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The Standard Model

Lyvux = Y9 ¢qrur; + Yy ¢qridr; + Y. plrier; + h.c.

e Three fermion families in identical representations of gauge symmetry; a single Higes doublet

e Yukawa matrices are not diagonal in weak basis:

(u,d,e)ij _ v u,d,e _ yr(u,d,e)t_ (u,de)y (v,de)
m o Yu,d,evw y mdiag o VL m VR

e (Quark charged currents in mass basis: \%( u c t ) Ly“VL(u)TVL(d) S Wi

L
b L
Vud Vus Vub
¢ VCKM — V,—EU)TVL(d) — Vcd VCS Vcb
Vie Vis Vi

e VckM 1S unitary.
e The unitarity condition for the first row is:  |[Vygl? + [Vus|? + |V | = 1
e Yukawa couplings and photon/Z couplings (for unitarity of VL(u) and VL(d)) are diagonal in mass basis.

e NO flavour changing neutral currents at tree level.



Cabibbo angle anomalies

Vial? + Vs + [Vip|? =1 == cos62% +sinb? =1
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e CKM unitarity deficit: |Vud‘2 -+ ‘VuS‘Q -+ ‘Vub‘Z =1 —90ckM — OckM =~ 2 X 10—3

e Discrepancy between determinations A and B.
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Cabibbo angle anomalies
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e CKM unitarity problem: |Viq|* + |Vus|* + [Vus|* =1 — dckm — dcxm ~ 2 x 1079

e Discrepancy between determinations A and B.




Cabibbo angle anomalies
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New quark-mixing

Vadl® + [Vus|? + [Vis]* =1 — [V |* V| = 0.041  (|Vaup | > Vi)
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By combining electroweak precision data, Higgs production rate via gluon fusion and LHC mass limits,
4th sequential family 1s excluded. However additional vector-like fermions can be introduced. 3



Vector-like quarks

LH and RH 1n the same representation of the SM

predicted in some extensions of the SM

Their mass terms are not protected by SM gauge symmetries

Are they a solution for anomalies 1n the first row of CKM?
Fermion species 1n the same representation as the standard quarks

* Extra down-type weak singlet

* Extra up-type weak singlet

* Extra weak doublet (Y=1/6)



Down-type weak singlet

Down-type vector-like quark Dy g, with left and right components both SU(2) singlets, mixing with SM quarks:

.. hDj EngR -+ MDD—LDR + h.c.

hlvw de
(d)
° dLZm(d)de + h.c. (dL]_7 dro,drs3, DL) Rt 12Uy AR2 +h.c.
havy dRr3
0 0 0 Mp Dr
d d .
o Vé )Tm(d)V}({ ) — m((h;g = diag(mg, ms, my, My )
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Down-type weak singlet

e Charged weak interactions:

d I
L1
£CC:%(u—L1 a2 us )7 | dos W;+h.c.:%(ﬁ T T )Vi| b | Wi e
dLS b
L

o V; is a 3 X 4 matrix, Vva =1, VLVz =1
Vud Vus Vub Vub’

~r(d “r(d
Vi=ULV,Y =V = Vea Vs Va Ve [ Vaal* 4 1 Vi P+ 1V P = 1= [V |2
Via Vis Vi Vi
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dra |\ Viia Vis Vi Viw|\ [ do ) , \ [ dr
dr2 || _ | | Viea Vies View Viow s, | _ | ULa (1 — hht 23\}"% ) Urah 35 SL
drs || | |Visa Viss Vizw Visw br, | br
Dr ) Vipa Vips Vios Viow ) \ b ) —ht 1 —hth ) \
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Vector-like weak singlets
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Down-type weak singlet

e Weak neutral currents:

1 0 0 O dr,
1 g — — 17— T ywuy@t] O 1 00 (d) | SL
»Cnc D _§COSQW ( dL SL bL bL )fy VL O 0 1 0 VL bL ZM
0O 0 0 O b’y
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Loc = o5 Zu | T3(f,r)|— Q(f) sin® Ow | fr,rv"fL,R (not the same quantum numbers)

Yukawa and mass matrices are not diagonalized by the same transformation;

Tree and loop level flavour changing couplings with the Higgs boson and with Z-boson.

Also flavour diagonal processes change.

3
I'(Z — had) — I'(Z — had)sm =~ Gjiﬂjz (—2 41 sin0w) (|Vipal®> + |Veps|* + [Vipsl?) <0

Vipal? + |Vips|? + |[Vips|* <2 x 1079




Flavour changing

(similarly for up)

qLk

Dgr

dr;
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Down-type weak singlet

e Constraints become stronger for larger mass of the vector-like quarks

Neutral K mesons mixing:
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Down-type weak singlet

e V5. Vipa|l <5 x107° from K-mesons fc processes.

o VI, Vipdl <2 X 10~* from B-mesons fc processes.

o Vo | 2 ||~ Vi paVed|~ ViipaVes — Vipy Ve & VeaVar

o ) L [1TeV]
D mixing: [V Vo | = [Vea| [Var | S 4 x 107 M, | ——— V| < 0.042
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Down-type weak singlet

L ‘Vcb" — ‘ — VngVcd — VikDSVCS - VITDchb|

Excluded by f
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e Mass of the extra quark cannot exceed few TeV, also in the most conservative case.
o V| = |Vipd| = |ha|vw/Mp < 0.042 with My, = 1 TeV (D"-mesons mixing).

o V| < 0.050 from Z boson decay rate.

o |V.p| <107%. From B-mesons physics: |V | = |Vips| = |he|ve /Mp < 61075,

e Yukawa couplings hs, hy should be respectively 50 and 4 times smaller than Ag.




Up-type weak singlet

Vector-like up-type quark Ur r with left and right components both SU(2) singlets, mixing with SM quarks:
o T 25 EéUR + MUU_LUR + h.c.

<1 Uw UR1
T Y (4 29U U
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Up-type weak singlet

dr,
[fcc D J ( ﬁ q E g )7M VCKM SL le_ h.c.
V2 br

e Flavour changing couplings of quarks with Z boson and Higgs at tree level.

ur,
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Up-type weak singlet

e Constraints from K and B mesons mixing —
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e Constraints from D mesons mixing
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Up-type weak singlet
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Flavour bosons for CKM unitarity

e Suppose the existence of flavor changing bosons.

Ve Vi Ve €L

e Horizontal interactions have positive interterence with SM:;

o After Fierz transformation, the sum of the diagrams gives the operator:

4G, _
T3 T i)(@are) G =Gr+ Gr = Gr(1+34,)




G shift

o Different G, = Gr +Gr=Gg(1+9,)=1- Ugv
F

U

e The values of Vs, Vg (and corresponding errorbars) should be rescaled:
Vis| = 0.22333(60) x (1+6,,), Vaa| = 0.97370(14) x (1 +6,)

while the ratio i1s not atfected.

2
e Unitarity recovered: (%—Z) (IVaal® + [Vus? + [V |?) = 1 Qg;

o CKM unitarity is explained with 0, ~ 7.6 104, or

UVF — 6-7 leV




Flavour bosons for CKM unitarity
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Vector-like weak doublet

o Vector-like SU(2)-doublet: Qr r = (

Seng '18

FLAG 21

FLAG 21 +
Seng et al. '22
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& L.R

~ [B-decays
0"-0" + free
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_._A

A+B —o———

|

| !
0.222

! | !
0.224

! | !
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! | !
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trying to explain both the gaps...

! |
0.230



Vector-like weak doublet

. T = - Ya e
o Vector-like SU(2)-doublet: Qr.r = ( B > Ly D ..4 hyi Qrouri + hai Qrodr; + MoQQr + h.c.
L,R
: 0\ (e
_ Y v, 0 d
szm(d)ng +hec.=(d dre dps Br ) 17 0 dgi + h.c.
\ hdlvw hd2vw hdSUw MQ \ BR
UhymOUsr =mg),, UL,m™U,z =m{),
o Uy r are unitary 4 X 4 matrices: d i dr Upi wp
dra | _ U | 5B ur2 | _ CR
dR3 br UR3 R
Br B Tx T
Basis in which the up Yukawa submatrix U ! 1Yy U, p is diagonal (hy, he, ht) = (hy1, hu2, hys) U, r
1 0 0 0
Uria Uris Urww Upip A 0 0 1 0 0
U,y — Up2a Ur2s  Uray Ursp | _ U, 0 U~ 0 o . yeh*v2,
Ursa Urss Ursy Ursp o | " o Mg
Urd Urss Ursy Urpp: 0 0 01 0 0 yt]}\}t;)W 1



Vector-like weak doublet

o Vector-like SU(2)-doublet: Qr r = ( g > Ly Dot hy; Qpour; + has Qrodr; + MoQrQr + h.c.
L,R
dR1 AR UR1 UR
2 e i 0 UtymDUqp = mc(:ld;g Ul m™ U,z = mgf;g

Basis in which U;RYdTYd(AJdR is diagonal (hg, hs, hy) = (ha1, haz, ha3) Uir

1 dw

Ur1ia Uris Urww Urip . U Mo ;

| Ur2da Ugr2s Upgroy, Upgr2op | _ 0 1 0 Mo Vi

Ur3zda Ugrss Ursy, Ursp 0 0 1 Py o Mg,

UrBd UrBs UrBy) UrBB hg Ve M Ung hp e 1@
Mq Mq Mq

. M?#, v v M#%, v v
e Mass splitting: L= 1+ (B} + b2+ h2) T O(M—é) | M% 14 (h2 + h2 + h2) T O(M—é)



Vector-like weak doublet

e The charged-current Lagrangian is:

g + , 9 7 + _
—Lee O 7 7;:1(ULW“’CZM)W,L | \/iTRV“BRWH, + h.c. =
dr,
g . T 7 SL + g __
= — (1w, ¢ tp T % W A u
/2 ( L CrL tp 1 )V L b, m ﬂ( R
By

e Vi, = Ul Uy is a4 x 4 unitary matrix.

e Weak charged RH currents with mixing Vg .

X

RTuURBd UETUJURBS

Us, p U Usy p U
Vg = Ul diag(0,0,0,1) Ugg = | RTe  BBI  YRTc RBs
r = Uup ding( ) Uar Ut iUk Bd UfriUr B

rrrUrRB4 Up 7/ UR Bs

URBa 9 URTa ~ _ho/Uw/MQ

crn tp g )WMVR O R W:—i—h.c.

Ub+.,Ur Bb
Ui 1.Ur Bb
UnUr B

U;%TT/URBb

Ur1.UR BB
Unh+.Ur BB
Ur1:Ur BB’

Urrr'Ur BB’



Vector-like weak doublet

e Weak interaction of SM quarks with the W-boson loses its pure V — A character

LowD ——2 W (u ¢ t) [v* (Vi + Vr) —v*v° (VL — VR)] ( s )
2v/2 b

e In this scenario, we are determining vector and axial-vector couplings:

semileptonic K¥¢3 decay A : Vi us + VRus| = 0.22308(55)
V us V uUS
leptonic Ku2 decay B : = Rus| = (0.23131(51)
VL ud — VR ud|
B-decays C' : Vi wd + VrRua| = 0.97372(26)
® Vruwda =Uph+,UrBa, Veus = Up1,UR Bs

o Viwal®+ Viusl? +|Viwl?=1— Vi |? =1



1V udl

Vector-like weak doublet

e Needed values:

0.9750+
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9740, O S—
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Vector-like weak doublet

e However also in this scenario FCNC at tree (and loop) level and constraints from Z-boson physics and EW observables.

UR
Lione == Z“( 7 T’) T diag(0,0,0,1)U,
f 3 cos O ur CrtrTh) y"U, pdiag( VUur tr T : !
/
Ik : . :
dR : M M :
_1 g A (@ﬁbR B/) ,y,LLUJf dlag(() 0.0 ]-)Ud,R SR > ! > )(Q > > )((o2 > ! >
2 cos Oy k dR T br dr; QL Qr ®r Qr»  dp;
dr \ \ UR
1 — _ 7 57 T Yd 0 SR
/;HDEH(dL s bp BL)UdL(hd O)UdR br
By
and loop level:
dR; dpm SL\ /dR
N b4 1 (Gp . G2 [ 1 )
© W Mllg,NP mngof%O.43< TS(URBCZURBS)Q | 47:; 5 g)(URBdURBS)2+
QY AQ ty At . . A2 T
............ =831 K (UppUnss) (ViiaVies) - log (2 ) | ¢
/ ¥ \ / W \ (md—l—mS)Q m2, }
dRi d Rk dr SR

X (UEBdURBS)QMé (in kaons mixing)



Vector-like weak doublet

e Constraints become more stringent for larger values of the mass of the extra doublet. Assuming Mg = 2 TeV:

10_4’ / , \ §
I ‘ |
= 107 i
= |
= I _
Ly |
10°° -
MQ — 2 TeV B

10—7 A R T N S S NS R BN S SR BN R R A

0) 1 2 3 4 5 6

Arg(UgrpaUgp,)

AmK

Ks—>p" pu~

K;—>n"vy

K;—>n"ee

— K —>p"u”

— KT —>nTyy

K mixing and fc decays:

UsgsUrBd| = |hihalvs, /Mg S (0.6 — 5.2) x 107°

B mixing and fc decays:

U paUrss| = |hjhy|vs, /MG < (0.4—1.7) x 107*

Us g Urps| =~ |hihe|vs, /MG < 8 x 107 6.4 x 10~*
D mixing:

Upr, UrTe| = \hth\va/Mé <1.0x10"*



Vector-like weak doublet

Explanation of CAA1 and CAA2:

Vius = Upp,, UrBs = —1.26(38) X 10~°
R RTuY RB (38) \URTu\ZUEBsURBd ~1.0x107°

VRud = UETUURBd — —0.78(27) x 1073

Constraints from Z-boson physics and EW observables, e.g.

GrM: [ 2 . 1 '
~ L 3 sin? Ow (|Ugrul® + |[Urrel?) — 3 sin? Ow (|Urpdl® + |Urss|” + |Urss|?)

1 _
— |Ugru|” + |Urrel” + 5 ([UrBal> + |UrBs|® + [Urps|?) <5 x 1077
kaon flavor changing processes: |Upp.Urpd| S 5.2 X 107°

|URTu|2‘UEBSURBd‘ < 5x 1073 x5 x 107
UkruUrBs| ™ 10—

‘VRud| = |U;<2TuURBd‘ = ~ 2.5 x%x 107° <K 107



Vector-like weak doublet

¢ One weak doublet of quarks cannot explain both the Cabibbo angle anomalies (CAA1 and CAA2) alone.

Vius = U roUr Bs = —1.26(38) x 107, Vgua = Upp,Ur Ba = —0.78(27) x 107
RTu RTu

URB@ 9 URTa ~ _hosz/MQ



CAA: vector-like weak doublet

Vewa = Uk, Ugpg = — 0.68(27) x 107 Vius = U, Ugpy = — 1.13(37) X 107

1. CAA1 (hy, hy) 2. CAA2 (hy, h)

0.00

~0.02

~0.04

= —0.06
~0.08
~0.10

URBSz —h VW/MQ

-0.12 |:
'|CAA2

%00 002 004 006 008 o0 002 004 006 008 0110

Urtu = —h,vw/Mg Urrux—h,vw/Mg




Possible extensions

e Two weak doublets or one isodoublet with isosinglet (up or down type or both as a ”complete vector-like family”)

(or one isodoublet and family symmetries...) can alleviate FC phenomena and explain all discrepancies.

5 3
e T'wo or more doublets: Z Z [Q%@QL@'URJ' i y%gpqLide] + Muqraqgra + Msqrsqrs + h.c.

i=1 j=1

00 dR1
_ . yilavw 00 dr>
(dri dpo dps dpa dps ) 0 O dR3
yhow 0 0 My 0 dRa
0 ydovy, 0 0 Ms dRs

0

0

0

o Z decay: |Uraul® + |Ursu|* + 0.50(|Urad|* + |Urss|?) <5 x 1072



Vector-like doublets of quarks and CP violation



Vector-like quark 1sodoublets

e \WWe extend the SM by adding N vector-like quarks isodoublets

* Prior to electroweak symmetry breaking

—Ly = (YU)ij Q%Z’(i)u%j + (Yd)z’j Eiq)d%j + h.c. } —p SM

+ (Zu) o Q_%a i)u%j + (Zd) o, Q_%a (I)d%j + h.c.
o - —» NP
+ (M)., . Q% + (Mg)., Q% Q%s + h.c.

i3 9r.; YRp Q)aB YLa ¥RM

e Collecting all LH SU(2) doublets in a single 3+N-dimensional flavour vector

0 . _ .
o :< 0 ) Ly = Q0 dY,ul + QL dYydY + Q7 M QY + he.



Vector-like quark 1sodoublets

e \WWe extend the SM by adding N vector-like quarks isodoublets

e After electroweak symmetry breaking one obtains the tree level mass terms

- Vv Yy M u% I v Yy M d%
( u)  UP ) o | T ( dy DY ) . |t h.c.
Vw Zu MQ UR Vw Zd MQ DR

= UM UY + DY MyDY% + h.c.

L.

e Given that the 3+N species of LH doublets have identical quantum numbers, one can consider a basis in field

space where M vanishes and MQ is real and diagonal M g™ DQ

e Mass basis

0 UL,R ) dr,R
U r = Uur,rUr r = Uy R , Drrp=UsrDrr = UiL R
UL r Dy r



EW interactions with vector-like quark 1sodoublets

e Charged current weak interactions

Cw =

)

V2

W-I—

L

[z,Tg VDY 4 TY A Dg} +he.

} Flavor basis

\% W UL+ Vi, D) HUR~" VR Dr| + h.c. } Mass basis

¢ (3+N)-dimensional unitary matrix V;, and (3+N)-dimensional RH current matrix Vj

Vo= )

LH charged current UNITARY mixing matrix

Vokm
Vud Vus Vub
Ved Ves Veb
Vid Vis Vi

Vg = U] . diag(0,0,0,1,...,1) Uar

RH charged current mixing matrix



EW interactions with vector-like quark 1sodoublets

e Neutral current weak interactions

Lz = sz Zy, [Z/l_gv“ 2/1,9 — D_%vﬂ‘ D% + U_%vu U}){ — D_%y“ DOR — QS%VJeﬂm] } Flavor basis
- ZCgW Z, UL y* U, — D" Dy +U_R7“@// — Dr~ @1’ — 25y JH ] } Mass basis

e (3+N)-dimensional hermitian matrices

F, = VRV = Ul , diag(0,0,0,1,...,1) Uy,r Fy = Vi Vg = Ul diag(0,0,0,1,...,1) Uyg

e Higgs interactions

r f _ZF u 0 US + DO ‘a0 DO_ T h
h — .C.
Ve "\ zy o) TP\ 2z 0) "
h D,
- =% (1 Ur + D, =2 —'D + he.
\/5_ L Uw( R L R

non-negligible couplings between RH light states and LH heavy states, while heavy-light transitions of the opposite chirality
are generically suppressed by small SM Yukawas



Weak basis transformations

e After electroweak symmetry breaking one obtains the tree level mass terms

- v Y, M u% . v Yq M dOR
L = () UY) +(ag DY ) + he.
Uw Zu MQ U% Uw Zd MQ D%

U M U% + DI MDY + h.c.

* Underlying symmetries give choices of weak basis and redundancy of parameters
* Weak basis are connected by weak basis transformations which keep the kinetic terms invariant, i.e. do not
modify the form of the EW gauge interactions.

* Any two sets of Yukawa and mass matrices related by a WBT represent the same physical system.

U, — Wy ul — Weul, Up — WrUp,

DY — W DY d%y — Wad%, D} — Wg DY



Weak basis transformations

- Vo Yo ) M u I v Ya Y[ M dY
R R
Ly = (uf UY) +(ay DY ) +he.
Vw Zu MQ UZ% Vw Zd MQ D%
Yy M

= U MUY + DY MyDY + h.c.

e weak basis transformations
U, — Wruy, uy — Whup, Up — WgrUp,

DY — W DY, d%y — Wadb DY — Wgr D%
e Under a WBT the Yukawa and mass matrices are not left invariant, but instead transform as

@)= Wivwh. (00— Wi MW,

e CP is violated only when there is no possible choice of CP transformation which leaves £ invariant

e Construct weak basis invariants, i.e. physical quantities which do not depend on the WB choice



CP violation in the SM

* CP violation is related to CP-odd weak basis invariants and imaginary part of rephasing invariants

* In the SM, the presence of CP violation is connected to the non-vanishing of one CP-odd weak-basis invariant
tr[MUMT, MdM;]3 = — 61 (mt2 — mcz)(mt2 — mb%)(mc2 — mi)(mb2 — msz)(m[f — rrzﬁ)(rrzs2 — mc%) J

* The vanishing of the trace would be a necessary and sufficient condition for CP conservation in the SM.
* This trace is the non-real WBI with lowest mass dimension (=12) which can appear in the SM, as J is the simplest complex
rephasing invariant that can be built.

* J is the rephasing invariant

J Y €apy €k = IM(Vyi V5 VEVE) = Im Qi = Im(Vq Ve ViEVE)
v,k

o Quartets of the form Q_ ., involving four different quarks are the simplest generically-complex rephasing invariants.

aif}j
* The non-vanishing of the imaginary parts of the quartets is directly connected to the existence of CP violation in the SM.

e From unitarity of CKM, all nine Im Q ... are equal to J up to a sign and

aifj
e all CP-violating effects in the SM are proportional to J.



Vector-like doublets of quarks and CP violation

* |n presence of vector-like quark doublets one expects new weak basis invariants.
e To construct CP-odd weak basis invariants one has to look into combinations of at least three distinct Hermitian matrices.

* Then, the simplest CP-odd WBI are of the form

3+N
Iml[tr[(M M) (MaMD* MMT]] = Y m2 ' m I (Vg Vi)

a,i=1

e the first CP-odd weak-basis invariant appears at mass dimension 6 with three blocks' of Hermitian matrices

* | owest mass dimension CP-odd WBI brings with it the rephasing invariant bilinears

LR __ sk
‘%jai o VLaiVRai

e CP-violating effects involving only two quarks.

* Rephasing transformations:

VaLi v o~ Hpa—wi) /L

&%,

Uy e (Pa—pg) oy Fij Ly e Uy %)Fij7

Va]:f v o Hpa—pi) R

o )



Vector-like doublets of quarks and CP violation

* The simplest CP-odd WBI are of the form

3+N
Iml[tr[(M M) (MaMD* MMT]] = Y m2 T m ' Im (Vg Vi)
a,i=1
* We can also add other hermitian blocks N
m 14 n 2m-+1 /. 2n+1 *
Im[tr[(MdMg) (M M!)¢ (MM MMTH = 37 m?H m2m? m (V5 Vi Fji)
a,1=1
3+N
m 14 n 2m-+1_ 2¢_  2n+1 *
Im[tr[(MuMig) (MgMH)¢ (M M) MMTH = 3 w2 m 2 Im (Viws Vi Fa)
a,1=1
e After adding blocks, larger rephasing invariants appear involving more quarks:
.y IR __ K
bilinears 9" = v, V= .
1 g — %
trilinears ;= V* Vi, F;;
‘Gji,aﬁ — VLai Vzgi r pa
LLLR _
quartets Q5" = Vi Vfﬁi Vig V;Qkaj

LLLL __
Quigi = Viai Vg Vigi Vi -



Effective CP-odd weak basis invariants (N=1)

e By using weak basis transformations one can always write

Vw Yu 0 Vw Yd 0
(e Zu MQ Vw Zd MQ

’ Usmg Yu — UJLYuUuR — dlag(?)’w gcv Qt)a Yd — UiLYuUuR — diag(gda st gb)
2, = Z,Uur = (2w, Zes 2t) 24 = ZqUar = (2ds 2s, 20)

e We can write




* Then the mixing matrices in weak currents are

Effective CP-odd weak basis invariants (N=1)

VRvL*

ar " ar )

- Z Zj VL VL* Fd VLVL*

at’ oy 17"t g
Q@

,02

- 2
Mg

Qaiﬁj — VaiV,BjVaj Vz

L* Lx __ R L* L*
zaszﬁjV Vi V VﬁJV



Eftective CP-odd weak basis invariants (N=1)

o Effective CP-odd weak basis invariants for one vector-like doublet (MQ >V,)

: fn DOMMTT = VS
e I (MM (MM MM = = 3 Im ) Vayi (1+6Ki)
0 Q j,a=1

442m+27¢ 3
\Y A
Im [tr[(MuM{g)m (MgM) (M,M)" MMT” _ M%zmw Im ( Vi Vi zz) y2 y2mly 1 + Sk >+ bilinears
1,],a,p=1
V4+2m+2f 3 ”
I ( y2f yamtly, (1 + Sk ) + bilinears

m[tr[(Msz)m (MM (MM " MMT” = W Im

M4+2m+27
Q
Vzﬂ]VLaiVL ﬁi{/Laj + bilinears +trilinears

ij,a.p=1

m|or | (MM)™ (MM’ MM MMDMMT| | — {525 VE ViV

e direct connection between weak basis invariants and ~effective” rephasing invariants

2 2
Vw Vi, A
Im(VLm 2, 25— v ) Im <VLm V;gm) = Im%* ~ Im <VLm V;;(n) | M—Q WV Ve = B0V, V= i~ ViV FE

e conditions for CP conservation



Bilinears and the Cabibbo sector

e Cabibbo angle anomalies

dr(sr) VI
7L Y7 Rx
b Vol g Vads)
Vas| = |VE+VE|~|VE| A Re (Vi 'g)
K/{3

| ~
us | L

|
>

Re(Buq) Re ( Vi vh )

VE| =0.97450 (8), ud) : — —0.78(27) x 1073
Vadl (8) v VL (27)
A TLxY7R
. Re(B,,. Re ( V, V.
VE| = 0.22434(36), eBus) _ ( . ) = —1.26(38) x 1072

|Vis |Vis

dR(SR)
L R A L YR 7L Y7 Rx
V| _ |V - V| | ( Re (VAVE)  Re(V4VE)
Vad| sz~ [yL _yr] ~ |VE Z 7 o
T2 wd ud ud us ud ud(s



Bilinears and the Cabibbo sector

e As noted in 2311.00021 (Cirigliano et al.), significant bounds on right-handed currents can come from the theoretical and

experimental results on the decay K — 7z

e useful parameters
(2| Has=1

(0| HAs=1

,  (2|Has=1|KL) (0| Has=1|Ks) — (0| Has=1 |KL) (2| Has=1 |K3s)
V2 (0| Hag—1|Ks)?

* In presence of vector-like weak doublets of quarks the amplitudes of the decays K — 77 receive additional contribution:

Ae®r = AISMei‘SI + A}\"Deiél where

(I|Hyqi |K®Y = Aje®/2,  (I|Hye | K = A,e®1/2

for I=0 and =2 and the phases 0; are the final-state-interaction phase shifts of the two pion states.




Bilinears and the Cabibbo sector

A = 1/2 isospin rule:

o In a rephasing invariant description we have (with 4, = VE v ): ‘Ast +A£\|P‘ R ‘Ast‘ 1+

Lus Lu

e with

us  us

Re (ﬂ;’; AQ‘P) = Re[ AR A RN VR*] x 3.76(16) x 107 GeV

e at 20 we get Ao
Re (VL VE)

us  us

Re (Vi VR .
e( ud ud) |szd|

—1.1x1073 < |Vt _ _
| VL, | V&

Nlusl

< 1.0x107°

* by inserting the values for Cabibbo angle anomalies we have

Re(VLIVR)) o) Re(VLVR)
VL, | Y "

VL =1.0537) x 1073

Re(ﬂ

%
u

AyP)

Re(l

x
u

A

S
2

")



Bilinears and the Cabibbo sector

Direct CP violation

(6//€>NP (1 T 2\/5 | w |exp> Im (A%\IP VLuszud) VLuszud<Vz<uSVRud o V;Iéus‘,\/Lud> X 19(6) X 106
<€,/€>SM ) Im(Ast VLusvikud> o | w |eXp Im<A(§M ‘A/Lusvikud> ) | VLuszudl

e the imaginary part of that combination of the bilinears implied by CAA should be 3 orders of magnitude smaller than the CP

conserving part.

O 20x | 5 120 O | O 128 5 28 S A
Im _ | VLus | V;fudVRud — | VLudl VLusV;Sus_ B Im _ | VLus | L%ua’ — | VLudl ggus_ < 10-3 9 ( 0.23 VLudV;%ud VLMSV;%uS ) - 10—3
Re | VLus |2 Vi{udVRud _ | VLud |2 VLMSV;XSMS Re | VLMS |2 @ud T | VLud |2 ‘@ | VLudl | VLMS |
—13 N S _
e neutron EDM d, < 1.8 X 1077 e fm d, ~ Im[VLudVRud+ 1.9 VZLSVRMS] X 1.4%x 107" e fm
Im | V¥ Vi.q Im|[V V,
(2.3 % 1.1) |z - i F(1.0£0.5) i = “S]] < 3%x107°
| Ludl | VLus |




Trilinears and the Cabibbo sector

Kaon mixing

e In the SM we have

. SM 12 .

) \/EA’””K ’ i \/EA’””K 122°

2 im [<chud)2 S(xc) T (Qbetd)z S(xt) +2 Qtsud chud S(xm xt)]

€

A A

U u

e In presence of vector-like quark doublets we have M, = MlszM + MFZP

It [M}VZP %)2]

R 2 R 2
GF <‘67u,ds) GI% 1 N (‘Gfu,ds> ml% gu,ds @tsud ) |
s— t+—— —MQ : 3.1 > — My J(xps ;)
V2 14 an= | 2 | A | (mg+my)= |4,

1 2



Trilinears and the Cabibbo sector

Kaon decays and mixing

e after considering flavour-changing

processes together with the constraint from
Z decays in the one-doublet case we would

have

FIF;,l  5%x103x2x107
<

_ < ~ 107 <« 1072
| VE, 10~

(7R
|Vud| —




Rephasing invariants and CAA2 (N=1)

" 2 ) X 22 , X v2 ,
Vuszmzuzs? FSS:WIZSI >O) Fuu:mlzu| > 0.
? ? q 0.012p %
I Ow(p)
Re (Vi V5 3 0010
A = —1.13(37) x 107, iyt : :
Vis 0 ) 0.008 | Z->hadr
& 0.006
2 -~ 2 o A
Foluw = |VE|* = (Re(Bus)] - [ Im(Bus)) 0.004 |+
. VuI.IS 7 : “\
0.002 \
| CAAZ
2 0. 08 xxxxxxxxxxxxxxxxxxxxx
. (Re(Bus)) ) 00 0.001 0.002 0.003 0.004 0.005
FoFuu > ~—— (1.13(37) - 107°) F
‘Vul./s 2 uu



Rephasing invariants and CAA1+2 (N=2)
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0.00
0.

N - 2
— * —
Vud — M2 R1u”ld Vus — a2
Q Q
9 9
. v . v
Fig = — |z14]° Fgs =
2 ) SS 2 2
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] Ow(Cs) Z—hadr
Ow(p)

00 002 004 006 008 0.10
1Z1ul —
Slul —

’ My,

X

‘z28‘27

-

N

0.14, 1.
0.12.
0.10
< 0.8
0.06
0.04
0.02

0.00

0.

00 002 004 006 008 0.10
|4

IZZu I
My,



Rephasing invariants and CAA1+2 (N=2)

e Predictions in neutral currents

~RO12 ~ R 12 A 2
Fouu Faq Fuu Fss ‘VuIZZP
O.()OSV R T 4
0.004} E
2 : : Z—-hadr + Qw :
= 0.003 - - il
L‘S ; . Excl. 95% CL ;
S I . ]
S 0002 | Y \ g
0001 - \ """""""
- CAAl1+2
"no CPV

0.0 *
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Conclus1ions

* There are tensions between independent determinations of the Cabibbo angle: unitarity deficit (CAA1)
and determination of Vus from leptonic and semileptonic kaon decays (CAA2).

» Extra vector-like quarks can be possible explanation for CKM anomalies. A quite large mixing with SM
fermions 1s needed.

* Vector-like weak doublets of quarks can be an explanation of both the anomalies.

* Their mass should be no more than few TeV, since experimental constraints on flavor changing
phenomena become more stringent with larger masses.

* Only one type of extra multiplet cannot entirely explain all the discrepancies, and some their combination
1s required, e.g. two species of 1sodoublet, or one 1sodoublet and up and/or down type 1sosinglet.

* Constraints from CP violating phenomena immply predictions on neutral currents flavor conserving
couplings.

* Vector-like weak doublets of quarks can provide an explanation of Cabibbo anomalies without conflict
with electroweak precision observables and emerges as a favourite candidate.



Backup



A minimal weak basis

e By using weak basis transformations one can always write

Vs Yu 0 Uw Yd 0
M, = Mg = ( )
Vs Zu DQ Uw Zd DQ
e where the 3 X 3 block can be diagonalized by a biunitary transformation
Yu — UuL Yu UiRv Yd — UvdL }A/d ﬁ;R Yu — diag(g}u,gjc,?)t), Yd — diag(@d,?)s,@b)
and we can write V= (AfiL fde

e then we can further use the weak basis transformations

Vap Yu 0 Vw ‘A/Yd 0
Mu — Md — ( )
Vw Zy Do vwzq  Dq
where Loy — Ty = ZuUuR, Zy — 2q = ZqUar

e \We can further use weak basis transformations to remove phases



Physical parameters counting

e 5 phases can be removed from v by rephasing standard quark fields
e Then, V can be parameterized as the standard CKM with three mixing angles and a phase.

e With these choices, V becomes the SM CKM in the limit of VLQ doublet decoupling (DQ — 00).

e One can also remove N of the 6N phases contained in Z, and Z;

Y, Zu 1% Y, 24 Dg Total
Moduli 3 3N 3 3 3N N O+ TN
Phases 0 2N 1 0 3N 0 1+5N
Total 3 DN 4 3 o/N N 10+ 12N




Rotating to the mass basis (N=1)

e By using weak basis transformations one can always write

Vw Yu 0 Vo Y 0
(% Zu MQ Uy Zd MQ
e Diagonalization by bi-unitary transformations U \ / U \ dq
U,Z:L/\/luUuR = D, = diag(yuvuw, YeVuw, YtVw, M), U2 — U, c 22
. us o t | 3
Ul MaUar = Dy = diag(yavw, Ysuw, Yovuws Mp) T ) . \ T" /), , B
e then we can write
where Y, = UZLYuUuR = diag(Yu, Ye, Ut ), Y, = UiLYuUuR = diag(¥d, Us, Un)

2z, = ZuUur = (2u, Zes 2t) 24 = ZaUar = (2ds 2s, 20)

e then

= UqrL.r

(@)

\ B’ )

L.R



CAA and family symmetry



Vector-like termions and family symmetry

General Lagrangian includes the mixed Yukawa terms:

LY = hy¢pqrUr + hpp T Dr + hup Qrur + hpp Qrdr + h.c.
and the mass terms

Linass = MyULUr + MpDpDpr + MQ@QR + ,uuU_LUR + ,udD_LdR + neqr.Qr + h.c.

e Symmetries may forbid the direct Yukawa terms but allow the mixed ones.
e Mass terms pu and M can be originated from some physical scales.

e SM Yukawa terms for normal fermions will be induced after integrating out the heavy states.

With mixing mass terms p,, 4, smaller than My p o:
Y, >~ hUM(;l,uu -+ ,quélhu, Y, ~ hDMl;l,ud -+ ,quélhp

e Non-zero quark masses are induced via the mixings with the extra vector-like species.

e Predictive model building for fermion masses and mixings.



Vector-like termions and family symmetry

“Universal” seesaw mechanism for fermion masses



Vector-like termions and family symmetry

“Universal” seesaw mechanism for fermion masses
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Family symmetries

e In the limit of vanishing Yukawa couplings, Y+ — 0, the SM acquires maximal global
symmetry:

U(3)e xU(3)e xU(3)y xU(3)y xU(3)q
e Fermions transform as triplets, Yukawa interactions break the SU(3)° symmetry.

e Gauge the symmetry SU(3)° (the U(1) factors remain as global symmetries).

e Fermions cannot get mass if the symmetry is unbroken: LH and RH particles transtorm in
different representations.

e Yukawa couplings are induced by non-zero VEVs of scalars. The fermion mass hierarchy
can be related to the breaking pattern.

p o anf

yijg;'yma — - Mgt Tl T
M% Ol 1,0 €Ri Ve pplt Ul + h.c.

e Three SU(3), triplets & ~ 3. e Three SU(3), triplets n; ~ 3,



Flavour bosons for CKM unitarity

e Suppose the existence of flavor changing bosons.

Ve Vi Ve €L

e Horizontal interactions have positive interterence with SM:;

o After Fierz transformation, the sum of the diagrams gives the operator:

4G, _
T3 T i)(@are) G =Gr+ Gr = Gr(1+34,)




Flavour bosons for CKM unitarity

o Different G, = Gr +Gr=Gg(1+9,)=1- Ugv
F

(Y

e The values of Vs, Vg (and corresponding errorbars) should be rescaled:
Vis| = 0.22333(60) x (1+6,,), Vaa| = 0.97370(14) x (1 +6,)

while the ratio i1s not atfected.

2
e Unitarity recovered: (%—Z) (IVaal® + [Vus? + [V |?) = 1 Qg;

o CKM unitarity is explained with 0, ~ 7.6 104, or

UVF — 6-7 leV




Flavour bosons for CKM

- i
5 - 6. 10— A 0.9750 i
po— Y | 5
VE = 6.3 1TeV 09745 | I
O I i ]
<> 0.9740 | !
0.9750 \ 0.9735 i '."
0.9745 % i :'
| :.' 0.9730° i ."
x> 0.9740 0.220 0.222 0.224 0.226 0.228
R % Vs
0.9735 ,-' 1
% .:
09730 | i | | o : :
0.220 0.222 0.224 0.226 0.228 How llght flavour can changmg 2augc bosons be?



FCNC 1n left-handed sector

SU(3)e

w3

—

=9 (e en)

Q
ot

g°> 2

_ 9 2 g
U]_—.

Masses of gauge bosons My, , = & (w3 + wi) =

If wg = wy = wy (e. g. symmetry between 7s), gauge bosons have equal
masses, A\, — VT,V is simply a basis redetermination of the Gell-Mann
matrices. From Fierz identities for A matrices:

1, _ . >

107 (e A“y'er)(eL A" yuer) = 302 (er Iyuer)

Lefr =

No FCNC, the global SO(8), symmetry acts as a custodial symmetry.
In the general case, FC (u — 3e, 7 — 3u,...) under control.

vy ~ 6 TeV is not contradicting experimental constraints.

’U2 _
SU(2)y 2y nothing w% + w% — 112; (5u — ﬁ ~ 710 4)



Gauge bosons in left-handed sector, SU(3),

SU(3), — SU(2); — nothing

(.7:3 | jgfg Fi —iFy  Fi—iFs )

Fi+iFs  —Fs+ =Fs Fo—ify
Fq+ 1 F5 Fe + 1. F7 %fg

2 2 2 2 2 1 2 2
g 2 g 2 2 2 g way + Wi —= (w3 _wz)
5= g lwstwn) Mg = (ws + w) M“Sz( L —wd) L(dwd+ w4 ud)

R\Wp — Wy 2

V3



New interactions In left-handed sector

g Gr <~/ __ M\, 2 Charged leptons flavour conserving
eff — EE: LYu—— €L Lhteractions,
lepton flavour violating interactions

8 A\ muon decay, tau decays,
ev 2G — U Aa — a , ) _
eff — E ey —er Vp Yu—VL non-standard neutrino interactions
V2 T Tq

with leptons

8 2
vy _ E : (V_L’Yu_ ,/L> Non-standard interactions between
neutrinos



New interactions In left-handed sector

Gr < 2
e DI Ry

Flavour conserving interactions
(compositeness limits): VF > 3 leV



FCNC in left-handed sector

G~ 8 2
off = /2 Z (GL %e— GL)

If ug = uo = uq (e. g. symmetry between ns) then
e (Gauge bosons have equal masses and do not mix.
e )\, — V),V is simply a basis redetermination of the Gell-Mann matrices

e 'rom Fierz identities for \ matrices:

| - 1

107 (eL A“~Y"er)(eL A“ v eL) = 302 (er Iyuern)’

Lefr =

e no FCNC, the global SO(8), symmetry acts as a custodial symmetry.



FCNC in left-handed sector

e In general case e.g. p — 3e decay: (0,

|

S|c
WYY

R
N |
-
7
N
—

['(p — eee)
I'(p — ev,ve)

1 X
~ = (C()|U3.Usul)” 5,

r=2u3/v;, |C(r)] < 1. |Us,| and |Us,| can be as large as sin 0o = V.
e The experimental limits on other LF'V effects as 7 — 3u are much weaker.
e vy~ 6 TeV is not contradicting experimental constraints.

e For r =1 all LF'V effects are vanishing owing to custodial symmetry.



Effective operators for fermion masses

>< U(3). x U(3)y x U(3)u x U(3)s

ZLNBK, eRN367 QLNS(] URNSU, dRNSd
e Fermions cannot get mass if the symmetry is unbroken.
e Yukawa couplings are induced by non-zero VEVs of scalars.
© © P S P
\ / | | |
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Leptons and family symmetry
SU(g)g X SU(3)€

e Three SU(3). triplets & ~ 3. e Three SU(3), triplets n; ~ 3,
- —oy =
?/z’jfj Nia hij1; 15 T
g Ol 1,0 CRi VE ppl7 ,,Clg + h.c.
v g i e 0y nd ¢
> \\é/ > > @ <
€Ri gy 00 bra  hy  tLp



Leptons and family symmetry
SU(g)g X SU(3)€

e Three SU(3). triplets & ~ 3. e Three SU(3), triplets n; ~ 3,




SU(3)e — SU(2

Leptons and family symmetry

SU(g)g X SU(3)€

e Three SU(3), triplets & ~ 3.

i g en;: hwﬁzanf
PLLaCR: MV

—25 nothing

)e
(0X] 0 0
() =) w1
0 0 U3

~ €€
V1 iV V3 —=€€:€:1 —> Y.=y, | ~€c
Y?,J — yz]wzvj ~ce

- M7

e Three SU(3), triplets n; ~ 3,

ppl7  Clg + h.c.

SU(3)¢ = SU(2);, — nothing

~~ € f\/l
~ € Nl — me7mu7m7-
~e ~1



Gauge bosons & RH charged leptons

e (Generically, FCNC: SU (3)6

eri = Viveer + Viiuin + Vil

SU(3)€ 3 SU(Z)Q@nothing My My, @ Me R V3 & Vg U1

V1V i3 =€€:€:1




Gauge bosons, SU(3).
SU(3). = SU(Z)e@hothing




Flavour changing neutral currents

In SU(2). gauge symmetry limit (v3 > vs):
e SU(2). gauge bosons have equal masses;

e no FCNC for CUSTODIAL SYMMETRY, no matter if two families are

mixed:

a=1 2 q=1

1 I 1 0 O ER 1°
=5 |(er Br TR )WV 01 0 V| ur

2 | 0 0 0 R )

e no mixing with 3rd family — NO FCNC.

e Constraints on masses are proportional to violation of custodial symmetry (€, €).



Flavour changing neutral currents

e (Constraints on masses are proportional to violation of custodial symmetry:

_ q 2

1 1 0 O ER
Lfcnc — A2 ( €rR MR TR )Vuvf({eﬁ 0 1 0 Vf({€> HR T
> | 0 0 O TR |
_ 4 2
e o o 1 0 O ‘o) €R
o (er Br Tr )7.Vm 0 0 0 | Vg UR =
2 i O 0 1 TR 1
| I 1 ~ €62~ €€ en \ | ’
= |(FR TR 7R )| ~&® 1 ~e pr ||+
2| ~EE  ~E  ~ € TR |
o[ 1 ~E ~ée ern \ 1
2 |(eR BR TR )| ~& ~€& ~e pr
> | ~ €E ~ € 1 TR |




Experimental constraint

e Flavour conserving operators constrained by compositeness limits:

1 1
o @@ er)’ — 5o @Y er) Frwnr) | v > 2 TeV [ = vy >10 TeV
2 2

o From LEFV mode Exp. I';/T',(I'y) Main contribution to FZjT Predicted value of s
. 4 4
FONC: L eee <10-10712 L () [VE Ve, + Vi Ve < 1101071 (21 e
4
TT > puete” <1.8-107° i ( ) |V3MV37‘ F—W =6.2-107"° (235\/) €50
4
T = <2.1-1078 1 ( ) Vi, Va, | L —31.10"° (23;”) =
4
— ey <4.2-1071 = (”gW) \ZAE =3.1-1077 (QTij) €20€30
4
— < 441078 2o (o ) Vi Vs, |* L = 8.7-1071 (21V)



Quarks and family symmetries

U(3), x U(3)q x U(3), with gauge factors SU(3), x SU(3)q x SU(3),

e (Quark masses:

e mass hierarchy is related with hierarchies in breaking of SU(3),xSU(3)4 X
SU(3), gauge symmetry:

™My - Mg . TN g — 1: €d€q - Gdgdéng



Quarks and family symmetries

K% — KY oscillation is induced by:

1
4@32

(VaaVsy)® + ea(VaaVs,)*| (5RY"dR)?

Since |VagVss| ~ €q, [V3aV5e| ~ €5€4, K° mixing is suppressed by e3¢5 < 1.

New contribution can be constrained to be less than the SM contribution.
By taking €zé; ~ 1072, the mass scale vgy ~ 7 TeV is compatible with the
constraint from the neutral kaons mass difference.

As regards the imaginary part contributing to ex, with the same choice
€q€q ~ 1072, vga ~ TTeV is still allowed if the phase of Vo4V5: is O(0.1).




VEVS

Can the hierarchy of the VEVs of £s be natural? The generic potential is:

2
V() = Mll€nl® = 230 + Mtnm&lGhiém + (u16265 + hec.)

The dimensional constant p can be arbitrarily small since if ¢ — 0 the
Lagrangian acquires global U(1). symmetry.

va/vg ~ m,/m; (one order of magnitude) can emerge from a natural
fluctuation of mass terms ;2 and coupling constants A.

Small v1 1s naturally obtained when the third flavon &; has positive mass
squared. Then for i # 0 non-zero VEV (£1) is induced:

_ HU2U3
U1 = 5
M7

Taking 1 small enough, say 4 < ve, one can naturally get v{ < v9. The
hierarchy of the VEVs of £&s can be natural.



Flavons and LFV

e Also flavons can mediate the LF'V processes.

e Lepton Yukawa couplings with the flavon fields &,,:

o JinUw
hin fngLieRoz hzn — 2]7?\14

which are generically flavor-changing.

e &, with mass us ~ vo, induces the effective operator:

haahos h3ahao mi
(Tr) (pe) | ~ —
s 1 0

For v, > 2 TeV, the width of 7 — 31 decay induced by this operator is
more than 12 orders of magnitude below the experimental limit.

e The width of u — 3e decay induced by analogous operator mediated by
flavon &; is also suppressed by orders of magnitude.



Triangle anomalies
SU(3)e x SU(3)e x SU3)g x SU(3)y x SU(3)q
by, ~ 30, er ~ 3¢, QL ~ 30, Ur ~ 3y, dr ~ 34

e In order to cancel SU(3)° anomalies for each triplet another triplet (SM
singlet) with opposite chirality is needed.

e An interesting possibility is to introduce the mirror twins with oppo-
site chirality and analogous representation of mirror SM gauge symmetry

SU(3) x SU((2) xU(1)":

f}%NSg, €/L N?)e, Q}%NSQ, u’L N3u, d/L NSd

e Couplings with flavons:

gznfg
M

(¢€Lz’€Ra -+ ¢/€/_Ri6/La) + h.c.



Triangle anomalies 2

2

° must

e As an example, for SU(3)., mixed triangle anomaly U(1) x SU(3)
be cancelled. New leptons

Era ~ (1,-2,3.; X), Eri~(1,-2,1; X)
and for mirror parity

Er, ~ (1,-2"3.; X), Er.~(1,-2",1; X)
cancel the mixed triangle

U(1) x SU3)2, U(1)x x SU3)2, U(1) x U(1)5%, U(1)x x U(1)?

e Masses from Yukawa couplings

8% a_/
Yinkn €RiCLa + Yin&, €L E’Ra h.c.

e The lightest has mass O(100) GeV. If U(1) x is unbroken, then it is stable.
Current experimental lower limit on charged new leptons is 102.6 GeV.



Cosmological implications

e Mirror matter is a viable candidate for light dark matter dominantly con-
sisting of mirror helium and hydrogen atoms.

e The flavor gauge bosons are messengers between the two sectors and so a
portal for direct detection.

o 1"/T < 0.2+0.3 from CMB and large scale structures.

e kreeze-out temperature of horizontal interactions between the two sectors
4
should not exceed Ty ~ (v2/2)3 x 130 MeV. Or viw > vpw.

e For neutrinos

Y : Y
M (¢l 1,;Clr; + ¢’ ¢l Cly;) - M

the last operator gives COLEPTOGENESIS.

¢¢/E /Rj + h.c.



Vector-like weak doublet

¢ One weak doublet of quarks cannot explain both the Cabibbo angle anomalies (CAA1 and CAA2) alone.

Vius = Up7,UrBs = —1.26(38) x 107° |, Vpua = Up7,UrBa = —0.78(27) x 10~*
Excluded by kaon flavor 0.1 %_v‘ - ?
changing processes: ] _ Excluded by low energies EW quantities
UgpUral <5.2x107° K‘/ ) 4/' and Z physics (Z decay into hadrons,..)
_2 1.,
< 107 CAAI T
> - .
~ I Ow(p) | needed value to explain the gap
1073 Z—hadi ‘UETUJUR Bd‘ — 0.78(27) x 1073

needed value to explain the gap ‘ Vine=—0.88x 1073 FCNC

U+, Ur Bs| = 1.26(38) x 1073
10_4E|_I_|

1 1 I R

1077 0.1
IURTuI

URBa 9 URTa ~ _hosz/MQ



Vector-like weak doublet

e Constraints become more stringent for larger values of the mass of the extra doublet. Assuming Mg = 2 TeV:

I A ' : ’\ I K mixing and fc decays:
10—4;" / ; \ - |U;{BSURBCZ‘ N ‘h:hdwi/MQ 5 (0.6 — 5.2) x 1079
L | | y
— | [T B mixing and fc decays:
L5 . : Ks—>u™
% 10 Ky —>n%vy Ui gaUrBss| = |hjhy|vs, /MG < (0.4—1.7) x 10~*
g | | KL_>7T0€€ * * 2 2 —7 —4
— L 1| — € ‘URBSURBZ) ~ hshb /U”LU/MQ <8x107"—6.4 x 10
107 il .
: 1 | — Kt —satwy D mixing:
Mg = 2 TeV : UsroUrre| = |Rhe|vs, /Mg < 1.0 x 107
=T
% 1 2 3 4 s 6
Arg(UrpaUpgpg;)
e Top decays: UR Up
UkroUrre| = | hy|vs, /MG < 0.01
U Urt YtUpruURTt)-===mm ==
Z H Ui hiy| = yil b |vl, /MG S 0.08
tr

LR



Vector-like weak doublet

e However also in this scenario flavour changing neutral currents appear at tree level.

UR
1 g = (W)t 1. w | cr
Ceone == A ) AV diag(0. 0,0, 1)V
f 3 cos O (UR CR tr tp )7 r  diag( Wr tr +
t'g
dr
L 9 w7 — 7 7 ey @ g @ | Sk
_§COSHWZ (dR Sk br bp )’y V57 'diag(0,0,0,1)V5 by
b'r
where
VR 4u) rauVRac Ve VRt Vi, VRav
W . u > 1. VR 4u VR 4] > 4 VR 4t > 40 VR 4t/
V( )lea 0707071 V( ): ]?kélc R4 . R4c ]?kélc
R g( ) R R4tVR4u VR4tVR4C |VR4t‘2 R4tVR4t’
Vi VRaw VisVeRae Vi Ve  |Veavl?
VR 44| VeidVrRas VpagVrRaw VaaaVRaw
. ViV VR 45 VeiVrRaw Vi VRay
V(d)Tda 0707071 V(d) — R4s Y R4d ) R 4s fiéls
r diag( Vi ViaViei ViwVies  Veol  ViaViw
Vi VrRad Vi Veras Vi Vew Vel



Down-type Isosinglet

e Weak neutral currents:

_ 9 L0 o 5\ up@ip@ | s L - —
fne = cosOw | 2 ( dr, sp by 0 )VMVL Vi b T §Sm2 Ow (dLVMdL +dRVMdR)
b/

e The non-unitarity of VL(d) is at the origin of tree level flavour changing
couplings with Z boson (and Higgs boson), determined by the matrix:

1 — ‘V4d|2 —V4*dV4S —V4*dV4b _V4*dv4b’
vlgd)fvéd) _ —V4}V4d 1 — |*V48\2 —V4*SV462 —V4}V4b/
_ 4bv4d — 4bv4s 1 — ‘V4b| T 4bv4b’
Vi Vaa —VgVas =V Vi Wllv"2 T |V2b"2 T |V3b’ |2 T,

o If the 2nd and 3rd families are not mixed with the fourth, Viss = Vi = 0,
there are not FCNC at tree level between the first three families.




Up-type weak singlets
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Ivt'sl
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|Vud|2 =+ ‘Vus‘Q + |Vub‘2 =1 — ‘VLUu|27

Viva| = |hu|vew /My ~ 0.044
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W-boson mass

e Oblique parameters:

aS =4e’[113;(0)—1II3,(0)] ,

al =

eZ

2,2

sc’mz

2

[T1,,(0)—IT5(0)] ,

aU =4e?[I1},(0)—115(0)] .

1 () MO _p-
a ms, m2, o

g 4% |Ipy(m3) Mg (0) 2 — s WE(mz) I (m7)
B m% cs m% m%

a5t [T () g () eTTE(md) T ()
B o s m?%

=S



Free neutron decay (g,)

WEIGHTED AVERAGE
I I [ -1.2754+0.0013 (Error scaled by 2.7)
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Cabibbo angle anomalies

J.~C.~Hardy and I.~S.~Towner, " *Superallowed $0"+ \to 0°+$ nuclear $\beta$ decays: 2020 critical survey, with implications for V$ {ud}$ and CKM unitarity,”’
Phys. Rev. C 102, no.4, 045501 (2020)
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Cabibbo angle anomalies
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CAA and EW precision observables



W-boson

Mass

o CDFIl (2022) new physics?

6.600

- 0.0094 GeV

mMw CDFII — 80.4335 -

- 0.0006 GeV

mMw sM — 80.360 -

1.30 1

- 0.012 GGV

mwjold — 80.377 -

3.30

- 0.015 GeV

Mw.exp — 80.413 -



W-boson mass

LEP combination
Phys. Rep. 532 (2013) 119

DO
PRL 108 (2012) 151804

CDF

Science 376 (2022) 6589

LHCb

JHEP 01 (2022) 036
ATLAS

arxiv:2403.15085, subm. to EPJC

CMS

This Work

CMS Preliminary

mw in MeV

|
1

— 80376 + 33 |—|——o—| —

— 80375 + 23 Fo—( —

— 80433.5 £ 9.4 ——  —
— 80354 + 32 |—-IL—| _
— 80366.5 + 15.9 pi—o—| _
— 80360.2 + 9.9 |J—o—1 —— EW fit T

]

. | .
80300 80350

! |
80400 80450
mw (MeV)

My ppe = 80.360 £ 0.012

my, gy = 80.356 % 0.005



CAA and W-boson mass

5 e2 2 e2 2 m%/
e Tree level: my, = , myy = , p = =1
252 2 252 m2 cos2 6
w W %74 A 44

e Loop level is required for electroweak precision tests.

e The most precise measured electroweak quantities are o, G, mz, from which sin 6y can be defined:

W@(mz)

—> s éx%v cos 0%, = ez | m%/V,SM = &5y My, p
Z
Grp=(01+6,)"'G, —m0m — sty — sy + Asty  ——————  Mpynew = Mw.sM — Amy,
mw.sm = 80.360 = 0.006 GeV mw,s, = 80.344 = 0.007 GeV

1.30 2.40

mW,W/OCDFH = 80.377 £ 0.012 GeV

e New horizontal gauge bosons go to the opposite direction in myy shift. If the increased tension is confirmed, some other

step would be needed, like mixing with some extra gauge bosons like 7’ at the TeV scale or perhaps also with the flavor
gauge bosons or a scalar triplet.



Vector-like weak doublet and W-boson mass

m2
Sm2 — m2 . _ 2 2 2 CZT 1 S'lU
Mw = w = Mwsm = © Tz Y 272 2(c? —s2) 7 452
e Obligue parmeters (radiative corrections)
47 p— 1
T = I111(0) — II33(0)) =
g g (H11(0) — 1133(0)) ()
167
S = —5 (Ilsz(mz) — T33(0) — M3q(m7y))
mz
167 167
U = —5 (i1 (myy) — 111(0)) — —5 (M3(mz) — [33(0))
miy, ms,

3a(mz) m; )

2 2 2
167T8WCW m2,



Vector-like weak doublet and W-boson mass

my
mo
3[4 Mg M2 — M2 Mé 2 Moy M§ v
T~ -2 (=L D) L2V 22 + 2Re(Viay Vi “(—2+m=2)ro(n)| ~
1673, ¢ | 3 m% Mé + 2{Veaw | m?7, (Vi Vi) m?%, T m? T Mé
3 2 v [ 2 v? ( 2 V2 Mé vE N
< Yu hal? — hel?) g (=3 +2m —F) + O+ )
~ 1672 sy Ciy My | 3 Mg a_zu;,t 5_%:,5,19 Mg m? é |
dm? c? 3 w2 [2 2 M3\~
W= 02 (hal + Bsl? o 2 = (huf? = el = [Baf?) "+ o hef?| =34+ 2In—2
cywymy  cy — Sy 1bme Mg |3 my |

e One vector-like doublet with mass Mg = 2 TeV coupling only to the top, the CDFII my, value would be explained with
a Yukawa coupling of h; =~ 1.0 £ 0.1, corresponding to a mass splitting of 7 GeV.




Vector-like weak doublet and W-boson mass

Vus = Uk Uppe = — 1.13(37) x 107

000

~0.02
~0.04
= —0.06
~0.08

URBSz —h Vw/MQ

~0.10

-0.121 |:
|CAA2

01400 002 004 006 008 0.10

URTu~ hqu/MQ

Vector-like doublet of quarks emerges as a favorite explanation of Cabibbo angle anomalies



CAA and EW precision observables

Cirigliano et al 2204.08440

Onws H'z'HW], B* Sim2 o o
W A .2 PWEW 3
OHD HTD#HP o) o 2VW 9) ) [2CHWB + CHD + - <2C( ) Cff)]
3) ol My S~ Cw Cw
Oni (H'iD H)(l,7'y"1,) \ \
o1
01(3()1 (HTiD H)(_ TI},Mqr) / ; |
% (L,y,.1.)(Lr#Ly) oblique parameters F shift
05 (1,7"7,l,) (g7 v"q,)

Assuming U(3) flavour symmetry

ACKM = 4v2[C;13q) C(3) + (Crp)io21 — Cz,%)]

\

strongly constrained by LHC

Global fit of electroweak precision observables gives a too large value of ACKI\/I
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Fit of CAA, EW precision observables, LHC

Cirighano et al. 2311.00021

A Chyua € Model
& Chuq & Model D {Csr, Cy}

O Rest of the models

20

Number of Parameters

40

Oy, + h.C.

CHudll ’ CHudlZ

Cor = cwCpyp + 45w Chwp

i(H'D,H)(ii,y"d,)

vector-like doublets
at tree level

vector-like doublets
at loop level



Present situation of the CKM first row



Present situation of CKM first row

‘Vud|2 + \Vub\Q — ]  — COS@% -+ Siﬂ@% = 1
Three determinations: \VuS‘A =sinfc|, |Vus/Vua| = tanbc, ‘Vud|C’ = cos O

e |V,s| can be directly determined from semileptonic K — wfv (K/¢3) decays
(Kre3, Kged, K*e3, K*u3, Kpu3, Kgu3)

Experimental inputs: KLOE, KLOE-2, KTeV, NA48 (Moulson 1704.04104, only small updates since 2012)

| phase space factor
Isospin factor (1 or 1 /\/5)

‘ f channel independent short distance EW radiative corrections

G2 M3 2 ; )
P I £, (0) Vas [P 19) Stow (14 055y + 657

/ / \isospin breaking corrections

KV = 7w transition form factor at zero momentum transfer
FLAG average of 4 active quark flavour lattice QCD calculations: long distance EM radiative corrections

£.(0) = 0.9698(17)

'3 =



Present situation of CKM first row

‘Vud|2 + \Vub|2 — ]  — COS@%« + Siﬂ@% = 1
Three determinations: \VuS‘A =sinfc|, |Vus/Vua| = tanbc, ‘Vud|C = cos O

e |V,s| can be directly determined from semileptonic K — wfr (K¢3) decays
(Kre3, Kged, K*e3, K=u3, Kpu3, Ksgu3)

Experimental inputs: KLOE, KLOE-2, KTeV, NA48 (Moulson 1704.04104, only small updates since 2012)

phase space factor
Isospin factor (1 or 1/\/_

channel independent short distance EW radiative corrections

G2 M5 02 5 (0)
FK€3 — 19973 ’ us ‘ I SEW “|_ 5SU(2)
|sospin breaking corrections

KV = 7w transition form factor at zero momentum transfer
FLAG average of 4 active quark flavour lattice QCD calculations: long distance EI\/I radiative corrections

£.(0) = 0.9698(17)

Recent re- anaIyS|s
Seng et al. 1910.13208, 2009.00459, 2103.00975, 2103.04843, 2107.14708, 2203.05217 Ma et al. 2102.12048,
(also with lattice QCD) consistent with ChPT (Cirigliano et al. 08074507) with much smaller uncertainties



Present situation of CKM first row

ik + Va|? =1 cos Oz +sin 6% =1

Three determinations: ||V, 4|4 =sinf¢|, |Vus/Vud|p = tanbc, Vudlc = cosbc

e |V,s| can be directly determined from semileptonic K — wfv (K/¢3) decays
(Kre3, Kged, K*e3, K*u3, Kpu3, Kgu3)
Experimental results + radiative corrections 2203.05217:

£1(0)|Vis| = 0.21634 £ 0.00038

e Average of 4-flavour lattice QCD calculations for the vector form factor f; (0) = 0.9698(17)
(FLAG 2024)

'Vus|a = 0.22308(55)



Present situation of CKM first row

‘Vud|2 —|— \Vub|2 — ]  — COS@% + Siné%« = 1
Three determinations: \VuS‘A =sinfc, ||Vus/Vua|s = tanfcf, ‘Vud|C = cos O

» The ratio of leptonic decay rates K — uv(y) and r — uv(y) determines:
Experimental input dominated by KLOE, KLOE-2 (Moulson 1704.04104, not changed since 2014)

1/2
— 2 2 Kn
Vis| Jxe - I K—pu(y) M I my, [my: 1 ARC+iB

Vil fe | RN e 1 —mZ/mg. 2

/

charged kaon and charged pion decay constants
from lattice QCD calculations residual EM radiative corrections:

Chiral Perturbation Theory -1.12(21)%
Confirmed by lattice QCD calculation of radiative
and isospin-braking corrections
-1.26(14)% (1904.08731), -0.86(40)% (2211.12865)




Present situation of CKM first row

ik + Va|? =1 cos Oz +sin 6% =1
Three determinations: |V, 4|4 =sinf¢c, ||Vus/Vualz = tanfc|, Vwd|c = cosO¢

e The ratio of leptonic decay rates K — uv(vy) and m — pv(vy) determines:

fKjE Vus
fﬂ':l: Vud

= 0.27599 = 0.00037

e 4-flavour lattice QCD for the decay constants ratio fx /f; = 1.1934(19) FLAG 2024
(frc/fr = 1.1932(21) FLAG21)

— 0.23126(48)



Present situation of CKM first row

+ Visl? + Vs> = 1 cos 02, + sin 63, = 1
Three determinations: |V, |4 =sinf¢c, |Vus/Vud|p = tanbc, Vudlc = cosbc

e Superallowed nuclear beta-decays and free neutron decay:
K
2G5 Ft (1 + A%)°

K/In2

Val? =
Vad G4 Fnmn(1+395)(1+ A%)

|Vud‘(2)+_()+ —

o K =2713log2/m2, Gr = G, = 1.1663787(6) x 107° GeV 2,



Present situation of CKM first row

+ Vius|? + [V |* = 1 cos Oz +sin 6% =1

Three determinations: |V, |4 =sinf¢c, |Vus/Vud|p = tanbc, Vudlc = cosbc

e Superallowed nuclear beta-decays and free neutron decay:

K/In2

Vial2 _gs = 1 Va2 =
0T T 9GR Ft(1 +’ ; G%FnTn(lﬂLSQi)(l

K = 27°log2/m2, G = G, = 1.1663787(6) x 107° GeV ™2,

A are short-distance (transition independent, single-nucleon) radiative corrections Bowe gt J’(;q
(YW box diagram). - -

Marciano & Sirlin 2006 A}, = 0.02361(38) adopted by PDG 2018.

New calculation with reduced theory uncertainty Seng et al. 2018 A¥ = 0.02467(22).
Other more recent studies confirmed the shift of A}.



Present situation of CKM first row

e The most precise determination is from superallowed nuclear beta-decays
(0T—0" Fermi transitions) determining vector coupling Gy = Gg|Vual:

Hardy and Towner, Phys. Rev. C 102, no.4, 045501 (2020)
transition dependent radiative correction (new survey after 2015)

function of electron energy and Z \

3090 (a) ;
K .
ft:ft(l—l—(%%)(l—I—&vs—(Sc) — 3080} I
3070
transition dependent radiative correction, | | | | % 3060: ] l
depends on nuclear structure (neutron in nucleus) Isospin breaking corrections, = : [ i
Srre = Snre s 4 Sure o+ S depends on nuclear structure 3050} T e%,st
5NS Se]:\SgZ;Aet al ];721132 03](\3725 taligns ft the most) sos0] } :
D%S#4 ) ) i o
Oys g Gorchtein 1812.04229 s,
uncertainty increased by 2.6 factor G ZMg *cl “sc®Mn ®Ga (D)

0 /Al MKV SCo “Rb
2°Si #Ar38Ca

e K = 27m3log2/m?, Gr = G, = 1.1663787(6) x 107> GeV°, f statistical rate function .

(depends on the total transition energy), t partial half-life ;‘2’3080. {
R ~ l - -
o Ft=1t(1+ Jr)(1+ dns — d¢c) nucleus-independent value obtained from ft-values sor0f 8 L }}H s ¢ ]

averaging 15 transitions

3060
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Correction terms (%)

Present situation of CKM first row

Hardy and Towner, Phys. Rev. C 102, no.4, 045501 (2020) (new survey after 2015)

Ft=ft(1+6R)(1+dns —dc) =

L
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Present situation of CKM first row

e The most precise determination is from superallowed nuclear beta-decays (0T—01 Fermi
transitions) determining vector coupling Gv = Gg|Vudl:

v ‘2 K
ud _ —
070" " 2G2 Ft (1 + AY)

e K = 21%log2/m2, Gp = G, = 1.1663787(6) x 107°GeV ™, f statistical rate function
(depends on the total transition energy), t partial half-life;

o Ft =1ft(1+ Jg)(1+ dns — dc) nucleus-independent value obtained from ft-values after
including the nucleus-dependent radiative (0%, dng) and isospin-breaking correction d¢,
averaging 15 transitions, recently updated (uncertainty increased by 2.6 factor due
to nuclear structure corrections dng (1812.03352,1812.04229), which now dominate uncer-
tainty): Ft = 3072.24(1.85) s (Hardy & Towner 2020);




Cabibbo angle and free neutron

895 |-
890 -
885 |-

880 -

‘19 Markisch

2 _ K/In2
Vo Fama(14+3¢9%)(1 + AY)

I
YO2Ft(1 4+ AY)

o

2 K/1n2 5024.5(6) s
GrFntn(1+39%)(1+AR)  7o(1+3g9%)(1+AR)

o F, = fn(l+4+0%) f-value corrected by LD QED correction.
o TPOttle — 878 4(5) s.
o TPeaM — 8RR ()(2.0) s (40 tension with SM and bottle experiments).

o g4 = 1.27624(50) axial-vector coupling from parity-violating

p-asymmetry parameter A from polarized neutrons

e (some tension with aSPECT (a coefficient)

from the recoil spectrum of protons, but agreement with the other
recent measurement of the a coefficient by aCORN).

o TP AV &g —  |Vidln = 0.97383(44)

2 Ft  5172.3(3.2) s

T2 F,(1+3¢%)  (1+343)

e Gy and A cancel out even in BSM Gy # Gr|Vua|, g4 = —Ga /Gy
® New Ag calculations have no influence on 7,, determination.

e ga = 1.27624(50) — 7°M = 878.7(8) s & Thottle



Present situation of CKM first row

|Vud|2 —l— ‘Vub‘Z -1 —> COS@% + Siﬂ@%« =1

Three determinations: [|V,s|4 = sinf|,

Vius/Vud|B = tan ¢, ‘Vud|c — cos O¢

o |V,s| can be directly determined from semileptonic K — wfv (K{3) decays

(Kre3, Kge3, K*e3, K=u3, Kpu3, Ksu3)

Recent re-analysis of long distance EM radiative
corrections Seng et al. 2203.05217:

O’/T_
Vusf£ ™ (0)

Average: tot

Kre 0.21617(46)exp (10) 1, (4) 55ns

Kge 0.21530(122)exp (10) 14 (4) 550

Kte 0.21714(88) exp (10) 1c (21) 55,5, (5) e

Kru 0.21649(50)exp (16) 1, (4) spns

Kgu 0.21251(466)exp (16) 1, (4) spns

Kty 0.21699(108) exp (16) 15 (21) s (6) e
Average: Ke 0.21626(40) x (3)
Average: Kpu 0.21654(48) k (3)

(38)k (3

HO
HO
HO

0.21634(38) x (3)




Short distance single-nucleon radiative corrections

Reduced Hadronic Uncertainty in the Determination of V

Chien-Yeah Seng,1 Mikhail Gorchtein,zfk Hiren H. Patel,3 and Michael J. Ramsey—Musolf?”4
'INPAC, Shanghai Key Laboratory for Particle Physics and Cosmology, MOE Key Laboratory for Particle Physics,
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® (Received 16 August 2018; published 14 December 2018)

We analyze the universal radiative correction A} to neutron and superallowed nuclear § decay by
expressing the hadronic yW-box contribution in terms of a dispersion relation, which we identify as an
integral over the first Nachtmann moment of the y W interference structure function F gO). By connecting the
needed input to existing data on neutrino and antineutrino scattering, we obtain an updated value of
Ay = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming other standard model
theoretical calculations and experimental measurements remain unchanged, we obtain an updated value
of |V,q| =0.97370(14), raising tension with the first row Cabibbo-Kobayashi-Maskawa unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive

analysis.

DOI: 10.1103/PhysRevLett.121.241804
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Figure 5: Log-linear plot of %&l_’—cﬂ M:,EO) (1, Q%) as a function

of Q2. The blue curve is the result of our parameterization
in (12), and the red curve is the piecewise parametrization
used by [MS]. For a given parametrization, the contribution
to 0% is proportional to the area under the curve, see (9).



Cabibbo angle anomalies
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CAA and W-boson mass: vector-like weak doublet

e Assume the vector-like doublet couples predominantly to the down or the strange quark:
two scenarios to explain CAA1 and my, or CAA2 and myy.

1. CAA1 + mw (hy, hg, he)

0.00 0161 e e
* "My =2TeV U
| 0.14 | \ 200 5
S -0.02° - N R
i b FCCS% , :
% E 01211 irecom)' = S
' f = | 1.5 |
= = REE _ f !
'QI -0.04 " < 0.10 A =
R [ k3 g B
~ ~ LAl I
3 | S 008[ LOF
S 006 =
| 0.06 | 2
f ; 050 |

~0.08 0041 . :

000 002 004 006 008 0:00 0.02 0.04 0.06 0.08 0.10 o 120.14 1 2 3
Urtu~—h,vw/Mg \Ugrru|=|hulvw/Mp My[TeV]

e xiy = 31.4, improvement of &y — Xfmn,new = 17.2. The left discrepancy is due to CAAZ2.

o If CAA2 is resolved by the presence of another vector-like doublet, then x&\; — x2.:,, = 28.1.
o hy S 1for Mg S 3 TeV.



CAA and W-boson mass: vector-like weak doublet

2. CAA2 + mw (hy, hs, hg)

0.00——————— 0.16 SRERSA w
: : : ;MQ=2T€V 7 %E
-0.02 0.14 \ 20F =
= : e FCC(S%) '
= ~0.04 0.121 FCCO%) |
= 6 — F : 1.5
~0.06 = ¥ \ LS
5 | 2010 =
= : 0.08 ! 1.0
= -0.10 Y
-0.12 [} | 0061 059
i ' CAA2 . 004 Z ) ~~ I E
_01§00002004006008010 000002004006008010012014 1 9) 3 4
Urrux—h,vw/Mg |UrTul Mpl[TeV ]

® Xy = 31.4, improvement of x§y; — X?nin,new = 20.0. The left discrepancy is due to CAAL.

® Vius = Upp, URrps & h;‘;hsv,a/MQ = —1.13(38) X 1072 induces the difference between the
vector coupling in K /3 decays and the axial-vector coupling in K u2/mu2 decays.

e hy <1 for Mo < 3 TeV.



CAA and W-boson mass: vector-like weak doublet

1. CAA1 4+ mw (hy, hg, he)
ho~hg~03, hi=1, h,<0O107%), h.<0O107%  h SO0

|ht‘ 5 1 for MQ 5 3 TeV

2. CAA2 + mw (hy, hg, hy)
ho~hs=~03, hy~1, hgJ0007%),  h.<0O007%) kSO0

he] <1 for Mg S 3 TeV



CAA and W-boson mass: vector-like weak singlets

Down-type singlet

3 V2 V2 M? 1 2
TrH ~ w w 2 21 D L 2 ) 2 2
P 16w s2¢2 m2, M?% { yelws["In m? = 2 (lwal” + fuws[* + fuwy )

e Considering constraints on the mixing elements, which also give Mp < 1.5 TeV, the upper
limit is |wp| < 0.05. It cannot induce the positive shift of myy.

Up-type singlet

3 v V2 | M? 1 2]
T, o w W 2 2 ] U 1 - u2 (32 2
T s2c2m?, M _ytlzt’ (n m? ) i 2(‘Z " Lzl + 1) |

e Taking into account the bound on z. from the D-mesons mass difference

Ul Urvel = |25 2| vg, /Mg $ 1.3 x 107 [1 + (My /3.1 TeV)Z} o
1 TeV
- My

o | Uryy| =0.04 for CAAL1. Assuming z. is chosen to compensate in €g, the limit gives |z;| < 0.15.

e BY — BY mixing gives a bound which is approximately |V, Vira| = |25z |v2 /MG < 1.1 x 1072

e However, my requires z; = 0.67(10) for My =1 TeV (z; = 1.08(15) for My = 2 TeV).



CAA and W-boson mass: vector-like up-type singlet

e Arg(z;) can be selected to reduce the contribution in BY system, z. set to compensate the
CP-violating effect in KV-KVY.

e Limit from BY-BY still excludes the preferred region for the combined explanation.

10 K CAAl+my

N\ ]

12 S
My=13TeV ; \

---------------

O. 7“““‘ ““:“‘”‘:““““““7 . L | | I o | ! | | | o
8.0 0.1 02 03 04 05 0.6 08.0 0.2 04 0.6 0.8
|zl |zl

e Up-type singlet can be an explanation of CAA1 or myy, separately.



CAA and W-boson mass
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e Arg(z) selected to reduce the contribution in the BY system, z. set to compensate in €.

e Limit from BY-BY still excludes the preferred region for the combined explanation.

e Up-type singlet can be an explanation of CAA1 or myy, separately.



CAA and W-boson mass: vector-like up-type singlet

e Taking into account the bound on z. from the D-mesons mass difference

UlvuULvel = |2y ze|vg, /M < 1.3 X 104 {1 + (My /3.1 TeV)Q}_l/2

1 TeV
- My
o | Uryy| =0.04 for CAAL1. Assuming z. is chosen to compensate in €x, the limit gives |z;| < 0.15.

e BY — BY mixing gives a bound which is approximately |V Vira| =~ |25z o2 /MG < 1.1 x 1072

e However, myy, requires z; = 0.67(10) for My =1 TeV (z; = 1.08(15) for My = 2 TeV).
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e Up-type singlet can be an explanation of CAA1 or myy, separately.



CAA and W-boson mass
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Present situation of CKM first row

e The most precise determination is from superallowed nuclear beta-decays
(0T—07" Fermi transitions) determining vector coupling Gv = Gg|Vudl:

Hardy and Towner, Phys. Rev. C 102, no.4, 045501 (2020)
transition dependent QED radiative correction (new survey after 2015)

function of electron energy and Z \

K
Ft=ft(1+6R)(1+dns —dc) =

— 2G5 [Vaal? (1+ BF)

transition dependent radiative correction,

depends on nuclear structure (neutron in nucleus) isospin breaking corrections,
ONs = Ons,a T Onsp + OnsE depends on nuclear structure
Oys.4 Seng et al.1812.03352 (aligns ft the most)

5NS, r Gorchtein 1812.04229
uncertainty increased by 2.6 factor

e K = 21%log2/m?, Gr = G, = 1.1663787(6) x 1075 GeV ™, f statistical rate function
(depends on the total transition energy), t partial half-life

o Ft =1t(1+ 0g)(1+ Ins — dc) nucleus-independent value obtained from ft-values
averaging 15 transitions



