Zuoz Summer School 2024:
“From low to high: Particle Physics at the Frontier”

Vincenzo Cirigliano
University of Washington

®
INSTITUTE for

NUCLEAR THEORY




Provide an introduction and theoretical perspective to the so-called
Precision / Intensity Frontier of particle and nuclear physics:

Searches for new phenomena beyond the Standard Model through
precision tests or the study of rare processes at low energy™*

GERDA Majorana EXO 200

*The separation is arbitrary — here | will focus mostly on probes at E < b-quark mass



* The quest for new physics at the low-energy frontier

* How does the precision / intensity frontier work? (Theory perspective) E
* An example from history: the Standard Model itself! g
e Effective field theory (EFT) framework 1
e Standard Model EFT landscape in the LHC era and beyond !
e “Zoom in” on selected low-energy probes: illustrate methods and impact _
* Precision measurements: a
* Weak charged current processes (beta decays) %
N

* Symmetry tests:

* Lepton Number and Lepton Flavor Violation v



The quest for new physics at
the low energy frontier



* The Standard Model is remarkably successful, but it’s probably incomplete

Quarks

ulct
d S b Forces
|

L

No Baryonic Matter, no Dark Matter, no Dark Energy, no Neutrino Mass

What stabilizes Gg, .,/ Gnewton against radiative corrections!?
Do forces unify at high E? What is the origin of families! What about gravity?

Addressing these puzzles likely requires new physics

5



* Where is the new physics!? Is it Heavy? Is it Light & weakly coupled?

~ 250 GeV

(mproton ~ I GeV)

|/Coupling



* Two complementary paths to search for new physics

VEW

A SM particles

Energy Frontier
(direct access to UV d.o.f)

BSM particles

|/Coupling




* Two complementary paths to search for new physics
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* Two complementary paths to search for new physics

recision Frontier
(indirect access to UV d.o.f)
direct access to light d.o.f.
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* Two complementary paths to search for new physics

Energy frontier
A ; - EWSB mechanism

/\ - Higgs properties
- - -< K - Direct access to heavy particles

Precision Frontier

- B and L violation

- CP violation

- Flavor violation
recision Frontier ' - Ultra-heavy mediators

(indirect access to UV d.o.f) - Neutrino properties
direct access to light d.o.f. - Dark sectors

|/Coupling

e Both frontiers needed to reconstruct BSM dynamics: structure,
symmetries, and parameters of Lasy



* Two complementary paths to search for new physics

Energy frontier
A ; - EWSB mechanism

/\ - Higgs properties
- - -< K - Direct access to heavy particles

Precision Frontier

- B and L violation

- CP violation

- Flavor violation
recision Frontier ' - Ultra-heavy mediators

(indirect access to UV d.o.f) - Neutrino properties
direct access to light d.o.f. - Dark sectors

|/Coupling

The Precision Frontier cuts across AMO, HEP & NP



* Three classes, pushing the boundary in qualitatively different ways and
at different mass scales

A
AN McuT

1000 TeV.
20 TeV
VEw |

| /Coupling



* Three classes, pushing the boundary in qualitatively different ways and
at different mass scales

|. Searches for rare or SM-forbidden processes that probe

approximate or exact symmetries of the SM (L, B, CP, Lo):
Ov[3[3 decay, p decay EDMs, LFV (u—e,,...)
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* Three classes, pushing the boundary in qualitatively different ways and
at different mass scales

|. Searches for rare or SM-forbidden processes that probe

approximate or exact symmetries of the SM (L, B, CP, Lo):
Ov[3[3 decay, p decay EDMs, LFV (u—e,,...)

A
M -
A “3 2. Precision measurements of SM-allowed
processes: [3-decays (mesons, neutron, nuclei),
1000 TeV .
muon g-2, PV electron scattering,

20 TeV
VEw |

| /Coupling



* Three classes, pushing the boundary in qualitatively different ways and
at different mass scales

|. Searches for rare or SM-forbidden processes that probe

approximate or exact symmetries of the SM (L, B, CP, Lo):
Ov[3[3 decay, p decay EDMs, LFV (u—e,,...)

A
M .
A Gl 2. Precision measurements of SM-allowed
rocesses: [3-decays (mesons, neutron, nuclei),
1000 TeV P B-decays ( ) )
muon g-2, PV electron scattering,

20 TeV
VEw |

3. Searches / characterization of light and
weakly coupled particles: active V’s, sterile V’s,
dark sector particles and “fifth force”
mediators, axions, ...

| /Coupling



* Discovery potential

* Explore physics that is otherwise difficult / impossible to access:
high mass scale; symmetry breaking; ultralight particles

* A single deviation from SM expectation — new physics!



* Discovery potential

* Explore physics that is otherwise difficult / impossible to access:
high mass scale; symmetry breaking; ultralight particles

* A single deviation from SM expectation — new physics!

* Diagnosing power (when combining multiple probes)
* Multiple EDM searches — underlying sources of CP violation

* OvVBP decay, absolute V mass measurements, V oscillations,
LFV (L—e, Te, U, ...) = origin of neutrino mass



* Discovery potential

* Explore physics that is otherwise difficult / impossible to access:
high mass scale; symmetry breaking; ultralight particles

* A single deviation from SM expectation — new physics!

* Diagnosing power (when combining multiple probes)
* Multiple EDM searches — underlying sources of CP violation

* OvVBP decay, absolute V mass measurements, V oscillations,
LFV (L—e, Te, U, ...) = origin of neutrino mass

* Shed light on some of the big open questions about fundamental interactions



Baryogenesis requires (Sakharov)
e B (L) violation
e Cand CP violation

 Departure from equilibrium

Baryogenesis does not work in
the Standard Model

Inflation

g

e
S n
I

a3 3

Particle Data Group, LBNL, © 2000.

Supported by DOE and






|. Rare / forbidden processes
2. Precision tests

3. Light & weakly coupled

\ Absolute V mass,
V osc. & scattering, sterile v,...

N\

/

p decay OV[([3

Charged LFV
(e, Te,W)

Quark FCNC
N

EDMs, ..., PV electron scattering,
n-n oscillations Muon g-2, B-decays, ...

N\ \ v
/

Searches for dark
bosons, axions,ALPs,




* Multi-scale problem: need to connect possibly high-energy interactions written at
the quark-gluon level to hadrons / nuclei

K \ squark
BSM scale RN Quarks,

* Even when studying ! qaugino 2luons
leptonic properties, S —

handling hadron physics l

is essential (muon g-2,
mu-to-e conversion, ...)

: Mesons,
Hadronic scale
Baryons
* Tools: effective field theory, l
Lattice QCD, dispersion
relations, nuclear many Nuclei

body methods, ... k Nuclear scale J

13




How does the precision
frontier work!?
(Theory perspective)



recision Frontier
(indirect access to UV d.o.f)
direct access to light d.o.f.

| /Coupling

* High scale (UV) new physics: Standard Model EFT and its siblings

e Light & weakly coupled new physics: dark sectors and ‘portals’
I5



How do heavy particles affect physics at E << M?

a2 =(pethv)? << Mw? e
Ve Ve

9
T —

Exchange of heavy particles generates a
series of local interactions of increasing
mass dimension (multiplied by inverse
power of the new physics mass scale)
consistent with the underlying symmetries
(Lorentz, gauge, ...)

16



How do heavy particles affect physics at E << M?

9/' 4

< a2 =(petpv)? << Mw?

Exchange of heavy particles generates a
series of local interactions of increasing
mass dimension (multiplied by inverse
power of the new physics mass scale)
consistent with the underlying symmetries
(Lorentz, gauge, ...)

16

GFermi
+ O(q/Mw?)
o
Ve
GFermi ~
Homework

Work out mass dimension of fields:
* Spin 1/2: [W]=3/2
e Spin0and l: [®]=[Vy] =I



How do heavy particles affect physics at E << M?

d ,. !
i W + O(q¥Mw?
- ) O(q2/Mw2)
a2 =(petpv)? << Mw? e

g Ve Ve
Exchange of heavy particles generates a | - - C®) O)
series of local interactions of increasing | ~ef = ~sM + —x T
mass dimension (multiplied by inverse o
power of the new physics mass scale) Appelquist-Carazzone 1975
consistent with the underlying symmetries Weinberg 1979, Wilczek-Zee 1979, Buchmuller-Wyler 1986, ...

B. Grzadkowski, M. Iskrzynski , M. Misiak, ]. Rosiek, 2010

Lorentz, gauge, ...
( ’ g g ’ ) Alonso, Jenkins, Manohar, Rodrigo, Trott 2013

16



“Portals”: dominant interactions through which the SM and dark sector couple
(< lowest dimensional SM singlet operators)

portal dark quarks?
interaction

dark forces?

dark

higgs?

dark leptons?

Credit: Stefania Gori

|7

OVector = _g B* Fl,tz/
ONeutrino — _Yﬁ zzH i?\"'Tj
Otiges = —H'H (AS + )\ 5?)

Leading axion interactions appear at O(I/A):

aFﬁ/fa 7aGé/fa 7&7'“751&0#&/][@



e Key point: particles of mass M affect physics at E << M by inducing

* a shift in coupling constants of known interactions

* new local interactions suppressed by powers of E/M



e Key point: particles of mass M affect physics at E << M by inducing

* a shift in coupling constants of known interactions

* new local interactions suppressed by powers of E/M

“Top-down’; heavy particle exchange generates new local interaction

/ 9 / ) Grermi U \

._ d
d R <e_ — + O(q2/Mw?)

€

g Ve Ve

K @ q2 =(petpy)? << Mw? Grermi ~ j

Tree level example

18



e Key point: particles of mass M affect physics at E << M by inducing

* a shift in coupling constants of known interactions

* new local interactions suppressed by powers of E/M

“Top-down’; heavy particle exchange generates new local interaction

PN ) dy ¥

d{ g Vv od /

a, v

X x 107%2 e cm
K I M, o, < Per Sq-E /

Loop level example




e Key point: particles of mass M affect physics at E << M by inducing

* a shift in coupling constants of known interactions

* new local interactions suppressed by powers of E/M

“Top-down’; heavy particle exchange generates new local interaction

TN @) dg X

d " g Vv od /

a, v

X x 10722 ecm
K I M, o, < Per Sq-E j

But one can take a “bottom-up” approach, too,

in order to infer properties of underlying new physics.
(This is the SMEFT approach)




Fermi, 1934

Current-current,
parity conserving

Fermi scale:

Ar= G2~ 250 GeV

Fermi’s theory of beta decays (n = p e Ve):

Postulate new local interaction (that respects Lorentz
invariance and charge conservation) in terms of

“light” degrees of freedom (n,p,e,Ve):
H ~ GF I_Drn_erVe

Coupling constant Gr= |/Af?2 determined by fitting
the “slow” beta decay rates =

point to mass scale Ar>> my,~ GeV

20



Fermi, 1934 Lee and Yang:

Lee and Yang, 1956 use most general Lorentz-
T | invariant interaction

>
Current-current, n < e

parity conserving
Parity conserving:

WY, AA, SS, TT ...
Fermi scale: Parity violating: VA, SP, ...
NAr= G2~ 250 GeV

21



Fermi, 1934

Lee and Yang, 1956

I g i Mmepiiiios

\
>
n S
Parity conserving:
VV, AA, SS, TT ...

Fermi scale: Parity violating: VA, SP, ...
NAr= G2~ 250 GeV

Current-current,
parity conserving

21

Lee and Yang:
use most general Lorentz-
Invariant interaction

B ® Magnetic
field

—

|

Nuclear
spin

Beta emission is
preferentially in
the direction 60
opposite the Co
nuclear spin, in
violation of
conservation

of parity.
Wu, 1957
60Cc.': - 60Ni +€+ Vg
L]

° C-SWu

Experiment: parity is violated!
(but could be VA, SP, ...)



Fermi, 1934

Current-current,
parity conserving

Fermi scale:

Ar= G2~ 250 GeV

Lee and Yang, 1956

I B

Parity conserving:
VV, AA, SS, TT ...
Parity violating: VA, SP, ...

22

Differential decay distributions
depend on structure of currents

™\

& "

Scalar / Vector
\ Vc:
ve

Model diagnosing!



Fermi, 1934
R Lee and Yang, 1956 Marshak & Sudarshan,
| Feynman & Gell-Mann 1958

11 P m—

n

>
Current-current, n < e

parity conserving . o It's (V-A)(V-A) !
arity conserving:
WV, AA, SS, TT ...
Fermi scale: Parity violating: VA, SP, ...
Ar= Gp!2~ 250 GeV “V-A was the key”
S.Weinberg

23



Fermi, 1934

n

\
>
n S
Parity conserving:

VV, AA, SS, TT ...
Parity violating: VA, SP, ...

Current-current,
parity conserving

Fermi scale:
Nr= G112~ 250 GeV

Marshak & Sudarshan,

Feynman & Gell-Mann 1958

23

It's (V-A)*(V-A) !

Glashow,
Salam,
Weinberg

~ ’

\'A%

W <,

“V-A was the key”
S.Weinberg

Embed in non-abelian
chiral gauge theory,
predict neutral currents



Lessons: nuclear beta decays were able to

e “Detect” physics originating at Ar= Gr!/2 ~250 GeV >> Eexp

* Point to key features of the underlying interactions, that led to the

formulation of the Standard Model

Glhw

n” N e P v

Current-current, n > < e

parity conserving AYEVLAY I
Parity conserving: Its (V-A)*(V-A)

WY, AA, SS, TT ...
Fermi scale: Parity violating: VA, SP, ...
dL eL

= -1/2 ~
Ar = Gr 230 (@ “V-A was the key”
S.Weinberg Embed in non-abelian

chiral gauge theory,
23 predict neutral currents




* Describe effects of new physics originating at A >> Ar ~ vew through local
operators (the low-energy footprints of heavy states)

A

c® )’
Log = Lo 0(5)+Zﬁ0§6)+'“

[ A < Masm] C; lgBsm; Mo/ M)

e “Standard Model EFT” (SMEFT):
*  Build operators out of SM fields

* |mpose Lorentz + SM gauge symmetry, but no other symmetry (B, L, CP, flavor)

*  Organize operators according to mass dimension: power counting in E/A, Mw/A.
At a given order the EFT is renormalizable and predictive

24



* Describe effects of new physics originating at A >> Ar ~ vew through local
operators (the low-energy footprints of heavy states)

[ A < Mgsm ] C; lgBsm; Mo/ M)

e “Standal
. You are seeing here the 3 tenets of any EFT:
*  Build |dentify relevant degrees of freedom
* Impos |dentify the symmetries of the problem CF, flavor)
* Orgar o Power counting — expansion parameter E/N, MwIA.

Atag

24



* Describe effects of new physics originating at A >> Ar ~ vew through local
operators (the low-energy footprints of heavy states)

A

c® )’
Log = Lo 0(5)+Zﬁ0§6)+'“

[ A < Masm] C; lgBsm; Mo/ M)

* Other EFTs differ in particle content and/or symmetry realization

e VSMEFT: SMEFT + vr
e HEFT: EFT for G.B ~ ChPT. Higgs h is a singlet. More general Higgs potential

24



General framework encompassing classes of models

Efficient tool to analyze and compare experiments at different scales
(from collider to table-top)

The steps below UV scale A apply to all models: in particular, the
hadronic / nuclear aspects can be treated once and for all...

Very useful diagnosing tool in this “pre-discovery” phase

Inform model building (success story provided by the SM itself).
EFT and model approaches are not mutually exclusive!

25



Some details on the
SM(EFT)



Spin |:force carriers

Interactions governed by
gauge symmetry principle
SU(3)e x SUR2)w x U( 1)y

J '\-.\\\
/ A
[ / g (/\ "

£3,82,8l

Spin 1/2:
ordinary matter
+ 2 heavier
generations

L () ™~ J/!( )Aﬂ( )

27



Spin 0: Higgs boson

Spin 1/2:
ordinary matter
+ 2 heavier
generations

=<
L

Spin |:force carriers

Interactions governed by

gauge symmetry principle

SU(3)e x SUR)w x U(1)y

4 '\-.\\\
/ A
f /’ (/\ "

£3,82,8l

27

L () ™~ J/!( )Aﬂ( )




Spin 1/2:
ordinary matter
+ 2 heavier
generations

X

>

>

Massive quarks
and leptons

Spin 0: Higgs boson

Higgs mechanism

V(H)

Spin |:force carriers

Interactions governed by
gauge symmetry principle
SU(3)e x SUR2)w x U( 1)y

! \
/ A
{ ’ /” u\ p’
8

3,82,81

27

Lrlz) ~ Jy(z) A%(z)

Massive EWV gauge bosons
(short range weak force)




 Gauge group: G=SU(3)c x SU2)wx U(l)y

e Building blocks: fields and their “charges” (transformation properties under G)

SU(3)c x SU(2)w x U(I)y representation: SUQ)w SUQ)e x SU)wx U(1)y
(dim[SU(3)], dim[SU(2)w], Y) transformation representation
VL : 4 A=1---8,
L= ( . ) (1,2,-172) [ = Vsy) ! gluons: G, (8,1,0)
L | Gh=0,G3—0,Gh+ 8. fancGEGE
e =¢ép (|,|,-|) Whbosons: W,, I=1--:3,
1,3,0
i u}; 3 2 |/6 q s V q W£v=apwi-avwi+geuxwi Wf ( )
= di ( e ) SU) B boson: B,, (1.1.0)
u' = u% (3, | ,2/3) B, =0,B,-4d,B,. Y
d' = d 3,1,-1/3
- n ( ) wr o V() [W’ "Il Vi)
2 —— Gauge transformation: oo - ey v
so=( 0) (1,2,112) » = Vsu ¢
¥ V(z) = @)%

Q=T3+Y

28



 Gauge group: G=SU(3)c x SU2)wx U(l)y

e Building blocks: fields and their “charges” (transformation properties under G)

SU(3)c x SU(2)w x U(I)y representation:

SUR)w
(dim[SUQ3) ], dim[SU(2)w], Y) transformation
_ (VL
- ( " ) (1,2,-112) | = Vsug) !
e =ep (I, 1,-1)
¢ = ( 2{ ) (3,2,1/6) ¢ — Vsu(2)q
u' = ufp (3,1,2/3)
d' = dy (3,1,-1/3)
ot
o= (%) (1,2.172) o = Vv ¢

Q=T3+Y

SU3)e x SU@2)wx U(1)y

representation
gluons: GY, A=1---8, .10
_ GL=0.G1-0.Gl+8funcGRGY
Whbosons: W,, I=1---3,
Wi, =3,Wi—a,W.+ge, W, WK (1,3.0)
B boson: B,,
(1,1,0)

B, =8,B,-4,B,.

o , Lo
5 — Vi(r) [V[,”, 7] Vi(z)

T
W,

——— Gauge transformation:

V(z) = €9%0%

* Recipe to build Standard Model Lagrangian: write down all operators of mass
dimension < 4 ** that respect gauge and Lorentz symmetry

e SMEFT: go beyond dimension 4

28



ESM — EGauge + ACHiggs + LYukawa

O-CL

D,=10, —ig—G* — ig—W* — igYB

7

2

M

9 H 7

1

A A
['Gauge — G, G —

4 H

1
4

a aur 1 vV
Wi, W — By, B

+ > (bt + iee + igBg + iwlui + id:Pd;)

i=1,2,3

29




1
LGauge p— _ZGﬁVGAILLV L 4

+ Z (Z&ID& + ié’imei T Zgzlp% + Zﬂzlﬁuz + zczzlﬁdz)

NI S

U(3) [3 families!] for each fermionic gauge multiplet,
e.g. q Mg, Me UQ3)

- J

1 a aur 1 vV
Wi W — B, B

® This Lagrangian has a large flavor symmetry group: U(3)°.
Nothing distinguishes the three families.

29



Lsyr = Lcauge + LHiges + Lyukawa

-

D,=10, — igs7Gﬁ - zg?Wl‘} — ig'YB,
Comge = —~GAGAY — Lyye o _1p g
Gauge — _Z my — Z m — Z [N

+ > (bt + iee + igBg + iwlui + id:Pd;)

i=1,2,3

['Higgs —

_ (P) =
Lyvawa = LY. e + qY,de + qY,up + h.c. (

(D) (Do) — Al — v%)°

evss (-

Yeud matrices are the only couplings that distinguish the three families

30



* Gauge symmetry: color is manifest, SU(2)xU(1) is hidden (Higgs mechanism)

31



 Gauge symmetry: color is manifest, SU(2)xU(1) is hidden (Higgs mechanism)

* Global internal symmetries:
e U(3)> explicitly broken only by Yukawa couplings™
* U(l) associated with B,and Ly=e,,,r survive (hence L= Le + L+ Ly)

* Anomaly: only B-L is conserved

* Approximate global symmetries: Flavor SU(n)xSU(n)r (n=2,3), ...

31



 Gauge symmetry: color is manifest, SU(2)xU(1) is hidden (Higgs mechanism)

* Global internal symmetries:
e U(3)> explicitly broken only by Yukawa couplings™
* U(l) associated with B,and Ly=e,,,r survive (hence L= Le + L+ Ly)

* Anomaly: only B-L is conserved

 Discrete symmetries:

P C maximally violated by weak interactions

e CP (andT) violated by CKM (and QCD theta term):
specific pattern of CPV in flavor transitions and EDMs

* Approximate global symmetries: Flavor SU(n)xSU(n)r (n=2,3), ...

31



Global symmetries such as B and Lg=c it are not an input in the
construction of the model, rather an outcome that depends on the field
content and the fact that we included only operators up to dimension 4

Weinberg called these “accidental symmetries”

Accidental symmetries are typically broken by higher dimensional
operators obeying Lorentz and Gauge invariance

32



* Global symmetries such as B and Lg=¢,r are not an input in the
construction of the model, rather an outcome that depends on the field
content and the fact that we included only operators up to dimension 4

* Weinberg called these “accidental symmetries”

* Accidental symmetries are typically broken by higher dimensional
operators obeying Lorentz and Gauge invariance

Accidental symmetries and symmetries broken in a very specific

way in the SM (flavor, CP) offer great opportunity to probe physics beyond the SM

32
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® Dim 5: only one operator Weinberg 1979

+ . C = 1727
__ T T
o=(%) ez(g) 'odim=5_£ Cep plel ' i

33



® Dim 5: only one operator Weinberg 1979

_ T T
@:(9;0) =(Z§) 'Odim=5—€ Cep o el ' € = i

® Violates total lepton number { — el e — e'%e

® Generates Majorana mass for L-handed neutrinos (after EVWSB)

0
]_ A <90>: v 'U2
—~Odim=5 ( ) > —uiCyp

A A

o “Seesaw™ m, ~ leV — A~ 101 GeV

33



® Example: explicit realization of dimension-5 operator in models with
heavy R-handed Majorana neutrinos

¢ ¢
MR_1
A ) ® ﬁVR ® VR ‘ 4
AT Ay
Integrate out heavy Vr [9043 - ()\'VT MR'1 kV)aBj

v

T T
Ls= gap ,Cep ¢ €lp

34



® Dim 6: affect many processes (59 structures not including flavor —

2499 if one counts flavor structures)

Gauge Hi
— | S ~ - ~ P
. boson boiin >~ S P
No fermions M X
é

Two fermions é
\J/

T

Fermions
Four fermions
35



Weinberg 1979

Wilczek-Zeel 979
Buchmuller-Wyler 1986, ....

® Dim 6: affect many processes

Grzadkowski-Iskrzynksi-
® B violation (AB=AL=1) Misiak-Rosiek (2010)

® Gauge and Higgs boson couplings [LHC as a precision frontier tool!]

e CPV, LFV, qFCNGC, ..

® Corrections to g-2, Charged Currents, Neutral Currents, ...

® EFT beyond tree-level: one-loop running of effective couplings is known

3 Alonso, Jenkins, Manohar, Trott 2013
6



X3 (ps and <p4 D2 ; N 1,!)2(,03
Qc | [ABCGHMGEGSH | Q, (p'p)? Qey (') (lpery) |
G | JAECGHGEGS || Qo | (¢lo)D(ele) || Que (PO (Gud)
Qw | KWW IrwEr | Qup | (9" DF)" (9" Duy) || Qap (010)(@pdrp)  p—T—
J—— QW EIJKWJqu;IpW,f(p
X242 D2X 202D
Qec | ¢oGAG™ | Qu | Gome)roW!, | QY | (41iD,e)nM,)
Qs | ¢eCrem || Qi | (Lo*e)eBu | QP | (#1iD] @) (lrv4L,)
N | Qe | eleWL W Que | (G TMu)EGh, | Qu | (¢liDue)Enter)
M Qv | WL | Quv | @ou)r3W}, | Q% | @liD.o)@rte) -
e QB plp By, B* Qun (qpo*ur ) By gzl) (i B,f ©) (277" q;) )
Qs | ¢0BwB” | Qus | @0"T'd)0GL, || Quu | (11D, 0)(w"w,)
Quw B pirip W,fVBI‘” Qaw | (Gpo* vd,)T'p W,fu Qyd (‘Ptin ) (‘Zp’Y"dr)
Qv | PTeWiLB" | Quz | (40"d)pBu | Qua| UF Dup)(un*d,)
i D, p = iy (Du — Eu) © o1iD! o = ipt (TIDM - Bﬂf) v
O
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Grzadkowski-Iskrzynksi-Misiak-Rosiek (2010) 1008.4884

Pf—ﬁ'



(EL)(EL) (RR)(RR) (EL)(RR)
Qu (LYl ) (L1, Qee (epuer)(ester) Que (L yulr) (€sPer)
W | @) @) || Qu | @na)@ru) | Qu | Grd)@te)
@ | @nT'e) @ Te) | Qu | (pnd)dard) || Qu | Gyl (deytdy)
QY | Gl)@e) || Qe | Ee)@u) || Que | (Guar)(En"er)
QY | Gm)@' m'a) || Qe | (Emer)(din dy) o | (@) (@ )
| (@) (dod,) @ | (@TAq) (@ Thu,)
| @ TAu) ([dArTA) || QY | (@7uar) (dsy*dy)
QY | @ T*q.)(dTAdy)
(LR)(RL) and (LR)(LR) B-violating
Qledg (Ber)(dsql) Qauq ey [(dg)" Cuf] [(g2)" Clf]
ng)qd (@ur)eji(qhdy) Qgqu e*e i [(¢29)T Cl*] [(u2)" Cey]
Qg | (@Tu)e(@TAL) || Qi e jkEmn [(¢27)TCaP¥] (™) CIY]
Qiew | Ber)zjn(uy) o P (77€) k(T €)mn [(q27)T CP¥] [(@™)TCIE]
Qione | Bowwer)en(@o"w,) || Qi £P7 [(dg)TCuf] [(u)T Cey]

|

38

Grzadkowski-Iskrzynksi-Misiak-Rosiek (2010) 1008.4884



(EL)(EL) (RR)(RR) (EL)(RR)
Qu | Gl)T ) | Qe | Eue)@nre) || Qe | Gl (@ne)
@ | @We)@e) | Qu | (@) @atw) || Qu | (Gud)@ate) <
@ | @)@ ) | Qu | (dpvuds)(drtds) || Qu | (yvle)(deytdy)
Q| Gul)@7"%) | Qe | @Eue) @ u) || Qe | (@7udr)(E"e)
Qi | GL)(@ m'q) | Qe | (E@er)(dey dy) o | (@re) (@ u)
QW | (@) (di dy) @ | @7T4e) (@ Tu,)
QW | (@ T u,)(dy*TAd) | Q% | (@vuar) (dey*dy)
QY | (@GnT"a,)(dy*TAd,)

Homework

* Find which dim.6 operators may affect the process you are
studying (as an experimentalist or a theorist)

* What type of UV models can generate those operators!?
(Useful info in de Blas et al, [ 711.10391)
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To connect UV physics to low-energy processes, use multiple EFTs

A
] % Matching
ynamics
. to BSM
> < N / theory
A .
(> TeV)
Fe
o < e SU@3)e x SU@2)w x U(1)y symmetry h'::',""s';
No B, L, CP, flavor / y
particles
Vew, MW .
—— i
SU(3)c x U(l)em symmetry
Ay
(~GeV)
9 ot
kF, My 3 Y
=
39




To connect UV physics to low-energy processes, use multiple EFTs

A
E ; T : Matching
> to BSM
N / theory
A .
(> TeV)
P
o < e SU@3)e x SU@2)w x U(1)y symmetry h'::',""s';
No B, L, CP, flavor / y
v Mw particles
ew
>< /i\ LEFT operators
SU(3)c x U(l)em symmetry
Hadronic
Ay T ) matrix
(~GeV) Non-perturbative strong interactions elements
9 atw
Nuclear
K. M : g ! matrix
= elements
39




* A (very) rough indication of discovery potential is given by reach in A

* Effective scale probed by an experiment can be obtained through this equation:

\

o /' 5OBSM(A) S (Oexp — OSM)

inﬁgiﬁg"ﬁg'grfgl;.r (for any observable O, 00gsm ~ (v/IA)" n=2, 4 )

operators

40



* A (very) rough indication of discovery potential is given by reach in A

* Effective scale probed by an experiment can be obtained through this equation:

/
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observable ‘O’

induced by SMEFT
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and experiment
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B Current [ Future

Proton decay
Neutrinos (LNV)
LFV (muons)
Quark FCNC
EDMs

(g-2)

CC (P)

CC (V)

CC (5,T)

NC (Moller)
NC (eq)

0 2 4 6 8 10 12 14 |6 18
EWSB GUT Planck

Logio [\i(GeV)]

A\ ~ maximal scale probed by a given measurement, obtained by assuming O(1)
couplings (for all probes) and one-loop factor for g-2, EDMs, LFV, FCNC

41



Proton decay
Neutrinos (LNV)
LFV (muons)
Quark FCNC

EDMs
(8-2)
CC (P)

CC (V)
CC (S,T)

NC (Moller)

NC (eq)

B Current

AN

Searches fo
extremely high effective scale.
Strongest constraints on symmetry

structure of

B Future

' Rare / Forbidden processes:

r B, L, LF, CP violation probe

low (TeV) scale new physics

6 8
Logio [\i(GeV)]

41

12 14 16 18

GUT Planck

A\ ~ maximal scale probed by a given measurement, obtained by assuming O(1)
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Proton decay
Neutrinos (LNV)
LFV (muons)
Quark FCNC

EDMs
(8-2)
CC (P)

CC (V)
CC (S,T)

NC (Moller)

NC (eq)

B Current

B Future

recision mea
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Match or exceed LHC existing
<«  bounds and future reach.
Can play important role in
reconstructing TeV dynamics
4 6 8 10 12 14 16 18
EWSB GUT Planck

41

Logio [Ni(GeV)]

A\ ~ maximal scale probed by a given measurement, obtained by assuming O(1)
couplings (for all probes) and one-loop factor for g-2, EDMs, LFV, FCNC



Backup



ALPs: Axion-Like Particles
BNV: Baryon Number Violation

CC: (weak) charged current

CP: Charge-Parity

CPV: CPViolation

EDM: Electric Dipole Moment

EFT: Effective Field Theory

FCNC: Flavor Changing Neutral Currents
IR: infrared

LEFT: Low Energy EFT (below the weak scale)
LFV: Lepton Flavor Violation

LNV: Lepton Number Violation

NC: (weak) neutral current

SM: Standard Model

SMEFT: Standard Model EFT

UV: ultraviolet
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e Action is invariant, but path-integral measure is not!

_ S, ¥] = S[Y', ¢/
[uaiagy eswar | T

O

[l = [wwnang 741
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e Action is invariant, but path-integral measure is not!

_ S, ¥] = S[Y', ¢/
[1duaq et R

V=Y Y=Y

[1avilad) = [1aiai g T#1

* Important examples: trace (scale invariance) and chiral anomalies

 Baryon (B) and Lepton (L) number are anomalous in the SM

gl
JB

. Np (_g?Fapuﬁuﬁy +g%f;w}~;w) |

"3072

0,8 =0, It =

* Only B-L is conserved; B+L is violated (large rates at high temperature)
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