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Rare decays

The key here is to find decays suppressed in the SM (so that NP effects that do not share their dynamical suppression can
be enhanced) that are short-distance dominated (to reduce the theory uncertainties). There are some ideal K&B decays

EFTs (ChPT & HQET mainly), together with lattice QCD provide the needed non-perturbative information with a precision
that can be improved systematically.

Z-penguin and box contributions to K — mwvw.

K->mtvv
Ag = V,qVys and x4 = 3_._% /M3, d W %
| — VWV ——
Als = dvw) ~ > Ag Xgu(,)
qg=u,c,t u,c,ty Y«
ms m2z My AGep
A 72 \{Lva In — ?.._+ﬂ\f: — e NNNVNNNN——
GIM W e W s 1% y
~68% + 29% + 3%

At low-E, invery good approx., only Q.5 contributes:
Qi3 = Q(rv) = [37"(1 — v)d] [Py, (1 — v5)v]. K; — mvip and K+ — 7tvp
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Rare decays

The key here is to find decays suppressed in the SM (so that NP effects that do not share their dynamical suppression can
be enhanced) that are short-distance dominated (to reduce the theory uncertainties). There are some ideal K&B decays.
EFTs (ChPT & HQET mainly), together with lattice QCD provide the needed non-perturbative information with a precision

that can be improved systematically.
K->mtvv

— * p — and 2
Ay = V V* and z, = _:__s_\bm_.hf

qd " qs

q=u,c,t
[ ﬁ\«fﬁ I_V :m__._. :..— " \.f.. l_v mw..... D yr...._;
oM~ Mg, Mg, m, Mg,

~68% + 29% + 3%

At low-E, invery good approx., only Q.5 contributes:

Qi3 = Q(vv) = [59"(1 — v5)d] Fﬁ:ﬁ —¥s5)V].
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Its coefficient, C,3, is determined at M,,, by computing
the penguin anb box SD contributions (with QCD/EW
corrections) and integrating the W,Z,t fields. Then,
C,3(Ay,Xy) isrun down to a hadronic scale (c is still
active, which generates A _x; log x. dependence) again
including RadCors. Integrating the charm out gives
corrections in the parameter ~M?/m_?~15%. Finally
hadron matrix elements (that can be related to K5 FFs)
are computed at u~1 GeV.

mh, _\° i
:M_W_QV (1-6.),

ImA 2
+ (14 Agm) A o : .vmv

2

Am_ l_l mv.m_,.:vv h

BR(Kp — \q:Su_v = K, A

BR(K" = nfvi) =

X
Mot T Ty
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Rare decays

The key here is to find decays suppressed in the SM (so that NP effects that do not share their dynamical suppression can
be enhanced) that are short-distance dominated (to reduce the theory uncertainties). There are some ideal K&B decays.
EFTs (ChPT & HQET mainly), together with lattice QCD provide the needed non-perturbative information with a precision
that can be improved systematically.
K->ntvv

BR(K, — ﬂ:Sd = K[, A

x%: 5,

\/_.v

Im\, _\°
Wﬁ_ﬁmri. — qﬁ+t..vv = K4 : + D_:iv A EH( ! .X‘v

X +

N ﬁ:_c\( Rel.
AP A

Am_ I_l %m:.:vv b

2

kr = (2.231 £0.013) x 107" (1/0.225)°,
ky = (5.1734£0.025) x 1071 (1/0.225)%.

BR(K — n'vi)
BR(K'T — nvi)
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(2.440.4) x 101,
(0.78 + 0.08) x 10~ 1°.
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While the current experimental limit/MEASUREMENT are
BR(K_->7° v v)<3.0x10-°, KOTO
BR(K*->m*vv)=(1.14*940 , ..)x1019NA62(B949), 2.2

It happens similarly with an additional t, where the matrix
elements can be obtained from K, but the SM predictions
are 4/5 orders of magnitude smaller and the experimental
limits are ~10-5/6,

These processes imply very stringent limits on NP, even if
the CKM suppression (~A°) is inherited.
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Rare decays

The key here is to find decays suppressed in the SM (so that NP effects that do not share their dynamical suppression can
be enhanced) that are short-distance dominated (to reduce the theory uncertainties). There are some ideal K&B decays.
EFTs (ChPT & HQET mainly), together with lattice QCD provide the needed non-perturbative information with a precision
that can be improved systematically.

B 4/s)-> 11
Bas)->11 decays are excellent NP probes, dominated by short-distance effects. (a) b w* u*
1- AAMAA
¢ _ IO m
@5 o M@HQ mh mQtQum Helicity-suppression. Q,,' dominates, does t v
v P [d-z 3, not mix with 4q ops., does not get QCD AN -
Clo(mw)|™ = I T T ap Inz,|corrections. C,yis FU. s w +
(b)
M"_u__".._.._.w.sm e 3.83 wﬂ.ﬂ Mv—m_.w.aom D E— <19
iy S —— 3.09°0% LD comonsr € g <26
ATLASICHSHHED 2693 I <19
w_.__m.whwc_w_ 098 ' " ! 2. mwmw w_._qm.“_.%ﬂmmsmu 098 < o <21
m__m_vmg (2020) 188 _ 2.94 mﬂmw ._n:—m,__umo.__ (2020) 188 < = <36
__u.“_ﬂ.__.méw (2017) 191801 _ 3. QMM _v.h.__.mﬂw (2017) 191801 = <3.4
Wﬁ_ﬂm_ﬂ_ﬂ__mﬂqo_sa@ w2 T u_.mm H_o.._n_ mm@m_ﬂﬂmm,_,mm_mwﬂ._nﬁ_é a2 P | o ._.n__mn_\c”cm_
4 2 3 4 i 2 3 45
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Rare decays

The key here is to find decays suppressed in the SM (so that NP effects that do not share their dynamical suppression can
be enhanced) that are short-distance dominated (to reduce the theory uncertainties). There are some ideal K&B decays.
EFTs (ChPT & HQET mainly), together with lattice QCD provide the needed non-perturbative information with a precision

that can be improved systematically.

B q/s)-> XUl

p/e LFU ratios in B->X decays (b-> s/d) are also dominated by short-distance effects (resonances) & test stringently NP.

Gmax AT(B — X ptpo)

&@m Dilepton spectrum
, dg? in B> K*u*p~ (LHCb)
mwﬂ.‘ — Dmin
Y = 5 .
Imax qI'(B — Xete™)
2 dg? .
Gmin .

T _ 0, 0
Aﬂ._ﬂ\ ;N;@m,po_mv — A spy'hL _mv X Anlg\t /
LCSRs & Lattice QCD VY5t
SM, SM
Q&;: m.;@v 4.1 and QHD_:Q&@V
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Fwﬁ Holds exactly in QCD and is
917 mildly violated by QED Corrs.

5%& : Hm
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Rare decays

The key here is to find decays suppressed in the SM (so that NP effects that do not share their dynamical suppression can
be enhanced) that are short-distance dominated (to reduce the theory uncertainties). There are some ideal K&B decays.
EFTs (ChPT & HQET mainly), together with lattice QCD provide the needed non-perturbative information with a precision

that can be improved systematically.

B(a/s)/ Ap->Xpp

p/e LFU ratios in B->X decays (b-> s/d) are also dominated by short-distance effects (resonances) & test stringently NP.
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Rare decays. Flavor anomalies.

The key here is to find decays suppressed in the SM (so that NP effects that do not share their dynamical suppression can
be enhanced) that are short-distance dominated (to reduce the theory uncertainties). There are some ideal K&B decays.
EFTs (ChPT & HQET mainly), together with lattice QCD provide the needed non-perturbative information with a precision
that can be improved systematically.

B(a/s)/ Ap->Xpp

p/e LFU ratios in B->X decays (b-> s/d) are also dominated by short-distance effects (resonances) & test stringently NP.
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B(BT = Ktutp™) [1.1,6.0] 1 -
B(B" — K'ete ) [1.1,6.0] -
B(Bt = K+vw) —
B(BY — éutyu~) [1.0,6.0] -
B(BY — ¢etem) [1.1,6.0] ——
B(B{ = ptyum) —
B(B" — ptyp) -
PUBY — Kt ) [2.5,4.0] - .

PUBY — Kty [4.0,6.0] - ——

T 1 T 1 I
4-3-2-10 1 2 3 4 5 6
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Flavor Physics & CP Violation

V.- Constraints on New Physics (EFT approach).
(More) Flavor anomalies.
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‘Fundamental’

Lepton decays: Lorentz structure of the charged current ™ |

Qf. n _
R by DA A COM B [N S —

EFT

v v

n.c,w

It depends on 4S, 4V & 2T complex couplings labelled also by charged lepton chiralities.

cosO=s,-p;
2 \

x? — x5 cosf A(x)

2
d=T"y_p
dx dcost

§
3

w = (mg+m3)/2my

r=FEp/w

(1l —x) + WMTHM — 3z — x3) Hnpo(l — ),

Alx) = H|H+.‘H dr —4+4/1— 23

Iy = 3~.mm\a

Five additional parameters if the ' polarization is also measured.
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Lepton decays: Lorentz structure of the charged current

d*Tp_,pr cosO=sp;
TT—F = p /2 — x5 cos A(x)
2
w= (mi+mg)/2mg  F(z) = z(l—z)+ WE%HM — 3z — x7) Hnlo(l — ),
r=FEp/w: To = my/w
Alx) = H|H+ﬁp.ﬂlp+ l—=x

SM L — € Vely T — [ Uulsr T — € Uuls T = (v,
S/4 p 0.74979 £ 0.00026 0.763 £ 0.020 0.747 £ 0.010 0.745 = 0.008

0 ] 0.057 £ 0.034 0.094 = 0.073 0.013 £ 0.020

1 ¢ 1.0009 * oo0os 1.030 £ 0.059 0.994 4+ 0.040 0.985 + 0.030
3/4 | £ 0.7511 = 50658 0.778 £ 0.037 0.734 4+ 0.028 0.746 £ 0.021
1 ¢ 1.00 £ 0.04 0.22+0.94%0.42

' 0.65 £ 0.36

Flavor Physics & CPV
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Constraints on NP. EFT approach.

W . BSM

A 10 TeV SM + BSM D=4
(+D=5 Weinberg op.)
52\( S 1 TeV mZm_n._. _Duh+m+...
QCDXEW 1) = Lopm + A2 ME@
M, RGE+matching @ _"SN
QCDxEM
| LEFT
2 GeV Light fields D=6+...
Loc =~ Va1 + cn+ ) (P71 = 7w ay# = (1 2en) 2’
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Constraints on NP. EFT approach.
BR(B->Xy)"FLAV=3.49(19)x 104
BR(B->X.y)SM=3.40(17)x10%4,
[for E,>1.6 GeV]

Let us, for simplicity, definiteness and representativity pick the example of b->sy:

Q EﬂQ
1/ L/
10°F Qm\v Lsm + >m< (QiQ;)(QiQ;)
,_.q_ﬁ\.u. I ‘
ANp VaN? ot
) * ¥ m o) L
Asm |V Vi dmsZ, M2, = ot . .
> i
Compatibility with data requires - 102k .
e%m g2 1 10'F
O~ H>w > W . = A > 70 TeV. LHC ™ | (s> ) @i.& (b— s) (¢ — )
~ /\|3@.m_ 7 d\@ _ D H ~ - Amg, e Amyg, sin28  Amg, A%, D-D
t 47 )

Similar bounds can be obtained for meson-antimeson mixing, other FCNC transitions, etc.

Exercise: Work out (some) of these estimates.
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Constraints on NP. EFT m_o_oamo:.

= BMRe C Constraints are much weaker if the CKM
m K suppression is inherited by the NP (MFV
| Wim Ox achieves this by flavor symmetry

= W Im C, breaking), which would then be FU

HI .Oma

m .Omm

LxL O\
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. . |
10°F Lsm + Az (QiQ;)(Q:Q;)
i Uv
wofu
M I
< |
— _Ow 5
V L
5 I
= |
10'F
LHC [ (s—d) (b — d) (b—s) (c = u)
Ampg, €x Amyg, sin28  Amg, AS, D-D
MRS, = SEE viva, (@ )? a0y < 1 (L) (A = KO, By 1)
L) — A Iy aY| T L
Orp—s = Amwhq\ @hv ; Q@ = &m ;
3 1/2 0 __ 70
3.4 ToV 9 x Hom TeV x TWE_H\M from K" - K
A< AT EE < g 4 x10% TeV X |es| from By — By
ViVasl/leis 7 % 10F TeV x |c3|'/? from B.— B,

|Vis|7~0.04-~25=> NP could be at ~3 TeV within MFV!!
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Flavor Physics & CPV

Constraints on NP. EFT approach.

b->(c/u) l v, transitions are allowed at tree level in the SM (FCCC, W-exchange). Thus,
you wouldn't naturally expect big NP contributions (on top of a large SM bkg).

Br(B — DVr7v))

Br(B —» DV/v)
B(Bf — Jht7v,)
B(Bf — Jhputv,)

R(A)=Br{(Ay->Ag* v )/Br(Ap->Ag v,

R(D") =

\\NA J \ﬁ____u v —
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Constraints on NP. EFT approach.

b->(c/u) l v, transitions are allowed at tree level in the SM (FCCC, W-exchange). Thus,

T you wouldn't naturally expect big NP contributions (on top of a large SM bkg).

Br(B — D"'z”

MNADA*J —

Br(B — DY/ 7))

B(B:f — Jhptv,)

R(JJ)

R(A)=Br(Ay->A v )/Br(Ap->A uv)

Flavor Physics & CPV

B(BX — Jutv,)

CLASHEP2025

B(Bt = K t.J: [1.1,6. :

B(Bt — Ktete ) [1.1,6.0] 7

G?w+ — ?)J\.S

B(B! — ¢utp~) [1.0,6.0] 7

B(BY = dete :;:

B(B! = ptp)

BB" = ptp )

PUBY — Kt ) [2.5,4.0] —
Emciﬁ,fﬁz ) [4.0,6.0] 7

Ry [0.1,1.1]

¢ [1.1,6.0]

5,_._,_ 11.1,6.0] 1

It

[

(

Muon g — 2 (BMW) —

R(D)

R(D*)

R(J /)

R(AT)

(Thanks to Belle data)B(B" — 15

-6 -5-4-3-2-10 1 2

Pullin o
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E_m_<_o_ﬂm:<mmom & CP Violation

07 I = —_
1 Ly g Ame&Am o WM 3 g gohtyo) [1L1.6.0] | e
0.6 /,.,mi/ m d K \\ Summerzs T B(B* — K'ete ) [1.1,6.0] —-
e o = B(BT — Ktvp) + Qo
05 5 sin | b .. BB = ) (10,60 ™ Why 3 families
- @ 3 - Amxn,..wm,,ofvo.@m. 3 mme.m N n_m.m.fmlv T.f Q.E _ —— ——
= E[ “ o - B(BY = p'p ) . .
03 : . N E B(B' — p ) — ¢ What explains
: o > 3 BB = Kt o) [2.5,4.0] e
02 : Ty, A PUB" = Kty [4.0,6.0] - —— . the m;values?
; ol Ry [0.1,1.1] 7
0.1 ' . g Ry [1.1,6.0]
- " Y Ryeo [1.1,6.0] 7 -
00, ] _ N ——— Ry [0.1,1.1] — —f— :

; 0.4 0.2 0.0 0.2 0.4 06 -—n—‘—om.m mz:u mw,g 1160 . What QXUNm:Bm the CKM
> " [ WRec, R+ [0-045,5.01 7 AR values? What is the origin
[t r o—‘—Am Krm ﬁ sy . g bl
S o[ mmc, w Ry [0.1,6.0] of CPV?

S Emmc, . R, [1.1,6.0] .

S [ WC, m:\_mN_:mz S

Dcuv g mC,, —.—.— m Muon g — 2 AWWHNMW ] ) .-

“ ok well::.: mﬂwww 5 T 1= The answer to these
- B ” questions is related to
BBY = )] the scalar sector of the
: -6-5—4-3-2-10 12 3 4 5 6 SM.We cannotforgetthe
B patrick koppenburg@eern_ch 2025-03-12 Pulli H ! !
: patick koppeniurs e hierarchy problem ('EW’).
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