CMS EFT workshop at the LPC, 4-6 September

Flavor

as a connection to the outside CMS world

2= Fermilab




CMS EFT workshop at the LLPC, 4-6 September

Overview

Part I: The Standard Model and flavour
Part 1I: BSM tlavour probes

My aim: |
j to give you just an idea of some of the wide range of }

§ work done in the flavour theory community and how §

it complements and works together with what is

being done by experimentalists.
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Flavor in the SM

» The SM 1s a semi-empirical theory. Requires

experimental input to fix ~ 27 free parameters to

fully prescribe it

Force 3 gauge

: Gauge interactions couplings
5 o EWSB and W/ | © 199%

: 1285 Z masses POtet

! couplings
: K

: Flavour Ieggﬁrngges ~ 22 free

: » parameters
: and mixing

» We need experimentalists to measure these

parameters!
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Flavor in the SM

= The flavor sector accounts for 22/2°7 of these

EIRST SE oD THIRD

CENENATION CENCAATION CENEAATION ,
~ 1! « 7 4

parameters in the SM

o 9 fermion masses

o 3 rotation angles, 1 phase (CKM)

o ~ [6 mixing parameters, 3 masses if we also have massive

neutrinos]

» Studying the structure of the flavour sector may reveal

something exciting about physics beyond the SM/ a

more complete theory of nature

“Standard Model Flavor Puzzle”
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FINST g coND THIRD

s 250 Lepton tlavour in the SM

» In the SM lepton sector [with no neutrino masses|, there

1s an accidental symmetry “lepton flavour™
GL=U1)®U(1),®U(1);

» Flavoured lepton number 1s conserved 1n [perturbative]

SM interactions, thus also total (sum of flavours) lepton
number (LN)

» Lepton flavour violation (LFV) 1s not possible in the SM.

Neutrino masses break this symmetry, but smallness of

neutrino masses suppress these effect. Observable signals

of LFV are genuine new physics signals
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« In the gauge sector, the EW bosons couple flavour

universally to the SM leptons

= The only difference between observable rates of different

interactions including different flavoured SM leptons can

be explained via their masses

Examples of testing LFU: » This 1s the principle of lepton flavour universality (LFU)

Br(B — D(*)TVT) » New physics doesn’t necessarily need to couple flavour

BT(B — D(*)éug)

Ry = ~ 3 sigma anomaly

universally, so we can search for LFU violation to look

for hints of new physics
~ SM-like




LEPTONS
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Quark flavour in the SM

« Quark flavour can be violated in the SM. Quark mixing

1s parameterised by the CKM matrix
= Studying the structure: new symmetry of SM?

» The accidental symmetry in the quark sector 1s baryon

number

« Beyond the SM, explaining the asymmetry in matter and

antimatter requires a violation of baryon number 1n the

early universe

» Tests of baryon number violation here on earth include,

CKM matrix

e.g. proton decay searches
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Summary of Part I

The SM has accidental lepton and quark tlavour symmetries

Lepton tlavour violation (LLFV): probes tlavour-mixing due to BSM physics
Lepton tlavour universality (ILFU): probes BSM physics coupling ditterently
to different lepton ftlavours

Studying the CKM may reveal information about new physics preferably
enhancing different SM tlavour transitions, and symmetry of the CKM may

hint at new tlavour structure ot BSM physics



Part 11 CMS EFT workshop at the LLPC, 4-6 September

¢ SMEFT and WE(F)T

1 ‘ '\ dimension-6 dimension-8
TeV T s -
y l—i‘i“ g ESM-I-Z 0d6-l—z OF=% + ...

100 Gl + ‘ ' BSM effeCtS SM partiCIQS Veronica Sanz, BLV2019
‘ I « From top down: (a) Define UV complete theory with new states at high E,

100eV 1 (b) Match onto the SMEFT, (c) Evolve to WET matching scale, match onto

WET, (d) Evolve in WET to scale for low-energy constraints

v = For bottom up: reverse the process.

« Each EFT only valid 1n regions where energies are not of scale of new/

integrated-out resonances

An exchange format for Wilson coefficients beyond the Standard Model

WO
A

1712.05298
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https://arxiv.org/abs/1712.05298
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Why probe LEV? (a) Neutrinos

e.g. Weinberg operator (D=5)

H = Extending neutrino physics beyond the SM, write down etfective

A N
L:effective D) _LLLLHH |
A LL]@\LL

N

operators of higher mass dimension which violate lepton flavour

[inducing neutrino flavour mixing and masses]. Bottom up.

“Opening-up” the Weinberg operator: Seesaw Models = “Opening up” EFT — write down UV-complete models that

generate these interactions: new particles and fields

-
,
N
N
T
x
\N
o
-
/
N
=

| —>-{ i & = This same BSM will generate other effective interactions, which
Y, ‘Vp~\\ L \‘/ <+ ! / Y 73 \\ )
L g L : :
LU TweT e THPE TIT can be probed at high and low energies. There may be (model-
o L{ Ly
o, sty 157 S Foot Lew, He, oshi 1989 dependent) correlations in other EFT operators including charged
i St Weierich 18 leptons. Also can look at LNV effects.
» Complementarity EFT constraints at low and high energy, e.g.
Higher dimensional operators: see, e.g. Babu and neutrino NSIs constrained via EFT, e.¢. Falkowski et al 1910.02971

Leung ’01, de Gouvea and Jenkins ‘08
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https://arxiv.org/abs/1910.02971
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j\ ' /%\ \*w

I ] ] I’ (comechon's )

B
_ - Why probe LFV? (b) Lepton properties
. ge. E
Hs = 5 09 . = Famously, there is an anomaly in the magnetic moment of the
muon. Less tamously, there’s also one in the electron.
Addressing both of these anomalies require flavour-specific
< new physics couplings e.g. IB, Volkas 2002.12544
;\ [9=2 ] = Strongest constraints on off-diagonal flavour effects (LFV)
¥ I ﬁ kD}f°§gj\f;?\ ?2 7 from low-energy constraints. For diagonal (flavour-conserving)
effects via the EFT, e.o. Fuentes-Martin et al 2003.12421
y ¥ :
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https://arxiv.org/abs/2002.12544
https://arxiv.org/abs/2003.12421
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Why probe LEV? (b) Lepton properties

3.5 -

3.0 -

= Famously, there 1s an anomaly 1n the magnetic moment of the

1.0 A1

muon. Less famously, there’s also one 1n the electron.

0.5 -

Addressing both of these anomalies require flavour-specific

new physics couplings e.g. IB, Volkas 2002.12544

3.5 -

3.0 -

from low-energy constraints. For diagonal (flavour-conserving)

effects via the EFT, e.o. Fuentes-Martin et al 2003.12421

—
=5
=) mpe, = 2 TeV

Electron Couplings

= People also study radiative (loop level) generation of charged

lepton masses, also constrained by these processes e.g. Baker, et al

= Strongest constraints on off-diagonal flavour effects (LFV)

2103.13401

1074 1073

fiisd IB, Volkas 2110.03707
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https://arxiv.org/abs/2002.12544
https://arxiv.org/abs/2003.12421

S/(S+B) weighted events / GeV

Part 11

700 F

CMS 138 fo'' (13 TeV)

' L L ALY LA L I B B gy s

¢ Data
— S+B fit :
'—++ ----- B component
lt1o ‘
[ ]+20c

T T T | T T T T | T T T T | T T T T | T T T T | T T T T | T T T
B component subtracted

bj Lr GG Le ConSeqwoh
Zoso iInte SN,

l

MeGxued ‘bUf"‘P’ ot Iqé)(AZ\/

NeLo PWYSICS 9
neco Sceles ?

CMS, 2305.18106
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c.LF'V and Higgs physics

= e.g. the excess in i — eu at 146 GeV. I want to demonstrate to you that this is interesting
to theorists even if it “goes away”. Yes, people write papers to explain it but I will

discuss what you can say from the EFT perspective.

= Usually, 4 — e constraints are stronger from low energy probes like 4 — ey, u — 3e,

u — e conversion on nuclei. As we said earlier, these processes are zero in SM,

» Theoretically though, via EFT, we can link the interactions probed at the high energy
(LHC Higgs study) with the low energy constraints, and apply constraints from low

energy searches to tell you what excesses are immediately implausible™

¢ ] 0

/ - = p e
"/ CONNESN

P I d/ b o e

IB. Gao, Plestid, In prep.
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https://arxiv.org/abs/2305.18106

Part 11 CMS EFT workshop at the LLPC, 4-6 September

Lepton Flavour and high pT Drell-Yann

(
Iz Z See for more information: Jaffredo. Portoroz 2023 talk, 2207.10714 and 2207.10756
B N » The semi-leptonic Drell-Yann processes pp — £¢ and pp — v provide
0l p p pPp pp P
D&
complementary probes of low energy flavour observables (e.g. b — ctv,
A b — spp) e.g. Marzocca, Greljio 1704.09015
Rupir§ ond
W“*ZQT““ « Parameterising new physics contributions in terms of relevant form factors, high-
| :

energy (incl. CMS) searches for resonances in mono-, and di-lepton final states 1n

high-pT tails can be recast into EFT bounds. 2—2 scattering scales as O(p?/A?)

» This 1s not a simple exercise. Especially in generality with multiple EFT operators
contributing at a time. The program HighPT (Allwicher et al 2207.10756 ) was developed
to allow phenomenologists (and others!) to derive their own constraints from this

) :
Blecks scole s O(¥/p > procedure. Here you can use EFT, or also specific models — not confined by

<

single-operator fits.

See above references for more information on this!
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https://indico.cern.ch/event/1203323/contributions/5321869/
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New physics in EW processes

= In general the interference effects are expected to scale

dimension-6 dimension-8
Efon iy eSO S e

A

BSM effects SM particles

differently to the pure-new physics effects. Less suppressed by

new physics scale.

= Difficult to simulate interference in a model-independent way,

even at the the EFT level

Moass = Msw + Mesm « However, especially if we have any new physics with imaginary

G < |\ \l o \MSW\\l + 3 Re (MSMN\&S@\B *\m%sm\l

In SC»QJO\, Masnm o T //\ [ Lconvson coelGeent C, nmspl;‘s:cs
cae /\

Wilson coefficients, this interference effect should be there and

could be considerable depending on kinematics considered

= W\smﬂ\@,gm"' A /. while |Mpsm \* 2y = For example, let’s look specifically at interference with SM
charged-current processes...Here rather than 2—2 scattering, we

focus on 1—3. The latter aids 1n background discrimination.

15
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0.4 1

Interterence in EW processes

mrLqQ = 2 TeV

0.2 -

R R S S e e

= Modelling low-scale physics, e.g. B-meson decay anomalies, there 1s

S . :
O 00t e often a choice to reduce parameter space by fitting only to pure-real
&, |
= 0o /A\ WCs. Helps to avoid other constraints, reduces model parameters.
_oq | T o &lD = However, these same etfects will influence high-energy processes, e¢.g.
' pp — TV :

06  —04 —02 00 02 04 06 pp — bZv ,usually where is it assumed that the Im components of

[m(Cv,) " WCs are negligible
: PPy =M : 2
: Ms,qd Neb 31 ' - L\ICbS

N m.,oﬁ,o .
Q’l"?ﬂ —Mwlnnale

MBSN d ReC +£‘MC

= [Mstn + Mg |* ~ [Msm+ JMgsml? Neo o (me

MysTro
e Wpole Vpidks oot Hpag T

In preparation, IB, Capdevilla, Isaacson, Kim, Tame-Narvaez, Complementary to CPV talk from Josh earlier!
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Summary ot Part 11

We look for LFV because a SM with neutrino masses mean that lepton tlavour is no
longer a symmetry BSM

Models for neutrino masses generically lead to other LEFV signals

Higgs searches for lepton flavour violating final states provide complementary probes
ot low-energy LEV searches

High energy semt and mono leptonic searches can be recast to extract constraints on
EFT scenarios, allowing strong constraints (particularly on lepton tlavour conserving)
on BSM interactions

Interference effects may not be negligible. We need to learn how to simulate 1t, and

“picking out” these effects may help discriminate BSM models.

17
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Conclusions

In light of the aims of this workshop

e Flavour physics 1s a rich area of developments, particularly with the use ot EFT.
Something to note is despite the brevity/death of some anomalies, we have learnt a
lot about complementary probes of new physics effects at different scales

 Probing LFV via the EFT allows for probes of new physics that may also manifest in
neutrino physics. This can be done at high and low E. Also lepton number violation?

* We need to understand how to motivate reduced parameter space fits for the EFT
using UV complete models. Also by carefully considering the influence of reduced
parameter space (i.e. truncating imaginary parts) on the observable effects at multiple

scales.
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