The Future of Particle Physics---A Theorist’s Perspective

Howard E. Haber
14 September 2019




Has the idea of naturalness run its course?

run /ts course

() to develop and finish naturally:
The doctor’s advice is to let the fever run its course.

| had to accept that the relationship had run its course.
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1939: Scalar fields portend an energy scale associated

with new phenomena that are close at hand.
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The charge distribution, the electromagnetic field and
the self-energy of an electron are investigated. It is found
that, as a result of Dirac’s positron theory, the charge and
the magnetic dipole of the electron are extended over a
finite region; the contributions of the spin and of the
fluctuations of the radiation field to the self-energy are
analyzed, and the reasons that the self-energy is only

logarithmically infinite in positron theory are given. It is
proved that the latter result holds to every approximation
in an expansion of the self-energy in powers of e*/he. The
self-energy of charged particles obeying Bose statistics is
found to be quadratically divergent. Some evidence is
given that the “‘critical length’’ of positron theory is as
small as h/(mc) -exp (—hc/e?),



The situation is, however, entirely different
for a particle with Bose statistics. Even the
Coulombian part of the self-energy diverges to a
first approximation as Wy~e*h/(mca®) and re-
quires a much larger critical length that is
a=(hc/e*)~% h/(mc), to keep it of the order of
magnitude of mc®. This may indicate that a
theory of particles obeying Bose statistics must.
involve new features at this critical length, or at
energies corresponding to this length ; whereas a
theory of particles obeying the exclusion prin-
ciple 1s probably consistent down to much
smaller lengths or up to much higher energies.



Weisskopf’'s arguments

imply that there should be
new physics at the scale of
m, /g ~1 TeV. But where is
the new TeV-scale physics?



ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

July 2018 Vs=7,8,13TeV
miss - ..
Model &MY Jets ET™ [Ladm™] Mass limit Vs=7,8TeV  V5=13TeV Reference
4. 3~¢%" 0 26jets  Yes  36.1 1.55 m(E})<100 GeV 1712.02332
@ mono-jet  1-3jets  Yes  36.1 0.71 m(g)-m(¥})=5 GeV 1711.03301
O )
S g ioah 0 26jets  Yes 361 |Z 2.0 m(¥})<200 GeV 1712.02332
S g Forbidden 0.95-1.6 m(¥})=900 GeV 1712.02332
% 88, §—>qt7(fé’)?? 3eu 4 jets - 36.1 z 1.85 m(¥})<800 GeV 1706.03731
© ee, upt 2jets Yes  36.1 z 1.2 m(z)-m(¥})=50 GeV 1805.11381
2 o .
D g2 8oqgWZ, 0 7-11jets  Yes 361 |Z 1.8 m(E}) <400 GeV 1708.02794
= Beu 4 jets ) 361 |z 0.98 m(g)-m(¥1)=200 GeV 1706.03731
= y _ _
= g gt 0-1eu 3b Yes 361 |2 2.0 m(¥%)<200 GeV 1711.01901
3eu 4 jets - 361 |2 1.25 m(z)-m(¥})=300 GeV 1706.03731
Dbiby, by —bY) jtVE Multiple 36.1 by Forbidden 0.9 m(¥?)=300 GeV, BR(b¥})=1 1708.09266, 1711.03301
Multiple 36.1 by Forbidden 0.58-0.82 m(¥})=300 GeV, BR(b%})=BR(£¥})=0.5 1708.09266
Multiple 36.1 by Forbidden 0.7 m(¥})=200 GeV, m(¥;)=300 GeV, BR(zVi)=1 1706.03731
o = bibiLhii, My =2xM, Multiple 361 |4 0.7 m(¥})=60 GeV 1709.04183, 1711.11520, 1708.03247
< S Multiple 36.1 i Forbidden 0.9 m(¥})=200 GeV 1709.04183, 1711.11520, 1708.03247
S =
22 Aifi, ii—WhE or i) 02e,u 02jets/12b Yes 361 | & 1.0 mEE))=1Gev 1506.08616, 1709.04183, 171111520
2 S i, HLSP Multiple 361 | & 0.4-0.9 m(r))=150 GeV, m(¥;)-m(t})=5 GeV, 7 ~ 7, 1709.04183, 1711.11520
E,’ 5 Multiple 36.1 i Forbidden 0.6-0.8 m(})=300 GeV, m({7)-m(t})=5GeV, f; ~ 7, 1709.04183,1711.11520
H % f17, Well-Tempered LSP Multiple 36.1 | @ 0.48-0.84 m(¥Y)=150 GeV, m(¥s)-m(t})=5GeV, 7, ~ i, 1709.04183, 1711.11520
« Ay, o) 122, eock) 0 2¢ Yes 361 | & 0.85 m(E})=0GeV 1805.01649
i 0.46 m(f; ,)-m(¥])=50 GeV 1805.01649
0 mono-jet  Yes 361 |7 0.43 m(F.&)-m(X))=5 GeV 1711.03301
i, iy +h 1-2e,p 4b Yes 361 |7 0.32-0.88 m(¥})=0 GeV, m(7,)-m(¥})= 180 GeV 1706.03986
XiH via WZ 23 e, - Yes 361 |y /i‘a’ 0.6 m@))=0 1403.5294, 1806.02293
ee, iyt >1 Yes 361 |X/K, 047 m(¥s)-m(E})=10 GeV 1712.08119
YR via wh C0leyyltbb - Yes 203 | &/ 0.26 m@))=0 1501.07110
5 N, X (), s —tr(vn) 27 - Yes 361 | %% 0.76 m(T1)=0, m(7.7)=0.5(m(¥})+m(¥})) 1708.07875
E o X; 1%, 0.22 m(ET)-meF)=100 GeV, m(#, 7)=0.5(m(¥7 )+m(¥}) 1708.07875
S firlLr, 0 2e.p 0 Yes 361 |7 0.5 m(r?)=0 1803.02762
2eu >1 Yes 361 |7 0.18 m(@)-m(¥})=5 GeV 1712.08119
HHA, H—hG|ZG 0 >3b Yes  36.1 i 0.13-0.23 0.29-0.88 BR(/?E - hG)=1 1806.04030
dep 0 Yes  36.1 ):4 0.3 BR(Y] — ZG)=1 1804.03602
Direct ¥1X prod., long-lived X7 Disapp. trk 1 jet Yes 361 | X 0.46 Pure Wino 1712.02118
B o X; 015 Pure Higgsino ATL-PHYS-PUB-2017-019
4}
= Stable g R-hadron SMP - - 32 |z 1.6 1606.05129
2T Metastable g R-hadron, g—qqt} Multiple 328 [& E@=t00ns,020) 16 24 m(¥})=100 Gev 1710.04901, 1604.04520
S 2 GMSB, #Y—yG, long-lived ¥ 2y - Yes 203 | &) 0.44 1<r(¥)<3 ns, SPS8 model 1409.5542
gg,)??aeev/eyv/yﬂv displ. ee/eu/pp - - 20.3 g 1.3 6 <ct(¥})< 1000 mm, m(¥})=1 TeV 1504.05162
LFV pp—¥: + X, ¥-—eu/et/ut CLET,UT - - 3.2 Vr 1.9 A51,=0.11, A132/133/233=0.07 1607.08079
YT 179 — wwyzeeetvy e 0 Yes  36.1 m(¥?)=100 GeV 1804.03602
8. 2=q9%1. X - qqq 0 45large-Rjets - 36.1 Large A7;, 1804.03568
n>_ Multiple 36.1 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
O 33,3 — ths | gotit), ¥] — tbs Multiple 36.1 m(¥%)=200 GeV, bino-like ATLAS-CONF-2018-003
if, st B = tbs Multiple 36.1 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
fify, i —bs 0 2jets+2b - 36.7 1710.07171
hiy, i—bt 2e,u 2b - 36.1 i 0.4-1.45 BR(71 —be/bu)>20% 1710.05544
*Only a selection of the available mass limits on new states or 107! 1

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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Scalar LQ

Vector LQ
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At what point do you lose interest in extending the new physics
searches?

» Keep in mind that after Run 2, you will only have collected 5% of the
total luminosity expected during the LHC lifetime.

» If you discover new physics consistent with explanations of the gauge
hierarchy problem (why is my, /My ~1017?), the little hierarchy
problem becomes much less pressing.



Final thoughts on naturalness

»The announcement of the death of naturalness may be premature.
»There is still room for theoretical innovations.

»However, in evaluating new approaches to naturalness, it is
important to consider how one could test these ideas experimentally
(i.e. what observable phenomenon would convince you that Nature
has employed a natural theory for the dynamics of electroweak
symmetry breaking?).



The current status of particle physics

» With the discovery of the Higgs boson, we have
entered a new era of particle physics

o Thereis nolonger a no-lose theorem to guarantee future
discoveries

o We are in a data-driven era—i.e., we depend on new data
to guide future directions in BSM physics

o The principle of naturalness, although not dead, is under
tension.

o So how do we motivate the next generation of colliders?



Do we really know the particle content of the TeV-scale
effective theory?

o The scalar sector of the SM has a single Higgs boson. Why not
multiple families of Higgs scalars?

o What about vector-like quarks and leptons?

o Flavor anomalies have revived interest in leptoquarks.

o Are there new gauge bosons lurking in the region of 1—10 TeV?

o Dark matter may be the tip of the iceberg. The structure of the dark

sector could be highly non-minimal. Future colliders may provide
opportunities to access the dark sector (e.g., via the Higgs portal).



So, where do we go from here?

» Explore the Higgs sector as thoroughly as possible (since, you
have never seen anything like it before).
o Experimental studies at present and future colliders
o Implications for early universe cosmology

» Precision, precision, precision.

» Exploit the LHC to its maximum. Search for BSM physics in
regions with significant SM backgrounds.

» Provide a roadmap for future energy-frontier facilities.






The 5 P’s (thanks to Marie-Helene Genest)

_ ILC (250) CLICino CEPC FCC-hh SppC

Precision exploration of Higgs
Physics case Can probe BSM indirectly -> point to a scale? Triple-Higgs coupling at 5%...
Possible direct access to BSM
No no-lose theorem, but broader
Beam E measurement -> better exploration
precision Z program

Top threshold

Progress shovel ready ? Design report No CDR yet No TDR yet Magnet development needed
needed coming soon?

HE-LHC as a first
detector needs > ILC

step?

40% cost reduction ~FCC-ee Tunnel = cost of Smaller need of X 2-3 FCC-ee/CEPC [1]?

Price => descoped 1° HE-LHC international
energy goal funding?

Needs Japanese ok CERN: existing center / maintain Multiple

as soon as possible international
Politics centers

e*e” easier to ‘sell’ ? / stepping stone while waiting for magnet development?
Possibilities  Increase to 500 GeV; -> 1.5 TeV Stepping stone for future hadronic Far future...
for the or new acceleration -> 3 TeV collider
future techniques?

[1] https://arxiv.org/abs/1509.08369 by the director of APC Fermilab
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