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André de Gouvén Northwestaern

Very Brief Outline

e New Phenomena., Where are We?:

e What | Won't Talk About:
EDMs;
Searches for very weakly coupled, very light particles;
Dark matter searches:
very-low-energy coherent elastic neutrino nucleus scattering;:
ete.
e New Physies with Charged Leptons (Brief);
e New Physics in the Neutrino Sector:

e More New Physics in the Neutrinos Sector?

June 13, 2017 Intense BSM
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Evidence for Physics Beyond the Standard Model

1. The expansion rate of the universe seems to accelerate, both early on

(inflation) and right now (dark energy).

2. Dark matter seems to exist.

- -
-

. Why is there so much baryonic matter in the universe?
4. Neutrino masses are not zero.

|. and 2. are consequences of astrophysical /cosmological observations. It
is fair to ask whether we are sure they have anything to do with particle

physics.

3. 1s also related to our understanding of the early history of the universe

and requires some more explaining.
l. is the most palpable evidence for new physics.

How Do We Learn More?

Intense BSM
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André de Gouvén Northwestaern

v Flavor Oscillations

Neutrino oscillation experiments have revealed that neutrinos change
flavor after propagating a finite distance. The rate of change depends on

the neutrino energy F,, and the baseline L. The evidence is overwhelming.

o v, — vy and v, — vy atmospheric and accelerator experiments;
® Vo — Uy solar experiments;

® I/, — Uuther reactor experiments;

® /) — Vother ald ), — Vyiper — atmospheric and accelerator expts;
® I/ — U, accelerator experiments.

The simplest and only satisfactory explanation of all this data is that

neutrinos have distinet masses, and mix.

June 13, 2017 Intense BSM
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André de Gouvén Northwestaern

What is the New Standard Model? [rSM]

The short answer 1s — W DON"T KNOW. Not enough available info!

)

Equivalently, there are several completely different ways of addressing
neutrino masses. The key issue is to understand what else the vSM
candidates can do. |are they falsifiable?, are they “simple”?, do they

address other outstanding problems in physics?, etc]

We need more experimental input.

June 13, 2017 Intense BSM
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Neutrino Masses, EWSDB, and a New Mass Scale of Nature

The LHC has revealed that the minimum SM prescription for electroweak
symmetry breaking the one Higgs double model is at least approximately

correct. What does that have to do with neutrinos?
The tiny neutrino masses point to three different possibilities.

. Neutrinos talk to the Higgs boson very, very weakly (Dirac neutrinos);

2. Neutrinos talk to a different Higgs boson — there is a new source of
electroweak symmetry breaking! (Majorana neutrinos);
3. Neutrino masses are small because there is another source of mass out

there a new energy scale indirectly responsible for the tiny neutrino
masses, a la the seesaw mechanism (Majorana neutrinos).

Searches for Ov3/3 help tell (1) from (2) and (3), the LHC, charged-lepton flavor

violation, et al may provide more information.

June 13, 2017 Intense BSM
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Search for the Violation of Lepton Number (or B — L)

, SM vertex

Best Bet: search for

Neutrinoless Double-Beta ¢
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We Will Still Need More Help ...

June 13, 2017 Intense BSM
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André de Gouvén Northwestaern

vSM — One Path
SM as an effective field theory — non-renormalizable operators
L“,;}-‘.j\] o - Uiy ! !i {\ i + () (\lj) + i]t’

There is only one dimension five operator [Weinberg 79 If A > 1 TeV, it
|{‘;]ll>\ to {)Il|‘\' one observable consequence...

2

. \ ; - Mg 4 4 ,
after EWSB Losm D 52 vy mag = i 'y
e Neutrino masses are small: A > v — m, < my (f = e, pu,u,d, ete)
e Neutrinos are Majorana fermions — Lepton number is violated!

e ySM effective theory — not valid for energies above at most A.

e What is A7 First naive guess is that A is the Planck scale — does not work.

Data require A ~ 10" GeV (related to GUT scale?) [note y™ma* = 1]

What else is this “good for”? Depends on the ultraviolet completion!

June 13, 2017 Intense BSM
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Example: the Seesaw Mechanism

A simple®, renormalizable Lagrangian that allows for neutrino masses is

3
\/, b -
Ly =Loa —AaiL*HN' =3 " —N'N'+ Hoc.,

i=1 °
where N; (i = 1,2, 3, for concreteness) are SM gauge singlet fermions. £,
is the most general, renormalizable Lagrangian consistent with the SM

egauge group and particle content, plus the addition of the N; fields.

111, SIX NMajorana reriiions: six neutrinos.

a0nly requires the introduction of three fermionic degrees of freedom, no new inter-
actions or symimetries.

June 13, 2017 Intense BSM
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Accommodating Small Neutrino Masses

If o = Av < M, below the mass scale M,

 LHLH

*

‘ ) o . _ . . 114 .
Neutrino masses are small if A > (H). Data require A ~ 10°" GeV.

In the case of the seesaw,

so neutrino masses are small if either

e they are generated by physics at a very high energy scale M > v

(high-energy seesaw); or

e they arise out of a very weak coupling between the SM and a new, hidden
sector (low-energy seesaw); or

e cancellations among different contributions render neutrino masses

accidentally small (“fine-tuning”).

June 13, 2017 Intense BSM
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Constraining the Seesaw Lagrangian
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This is Just ithe Tip of the Model-Iceberg!
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Piecing the Neutrino Mass Puzzle

Understanding the origin of neutrino masses and exploring the new physics in the

lepton sector will require unique theoretical and experimental efforts, including . ..
e understanding the fate of lepton-number. Neutrinoless double beta decay!

e a comprehensive long baseline neutrino program, towards precision oscillation

physics.
e other probes of neutrino properties, including neutrino scattering.

e precision studies of charged-lepton properties (g — 2, edm), and searches for rare

processes (p — e-conversion the best bet at the moment).

e collider experiments. The LHC and beyond may end up revealing the new physics

behind small neutrino masses.

e cosmic surveys., Neutrino properties affect, in a significant way, the history of the
universe. Will we learn about neutrinos from cosmology, or about cosmology from

neutrinos?

e secarches for baryon-number violating processes.

June 13, 2017 Intense BSM
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Sensitivity to New Physics

If there is new ultra-violet physics, it will manifest itself, as far as a,, is

concerned, via the following effective operator (dimension 6):

AH fonw my fon

Az HOwH A2 MO M ’
where A is an estimate for the new physics scale. (dependency on muon mass is
characteristic of several (almost all?) models. It is NO'I' guaranteed)

Contribution to a, from operator above is

o2
) dm
aa,, = .
g B
! eN?
Current experimental sensitivity: A ~ 10 TeV.

Note that, llh‘ll;l”_\"‘, new |)11_\_in(1.~4 scale can be much lower due to I(.:(.)}r[';l('t.(.)l‘rn

gauge couplings, etc. In the SM the heavy gauge boson contribution yields

o D) ’
l eq” ) m;, G ) o
A2 16 > VE Oy, ~ ; 5 Not A Bad Estimate!
{ o=/ W 47T
June 13, 2017 Intense BSM
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Very quick comments on the muon electric-dipole moment, d,,

e CP-violating observable;

36
" e-cm. Great

Predicted to be non-zero-but-tiny in the SM: d,, < 10

place to look for new physics!
- ) — (] - —')(\
e Current bounds: d, < 1.8x10 Ye-cm. Compare to d, < 10728 c-c.

o In general, dp o< my, so dy, ~ d. x (m, /me.).
f . —2
e New g — 2 experiment at FNAL would be sensitive to d,, > 107 ?te-cm.
. . : ‘) . L
Dedicated effort could reach d,, > 10~ *%e-cm. Is it worth it? [yes!]

e Same effective operator contributes to a, and d,,
my,

A2

ecp measures how much the new physics violates CP.

[f A~ 10 TeV, ecp < 1.

p my, )
[10 e BT versus f"(11’A_i/’-‘Tfru"‘m/’-F’”-
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History of yt — ey, uN — eN, and p — 3e
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Figure 3: The history of CLF'V searches in muons (not including muonium.) One sees a steady im-
provement in all modes and then a flattening of the rate improvement throughout the 1990s. MEG has
upgrade plans for the g — ey search. The two next generations of uN — eN, Mu2e/COMET at FNAL
and J-PARC are labeled, and possible extensions at Project X and PRIME are shown. Letters-of-intent
are in process for ;1 — 3e experiments at PSI and Osaka’s MUSIC facility. Individual experiments are
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One contribution known to be there: active neutrino loops (same as quark sector).
In the case of charged leptons, the GIM suppression is very efficient. . .

)

. . ) ) . 3N - I‘-'t I.*' :AHJ";“ - —.Mn-l
eg.: Bripn—ey) = 550122203 UnilUei MZUS 10

[l loi are the elements of the leptonic mixing matrix,

2 2 9. PR . ‘[
Ami; = m; —my, i = 2,3 are the neutrino mass-squared (llfh‘.rnn(-(‘.s]

e Y
r— ~
-,
/ \
S > |
I{ — (}'«’/n !/!l ( / (7’;\".‘ (,'_
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Independent from neutrino masses, there are strong theoretical reasons to
believe that the expected rate for Havor changing violating processes is
much, much larger than naive ¥SM predictions and that discovery is just

around the corner.

Due to the lack of SM “backgrounds,” searches for rare muon processes,
including 1 — ey, g — eTe e and u+ N — e + N (p-¢ conversion in
nuclei) are considered ideal laboratories to probe effects of new physics at

or even above the electroweak scale.

[ndeed, if there is new physics at the electroweak scale (as many theorists
will have you believe) and if mixing in the lepton sector is large

“everywhere” the question we need to address is quite different:

Why haven’t we seen charged lepton flavor violation yet?

June 13, 2017 Intense BSM
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What is This Really Good For?

While specific models provide estimates for the rates for CLEV processes,
the observation of one specific CLEV process cannot determine the
underlying physics mechanism (this is always true when all you measure is

the coefficient of an effective operator).
Real strength lies in combinations of different measurements, including:
e kinematical observables (e.g. angular distributions in g — cee);
e other CLFV channels;
e neutrino oscillations;
e measurements of g — 2 and EDMs;
e collider searches for new, heavy states;

e ctfc.

June 13, 2017 Intense BSM
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Figure 3: Target dependence of the g — ¢ conversion rate in different single-operator
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Model Independent Comparison Between ¢ — 2 and CLFV:

The dipole effective operators that mediate @ — ey and contribute to a, are

virtually the same:

iy P - my, b
.’) /:’(1"” [fl';u' X ”r;r .’} ,“'{T’ ffl‘,’u!
\ :”'\"
0., measures how much flavor is violated. 6., = 1 in a flavor indifferent theory,
0., = 0 in a theory where indiviadual lepton flavor number is exactly conserved.

If 0cpp ~ 1, pt — ev is a much more stringent probe of A.

On the other hand, if the current discrepancy in a, is due to new physics,

O <1 (0 < 1071,

(IF

. Ty ) e f — .-;_’Lnr:'-j
e.g., in SUSY models, Br(pu — ey) ~3 x 1077 (-'—--‘--’-- ]-) b

Say =

Comparison restricted to dipole operator. If four-fermion operators are relevant,

they will “only” enhance rate for CLEV with respect to expectations from g — 2.

June 13, 2017 Intense BSM
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On CLFYV Processes Involving 7 Leptons (Brief Comment)

Current Bound On Selected 7 CLE'V Processes (All from the B-Factories):

o B(tr —ey) < 1.1 x 1077, B(r — puvy) < 4.5 x 107%, ( — ev)
o B(t —em) <80x107% B(r —pun)<1.1x10 7 (. — e—conversion)
o B(1 — eee) <3.6x107%; B(r — eep) <2.0x 1077, (o — ece)
o B(T — epup) <2.3x107°; B(r — pup) < 3.2 x107° (i — eee)

Relation to g — e violating processes is model dependent. Typical

enhancements, at the amplitude-level, include:
e Chirality flipping: m, > my;
e Lepton mixing effects: Uy > Uy
e Mass-Squared Difference effects: Am7, > Amis;
e ctc

Future: SuperB-factories will get to 107" level. (similar to LHCb (?))

June 13, 2017 Intense BSM
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What we can learn from CLEFV and other searches for new physics at the

TeV scale (a, and Colliders):

g—2 | CLFV What Does it Mean?
YES YES New Physics at the TeV Scale; Some Flavor Violation
Y ES NO New Physics at the TeV Scale; Tiny Flavor Violation
NO YES New Physics Above TeV Scale; Some Flavor Violation — How Large?
NO NO No New Physics at the TeV Scale; CLF'V only way forward?
Colliders | CLFV What Does it Mean”
Y ES Y ES New Physics at the TeV Scale; Info on Flavor Sector!
YES NO New Physics at the TeV Scale; New Physics Very Flavor Blind., Why?
NO Y ES New Physics “Leptonic” or Above TeV Scale; Which one?
NO NO No New Physics at the TeV Scale; CLFV only way forward?

Intense BSM
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HOWEVER...

We have only ever objectively “seen” neutrino masses in long-baseline
oscillation (‘\'i)(‘l'i]l](‘]l[?\ [t 1s the clearest way forward!
Does this mean we will reveal the origin of neutrino masses with

oscillation experiments? We don’t know, and we won't know until we try!
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