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Motivation / Introduction
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FC (flavor-changing) Z'Couplings
In SM
» tree-level FC-couplings of Z to quarks (and leptons) forbidden by GIM
[Glashow/Iliopoulos/Maiani PRD72 (1970) 1285]
» GIM broken at one-loop by Yukawa-couplings

leading effect for down-type quark transitions due to top quark masses
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FC (flavor-changing) Z'Couplings
In SM
» tree-level FC-couplings of Z to quarks (and leptons) forbidden by GIM
[Glashow/Iliopoulos/Maiani PRD72 (1970) 1285]

» GIM broken at one-loop by Yukawa-couplings
leading effect for down-type quark transitions due to top quark masses

_ gV Vy
Z, [dﬂ/“PLdj] = mc(xt m,/mW) ~ % f
W=

gauge-dependent Inami-Lim function
[Inam\/le Prog.Theor.Phys.65 (1981) 297]
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Beyond SM naive modification of Z couplings to quarks (and analogously leptons)
L52=2Zu 3 dir" ((A] )P+ [AR)i PR)
b=u,d
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FC (flavor-changing) Z'Couplings
In SM
» tree-level FC-couplings of Z to quarks (and leptons) forbidden by GIM
[Glashow/Iliopoulos/Maiani PRD72 (1970) 1285]

» GIM broken at one-loop by Yukawa-couplings
— leading effect for down-type quark transitions due to top quark masses

_ AT
Z, [dﬂ/“PLdj] = mc(xt m,/mW) ~ % f
W

gauge-dependent Inami-Lim function
[Inam\/le Prog.Theor.Phys.65 (1981) 297]

ox. € _1)_x(x—6+ 3x+2 Inx)
B S L e D

(and analogously leptons)

naive modification of Z couplings to quarks

Beyond SM

Il Adding these terms is not SU(2);, ® U(1)y gauge-invariant = use SMEFT instead
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SMEFT (standard model EFT)

Lsmerr (10 < pin) = Lsm (9L, 00, Up, dr,er, H) + ) CiO;
dim-5,6

» dim-4: just SM Lagrangian

» dim-5: “Weinberg operator” — neutrino masses

» dim-6: contains various types of operators build out of q;,¢;, ug, dgr, er, H
» all invariant under Gsy = SU(3)c ® SU(2)L ® U(1)y
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SMEFT (standard model EFT)

Lsmerr (10 < pin) = Lsm (9L, 00, Up, dr,er, H) + ) CiO; J
dim-5,6

» dim-4: just SM Lagrangian

» dim-5: “Weinberg operator” — neutrino masses

» dim-6: contains various types of operators build out of q;,¢;, ug, dgr, er, H
» all invariant under Gsy = SU(3)c ® SU(2)L ® U(1)y

Type of operators (a possible choice of non-redundant basis) [Grzadkowski/Iskrzynski/Misiak/Rosiek 1008.4884]
» X8 X = field strength tensors Gf“,, (“Warsaw basis” used throughout)
> HE
» H*D
> PPH® « fermion masses + FC H couplings
> X°H?

» 2XH < dipole operators
» 2H?D < FC Z and W# couplings
> ot <« 4-fermion FC operators (LL)(LL), (RR)(RR), (LL)(RR), (LR)(LR), (LL)(RL)

59 types: in total 2499 (su(2),. ® U(1)y invariant) operators (3 generations / 6 flavors)
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SMEFT (standard model EFT)

Lsmerr (10 < pin) = Lsm (9L, 00, Up, dr,er, H) + ) CiO; J
dim-5,6

» dim-4: just SM Lagrangian

» dim-5: “Weinberg operator” — neutrino masses

» dim-6: contains various types of operators build out of q;,¢;, ug, dgr, er, H
» all invariant under Gsy = SU(3)c ® SU(2)L ® U(1)y

Type of operators (a possible choice of non-redundant basis) [Grzadkowski/Iskrzynski/Misiak/Rosiek 1008.4884]
» X8 X = field strength tensors Gf“,, (“Warsaw basis” used throughout)
> HE
» H*D
> PPH® « fermion masses + FC H couplings
> X°H?

» 2XH < dipole operators

» | Y?H?D <« FC Z and W#* couplings | <= this talk

» w“ < 4-fermion FC operators (LL)(LL), (RR)(RR), (LL)(RR), (LR)(LR), (LL)(RL)
59 types: in total 2499 (su(2),. ® U(1)y invariant) operators (3 generations / 6 flavors)
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¥?H?D-Op’s = FC couplings of Vq;q;

LH (eft-handed) FC Z coupl’s  (W*in o,(_,?)
Ok = (H'BuH)[3" )]
O = (' H)[G0%" )]

> weak eigenstates g} and uk, df
» mass eigenstates u; and d;

C. Bobeth

RH (right-handed) FC Z coupl’s (W in 0,4

Oug = (HTIBLH) (A o]
Oy = (HY B H) [Ty U]
Opug = (ATIDLH) [Ty df]
12,3), O

» analogous op’s for leptons OL
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¥?H?D-Op’s = FC couplings of Vq;q; v=-z,w

LH (eft-handed) FC Z coupl’s  (W*in o,(_,?) RH (right-handed) FC Z coupl’s (W in 0,
O,‘(-:q) _ (HT,'(BMH)[(—IH#QJJ Oug = (HTiD#H)[C_I,f;,'y“d{q]
P _i i _(HiB T
O,‘(-I:Z) — (HT/'DMaH)[q’LUa’}/HQ‘U Oy, =(H iD,H)[ugy UIH]

- (Fti Dot ol
o  and i dl. OHud—(HT’DuH)[U;q’Y“dH]

» weak eigenstates g; and ug, dg
» mass eigenstates u; and d; » analogous op’s for leptons ©

)
He > OHG

EWSB (electroweak symmetry breaking) @ ftew
= fermion masses receive dim-6 contr. from ¢?H® op’s

P ) T, Oy = (HTH)[G,u:H]
Yoy ’ Oy = (H'H)[@ o H]

Transition to mass eigenstates via 3 x 3 unitary ¢, — VZ%L and yg — V;Z)’LZJR
VI Vg = mile, V=)V,
=V is unitary and corresponds to CKM matrix of SM
C. Bobeth HEFT 2017 May 23,2017  5/25



FC Vq;qi couplings v=2z,w

In mass basis (9z=\/9% +93)
it -~ 2z, [Veres +eH Ve, [ Pud] + [ViTeuqVa], (6" Pad]

+[virely) - c,‘j})vf],.j. [Gv*Pruy] + [VAT CHuVR]I-j (07" Pry)])

c
+ 22 2([vere® ve], (o P lw; [v;’fﬂvg] (G Pac] Wt +he.)
V2 g7 ],

» v and gy differ in principle from SM values by dim-6 contr’s but here dim-8 effect
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FC Vq;qi couplings v=2z,w
In mass basis (9z=\/9% +93)

it -~ 2z, [Veres +eH Ve, [ Pud] + [ViTeuqVa], (6" Pad]
[Vt - c;,?‘;))vf]ij [G"Pry] + [Vit CHUVR]/]- [@7"Pryj])

[¢ = ¢ _
+722 v([vrtes vﬂ”[un“ﬂdj] w; + [vg*% vg]ij [U7" Prcj]W; + h.c.)

» v and gy differ in principle from SM values by dim-6 contr’s but here dim-8 effect
» Wilson coefficients correspond to weak basis, BUT can choose special weak basis
Vig=1 and V=1 = Vi=VT
= d-quarks already mass states, convenient for d-type quark AF = 1,2 phenomenology
» additional factors of V only in coupl’s of op’s with LH u-quarks

» relations between down- and up-type FCNC’s (in this basis)

im 1 3 * 1 3
LinF o % VarlCh Chd = CM Vi ~ [Cf) - Clsb + O(Ac)
¢ =~ 0.22 Cabibbo angle
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RG (renormalization group) effects in SMEFT

RG evolution relates Wilson coeff’s at different scales 1stLLA = 1st leading logarithm approx.

TYab [
Caliion) = (G0 = 22510 22 ) ¢, (0) + 0020, oA, V2, 6B, . géJ
eW

= 7zp =ADM (anomalous dimension matrix) completely known at 1-loop

’ N //"\
S . | ) X |
\\4/ \ 7/
i
2N /
. . / \ -

/N

[(Alonso)/Jenkins/Manohar/Trott 1308.2627, 1310.4838, (1312.2014)]
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RG (renormalization group) effects in SMEFT

RG evolution relates Wilson coeff’s at different scales 1stLLA = 1st leading logarithm approx.

Calpew) = (‘Sab_ (Zat;z In )cb(ﬂ/\) +O(’Y Y 7--~)7 Yab < X, Y2, 9127 957 ggJ

= 7zp =ADM (anomalous dimension matrix) completely known at 1-loop

’ N //L\
S . | ) X |
\\4/ \ 7/
i
2N /
. . / \ -

[(Alonso)/Jenkins/Manohar/Trott 1308.2627, 1310.4838, (1312.2014)]
In SMEFT corrletions among flavor sectors possible due to flavor-changing

’ Higgs (Yukawa) couplings ‘ ’ SU(2)y, gauge couplings ‘ ’ dim-6 operators ‘

(qu Yu,[jUjFI)ﬁ + (. Ya,jdR)H u <~ d, various flavor structures

» numerically largest RG effects 4ras ~ 1.4 = BUT SU(3). flavor-diagonal

» top-Yukawa y,2 ~ 1 = flavor-mixing < phenomenologically most interesting

C. Bobeth HEFT 2017 May 23, 2017 7125



Top-Yukawa RG effects of ¢»2H?D op’s for AF =2

» 2 H?D operators mix into * 4-quark op’s via top-Yukawa

AF =2: Kkl =j

(LL(LL) [0 = [Bwd1af el [0 = [Gvuo?d,][af " 0%]
(LL)RR) [0 1w = (@[ dh]  [O% T = (@] )" U]

(RR)(RR) [0V = [Tt [05v"dR]  [Ouli = [Ty Uh ] [Ty UR]
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Top-Yukawa RG effects of ¢»2H?D op’s for AF =2
» 2 H?D operators mix into * 4-quark op’s via top-Yukawa AF =2: kI =jj
(LL(EL) [0k 7 @l "a] (0% i 5 [@no’q )G 0%
(LLYRR) [0 15 (@7 a8k dR] (0% 1w 4 [@ha] [Tk U]
(RR)(RR) [0S )4 [Ohvuthl(dfr k] [Ouslii | [Bhva ] TR uR]

s d
» only 3 contribute to down{type AF =2 Cy= (47r)2u% [Jenkins/Manohar/Trott 1310.4838]
m
T ;(1 1 5(3 3
(CL)EL)  [CQ N Y + Y YIlIC L+ [CQ N = — [YuYalIC i+

CL®RR)  [C5 0 = + [YuY{lilChgli+ -
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Top-Yukawa RG effects of ¢»2H?D op’s for AF =2
» 2 H?D operators mix into * 4-quark op’s via top-Yukawa AF =2: kI =jj
LY [0R Nk 7 [@wmallai el [0 i = [@wod]atv o]
(LLYRR) [0 1jufs [@rna (A dh]  [O% T A (@] )" uf]
(RR)(RR) [0Vl 4 [Tarutp] [0k dh]  [Ouulins o [Thvw ] [T U]

; d
» only 3 contribute to down{type AF =2 Cy= (47r)2u% [Jenkins/Manohar/Trott 1310.4838]
m
TN 5(1 1 5(3
ML) (€Y + D YIle i+ €% - Y YilleD 1+

(CL)RR) [ + [YUYJJU[cHd]w

» in mass eigen basis (neglecting dim-6 effects in RG evolution of dim-6 Wilson coefficients)

; 2 ia
Yu dlm 4 £th diag V,Lqrr £VT d g

CKM U’

the ADMs are given in terms of top-quark mass and CKM elements >\’/ Vi Vi

2 ) 2
RANIE S ¥ mﬁvk,vkj ~ 2m,2x/
14 k=u,c,t v
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1»2H?2D quark operators
in AS, B=1,2 phenomenology
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Matching to AF =2 EFT: Tree-Level

EFT below pew  HArp, = N; 3 CLP +hec.
a

in SM only non-zero

C7‘2 ;
Y ()|, = So(x). Nj= G miy(A)?

So(X:) = gauge- and log pew-independent

C. Bobeth HEFT 2017

P\ = [0y PLajl (B PLd;]

Plx.1 = (@7 PLa][by" Pad]

PLR - [d P.d; ][b,-PF;dj]
PSLL1 [diPLOj][biP.d]]
PSILL,Z = -[dioyw PLoj][bic"” PL]]

+VLL - VRR and SLL — SRR
[Buras/Misiak/Urban hep-ph/0005183]
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Matching to AF =2 EFT: Tree-Level

. - P<]/LL [di’YMPLdj][BWMPLdj]
EFT below 1oy HAr o =N > CiPs+he.
a PLR1 (A PLAj][by* Prdj]
in SM only non-zero PLR » = [d;PLd}][biPrd;]
GZ
Y ()|, = So(x). Nj= G miy(A)? Ph. 1 = [iPL][BiPLd]
P! = —[djou P di][bjc"" P.d;
So(x;) = gauge- and log jiew-independent SLi’iLL _)[V;R“ an: ! ]SEL'Q SRRL il

Matching SMEFT on AF =2 EFT @ ptew

[Buras/Misiak/Urban hep-ph/0005183]

) g 3 .
AC(I/LL M] ([ )]Ijlj + [qu)]ijij) AC{]/RR
— 8
ACIZR 17 ‘Ni/ ([Cf,d)]ijij - [ng)]ijij/(QNc)) AC{R P
at tree-level, using 1stLLA for RG evolution of [ Ha. ,Jd],],/
ji 2 [Cralii(n) W
{ = 2 L Hd AR A
AC/R | (pew) = \] In o
i [C 1) = [Ch NiCian)
ACh, (ptew) = V2 —1 7 = x In 22
A Hew

t

-Nj! [Cdd]////
Mj [ ]llff

X
111
EIE}
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Matching to AF =2 EFT: One-Loop

(P, —»
I\

1 \

vV vyvyy

Pk

1-loop yields gauge-independent Hy (X, tew)
Hi 2(Xt, prew) ~ IN prew /My cancel pew dep. of 1stl LA contribution
box-diagram only for O(:’;), is gauge dependen needed to obtain gauge-independent H,

/(./3) mj and [C/(-/?]im

box-diagram introduces dependence on all fC

800y (o) = 2 ol
t

+ Hq (xt, Mcw)} NLO corr.

if v 1 3
ACY;; (Hew) = Fxf {[c:‘(-lq) B C.‘(-Iq)]ijl

ni—“ + 1€ 1k Ot ew) = [CE9 5 Ho (Xt rew)
t ewW

25y (X 9 i
2900 2 (N + e lm?) )
m

v
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Numerical impact X ~ 4
> O, OI(_,L): NLO correction about 28 — 15% depending on pp
i [Coylii(1an) 25 forup=1TeV
ACT = 2 HAATR - 07
k1 (Hew) Y 4.8 for up = 10TeV
> OI(_,?:;: NLO correction due to
A) H, ~100% and constructive to 1stLLA term
25 forup=1TeV
In 22 4 Hy (xe, Myy) = HA 3.0,
My 4.8 forpup=10TeV
B) the part due to boxes proportional to
28 (xt) 11
Xt
= 10 By s-meson mixing ij = bs, bd without suppression: Afb[c,g?]bj ~O1x [Cﬁ,‘?]bj
= to K® mixing ij = sd with )\?b[cl(./?]bd ~ /\% x [C;(.z)]bd (quadratic Cabibbo suppression)

111if hierarchy [CL?]Sd ~ AZC x [Cf,‘;)]bd, then can not be neglected

C. Bobeth HEFT 2017 May 23, 2017 12/25



¥?H?D contributions to AF =2,1 @ pew

AF =2

(O v;

Uy Wy,
dim-6

1stLLA contribution from
2 H?D — * mixing
is 1-loop suppressed

~ VB[ pn? x (4m) 72
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¥?H?D contributions to AF =2,1 @ pew

¥; (5

(i Uy,
dim-6

1stLLA contribution from
2 H?D — * mixing
is 1-loop suppressed

~ VB[ pn? x (4m) 72

AF =2

¥, Vi
dim-8

(for example)
double-insertion of ¥2H?D

~ v pt

= transition region pp ~ 4wv ~ 3 TeV,
where both numerically similar

C. Bobeth
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¥?H?D contributions to AF =2,1 @ pew

AF =2
(o (0
‘ ‘ (o (0 ‘
' ¥; W
Z A
w Wy, ¥; i f f
dim-6 dim-8 ) dim-6
1stLLA contribution from (for example) single insertion of 42 H2D
Y2H?D — 4* mixing double-insertion of ¥2H2D
is 1-loop suppressed
- 4 4
~ V2 a2 x (4m)72 ~ V3 a ~ V2 [ up?
= transition region pp ~ 4wv ~ 3 TeV, f=wvi, ¢, qq all flavor-diagonal

where both numerically similar
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RGE for SMEFT and low-energy EFT

>~
z W
)
H= pA ®
N = . | e o
o T LY Y s
RGE S LR
) | Cilllele
<
)
L | N \
Matching i
!y\‘/ (+1/A4)
H= EW
RGE 3
M= How b w0, Oar, 05'0: O, Oh 79 . @ .
- p—
AF =1 [AF = 2]
FTavounr EFT.
Flavour EFT
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AF =2 Meson mixing

» RG evolution below pew = QCD ADM of Cyg,; gives enhancement
» hadronic matrix element of P g ; chirality enhanced, especially in K°—mixing

[Endo/Kitahara/Mishima/Yamamoto 1612.08839]
Mass difference

Msd*
];72 - [168.7+i194.1+0.8 ACY |B{ - ACTR (25,985 + 141 BY)
sd '

Mbi* , ) ) ) .
12 -[1.95+084AC, |FaBY - AC  FE (1188 +1.428)
j-"bj /) ’ /)
here NLO QCD RG evolution from piew t0 0w and with Cg at ew
i [ mwteevi N[ o | 8 8] 8|
ETED 3 | 308 | 0525(16)  0.920(20)  0.707(45) |
2 pif 2 pif 2 pif
F3 B! F3 B} F3 B
bd 4.18 5 | 1.6 | 0.0342(30) 0.0390(29) 0.0361(36)
bs 4.18 5 | 1.6 | 0.0498(32) 0.0534(32) 0.0493(37)
Lattice results: [RBC/UKQCD 1609.03334, Fermilab/FNAL 1602.03560]
C. Bobeth HEFT 2017 May 23, 2017
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AF =1 Constraints from d; - d; + (¢¢, viv)
Og(g,) = [divuPur) g1 4]
010(10/) = [ai’YMPL(R) d]] [Z’Y#’Ysz]
Oy = [y Py 17" (1 = 5]
» tree-level matching at pew of SMEFT on AF =1 EFT
» LH depends on C,(_,:']) = C,(_/;) + C,(_%)

4GF jae i i
[ SV yo o]
V2 M ar 5 GO

2 2
i_ TV 1_482)[cD 4 c® i TV e B
e ae/\w asi) [Che +ch]”,+... ACm’L_ae)\;j[ch +ch]0,+...
ACH = —(1-422) ™ Lie, 0+ ach, =T e
g = (1~ dsw) o g i+ R T

» expect different interference of RH contributions in semileptonic vs. leptonic decays
» X and Y are SM contribution

2
5 X(x) 7™ VB L0
Br{M; - P;(£, vi)] o< ‘_ S +;e;?[ch +Cly +CHd]ij
2

2
Br[Mj — ££] o< _YO0) Y

S%V Qe )\’t/

(1), @3
[ch +C ‘CHd],-,
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RH Scenario (’)Hd

» assume only [C,,]; = neglect * op’s in

_o. p(1,3) »(1,8) _q. (1,3
AF_2.qu ,qu ,CddandAF_LCeq ,C

[CB/Buras/Celis/Jung 1703.04753]

ed,¢d,qe,ledq,edq’

» M— ¢l C, - Crand M - Pl < C; + Cr = complementarity from small intersection
» very strong bounds ~ O(1) x (10 TeV)~2

0.004
ch S
(Cha (10TeV)?2

0.003
0.002
0.001

0.000

Im(Cig)(10TeV)?

-0.001

-0.002

-0.003 o 0 0.01
Re(Cl) (10TeV)?

> ek

» Br(K* = n*vp)

» Br(K. — pit)sp

> (¢'/e)np €[0,2] x 1073
C. Bobeth

Im(Ch)(10TeV)?

0.15
chal s

~ (10TeV)?

“03%3 202 Z01 00 0.1
Re(C%)(10TeV)?

» AMy
» sin(28q)
» Br(B* - mtuji)s, 22
> Br(Bg — pji)
HEFT 2017

-
=)

o
o

up =10 TeV

0.25
IChal s

~ (10TeV)?2

-05 00 05 1.0
Re(CP)(10TeV)?

AMs

sin(28s)

Br(B* — K* pji)[1s, 22]
Br(Bs — pji)
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LH Scenario OS‘;S) [CB/Buras/Celis/Jung 1703.04753]

A 1) 3)

» two coefficients CHq and CHq
_ (+) _ »(1) , »(3)
» AF =1 depends on CHq = CHq +CHq

» AF=2on Cﬁly = C,(J; - CI(LI? and at NLO also on C,S;)

Example b - s

o
)

)(10TeV)?

bs:
q

Im(C}8%)(10TeV)?
o
o

Im(Cj,

|
o
2]

—1‘45 —1‘.0 —6.5 0.0 0 5
Re(C#i2%)(10TeV)? Re(Cj5°)(10TeV)?
AF =11 €% ]psl < _ 15 AF =2 (LOonly): [ ]psl < _9
Ha (10TeV)2 Ha (10TeV)2
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NLO corrections [CB/Buras/Celis/Jung 1703.04753]

» fit with 1stLLA (brighter colors) versus 1stLLA + NLO (darker colors)

for b - d complex-valued [C,SL’B)]M

» NLO corrections to AF = 2 bring in additional dependence on [C,(_,:;)]bd
= rotation of AF =2 constraint

o
=)

Re(C§59)(10TeV)?
Im(C}5%)(10TeV)?
S
(¢,

L L L L
-20 -15 -10 -05 00 05 1.0 15
Re(C}ig%)(10TeV)?

0.0 0.5
Im(C};5%)(10TeV)?

combined AF =2
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Toy-UV completion: Vector-like Quarks
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Simplest extension of SM with VLQ’s

Classification of renormalizable extensions with VLQs  [del Aguila/Perez-Victoria/Santiago hep-ph/0007316]

» for VLQ's (triplets under SU(3).) = 8 possibilities, but only 5 relevant for down-type FCNC’s

singlets : D(1,-1/3)
(SU2)L, U(1)y) doublets : Qu(2,+1/6) Qq(2,-5/6)
triplets : T4(8,-1/3) Tu(3,+2/3)

» Kinetic + gauge interactions

‘Ckin = 5(/7])* MD)D+ Z

aa(iZD— Ma,) Qa + Z Tr [75("@* Mr,) Ta] )
a=V,d a=d,u

> SM has one scalar doublet H (F = io,H*) = new Yukawa couplings AYLQ

¥;
_ T, a— e . )
~Lyax(H) = ()\,-D H'Dg + A/ HI Tyr + A HTTuH)q’L \\
+ )\Iy“ D;;;FIT OVL + a,’:; ()\lvd HT QVL + )\I.Od FIT OdL) +h.c. ’ E,
/7 ’ ’
Pa
» nhew parameters:

My, heavy masses, direct searches 2 O(1 TeV)

A}LQ are complex-valued = new sources of CP violation

C. Bobeth HEFT 2017 May 23, 2017 21/25



Decoupling of heavy VLQ’s @ [del Aguila/Perez-Victoria/Santiago hep-ph/0007316]

Decoupling = » above scale pup ~ MyLq full theory with VLQ's
» below pup SMEFT without VLQ's

Mzwh~v < My ‘

O(100GeV) « O(1TeV)
(throughout as assumption) Lsmert = Liim-4 + Z CaOa,
a

C. Bobeth HEFT 2017 May 23, 2017 22/25



Decoupling of heavy VLQ’s @

Decoupling =

Mzwh~v < My ‘

O(100 GeV) < O(1 TeV)

(throughout as assumption)

At tree-level only few diagrams for decoupling VLQ = Fp,:

light SM quarks: ¢ = (q,, ug, dg)
light scalars: ¢ = H

[del Aguila/Perez-Victoria/Santiago hep-ph/0007316]

» above scale up » Mypq full theory with VLQ’s
» below pup SMEFT without VLQ's

Lsmert = Laim—4 + ,CaOa,
a

all light fields treated as massless

light gauge boson: G, = Z, W* photon, gluon, depending on SU(2);. representation of Fp,

¥; i P; G, i
N \:.:i.:( (AT
7’ F'm Ay 7’ Fm Y 2
, 4 ~ . , 4 A Y . MVLQ
Pa ©On Da ©Pn
(a) (b)
» (a) + (b) decoupling of a VLQ = Fr = give rise to /2H?D op’s
= via EOM also /2H® op’s
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Decoupling of heavy VLQ’s @ [del Aguila/Perez-Victoria/Santiago hep-ph/0007316]

Decoupling = » above scale up ~ My full theory with VLQ's
» below pup SMEFT without VLQ's

Mzwh~v < My ‘

O(100 GeV) < O(1 TeV)
(throughout as assumption) LsMEFT = Ldim—4 + Z CaOa,
a

At 1-loop-level = example 4-quark process

“direct” box contribution to 1* @ pp mixing-induced 2 H?D — ¢* @ fiew

dj] F (0 LV'I F, i P ' W;
> >

1 1 N 4

Pa 1 ¢y Pa ;( ©b

! ! VERERN
—e——b —————
Y F, Ve [ F, Ui U Uy

crossed graph only for certain Fy = Fp

[omor]
Mz,

[(Alf")*)\;" XAQ']

o<

= different VLQ-Yukawa dependence of direct and mixing-induced contributions
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Coupling structure in SMEFT

[via|zope  wtreD | e || b oale Chp ]
D LH C,(_;q) = C,(_,Sq) Coy » only products of VLQ-Yukawa’s \"?
Qs | RH Chs Co appear
Qv RH Cha» Crw Crug | Carr Cum A =) for - Fn =D, Tg, T
To | LH o Cly =430 | CoyCuy AP = XPOAM)Y for Fm = Qg, Qy
Ty LH cﬁ; -3 cﬁfg Carps Copy
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Coupling structure in SMEFT

2142 2143
e[z o5 [ ] » e untf
D LH c,(_,‘q) = C,(_Isq) Copy » only products of VLQ-Yukawa’s \"?
appear
Qs | PRH Chy Can
Qv RH Cha» Crw Crug | Carr Cum A =) for - Fn =D, Tg, T
1) _ 3)
Tu LH CHq = +3€Hq CdH’ CuH /\lr/n _ /\7’()\}”)* for Fm _ Od7 OV
1 3)
Ty LH cﬁ,; =3¢ | Ca Cu

> 3 complex-valued VLQ-Yukawa’s per representation Fr, A" = [A] e'd’

» 1 phase non-observable, fixing ¢ = 0 = 5 real parameters

NGl XS] (MG ¢85 o

» each sector j — i constrains complex-valued

A7 =IpIeT.

om _ . m am
Pbs = Pbd ~ Psd

with one relation on the phases

» below a “global fit” = simultaneous fit of 5 pmr’s with all 3 sectors

C. Bobeth

HEFT 2017 May 23, 2017
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Numerical effects AF =1,2

example RH VLQ = Qy for up = 10 TeV [CB/Buras/Celis/Jung 1609.04783v1]

without mixing-induced

Im(Asq)

001804 002 000 002 004 :
: ‘ : ’ ’ -15 -10 -05 0.0 05
Re(Asa) Re(Ane)
s
s—>d b—s

mixing-induced contribution only relevant for RH VLQ scenarios Qy and Qq
= chirality enhancement of Py ;
> in LH VLQ scenarios direct box-contr. o< (A¥ ;)2
larger than mixing-induced o< (Af ;) x Vji Vt/.
= non-trivial numerical interplay of AF = 1,2 constraints and CKM
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Numerical effects AF =1,2

example RH VLQ = Qy for up = 10 TeV [CB/Buras/Celis/Jung 1609.04783v3]

with mixing-induced

3 2
< <
£ E
-0.01
o4 002 o000 o002 o004 ey
Re(Asa) Re(Ane)
S,

s—>d b—s

mixing-induced contribution only relevant for RH VLQ scenarios Qy and Qq
= chirality enhancement of Py ;
> in LH VLQ scenarios direct box-contr. o< (A¥ ;)2
larger than mixing-induced o< (Af ;) x Vji Vr/
= non-trivial numerical interplay of AF = 1,2 constraints and CKM
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Summary

» constraints on new physics flavor-changing Z couplings from AS, B =2 in SMEFT
» arise from top-Yukawa mixing of v?H?D — v* operators

» NLO threshold corrections at uew can be sizable

» for (’),(_,3;) box-type diagrams involve sum over all flavors

= whole set of 1/2H2 D Wilson coefficients

» most relevant for right-handed O, because below p.w enhanced by
1) large QCD-running and 2) chirality-enhanced AF = 2 matrix elements

= especially ex

» neutral meson mixing and AF = 1 processes can provide strong constraints
on 2 H?D Wilson coefficients

= could be included in SMEFT fits of LEP data and EWPO,
of course in global fit other ¢)* operators enter

» in toy-UV completion vector-like quarks: mixing-induced Z-effects must compete
with direct 4 one-loop contributions

= numerically only relevant in RH VLQ scenarios, not for LH VLQ scenarios
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