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Motivation / Introduction
Rare Kaon physics
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CP violation in K - : ¢’[e another flavor-“anomaly”

— rather precisely known

) , .
¢ oo 2 defines ¢’ /e experimentally A(K, — mar)
1- 6Re; ~ | — = double-ratio of decay Nab = m (a,b=0,+)
M= width’s is measured S
average of NA48 (CERN) & KTeV (€'/€)exp = (16.6 £2.3) x 107 J
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CP violation in K - : ¢’[e another flavor-“anomaly”

— rather precisely known

. , .
¢ oo 2 defines ¢’ /e experimentally A(K, — mar)
1- 6Re; ~ | — = double-ratio of decay Nab = m (a,b=0,x)
= width’s is measured S
average of NA48 (CERN) & KTeV (&'/€)exp = (16.6 £2.3) x 1074 J

QCD isospin amplitudes (/= 0,2)

e Wy [Ion ~ 1 ImAz] J Ar =2 fekm x Ci() () Qi |K) (1)

ImA, only EW penguin op’s Q;_1¢
» C;(1) known NLO (NNLO work in progress 1611.08276)  [Buras et al. hep-ph/9303284, Ciuchini et al. 9304257

> ((7m);| Q| K) () 1st lattice calculations [RBC-UKQCD 1502.00263, 1505.07863]

b w, = aReAy/ReAy = (4.53 +0.02) x 1072 from experiment,
Qurr leading isospin breaking [Cirigliano/Ecker/Neufeld/Pich hep-ph/0310351, 0307030]

» |ek| from experiment

C. Bobeth GRC 2017 June 27, 2017 3/27



CP violation in K - : ¢’[e another flavor-“anomaly”

— rather precisely known

. , .
¢ oo 2 defines ¢’ /e experimentally A(K, — mar)
1- 6Re; ~ | — = double-ratio of decay Nab = m (a,b=0,x)
= width’s is measured S
average of NA48 (CERN) & KTeV (&'/€)exp = (16.6 £2.3) x 1074 J

QCD isospin amplitudes (/= 0,2)

¢ we [Ion(1 _Qeﬂ)_lImAz] J AI:z/:"CKMXCi(P‘)X((W“)I|QI|K>(N')

€ _\/§|5K| ReA aReA

ImA, only EW penguin op’s Q;_1¢

Re(e’/e)sm = 1.38(5.15)tat (4.59) sys x 107 (2.10) [RBC-UKQCD 1505.07863]
Re(e’/e)sm = (1.9+4.5) x 1074 (2.90)
Re(e’/e)sm = (1.06 +5.07) x 1074 (2.80)

[Buras/Grobahn/Jamin/Jéger 1507.06346]

[Kitahara/Nierste/Tremper 1607.06727]

BGJJ and KNT assume that Re Ay » fully described by SM dynamics = experimental values used to determine
hadr. matrix elements of (V — A) ® (V — A) op’s and lattice only for (V — A) ® (V + A) op’s
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Other “rare” Kaon observables

K - nvb

» theory uncert’s below 3%

» large parametric uncert’s from CKM
Br(K* — " vi)exp = (1.737]:82) x 10710

Br(K; — m%uir)exp < 2.6 x 1078 (90%CL)

» K* — wtui with 10% uncert.
from NA62 by 2018/19

» K, - 7% at KOTO (2020+)

C. Bobeth

GRC 2017

v

KL - pp
dominated by LD contributions
theory issue: sign of interf. of LD and SD

conservative bound: allowing both signs
|xsp| 3.1 [isidori/Unterdorfer hep-ph/0311084]
choice of particular sign

—3.1 < xsp < 1.7 [D’Ambrosio/Portoles 9610244,
Gomez Dumm/Pich 9801298]

—1.7 < xsp < 3.1 [D’Ambrosio/Portoles 9610244,
Gérard/Smith/Trine 0508189]
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Other “rare” Kaon observables

K - oo K, - up

» theory uncert’s below 3% » dominated by LD contributions
» large parametric uncert’s from CKM theory issue: sign of interf. of LD and SD

» conservative bound: allowing both signs
|xsp| 3.1 [isidori/Unterdorfer hep-ph/0311084]

v

Br(K* — " vi)exp = (1.737]:82) x 10710

Br(K; - °ui)exp < 2.6 x 1078 (90%CL) » choice of particular sign
. —3.1 < xsp < 1.7 [D’Ambrosio/Portoles 9610244,
» K* — wtui with 10% uncert. Gomez Dumm/Pich 9801298]
from NA62 by 2018/19 —1.7 < xsp < 3.1 [D’Ambrosio/Portoles 9610244,

> K — 5 at KOTO (2020+) Gérard/Smith/Trine 0508189]

AF =2 €K o< Im(M152d AMg =< Re(Mfg
» small LD contribution AMlexp = 3.483(6) x 10712 MeV
» large pert. uncert’s for Ny = 3 NNLO » LD dominated — requires lattice

[Brod/Gorbahn 1108.2036]
— calculate By .. on lattice for Ny = 4

» strong dependence on V,

AMg|sm = 3.19(41)5 (96)5ys x 10712 MeV
[RBC-UKQCD 1406.0916]

eklexp = (2.228 £0.011) x 1073
eklsm = (2.21%339) x 1073
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Flavor-changing Z couplings
(in SMEFT)
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FC (flavor-changing) Z'Couplings

» tree-level FC-couplings of Z to quarks (and leptons) forbidden by GIM
[Glashow/lliopoulos/Maiani PRD72 (1970) 1285]

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

3\/*
= % Vi Vy m:\  mt
Z,[dpnPo] = 25— Clx= |~ poc
8mecw my, W VA »
gauge-dependent Inami-Lim function d d
] i
u W
Clxew=1)= (X -6, 8x+2 mx) [Inami/Lim Prog.Theor.Phys.65 (1981) 297]
’ 8\x-1 (x-1)2
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FC (flavor-changing) Z'Couplings

» tree-level FC-couplings of Z to quarks (and leptons) forbidden by GIM
[Glashow/lliopoulos/Maiani PRD72 (1970) 1285]

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

3\/* 2 2
_ g5 V,. Vr m m
Zulor ] = Sag o\ e |- e
T-CWw my, W VA »
gauge-dependent Inami-Lim function d d
J i
w W
[Inami/Lim Prog.Theor.Phys.65 (1981) 297]

X-6 3x+2
Cx,ew=1)= g(x—1 + o1)E Inx)

Beyond SM

naive modification of Z couplings to quarks (and analogously leptons)

LN, = Zudiy ([A7); P + [AR)jPr)d + [d—u]
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FC (flavor-changing) Z'Couplings

» tree-level FC-couplings of Z to quarks (and leptons) forbidden by GIM
[Glashow/lliopoulos/Maiani PRD72 (1970) 1285]

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

3
Goup gl 22 Vi Vy _m itz
Z,|diy'Pdi| = ——C | Xxt=— | ~
" / 87r20W m2 m2
w w z zan
I/T/‘f’
d U e ll

Uy,

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

X-6 3x+2
Cx,ew=1)= g(x—1 + TR Inx)

Beyond SM

’ Il Adding these terms is not SU(2). ® U(1)y gauge-invariant = may use SMEFT instead

naive modification of Z couplings to quarks (and analogously leptons)
— U]

Lﬁ-)zzzuam”([Af],jPL + Ad i
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SMEFT (standard model EFT) [Buchmiiller/Wyler NPB268(1986)621]

Lsmerr (1 < pn) = Lsm (QL, L1, Ur,dr,er; H)+ ), CiO; J
dim-5,6

» dim-4: just SM Lagrangian

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

» dim-6: various types of operators build out of q;, ¢, , ug, dr, eg, H
» all invariant under Gsy = SU(3)c ® SU(2)L ® U(1)y
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SMEFT (standard model EFT) [Buchmiiller/Wyler NPB268(1986)621]

Lsmerr (1 < pn) = Lsm (QL, L1, Ur,dr,er; H)+ ), CiO; J
dim-5,6

» dim-4: just SM Lagrangian

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

» dim-6: various types of operators build out of q;, ¢, , ug, dr, eg, 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 < Yukawa + 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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¥?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

GRC 2017 June 27, 2017 8/27
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¥?H?D-Op’s = FC couplings of Vq;q; v=-z,w

LH (left-handed) FC Z coupl’s  (W* in o,(_,?) RH (right-handed) FC Z coupl’s  (W*in 0,
O"(_:q) = (HT,'(BMH)[ahﬂqIJ Oy = (HTiDuH)[C_I,f;,'y“d{q]
P _i i _(HiB T
O,‘(-I:;) — (HT"D#aH)[q’LUa’YHQJL] Oy, =(H iD,H)[ugy UIH]

(A Db
o  and i dl. OHud_(HT’DuH)[UR’YMdH]

» weak eigenstates g; and ug, dg
» mass eigenstates u; and dj P analogous op's for leptons O3, O,

EWSB (electroweak symmetry breaking) @ few (fermion masses receive dim-6 contr. from P2 H? op’s)

cime - -2 27, ( [vitely «cinve], [8n*Pua] + [VEtc,Va], [av*Pad]

+[vites) - cf,f;)vL“]ij [Gv"PLy;] + [ngcHuvg]ij (07" Pry)))

@
+%v ([verely ve ] [om PaIw + [v’gf% Vg]“[[—,iwpﬁdj] W; +he)
ij

= left-handed down- and up-type FCNC'’s related (inthe basis V¥ p = Land VA =1 = v/ =V )

dim=6 (1) (3) 1 (3)
Ling o Z Ve[Cl) = Cl Vi = [Cly) —CiaM b+ O(Ac)
Ac ~ 0.22 Cabibbo angle
C. Bobeth GRC 2017 June 27, 2017 8/27



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 _ | ) | )
\\4/ \ 7/
-
2N / 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 GRC 2017 June 27, 2017 9/27



Flavor-changing Z couplings
and AF =2 processes in SMEFT
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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: 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]

C. Bobeth GRC 2017

11/27



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
(CL(LL) [0 7 [@wallai e [0 i
(LL)RR) [0 13 < (@7 a] )@k dR] [0 I =
(RR)(RR)  [0)];

(Gl vuolq][af+" o%a]]
v [0y uR]

U U1 [dEY " dR]  [Ouulii = (0 Us] [Tk U]

=

s d
» only 3 contribute to dowp-tyge AF =2 C,= (47)%p dca Jenkins/Manohar/Trott 1310.4838]
m
T ;(1 1 5(3 3
(CL)(LL)  [CQ T fr DY YSlle i+ €& ¥ - [VuYElle i+

(CL)(RR) [¢)

oo diii =+ [YuYE1i[Crgli+ - -
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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
(CL(ILL) [0k 7 (@ llaia] (05 i 5 [@wo?a ]t o))
(LLYRR) [0 13 < (@7 a8k dR]  [O%) T =\GLva] [Tk i)
(RR)(RR)  [0)];

U U1 [dEY " dR]  [Ouulii = (0 Us] [Tk U]

=

dc

» only 3 contribute to dowp-tygde AF =2  C, = (4n)%u—2 Jenkins/Manohar/Trott 1310.4838]

— [V, Yie®

(LL)(LL)  [CP 5% Jr SRR

(LLRR) (€815 %

SR (oY PR (/53 P
+ [YuYu]ij[CHd]ij+

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

dlm 4 \/_ u dmg ut _ \/E t dmg
Yy 7VL VFI 7VCKM 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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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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Matching to AF =2 EFT: Tree-Level

G2
—Em2,(\I)? ZC’/P” + hc.

ij
HAFZ 4r )

in SM only non-zero

Y (pew)| |, = So(x0),

So(x;) = gauge- and log pew-independent

C. Bobeth GRC 2017

VLL [dl'YuPLdj][dl'Y'uPLdj]

sz = [divuPLd][div* Prd)]
Pl 2= [diPLdj][diPRA]]

[Buras/Misiak/Urban hep-ph/0005183]
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Matching to AF =2 EFT: Tree-Level

2

ij
HAFZ 4r )

—Em2,(\I)? ZC’/P” + hc.

in SM only non-zero

Y (pew)| |, = So(x0),

So(x;) = gauge- and log pew-independent

= [divuPLaj][diy" PLd)]

= [divuPLd][div" Prdj]
= [d;P.d}][d;Prd)]

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

Matching SMEFT on AF = 2 EFT @ p1ey Using 1stLLA for RG evolution of [C4'3) 1;

i (2n)
AGH, () = 2 ),

2 [ Vi) 2 1C5Q (k)

7 Xl —
)\ Hew

AC{]/LL(NBW) =V /)\U

nHA

Hgq,Hd 1)

H3

= here neglecteg’’self-mixing”: CwZHZD('u‘EW) ~ C¢2H2D(“’\)

lIl'the same linear combination enters Z,,[Uyy* PLu;]

C. Bobeth GRC 2017
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Matching to AF =2 EFT: One-Loop [CB/Buras/Celis/Jung 1703.04753]

| e 1) W

Uy

» 1-loop yields gauge-independent Hy »(X;, ftew)
> Hi2(Xt, ttew) ~ N pew/myy cancel pew dep. of 1stLLA contribution
» box-diagram only for O(?, is gauge dependen needed to obtain gauge-independent H,
» box-diagram introduces dependence on mj and [C,(j;)] im
Acgk,l (o) = V2 [C’;Z]”Xt{ + H (xt,/LCW)} NLO corr’s ~ —(15 - 30)%

i v 1 9 HA 1 3
AcelLL(/"'eW) = ﬁxt {[Cl(-lq) *CI(-Iq)]iflnIJ«: + [CI(—Iq)]I'/H1 (Xt, prew) = [CI(-Iq)]//HZ(Xt"LLCW)
t
25y(x i j
+% > ()"tm[cf(-/?]mj o [C/(_/f;)]im)\?’/)} ~+0(100%)
m
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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) |
ng Bl FEZ,j B] ng 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 GRC 2017
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1»2H?2D quark operators
in AS, B=1,2 phenomenology
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¥?H?D contributions to AF =2,1 @ pew

AF =2

(O 1

Uy Wy,
dim-6

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

~ VB[ pn? x (4m) 72

C. Bobeth GRC 2017
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¥?H?D contributions to AF =2,1 @ pew

¥; (5

] (I8
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

~ VAt

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

C. Bobeth

GRC 2017 June 27, 2017
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¥?H?D contributions to AF =2,1 @ pew

AF =2
(o (0
‘ (o (0 ‘
' ¥; W
Z A
Uy 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

C. Bobeth GRC 2017 June 27, 2017 17/27



RH Scenario (’)Hd

» assume only [C,,]; = neglect »* op’s in
_o-0(13) »(1,8) _1-c(13)
AF =2:Cqyq ,ch ,CddandAF-LCm ,C

[CB/Buras/Celis/Jung 1703.04753]

ed,¢d,qe,ledq,edq’

» M — ¢l o C, - Crand M - Pl < C; + Cr = complementarity from small intersection

» very strong bounds ~ O(1) x (10 TeV)~2

0.004

CSd S
ICHl (10TeV)?
0.003
0.002

0.001

4

0.000

-0.001

Im(Cig)(10TeV)?

-0.002

-0.003 o+ 0

Im(Chd)(10Tev)?

0.15
(10TeV)?

bd
IChal S

-0.3

Im(Ch,)(10TeV)2

up =10 TeV

0.25
(10TeV)?

b.
IChal

-
=)

I
3l

=4
o

|
e
3l

1
N
=)

0.01 03 -02 -01 00 01 02 03 -15 -10 -05 00 05 10
Re(Cify) (10TeV)? Re(Ch)(10TeV)? Re(CPy)(10TeV)?
> ek » AMy » AMs
> Br(K* —» i) > sin(284) > sin(28s)

» Br(K. — pfi)sp
| 2 (E’/E)NP S [02] x 1073
C. Bobeth

> Br(B* — mtpji)[1s, 22
» Br(By — uit)
GRC 2017

» Br(B* - K*pfi)[1s, 22
» Br(Bs - ppi)
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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

C. Bobeth GRC 2017 June 27, 2017 19/27



Correlations ¢'/e, K - nvi, K| - pji, eg

[CB/Buras/Celis/Jung 1703.04753]

RH scenario: strong constraint from AS = 2 in RH scenario = with and without e,

5

5

3

EN

%)

N

BR(K.» i’ vv) /107"

LH scenario:

5

BR (K" > " vv) /107"

N 3 I

BR(K.» ' v¥) /107"

8. 0.5 1.0
Ke

C. Bobeth

BR (K, >’ vy)/107™"

30
BR(K" > rt*v7) /107"

GRC 2017

2
4
= 1F
2 -
o =S
Ea i ? of
% e
T C s -1f
L2
9 i
g -2
1
_3f
9 0 -4
.0 0.5 1.0 15 2.0 0 10 20 30 40 0 10 20 30 40 50

BR(K' > r*vy) /107"

¢’ /e anomaly can be resolved
(El/S)NP = Ker X 10738

SM
. with EK

. strong K| — pji

. without ek

. weak K| — pfi
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LH versus RH in B decays Bs 4y - i1 and B - K® v

BR(By - pp) (190.5 MeV /fg)* /107"

[CB/Buras/Celis/Jung 1703.04753]

o

IS

1 2 3 4 5 %80 02 04 06 08 10 12
BR (Bs - pp) (227.7 MeV/fas)? /107 RY

Br(B - K®)ui)

R, (y=———————"
K = Br(B > KM ui)sw

SM

. MFV
. RH
. LH
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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
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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
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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 tree-level only few diagrams for decoupling VLQ = Fp,: all light fields treated as massless

light SM quarks: ¢ = (q,, ug, dg)
light scalars: ¢ = H
light gauge boson: G, = Z, W* photon, gluon, depending on SU(2);. representation of Fp,

¥; i P; G, i
v ’ En N . . ’ Fy, > N o Mrzn
7’ Y 7’ Y
Pa ©On Da ©Pn
(a) (b)
> (a) + (b) decoupling of a VLQ = Fm = give rise to /?H?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

GRC 2017 June 27, 2017
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Numerical effects AF =1,2

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

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 pup = 10 TeV [CB/Buras/Celis/Jung 1609.04783]

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

» FC Z-couplings are viable explanation of tension in ¢’/e
= ¢’/e itself puts strong constraints on imaginary parts of couplings

» constraints on new physics flavor-changing Z couplings from AS, B =2 in SMEFT

» arise from top-Yukawa mixing of ¥?H?D — v* operators

» NLO threshold corrections at pew can be sizable for (’),(fq)

» for Oﬁ,‘? box-type diagrams involve sum over several flavors

= whole set of ¥?>H?D Wilson coefficients

» AF =2 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

» in toy-UV completion with VLQs: top-Yukawa mixing-induced Z-effects in AF =2
must compete with direct ¢* one-loop contributions

= numerically only relevant in RH VLQ scenarios, not for LH VLQ scenarios
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Backup Slides
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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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Numerical impact of NLO crr’s [CB/Buras/Celis/Jung 1703.04753]

Xt ~ 4
> Oy (9’(_,1;: NLO correction about 28 — 15% depending on pp
i Crylii 25 forpup=1TeV
ACT  (tew) = vzwx KA - 07
’ )‘Iz/ 4.8 forpup=10TeV
> (9,(_,3:;: NLO correction due to
A) Hy ~ 100% and constructive to 1stLLA term
25 forup=1TeV
In 22 4 Hy (xp, Myy) = s + 30,
My 4.8 forup=10TeV
B) the part due to boxes proportional to
2
So(xt) 11
Xt
= 10 By s-meson mixing ij = bs, bd without suppression: Afb[c,(_l?]bj ~O1x [C,(_;;)]bj
= to K° mixing j = sd with )‘?b[cl(./:;)]bd ~ /\% x [C;(./?]bd (quadratic Cabibbo suppression)

I1if hierarchy [Cﬁ,‘?] sd ® AZC x [C,S?]bd, then can not be neglected
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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 [CLL"S)]bd

» NLO corrections to AF = 2 bring in additional dependence on [Cﬁ,;)]bd
= rotation of AF = 2 constraint
05

o
=}

Re(CHi59)(10TeV)?
o

Im(C59)(10TeV)?
S
(4]

-1

-20 -15 -10 -05 00 05 1.0 15
Re(C}i39)(10TeV)?

0.0 0.5 1.0
Im(Cf;5%)(10TeV)?

combined AF =2
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