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Why flavor?
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Matter sector: experimental data
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A couple of questions...

Gauge forces in SM do not distinguish between
fermions of different generations:

- e, M, T have same electrical charge

- quarks have same color charge

() () (3)

down, strange bottom

*  Why generations? Why only 3? Are there only 3?

*  Why hierarchies of masses and mixings?

* Can there be transitions between quarks/leptons
of the same charage but different aenerations? &

% %
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A couple of questions...

Gauge forces in SM do not distinguish between
fermions of different generations:

- e, M, T have same electrical charge

- quarks have same color charge

i A !
* Why generations? Why only 3? Are there only 3? “ ’ ’

down, strange bottom

% %

*  Why hierarchies of masses and mixings?

* Can there be transitions between quarks/leptons

of the same charage but different aenerations? &
\ /

The flavor puzzle
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Standard Model "solution”

A
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.. if you accept that, you should
probably also accept this:

. Alexei A Petrov

is excited that Tevatron excluded Higgs with masses
between 160 and 170 GeV. His favorite value is still intact!

Like - Comment £h3 IS
£ Rita Winters and 2 others like this.

Marc Sher And your favorite value is? Mine is 137.036, of
L7\ course

March 13, 2009 at 11:07am - Like

Alexey A Petrov It's(125 \pm 5 GeV)-- they will definitely
need LHC to get to thatone :~).

March 13, 2009 at 11:10am - Like

- Karen Atwell Falk Spoken like a true physicist.
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https://www.facebook.com/photo.php?fbid=4433025227042&set=a.1395149202040.55396.1331491680&type=1&relevant_count=1

1. Introduction: quarks

* Why study flavor-changing neutral currents?

% No trivial FCNC vertices in the Standard Model: sensitive NP 0
% Possible experimental studies in quark and lepton sectors E
- AF = 1 processes (b—sy , c—uy , etfc) W X
b . — . S
qb Vq.s
x 1/2
3 AMS® (GpM Y)? m?
Br§M = . B (GrMwmynyY) 1—4—2 | =(33+£02)x107°
TR Am 2 1Bp,So(Zt) Mg,

- AF = 2 processes (BE—mixing, IZ(-mixing, DE—mixing)
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Introduction: leptons

* Why study flavor-changing neutral currents?

% No trivial FCNC vertices in the Standard Model: sensitive NP tests

% Possible experimental studies in a lepton sector
- lepton-flavor violating processes
-4 — ey, T ey, etc.

-4 — eee, T Uee, etc.

- e —ey

- Z%— pe, Te, etc.

- K% (B, DY, ...) = e, Te, etc. (if kinematically allowed)

- K" (B, D, ...) = m'pe, m'1e, etc. (if kinematically allowed)
-y +(A,Z2)— e+ (A 2Z)

- lepton number and lepton-flavor violating processes
-(A D)~ (A Zr2)+ee

-p+(A,Z)— e+ (A, Z-2)
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Introduction: leptons

% Strong constraints exist on many of those processes
- some processes, will talk about others shortly

Babar BELLE

Channel L By, L By,
(fb1) (10~%) (fb—1) (10~%)

T — eTry 232 11 535 12

oty 232 6.8 535 45
™+ = (iﬁci 92 11-33 535 2-4

ri — etq0 339 13 401 8.0

Y 339 11 401 12

7+ = ety 339 16 401 92

* oty 339 15 401 6.5

T+ = ety 339 24 401 16

oty 339 14 401 13

BR (K — pe) < 4.7 x 10712
BR(B) — pe) < 1.7x107"  [Belle]
BR (B? — je) < 6.1x10°%  [CDF]

- very much suppressed in the Standard Model, e.g.

2 2

—54
Br(u — 3% Z Uei M2 <10

(2
[ S SO S VNS S D 3
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Searches for Lepton Number Violation
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* Let's concentrate on muon conversion (we are at FNAL after all)
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A, =3000 TeV

M =

f—— , ! _ 2
3000,/ A, TeV/c? - M, = 3000 TeV/c
B(Z — pe)< 10"

James Miller, 2006
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Muonic atoms

% Basic idea for the muon conversion experiment

% take low energy muons (~ 30 MeV) to be stopped ina
target A(Z,A-Z): muons cascade to atomic 1s state

% Binding energy and orbit radius for muonic hydrogen-like w
state
> Z’me*  Z°m
" 8n? n? muonic atom is 200x stronger bound

9 5 radius is 200x smaller
n n

r=—7sn~ ——

- Zrme2  Zm

* Radial wave function for hydrogen-like system:  fn; ~ rt 73/ large overlap for an
overlap probability:  p ~ r2¢ 73 «—— s-wave and high-Z
nucleus

Tl + (A, Z) — e + (A, 2)]

to probe NP
Tl +(AZ) v, + (A Z—1)]

Measure Rue =

Alexey Petrov (WSU & MCTP) ' 40 Fermilab, 18 December 2014



Experimental ideas

* Examples of nuclei suitable for muon conversion experiments

Nucleus R.(£)/ | Bound Atomic Bind. | Conversion Prob decay
R (Al) lifetime | Energy(1s) Electron Energy | >700 ns
Al(13,27) 1.0 .88 us 0.47 MeV 104.97 MeV 0.45
Ti(22,~48) 1.7 328 us | 1.36 MeV 104.18 MeV 0.16
Au(79,~197) | ~0.8-1.5 | .0726 us | 10.08 MeV 95.56 MeV negligible
J. Miller, 2006
* The experiment is tricky olls N
v Muon conversion gives monoenergetic electrons... > g_Free e decey §e \
v ...yet, there are other sources of electrons % L 72 DIO tail \
GS We”l i .:-_7 0 20 40 60 80"12‘9)
_ ' V@
u —e +v,+v, -decay (40%) g
w +Al— X +v, -capture (60%) s k o
u +Al—e + Al -conversion T e e e e
Electron Energy (MeV)

Czarnecki, Marciano, Tormo

| LT S i S VNS S D
Alexey Petrov (WSU & MCTP)
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Muon conversion experiments

SINDRUM IT (PSI, Switzerland)

Detector Solenoid

Electromagnetic

, Transport Solenoid
Calorimeter

Tracker Stopping
Target

Production Solenoid

Collimators

Mu2e (FNAL) -- hopefully...

Proton
Eean Production
Target

Alexey Petrov (WSU & MCTP)

38 Fermilab, 18 December 2014



Experimental considerations

L — ey, i — eee

« signal is combination of
final state particles

* accidental coincidences
limit usable . rate

Limits
Br(ut — ey) < 2.4 x 10712
[MEG, 2011 (link)]

Br(ut — ete"et) <1 x 10712
[SINDRUM-I, 1988 (link)]

Alexey Petrov (WSU & MCTP)

/I.N — eN

- signal is single electron track
« at 105 MeV

* Can take more muons/second

* Only need to see high
momentum tracks
(290 MeV/c)

R.e <7x10°13
[SINDRUM-II, 2006 (link)]

MuZ2e goal: single event sensitivity
few x 107

A. Gaponenko, CIPANP-2012

Fermilab, 18 December 2014



Phenomenology of muon conversion I

* Calculation of muon conversion probability involves interesting interplay
of particle and nuclear physics

, . . . Czarnecki, Marciano,
% Let's look at the vector/axial vector interactions as an example

Melnikov
¢ q°
Alp —e) ~ Viara e |vo (fro — fao7s) o~ + iaaﬂ% (fa + fE1ys) | w A%(q)
+ G—\/géfya (a —bys) i [@_wo‘u + ¢4 Jyo‘d}

N

need to calculate averages
over nuclear states

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

NIQIN) = [ & Zp, (1) 6IQIE) + (4~ 2) pur)(nl@Qln)

T~ p(n) densities —
Pty () = al / & prioy (1) = 1
PR T T expl(r — 0)/2] .

[ U S VS S D K
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Phenomenology of muon conversion IT

% Matrix elements of light quark currents are easily computed
- since (my-me) << mn we can neglect space components of the quark current
(play"u + cadydlp) = 2 + cq
(n|uy u + cgdy’din) = 1 + 2¢4

\ /

count number of quarks

% ... which gives for the effective Hamiltonian for the coherent muon conversion

Hiny = Hy + Ha + H3
H, = dre” / Bre(r)y0 (fro — Faroys) () pp(r)
H,— e / Bripe(r)igas (farn + Frrvs) Yu(r) FB (r)

Cj/f d*ripe(r)vo (a — bys) u(r)

X [Z(2 4 ca)pp(r) + (A = Z)(1 + 2cq) pn(r)]

integrate over lepton wavefunctions to get conversion probability

Hjz =

Alexey Petrov (WSU & MCTP) 35 Fermilab, 18 December 2014



Phenomenology of muon conversion ITT

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

% ( Z; ) - ( —(W:H‘{'T— m;) W_n‘;:mi ) ( Z; )

[ U S VS S D K
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Finally, the answer!

% The conversion rate can be written as Bﬁg = Tconv(t™ N — € Ngs.)/Tcapture(t™ N)

_ 2

Fcom; — /d/ma2 fEO(T) (ge_g; _I_fe_fu_) + fxl ( f _|_f gM) Ccll‘,:
_ 2

+/d7“7“2 fMo(T)(ge_g,:‘i‘f;f,:)‘Fle( cf I gﬂ)cfi‘;

Czarnecki, Marciano,

where we defined Melnikov

fro = —fro 47TZ2app( ) + %a [Z(2+ ca)pp(r) + N(1 + 2ca) pn(r)]

Faro = —Foo ey pplr) + iib[mw)pp(r)+N<1+2cd>pn<r>1

% Now, for a particular model (Z' exchange): femyi=0, b=a, ac4=(9.°-9.!)/2, a=(g9.,°+g.!)/2

lg\°] < 3.9-107, |gv!| < 9.7-10°

Alexey Petrov (WSU & MCTP) 33 Fermilab, 18 December 2014



2. Muon conversion: Effective Lagrangians

* Modern approach to flavor physics calculations: effective field theories

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

o , ]
ll\\//q KL Ao
I ,u.\\//e

| :
o 4 VA4
| :

other New
Physics models

w e
! ~ (& Scale of the
v q q conversion

u (d) u(d) experiment

2 LT U TS R NS R T R T RSN IS A s e e e e S N N
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Effective Lagrangians: dim 6

* Naive power counting: largest contribution from lowest dimensional operators

12
% Can write the most general dim-6 Lagrangian [,(6) = % Z Z ngelengeleg + H.c.,

1=1 ¢

- scalar operators Q‘{elez — ( 1R£2L) (QRQL)

2V

312 = (C1rlor) (TLaR),

4% = (L1p2r) (GrAL),

7% = (L1.42r) (qLqR),
- vector operators Qq€1€2 _ (Z1L7”E2L)(6L')’MQL)

4% — (0 .v*o1) (GrVuGR);

geleg = (L1rY"42r)(qLYuqL),

48 — (0 ry*4or) (GRYLGR),

- tensor operators (do not contribute to considered processes)

[ U S VS S D L U T E NN I TSI IR N T S L e T U S R
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An example in a particular model:

% Consider an example: FCNC Higgs model

e.g.

% Couplings of new physics to light quarks are suppressed...

[ S SO S VNS S D L U T E NN I TSI IR N T S L e T U S R
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Effective Lagrangians: dim 6

% In principle, can separate contributions of different operators by looking at different nuclei

25

13)

1.5 F

Byn— eidZ) | Buy—en(Z

0.5 F %

0 L : L . " : . . " Kitano, Koike, Okada, 2002

0 10 20 30 40 50 60 70 80 90 100

% It appears that some models are not probed well by dim 6 operators

% What about higher-dimensional operators? Just like in Fermi theory of weak interactions

1 1 q°
J J — ——J1, IS — —J1,J5 + ...
1Nq2 _MI%V 2 M{%V 1p2 M{/LV 1p2 +

suppressed by the highest scale

Alexey Petrov (WSU & MCTP) |
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This is not entirely correct!

[ U S VS S D RIS NS St LS S IV S AR S R WA M L S AL e s L e
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——

] THNK HES CROSSED THAT THIN LINE
GROM SPECULATIVE FICTION INTO OUTRIGHT FANTASY."
S. Harris
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A counter-example

* Consider other FCNC:; e.g. in kaon decays:

% Main contribution is from dim-6 operators:

- o uct = W =

d s d S—— NNV
W -
uc,t eMT
Z
v v v a—>—/vvv\vyvvvv~—>—v

FIG. 1. Penguin and box diagrams responsible for K+ — ntvi.

2 2
B(K* — w+vp) = [(I‘;‘f‘ X(m) ¥ (i‘}? 5 Xl (o) + o x(xt)) ]
l

% ... but there is also contribution from dim-8 operators:
a chunk of uncertainty due to charm mass

Falk, Lewandowski, AAP (1998)

Remember to take into account charm scale!
[ L T S A SO S VNS ST D RN RSt L A L IV S AR AR A T AR L O A A S Fd e e T e o]
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A counter-example

* Consider other FCNC: e.g. in kaon decays: K+ — ntup

% Main contribution is from dim-6 operators:

- act - _ —
d s d s—<—/vvv\vX/\/vv~—<—v
W -
uct et
/ W
v Vv v d—— rvvrnvvvnt—s—v

FIG. 1. Penguin and box diagrams responsible for K+ — ntvi.

2 2
B(K* — w+vp) = [(I‘;‘f‘ X(m) ¥ (i‘}? 5 Xl (o) + o x(xt)) ]
l

3 d 3 v
% ... but there is also contribution from dim-8 operators:
a chunk of uncertainty due to charm mass
e.u,T
v v i v

O} = 5v"(1—4°)d (i) [y, (1 — ¥*)u] ,
05 = 57"(1 —7°)(iD)*d iy, (1 — 4" )r + 259" (1 — 7°) (iD*)d iy, (1 — 7°) (18, )y

- 5\ 7 — BY (292
+57"(1 = 7°)d oy, (1 — ) (i0) v, . Falk, Lewandowski, AAP (1998)
Remember to take into account charm scalel
[ L T S S SOVNESE T D
Fermilab, 18 December 2014

Alexey Petrov (WSU & MCTP) 26



Muon conversion: Effective Lagrangians

* Modern approach to flavor physics calculations: effective field theories
% It is important to understand ALL relevant energy scales for the problem at hand

W e

Anp >< New Physics generates lepton FCNC
u,d,c,s,b, t
w €
T e
¢
t cee heavy
quarks
u,d,s, cb decouple
g g
mp
€
Me . . n
>< t,b, c
: Scale of the conversion experiment
u,
g g

| T S A S VS E S D
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An example in a FCNC Higgs model:

* Contribution of heavy quarks can, in principle, be large

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

,U/e e

% ... becomes one-loop!

[ T S L SO VS S DS ¥
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An example in a FCNC Higgs model:

* Contribution of heavy quarks can, in principle, be large

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

H/e e

% ... becomes one-loop!

ESREEEREFINTYAT | TOERE L ;
Alexey Petrov (WSU & MCTP) 24 Fermilab, 18 December 2014




Effective Lagrangians: dim 7

* Let's integrate out heavy quarks and concentrate on gluonic operators

4
7 1 Z 0105 E1E
£‘g1%2 = F Czl 201:1 2 +H.C.,
i=1

AAP and D. Zhuridov

: N |
% we can calculate their contribution to tau decay rates! PRDS (2014) 033005

% c; probe couplings of heavy quarks to New Physics

2 LT U T R NEONCE N I R TR I A s e e e U S T
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Effective Lagrangians: dim 7

* ... get an effective Lagrangian

...Where we defined operators

...and Wilson coefficients

AAP and D. Zhuridov
PRD89 (2014) 033005

[T S i S VNS S D
Alexey Petrov (WSU & MCTP)

7
Lit, =

02 = [ plyr,
0ty 7

052 = l1rlar

055 =l 14oR

Oﬁlb = 0110oR

L1452

£1£2

1Y%

2182

22

4
% Z c,fleZOfle2 + H.c.,

BL

4o

BL

4o

BL

4o

BL

4o

a apv
G/,w G ’

a yapv
GWG ,

a apv
G, G*,

a yapv
G,uu G,

_“ Z Il(mQ)(qulfz_l_nglEg),

q-c b,t Mq
% I2(mq) (Ci]hfz _ Cghez)
bl
g=c,b,t q
_ _“ Z Il(mq ( qel£2+ (15122)
- ’
q-_c b,t
B M (Ct:ta _ patstay
m, 3 4 ’
g=c,b,t
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Effective Lagrangians: dim 7

% Just like before, let's calculate the conversion amplitude (lepton part is identical)

° 7 T o
MZ%N’ = KQITQ fd3;z; [(clgb'l:,( )PL'QD(M) + C3¢N(6)PR,¢(M)) <NI|4_;quGa,uu|N>

_ o ~
+ (Pl + et PRl ) (V| T2 G, G V) |
% Use the same approximation to relate nucleon and nuclear matrix elements...

(¥, cm0 )

4astpr
=——[ZG(‘H’ )p(P) 4 (A — Z)Gl9mpm)]

% ... and calculate (relevant) parity-conserving nucleon matrix element

a gyapv
— G4,G%
/1

(gN) —
G <N ‘

N> =-189 MeV

[ T S L SO VS S DS ¥
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Numerical estimates

% Conversion probability (factoring out lightest heavy quark mass)

4
I“conv(fllv - eN) = F(lcl |2 + |C3|2)a%/'

* ... where we defined ay = GUP)§P) 4 Glon) §(n)

1 [ —
S(p) = m/o d'l"’f‘zZ,D(p)(ge gp, o fe fp, )’

% ...and also
L[ () (= —
s = m/o drr*(A— 2)p" (92 g, — fo £)
00 Nucleus | Model | ¢, fm | z, fm | S® S
Pp(n)(T) = wIli | FB | — — | 0.0368 | 0.0435
1+ expl(r —¢)/%] I97Au | 2pF | 6.38 | 0.535 | 0.0614 | 0.0918

Alexey Petrov (WSU & MCTP)

TABLE 1. Nucleon densities model parameters and the overlap

integrals in the unit of mf/ ? for several nuclei.

IS e DL S F IV S A A S T AT L o A R L S Bk e L ]
Fermilab, 18 December 2014
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Numerical estimates

% Conversion probability

B{Xg = 1-‘conv(/o’l_]v — e_Ng.s.)/Fcapture(Pf_N)

% ... results in constraints on scale/Wilson coefficient

Coefficient Bound on |c¢f|/A?, GeV™
Conversion on 3Ti ~ Conversion on 13’ Au

c 5.7x 10712 2.6 x 10712

C2 N/A N/A

C3 5.7 x 10712 2.6 x 10712

C4 N/A N/A

* Important: can only probe parity-conserving operators!!!

Alexey Petrov (WSU & MCTP) ' 19 Fermilab, 18 December 2014



2a. Leptoquarks as an example

% Leptoquark interactions
- scalar leptoquarks

Ls = (ALs,q1iTlL + ARS,UR€ER) Sg + ()\le/z’&REL + )\Rsl/quiTzeR) 51/2 + H.c.,
- vector leptoquarks

Ly = (/\LVO(IL’YMEL - )\RVOJR’YueR) me — ()\LVI/zd—ﬁz’ngL - )\RVl/Q(ﬁ,’YueR) Vll;]; + H.c.,

Davidson, Bailey, Campbell

[ S SO S VNS S D L U T E NN I TSI IR N T S L e T U S R
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Leptoquarks (cont)

AAP and D. Zhuridov

% Integrating out scalar LQ, we get the following dim 6 operators PRDS9 (2014) 033005

e )‘p. /\RS )‘LS

MRS (00 ) (1) + 2 LS (5 ()
2M 51 /2

M )‘Rsl/z/\LSW

+ L0 (erur) (Ft5) + (ezur)(rtr) + Hee.,

2M 51/2

% Integrating out vector LQ, we get the following dim 6 operators

e Ak _ ALV, 1, ARV,
S (EnuR) (brbr) + — 2" (eLnr) (b3b%)
Vo Vij2
AN ALv, MRV
+ A}—O(eR#L)(bLbR) 11\2,22 2 (egpur) (b3b%) + Hee.
Vo Vi
using Y§ YSE = —T Pripd = 1haph1R we get our old operators
[ T S L SO VS S DS LT U T R NEONCE N I R TR I A s e e e U S T
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Leptoquarks (cont)

% Thus, we get the operators from our general basis

e )M _ ARs, ,A\Ls
%(éRﬂL)(tLtR) + —5""(epur)(trtL)
So 81/2
/\N )€ )‘I;ZS )‘%S
+ %@mxm) + —25—"(eLpr)(frtr) + He.,
51/2
and
e A\K v, . ARV,
LX(/,IzRVo (erur)(brbr) + ——25—"2 (&rur)(brbr)
V1/2
Ao \e _ )‘LV )‘RV
+ LV]\(/)IzRVO (erpr)(brbr) + 1/2 2 (ernr)(brbL) + H.c.
Vo V1/2

% ... and so we can get constraints on leptoquark parameters

Alexey Petrov (WSU & MCTP) | 16 Fermilab, 18 December 2014



Leptoquarks (fin.)

% Correspondence table

Factor in £g},

Expression through LQ parameters

;

. C
A2MQ

e H
’\Rs1 /2 ALSI /2 )
2
S1/2

H e
ALV1 /2 '\RV1/2 )

p)
Vi/2

e M
e (1 MasgMos | “RS127LS1)2 n 2i§- ~ ALv Ry,
A2Mqg my Mgo M§1/2 My M‘z’o

1 (A
+2T—nJ;(

n
ARS:/z ALs) /s )

— L T (ARSQ;\LSO 2 + 2£ ’\LVO;\RVO LV1/22 R‘ﬁ/z)
A2 Mg, ms MZ, ME me MZ, 7

e I (’\RSo;\LS _ RS 1pTLSyp gl (’\iVo;\';%Vo AV ’“’1/2)
AZMg ms MZ, % me M7, T

| T e VNS S S D
Alexey Petrov (WSU & MCTP)
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Leptoquarks (fin.)

% ... or humerically

MG |/\§zs )‘lIL,S |
s Xisol _ 22 <263 x 1071 MeV 2,
MSO MS
1/2
from c2 |/\# e |
s LV, 5 RV,
ALvoARve | 2 T2 352 x 10717 MeV2,
MVO MV
1/2
p\= |)“1Lzs ALs |
Nesodisol _ PRS2 LSl g g 0715 \ey-2,
M2 M3
from cs4 1/2
2 ASv, . ANav: |
AT 2 TR <352 x 1071 MeV 2,
MVO V;
1/2

* Important: can only probe parity-conserving operatorsl!!

[ T S L SO VS S DS ¥
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What about taus?

vz'o 2o :.0:10::.03.@101"'* BB Y\

| Llllllll 1 llllllll |

1 lllllll

1l

> 0 P01t VO I Ihh Ah
L
S 10° ‘
5| .

- 10 = ® o ®%%g0 ®e® o ° o
e - eo® ¢ o o
S C o ° o o

- o o o O
- **%,¢ ¢
— 6 @
— 10 - o0
‘49 — v
w b

B \ 2
:.é B M v Ty M Y v’
= A YTV Y M v v VoV
" 10-7_ v Vy

~ A A A
) - VA X A v vy ¥
& iR v VY v AA A A A A A

v Aly aa a4 A Y YY A aa A A 4,
-1 A v X v M
. = A A A1, Y Ay, 42 A
- ) X
O 10°=
X sHENEEEEEEEE e
8 TERRFFE ARSI T e u;aa :L:S.G):Lh'l:xx r:n:xg’x!m:xxxg<l<<l<

q’imz_ol@imia’iw:. q.):. 010:‘1.0: 001110 l‘-il"s' gg!!xfxoxmwl* :g_qf:;_g gxx

Winter 2012

® CLEO
v BaBar

| & Belle

Alexey Petrov (WSU & MCTP)
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What about taus?
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What can we learn about NP from this data?
Can we probe parity-violating operators?
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3. Effective Lagrangians for tau decay

* Modern approach to flavor physics calculations: effective field theories
% It is important to understand ALL relevant energy scales for the problem at hand

T €

New Physics generates lepton FCNC
Anp >< ysies 3 P
u,d,c,s,b, t
T €
T (Y
¢
>< t cee heavy
quarks
u,d,s,c,b decouple
g g
mp
T
Me T e ’
>< t,b,c
. Scale of the tau decay experiment
u,
g g

| T S A S VS E S D
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Effective Lagrangians: dim 7

* ... get an effective Lagrangian

...Where we defined operators

...and Wilson coefficients

AAP and D. Zhuridov
PRD89 (2014) 033005

[T S i S VNS S D
Alexey Petrov (WSU & MCTP)
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052 = l1rlar
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4
% Z c,fleZOfle2 + H.c.,

BL

4o

BL

4o

BL

4o

BL

4o

a apv
G/,w G ’

a yapv
GWG ,

a apv
G, G*,

a yapv
G,uu G,

_“ Z Il(mQ)(qulfz_l_nglEg),

q-c b,t Mq
% I2(mq) (Ci]hfz _ Cghez)
bl
g=c,b,t q
_ _“ Z Il(mq ( qel£2+ (15122)
- ’
q-_c b,t
B M (Ct:ta _ patstay
m, 3 4 ’
g=c,b,t
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Tau decays and heavy quarks

% Let's compute FCNC tau decays

SIS T 1T

Alexey Petrov (WSU & MCTP)

|
3

10
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Hadronic physics T

% To calculate FV tau decays we need a bit of hadronic physics

- matrix elements of parity-conserving operators
(m* 7~ |dq|0) = (KK ~|qq|0) = 6," Bo
(M* M~ |37,9/0) = &G (@) (p+ —p-),,
2 5

+ —% apuv a — _=
(MM~ -G G, [0) = — 5,

- .. where Bo=1.96 GeV from m2 = (m, + mq) By
Black, Han, He, Sher

bag

GH"G, + Z mqqq

q:u7d7s

- ..and sed O} = —
and we use " -

Voloshin

[ S SO S VNS S D :
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Hadronic physics IT

% To calculate FV tau decays we need a bit of hadronic physics

- matrix elements of parity-violating operators

(M (p)|@v*v5q|0) = —ibg f ",
(M (p)|354/0) = —ibgh,
(M(p)| =G G, |0) = an,

- .. where g=u,d,s and b, 4=1/2"2, while bs=1

- ..and in the FKS scheme of eta-eta’ mixing

m2/ - m2
an = —% sin2¢(—fqquin¢+fsCOS¢),
m2/ - m2
an, — —nTn sin2¢ (fqbq Sin¢+fs COS¢))
T LT ki MAESE 0 D LT U T AT E NN R T R T T RSY E r  r

Alexey Petrov (WSU & MCTP) 8 Fermilab, 18 December 2014



Bounds: parity conserving

% Looking at the scalar operators only

dr (1 — ¢M*+ M) m, 2 2
dg? ~ 32(27)3A4 [lAMM| + [Baa ]
B 4m?,

X 1

.. with the following coefficients

#

2
q2)

m2

2C€T 2 1 gét gfr \ M
Apyy = —Tq +§ Z (Cl + C5 )5q B,
q=u,d,s
-
Bym = —%Cf + % > (Cgh + Cgh) 84" Bo.
g=u,d,s
Bound on |c{™|/A%, GeV 2
Coef |B(tr —wpn n ) |B(tr—men n™)|B(t —» uKT"K™)|B(t = eKTK~)| B(tr = un') | B(r —en) | B(t — pun) | B(t — en)
<21x10°% <23x10°8 <44 x1078 <33x107% |<13x1077|<16x1077|<1.3x1077|< 1.6 x 10~ "
c1 6.8 x 1078 6.5 x 1078 9.4 x 1078 82 x 1078 — — — —
Co — — — — 23x1077 | 25x 1077 | 1.6 x 1077 | 1.5 x 10~7
cs 6.8 x 107° 6.5 % 107° 9.4 x107° 82x107° - - - -
cs - - - - 23x1077 | 25x 1077 | 1.6x 1077 | 1.5 x 107"

Alexey Petrov (WSU & MCTP)
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Bounds: parity violating

% Again, looking at the scalar operators only

I r— ut) = g lAsel + Barl?]

- ... with the following coefficients

21 o Y Y b,h’ 21 T qg"' qbt b h’M
== abr gtr ZalMm BM=——c apm + E
Anr 902 ay + Z (C’ - C7 ) i 4 3 4m,
q=u,d,3 q qg=u, d S
1 1
qlT qbr q qlT qbT q
T M (Cs -G )bqu — oM E : (05 —Cs ) befu
g=u,d,s Q=U,d,5
1 ¢ ¢ 1
- qeT gLT q 4 £
- sme 3 (8- cg) by + ~m, (37— cg') bafly
g=u,d,s 2 _
g=u,d,s
Bound on |c{™|/A%, GeV 2
Coef |B(tr —wpn n ) |B(tr—men n™)|B(t —» uKT"K™)|B(t = eKTK~)| B(tr = un') | B(r —en) | B(t — pun) | B(t — en)
<21x1078 <23x1078 <44 x 1078 <33x107% |[<13x1077|<16x1077|<13x1077|< 1.6 x 1077
c1 6.8 x 1078 6.5 x 1078 9.4 x 1078 8.2 x 1078 — — — —
co - — — i 23x1077 | 25x1077 | 1.6 x 1077 | 1.5 x 1077
c3 6.8 x 107® 6.5 x 1078 9.4 x 1078 8.2 x 1078 - - — -
ca - — — - 23x1077 | 25%x1077 | 1.6x 1077 | 1.5 x 107"

Alexey Petrov (WSU & MCTP)
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3a. Leptoquarks as an example

% Leptoquark interactions
- scalar leptoquarks

Ls = (ALs,qtimelr, + ArS,UReER) Sg + ()\LSI/Q’I_LREL -+ )\Rsl/quiTgeR) SI/Z + H.c.,

- vector leptoquarks

Lv = (ALvo@ryule + Arvodryuer) V' et (/\LV1 ,ﬂ?ﬂﬂz, + ARy, /ﬂiweR) V{?; +H.c.,

% Matching to the general result above, get

Davidson, Bailey, Campbell

C¥/A?| Expression ||C¢/A*| Expression
Aflu £ou £9b £1b
cy RSy /2" LSyy9 cg LVija"BVy g
A2 2M2 A2 MZ
RN TR
1u yEou -2 1
Q%‘_ Arsg*LSg gg_ ALvp ARy
A 2Mg A- M,
fou (fqu £1b [ £9b
cy Arsg*Ls cg ALV ARV
A2 2M3 A2 M3
0 0
Afgu ,\flu 4 £1b £ob
cy RSy/2" LSy/2 C LVys2" RVy /2
A 2M 2 A’ 2
S1/2 Vije

Alexey Petrov (WSU & MCTP)
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Leptoquarks as an example

% Leptoquark interaction parameters for tau-mu transitions

l)‘RS AT, | Ly RS LS.l
B ol 1/2 1/2 —4 _2.
0 1/2
b
ATE, \HD |)‘LV ARV, |
| LK} RV0| _ 1/"’2 M2 < 4.4x1078 GeV 2
Vo Vi

% ... and the same for tau-e

|ARSO LS()l l R51/2 L5'1/2| —4 —9
g = <22x 1074 GeV 2
So 51/2
A\Tb AT LV RV |
ALv AR | _ 2 T2 4.2 %107 GeV
M2 M
VO V1/2

AAP and D. Zhuridov
PRD89 (2014) 033005

[ T S L SO VS S DS LT U T R NEONCE N I R TR I A s e e e U S T
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4 What about neutrinos?

* Similar effective Lagrangian, but different assumptions (and less operators)

v v

(v) )

Cq ~
L= 25 (Trrr) Gy, G + 25 (Trus) Gy, G ¢

g g

v _ 201 Limg) v | v
1 __547452 - (CT" +C57),

— q
...with Wilson coefficients 2 g =c,b,t .
(1/) 1 OL 2(My qu B qu
“ 9 4ay qzc:bt Mg (¢ 2)

AAP, to be published

Can constrain both flavor-changing and flavor-conserving interactions

- can constrain NSI of neutrinos with heavy quarks
- ..but need to know absolute flux of neutrinos, expt?

* Can other (but related) quantities constrain NSI with heavy quarks?

[ U S VS S D L U T E NN I TSI IR N T S L e T U S R
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NSIs and neutrino’'s magnetic moment

* Same effects can be constrained with electromagnetic probes

~Jja

_-Eeff C zMif(l_/ﬁFaf)(fFaVa) + H.c.

f f

..which leads to neutrino magnetic moment contribution > >
Vq V3
_ 0 _Zéq NCQq mem, 0 M? Healy, AAP, Zhuridov
Hap = Mop 4 a2 P2 m§ KB PRD87 (2013) 117301

Experimental constrains on magnetic moment (best form astro): u, <3X 1072 up

- .. with (almost) no background from SM:  wj* = 3.2 X 10_20( m; )MB

0.1 eV
m,+m: 2
psM =~ —4 X 10—2“(70‘1 evj) > (ﬂ) UpUejmes
. - t=ep, 7\
.. can therefore constrain NSIs: i

TABLE I. Upper bounds on the couplings egﬂ.

€| 3.9 l€d,| 0.49 €| 0.49

€6l 3.0 1072 €2l 3.3 x 1072 A 1.7 x 1073

] 2.6 x 1073 A 1.2 x 103 €] 4.8 x 105

Alexey Petrov (WSU & MCTP) ' > Fermilab, 18 December 2014



5. Conclusions

> Flavor puzzle is still a big problem for particle physics
- 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

- charge lepton transitions offer practically SM-background-free playground
* large contributions from New Physics are possible, but not seen
+ EFT approach can be useful in studies of muon conversion
* ... as current methods rarely go beyond dim-6 operators
* ... and thus do not constrain NP-heavy fermion couplings very well
» New data from Belle-II, but also from LHCb on tau decays!
> Similar physics contributes to NSI and neutrino's magnetic moments

> Maybe flavor physics will be the first place to see glimpses of New Physics
» ..but then again, maybe not.

Alexey Petrov (WSU & MCTP) | 1 Fermilab, 18 December 2014



Thank you for your attentionl
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Thank you for your attentionl

Hopefully, T did better than him...

[ S SO SOV S D A
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Additional slides
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“Frankly, I even find it hard to believe S Harris
some of the things I've been coming up with."” - Harr

BRI N P S L G SN E IS AU LM R IR I L B L s P e L
ber 2014
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