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STANDARD MODEL

AND DIM-6 EFFECTIVE OPERATORS

1
L - o “ LLHH + e Z C;Q;

— T

8: (LL)(LL)
ul

Qu Loyl ) (Tsy*1s)
* Lots of recent experimental input for the first two i | (@)@ )
generations of quarks (BESII, LHCb, NA62, KOTO) o | @rer ) @7 ar)
| | ol | Gdd@rre)
* Strong bounds on FCNCs for the light generation case. (3) ;
\qu Uy 1) (@57 7" g1) )

 Left-handed currents phenowise very interesting:

(Qivuo® Q) (Liy" oaLy) (QivuQ;)(Ley" Ly)

D. Butazzo, A. Greljo, G. Isidori, D. Marzocca, |1 706.0/808;
Angelescu, Becirevic, Faroughy, Sumensari, 1808.08179

* Simultaneously generate effects in the light quarks
* Fasy to describe and analyze

* | eft-handed semileptonic effects in |st and 2nd generation?
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LEF I-HANDED SEMILEPTONIC DECAYS OF KAND D

x® i xW i
* Only two SMEFT operators: LSMEFT = K; (QivuoQ;) (L' o, L) A AZ; (Qivu Q) (LML) . A=1TeV
s — dviv and ¢ — ul™ 0" s — dt £ and ¢ = uvv
Lhcke = 23X [ Pra) (ByuPut) + (@i Prd;) (57, Pro) Litke = g X (A PLa) (57, o) + (di® Pody) (P, PL0)
YO = y() _ yG) X+ = x( 4 x©)

* Mass basis for down quarks. Two generations framework.

/ S
* Couplings are lepton flavour specific and conserving - We turn on only one ’ g ~J
lepton-specitic NP Wilson Coefficient at time Vora — (_czisneg :;r;@) valid to O(sin 69

« X&) are Hermitian 2x2 matrices, contain 4 parameters each. Expand them
through Paull matrices

* A Irrelevant: enters only flavour-conserving neutral currents Xz'j — )\57;]- + Ca(Ua)z'j-

» The two sectors talk through charged currents induced by X and collider
(LHC) experiments



GEOMETRIC INTERPRETATION

* [raceless 2x2 Hermitian matrices are equivalent to 3D rotations [think of SU(2) ~ SO(3)]

[Blum,Grossman,Nir, Perez, 0903.21 | 8]
[Gedalia, Manelli, Perez, 1002.0778, 1005.3106]
[Gedalia, Kamenik, Ligeti, Perez, 1202.5038]
X =x,0, =T -0 & T

Tr[XY], axy= ;[X,Y]

1

* Physical basis vectors (In down-quark mass basis): o
2 _ 2
Ad _ (YdeT)t/f _ Ys 5 Ya o3
2 _ 2
Ay = (YY) = 252 (= cos(20,) 05 + sin(26,)or ) A,
* Manifestly CP-even (real) in down basis. . ;‘td . o




GEOMETRIC INTERPRETATION

* CP conserving part is in the |-3 plane

Ci09 n~ Ad X Au Ad

» CPV Is universal, iIndependent of alignment angle 6.

* True only for AF =1

X =crcosby(—o3)+ crsinfy oy +cy o
—_—
spanned by A, 4
ZK — X12 — CR Sln Hd — iCI
ZD — (VXVT)lz — CR Sin(26’c — Hd) — iCI

Xdown _ )‘ — CRr COS (9(1.
@ CrSinfy +ic;

P _ A\ — crcos(f; — 26..)
Q CR Sil’l(@d — 2@7) + 107

CR S11 (9(1 — 1(’]
A+ crcosby

CR 8111(9(1 — 290,) — IC[
A+ crcos(fy — 20..)

» CP even magnitude depends on alignment angle 64

+
()2,

) 2
|z§§c)\ = | X&) x Ay| = \/(cg[) sin9§i))

A 2
257 = |X®) x A,| = \/ (e sin(20. = 057)) " + ()2



WHERE DO WE GET OUR BOUNDS FROM!?

» Low-energy neutral-current experiments:
. K& - n v, K, - €6,D - nft,D - £€,D — nvv

» Coll

¢ [ ow-er

d

er experiments
ighP | package - neutral and charged currents

. HFLAV (V.

S 2

[Allwicher, Faroughy, Jaffredo, Sumensar,
Wilsch, 2207.10756]

[HFLAV, 1909.12524]
[FLAG, 21 11.09849]

ergy charged-current experiments: oy Tonner 1411 5987

V.., FLAG (V ), superallowed f-decay, # — (e, u)v, 7 = nv...

» Lattice input for form-tactors iz eta, 170603017,



HIGH-P T LIMITS

+ Proton collisions give us simultaneously contributions from X and X", For the
neutral-currents pp — £~ ¢%, we have:

Tmax ,TSh d
Ohigh—pp 2 2/7. dTt 144; X

min

2 2
[Lua ()\(_) — ) cos(20, — Hc(z_)) + FSM,W—,,) + Lz ()\(_) + ) cos(20, — 02_)) + FSM,uﬁ)

2 2
+L,;7 ()\(+) — cg) COS 9§+) + FSM,dJ) + L5 ()\(+) + cg) COS ‘9((1+) + FSM’dJ)

+(Lyz + Lea) ((cg) sin (260, — 92_)))2 + (CY))Z) + (Las + Lsg) ((ng+> Sin ‘9((1+))2 + (C§+))2) ] )

L dx

Lag = Laalroe) = | ulosne) flr/ o)

+ Weakest bounds for X™) (X™)) occur when ¢ = ¢*) =0 (c¢i”) = ¢! = 0).

+ Marginalisation over traces A7), A(+),

High-pT charged currents (pp — £v) constrain only one direction of parameter space - not an

over-constraining system
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X ) RELATING s = dvo AND ¢ = uZt¢~ - MUONS

: : 2
* Weak effective theory couplings sy dvp: QUM _ (377 v {ng—) sin ) — ,L-cg—)}
2
coulfly . CEPNT = NP = aﬂ XZ {C(R_) sin(OC(i_) —20,) — icg_)}
dB own, own,
qgz K& = o) ~ GRa® fL g (IO + CL P,

[KOTO, NA62] [LHCb, 2212.11203]
B(Kt — ntvw) = 1.147039 x 10717

c—uutp” &s — dvv

0.02
........ DO N ,u+,u

0.01 -
1 -
2 E“Sz ........ DO N ,LL+/L_,£ — 5Ofb_1
X < 0.00 -
ing E
LG:

-0.01

oot oo ¢
0.00 0.02 0.04 0.06 0.08 0.10

CER) sin Qé;l) (x 10_4) (T) (—)



X ) RELATING s = dvo AND ¢ = uZ1¢~ - ELECTRONS

2 2 _ _ _
¢down, NP _ 2T Y {c( )Sinﬁc(i ) _ i )}

* Weak effective theory couplings s — dui - d _ e
Y Qem
2
c— ulily CSP’NP — —Cfg’NP — XZ {c(_) sin(OC(i_) —20,) — ic(_)}
aem
Cdown,SM 4 Cdown,NP|2
L.,v, )

cgj (x107%)

a5
dg?

(Ki — WiVW_e) ~ G%OKQf-QF,K%w(QQM L.vy

[KOTO, NA62]

B(K™ — nfvp) = 1.147 )5,

0.40

[Fuentes-Martin, Greljo, Camalich, Ruiz-Alvarez, 2003.1242 1]
[BaBar, | 107.4465]

B(D" — rfete”) < 1.1 x107°

DT — wthete”

x 1071V

1.0 '

,d

tan Hé

(—)
Co.R

sin 6y, (x107)

c—uete &s — dvv

— pp — eTe” (HighPT), (P =0



X ) RELATING s = dvo AND ¢ = w1~ -TAUS

: : 2
» Weak effective theory couplings s dyp:  ClowmNP a27f v { o) sin () — ic(—)}
_ “ i T v =y ., (— o
c—ulfly . CEPNT = NP = Y {cg_,;z )sin(6}) — 26,) — ic} )}

a5
dg?

B(KT — nfvw) = 1.147

[KOTO, NA62]

c§j (x107%)

(—)
Co.R

sin 6y, (x107)

x 1071V

sin Hi,_d)

(K= — n5u7) ~ Go? 1 g, ()| O™ ™M 4 oo ir)2,

[Allwicher, Faroughy, Jaffredo, Sumensari, Wilsch, 2207.10756,2207.10714]

[ATLAS 2002.12223]

pp — 777, Zero alignment

>

-)
d

(

sin @

c = urtr & s — dvv
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2y

— pp — 777~ (HighPT), ) = 0



X ) PREDICTIONS AND RESULTS

» CPV prediction

cp DDt = atft) —T(D~ = 7 £H07) ACP| — J d¢|Im (Awp) | |Asm| _ [ d¢[Im (Axp)
" T(Dt = wttl-) + T(D~ — n=4+L7) ot [ d¢|Asm|? - [ do|Asm|?
ACP (D 5 rtete)| < 6.0 x 1073 Afor (DF = 75ut )| $6.1x107°

= CPV In rare charm semileptonic decays I1s small in left-handed scenario of NR

Inequality based on Cauchy-Schwarz th.

[Gedalia, Kamenik, Ligeti, Perez, 1202.5038]

The SM part dominated by the ¢ pole



X RELATING ¢ = uvi AND s = dZ1¢~ - MUONS

2
- - — down,NP down,NP T v +) + . (+
* Considerably weaker charm constraints, st Gy = —Cio =3 {qu sinb" —ic; )}
(+) : : em
c; '’ determined entirely by kaon processes. 2
1 Y2y P c— UV : CEP;NP 2m v2 {C(R+) sin(@éfr) —20,.) — icg+)} .
. 4+ — o ’ aemA
*Since K; — u™u~ is sensitive only to the
real part, use K, — #ut ™ to limit CH}) B ) < 7 % 104 [KTeV, hep-ex/0309072]
’ C ~ X [Mescia,Smith, Trine, hep-ph/060608 | ]
.l
[BESSIII, hep-ex/2112.14236] [PDG, Ambrose, 2000]
B(D" — %) < 2.1 x 1074 B(K;, — ptp )™ = (6.84+0.11) x 1077

s —dutu &c— uvp

= T. [ ] o 2T B~y - CHy+Cr ) = 0
S SN
& =

NEREEN A T 00 JOA N D P K; — ,u+,u



https://arxiv.org/abs/2112.14236

X - RELATING ¢ = uvi AND s = dfE

» Considerably weaker charm constraints, s dlte
CI(+) determined entirely by kaon processes. )
C — UvVv :
* Since K; — eTe™ is sensitive only to the
real part, use K; — nle*e™ to limit c(+) —
[BESSIII, hep-ex/2112.14236] [PDG, Ambrose, 1998]
B(D? — muvi) < 2.1 x 1074 B(KL —ete™ )™ =97] x 107"
0.6
0.4 f :
. 0.2 ]
— + = Z I ~
T t3 | L3
ES = 0.0 * >
= - : : =
g g - . g
-0.2
0.4}
-0.6
0.00 0.01 0.02 0.03 0.04 0.05
o)
Cé,—;%) e R

ELECTRONS

2
Cdown NP _Cdown NP _ n Xg {Cg_) sin 9(+) ch-l')}
lem
2
C’E?,;NP a:n Xz{ ) Sln(9§+) —20,) — ,ch_+)} ,
(_|_) —4 [KTeV, hep-ex/0309072]
Ce,] d 2 X 10 [Mescia,Smith, Trine, hep-ph/0606081 ]

s —=dete &ec — uvv

0.03 |
' (-)
0.02 L T Cug — Cesy g =0
0.01 :
e C€+Ce,c(_):O
OOO _ ::: ] cd us G,R
|
-0.01 : “““ K; —ete
-0.02 :
~0.03 A .| —— pp—ete (HighPT), (R) =0
002 01 05 1 5
(+)
Ce,R


https://arxiv.org/abs/2112.14236

X RELATING ¢ = uvi AND s = dZ1¢~ -TAUS

* Use HighPT to constrain the (+) parameter space

. Use HighPT again to obtain |c(+)\

weakest bound possible

[BESSII, hep-ex/2112.14236]

B(D° — 7vp) < 2.1 x 107*

tan Qé;)

2
™ v
S —> d€—|-£— . CdOWl’l NP _CdOWIl NP — 5 E%"‘) Sln 6(+) ZC§+)
O A
21 v?
C— UV : CuP NP — 5 (+) sm(0§+) 20.) — zc(+) .
’ Oem A
0.15 - the
[Allwicher, Faroughy, Jaffredo, Sumensari, Wilsch, 2207.10756,2207.10714]
[ATLAS 2002.12223]
pp — 7177, Zero alignment
10F S e e - ' s —drtrt” &c— uvv
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\ "
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https://arxiv.org/abs/2112.14236

X RELATING ¢ = uv AND s = df8 ¢

» CPV prediction

» CPViin charm should be invisble:  [¢™] <0.15  implies  JAZE(D* — 7*vp)| < 5.8 x 107°

O
wq

N



CONCLUSIONS

* Left-handec QQ LI operators are promising avenue of NP with large overlap
with the SM structure

- Kand D rare decays given in terms of 2 (x2) CP even and | (x2) CP odd parameter:

CR 04 Cr

* Interplay of K and D rare decay constrain CP even operators - importance of alignment angle

- CP odd parameter ¢; is universal, dominated by bounds from kaons

» Expected improvements by NA62, KOTO for kaons and LHCDb, BESS |l on the charm side

20
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FLAVOR ALIGNMENT WITH 3 GENERATIONS

« Generic 3 X 3 Hermrtian matrix can be decomposed with Gell-Man
» No geometric interpretation now, since we have an 8-dimensiona

* Setting up a flavor symmetry can ease the decomposition

N matrices

space

22



FLAVOR ALIGNMENT WITH 3 GENERATIONS - U(2) CASE

With e.g.a U(2) flavor theory at hand, the CKM has only | physical parameter:

1 0 0
VCKI\-’I,U(Q) — 0 COS 023 SIn 923

0 —sin 923 COS 923

The singlet operator XQ(Q;/ﬂQ)(l_,y”L) will have the form:

Xi5c080y3 — X{58infa3 Xy — creos(fy — 2023)  crsin(fy — 26053) — ico

Xtr -+ X11 X12 COS 923 — X13 SN (923 X13 COS 923 + X12 SIn 923
X =
Xisco80y3 + X{ysinbyy  crsin(fy — 2093) +1ca Xy + crcos(0g — 2643)

where we did the following substitution:

(X0)i>2.j>2 = crcosOy(—03) + crsinby01 + cros

|

23



FLAVOR ALIGNMENT WITH 3 GENERATIONS - U(2) CASE

With e.g.a U(2) flavor theory at hand, the CKM has only | physical parameter:

1 0 0
VCKI\-’I,U(Z) — 0 COS 023 SIn 923

0 —sin 023 COS 923

The singlet operator XQ(Q;/ﬂQ)(l_,y”L) will have the form:

X5 08003 — X{ysinfas Xy — crcos(0y — 2093)

Xy + X11 X 12 €COS Oz — Xi381n Oos
X3P =
XI(S COS 6’23 + XfQ SIn 923 CR SiIl(@d — 26’23) + 7:62

where we did the following substitution:

crsin(fg — 2053) — 1co

X13 COS 9‘23 —+ X1‘) S1n (923
Xir + crcos(6y — 2053)

SU(2) substructure

(X0)i>2.j>2 = crcosOy(—03) + crsinby01 + cros

24



PROSPECTS

» Considering 3 families, we have 3 CPV phases - bound them through appropriate experiments

» Use the U(2) Iimit and repeat the procedure for ¢,s,t,b.

» Expecting better bounds from NA62, KOTO, BES I

25
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XHAND X CHARGED CURRENTS

* In general, both considered sectors induce modifications of CKM in the [st and 2nd

generation
1 ), — — a
Loc = 532X (" Pody) (6, PLy) 2X® = (A A5 + () = el ) (05
| trace parameter
(specific to CC) FCNCs parameters
. A1G R
* Modified CKM framework:  Lee =Cy; W(UL”)/“C{L)(KL’)/HVE) + h.c.

2

Cij = Vij(0c) + 55 (¢ 1105 = 0c) +ici” fa(6) + f2(0.A?)

SLYpwr ) (VpYuk) (2055) Siﬂ(é’c(lg) —0.) + 2icy c — 2sp.. A3

( ) + ¢! irrelevant - no interference with SM CKM
e (Tuyum) QC<R§> sin(@c(f’) —0,) — 2icg, ") + 2sp. )\(3>) * Trace affects diagonal CKMs
(i) Fayust) (2c§.§) cos(0P) — 0,) + 2isg ¥ + 2¢, )\(3)> *Impose constraints from superallowed f decay onV
V., . from FLAG, V. V., from HFLAV (leptonic decays)
—(dryur) Ty p) (26;{) COS(H( ) ¢ c) — 2isg. c — 2cy.. )\<3))

28



XHAND X CHARGED CURRENTS

» Use the following linear combinations to avoid trace marginalisation:

C‘ +Cf = X—Z [cg) sin (90 + 9§+)) — %) sin (HC + HC(Z_))]

. . 'U2 — | — — -
Cla—Ch = 53| - i) cos (ec + 9((1”) + ¢l cos (Oc + 6 ))

* Geometric Interpretation:

(Cﬁs n ng)z n (ng B Cfs)Q _ (%)4 (C%+))2 N (C%—))Q B ZC;F)C%_) COS (9§+) _ Hc(l—))

» Due to large uncertainties in charged D decays, bounds irrelevant in the X\ - don’t contribute to the y?.

* Cabbibo angle should in principle also float - since sectors are effectively decoupled, keep 1t as constant, but
leave HC(ZJF) (and Hc(z_)> floating.



FLAVOR ALIGNMENT WITH 3 GENERATIONS - U(2) CASE

W), x w)g
1 0 0

Vekeni = | 00 cosfyy  sin 6o

T [wen  on sk \\.\C‘c(n\c}\‘o\ng ; \{CKM 1 ChM 0 “in 2“ O 92‘;
— S a3  COS U3

U (2 (e (1
L (g, x U, , x Vg, x Uy, |
y u J‘/Q (O > [Gedalia, Perez, Mannelli, 1003.3869]
~J (C\a | O,J ¢ .\/ - [Kagan, Perez, Volansky, Zupan, 0903.1794]
CKM 4»

j& ~ AR (O. 0, Y,
U (D) o X Uk(”_&)@ a 3 )

A

No  weale L(M"'UO\L&W\OM




FLAVOR ALIGNMENT WITH 3 GENERATIONS - U(2) CASE

1 0 0
Vekv = | 0 cosblyg sin by
) —sin 023 COS 923

* The SU(2) substructure was expected, as our CKM matrix Is reducible.

* Also obvious It we start building a basis like in the two-generation case: [Gedalia, Perez, Mannell, 1003:3869)
[Kagan, Perez, Volansky, Zupan, 0903.1794]

1 y2 0 y2
Ay =Y, Y] — Str(Ya Y1 = gb 0 —1 0] = g’ug
2

0 3
0

1
— 3 0 0
1 3
Au — Yu YJ— gtr(Yu YJ)]]_ = yt2 1 SiIl2 923 — COS 923 Sin 923 X aq /\3 ag)\@- ag)\g
—coSfoz8in by  —= + cos? O3

yiy? sin Ga3 cos O3

J > -
2, 4 |
J, = Yo Y S 223 c0s s ((2 — sin? 923) Mg + sin fo3 cos (923)\7)
L wbpsinacosty SU(2) subalgebra of SU(3)
d = 6

4

JuXJdO(.Ad

3



XHAND X CHARGED CURRENTS & GLOBAL FITS

* No large correlation observed between C;Qi), none between cl(i)

0.10 -
21074 | [
0.05 |
10_4_ ~~
—~ L 000
e O
Q 0 ]
~0.05 -
~10™ |
~0.10 -
An-4 L IS U N U NI NS NN SR IR SRR IR
~210 06 -04 -02 00 02
2104 104 0 104 2.0 C(+)
R



OPTIMAL ALIGNMENT ANGLE

* Suppose we know experimental upper bounds on |z2p|¥?P, |2k

exp

exp

Bound on ¢g from |2k weakest at small angle 6.

Bound on ¢p from |zp|™P weakest at g ~ 26

At optimal angle 84", |2D|"*", |2k |™* bounds are equally strong

ZK ZK exp
— — = TKD
<D H=0* Zp|Z*P

T"KD Sin 290

tan 05 =
d‘clzo 1 4+ rxp cos 26,



DEPENDENCE OF ¢; AND 6,

S1N Qd

OO 0.2 04 06 08 1.0

Cr

34



LARGE-DISTANCE CONTRIBUTION IN K; — pu

LD dominated process

B( K; — ,u+ N—)SM — (7.64 4 (),73) < 107° [Isidori, Unterdorfer; hep-ph/03 1 1084]
[Gerard, Smith, Trine, hep-ph/0508 | 89]

B(K N + -\ 1 G%'Olgm 2 2 1 —14 2 2 Cdown 2
L= ) = [~ 873 fremmg my /mi|Clg
L

d / T2 ) () Al
Cio™ ™ = —| 2rR(N\yza) + 21R(Aye) — ——=c¢p 'sinf; " | £ .

e A2 R sin? 0,
* Large theoretical uncertainty on the yy contribution

AE

L~y

=1.98 x 107*(0.71 £ 0.15 £ 1.0 — i5.21)

35



Experimental input and SM predictions

e K™ — a7uD gives stronger constraint on

CI(_) than K; =«

Opp

- DY > U U~ gives stronger constraints as DT — aut

Process
Kp — ptp”
Kg — ptp~
K; — m0up
Kt — ntup

Kr — mlete™
Kp — mutp”

Kt > nTete™

K+ = ntutu

B

= (6.84 £0.11) x 107
<2.1x10710
<3.0x 107

= 1.1471939 x 10710

< 2.8 x 10710
< 3.8 x 10710

= (3.00 £0.09) x 107

=(9.4+0.6) x 10°°

SM Prediction
(7.64 4 0.73) x 1079 [24] [42]
4 x 1012 [24] [42]

(3.440.6) x 1071 [41]

(8.441.0) x 10~ [41]
3.5410:08 (1.56T092) x 10711 [50] [24]
1.4170:28 (0.957057) x 10~ [50] [24]

(2.7540.23 4+ 0.13) x 10~7 [51]

(9.540.7) x 1078 [42]
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