV) and sizeable Pt of O(My ).
e Central jet vetoing: Higgs decay products are central and isotropic.
e Small hadronic activity in the central region no QCD (trigger upon).
Allow to suppress the background to the level of H signal: S / B ~ 1.

100 ) R0 1 1 T ]
r LHC (a): r LHC (b):
r pp - HjjX 1 r pp - HjX
. 8sor my=120 GeV | 2000~ m =120 GeV 7
> [ ]
<) - L
S ol = 1500
X 60 1500 | -
i e
= 1y
— I C i
& 40} S 1000 -
o ho]
~ [
5 [
20 | 500 | -
O- A T\.\.

OA
0 25 50 75 100 125 150

Prj [GeV] M
lowest/central jet — — —— highest/central jet
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- iy

q y oro(qq — VH) = e
\ ~2 | A2\11/2 AF12MZ /8
q “H x(9g +ag)AY M3 /52

Similar to e"e~ — HZ process used for Higgs searches at LEP2.
Cross section o< §~! sizable only for low Mg < 200 GeV values.
Cross section for W H approximately 2 times larger than ZH.
Interesting final states are: WH — v/, bb/, 3/ and ZH — qquv.
ZH — ((bb at high Pr: jet substructure (H — bb # g* — qq).
In fact, simply Drell-Yan production of virtual boson with g # M%,

5(qq — HV) = &(qq — V*) x 12(V* — HV)
—> radiative corrections are mainly those of the known DY process
L(at 2-loop, need to consider also gg — HZ through box which is #). J
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fRadiativecorrections needed: 5 e — ||T
— for precise determination of & T35} NNLO -
— stability against scale variation :]Eu 131 '

XL AR
R AR

R I L ATNIIINNNNNRIN
i R b R RN
XK R R R LY LY LIRS
s K R X IRXERXRXERXKRXEREE
T oo ool o octastotottotto

RN

QQQQQ‘%’{.’.’.”’“AAAA XXX

HO also needed to fix scales: v 1.25
— renormalization ugr for oy
— factorization ur for matching. 1151

X IXXK
S

NLO

(G
0o
[
|

RC parameterized by K—factor: L1

__ ono(pp—H+X) ! ]
K= ofg(pp%HﬂLX) 10> '

Can also define K-factor at LO. 1
QCD RC in HV known up to NNLO 095}

(borrowed from Drell-Yan: K~ 1.4) (9 b e
EW RC known at O(a): small. 100 120 140 160 180 200 220 240 260 280 300

MH[GeV]
Radiative corrections to various kinematical distributions also known
UKinematics of the process rather simple, esp. for MC implementation.u
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fMost complicated process for Higgs production at hadron colliders: T
— qq and gg initial states channels

— three-body massive final states. q \t

— at least 8 particles in final states.. _ >’mm<_H

— small Higgs production rates 9 g t

— very large ttjj+ttbb backgrounds. W m—>—
Important role of kinematical ' TTTT——

distributions (e.g: p..’, PY), etc...

Another important process involving top quarks in the final state is
single top+Higgs production: pp — tH+ X; but with smaller rates.

e Important for a direct determination of the Htt Yukawa coupling!

e Interesting final states: pp — Htt — vy + X, vl (T bb/*.

e Possibility for a 5 signal at /s = 13 TeV with a high enough luminosity.

Similar process for pp — bbH; small rates; approximated by bb — H
(works in SM extensions in which bbH coupling is enhanced, e.g. MSSM).
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ost complicated process for Higgs production in pp as many channeIS‘—‘

S S T

NLO QCD correctlons also calculated:
small K—factors (= 1-1.2) but strong reduction of scale variation.
Small corrections to kinematical distributions (e.g: pr, pH T ), etc.

------------------------------------- 1400

o(pp - ttH + X) [fb] - o(pp - ttH + X) [fb] 1
10° - Vs =14 TeV 1 1200 Vs =14 TeV
m, + M,/2 ] M, = 120 GeV
H=H,= ] Lo
o LO i 1000 | \\ u() m +M /2

—— NLO
800 |

600

400

L L L L L L PR | L L L
80 100 120 140 160 180 200 220 240 260 02 0.5 { 5 5
M, [GeV] Wi,

LQCD corrections larger for pp — bbH (K=~ 1.5) and large scale uncert.
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5. SM Higgs production: wrap up

Knowledge of the various cross sections times BR just before discovery
summarized by LHC Higgs xsection working group, rep. CERN-2011-002.

T ] T T T T I T T T T I

o) g o 1 2
= \s=7TeV 1 £ | s
X 10¢ ¢ & 2
T F ¢ £ :
1 S a
= & 107
© s
10%F]
1045 3
AT IR TR .. 10° : :
100 150 500 550 300 100 200 300 500 100(
M, [GeV] | M, [GeV]

The Higgs discovery was a great challenge, but with all this information
ua result of 30 years of hard work), the expectations were rather optimiﬂ:
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AtIHC: \/s=7 TeV and L~few fb~!
50 discovery for M g ~130-200 GeV
95%CL sensitivity for My <600 GeV
gg—H—~vy (Mg 130 GeV)
go—~H—>7Z7—40,2(02v,2(2b
gc—H—->WW —=/viv+0,1 jets 4 ]
Slightly better at 8 TeV and higher L. MGV |
Subleading channels might help a bit:
-VBF/VHandgg—H — 77
~-HV — bb/XQ@My <130 GeV!!
Full LHC: same as IHC plus some others
-VBF: qqH — 77,7y, ZZ*, WW*
— VH—>Vbb with jet substructure tech. o'k
— ttH: H—> y~ bonus, H—> bb hopeless? L 200300 400500 | K
Conclusion? Mission accomplie! J
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5. SM Higgs production: wrap up

=

scovery: a challenge met the 4th of July 2012: a Higgstorical day. T

-

g
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rSo what should we do now and in the next 10-30 years in Particle Physics?
N

eed to check that H is indeed responsible of SsEWSB (and SM-like?)
—> measure its fundamental properties in the most precise way:
e its mass and total decay width (invisible width due to dark matter?),
e its spin—parity quantum numbers (CP violation for baryogenesis?),
e its couplings to fermions and gauge bosons and check if they are
only proportional to particle masses (no new physics contributions?),
e its self-couplings to reconstruct the potential Vg that makes EWSB.

Possible for Mg ~ 125 GeV as all production/decay channels useful!

| = ~ 7(pp—H) [pb
o0 100
WW ......................................................................
oy e o
CLLTT
R — Y
e R B
oot} 2z  —— T
28! JqqE
WH
s 7 “ Mu=125 GeV
; t MSTW-NNLO
- 0.1 ttH |

0.0001 ‘ ‘ ‘ ‘ - ‘ ‘
120 122 124 126 128 130 78 14 27 33
L My [GeV]| Vs [TeV] J
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6. Higgs tests at the LHC

FL\) a very precise measurement of Higgs boson mass in H — Z7Z,~vvy: |

T I T T T T I T T T T ] T T T T [ T T T T I T T T T I T -C_MS
ATLAS e Total Stat. only | Combination Run 1:5.1 b (7 TeV) + 19.7 1 '(8 TeV) —Total | |Stat.Only
Run1: /5=7-8TeV, 25 ', Run2: /==13TeV, 1400 ' 2016:35.9")‘[13 %)
Fve= ' 1IN Z: va=13TeV, Total (Stat, ony) Total (Stat. Only)
Run1 H — 17 F——e——— 12602 +0.51 (+ 0.43) GeV Run 1 Hoyy — 124.70 + 0.34 (+ 0.31) GeV
Run1 H — 4¢ | —— 124.51 + 0.52 (+ 0.52) GeV Run1 H—ZZ— 4l d = - 12559 + 0.46 ( + 0.42) GeV
Run2 H — 1+ |—|o—| 125.17 + 0.14 (+ 0.11) GeV ‘
Run2 H — 4f i 124.99 + 0.19 (+ 0.18) GeV - i“’ici"bf_ed_ == 1_25'0_7_1128_”&26)_6‘1 i
Run 142 H — 77 125.22 + 0.14 (+ 0.11) GeV 2016 H—yy W= 12578+ 026 (+0.18) GeV
Run1+2 H — 4/ 124.94 + 0.18 (+ 0.17) GeV S — 12526 + 021 (£0.19) GeV
Run 1 Combined —e— 125.38 + 0.41 (+ 0.37) GeV I
Run 2 Combined H:H 125.10 + 0.11 (+ 0.09) GeV 2016 Combined — 12546 £0.16 (£0.13) GeV
Run 1+2 Combined lTi 125.11 + 0.11 (+ 0.09) GeV I :ur:+;016_ e g s —il;— —_—— 1_25.51:.1 ;1?_1 1)_(397 .
1 | 1 1 1 1 | 1 1 l 1 [ 1 1 1 1 | 1 1 1 1 I 1
lllllll'llllllllllllllllllIlllllllllllll
123 124 125 126 127 128 122 123 124 125 126 127 128 129
my [GeV] m, (GeV)
The value of My at 0.1% level is important e
180
for the issue of the EW vacuum stability; 178
L L] L] 176 el
but the uncertainty is mostly coming from i [
2. 172 | stable
the errors on the values of m; and o.... B

These parameters need to be measured with | ===
a much better accuracy! ILC or FCC-ee? I T T T

Mpy [GeV]
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A) a precise measurement of total Higgs decay width via interferenc e:

'$™M =4.07 MeV = too small to be resolved experimentally.
If Mg 2= 200 GeV, I'yy > 1GeV = possiblein H — Z7Z — 4/.
Butin pp — H — ZZ — 4/, about 20% are for M4, = 2M 5.

. __on-=shell off—shell .
Infact: 0, 55 4, X gggH, O g sH ar X gggHI‘H = interf x ggervI'nm

Indirect measurement of I’y via interference with pp — ZZ continuum:

CMS 19.7 o™ (8 TeV) + 5.1 fb" (7 TeV)

14

k\\\\‘\\\\\\\\\\\\‘\\\\‘\\L
14;ATLAS ----= Expected-Stat. only ]

—— Expected N 1 2
rH* - ZZ - 41,212v -+==+ Observed-Stat. only ]

1213 Tev, 36.1 b — Observed - ) — H . ZZ+WW (observed)  ------- H - ZZ+WW (expected)

10

—— H - WW (observed) ~  ------- H - WW (expected)

-2In(\)

- (observed) ~ ------- H - ZZ (expected)

2AInL

My My (MeV)
\_ The constraints are starting to be serious: AT'y /TP SO(1)! J
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) Check of the CP quantum numbers: is it a pure 0" "scalar particle?

For the spin, there is no suspense: the observed state decays into yvj
e it cannot be spin-1: Landau-Yang theorem forbids V' — ~~ channel;

e it could be spin-2 like graviton? but miracle that couplings fit that of H,
“prima facie” evidence against it as e.g.: C, =+ c, and cy > 35¢C, ...

CP quantum numbers: is it a pure CP-even, CP-odd, or a CP—mixture?

More important: is there CPV in Higgs?
ATLAS and CMS CP made analyses for fut Mimmdigis "2" 0
pure CP—even versus pure CP-odd

20 isaTev fuat-207m'
HV , V*versus He"""? 7,72 ,, Y l ) ’
— dI‘(;{l\zfz*) and dI‘(IziIzZZ) L
MELA > 3o for CP-even.
But problem with picture: pure CP-odd does not couple to VV@tree-level;
in H — Z7Z* — 4/, only the CP-even part of H coupling is projected out!
True probe via production/decay involving fermions as coupling democratic
ex: spin-correlations in qg — HZ — bb// or gg/qq — Htt — bbtt.

LTests are more challenging and need much more statistics — HL—LH(H

0.5 1
BDT output
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) Probe very rare H decays that allow additional/unknown informationﬂ
e H — /11~ to probe second generation fermion couplings;

e H — cc to probe second generation quark couplings (difficult);

e H — Z~ which has information that is complementary to H — 1.

— utus H — cc H— 7
H— u cC Y
137 fo' (13 TeV)

q) 8OO:I TTT | TTTT { T T TT I UL I UL | T T | T TT | L : ’T,‘U 5~ | LA L B B L B | LA L Cl T rb] (V 'bl ) '''''' T 7]

E - 3 _ ; — Comb. (obs. 1

: CMS Pre/{m/nary ¢ Data E ~, 450 ATLAS ee:Comb. (exp) 1 -2 s : .
@ 7001 All categories — S+B (u=1.19) 1 < [ {s=13TeV, 139" _ojepton (obs.) 1 &§ 18E ATLAS and CMS 3
§ 600F S/(S+B) weighted ... Bkg. component ] < 4_ VH, b @ 1-lepton (obs.) E ' LHCRun2 — ATLAS+CMS ]
I & m,=125.38GeV s ] 3.5F kel <852at95% CL 5 jepton (obs.) E 16 — CMS E
B s00F - b 1 - 1
g ; [ ]+20 of ATLAS :
D 400 - S
2 25F ]
) | S U WY A ;
= 15F ]
% 05f E
C|n 0 G:. Lo o 1 a0 s | E. L : / E ]
% ] -30 -20 -10 0 10 20 30
D 75 1111 | 1111 \ 1111 | 1111 | 1111 | 1111 | 1111 | 111 \_: KC ﬂ

110 1156 120 125 130 135 140 145 150

m,, (GeV)
Observed at 3.00 ke < 8.5@95%CL Observed at 3.40

LNeed much larger statistic for much better measurements — HL-LHC J
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D) Precise measurements of the Higgs decay/production rates: —[
- most Higgs decays have been probed: H — ZZ, WW  ~~, bb, 77, uu;
- all Higgs production channels contributed to Higgs: ggF, VBF, VH, ttH;

For one production channel, construct H signal strengths in given decay:

o(pp—H—XX) o(pp—H)xBR(H—XX)
UXX = —
c(pp—H—-XX)|sMm o(pp—H)|sm XxBR(H—XX)|sm

Parameter value

f;léAF.? an1d cMSs - gtﬁ?CMs ATLAS and CMS -8- ATLAS+CMS
-
un NS LHC Run 1 — ATLAS
B : —+1o -+~ CMS
91 e —— — 20 —ti0
99 e py —r—— —+20
M ———— - :
VBF ——— ;
- i zz ———
5 H —
—————— '
IJ'WH : - 5
~ ] WW ———
u T H e
ZH » _ :
5 . 183 ———
i ; H e —
H ol bb ——
IR N H ==
1111 I 1111 I 1111 I IIIIIIIIIIIIIIIIIIIIIIIIIIII - '
_1 _050 05 1 15 2 25 3 35 4 v e b b b b b by s b bu iy
-1 -05 0 05 1 15 2 25 3 35 4

Parameter value
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6. Higgs tests at the LHC

D) Precise measurements of the Higgs couplings to particles:
i = 0(x)/o(x)[sm = T'(xx) /T (xx)[sM = 8F1xx/BE1xx|sM

['(vv)— k2, K:
L(ff) — k2, .
o(vH) — /43‘2,, c
o(ttH) — k2, i
o(vbf) —0.74k2 +0.26x2 N
L(yy) = k2 .
= 1.5/-£3v—|-0.1/<3%—0.7/-€t/-£w,
o(ggH) %/ﬁ:é B,
=1.06x2—0.07kKp B

I T T I T I T I
I t_ ATLAS Run 2
i 'T_af_' Leptons Quarks )
... = A
Force carriers Higgs boson |
——
== aEm
|-------------.-= ----------
—e—H —— B\nv. =B, =0
M | -m- B, free, B, 20,1, <1
e —— SM prediction
- - Parameter value not allowed
............................
| | | |
0.8 1 1.2 1.4 1.6
68% CL interval
\ I
__________________________ i
o | !
0 0.05 0.1 0.15 0.2
95% CL limit

ki =0.57Kf +0.22k2,40.06x2+0.035 +0.03K2 +0.0023 (k2 + K3, )

Global ATLAS fit gives BR(H—> invisible) < 0.13@68%CL
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6. Higgs tests at the LHC

f D) Precise measurements of the Higgs couplings to particles: T
- many Higgs couplings (gauge bosons, 3 generation fermions) measured;
- even the coupling to second generation muons probed; also recent HZ.
H couplings to particles are proportional to their mass as predicted in SM!

CMS 138 fb' (13 TeV)
B . Ul DL | ! pa Ta R ILY, | d L U LU TUELE | '._;‘:
E> |p l: m,=125.38 GeV W Z Lo
\g i pSM= 37.5% ‘-‘-’- R
s 107'¢ 3
el o
¥ -
1072} X
" R Leptonsandneutnnos Quarks
< -.-
10k 4 v .- a5 v B
" Force carriers Higgs boson ]
10-4 :—lll LS 1 1 11 ]lll s q
5 AP ‘ =
0 1.2;—} 105 * -
> T1.0F qrerremremmrmrmmennenaa e + -------------------- 1.00f =~ * ------- -3
'g 0 8'_ * 0.95F f j
] O : ]
m 0.6'111 1 Lo o3 el 1 AN | | 3

107 1 10 | 102 |
Particle mass (GeV)
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E) Measure the Higgs self-couplings A3, A\gg2 = access to V. T
e )\iy3 is accessible in double Higgs production: pp — HH + X;
e 24 IS hopeless to measure, needs pp—HHH+X with too low rates.

Processes relevant processes for double Higgs production at the LHC:

9 DI 1 o (pp — HH + X) [fb]

g My =125 GeV

— HH
Lo L 1000 55

4

NLO QP

g 7000000 N | |
100 C qq/ N I‘}qu/_
- 30 A2 g qq/gg — ttHH |
- e ;gQC‘J ]
10 r N R e - qq/ % WHH_.
L0, qq — ZHH |
0.1 . |

13 25 50 75 100
Vs [TeV]
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6. Higgs tests at the LHC

E) Measure the Higgs self-couplings A3, A\fy2 = access to V. T

Aigs is accessible in double Higgs production: pp — HH + X.

138 fb 1 (13 TeV)

=
o
w

|
= 3 CMS — observed
2 1 preliminary == theory prediction
c 3 5 c=e=k=1 a median expected
5 lg 10 ™ TtV B 63Y% expected
— —— Observed limit = i e 95% expected
ATLAS Preliminary m ES G
I Expected limit = 0 1
Vs =13 TeV, 126—139 fb (U = 0 hypothesis) a3 % 10 2
Ogor + ver(HH) =32.7 b [ Expected limit +10 %° ! ]
[ Expected limit 20 o 8-,' 1
o]
Obs. Exp. 1 T T i |
N =il 0 il 2 3
bbyy 4.2 5.7 Koy
_ g » < 10 I T T T T .I ‘I T T T I T T T T ' T T T T
pbt*rt- X 4.7 3.9 c [ ATLAS Preliminary — Hronl
~ | VS=13TeV, 126—139 b o yl
. I 8 Observed ik
g = i —— HH + H K only
bbbb - | : 54 8.1 HH + H Ky only: HH + H k) generic -
, | I 6l 95%: Ky, € [-0.4,6.3] ]
- HH + H k), generic:
Combined- ¢ 24 29 i 95%: K, € [-1.3,6.1]
M [ NIRRT TR VI NN (N U SN UANY TN (NN SN MO A N NN NN NN NN | 721 oo, O, (1| (ERNPIROTNO R RTOTIITIY | | S SRR A, 95% _—
0 5 10 15 20 25 30 i
95% CL upper limit on HH signal strength Ly -
2 ol
e Nee NN 0 AL 68% __|
0_ | ! 1 L L | i
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ow that the Higgs is discovered and the SM is confirmed in a spectac
way, is Particle Physics closed? Should we stop and just go to the beach?

Of course not!

e N T

BSROee  Guos 65T FAIT
S\ 15 RiEN!

and is only an effective manifestation of a more fundamental theory...

... that cures certain serious problems that the SM left aside....
e Problems of aesthetic nature: too complex and too many ingredients,
we want a theory with a few parameters and basic ingredients/principles.

e Problems of experimental nature and non-conformity to the microcosm:
the SM does not explain all the phenomena that are observed in Nature.

e Problems of theoretical consistency: the SM is not extrapolable up to
uhe ultimate energies — we need a new paradigm to achieve this aim.
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Problems of aesthetic nature: SM too complex and too many ingredi :
we want a theory with a few parameters and basic ingredients/principlee:LT
e Too many ingredients put by hand:
— needs 19 parameters to describe everything; N 4,
— fermion masses very different from another; .
— symmetry breaking is had-hoc/non-natural. o o

e Does not include gravitation:
— desirable at very high energies;
— but no quantum theory so far,
— graviton of spin 2 complicated.

e Unification of interactions?

— 3 gauge groups with 3 different couplings,
— better: only one group and one coupling,
— coupling unification at a high scale? ~
— the three couplings do not converge. R J
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Problems of experimental nature and non-conformity to the microcosm:
the SM does not explain all the phenomena that are observed in Nature.

e The neutrinos are massless:

— in the SM, neutrinos are left-handed, % %ﬂ

— experiment: neutrinos oscillate = massive;

— their mass is not coming from the Higgs, neutrino
— we need right-handed neutrinos (+ left).
? A e No baryon asymmetry in the universe:

— there is a one billion p for a single p,
— but at early times, CP conserved and n, =n;,
— why there is such an asymmetry now?

e There is no Dark Matter particle:

— known matter makes ~4% of energy of Universe; 74% Dark Eneroy
— in the SM, there is not a particle which is:

— ~ 25% of it is a dark or invisible matter; _
— Astroparticle: must be massive and cold (v < c); \ i
neutral, weakly interacting, massive and stable. Wb toms
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Problems of theoretical consistency: the SM is not extrapolable up t
the ultimate energies — we need a new paradigm to achieve this aim.

e The Higgs should have mass of order of the W,Z masses i.e. J(100 GeV):
— required by mathematical consistency, conservation of probabilities, etc...
— more natural to solve a problem at 100 GeV with “object” of 100 GeV mass.

e But we should include all quantum corrections to the Higgs mass:
= contributions to My of order Mp while they should be ~ My z...

Je Putit Primer

x A? ~ (10" GeV)? AR

— enormous hierarchy Mp > My z;
— this hierarchy seems very unnatural.

repreventait pas un chapean. H roprésentail
”“:.:m:mmwunm

e No symmetry to protect My from high scales?
— gauge symmetry: protects the photon mass (vanishing corrections);
— L/R or chiral symmetry: protects fermion masses (small corrections).

Hierarchy problem: My prefers to be close to the high scale...
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Three main avenues to solve the hierarchy problem of the SM.
I) The Higgs is not an elementary spin-0 particle, but it is composite. T
The Higgs boson is the sole fundamental particle of spin equal to zero:
if the Higgs is not fundamental = the hierarchy problem disappears.
e The Higgs is a bound state of two fermions:
one can have a bound state or condensate:
S= %@% — 0 = scalar (like the ™ meson).
but the particle should be rather massive.
Only option in SM: top-antitop condensate.
e Even more radical is Technicolor:
all SM particles are composite states
(here is another layer in the onion);
= QCD but at higher scale A =1 TeV,
—> H bound state of two techni-fermions.

e In both cases = Higgs properties # of those of the standard H.
L Both theories are of strong interaction — constrained by experimentJ
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Three main avenues to solve the hierarchy problem of the SM.

Il) Additional space-time dimensions at the scale of a few TeV? T
We could have a 5th space-time dimension
where at least the s=2 gravitons propagate.
Gravity: effective scale is Mg ~ A ~ TeV, 4
not M, = 10'®GeV; gravity now in the game. i .
Several possibilities to realize the scenario: '\\/-\““j/,.
large, warped, universal extra dimensions, ... '

Enormous impact on particle physics! "'"' ia

(with solutions to other SM problems). y

e But we still need symmetry breaking:
— the same Higgs mechanism as in the SM,
— but also possibility of a Higgs-less world. %

e Known particles are the zero modes of
— an infinite tower of Kaluza—Klein excitations,
— new heavy partners of the fermions/bosons.

\_ Plenty of new exotic particles to discover and study at LHC and beyoﬂ

IR
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|7 Three main avenues to solve the hierarchy problem of the SM. T
lll) Supersymmetric theories (SUSY) or how to double the world.

Supersymmetry is considered to be the most attractive extension of the SM:
e relates the s= fermions to s=0,1 bosons;
e relates internal and space-time symmetries;
e if SUSY is made local, we recover gravity; o S
e is naturally present in Superstrings theory. I
e To each particle = a superparticle Shuhed L) |
(sfermions of s=0 and gauginos of s=3). el il
e Enlarged Higgs sector: h,H,A,H", H™

(two doublets of scalar Higgs fields). /g
Prediction H %
= ()

SUPERSYMMETRY

e Cancels divergences A? and hierarchy;
e 112 < 0 naturally via quantum effects; | :
e leads to unification of gauge couplings; \H
e has the ideal candidate for Dark Matter...

A whole new continent to explore at the LHC! J
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|7$implest SM extension: add one scalar ¢ that develops a vev v; it hasﬂ
V(®,0) = A(®T®)2 + 12DT® + Apgr BT D¢ + Ny + 1129
after EWSB (,u?b < 0), one has two Higgs bosons H and H’ which mix

. 0 . A
(1) = (55 Soss) = (Rego) with tan2f — SHE=ZC

The masses of the two physical states read (H is the SM-like boson) :
M = (AV + Agvy) F [AvE — ApV3|V1 + tan? 20

The model has 3 parameters (on top of vand Mg): My, Aga, sinf with

A=+ St ), = 32:32{?41{: (ml:gzﬂ — 8§ ) Vo = — szﬁ'ji%

H’ and H will share the SM Higgs couplings to fermions and gauge bosons:
CHE' _ (Hey — Hsg) [ W Wi 4 Maznz, 5~ mefy

Vv

The trilinear couplings are slightly more complicated than in the SM; ex:

HH' 21T/ 12 '3
£scal — _% [/{HHHH?)_'_HHHH’SGH H ‘|‘/1HH/H/C@HH —I—IQH/H/H/H ]
M7 Aprep/ V2 2M?Z, +M?2 —_
— T H 4 2 AHH/ _ H H/ 2 HEL
RHHH — v2cg (CQ — Sy AM?—IH/) , "HHH' — V2 Co + AM?2
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= to SM Higgs case but with unknown mass and reduced couplings! T
all theory information is available/discussed before for Mg # 125 GeV.

Branching ratios and cross sections as function of My for sinf = 0.1.

1 F aeeer, T T T T = 10 [ T T T T
bb | | o(pp = H+X) [pb]
Vs =14 TeV
2 __
s; = 0.1
0.1 F 1t
TT :.“" [
gg :.'
cc [ *
0.01 | 0.1 | .
oad: .
0.001 . | ' ' 0.01 ttH % ™. ' .
200 300 500 700 1000 125 200 300 500 700 1000

LExactIy the same BR’s but all o’s and the I'i?® are reduced by sin?6. J
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8. Simples extensions of the SM: singlets

fExamples of H' searches:

35.9 b (13 Te

H — 7ZZ, WW,~yand H — HH:

'8_ L T T e d 1““3 ..|....|rnrn|rn|||nnrn|nnrr|r_
5 == Expected + 1o =3 oL ATLAS -&- Obs.5% LWA |
N . r=10Gev. " g);peCte(éi 20 = E Vs=13TeV, 36.1 fo' ---- Exp.5% LWA E
1 E ___E%T%M = C H. WW. evv (VBF, LWA) <= Obs. 10% LWA 7
>? T ennaae Expected b 1 L ---- Exp. 10% LWA -
""" xpected l=q T —e— Obs. 15% LWA
...... e 1= - —]
o Expected 212v @ = “ee Exp 15% LWA 3
B 107" x F 95% CLlimits
o) L _
T O SEL I C SO SO 107 E
02k T e E E
107 3
qotlm e L L L 1 ] A R B AR A RN B
500 1000 1500 2000 2500 < 500 1000 1500 2000 2500 3000
m, [Ge)
x [ m,, [GeV]
= 10— 7777
a - ATLAS —e— Observed Limit (35% CL)
T e Tt Expected Limit (95% CL) i
= - V\'s=13TeV, 36.1 fb B Expected + 1o ]
T X — HH Expected + 26
% 10° — -l Expected Limit (2 leptons) 3
X s ¥ Expected Limit (3 leptons)
< L A Expected Limit (4 leptons)
A V- ]
Q
—
© 10 =
| IS P R R TPU NSRS N
250 300 350 400 450 500
m, [GeV]
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ncluding the Dark Matter is a must — the SM Higgs-portal to DM.

A very simple DM description, using only Agnosticism and Occam razcﬂ
postulate the existence of a weakly interacting massive particle:

e a singlet particle but of any spin i.e. a scalar, vector or fermion;

e /> parity for stability: no couplings or mixing with fermions.

e QED neutral + isosinglet, no SU(2)xU(1) charge: no Z couplings;

Hence, only couplings with the Higgs bosons = Higgs portal DM:
e annihilates into SM particles through s-channel Higgs exchange;
e interacts with fermionic matter only through Higgs exchange;

e can be produced in pairs via Higgs boson exchange or decays.

Again Occam razor: assume only the SM-like Higgs boson.
Then use an effective Lagrangian, but the simplest (renormalizable?) one:

ALy = —1M2s? — 2)ss? — A PTPs?

AL, = sM2v, vF+ 2 (Vv ) 24+ 2 A H PT RV, v

AL, = —iM,yx — 1220 plPyy

EWSB: & — —=(v-+H) with v=246 GeV and m% = M3+ 7 \mx V2 -
LOnIy two free parameters: DM mass m, and DM-Higgs coupling )\HXXJ
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rFor light DM states, only possible handle at colliders is Higgs decays: T

— )‘12-ISSV2BS
[inv(H — s8) = N
_ AI%IVVVzMiO’-IBV M\zf Milf
Finw(H — vv) = Ve 1— 41\/112{ + 121\/1;4;1
)\2 ﬂ‘VzMHﬂf?’
Liny (H — ff) = 4505

Possible only for mx < 1My ~ 62 GeV; depends on mx, Axx:

Scalar Higgs Portal Fermion Higgs Portal

Vector Higgs Portal
1 . ‘

1 / " 1
0.100 Br(h-sinv)< 20% /\‘ 0.100 Br(h-sinv)< 20% 0.100 Br(h-sinv)< 20% /\A

L] 1 ] 2 0.010 /
I R L 1 T S < 4
- PLANCK S

0.001 0.001 0.001

PLANCK =~ " PLANCK
107 107 1074f o7 e
10 20 50 100 10 20 50 100 10 20 50
mg[GeV] m,[GeV] my[GeV]

One has to check also the relic density/Planck: only one input?

Lmaybe no, X does not form all DM and/or £2h? obtained via other mearﬁ
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Direct: measurement of total Higgs decay width via interference.
¢ Indirect: measurements of the Higgs decay branching ratios. T
e Even more direct: search for Higgs decaying invisibly and E;f

QM q - QZB@'L
q \' q Jd t

qq—WH — lv+Ef qq—qqH — jj+Efr gg —Hg —j+Ef
qqd—ZH — U+ Ef high-mass, pt,7 jets  also 2j, high rate.

-y

LAl

| | | T T I T
ATLAS - Observed
Vs=7TeV,47f6' = ..... Expected
Ys=8TeV, 20.3 b’ [ ER

0.7 Ys =13 TeV, 139 b’ [t E

Lljll

O
(o)
T

95% CL upper limitonB,, .,
o O O
w » O

WTIWTVWW TITTIT]T T
[1 1 1 111

LllLJLLLl

Combining all the search ¢ """ =
channels in ATLAS gives 025 _ :
BR(H—inv) $0.093 0.1 S — =

o o\ P g © \o%
s : < N o «
56\'6 ¢ £ .\\.(O ’ .\\\Xe \\eQ “ \_\'LOO oD e A v o
o s o Y 9\,0
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8. Simples extensions of the SM: Dark Matter

fResults can be compared with those of Astroparticle physics experiment%.
Direct detection:

DM DM Dark MaHer search strategios
SM SM Divect Method .

scattering on nucl. target:
XENON = LZ,DARWIN
Indirect detection:

DM SM
Indivect Method
DM SM
annihilation products:, v
HESS,Fermi= CTA, ... ik Wou

Detection at colliders:

SM DM
SM DM Producton

missing energy signature [IRGRICAZER LI NE 20
LHC = HL-LHC,e"Te ,pp

||
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8. Simples extensions of the SM: Dark Matter

Scalar Higgs Portal

XENON1T Excluded

100
. m<lGeVI
Fermion Higgs Portal
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10 50 100
m¢[GeV1
Vector nggs Portal

500 1000

XENON1T Excluded
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2 0.010} v T e e
T N -
~ 4 2 ST
NS ‘,—, PLANGK .......
0.001 e At T DARWIN
2T
C S A LA
oy 2 e
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fSupersymmetry: symmetry relating fermions s_% and bosons s=0,1. T
— a new sparticle for each SM particle, with spin different by unit %;

— as seen, beautiful: most general, link to gravity and superstrings,....

— solves SM pbs: hierarchy, unification, Dark Matter (+P,m,,,Bgenesis..).

— however, SUSY must be broken = effective way at low energy?

Focus on: Minimal Supersymmetric Standard Model (MSSM):

e minimal gauge group: the SM one, SU(3) XSU(2) X U(1);

e minimal particle content: 3 fermion families and 2 ¢ doublets,

— to cancel the chiral anomalies introduced by the new SUSY h field,

— give separately masses to d and u fermions in SUSY invariant way.

e R=(—1)(2s+L+3B) parity is conserved; LSP is stable;

e minimal set of terms (masses, couplings) breaking “softly” SUSY.

To reduce the number of the (oo many in general) free parameters:

— impose phenomenological constraints: O(20) free parameters,

— In general sparticles assumed to be heavy: decouple from Higgs.
L— constrained models with universal boundaries, very few parameters J
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WSUGRA: at GUT scale, only 4.5 param: tan 3, my /2, mg, Ay, sign(uj—ljE
All soft SUSY-breaking parameters at scale Mg are obtained through RGEs.

With Mgyt ~ 2 - 10'® GeV and Mgysy ~ ,/M; mg,, one then gets:

Evolution of sparticle masses
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AN Treol
<< S=
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Radiative EWSB occurs since M%< 0 ata scale My (t/t loops),

— EWSB is more natural in the MSSM (,u2 < 0 from RGESs) than in SM!
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H, HY
After EWSB, 3dof make Wf, 71, = 5 physical states left: h, H, A, H*
Only two free parameters at the tree level: tan 8 = v, / v1, M ; others:

M2, = [Mg + M2 F /(M2 + MZ)2 — 4M2 M3 cos? 25}
MHi = 1\/I2 + 1\/I2
tan2a = tan25 (M3 + 1\/I2 )/(1\/I2 — M32)
We have important SUSY constraint on the MSSM Higgs boson masses:
My < min(Mu,Mz)-|cos 25| < Mgz, Mg+ > Mw, Mg > Maj ...
M > My: decoupling regime, all Higgses heavy except for h.
My ~ Mz|cos28|< Mz!, Mg ~My=x ~My, a~ 5 —f

The radiative corrections are very important in the MSSM Higgs sector.
e Dominant correctlons are due to the top (s)quark at one-loop level:

AM?Z = ggz M2 log L large: M'™ — Mz+35GeV 2 125 GeV

\_ Needs large values of Mg, M5, tanf and A;. J

Monopoli, 18-24/09/2023 Higgs Physics A. Djouadi —p. 73/85

0 +
In MSSM with two Higgs doublets: H; = (H ) and H, = (H ) T




Higgs decays and cross sections strongly depend on couplings.

The couplings in terms of Hgy; and their values in decoupling limit:

(I) Youu _9odd gavv

h g 1 S5 1 sin(f — a)— 1
H :iﬁg% I/tan | €225 — tan | cos(8 — a)— 0
A 1/tan (3 tan 0

— The couplings of H= have the same intensity as those of A.
— Couplings of h, H to VV are suppressed; no AVV couplings (CP).
— For tanf > 1: couplings to d enhanced, couplings to u suppressed.

— For tan( > 1: couplings to b quarks (my, tan ) very strong.

—For M A > My: h couples like the SM Higgs boson and H like A.
In the decoupling limit: MSSM reduces to SM but with a light Higgs.
Radiative corrections included in hMSSM way: traded with M ;=125 GeV:

(MA+MZ-Mp)(MZcE+M

is%)—MiI\/P c2

M3 =

o

M%c%—FMi s% —Mﬁ
Monopoli, 18—24/09/2023 Higgs Physics

Z~-2p3 _
5ta_

(MZ+M3 )cssg

Z-p

- MZcZ+M3s2-MZ

A. Djouadi —p. 74/85



Decays of the MSSM Higgs bosons, a brief and general survey: T

e h: same decays as Hg) in general E A
(esp. in decoupling limit); if not T T T
h — bb, 777~ enhanced for tanf3 >1 |
e A: only bb, 777~ and tt decays e

tan5=3 .y 1 . tan 3 = 30

(no VV decays, A — hZ suppressed).

e H: same as A in general; tan(5 >1
WW, ZZ, hh decays but suppressed.
e H* mainly 7 and tb decays
(depending if M+ < or > my).
Possible new effects from SUSY!!

In particular, invisible h,H,A decays

For tan >1, only decays into b/7:
BR: ® - bb~90%, ® - 77~10% g |
For tan5 =1, many other decay channels! wil )
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M production mechanisms

Higgs-strahlung Vector boson fusion

v
~
~
~
~
~

q H

a

gluon—gluon fusion
g i
P H
————— ®-----H
g 00000 9 D000 ——— Q

1000 P\
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s
1 0 : . \\\ ||||||||||| -
- . % \, g
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What is different in the MSSM
e All work for CP—even h,H bosons.

—in @V, qq® h/H complementary
—o(h)+o(H) =oc(Hgm)

— additional mechanism: qq — A+h/H
e Forgg — ®and pp — ttP

— include the b—quarks contribution

— dominant one at high tanj values.

e For pseudoscalar A boson:

— CP: no ® A and qqA processes

- gg — A and pp — bbA dominant.
e For charged Higgs boson:

~Mpgz Smy: pp — ttwitht —H™b
— My = my: continuum pp — tbH™

Radiative corrections important again
gg — H/A (available only at NLO)
bb — H/A are rather large (K%1@J
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henomenology of MSSM Higgs similar to that of general 2HDM proviso:
- the 2HDM is of Type-ll: H; couples to u-quarks/V bosons and H» tosdﬂ
- the lighter h state has M ;,=125 GeV and SM-like couplings at 10% level;
- we are in the alignment (=decoupling) limit in which sin(5—a) — 1;

- the heavy H/A/H™ states are degenerate in mass: My~ Mg+ ~Ma],.

1 13{ ----------------------- l;T;lﬂ
01 F TT A
0.001 F
0.0001 +
1e05 b 7Y ]
1e-06 E i
o0 BR(®)
1e-07 E
10708 1 1 1 1
0.33 1 3 10 30 60
tanf
F<I> [GeV]
ol Mg = 750 GeV |

10 ¢
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9. The Higgs sector of the MSSM

fMost constraining searches are exactly those of 2HDM in alignmentlim'rw
pp—gg/bb—H/A —777" pp — gg/qq — H/A — tt
Strong constraints on space! Interference with QCD gg — tt
Ma =Mpg >1TeViftan3 <10. Very low tan(3 values excluded.

35.9 b (13 TeV)

CMS 95% CL excluded:

[ ]Observed M 68% expected
---- Expected 95% expected

T T T | T T T T T T T T I b i
. hMSSM scenario ] 4.5

Resolution 10%, L =150 fb~1

3.5

3.0

tanpB
Significance [o]

1 | L 1 1 ! | 1 1 L 1 | 1 1 1 1 1 1 1 1 1 1 L
500 1000 1500 2000 ' 400 500 600 700 800 900 1000
mpu [GeV]
m, (GeV) A
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fFor the charged Higgs, searches are exactly those of 2HDM Type II: T

Main production channel is: Main search topologies:

pp— gg—btH™ (gb — tH™) H" - 7tvand H" — tb
Other channels are subleading. High and low tan(5 excluded.
0w - %L 0 T T

0 ) gb —;tHi — = 30 i |
0 @ = HEA/H e 20t ATLAS :

pp — HTHF —— ,

10 ,l 95% CL exclusions —

1 H'- wvib | Observed, Tv 1

I r\/]—MS?g/IT v — Expected, v |

S = e <

3t 36.1 fb” | Observed, tb .

2r Expected, tb 7

i E

0.6f SS;Ei33§§:§§SESEEE?:;ESES;EEE%;:\}\ ]

200 300 400 500 600 700 800 900 1000 200 400 600 800 1000 1200 1400

L My [GeV] m,, [GeV]
]

Monopoli, 18—24/09/2023 Higgs Physics A. Djouadi —p. 79/85



fBut one should include all channels for H,A,H* production and decays:
A —-hZ H— WW.,ZZ,vy,hh, H® — hW etc.. and indirect bounds?

October 2018

] HA-Ttt

Vs=13TeV, 36.1 b
| JHEP 01 (2018) 055
[ H- 1w
Ys=13TeV, 36.1 1"
JHEP 09 (2018) 139
O H- tb
Ys=13TeV, 36.1 10"
arXiv:1808.03599 [hep-ex]
) H- ZZ- 4wy
Ys=13TeV, 361 b
Eur. Phys. J. C (2018) 78: 293
gg- A- Zh
Ys=13TeV, 361 1"
JHEP 03 (2018) 174

tan 3

ARNRRRNN
NN

/] H- WWS v
5 A TLAS Ys=13TeV, 36.1 10"
imi = Eur. Phys. J. C 78 (2018) 24
2 7 Preliminary |
7] hMSSM, 95% CL limits - bb yy/tr,

—— Observed Vs=8TeV,20.3 1"

. Phys. Rev. D92, 092004 (2015)
2 Expected 3 H- hh - bb yy

Ys=13TeV, 321"

ATLAS-CONF-2016-004
—===_h couplings [K,, K, K]

Vs=13TeV, 36.1-79.8fb"
PR T T ATLAS-CONF-2018-031

\_ m, [GeV] J
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10. Outlook

Il these tests should be pursued at the high-luminosity LHC (HL'LHC)"T
much stronger constraints to be obtained; a factor 2-3 better is expected.

ATLAS Slm-ulatlon Pre}llmlnary 1 CMS Projection
/s = 14 TeV: [Ldt=300 b ; [Ldt=3000 fb ML SO, ST W SN
e ) BT R T Higgs boson couplings F— 200" at 3 = 14 TeV Scenario 2
H—yy (comb.) r Ky
. Kw
| Kz
H—ZZ (comb) g X —
s R L { {
K, +—
H— WW (comb.) K, ].
% " (etatbonons I I L I L | L 1 1 | ' L L 1 L L
0.00 0.05 0.10 0.15
H— ZY (incl.) expected uncertainty
_ CMS Projection
teeesssmsstasennnis nsasetssisnannnes T T T T | T ] ] I 1] T T I T T

. i ‘ T
Expected uncertainties on 3000 a 5= 14 TeV Scenario 1
H_> bB (comb.) ; Higgs boson couplings — 3000 ot f5 - 14 ToV Sconario 2
1
: Ky, —+——

R
Kw

H—-up  (comb.)

1 1 [ 1 1 1

0 0- 2 0 -4 i L P W W S T PR S T T S 1 L
0.00 0.05 0.10 0.15
Au/ u expected uncertainty
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I—T he SM-like Higgs profile can be better determined at ILC, FCC-ee, ... —L
ent

Z
7"
.. ol ( HHX) [fb} !
e H
ve/€" R
e’
V x
) vV | -
© I/e/e_ .He+e_ ~ o
h1E
e L HH
- Wtk S |

H 00 B0 500 100 1000 2000 3000

5 GeV]
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t
T
c H.- ILCin2010= | l'& +0.061
MH CP +0.038
e 7

—> difficult to be beaten by anything else for a =~ 125 GeV Higgs J

Very precise measurem
mostly at \/s < 500 GeV
and mainlyine"e” — ZH
(with 0 & 1/s) and ZHH, ttH

grzz | £0.012
g | £0.022
JHcc +0.037
gm-r | £0.033
JHt +0.030
My +0.0004
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10. Outlook

fAn important step could be reached by going to higher energy (FCC-pp ?)}
much stronger constraints on H properties and access to self-coupling:

o

o(/3)/(y/5 = 13 TeV)

potential ;
100 —— . Our gy
[ pp _> H —I_ X acuuTr'A ~ \ 7
MH = 125 GeV fﬁ,/k :\,M tastabl
heid”
o (pp — HH + X) [fb]
3} ' o —
,,,,,,,,,, 22 :; ;IH 1000 L ppMH =125 GeV gg — HH
10 | qqd — WH | i
100 ______ qq’ — HHqq'{
""""""""" qq/gg — ttHH
NLO
0| e :
I e - CD qq — WHH
Il & NNLOQ ......... qd — ZTIH
|
1 1 1 ] ]
13 25 50 75 100 _
T 0.1 - - - .
Vs [TeV] 13 25 50 75 100
Vs [TeV]
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10. Outlook

|—Direct searches too should be pursued at HL-LHC+beyond (FCC-pp, 1<€?):
much stronger constraints on parameter space to be obtained; ex in MSSM.:

60
50

40
30

60
50

40 hMSSM

a LHC 100 TeV
3000 b

20 20

tanp

300 400 500 600 700 10¢ 300 400 500 2000 3000
M, (GeV) M, (GeV)

Figure 94: Top: 95%CL countours in the hMSSM [tan 3, M 4] plane when the ATLAS
and CMS searches for A/H/H™ states in the various modes (specified in the figure with
the corresponding color) at Runl are combined. Bottom: the projected 20 sensitivity at
HL-LHC with /s = 14 TeV (left) and at a \/s = 100 TeV collider with 3 ab~! data (right)
are also shown assuming that it scales simply with the number of events; from |422|.

—_J

\_And, if we are lucky, some sign of beyond the SM would finally show UM
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10. Outlook
rl always like to finish with this slide (since 10 years and is still valid)...

The end of the story is not yet told!

“Now, this is not the end.
It is not even the beginning to the end.
But it is perhaps the end of the beginning.”

Sir Winston Churchill, November 1942
(after the battle of El-Alamein, Egypt...).

N0BOPY UNDERSTANDS ME!
We hope that at the end we finally T T # 3 '

understand the EWSB mechanism.
But there is a long way until then,
and there might be many surprises.

We should keep going!
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