Theoretical Foundations of Flavor Ph

APV TALIS UGN IR ORI

Alexey A. Petrov
Hadron Collider Physics Summer School 2024 University of South Carolina




1. Introduction

% |s it possible to build the Universe using the Standard Model as a tool?
- no, but maybe it can tell us where to look for new tools
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BICEPZ Collaboration/CERN/NASA

% The era of “guaranteed discoveries” is over (top quark, electroweak breaking)
- new experiments designed to study rare decays or perform precision studies of various
processes might point us in the right direction

% What about New Physics?

no new elementary particles so far at the LHC

neutrinos oscillations: s have mass and so CLFV transitions are guaranteed
use sphaleron mechanism: baryogenesis via leptogenesis  Fukugita, Yanagida
new sources of CP-violation in the lepton sector
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Standard Model

% The Standard Model of particle physics is a remarkably simple
and powerful construct

Correct Standard
Model...

$15.60
Redbubble

L = -tg o /

o )L: \5(5 )(‘j¢+k<, ::;."9’ k.
o 'R?‘I "V(@ * lougl* - v

There is an opinion that the second “h.c.” refers to “hot coffee”
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Standard Model

% The Standard Model of particle physics is a remarkably simple
and powerful construct

Standard
Model

7-LVV ) ¢ + »CB kin T EW kin T »CHzggs

* Symmetrles require all particles to be massless!

% A part of this equation is related to particle masses: Higgs sector

% A part of this equation is related to matter interaction with Higgs: flavor sector
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Fundamental physics: flavor problem

% SM and BSM Flavor problem

% Flavor problem: patterns of masses of particles

- quarks
Md g Ms oo,
my, my
o7, e nyzr, M A 19%105
Me My My,
- leptons
Mroq7, e L 9o7
my, Me

% Flavor problem: pattern of fermion mixing
- why is the quark mixing matrix so different
from the neutrino mixing matrix?

® o ® o o
.
e @ VS e 0 O
- @ ® 00
Leptonic PMNS mixing matrix S. CaO, et al.

% Flavor problem: nature of neutrino mass?
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Is flavor “problem” actually a problem?

% Yukawa couplings are protected by a chiral symmetry:

%y
dlog i

x Yy Small couplings remain small:
— ;
“Technical Naturalness”

% So, why is it a problem?

The reason there is a problem is that all these couplings appear to come
from the same physics. Therefore they should all start at the same order of
magnitude at some UV scale, and the hierarchy should come from RG
effects. This is why gauge couplings are not considered hierarchal.

Now the above “technica”g natural” condition actua”g HURTS!
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Fundamental physics: flavor problem

% Flavor problem: flavor-changing neutral currents (FCNC)
- there is no term in the SM Lagrangian that leads to FCNC effects: quantum
effects (one loop process)
- quarks: massive quarks and non-zero mixing parameters automatically lead
to FCNC processes: b — sy,c — uff, BY — Bo-mixing, etc.
- leptons: massive neutrinos and non-zero mixing parameters automatically
lead to FCNC processes: 7 — ey, T — eee, uA — €A, etc.

% Flavor problem: patterns of masses of particles and neutrino mass: new symmetry?

- there could be a mechanism generating mass patterns (Froggatt-Nielsen, etc.)...

A. Blechman, AAP, G.K. Yeghiyan
288 CD. Froggatt, H.B. Nielsen | Hierarchy of quark masses

; L

Y ——

Fig. 1. Feynman diagram which generates the quark mass matrix element M, jj- Full lines repre-

sent quarks and wavy lines represent super heavy fermions. The dashed lines represent Higes
tadpoles as follows: —— X (¢),and —— - @ (@)

p* IEp———
H————

x

- ... or maybe not: why is Mjypiter >> Mmercury? (@ “just so” solution?)
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2. Flavor in the Standard Model (quarks)

% Flavor in the Standard Model: mass generation and CP-violation

e masses are generated through Yukawa terms (quarks)

o . f
d u ’ iy
—Ly = Y{QuHDiyy +YijQuHUp, + he. with Q1 = ( Df, )

CP-symmetric only if Yg are real

, 1 0
» after spontaneous symmetry breaking H = 7 ( v+ HO )

—Ly = (Md)@'j D{ZD{%J + (Mu)w UIJjZ-U}éj + h.c. with (MQ)ij = ﬁ (Y9,

e ... but mass matrices above are NOT diagonal! For for both g = {u,d}:

VqLMqVqTR = M;iag with dL; = (VqL)ij Q{,j
_ f
dri — (VqR)Z'j QRJ‘
Some structure of the Yukawas that leads to the mass and CKM hierarchies? Leptons?

T S i S VNS S D :
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Flavor in the Standard Model

% Charged current interactions: the only source of flavor violation in SM

e since left and right matrices are different: charge current part of L :

g — f +
—/:,qi:—’UJL V.V di,:WT + h.c
— ]
V'u,d V;w Vub
V= Vu Ve Vo (CKM matrix)
| Ve Vis Vi |
e Vi ks cannot be predicted in the SM, but can be measured experimentally
- d s b N
46—_ 2 2
Y n -___%;,/ K'Cé;rj B lé#
A s - :
V=lc p=57 |p = B-:él’; But there is more!
N = P = R
- -~
E. Vale Silva
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Flavor in the Standard Model

% Charged current interactions: the only source of flavor violation in SM

e since left and right matrices are different: charge current part of L :

g _
~Liys = 5T VarVi| digWif 4 he
v]
i Vud Vus Vub ]
V= Vea Vs Va (CKM matrix)
| Vie Vi Vi |

e (Cabibbo-Kobayashi-Maskawa (CKM) matrix is unitary: VVT =1 o reations)

e Counting the number of parameters: NxN
- NxN complex matrix contains 2N2 real parameters
- NxN unitary matrix contains 2N2 - N2= N2 real parameters (phases and angles)
- can rephrase up and down quarks: 2N-1 relations: N2- (2N-1) = (N-1)2 parameters
- ... which represent NC2=N(N-1)/2 angles and (N-1)(N-2)/2 phases

2 generations: 1 angle and 0 phases; 3 generations: 3 angles and 1 phase!

(No CPV) (CPV)
Lo T S S S VNS S S T D D DRI S A SRS F IV S A A ST AT L o A R Fed e e T v o]

Alexey A Petrov (USC) 24 FNAL HCP Summer School 2024



Flavor in the Standard Model

% Charged current interactions: the only source of flavor violation in SM

e since left and right matrices are different: charge current part of L :

qg _
_E%Vi — ﬁulffyu [VuLVqTRi| dLJW/j_ + h.c
(%
— -
V'u,d Vus Vu,b
V= Vea Ves Vb (CKM matrix)
Vi Vi Vi

e Cabibbo-Kobayashi-Maskawa (CKM) matrix is unitary: VVT = 1 ¢ relations)

2 generations: 1 angle and 0 phases; 3 generations: 3 angles and 1 phase!

(No CPV) (CPV)

% In the Standard Model, CP-violation is part of the physics of flavor
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CKM picture of CP-violation

% |In the Standard Model, CP-violation is part of the physics of flavor

e .. anditisencoded in the phase of the CKM matrix. Parameterization?

—16

C12C13 S12€13 S13€
_ 5 5
Vokm = | —S12€23 — c12523513€" C12C23 — $12523513€" 523C13
5 5
512523 — C12C23513€" —C12523 — 512C23513€"°  C23C13

We can explicitly verify that VV' = 1

S12 = sin 912 = 0.22497 £+ 0.00069

e with the angles (UTFit)  s23 = sinfla3 = 0.04229 4 0.00057
s13 = sin 13 = 0.00368 £+ 0.00010

5 = (65.9 + 2.0)°

e Note: all angles above are small! In fact, for 4 ~ 0.2

I X A\
|Verm| ~ A1 M\ Can we use it?
PCEED I |
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CKM picture of CP-violation

% We can use the fact that all angles of the CKM matrix are small

€12€13 $12€13 s13€e” "
_ ) o)

Vekm = | —S12023 — c12523513€" C12C23 — 512523513€" $23C13
s 5

512823 — C12C23513€" —C12523 — S12C23513€*°  C23C13

* introduce four new parameters A, A, p and 1

Vi
VIVadl + Vs ?

Vcb
Vus

812:)\2

S13 :./4)\2 = A

s13e” = AN} (p+in) = V5

e ..and expand in A up to O(1%) to get the Wolfenstein parameterization

Via Vs Vi 1- % A AN (p—in)
V=|Vy Vi, Vy | = A - AN?
V;d ‘/ts V;,b A)\3(]. —pP— Z"l’]) —14)\2 1
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Two lessons

% Consider two parameterizations of the CKM matrix

e are they physical?

)\2 .
2
V = Vea Vs Vo | = —A - )‘7 AN?
V;d ‘/ts V;b A)\3(1 —pP— Z"I]) —1‘1)\2 1
Wolfenstein parameterization
_is
C12C13 S512€C13 513€
_ .0 o)
V = | —s12C23 — Cc12523513€" C12C23 — $12523513€" 523C13
5 5
512893 — C12C23513€" —C12823 — S12C23513€"°  C23C13

“PDG” parameterization

e \Wolfenstein parameterization: is it unitary?
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Two lessons: just for fun

2 4
AR ) A, AX(p—im) )
— 251 +84%(p% +9?)],
5 2 4
(CK) | =X+ 3-A%2(1—2p—2in) , 1— 2~ — 2-(144A42) A2 7
Vot = 2 I . + O(X")
— A0[1 - 4A%(1 — dp — din)]
AN(1 — p— in) —AX2 + AL A(1 — 2p — 2in) 1— A% A2
5 . 6 6
\ XA+, LYY ~X 2 4 P) )

see Phys. Lett.B 703 (2011) 571-575 for more discussion
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CKM picture of CP-violation

% There is a single phase of the CKM matrix for 3-generation SM
e Even though there are MULTIPLE ways to parameterize CKM matrix

but remember that VIV = 1

Ve Vis Vi 1- & X AN(p—in)
V = Vg Vos Vi | = -\ — )‘2—2 AN2 (Wolfenstein)
V;d ‘/ts V;b A)\3(1 —pP— Z"l’]) —14)\2 1

e ..there exists a parameterization-independent quantity,

3
Im [Vz‘ijsz{VJj] = Jok M Z €EilkmEjlkm  with Joram ~ A°A%n
no sum overi, j, k, | m,n=1

e Since CP-violation appears from imaginary parts of the Yukawas, Uarlskon
arisko
there is a condition for CP-violation to be present in the SM: ¢

2 2 2 2 2 2 .
AmtcAmtuAmcuAmbsAmbdAdeJCKM ?é 0 with Amfj = mZZ — m?

i.e. no mass degeneracies or zero (or ) angles/phases
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CKM picture of CP-violation

% There is a single phase of the CKM matrix for 3-generation SM

o off-diagonal terms in unitarity relations VVT =1 look like triangles
in a complex plane (p,n), e.g. V dV* + VdV>’< + thV* O Eachtermis O(2%)

(p.n)
‘/ud ‘/u i ‘/ud Vus Vub ]
Via Ve V=|Va Vi Vg
| Via Vie Vi

0,0) (1,0)
le (5) =arg [ ch b/‘/;fd‘/;b] phase of V,; in Wolfenstein param

e anglesare  ¢2(a) = arg [—ViaViy/Vud Vi)
03 (7) = arg [ V.V, b/V 2] phase of V, , in Wolfenstein param
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Using SM CP-violation to study NP

% There is a single phase of the CKM matrix for 3-generation SM
e triangle parameters can be determined via a variety of ways...

d s b
e - -
" n-—é_—\‘g K?—é__\ﬁ? B =4
_ e e a
V=|° p==7 |p==}|s=5]
— | ¢ W
t B B’ | B4 B, \{\b
E. Vale Silva

e ...and even though any triangle can be completely defined by two
measurements: an angle and two sides (or 3 sides or 3 angles)

e .. we keep measuring the “triangle parameters” trying to find
inconsistencies! Why???
16

Alexey A Petrov (USC)
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A recipe for searches for New Physics

% Flavor can be used to search for NP, not just new flavor physics!

1. Measure as many processes that depend on
CKM parameters independently

2. Interpret those measurements assuming there

is no NP contribution and extract the CKM
parameters

3. Build CKM triangles out of those CKM
parameters. If a triangle does not close, then
no-NP assumption was incorrect and there is a
(possible) presence of New Physics

We are NOT checking if the CKM matrix is unitary!

We are searching for NP using the CKM matrix unitarity!

LT e L VNS S D .
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A recipe for searches for New Physics

% There is a single phase of the CKM matrix for 3-generation SM

e off-diagonal terms in unitarity relations VV+=1 look like triangles
in a complex plane (p,7):

Vid Vid
Vis Vaus

==
S
et |
s
o T

Vi Vud (B Vb Vb
A Gy Ve Vi
Vid Vih ts Vous

1 1
_ - Vs Vb
Vud Vus Vub Vis Vi
V = Vcd ‘/cs "/c b Vis Vib

‘/td Vvt.s ‘/tb

Vib Vei

- o
Vied Vied Vus Ves Vi t*d Vis

e
Vaus Ves

¥*
Vud Vas

Ved Ves

(e) (f)

e .. butregardless of the lines/columns used all these triangles have
the same area A = Jckm/2 (useful cross-check for NP studies)!
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: modify the SM solution

1. Why generations?

— Why only 3?
— Are there only 3?

d M\RACLE
QCCURS ..~
= ‘

2. Why hierarchies of masses and mixings?

Ly = —yyprvred + h.c. — —% (Prvor + VriL) |

mo = /9 "T BUNK Nou SHouwp ec MoRE
Y = Yy / \/_ EXPLIUT HERE N STEP TWO, "

T T S. Harris

Yu ~107% y. ~ 1072, yp ~ 1,
ya~ 107°, ys ~ 1073, yp ~ 1072,
Yo ~ 1075 y, ~ 1072, y, ~ 1072

No explanation of the hierarchy, but mass hierarchy
is related to the hierarchy of Yukawa couplings

3. What about neutrino masses?
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Flavor beyond the Standard Model (leptons)

% There are two possible approaches: Dirac and Majorana

- Dirac masses: introduce a singlet (sterile) v, , so Dirac mass term

- tiny relevant Yukawa couplings, y, ~ 10712, so lepton flavor is an accidental
symmetry broken by the Yukawa'’s

- Majorana masses: introduce Majorana mass
- lepton flavor symmetry is broken by the mass term
- easiest realization: a single operator in SMEFT (large NP scale)

L=Lsn + —Q( ) + Z A2 Q(G) + .. with
QB = €jk€mnH H™ (L’;) CcL? Weinberg operator

% Consequence: CLFV decays are highly suppressed in the Standard Model:

Vz
W Uei M2

(3

2
Br(p —

3271'

Why are we still searching for the CLFV? Other mechanisms for CLFV

T S i S VNS S D !
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Mass generation # flavor violation?

% Example of the common origin of the neutrino masses and CLFV transitions
- consider a model with a triplet Higgs, e.g., a left-right model

- - i ,
— Lyuava = Yir, (Gij¢ + Hid) Yjn + 5L ($ECRALY)L + Y RCT2ARY)R) + hic.

. 1/{ A+/\/§ AT
with QP;L,R = ( fL’R) and A= ( A0 —A*/\/f)

€iL,R

Pati, Salam; Mohapatra, Pati;

- this Lagrangian leads to the Majorana masses for the neutrinos Senjanovic, et al, Schechter and Valle;
K. Kiers et al

L e . ki
= Lo m (y}fFvLe"eL vy + I/EF’URV}J + h.c.

- ...and both ALM = ] (FCNC decays) and AL” = 2 (muonium oscillations) transitions

pt : "
8eeSpup a A
Ha=— 5 (Brveer) (v er) + Hee. :
SMA 6.'_ : f’+
Chang, Keung (89); Schwartz (89);
Conlin, AAP (21); Han, Tang, Zhang (21)
ST NITEAL Y TR LT LT A M TR T IR £ S e T O O T S W P
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Effective Lagrangians: probing all NP models

% Systematic approach: Standard Model Effective Field Theory (SMEFT)

- effective Lagrangian

with the Weinberg operator Q)
Q®) = ejpemnH H™ (LE)" CLT

and lots (59+5) of Ql@ operators

—

- the strategy of identifying an
NP model involves fitting C;
from experimental data and/or

matching of & to UV-
completed NP models

Alexey A Petrov (USC)

TABLE 2.3 Operators with H", sets X®, H%, H'D?, and w2H3

X3 I H® and 1{4D2 v2H 4+ he
Qc fABCGf-/GEPGEM Qu (HtH Qenr HiH Zpe,«H
o fAm’:a‘:.,Gf,.G;:v,L One (H'H |:| H H) Qun (HfH; éapurﬁg
Qw W Quo  (H'D'H) (H'D.H) Quarr (H'H) (QudrH)
Q;; GIJKWJVW'.JHJ‘V:(“

TABLE 2.4 Operators with H™, sets X2H?, 2 X H, and 2 H?D.

oxaer T WPXH+ he. R D
Qua HTHG,, G Qew (I o )"' HW’ Q4 (Fﬁzn H) (_n’)‘“f )
Q= HIHGA, GAme Qen (Tporve )HB,., QY (miBLH) (Tyr' L)
ad 2N Sua (Qpo"Tur) HG, Que (H*zB H) (@p7"er)
QH’I; H1HWL/PV""' Quw (6,,0"”11,.)7';“”:‘/ Qﬁl (H'x‘B H) (Q o Qr)
Qun HHB,, B Qun (@ o+ u.) FB,, QP (miBLH) (T, Q)
QH; H'Hg,mBF" Qac (6,,0#111%(1..) HG;‘}V Qirn H!,‘D’ H) (Hpy™un)
Quws H‘T'HPV‘L,B"” Quw (5,,6"":1,—) T’HVV‘:V Onu H“L*B H% (d,,'y“d,.)
Qs Hir! HW] Bsv Qus (apai‘f/d,.) HB,, QHua H1D H) (7" d,)

TABLE 2.5 Four-fermion operators, classes (LL)(LL), (RR)(RR), and (LL)(RR).

(LL)(ZL) | (RR)(RR) | (LL)(RR)
Qu (FprLe) (Tarrs) Qee (Epy"er) (@yee) Qi (Epr* L) @ er)
(@) (@) Que (@py" ur) (v ue) Quu (o Lr) (@ ue)
QW (@rr'Q.) (Qu"r'Q) | Qua (47" dr) (dvd:) Qua (Zov L) (dy"de)
QY (Zov L,) (Qur"Q:) Que Ep*er) (Taytur) Qqe (@rQr) (Ermee)
QY (T r'Lr) (@r"7'Q:) || Qu @ er) (darde QL (@"Qr) @ ur)
QY (@pvuy) (dory de Q¥ (G,7T4q,) (T T4uw.)
Q% ("p“.f“'l"’u.-) (ﬁn"’l"‘d-) Q% ('1,,"1“'1,- dury *‘de)
QL (6,,7"'1““(2,-) (d S dL)

TABLE 2.6 Four-fermion operators, classes (LR)(RL), and B (baryon-number) violating.

(LR)(RL) B-violating
Quedq (Eer) (d.Q7) Quug Pes (d‘;)TCuf] [(Q:’)TCL:‘]
QL (@ur) e (@2e) Quau e [(Q47)" cQit| [ ce
Qe (@) (@T2d) | QY (0:’)Tcof”]] [@™Tcry)
Qb (@her) esu (Que) Q@ e (), (). [(o:‘)’ca.”“] [@™Tcry]
e, (Towe) on (@o™w) | Quuu =B [(d;‘,)T c..f] [ Ce.]

LN
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Flavor hierarchies: NP flavor model building

% GUT models: leptonic/quark Yukawas are related
% Flavor symmetries

SM Lagrangian is SU(3)%-invariant in the limit y; — O
- Yukawas arise as a result of spontaneous breaking of a subgroup of SU(3)5?

- continuous flavor symmetries
- discrete flavor symmetries
- accidental flavor symmetries

- ? 2
numerology: Me +my +my = g(\/me+\/m“+\/mr)2

Koide formula (also “works” for heavy quarks)
% Dynamical approaches

% Geometric approaches (localization in extra dimension)

Alexey A Petrov (USC) 9 FNAL HCP Summer School 2024



Flavor hierarchies: NP flavor model building

Notice that an extra scalar boson can help to solve the flavor
puzzle:

Lo = —yp¥r¥réd1 — Y XLXRP2 + h.cC.

Then assuming tan g > 1

Mx _9xY2 _ X tang>1
My  YpU1 Yy

So it looks like we can solve the flavor puzzle by just having
more scalar bosons, letting all Yukawa couplings be O(1) and tan 8 > 1

Top quark: Das, Kao, Phys. Lett. B 392 (1996) 106.
Xu, Phys. Rev. D44, R590 (1991).
Blechman, AAP, Yeghiyan, JHEP 1011 (2010) 075

T S i S VNS S D BRI B S L0 SN E VS AL S T VA T o A R L S ke e e ]
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CP-violation: NP model building

% In any quantum field theory CP-symmetry can be broken
1. Explicitly through dimension-4 (or higher) operators (*hard")

Example: Standard Model (CKM): %Zﬂ/)k C:f &k’%‘, @ C;J; ©

. P
Lyuk = Grbivee + He. & Lyuk

2. Explicitly through dimension <4 operators ("soft")
Example: SUSY, 2HDM, ...

3. Spontaneously (CP is a symmetry of the Lagrangian, but not
of the ground state)

Example: multi-Higgs models, left-right models (®) = ( ]S k’g'm )

% These mechanisms can be probed in quark transitions

A L U TS E R R T R T TR L T e e e I e N
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Aside: no spontaneous CP-violation in SM

% One can show that SM (or other 1HDMs) cannot spontaneously break CP

e |n order to spontaneously break CP, a scalar doublet (Higgs) must
have a VEV, which is independent of 7 and t

e One can perform an SU(2) rotation to bring the doublet to be

(0]610) = ( 0 )

e Under CP transformation
[CPJp(7, )[CP)' = exp(ic)pt (—7, 1)
e Choosing a = 260 we can always make it invariant under CP-transformation!

% Thus we need multi-Higgs doublet models to realize spontaneous CP breaking

Alexey A Petrov (USC) . 6 FNAL HCP Summer School 2024



Recent experimental anomalies: NP with leptons?

% Several experimental anomalies involve interactions with muons and taus

Ri [1.1,6] . L—
R+ [0.045,1.1]
Ry [1.1,6] —_———
ok 0150 SEEEED ——
l Pl 2.5, —_——
Py [4,6] - —_——
~ “— B(B) = o' ) [1,6] ———
B(UI\' - /J+‘Ll_] — —_——————
BB = ptp) ———
/ \ Muon g — 2 - —_—
o ce R(D) —_—
=30 ? R(D") —_—
R(J/v) —_—
1 11
U] 2 k 5
Crivellin, Hoferichter Pulins - P.Koppenburg
- other lepton-flavor conserving processes E ‘BP0 s iocomows |
. . Y —T— —
- magnetic properties: muon g-2 F Thco1s :
. C > BaBarl2 ]
- currently a discrepancy theory/exp 03sf 0 ' =
- electric properties: muon EDM sETT E
- probes CP-violation in leptons . ; . :
. 025 — Bellel9 === Delle —1
- muonic hydrogen : -
- peliet? D) /\~5{3§c(l 02640014 :
- pl"OTOI’\ SIZC/QED/NCW PhYSlCS 0.2 - <4 Bigi 16, Gambino 19 g:;;l;j,o‘:os'oolo'nmn ]
T+ Bordone 19 ‘,l‘l;';’,‘?xgu 7
PO T S S A RN S SR S S S S S S U S S S
0.2 0.3 0.4 0.5
R(D)
R ANIYEAL TR L L Tl R AL MR VER IR £ S e N T O T S VS

Alexey A Petrov (USC) FNAL HCP Summer School 2024
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Lepton flavor violation

% Leptons can help solve the most fundamental problems in particle physics! Flavor?

% Possible experimental searches for Charged Lepton Flavor Violation (CLFV)
LORENZO CALIBBI and GIOVANNI SIGNORELLI

- lepton-flavor violating processes 0 . -
-4 — ey, T —ey, etc. "113-2 ............ ............ .......... e HL—eEy ................

- 4 — eee, T — |iee, etc. oE 0w - bnlaoN ]

- g*e” — e-p* (muonium oscillations) 135 ............ o o“j .......... i nrees |

- 29— pe, Te, efc. e - s 1

- H — pe, Te, efc. oy -hneies fe S & e e =

- KO (8%, D0, ) — pie, Te, et e B
-+ (A Z)>e+(A2Z) i R

- lepton number and lepton-flavor violating 1o fﬁIfiﬁfﬁ?ﬁﬁﬁfffﬁﬁifﬁ?ffﬁfﬁﬁffffﬁfﬁIIIIﬁﬁfiﬁﬁffﬁiﬁlfﬁiﬁff§ZIffﬁf','.fffEiﬁfiII.@[ffi’.ﬁf‘jﬁffﬁfﬁffffﬁ
processes Tt L — S SER SRR e i i i §iesiesschane oo ssintiodiin
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< 107%4

2

Vl
M 61M2
1

% But: no trivial FCNC vertices in the Standard Model: sensitive tests of New Physics!

% Decays are highly suppressed in the Standard Model: Br(u — ey) 3%
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NP models and high energy processes

% Leptonic FCNC could be generated by New Physics

2 .
4 Ex.1 FCNC Higgs decays H - pe, te, etc.: Y, = m’5w VSTV V22 N Har;tr;a?pp'

» FCNC Higgs model & muon conversion/quarkonium decays

H e e 7 e

|
e.g. Jlf H ~ O(my or my)
|
|

tree level

Barr-Zee fype (note suppression of light quark couplings)

4 Ex.2 Exceptional couplings of (flavor-diagonal) NP to third Glashow,
generation Hyap = Gl;'ld}/’lb' —L}’;TLﬂaVOF ‘anomalies” Guadagnoli, Lane

4 Ex.3 Leptoquarks -> flavor “anomalies”

Muon collider?

(Number of possible models) > (number of model builders). How do we proceed?
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Flavor violation and effective Lagrangians

* Radiative FCNC decays of leptons £, — £, + ¥ (tau decays at LHCb/Belle I1)

- the most general amplitude is
i *
Ay ey (P, P) = S (?") [ALPL + ARPR] 049" us, (p)€™.

£y

- which leads to the decay rate

my, 2 2
D(t = £7) = T2 (1ALl +14r
2 2
. e vm; fi fi\ — UMy ~fi
with Agr = =2 A2 cwCip —swCliy ) = V2 Az C'y
Effective coupling Bounds on A (TeV) Bounds on |C°]|
) 1
(example) (for |C?7-| =1) (for A =1 TeV) M b
CLy 6.3 x 10* 2.5 x 10710 p— ey
CZ,‘; 6.5 x 102 2.4 x 106 T = ey
Ce 6.1 x 102 2.7 x 1076 T — pry
Cht.ce 207 23 %105 14— 3¢
C}Zﬁﬁ 10.4 9.2 x107° T — e
Chp i 11.3 7810 T—3p
cﬁfs)He’ Ch. 160 4x107° pw— 3e
Cliayme Che ~8 1.5x 1072 T — 3e Teixeira; Feruglio,
C(Tllfs)m’ Che ~9 ~ 1072 T— 3u Paradisi, Pattori

Other interesting modes that probe similar couplings: ; = &,yy, £; = 3¢5, and others
Alexey A Petrov (USC) 2 FNAL HCP Summer School 2024



5. Conclusions and things to take home

* Flavor puzzle is still a big problem for particle physics
— The reason(s) for generations and mass hierarchy are not known
— Standard Models simply parameterizes the solution
— New Physics models use flavor as input, not output
« Flavor-changing neutral current transitions provide great opportunities for
studies of flavor in the SM and BSM
— several anomalies in B physics might point to New Physics “around the corner”
—  studies of charmed transitions experience explosive growth
* unique access to up-type quark sector
e large available statistics/in many cases small SM background
e large contributions from New Physics are possible, but not seen

e There is no indication from high energy studies where the NP show up

— this makes indirect searches the most valuable source of information

« Maybe flavor will be the first tool to see glimpses of New Physics

T S i S VNS S D VRIS 0 P S L0 SN E IV S AL ST VR R o A R S Fed e e ]
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FEDERAL GALAXY TOP NEWS ENLIST EXIT

EFFECTIVE FIELD
Indirect Searches THEORIES

for New Physics

Alexey A. Pefrov
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Muons and recent experimental anomalies

% Proton’s radius from muonic hydrogen: possible New Physics?

% Level splittings (e.g. Lamb shift) are sensitive to the
charge radius of the proton

SCATTERING r

PRad (2019) + —e—
Mainz z-expansion (2015) | i
World z-expansion (2015) b -

SPECTROSCOPY
Hydrogen 1S-3S (2020) e
Hydrogen 2S-2P (2019) —e—
Hydrogen 1S-3S (2018) i
Hydrogen 2S-4P (2017) bt
CODATA Average (2014) —o—
Muonic Hydrogen (2010) - .

T A 1)
0.82 0.84 086 088 09 092 094

% They are also sensitive to QED radiative corrections

% Are there possible light New Physics particles that are

responsible for this difference? Tl g
Barger et al, PRL 106 (2011) 153001

Remove proton radius issue from the problem: atomic physics with muonium?
LT S i S VNS S T D .
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Experimental studies of rare processes: luminosity

% Need a lot of muons: high luminosity experiments

— Number of events/second

dR =opl © Energy L
dt h;—i . (GeV) cm 251
I SPS (pp) 315x315 6 10%
Tevatron (pp) | 1000x1000 | 50 103°
HERA (e*p) 30x920 40 100
/ LHC (pp) 7000x7000 | 10000 103°
LEP (ete™) 105x105 100 1039
3000 1030
10000 1030

l PEP (e*e-) 9x3
; KEKB (ete™) 8x3.5

RHIC
®=N/s Herr and Muratori ©

14
— ..oranotherway L = ®ppl = NPTE = Nprv

What if incident particles formed bound states with target particles?

1033-1035
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Bound states: muon conversion

e How effective is this approach compared to scattering?
— let’s compute effective luminosity

— recall that Al
E N

L:(I)pTEZNPTZ:NPT'U ‘

— in this “experiment” the probability density is given by the 1s wave function
— ...and we need to take into account the fact that muon decays
— Then luminosity = (density)(velocity)(flux of muons)(lifetime)

mZZ4oz4

Lot = [W(0)]* X aZ x &, x 7, = O,7,
7

— For Al target (Z=13), flux of (I)ﬂ = 10'9 muons/sec and T, = 2 psec

Legg = 10%¥em™2 sec™!
Bernstein, Czarnecki
LT i S VNS S D
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e A possibility of using muon beams at CMP facilities

Jian Tang, talk at RPPM meeting (Snowmass 2021)

Ll Intensity Polarization Spread energy Intensity Spread

[MW]

[1E6/s] [%] [%] [MeV/c] [1E6/s] [%]
PSI 1.3 420 90 10 85-125 240 3
ISIS 0.16 1.5 95 <15 20-120 04 10
RIKEN/RAL 0.16 0.8 95 <15 65-120 1 10
JPARC 1 100 95 15 33-250 10 15
TRIUMF 0.075 14 90 7 20-100 0.0014 10
EMuS 0.005 83 50 10 50-450 16 10
Baby EMuS 0.005 1.2 10
X5 CSNS-II upgrade
Facility Source Type Intensity (pu+/sec)*
ISIS pulsed 1.5x10°
J-PARC continuous 1.8x10° - Muonium Antimuonium
PSI continuous 7.0x10* Conversion Experiment
TRIUMF pl.IlSCd 5.0x10° (MACE) EMUS at CSNS
SEEMS pulsed 1.9x103
LT S S 5 VNS S D S RS S L SN F IV S A A ST AT L o A R Fed e e T e o]
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Muons and recent experimental anomalies

* Muon’s magnetic properties (g-2): @, = (g — 2)/2 with [ = g2—§'
m
ete” BMW EXP
: i 1 1
discrepancy "+ el t R
«—1.606 > Di Luzio, et al.
« 4206 »>
BNL g-2 ; O— 37¢c
FNAL g-2 + — + 330
(A 420 k)

—— +—e—+ 420

Standard Model Experiment

Average

205 210 215

175 180 185 190 195 20.0
a,x10° - 1165900

FNAL (g-2): au(Exp) = 116592061(41) x 10~ ay(Theory) = 116591810(43) x 10~ "'
ay(BMW) = 116591954(55) x 10~

ysics particles that are responsible for this difference?

Are there possible New Ph
L T S i S VNSE S T D L U TS E R R T R T TR L T e e e I e N
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e |ndependent lattice computations of HVP
e Data-driven estimates of hadronic vacuum polarization (HVP)
— discrepancy between KLOE and BaBar data used in HVP

IlllfllllllllllIl]lllllll‘lllllllll
CLEO b »
3769:63
SND
3717250
BESIII i —
40
Leading order Vacuum polarization  Light-by-light scattering o
CMD-2 .
9 00 d 3724+ 3.0
1l s/« S
oo — = (_) % K(s)R(s) BABAR —c—
H 3\ amz S 376.7 = 2.7
KLOE —C—rt
LR(S) e 1 0(e+e_ _) hadrons) , A ' A l l3£lﬁ? f1211 ' - .. l — A A l s l Led Ao l Al A ' l b
127 127 o(ete = putp~) 355 360 365 370 375 380 385
HVP, LO [+ - 10
1 z?(1 — z)m2 A [**% ) hos.00 cav [X107]
K(s) = dz——
o z*mZ+(1—1x)s

— need radiative return Belle Il data to eliminate the discrepancy

— 7-decay data is not currently used: Belle Il + lattice?
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E
™ — g, *P
0ol Harvard'08 FNAL+BNL
average
100
0
-100
200
WP SM
-300 —

10™ x Qe

10 x a,

107 x a,

Sensitivity to heavy
new physics:

2
NP Ty
a Y —A2

Cs: a from Berkeley group [Parker et al, Science 360, 6385 (2018)]

Rb: a from Paris group [Morel et al, Nature 588, 61-65(2020)]
T —————
e S VS C S O S

Alexey A Petrov (USC)
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e Muon decay u — 3e:

I' (u—3e)=
am5

= i (Couf +1Coal?) (8log [

4m?

“] 11)
Me
l 3&4(15171_)3 (”lgsi' (|C§R|2 | |CgL|2)

2 2 2 2 2 2
+ 2(2(ICrI" + ICvLI” +|C4RI" + ICLI%) +1C4k + Corl* + |C4L — CLI%))
Aram®

~ 3Mr “ (§R [Cpr (3Cy g+ Chg) ]+§R[ (3CvL — Can)'])

e Muonium decay Mp‘f — ete”

f M3 € 3 € €

41;7'('1\4 |CVR + C4gl® - §|CVL +C4.)?
+ |2C5 1, + Cyrl® + 12C4, + CZR|2}

r (MV o e+e_) =

7

e Note: different combination of Wilson coefficients!

R. Conlin, J. Osborne, AAP
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% Calculation of muon conversion probability involves interesting interplay
of particle and nuclear physics - and QED!
Ll +(A,2) = e +(4,2)
Dl + (A 2) — v+ (A, Z - 1)]

Measure R, = to probe NP

% Lepton wave functions are taken as solutions of Dirac equation
- with usual substitutions ui(r) = r g(r) and uz(r) = r f(r)

() =V ()

o a)x6.9)
V== ( if(r)x" (6, ) )

oo
* ... with Dirac equation in a potential V(r) = —e/ E(r")dr'
TN

:
E — 2 _(p) /d /
SINDRUM II (PSI), 2006 : Ry < 710713 (r) /0 rep® (r')dr

MZ2e goal : R, < afew x 10~

T S i S VNS S D i
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* Calculation of muon conversion probability involves interesting interplay
of particle and nuclear physics

% Nuclear averages are often done as an approximation. For a general quark operator Q

(N|QIN) = / 1 (Zp(r)(0|QID) + (A — Z) pu(r) (nlQIn)]
T p(n) densities —

_ Po 3 _
Pp(n) (T) 1 + eXp[(r _ C)/Z]’ /d Pp(n) (T) =1

% Matrix elements of light quark currents are easily computed
- since (my-me) << mn we can neglect space components of the quark current

(plar"u + cady’dlp) = 2 + cq
(n|uyu + cqdy dn) = 1 + 2¢q4

\ /

count number of quarks

% Gluonic contribution can be removed removed using anomaly equation or can be computed

T S S VNS E S T D LT U TS E NS R T R T RSN IS A s e e e e e S N N
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* Calculation of muon conversion probability involves interesting interplay
of particle and nuclear physics

% Nuclear averages are often done as an approximation. For a gluonic Rayleigh operator

Br L 9
a apur N — _ _
dovg GG V) 2

(N]| [Zg(g,p)p(p) + (A — Z)g(g,n)p(n)] ,

where GUYN) = <N|Z—SGZ,/G‘LW|N) ~ —189 MeV
0
% The (coherent) conversion rate is

_ _ 403\,

with ay = G@P) §@) 4 Glomn) gn)

(le* + les]?)

The overlap integrals S with muon and electron wave functions are
1 oo
S(p):_/ drr®ZpP) (g- g7 — f7F7),
Nl PP (9e 9, — fe fir)
1 oo
S(”):—/ drr®(A — 2)p\"™ (g- g~ — £ 7).
275 ) ( )" (9e 9,0 — fe )

T S S VNS E S T D
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% Contribution of heavy quarks can, in principle, be large even at low energies

% Two-loop sensitivity to NP in muon conversion experiment...

N’/e e

% ... becomes one-loop!

7 e
T H = gluonic couplings to hadrons are not
(always) suppressed!
q = NP couplings to heavy quarks are

not well constrained and could be large

AAP and D. Zhuridov
PRD89 (2014) 3, 033005

L>
\¢@
P
N
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Measuring CKM angles: ¢»; example

* Many different methods: see lectures by T. Browder and S. Prell
% One can also use a fact that initial state at Belle Il is quantum coherent

e which means that initial state can be CP-tagged
e can be done for both B, (at Y(4S)) or B, (at Y(55)). For B,

Acp = A(BSY — D7 K*) = (A1 + A2)/V2,
Acp = A(BSY - DYK~) = (A1 + 43)/V2.
with A, = A(B, » D;K*)and A, = A(B, > D;K™")

e measuring all amplitudes,

_ 2lAcel — |Ai2 - |Af?

Falk, AAP
2| A1]| A2 ’
2 Acp|? — A2 — |Asf?
g = 2HAcel” — [A41]" — |4y : sin2fy=:|:(a\/1—§2—5\/1—a2)
2| A1 || Ao

e analysis is similar for B; = D is similar, but coefficients are time-
dependent
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Models and effective Lagrangians

* Modern approach to flavor physics calculations: effective field theories [Ei

% It is important to understand ALL relevant energy scales for the problem at hand

Nl N
- ~

ALQ /"_ e (V4 |
N PN
ANP New Physics generates lepton FCNC
u, d,c,s,b, t

e e Scales associated with heavy SM

U particles (quarks, leptons)

t

o=
u,d,s,c,b

8 Y

heavy
quarks
decouple

t,b,c

Scales associated with experiment

4 g,
M K ¢
u, d
4 8,
L T S i S VNS S S T D D
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