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Plan of the lectures

Review symmetry and symmetry breaking

Introduce the Standard Model and its symmetries

Beyond the SM:
* hints from current discrepancies?

o effective theory perspective

Discuss a number of “worked examples”

* Precision measurements: charged current (beta decays);
neutral current (Parity Violating Electron Scattering).

 Symmetry tests: CP (T) violation and EDMs;
Lepton Number violation and neutrino-less double beta decay.



Beyond the SM

® Big open questions and
experimental anomalies
point to the need for
new physics.

No Matter, no Dark Matter, no Dark Energy

® Search broadly at the

A
energy and intensity / "
precision frontier

VEW

|/Coupling




Models of new physics

Extended gauge group: (SU(2)Lx SU(2)r x U(I),...),
Grand Unified group (SU(5), SO(10),...) A
M

Extended particle content (2HDM, ...)
New symmetry: Supersymmetry
Composite models (QCD-like EWSB)

Dark sectors

VEW

Combinations of the above .
|/Coupling
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Extended gauge group: (SU(2)Lx SU(2)r x U(I),...),
Grand Unified group (SU(5), SO(10),...) A
M

Extended particle content (2HDM, ...)
New symmetry: Supersymmetry
Composite models (QCD-like EWSB)

Dark sectors

VEW

Combinations of the above .
|/Coupling

In the following, | will assume that new physics originates above
the electroweak scale and discuss its low-energy footprints in
the framework of effective field theory




The low-energy footprints of Lasm

A
® At energy EeXP << MBSM’ E SMparﬁ\cjes BSM partic les
new particles can be Mesn B -/

“integrated out” —

S :
® (Generate new local VEW I T > A
operators with
coefficients ~ g*/(Mgsm)"

Eexp << MBsm e A




The low-energy footprints of Lasm

® At energy Eexp << Mgsm, E 1 e BSM partic
new particles can be Mo ——---- /
“c: 9 BSM ) S
integrated out —
o :
® Generate new local VEW I T > A
operators with s
i ~ ok n
coefficients ~ g“/(Mgsm) Eoro - Mash >
a )
Familiar | > @ >
example: W g << My? e
9 Gr ~ g-/Mw )

Effective Field Theory emerges as a natural framework to analyze low-E
implications of classes of BSM scenarios and inform model building



EFT framework for BSM physics

E 1 SM particles
Assume mass gap N B parti
Mgsm > GF'I/2 ~ VEW Mgsm : ’/
Degrees of freedom:
SM fields (+ possibly VRr) VEW I Eaal S
Symmetries: SM gauge s
group; no flavor, CPB,L  E.., -- Masw A

EFT expansion in E/Mgsm, Mw/Mesm [Oid) built out of SM fields]

cB c®
— 09 4 > e o + ...

C; [gBSMa ]\"‘fa/ Mb] [ N\ < Masm ]




EFT framework for BSM physics

E 1 SM icles : .
® Assume mass gap "X B5M partic
Mesm > Gr 2 ~ vew Masw : N
® Degrees of freedom:
SM fields (+ possibly VRr) VEW I STy
® Symmetries: SM gauge s
group; no flavor, CBB,L  E.., -- Mssw =

e EFT expansion in E/Mgsm, Mw/Masm [Oil¥ built out of SM fields]

® (lasswork: work out canonical mass dimension of fields
® Spinor: [Y]=3/2,

® Scalar and vector: [] = [V,] =




Connecting scales

To interpret (positive or null) searches in terms of new physics at A > ve need several steps

E

f [ BSM dynamics involving

new particles with m> A
Pl «— (Lo
A SU(3)xSU(2)xU(I)
Weak scale operators
(d)
(tn 4 p .
>WZ< >< «—> {Esw l Z Y 105,1}

Mz i SUB)xU(1)em

=< > [‘:"ermi*Z 70 }

+ Loep + LoeD

Aii (~GeV) i lNon_pe,mrbaﬁve Ch.i ral EFT
matching Lattice QCD

%ﬂ,n,p, . [ Lrn,. J




Connecting scales

* To interpret (positive or null) searches in terms of new physics at A > vew need several steps

# [ BSM dynamics involving ]

new particles with m> A

M
ﬁf < 5 —> [ Lpsm j
SU3)xSU(2)xU(1) LHC
A Weak scale operators Phenomenology

(d)
-~ p° d)
>WZ< >0< > {Csw i L A 105,1]

d>5

E

My 2 ¢ s
Ci
e S — | T
t Locp + LoED :
Ax (~GeV) i lNowpeﬂl{rbamve Chl ral EFT
matching Lattice QCD

%n,n,p, . &> [ Lrn.,. J

 If A>fewTeV, can use EW-scale Le for LHC: connection of low-E and collider phenomenology




Guided tour of Lcf

C

A

c® .
Leg = Loy A A o®) + Z

® Dim 5: only one operator

C = 17270

P = < 5::; ) N ( o ) Odim=5 — €TC€99 ‘19T€€ € = 109

®
0P + ...

Weinberg 1979



Guided tour of Lef

ct) . c'®
Leg = Lsy A 0¥ + Z 0 + ...

® Dim 5: only one operator Weinberg 1979
p" A C' = 17270
[ ¥ o V], . T o AT 127)
v—<¢o> €—<6L> Odlm=5_[ C&p © el € = igo
® Violates total lepton number ( — "/ e — e'%e

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

(p) = ( 2 ) X v?

1
—\ l/}j (Y Vg,

2 Odim:S
A

o “See-saw”: m, ~leV — A~ 1013 GeV



® Explicit realization of dimension-5 operator in models with
heavy R-handed Majorana neutrinos




® Or with triplet Higgs field:

~ e
e
~
-
~
-
~
-,
~
-
~
-
~
-
~
-
~
-
~ -
NS




Guided tour of Lef

C

®) !
Leg = Lsy A 0¥ + Z

% (6)
A2 0" + ...

A

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

No fermions ﬁé% M O
é

Two fermions é
U/

Four fermions ><




Guided tour of Lef

o6 6
Leg = Loy A A O®) 4+ Z \’2 Of:) + ...

e Dim 6: affect many processes Weinberg 1979
Wilczek-Zeel 979

Buchmuller-Wyler 1986, ....
Grzadkowski-Iskrzynksi-
Misiak-Rosiek (2010)

® B violation
® Gauge and Higgs boson couplings
o CPV, LFV, gFCNG,...

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

® EFT used beyond tree-level: one-loop anomalous dimensions known

Alonso, Jenkins, Manohar, Trott 2013



e Comment #l: Oi¥9 can be roug

Two classes of probes

-

-

nly divided in two classes

N\

~

(i) Those that give corrections to SM| | (ii) Those that violate (approximate)
“allowed” processes: probe them with | SM symmetries: mediate rare/

precision measurements ([-decays,
muon g-2, Qw,...)

forbidden processes (qFCNC, LFV,
LNV, BNV, EDMes)
-

J

Starting Improved
Point ® O Expt

N\

Theory uncertainty
“smears” these
sharp lines

SM

7
N

Point

' étarting

1

New

SM

Improved
Expt

Figure copyright:
David Mack



e Comment #l: Oi¥9 can be roug

Two classes of probes

-

-

N
(i) Those that give corrections to SM

“allowed” processes: probe them with
precision measurements ([-decays,

muon g-2, Qw,...)

nly divided in two classes

4 )
(i) Those that violate (approximate)

SM symmetries: mediate rare/
forbidden processes (qFCNC, LFV,

LNV, BNV, EDMs)
-

J

® Comment #2: each UV model generates its own pattern of
operators / couplings — different signatures in LE experiments

Therefore, LE measurements provide the opportunity to both
discover BSM effects & discriminate among BSM scenarios

(maximal impact in combination with the LHC)



Physics reach at a glance

This equation at work

Figure copyright:
SH . David Mack




Physics reach at a glance

B Future

B Current

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

(&-2)

CC (P)

CC (V)

CC (5,T)

NC (Moller)
NC (eq)

0 2 4 6 8 10 12 14 16 18
EWSB GUT Planck

Logio [N\i(GeV)]

® Caveat: horizontal axisis A/C®), A/[CZ-(G)]‘W2 e

® So beware of couplings, loop factors, approximate symmetries , etc



Physics reach at a glance

B Current B Future

Proton decay
Neutrinos (LNV)
LFV (muons)
Quark FCNC
EDM:s \

(&-2)

CC(P) Rare / Forbidden processes:

CC (V) B, L, LF, CP violation searches

CCET) have largest reach |-- special

NC (Moller) status of “flagship’l searches
NC (eq)

0 2 4 6 8 10 12 14 16 18
EWSB GUT Planck

Logio [N\i(GeV)]

® Caveat: horizontal axisis A/C"), A/[C,L-(G)]l/2 e

® So beware of couplings, loop factors, approximate symmetries , etc



Physics reach at a glance

B Current [ Future

Proton decay

Neutrinos (LNV)
LFV (muons)
Quark FCNC
EDMs
(8-2) Precision measurements:
CC (P) All overlap with LHC reach.
CC (V) I relevant in the program of
CC (S,T) <« reconstructing the new S
NC (Moller)
NC (eq)
0 2 4 6 8 10 12 14 16 18
EWSB GUT Planck

Logio [N\i(GeV)]

® Caveat: horizontal axisis A/C®), A/[Ci(G)]l/2 e

® So beware of couplings, loop factors, approximate symmetries , etc



Next steps

B Current B Future

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

(&-2)

CC (P)

CC (V)

CC (5, T)

NC (Moller)
NC (eq)

0 pi 4 6 8 10 12 14 16 18
EWSB GUT Planck

Logio [N\i(GeV)]




Plan of the lectures

Review symmetry and symmetry breaking

Introduce the Standard Model and its symmetries

Beyond the SM:
* hints from current discrepancies?

o effective theory perspective

Discuss a number of “worked examples”

* Precision measurements: charged current (beta decays);
neutral current (Parity Violating Electron Scattering).

 Symmetry tests: CP (T) violation and EDMs;
Lepton Number violation and neutrino-less double beta decay.



Precision measurements as
probes of new physics




Charged Current
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electrode ‘ Penning
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B-decays and BSM physics

® |n the SM, W exchange = V-A currents, universality

4 )
/\\ )

Ui e, u,T
gV, g ~ SUSY, Z,
—— _ charged
W + >< | 1 . Higgs,
—_———— leptoquark,
\’
d; l 1

_<)

L Gr ~ g?Vi/My? ~ 1 /v? | /\? ~




B-decays and BSM physics

® |n the SM, W exchange = V-A currents, universality

4 )
/\\ )

= == ==

Yi e, M,T
gV, g ~ SUSY, Z,
—— — charged
W + >< | | . Higgs,
—_——— leptoquark,
\’
d; l 1

><

% Gr ~ gZVij/sz ~ | /v? | //\2

® Sensitivity to broad variety of BSM scenarios

® Experimental and theoretical precision at or approaching 0.1% level
Probe effective scale A in the 5-10TeV range



Effective Lagrangian at E~GeV

* New physics effects are encoded in ten quark-level couplings

) |
GF Vuidj € € ~ A[u*/:’\)z
V2

X [ (1+0rc +er) Cyu(l —s)ve- @i (L= 5)d;

Leo =
Linear
sensitivity to &
_ - (interference

+ er (1 —vs5)ve - " (1 + 5)d; with SM)

+ €5 (1 —y5)vp - Ud,

— €Pp [(J. — ’}"’5)1/5 . "l_l,i’}-’5dj

+ e .Za#,,(l — 5 )ve - wio™ (1 — ~5)d, ] + h.c.




Effective Lagrangian at E~GeV

* New physics effects are encoded in ten quark-level couplings

(0) - . AN
Loc = GF Vuz‘dj € € ~ | ;\[n"/’ 1\4)2

\@

X [ (1+0rc +er) Cyu(l —s)ve- @i (L= 5)d;

Linear
sensitivity to &;
_ _ (interference
+ er Lyu(1 —5)ve - uy* (1 + v5)d; with SM)

-+ € S ( ( 1 - ?’5) vV 2 l_lz([]

— ep (1 —y5)ve - Uiysd,

+oer Tow(1— v 10" (1= s)d; | +hee
Quadratic

sensitivity to &
(interference

suppressed by
mle)

— € —> € (1—5)ve — (1475)ve «—



Relation to weak-scale operators

® £ : vertex corrections and 4-fermion contacts

g 1(3) T ~a ~, A (3) T A, N\ (= A
()d =i(p'D"o ))([ my [> ();pq :Z(“rj DFo Q)(qu"}t,a q)
Gauge ~ Gauge
invariance invariance
\_ \_

4 o a . a A b — o

Oy = (/' o) (q,0"q) 7=

qL 9L Gauge ur dr ‘Z-
>< invariance i <UL )

q4 = i

=

FL (V'L (_L /'/L ['z' _ ’/i

J | ey

26



Relation to weak-scale operators

* &r & weak-scale R-handed quark coupling

Oy, = iy €Dyp)(ur"d)

* &sp <« 2independent scalar structures

O, = (l.e)e™(gGsu) + h.c.

(

u
Gauge 1

\t:j:Z:j/ invariance j::iji::

Es"‘EP

€1 < weak-scale tensor structure

27

que —

/

ur.

><

Gauge
invariance

(l I

t
Olq_



How do we probe the €'s!?

e Differential decay distribution

o Me | pe ])u . - ﬁe
(lFO(F(Ee) {l'bEe EE <> _4E3+BEI/ _}

Lee-Yang, 1956  Jackson-Treiman-Wyld 1957

Neutron Spin

a(ga, ga€a), A(gA gaEa) , B(gA, gxkn),

Electron Proton

isolated via suitable experimental
asymmetries

Neutrino




How do we probe the €'s!?

e Differential decay distribution

7728 | ] ])e * ])I/

—

cHWx}NEL){II

Lee-Yang, 1956

Neutron Spin

Electron Proton

Neutrino

b B a EE,

-{J) -

asymmetries

AT LB ...

Ee E,

Jackson-Treiman-Wyld 1957

a(ga, 8u€a), A(gA Eu€n) , B(gA ga€n), N : >

isolated via suitable experimental /
(plald|n) = gr ¥,I'Yn

Theory input: gvasT (great progress in lattice QCD) + rad. corr.
Bhattacharya, etal 1606.07049



How do we probe the €'s!?

® Decay rate

Ve

'y = (G(F{L))Q X H_”|2 X |I\-'fhad|2 X (1 + drc) X Fkin

/

Channel-dependent effective
CKM element

Hadronic / nuclear

matrix elements (£«)
and radiative corrections

LQCD, XPT,
dispersion relations,



Snapshot of the field

This table Non-standard Current | Prospective

) coupling Observable sensitivity | sensitivity
summarizes a

large number of

measurements Re(er, + €R) Ackm ~ 0.05% | <0.05% *
and th. input
P Im(eg) Dy, ~ 0.05%
Already quite
impressive. ep, Ep R, = Ilng—f;)) ~ 0.05%
Effective scales
in the range L
/\= I _ I O TeV Re(fg) b, B, [(l, A, G] ~ 0.5% < 0.3%
(Asm = 0.2 TeV) Im(eg) R, ~ 10%
Re(er) b, B, [a, A, G], m—evy| ~0.1% < 0.03%
Im(er) Rsy; ~ 0.2% ~ 0.05%
ga.?gp a,b,B,A N5—10%
Y(Ee) Y(EE)

1 +bm./E.+ ...
VC, S.Gardner, B.Holstein 1303.6953

Gonzalez-Alonso & Naviliat-Cuncic 1304.1759
Gonzalez-Alonso, Naviliat-Cuncic, Severijns, 1803.08732



Snapshot of the field

This table
summarizes a
large number of
measurements
and th. input

Already quite
impressive.
Effective scales
in the range

A= 1-10TeV
(Asm = 0.2 TeV)

Focus on probes
that depend on the
&'s linearly

Y(Ee) Y(Ee)

Non-standard Current | Prospective
coupling Observable sensitivity | sensitivity
Re(eL + ER) Ackm ~ 0.05% < 0.05% *
Im(ep) D, ~ 0.05%
ep, Ep Ry = o=t ~ 0.05%
Re(es) b, B, [a, A, G ~ 0.5% < 0.3%
Im(es) R, ~ 10%
Re(er) b, B, [a, A, G], t—evy| ~01% | <0.03%
Im(er) Rsy; ~ 0.2% ~ 0.05%
ga#P a,b,B,A N5—10%

- 1+bm./E.+ ...

Gonzalez-Alonso & Naviliat-Cuncic 1304.1759

VC, S.Gardner, B.Holstein 1303.6953

Gonzalez-Alonso, Naviliat-Cuncic, Severijns, 1803.08732




us

CKM unitarity test
[n‘/udﬁ + Vi + PP =1+ ACKM(EI')J

R Vis from K= pv
1005.2323, \
B2Z8 - refs therein
p— - + '4 ~
0225 ACKM (|2 I 6)* IO 20-

Vs from K— TTlV

0224

\\\\

0223

K= T1TIV

0222+

|||||||||||||||

Hardy-Towner 1411.5987



0227

CKM unitarity test

[|Vud|:2 + |Vius|? +M|2 =1+ ACKM(FI')J

T

us

0226 -
0225

0224

1005.2323,
1607.00299 and
refs therein

0223

0222+

0 — 0"
et

0221 —I TN TN NN TN NN TN TN TN TN AN SN TN TN S| S | [ T | T (N TR T N NN S N :
0971 0972 0973 0974 0975 0976 0977 v
ud

Hardy-Towner 1411.5987

- 0.4%

Vis from K— v

Ackm= -(4£5)+10* ~lo

(12 £ 6)+10* ~20

Vs from K— TTlV

Ackm =

Hint of something?
[erpPE), €Lt+ER, SM th input]
Worth a closer look: at the level
of the best LEP EWV precision

tests, probing scale A~10 TeV.
Ongoing/future neutron
measurements will provide
competitive extraction of Vyq



Probing €_r couplings

* Assume €LR are induced by gauge vertex
corrections at high scale (SM-EFT)

/

* Low energy probes:

P Dy QT qr

* Ackm = €LHER oTeD,p upy dg

¢ 6r(1'[—»uv) X EL_ ER [fT[ from LQCD]

* Neutron decay correlations (A,a,B) = A = ga (I — 2 &R)
e QWeak, Z-pole — g



Probing €_r couplings

* Assume €LR are induced by gauge vertex
corrections at high scale (SM-EFT)

/

* Low energy probes:

P Dy QT qr

* Ackm = €LHER oTeD,p upy dg

¢ 6r(1'[—»uv) X EL_ ER [fT[ from LQCD]

* Neutron decay correlations (A,a,B) = A = ga (I — 2 &R)
e QWeak, Z-pole — g

e LHC (if A > few TeV): associated Higgs + W production

ELR




Probing €_r couplings

1703.04751: S. Alioli, VC, W. Dekens, J. de Vries, E. Mereghetti

Updated plot courtesy of E. Mereghetti

; — 0.04 - essazaas
(Run2) ~
0.02 ‘
F QWealk,
" Z pole**
gL 0.00 _
-0.02%
— 0" 20", T
""" WH, V'S =14 TeV
n—pe v
-0.04 | | _ P .
—0.04 ~0.02 0.00 0.02 0.04

ER

Ackm provides
stro ngeSt constraint,

followed by QWeak

Neutron decay +
LQCD: approaching
competitive sensitivity
to &R

Constraint on €r uses
ga =1.285(17)
(Callat 1710.06523)

** Adam Falkowski, private

communication, PRELIMINARY



Probing €_r couplings

e Several lessons:

Low-energy can be quite competitive with collider bounds
Connection between CC and NC (gauge invariance!)

Caveat: additional BSM operators can relax these constraints. t,
Combination of low- and high-energy constraints helps
reducing “flat directions” in parameter space of couplings

e

\ ;. yveak, L\ L. appiuvacning
N\ /  Z pole** competitive sensitivity
gL 000 | _ to £

Constraint on €r uses

-0.02 - ga =1.285(17)
— 0" 0", Topuv (CalLat 1710.06523 )
————— WH, V' S =14 TeV
_o0.04 | | | n‘—>p(2_ v |
~0.04 =0.02 0.00 0.02 0,04
€R

** Adam Falkowski, private
communication, PRELIMINARY



Probing €s 1 couplings

* TT, neutron & nuclear decays:

* Current: b(0" =0%) [&s]; TT 2 eV Y [€T] n £ e
e Future: b, B, [&sT] @ 103 E :

bet [€1](®He, ...) @103



Probing €s 1 couplings
* TT, neutron & nuclear decays:

* Current: b(0" =0%) [&s]; TT 2 eV Y [€T] "8 £
e Future: b,, B, [&s1] @ 1073 E .
bet [€1](®He, ...) @103

pp > ev+ X
“ c
u
. . o
* Collider: for heavy new mediators probe same &1 ><
ud
— —— —— —— —— u
(?3105 ¢MS\/§I= 7 TeVI B l dd v
=501 —u .
o10° JLdt-S.Ofb =
=~ 3 B Tor
‘310 ;"'*" Nobs (mT > mT,cut) = Eeff X L X
Multyet
21" e (Ow +Os X |&s|* + O %] &1] %)
10 W (m =23 TeV) E | —— —
e Gl Mine - T. Bhattacharya et al, 1110.6448
107] i [ “-"11“’ § VC, Gonzalez-Alonso, Graesser,
102 I”H | F 1210.4553
A A‘:Ll I, [ °

500 1000 1500 2000 2500
M, [GeV]



Probing &1 couplings

0t —=0* (bf)

30901  Towner-Hardvl. 2010

b = 30.009

5710 15 20 25 30 35
Z of daughter

-1.0x103 < g5 £5 < 3.2%10-3

@ 8TeV

CURRENT

Number of events

Gonzalez-Alonso 2013
Gonzalez-Alonso,
Naviliat-Cuncic,
Severijns, 1803.08732

( g=10110) )
g1 =0.99(4)
Bhattacharya et al (PNDME)

@ =2 GeV (MS-bar)

\_ 2018, to appear )

002 _ -0001 0000 0001

ET

+ —— Simulation

1000 e Data E
s00 [ Bychkov et al, 2007
o ]
a0 [

o b e e e by 1
0 0.2 04 0.6 0.8 1 12

.2
A=(2E/m )sin’(®,, /2)

-2.0x10* < frer <2.6 X104
I — T —

fr = 0.24(4)

Vud (0%)/Vud(n)
OT,=0.8s

Pattie-Hickerson-Young
1309.2499



Probing &1 couplings

FUTURE Prospective beta

decay
measurements
competitive with

LHC ~5 years
from now, probing

&1 @ M=2 GeV (MS-bar)

0.010—

' @ 0.001 mass scales
T Ns1t ~ 5-10TeV
LHC 300 fb"' § 0w ng (0%)/Vud(n):
' ' A/A ~ 0.1%
/.
@ 14TeV .

Bhattacharya et al 1110.6448

Alioli-Dekens-Girard-
Mereghett- 1804.07407

-0.005¢

. o0T,=0.35s

/ Pattie-Hickerson-Young

] 1309.2499
-0.010b——— 4= N

~0.002 _ -0.001 0.000 0001 0002
( g=10110) ) \
ET

gr =0.99(4) .
Bhattacharya et al (PNDME) b (°*He) @ 0.001

\_ 2018, to appear )




Additional Material



Familiar example in detail

® Perform simple matching calculation: SM to Fermi-Lee-Yang theory

® Ingredients for FLY effective theory:

* Degrees of freedom: n, p, e, (Ve)ur= (1% Ys5)/2 Ve
* Symmetries: Lorentz, U(l)em gauge invariance

* Power counting in E/Aw: non-derivative 4-fermion interactions




Familiar example in detail

® Perform simple matching calculation: SM to Fermi-Lee-Yang theory

® Most general interaction involves product of fermion bilinears

Dimensionless coefficients

\
r . ) D
Leg O - g“ pl'in ey,
N /- W / ~ y
/ AN

Scale of weak interactions Operators of mass dimension 6

(recall [¥] = m3?)

. that conserve electric charge
Dirac structures:

F'i = / s U5y Yy VuV5s Opuw — 'Z'/ 2 [A/ ILs A)'"I/]

VoV

S P V A T




Familiar example in detail

® Perform simple matching calculation: SM to Fermi-Lee-Yang theory

® Most general interaction involves product of fermion bilinears

® |mpose Lorentz invariance: Leg = Ly 4+ Lsp+ L

—Lya = Pyun eVt (Cy+Cy 75 Ve + PYusn eyt s (Ca+C v5) Ve

//.l/) [

—Lsp = pn é(Cs+Csy5)Ve + pysn €y (Cp+Chys)ve + h.c.

1
—L7 = 5 ]70',[“/7  ea” ((Y + (YTIF 5 ) Ve + h.c.




Familiar example in detail

® Perform simple matching calculation: SM to Fermi-Lee-Yang theory

® \VV-fermion vertices in the SM:

® |eptons: W I ( l_/L )
g €r,

® Quarks: Ui




® (alculate d = u e Vv amplitude within the SM

® Exploit hierarchy of scales: mnhad << Mwz

u e

g2 Vi go qg° i e
> .......... A= §Vairg 3 Tl = 1)d ey (1 = )v
W
d v \

Expand W propagator: k2 << (Mw)?




® (alculate d = u e Vv amplitude within the SM

® Exploit hierarchy of scales: mnhad << Mwz

u e

g2 Vi, 9o g* i L
> ---------- A= ‘ ud L2 _ )2 U'AI";l(l - Al"S)d 67! (1 T 75)1/ e
W — My

d A%

e To lowest order in k?/Mw?, same answer is obtained in a theory with no
W and a new local 4-quark operator with (V-A)x(V-A) structure

Y 2
b= _SFy 6 4 he Gr_ 9"
4 )

.G A k?
A=—1 Vg (O O ~
A \/E ; < > i (1\] ﬁ)




® Next step: go from quark-level to nucleon level description

(pluy,ysd|n)

(p|luy,d|n)

:i@ﬂpﬁfu un + O(q)
@Up /[ )ull + O(q)

® Final results of matching calculation:

e Effective coup

ings know about

4 2 h
(v L (1/ _ 9 " — 1
(5; W W
2
A A ’ 8*\[2* -
W
v
Cspr = s PT —
. J

masses and coupling constants of
the underlying theory

* Effective scale Aw does not

coincide in general with mass of
new particle (factors of couplings,
possibly loops....)



® This was a simple example of matching calculation in EFT:

4 )
flfull — Z C’,‘ <C)1> = :15 FT

- J

*  “Integrate out” heavy d.o.f (W,Z,t); write Le in terms of local
operators built from low-energy d.o.f.

* To a given order in E/Mw, determine effective couplings (Wilson
coefficients) from the matching condition Asu = Aerr with
amplitudes involving “light” external states

*  We did matching at tree-level, but strong and electroweak higher
order corrections can be included

§ ; % ho= O (><+>?§+)

Full theory

Effective theory



Impact of neutron measurements

e Independent extraction of Vu4 @ 0.02% requires:

- 212
o [4908.6(1.9) 5]
ud — — 9
| Tn (]. + 3 ]il)
\ / \ /
0T, ~0.35s dga/gx~0.15% — 0.03%
OT,/T,~ 0.04 % (Dala , DA/A ~ 0.14%)
UCNT @ LANL [T~ 877.7(7)(3)s] OA/A and 0a/a < 0.2% within
is almost there, will reach 0T, ~ 0.2 s reach of Nab, PERC, UCNA+

1707.01817



