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A partial list of goals for HEP theory work

® Answer open questions:
® Data driven:
® What is DM!?
® What’s the origin of neutrino masses?
® What’s the origin of the matter vs antimatter asymmetry?
o W
®

nat is Dark energy?

® Theory driven:
® The hierarchy problem and naturalness
® The flavour problem (origin of fermion families, mass/mixing pattern)
® Quantum gravity
® Origin of inflation
o

® Develop the tools required to extract/interpret data:

® improve precision of theoretical predictions for accelerator expts
® perturbative calculations, higher loops, ...
® MC modeling of final states

® introduce/improve new exptl opportunities (eg tabletop expts, astro/

cosmo observables, ...)
o ...



The next steps in HEP
research build on

® having important questions to pursue (see previous slide)
® creating opportunities to answer them

® being able to constantly add to our knowledge, while
seeking those answers



The experimental opportunities

® For none of the open questions, the path to an answer is unambiguously defined.

® Two examples:
® DM: could be anything from fuzzy 10-22 eV scalars, to O(TeV) WIMPs, to multi-Me

primordial BHs, passing through axions and sub-GeV DM
® g vast array of expts is needed, even though most of them will end up empty-
handed...
® Neutrino masses: could originate anywhere between the EW and the GUT
scale
® we are still in the process of acquiring basic knowledge about the neutrino sector:
mass hierarchy, majorana nature, sterile neutrinos, CP violation, correlation with

mixing in the charged-lepton sector (UW—eY, H— UT, ...):as for DM, a broad
range of options

® We cannot objectively establish a hierarchy of relevance among the fundamental
questions. The hierarchy evolves with time (think of GUTs and proton decay searches!)
and is likely subjective. It is also likely that several of the big questions are tied
together and will find their answer in a common context (eg DM and hierarchy
problem, flavour and nu masses, quantum gravity/inflation/dark energy, ...)

One question, however, has emerged in stronger and stronger terms from
the LHC, and appears to single out a unique well defined direction....
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V(H) = - p2 [H]2 + X |H}!

Who ordered that?

We must learn to appreciate the depth and the value of this
question, which is set to define the future of collider physics



Parity asymmetry and mass for spin-1/2 particles
Ys WLR = PLR

H x it 0y + iy d-vyior + m L Yr

For a massive particle, chirality does not commute with the Hamiltonian, so it cannot
be conserved

Chirality eigenstates of a massive particle cannot be Hamiltonian (physical) eigenstates

Nothing wrong with that in principle .... unless chirality is associated to a conserved
charge!



SU(3)

Electroweak (EW)
SU(2). ® U(l) » gauge symmetry

+ 2 more “families”
differing from the [st
one only in the mass of
their elements

L-chirality R-chirality



The symmetry associated with the conservation of the weak

charge must therefore be broken for leptons and quarks to
have a mass

In this process, weak gauge bosons must also acquire a mass.
This needs the existence of hew degrees of freedom
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The transition between L and R states, and the absorption of the changes in
weak charge, are ensured by the interaction with a background scalar field, H.
Its “vacuum density” provides an infinite reservoir of weak charge.



Electromagnetic vs Higgs dynamics
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a historical example:
superconductivity

® The relation between the Higgs phenomenon and the SM is similar to
the relation between superconductivity and the Landau-Ginzburg
theory of phase transitions: a quartic potential for a bosonic order
parameter, with negative quadratic term, and the ensuing symmetry
breaking. If superconductivity had been discovered after Landau-
Ginzburg, we would be in a similar situations as we are in today: an
experimentally proven phenomenological model. But we would still lack
a deep understanding of the relevant dynamics.

® For superconductivity, this came later, with the identification of e-e-
Cooper pairs as the underlying order parameter, and BCS theory. In
particle physics, we still don’t know whether the Higgs is built out of
some sort of Cooper pairs (composite Higgs) or whether it is
elementary, and in both cases we have no clue as to what is the
dynamics that generates the Higgs potential. With Cooper pairs it
turned out to be just EM and phonon interactions.With the Higgs, none
of the SM interactions can do this,and we must look beyond.



examples of possible scenarios

® BCS-like: the Higgs is a composite object

® Supersymmetry: the Higgs is a fundamental field and

® A2~ g2+g’2 it is not arbitrary (MSSM, w/out susy breaking, has
one parameter less than SM!)

® potential is fixed by susy & gauge symmetry

® EW symmetry breaking (and thus my and A) determined by the
parameters of SUSY breaking
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The Higgs potential, a closer look

The Higgs sector is defined in the SM by two parameters, 4 and A:

V(H)
Vo (H) = —p |H|? + N | H|? \ / -
SM( ) I3 | | + | | U \V/ > V=(\/§GF) 12 246 GeV
(9VSM(H) o 2 _a2VSM(H) o= ThH
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202

These relations uniquely determine the strength of Higgs selfcouplings
in terms of the two now-known parameters myand v

L 2m2 SR m2
""""" ® gy = 4= —2=1 ® o = )\= 2
v S 202

These relations between Higgs self-couplings, my and v entirely
depend on the functional form of the Higgs potential. Their

measurement is therefore an important test of the SM nature of the Higgs
mechanism 13



Example: a different Higgs potential

V(H)
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1 provides the overall scale of the Higgs mass,
but the precise value dependsonn: u
describes the potential near the origin, but the
mass is defined by the curvature at the minimum

If n=6, the Higgs self-coupling is modified by a
factor of 5/3 wrt the SM relation. This is a big
effect!

Notice however that the n=4 term will always be
there, even if only induced by loop corrections or
RG evolution of whatever higher-dimension term

For all SM particles, m=gv, where g is their

coupling to the Higgs. For the Higgs, the relation
between self-coupling and mass is not universal,
it depends on the detailed structure of the Higgs

potential

|4



Decoupling of high-frequency modes
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short-scale physics does not alter
the charge seen at large scales
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high-energy modes can change size and sign of
both p2 and A, dramatically altering the stability
and dynamics => hierarchy problem



bottom line

To predict the properties of EM at large scales, we don’t need
to know what happens at short scales

The Higgs dynamics is sensitive to all that happens at any scale

larger than the Higgs mass !!! A very unnatural fine tuning is
required to protect the Higgs dynamics from the dynamics at
high energy

This issue goes under the name of hierarchy problem

Solutions to the hierarchy problem require the introduction of
new symmetries (typically leading to the existence of new
particles), which decouple the high-energy modes and allow the
Higgs and its dynamics to be defined at the “natural” scale
defined by the measured parameters v and mn

= naturalness



Examples

Supersymmetry: stop vs top (colored naturalness)
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Extra-dimensions: Planck scale closer than in 4-D, or Higgs as 4-
D scalar component of a higher-dim gauge vector (KK modes, etc)
Little Higgs: Higgs as a pseudo-Nambu-Goldstone boson of a
larger symmetry, mass protected by global symmetries (top
partners)

Neutral naturalness: top contributions canceled by triplets of
new particles neutral under SM gauge groups, but sharing the Higgs
couplings with SM fermions (Higgs portals). Typically comes with
doubling of (part of) SM gauge group (eg SU(3)axSU(3)g).

® twin Higgs

[H|?|H'|?
T - W
72

® folded SUSY (SU(3)s stops cancel Higgs couplings to SU(3)a tops)
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The LHC experiments have been exploring a vast
multitude of scenarios of physics beyond the
Standard Model

In search of the origin of known departures from the SM

® Dark matter, long lived particles
® Neutrino masses
® Matter/antimatter asymmetry of the universe

To explore alternative extensions of the SM

New gauge interactions (Z’, W’) or extra Higgs bosons

Additional fermionic partners of quarks and leptons,
leptoquarks, ...

Composite nature of quarks and leptons

Supersymmetry, in a variety of twists (minimal, constrained,
natural, RPY, ...)

Extra dimensions
New flavour phenomena

unanticipated surprises ...
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So far, no conclusive sighal of physics beyond the SM

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: July 2017 TeV [L£dt=(32-37.0)fb" Vs=8,13TeV
Model t,y Jetst ET™ [rdt[fo™'] Limit Reference
T T LI | | L] L] T T T T LI | L] T T T T L] LI | I T L] T T
@ ADD Ggy +g/q Oep 1-4]  Yes  36.1 Mp 7.75 TeV n=2 ATLAS-CONF-2017-060
S  ADD non-resonant yy 2y - - 36.7 | Ms 8.6TeV  n=3HLZNLO CERN-EP-2017-132
2  ADD QBH - 2j - 370 |Mg 89TeV n=6 1703.09217
g ADD BH high ¥ pt >le,u >2j - 32 | My 8.2 TeV n=6, Mp =3TeV, rot BH 1606.02265
35 ADD BH multijet - >3] - 3.6 My, 9.55TeV n=6,Mp=3TeV,rot BH 1512.02586
g RS1 Gk — vy 2y - - 36.7 Gkk mass 4.1 TeV k/Mp = 0.1 CERN-EP-2017-132
m Bulk RS Gy —» WW — qqlv 1epu 1J Yes 36.1 Ggk mass 1.75 TeV k/Mp; = 1.0 ATLAS-CONF-2017-051
2UED / RPP ey 22b,>3j Yes 13.2 KK mass '.6 TeV Tier (1,1), B(A®Y - tt) =1 ATLAS-CONF-2016-104
SSM Z' — (¢ 2e,pu - - 36.1 Z’ mass 4.5 TeV ATLAS-CONF-2017-027
[7) SSM Z’ —» 7t 27 - - 36.1 Z’ mass 2.4 TeV ATLAS-CONF-2017-050
E Leptophobic Z — bb - 2b - 3.2 Z’ mass 5 TeV 1603.08791
§ Leptophobic Z’ — tt Teu >1b>1J2 Yes 32 |2z mass 2.0 TeV r/m=3% ATLAS-CONF-2016-014
o SSM W'’ — v 1eu - Yes 36.1 W’ mass 5.1 TeV 1706.04786
2  HVT V' - WV — qqqg model B O e, u 2J - 36.7 | V' mass 3.5 TeV gv=3 CERN-EP-2017-147
8 HVT V/ > WH/ZH model B multi-channel 36.1 V’ mass 2.93 TeV gv=3 ATLAS-CONF-2017-055
LRSM W/, — tb 1eu 2b,0-1]  Yes 20.3 1410.4103
LRSM W}, — tb Oe,u >1b,1J - 20.3 1408.0886
_ Cl qqqq - 2j - 37.0 A 21.8TeV 7. 1703.09217
O Cltqq 2e,p - - 36.1 A 40.1 TeV 77, | ATLAS-CONF-2017-027
Cl uutt 2(SS)/>3 eu>1b,>1] Yes 203 |Crrl =1 1504.04605
Axial-vector mediator (Dirac DM) Oe,u 1-4j Yes 36.1 Mmed 5 TeV 84=0.25, g,=1.0, m(y) < 400 GeV | ATLAS-CONF-2017-060
g Vector mediator (Dirac DM) Oe,u, 1y <1j Yes 36.1 Mped 1.2 TRV g4=0.25, g,=1.0, m(y) < 480 GeV 1704.03848
VVyx EFT (Dirac DM) Oe,u 1J4,<1j VYes 3.2 M., 700 GeV m(y) < 150 GeV 1608.02372
Scalar LQ 15 gen 2e > 2] - 3.2 LQ mass 1.1Te p=1 1605.06035
9 Scalar LQ 2" gen 2u > 2] - 3.2 | LQmass 1.05 Te p=1 1605.06035
Scalar LQ 3™ gen Te,r  210b,23] Yes 203 [lOfaegocev p=0 1508.04735
» VLQTT - Ht+ X Oorle,nu 22b,>23j Yes 13.2 T mass 1.2 TRV B(T - Ht)=1 ATLAS-CONF-2016-104
X VIQTT > Zt+ X ey 210>3] Yes 361 | Tmass 1.16 T B(T - Zt) =1 1705.10751
S  ViQTT > Wh+X le,u >1b,>1J/2) Yes  36.1 T mass 1.35/TeV B(T > Wh) =1 CERN-EP-2017-094
g VLQ BB — Hb+ X ey 22b,>3j Yes 20.3 B(B — Hb) =1 1505.04306
& VLQBB - Zb+ X 2/>3e,u  >2/>1b - 20.3 B(B — Zb) =1 1409.5500
£ VaBB- Wit X leu >1b>1J2 Yes 364 |Bmass 1.25 B(B - Wt) =1 CERN-EP-2017-094
VLQ QQ —» WqWaq 1epu >4j Yes 20.3 1509.04261
Excited quark ¢* — qg - 2j - 37.0 6.0 TeV only u* and d*, A = m(q*) 1703.09127
E & Excited quark ¢* — qy 1y 1j - 36.7 5.3 TeV only u* and d*, A = m(q") CERN-EP-2017-148
= .9 Excited quark b* — bg - 1b, 1] - 13.3 ATLAS-CONF-2016-060
§ § Excited quark b* — Wt lor2e,u 1b,2-0j Yes 20.3 fe=fi=fr=1 1510.02664
WO £ cited lepton ¢+ 3e,u - - 203 A=3.0TeV 14112921
Excited lepton v* 3eut - - 20.3 A=16TeV 1411.2921
LRSM Majorana v 2e,u 2j - 20.3 m(Wg) = 2.4 TeV, no mixing 1506.06020
Higgs triplet H** — €€ 2,34 e, (SS) - — 36.1 DY production ATLAS-CONF-2017-053
o Higgs triplet H** — (1 3eu,T - - 20.3 DY production, B(H:* — ¢r) = 1 1411.2921
ES Monotop (non-res prod) 1eu 1b Yes 20.3 Anon—res = 0.2 1410.5404
5 Multi-charged particles - - — 20.3 DY production, |q| = 5e 1504.04188
Magnetic monopoles - - — 7.0 DY production, |g| = 1gp, spin 1/2 1509.08059
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*Only a selection of the available mass limits on new states or phenomena is shown.
+Small-radius (large-radius) jets are denoted by the letter j (J).

‘ TeV

10

Mass scale [TeV]



® The hierarchy problem, and the search for a natural explanation of

the separation between the Higgs and Planck scales, provided so far an

obvious setting for the exploration of the dynamics underlying the
Higgs phenomenon.

® | ack of experimental evidence, so far, for a straightforward answer to
naturalness (eg SUSY), forces us to review our biases,and to take a
closer look even at the most basic assumptions about
Higgs properties

® We often ask “is the Higgs like in SM?” ....The right way to set the
issue is rather, more humbly, “what is the Higgs?” ...

®in this perspective, even innocent questions like whether the Higgs
gives mass also to |st and 2nd generation fermions call for
experimental verification.

=> all this justifies the focus on the program of precision
Higgs physics measurements

=> colliders are the only facilities that make this possible

20
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Other important open issues
on the Higgs sector

Higgs the only (fundamental?) scalar field, or are there other

Higgs-like states (e.g. H, A9, H*%, .., EW-singlets, ....) ?
* Do all SM families get their mass from the same Higgs field?

e Do
field
e Do

3=1/2 fermions (up-type quarks) get their mass from the same Higgs
as I13=—1/2 fermions (down-type quarks and charged leptons)?

Higgs couplings conserve flavour! H=put1? H—=eT? t—=Hc?

* Is there a deep reason for the apparent metastability of the Higgs
vacuum?!

21



(meta)Stability of the Higgs potential

Higgs quartic coupling A

Higgs selfcoupling and coupling to the
top are the key elements to define

h.. h R . the stability of the Higgs potential
L J Tioo 0 & N e
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Not an issue of concern for the human race.... but the closeness of mtop to the critical
value where the Higgs selfcoupling becomes 0 at Mpianck (namely 171.3 GeV) might be
telling us something fundamental about the origin of EWSB ... incidentally, yiop=1 (?!)



Other important open issues
on the Higgs sector

* What happens at the EWV phase transition (PT) during the Big Bang?
e what’s the order of the phase transition?
e are the conditions realized to allow EVV baryogenesis!?
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The nature of the EW phase transition

(hy =0 - (l?) = h(jf) Discon’finvuous (h) =0 - (R = A(T) Continuous
& o
.\/\4 (b)TtT.
Vi) p , 5
(Dc)
Ist order 2nd order ross-over
h ’ h

Strong |st order phase transition is required to induce and sustain the out of
equilibrium generation of a baryon asymmetry during EW symmetry breaking

Strong |st order phase transition = (Pc) >Tc

In the SM this requires mu = 80 GeV, else transition is a smooth
crossover.

Since mny = 125 GeV, new physics, coupling to the Higgs and effective at scales
O(TeV), must modify the Higgs potential to make this possible

= Probe higher-order terms of the Higgs potential (selfcouplings)

= Probe the existence of other particles coupled to the Higgs o4



1st Order EWPT has profound implications for cosmology

(Higgs) = 0

Black Holes

see LISA science paper: 1512.06239 @

Andrew Long @ FCC physics Workshop, Jan 2018
https://indico.cern.ch/event/618254
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Other important open issues
in the Higgs sector

Higgs the only (fundamental?) scalar field, or are there other

Higgs-like states (e.g. H% A9 H*% ..., EW-singlets, ....) ?
* Do all SM families get their mass from the same Higgs field?

e Do
field
e Do

3=1/2 fermions (up-type quarks) get their mass from the same Higgs
as I13=—1/2 fermions (down-type quarks and charged leptons)!?

Higgs couplings conserve flavour? H—=ut? H—=eT? t—Hc!

* |s there a deep reason for the apparent metastability of the Higgs
vacuum/?

* What happens at the EVV phase transition (PT) during the Big Bang!?
e what'’s the order of the phase transition?

¢ are

the conditions realized to allow EVV baryogenesis!?

* Is there a relation among Higgs/EWSB, baryogenesis, Dark Matter,
inflation?
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