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Theory and experiment




Prediction &
measuzement ot M.,

* Theory (SM):
Mtheo = 80353 + 4(P.T.) + 8(param) MeV with 2022
PDG 1nputs

* Theory has ~10 MeV combined uncertainty

(main sources are uncertainties of m; and Aaha 1(M2))



Prediction &
measuzement ot M.,

* Experiment (2022 PDG world. Improved ATLAS result (2023
avg.): march):
exp.
My, " = 80377 £ 12MeV  yATLAS — 80360 + 16MeV

* Lot of attention from
experimentalists lately:

CDFII measurement (2022 april):
MyPY = 80433.5 + 9.4MeV,



e Exclusion bands for BSM
models:

‘MSI;(P- . theo‘ < 20

* Both the theory and experimental
uncertainties are ~ 10 MeV

* A U(1) extension even has tree
level correction to the W-mass

* We need to know these
corrections precisely




uon decay
n the
standard

odel

3rief overview of the
progress 1n the SM




Gr = 1.166378 X 107> GeV 2

P r e d i C ti O n _from the lifetime of the muon

| a1=137.036 |

from electron g-2 /

f() r M /\ Rydberg constant +
W atomic recoil

USin()- =21\;Tﬁ,asa/(1+A7‘)withCW:1;\/l/[_wZ/
7 Ar = 0.0366

o
radiative corrections:
l u C l a e first full 1-loop Sirlin 1980 z = 91.1876 GeV |
| from collider: LEP |

* now full 2-loop + leading 3-loop

p a r a m e t e r S corrections are available




Ar at one-loop 1n the on-

shell scheme:

2
Ay — 20€ | Rellyw (My) — My (0) 5
r= | MZ I YBV
W |
Renormalization of Diagrammatic corrections to the muon decay
the electric charge graph: W-propagator and box and vertex diagrams

formula knownall  C3, (ReHZZ(Mg) RenWW(MVZV))
)

Mz My,

order r—
Sw
RenormaliZation of Sy




uon decay

xtensions of
e SM

at 1s a U(1) extension
d how 1t affects the




* SM gauge group +
an extra U(1) adds a
new interaction
Wh at may * May add new scalar
field(s), can

be new in stabilize the EW

vacuum

* May add right-

a U(l) handed (sterlle)
neutrinos: neutrino

EXten SlO (| ? mass generation via

see-saw, dark
matter




Gauge sector:
i éi mass of the new gauge boson Z’

° S : new gauge mixing angle, rotation of gauge
cigenstates to mass eigenstates:

NEw

Bug (CW — Sy O) 1 0 0 ;ﬂ
Wp | = o|It0 ¢, -—s
parameters: SRS

Scalar sector:

5 (gauge _I_ Ot@l@ﬁEK:I‘&ﬁOOfﬂGWVEVtOBEHVEV

v
© M.: mass of the new scalar boson

S C a l a r ) ° S¢ © new scalar mixing angle to mass eigenstates
(qb‘)) _ (CS _SS) (h)
X Ss Cs J\s




Concise relation:

Gauge b

Express predictions with
b USAU0 ) Bl [ acrangian couplings or pheno

MAaSSCS parameters €.2.:

M2, Mz,
p = :1—55(1 MZZ

Z




Renormalization in on-shell

scheme

» Split bare parameters into g(®) - g + &g

* The \gfeinberg angle changes at tree level:

&
MZ —* = 8MZ, — c&,(c% OMZ + s% 8M2 — 2s,(M2 — M2)6s;)



Renormalization in on-shell

scheme

» Split bare parameters into g(®) - g + &g

* The Weinberg angle changes at tree level:

Yo
M{, —= = SMZ, — cZ,(c2 M2 + s% M2, — 2s,(M2 — M2,)8s7)

Ar recelves completely new corrections:
Ar = (formally Ar>M with BSM loops) —

6SZ
(ReHZZ(Mg) — Rell,r,(MZ)) + 2(MZ — M2, - )
Z

chy Ch

2
2 “W
SZZ
Sw

2
w
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lation, predictions and

comparisons



Checks

* The ¢ poles cancel in Ar
in Rg-gauge with general
z-charge assignment

* For several benchmark
points Ar 1s independent
of the gauge parameters
&, 1=W,AZZ



Checks

* The € poles cancel in Ar in
R¢-gauge with general z-
charge assignment

* For several benchmark

points Ar is independent of

the gauge parameters ¢;,
withi =W,A,Z, 7

* Compare Ar 1n two cases:

Case II. :

Ar = (formally Ar5™ with BSM loops)




Checks

* The € poles cancel in
Ar in Rg-gauge with
general z-charge
assignment

* For several benchmark
points Ar 1s
independent of the
gauge parameters ¢&;,
withi =W,A,Z, 7’

* Weak dependence on
the renormalization
scale u at fixed
benchmark points
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* The new mixing s, has to be small (or excluded)
*M, <M, — lighter W-boson
*M, > M, — heavier W-boson

* Much weaker dependence on Mg, sg than M ,/, s,

* For a heavy M; K M.
w K M, 1s unphysical (new gauge coupling is nonperturbative)

* Case (11) works well if M,» & My,
* Case (1) 1sneeded it M; <K M 1!

Remarks



Benchmarks: My — My s [MeV]

B Sz 5-1074
. Mg 0.5 TeV 5 TeV
SMALI: M, = 50 MeV tan N
and ss = 0.1 i 0.1 1] 1 || 2] =2
Irrelevant 1 T 1 S 9
N 10 1 1 || 2] -2




Benchmarks: My — My sy [MeV]

B Sz 5-10~*
SMALL M,/ = 50 MeV Ms || 0.5l 51V
tan g (i) (i) (i) (ii)
and s¢ = 0.1 - 01 =T ] ST 5
Irrelevant 1 T 1 S 9
N 10 1] 1 [[—2] -2
Sz 5-1074 7-1074
— Mg 0.5 TeV 5 TeV 0.5 TeV b TeV
LARGE M, =5TeV | | tanf (i) (i) (i) (i) (i) (i) (i) (i)
and s¢ = 0.1 - [ 10 37 [ 10 ] 35 | 13 ] 75 [ 29 || 73 | 36
Potentially relevant 20 390 [ 34 || 35 | 34| 81 [ 76| 74 | 79
~ 130 40 | 38 || 35 | 37 || 83 | 85 || 75 | 85




* Precise predictions in
BSM models are important

 Full Ar at 1-loop 1n U(1)
extensions 1s computed

* Neglected terms 1n the
incomplete Ar may
become important for

heavy M,

* Fig. shows region where :
exp.
M,," — My| < 20

tan g = 10.
() Case (i)

() Case (ii)

r

Conclusions



Backup slides




* M; and M, have cumbersome expressions
* Any simplification?

 Use relations for the sin and cos of the Goldstone mixing
angle:

G@m@ M,i(c; —Kks;) = Mzc,t

M;(s; +Kcy) =M,s,7
Dosom
MNASSES



Gauge
bosomn
MasSEes

Rotation angles:
* My =0GeV:e = g.sw = gycw
* Express new angle with effective couplings:

2K
tan(260,) = — Tz .2

* k and 7 are functions of the 2 new Lagrangian couplings

Tree level masses:

1
My, = —
7% ZgLV

M M
M, = ﬁ\/R(CZ, s,)and M ,r = ﬁ\/R(sz, —C,)

R(x,y) =(x—ky)* + (ty)?




* M; and M, have cumbersome expressions
* Any simplification?

 Use relations for the sin and cos of the Goldstone mixing
angle:

G@w@ M,i(c; —Kks;) = Mzc,t

M;(s; +Kcy) =M,s,7
bosom

m@SS@S Mﬁ/ Concise relation:

— A27Af2 2 nq2
_CZMZ SZMZ’

2
Cw
* Express predictions with Lagrangian couplings or
effective couplings or pheno parameters ¢.g.:

M? M?Z,
p = 2W2:1—s§<1— Z)
cyy Mz




How to obtain o0s, 1.

* Relate unrotated and rotated Gauge sector:
fields: * M mass of the new gauge

B = DA — 50070 _ @7z boson Z’
*S, : NEW gauge mixing angle,

| rotation of gauge eigenstates
* Also true for renormalized tO Mmass eigenstates;

fields:

B‘u — CWA‘u _ SW(CZ Z[,L _ SZ Z[’l.) —Sw 0 1 0 0
| ’ Cy O) 0 ¢z —sz U
B, = 577, + ¢;Z), , 0 1/\0 sz ¢ J\Z

U

1(0) _ _.(0)~(0) (0) ~,7(0)
B# =S, Zu +c, Zu




How to obtain 05, 1.

» Relate unrotated and rotated i ® Unrotated fields are
fields: renormalized such that

(0) _ .(0) 4(0) _ (0)((0),(0) _ (0),1(0) :
By~ =y Ay = sy ez 2y =Sz Zy ) B\” = ./Z5B, and B"” = [Z/B,

1(0) _ _.(0)~(0) (0) ~,7(0)
B# =S, Zu +c, Zu

. * Rotated fields may mix:
e Also true for renormalized
1

ﬁeldS: 4© /\/ZAA ZZAZ
U

B“ = CwA“ — SW(CZ ZM — Sz Z[fl) o) | _ 1
Zu - _ZZA

1(0) 2
B, =s;Z,+c;Z, Zu .



How to obtain 0s, 11.

* Express bare fields with renormalized ones and collect
coefficients:

1
0 0) { .(0 0
JVZg Cy = CISV) Zaa — 2 ISI/) ( ( )ZZA — Sé )ZZ’A)

0
1/ZBISZ—SZ ZZZ+ c( )Zz’z

1 0

* First equation 1s used to derive de
(U(1) Ward 1dentity /Zg Z gy = 1)
» 2nd and 3rd ones are divided to cancel /Zzr and express ds,
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