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1) Introduction: the New Physics flavour problem & EFT approach

2) How much aligned to the third generation should New Physics couplings be?

- Take the B — Kvv excess as a guide to set an overall scale of New Physics

- Consider a specific flavour structure that allows to deviate arbitrarily

generation, while keeping only a few parameters (unlike a general SM

rom the third

—-

approach).

- bvaluate quantitatively the allowed misalignment from third generation.

3) What are the constraints on heavy New Physics coupled to the top quark?

Indirect (Flavour + EW) vs. Direct (LHC)
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The BSM Flavour Problem = /-
|
Flavour In the SM has a rigid structure: accidental symmetries | y
and suppression (FCNC, CP violation, LFV, etc). //
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The BSM Flavour Problem

Flavour in the SM has a rigid structure: accidental symmetries
and suppression (FCNC, CP violation, LFV, &tc).

Generic heavy new physics, parametrised in SMEFT:

o =¢) in general violate all the

6
UV theory i Z C( O' [ % _—" accidental symmetries and
MMEFT . SH_

properties of the SM

We can expect large effects in rare or forbidden processes!




The BSM Flavour Problem

Flavour in the SM has a rigid structure: accidental symmetries
and suppression (FCNC, CP violation, LFV, &tc).

Generic heavy new physics, parametrised in SMEFT:

In general violate all the

6
UV theory i _ Z C( 0 [% _—" accidental symmetries and
MEFT SH_

: /\ properties of the SM

Precision tests of forbidden or suppressed processes in the SM

are powerful probes of physics Beyond the Standard Model.
>> Flavour Physics ! <<
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Precision tests push A to be very high i

Bounds on A (taking ¢i(® = 1) from various processes
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The BSM Flavour Problem

Precision tests push A to be very high 4=6) Z ol ﬁm -
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Precision tests push A to be very high

Bounds on A (taking ¢i(® = 1) from various processes

Near-future 10°
Orospects
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The BSM Flavour Problem

Physics Briefing Book 1910.11/775
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CKM suppression of the ¢i®)
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Smaller values of the NP scale are instead motivated

® Solutions to the Hierarchy Problem

Anp ~1-10 TeV e Reach of present/future colliders
® Xxperimental anomalies

Y Need some Flavour Protection
—.g. CKM-like suppression of FCNG
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New physics likes the Top

(1)
Bounds from direct searches @ [ HC are stronger for light fermions than for third generation ones.
E.g. squark: Mg, = 2 TeV Mip = 1.4 TeV

E.g. Scalar LQ: MLQ(u,e) = 1.8 TeV MLQ(T) = 1.1 TeV



New physics likes the Top
(1)

Bounds from direct searches @ [ HC are stronger for light fermions than for third generation ones.

Mg = 2 TeV Mip = 1.4 TeV

E.g. Scalar LQ: MLQ(u,e) 1.8 TeV MLQ(T) 1.1 TeV
(2)

New Physics coupled to the top should be lighter in order to address the Higgs hierarchy problem,
could also be related to the SM flavour puzzle (lighter NP gives larger Yukawas in some models).

E.g. squark:



New physics likes the Top

(1)
Bounds from direct searches @ [ HC are stronger for light fermions than for third generation ones.
E.g. squark: Mq(l,z) =2 TeV Mf,f) = 1.4TeV
E.g. Scalar LQ: MLQ(u,e) = 1.8 TeV MLQ(T) = 1.1 TeV
(2)

New Physics coupled to the top should be lighter in order to address the Higgs hierarchy problem,
could also be related to the SM flavour puzzle (lighter NP gives larger Yukawas in some models).

% Non-universal couplings preferred
U(2)-lke: ¢, <1



Flavour alignment

How much should New Physics be aligned to the third generation?

VWe consider now a specific example:

- Qverall New Physics scale set by the Belle-ll excess in B—Kvv

- We assume a Rank-0One flavour structure



Golden channeldecay B > KO vv ..

Precise SM predictions possible due to absence of long-distance QCD effects:
/\?\/ Nneutrinos do not couple to the electromagnetic current.

W d

s W v s
u,c, u,c,
u,c,t e nT )
d W v v

BR(B+ — K* vV)sm = (0.444 + 0.030) x 10-5 BR(B? — K*0 v V)sm = (9.05 £ 1.4) x 106

Becirevic et al. 2301.06990

see 1409.45567, 1503.02693, 2109.11032, 2301.06990, ...

Belle-llooes: BR(BT — Kt v7v) = (2.3 £0.6) x 103 Bellecoi7: BR(B — K vv) < 2.7 X105 @9%%CL
Combination: BR(B+* — K*vv) = (1.3 £0.4) x 10-5




Golden channeldecay B > KO vv ..

Precise SM predictions possible due to absence of long-distance QCD effects:
v E Nneutrinos do not couple to the electromagnetic current.

S W v §
m s see 1400.4557, 1503.02693, 2109.11082, 2301.06990, ...
a W v v

BR(B+ — K* vV)sm = (0.444 + 0.030) x 10-5 BR(B? — K*0 v V)sm = (9.05 £ 1.4) x 106

Becirevic et al. 2301.06990

Belle-llooes: BR(BT — Kt v7v) = (2.3 £0.6) x 103 Bellecoi7: BR(B — K vv) < 2.7 X105 @9%%CL

Combination: BR(B+* — K*vv) = (1.3 £0.4) x 10-5
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Golden channel decay B — Kl v v

Assuming only NP in tau i St (7 o
CFT > C} VTZ V’t

(see paper for other cases) LR LL 2 JL R
DM, M. Nardecchia, A. Stanzione, C. Toni [2404.06533]
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EBW 1 They probe scales of about 8 TeV,
~ [8 TeU)Z with a slight excess from the SM preferring either a RH or vector-like quark current.

Future Belle |l results (in particular from the K* mode) will help to clarity the situation.



NAB2 (CERN)

BR(K™ — 7t vVv)sm = (8.09 -

Allwicher et al. [2410.21444] (see also Buras et al. 1503.02693, 2109.11032, etc..)

NAOZ2024:

B(Kt — ntup) = (13.6 (159)stat (113)syst) x 10711

2410.21444]

6 e I I | !
0.04 / 0.042 0.044
|Ves|

‘Vcb‘ — (4137 -

- 0.81) x 10°3

Derived by combining exclusive and
Nclusive determinations. [2310.20324, 2406.10074]

Kt— mtvy,

- 0.63) x 1011

K; —>n0vy

KOTO (JPARC)

BR(Ky — ¥ vv)sm = (2.58 £0.30) x 10-1

Allwicher et al. [2410.21444]

KOTO2021:
BR(K;, — 0 v7Vv) < 4.9 x 10 @9o%cL



NABG2 (CERN)
BR(K* — 7" vP)sm = (8.09 +0.63) x 10-11

Allwicher et al. [2410.21444] (see also Buras et al. 1503.02693, 2109.11032, etc..)

NAOZ2024:

B(Kt — 7tup) = (13.6 (F59)stat (F173)syst) x 10711

2410.21444]

()t : | L 1
0.04 / (.042 0.044
|[Vep|

V| = (41.37 £0.81) x 10-3

Derived by combining exclusive and
INclusive determinations. [2310.20324, 2406.10074]

Kt— atvy,

Ki > n0vy

KOTO (JPARC)

BR(KL — 70 v V)sm = (2.58 £0.30) x 101

Allwicher et al. [2410.21444]

KOTO2021:
BR(K, — 9 v7Vv) < 4.9 %10 @9o%cL
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e The slight <20 excess
\\ | points to new physics scales
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Directions in Flavour Space

Consider the vector space spanned by the
3 generations of down quarks, SU(3)q:
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https://arxiv.org/abs/1903.10954
https://arxiv.org/abs/2404.06533

Directions in Flavour Space

Consider the vector space spanned by the
3 generations of down quarks, SU(3)q:

. 1 0! A [Q

JV 0 g,\,ﬁ L,\ 0
0 \J \ f

VWe can parametrise a generic directions as:

iabd

sin 6 cos ge neglecting phases,

A . . ias D .
n = | sin @ sin ge*™ tisaunr

cos 0/ ONn a sem

T

-Vector
-sphere

T

0 e [O,E} 0 €e|0,2m) , g € [—— —} Qs € [—— —}

2 2" 2

The overall phase is unphysical: U(1)s

2" 2

{qu} space, neglecting phases
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Directions in Flavour Space

Consider the vector space spanned by the
3 generations of down quarks, SU(3)q:

A
. 1 o AN ¢
Jv 0 S | LN 0

0 \0 | \ 1

VWe can parametrise a generic directions as:

: (1e 7% .
sin 0 cos pe’ neglecting phases,
N : : 10} s o .
n = | sin@sin ge'* 1S a unit-vector
cos 0 on a semi-sphere |
We show also g — ( Vi >
7 T T - . L — )
velo.z], ecloom . awe|-5.5| awe|-5.3) up quarks using: T

The overall phase is unphysical: U(1)s


https://arxiv.org/abs/1903.10954
https://arxiv.org/abs/2404.06533

Rank-One Flavour Violation

LN = 3 (L9 (il ) (93702 + D0 (D) (73402
ijaB ]

We assume that New Physics is aligned to a specific direction 7.

> the EFT coefficients are given by an overall scale times the
projection of 1 on the specific flavour direction

sin  cos pe®vd

i}vv |
L C 1 Ny n = | sin @ sin gpe'ts
- VL ; 7 ) cos 0

{qu} space, neglecting phases


https://arxiv.org/abs/1903.10954
https://arxiv.org/abs/2404.06533

Rank-One Flavour Violation
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{qu} space, neglecting phases

Liber = 3 |LEP (dmud]) 537" v]) + LR (dyudly) (79 v])

173

We assume that New Physics is aligned to a specific direction 7.

> the EFT coefficients are given by an overall scale times the
projection of 1 on the specific flavour direction

L)WV sin § cos pe’
L C 1 Ny n = | sin @ sin gpe'ts
- VL ; v ) cos 0/

This structure is automatic it New Physics couples linearly to a single combination of guarks:

L DA _iONP + h.c.

e.g.

- |leptoguarks coupled mainly to 1 lepton family
- Vector coupled via the mixing of a single vector-like quark

11
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Rank-One Flavour Violation

LigpT = Z L?’L]aﬁ(&z};%djz,)(ﬂgw’/g) T L”é“ﬁ(cf%wdiz)(ﬂﬁv“ 7
ijaB ]
We assume that New Physics is aligned to a specific direction 7.

> the EFT coefficients are given by an overall scale times the
LY projection of n on the specific flavour direction

Py Tve )
SRR N \ N
.....

\ L)V sin 6 cos ge’bd
’ L C 1 e n = | sin @ sin ge'ds
= VL ; v ) cos 0

{qu} space, neglecting phases

-2
At any value of (p,60) we can fix the overall scale EL\N C 5 (8 T@\/ )
_ " -
C by imposing the best-fit of B— K(* vv. — Cos U St S f{)

For the best-fit of Rvc and for simplicity we fix: A p¢ = & y=0  (fitin backup slides)


https://arxiv.org/abs/1903.10954
https://arxiv.org/abs/2404.06533

‘ Rank-One Flavour Violation
L.)\N / 430 -2
L = C l;lLVL* LL = C cos 0 sm sEchS(ETeV)

Once C'is fixed as function of (8, &), all parameters are set and we can check the

constraints from other observables
2404.06533

13
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) Rank-One Flavour Violation
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ot C n | VL L - C (oS 8 S (? SEU[ CP = (8 TGV) N R T
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Once C'is fixed as function of (8, @), all parameters are set and we can check the

constraints from other observables
2404.06533

NP coupled right—handed, v, only

NP coupled left—handed, v, only
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""" c n | 1
b - dvv s = dvv fl3rd IC|"% [TeV] 2 td /o Ttsy generation, with a misalignment of O(CKM).
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Top-philic New Physics

VWe just saw how the preferred region to address the Belle-ll excess compatibly with other
constraints is close to the third generation quarks (up to O(CKM) deviations).

his trend Is expected and well known, can be generalised:

Both experimental and theory arguments motivate having

TeV-scale New Physics coupled mostly to the top quark.
le.g. review by Franceschini 2301.04407]

[, INn the quark sector, New Physics couples indeed mostly to the top quark:
S What are the strongest constraints we can put?
S~ Where do they come from”?

\IA/ How do indirect bounds compare with direct ones from LHC?

[see also these, on similar spirit: 0704.1482, 0802.1413,
1109.2357, 1408.0792, 1909.13632, 2012.10450]

14



Top SMEFT

Let us assume heavy NP couples, among quarks, mostly to the top.

We leave arbitrary lepton flavour and gauge structures

These are the SMEFT dim-6 operators satisfying
these conditions:

Since we are assuming that the top quark is somehow
‘speclal” from the UV point of view, we work in the
up quark mass basis.

'see Isidori et al. 2024 for an analysis varying
continuously from up to down basis]

Semi-leptonic

Four quarks

O, | Enl) @) | O | @)@
O " | Eqr @)@y r¢®) | Ot | (@770 (@)
Oﬁf (go ’Y“E'B) (aB Y ug) Ouu ('33’7“'“3 ) (ag Y ug)
Occfég (@B (e Yu e?) O c(; t) (P (@ s u3)
& | @A) @nat) | O | (@TA) (@ T)
(’)l(; 3{? ? (02eP)e(GPud) Higgs-Top
O | (Bo0,,eh)e(@omu?) | OF) | (HYD,H)(@yve)
Dipoles 0&3}1 (HHE&H)(@W"T“&)
Ows | (@ TYAAGA, | Oy, | (HUD,H) (@)
Ouw (530“”u3)70'ﬁ Wi Ouu (H TH) (cj?’u:”ﬂ' )
Oun (@ u?)H B,
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Indirect constraints

RG: LL 1-loop matching + RG
Ciop(1TeV) —> (Csyerr(mew) =————p Lier(GeV)

dilepton constraints —\/\/ precision tests Fit of B = KPw +

[Jenkins, Manohar and Trott 2013; Dekens and Stoffer [1908.05295]; Jenkins, Manohar and Stoffer [1711.05270], DSixTools ,,H&\/OUT bOUﬂdS

RG evolution to low scales induce effects in a wide range of observables

Cabibbo
Vi -

€L

16



Observables included

B physics
Observable Experimental value Observable Experimental value
B— Xy | (3.4940.19) x 1074 [38] B(Bs — ee) < 11.2 x 1079 [42]
RY, 2.93 £ 0.90 (35, 36] B(Bs — pp) | (3.01£0.35) x 10~ [43]
RY.. < 3.21 [35, 37] B(Bs; — 77) < 6.8 x 1073 [44]
R[1.1,6] 0.949 + 0.047 [34] B(Bs —ep) | <63x107° [45
R-[1.1,6] 1.027 + 0.077 [34] B(Bs —pt) | <42x107" [46]
B(B — Kep) <4.5x 1078 [39 B(B; — ee) < 3.0 x 1079 [42]
B(B— Ker) |  <3.6x 107 [40) B(By— pp) | <2.6x10710 [43]
B(B — Kur) < 4.5 % 10 [41] B(Bg — 77T) < 2.1 x 1072 [44]
B(By — ep) < 1.3 x 1079 [45]
B(By — pt) < 1.4 x 107 [46)
Observable Experimental value
B(K+ = wtvw) | (1.14103,) x 10710 [47] [48]
B(K — nvw) < 3.6 x 1079 [49]
Kaon B(Kg — utu™) < 2.5 x 10719 [50]
physics B(Kr — pp~)sp < 2.5x 1079 [51]
B(Kj — p*eT) < 5.6 x 10712 [52]
B(Kp — mu*tp™) < 4.5 x 10710 [53
B(K; — mete) < 3.3 x 10710 [54]
B(Ky, — m%*pu™) <9.1x1071 [55
B(Kt — ntetu™) < 7.9 x 1071 [56]

Global analysis of Cabibbo-related observables by
[Cirigliano et al. 2112.02087]

Observable | Experimental value SM prediction
AF = 2 €K (2.228 +0.011) x 1073 | (2.144+0.12) x 1073
- AM; (17.765 £+ 0.006) ps— | (17.35 £ 0.94) ps~*
AMy (0.5065 + 0.0019) ps~* | (0.502 £ 0.031) ps~*
Obscrvable g Experimental valuge
Leptonic - =
Aay (28+£74) x1071%  (20.0+8.4) x 10710
9r-/ge—1 | (27+£1.4) x107%  (0.9+1.4) x 1073
Observable Experimental limit Observable Experimental limit
B(u — ev) 5.0 x 10713 [102] B(r —wertn™) | 2.7x1078[108
B(u — 3e) 1.2 x 10712 [103 B(r > eKtK~) | 4.1 %1078 [108
LFV B(pAu — eAu) | 8.3 x 10713 [104] B(T — py) 5.0 x 1078 [109]
B(T — ev) 3.9 x 1078 [105] B(tT = 3p) 2.5 x 1078 [106]
B(T — 3e) 3.2 x 1078 [106 B(T — pee) 2.1 x 1078 [106]
B(t — e i) 3.2 x 1078 [106 B(t = un?) 1.3 x 1077 [110
B(r — en") 9.5 x 107% [107] B(t — un) 7.7 x 1078 [107]
B(T — en) 1.1 x 1077 [107] B(T — un') 1.5 x 10 7 [107]
B(t — en’) 1.9 x 1077 [107] B(tr = puntn™) | 2.5 x 1078 [108]
B(r - pK*K~) | 52x107%[108

EW precision obs. + Higgs
[Falkowski et al. [1503.07872, 1911.07866]




One-parameter fits

VWhat scale are we probing with indirect probes”

One-parameter fits from our global analysis of indirect constraints on top quark operators.
N the third column we report the observable giving the dominant constraint in each case.

Wilson | Global fit [TeV 4] | Dominant Wilson | Global fit [TeV~2] Dominant, Wilson Global fit, [TeV 2] Dominant,
cF) | (~1.9+£23)x107% |  AM, it | (24+3.5) x 1073 Ry CLi (5.0481)x 102 AgZey,
cl7’ | (=2.0+1.0) x 107" | B, = pp Ci % | (—4.0£3.4) x 1073 Ry Cc22 (48+21)x 101 AgZes,
ciy (1.3+1.0) x 1071 | AM, CiPP | (72+£4.4) x 107 9+/9: C33 | (—23+25)x 1071 | AgZegs
) | (~17+£44) x107" | AM, cLM | (109+7.6)x 1072 | Ry, CIM L (0441.0)x 1072 | (g—2).
Cuuw | (=3.0£17)x 107" | 6g7¢, C | (—6.0£7.0)x 1072 RV, ColZ 1 (1.8£1.6)x 1072 | Cupao
Ci) | (18.7£88)x 103 | By — pu Cy "% | (-1.8+1.0)x 107" RY,, Cith33 1 (8.0£9.1) x 1072 Copas
Cy) | (58+45)x 1072 | 4g%5, Cll | (mL7£7.0)x 1072 g7, ' Ciahtt | (—0.6£1.5) x 1077 (g-2).
Cou | (—4.3+23)x 1072 | dg¥e, 02 | (—43+1.8) x 10~ | 59%%3, Ri C2 | (—19.3+81)x 1075 | (g-2),
Cup | (—0.6£20)x1072 | ¢ C33 (0.5 £ 2.4) x 10-1 | AgZe, 3 | (~70£78)x 107" Cemss
Cua | (=0.1£2.0) x 1072 Cog Cre | (—0.7£3.9) x 1077 Ry
Cuz | (-0.3£5.2) x107! | Cumas ‘ Cr (1214+9.2) x 1073 | By — up
Cow | (=01+31)x1072 | ¢, C33 (22+24) x 107" g7,




One-parameter fits

VWhat scale are we probing with indirect probes”

One-parameter fits from our global analysis of indirect constraints on top quark operators.
N the third column we report the observable giving the dominant constraint in each case.

Wilson | Global fit [TeV 4] | Dominant
CiF) | (-1.9£23)x1078 |  AM,
clr) | (=2.0+£1.0) x 107! | B, = up
ciy (1.3£1.0)x 101 | AM,
c¥ | (-1.7+44) x1071 | AM,
Cowuw | (=3.0£17)x 107" | dg75,
Ci) | (187+88)x 1073 | B, — up
ch) | (5.8+45)x1072 | dg%,
Cou | (—4.3£23)x107% |  dg74,
Cup | (—0.6 £2.0) x 102 Copry
Cua | (—0.1£2.0) x 1072 Cog
Cuz | (-0.3£5.2) x107! | Cumas
Cuw | (—0.1£3.1) x 1072 Copr

Wilson | Global fit [TeV—2] | Dominant Wilson | Global fit [TeV—2]  Dominant
it | (24+3.5) x 1073 Ry o (5.04£8.1)x 10 2 = AgZey,
Ci? | (4.0 £3.4) x 1073 Ry C22 (48 +2.1)x 101 AgZes,
CiFP | (T2+44)x 1070 g /g C3 | (—234+25)x 1071 AgZeg,
cMt | (109+£7.6)x 1072 | RY, Coltt 1 (0441.0)x 1072 (g 2).
C | (—6.0£7.0)x 1072 RV, Con | (18+16)x 1072 | Copao
Cy % | (-1.8£1.0)x 1071 RY, Ci% | (80+£9.1)x 1072 Copra
CL (—1.7£7.0) x 1072 097 i1 C,(jg;ll (—0.6£1.5)x 107>  (g—2).
C22 | (-1.3+£1.8) x 107" | 6g%%,, Rx C2 | (—19.3+81)x 1075 | (g-2),
C33 (05+24) x 1071 | AgZe, C3 | (—7.0£78)x 107" | Censs
Cre | (—0.7£3.9) x 1077 Ry~
c2 | (1214£92)x 107 B, = uu Indirect bounds are in the few TeV range.
Cc (22+24) x 1071 095533 Exception o ree-level contributions (o Bs-mixing,

Rk, Bs—py, and top-loop from dipoles to (g-2)e,u.

A =10 TeV A = 180 - 80 TeV 6



Example

Let us take for example this 4-top operator. :Z.QHQFT = Cw k {:R Xr t“)k

ts strongest bound is from LEP (Z-pole).

Cuu | (-30+£17)x1071 | dg76,

How does 1t generate a contribution”

tg (]

te te



Let us take for example this 4-top operator.

ts strongest bound is from LEP (Z-pole).

Cuuw | (—3.0+£17)x1071 | g7,

How does 1t generate a contribution”

tg (] -€ = H
)
Te teNa_so H"

Example

:z‘SHEFT

N. Y

UV =\

(A

Co | B B L

1-loop \,/

oy

A

W,

[ B Y, te] (H D H)
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Example

Let us take for example this 4-top operator. iS:HEFT = CW k {:R Xr t“)k ER Xrtk)
ts strongest bound is from LEP (Z-pole).
| 1-loop \,/
| Cou (—3.0+1.7) x 101 595,611 N
Coler oy | B Y, L) (WD 1)
How does it generate a contribution? WMy
H->- tp e A—¢- H 2-loop (Leading Log) \,/
3 2 2
3 | 2 2 | &>
&" QL Cuu NL\J: Jzoaﬁ (l"(r DFI\!)
H“' -¢ - + \(qﬁ’) M: |
Te teNa_so H

This is the operator contributing to the EW T-parameter (Z-mass).

N the fit we used it shows up as a Z-coupling contribution.
[1911.07866]




Example

Let us take for example this 4-top operator. iS:HEFT = CW k {:R Xr t“)k ER Xrtk)
ts strongest bound is from LEP (Z-pole).
| 1-loop \,/
| Cou (—3.0+1.7) x 101 595,611 N
il | B Y, e (WD)
Cov i Jzoa\ £ Y, te|(H D H

How does 1t generate a contribution”

\—\ -y~ tg te -€-= H 2-loop (Leading Log) \,/

2L

@: G‘! N\dt VTN, \
t_ o y Ca (% Q%Mz (H D'l )
H =¢—"10 teNo_s - H*

This is the operator contributing to the EW T-parameter (Z-mass).

N the fit we used it shows up as a Z-coupling contribution.
[1911.07866]




Direct constraints from LHC

Top operators can be constrained directly from LHC measurements of top guark processes:

pptt ppstt 2
P~ tEtE (> te W
ep = tEbl (P - ttH

H'(m)s phjsics
99F ., VbF, Vh, etc..
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Indirect vs. Direct

How direct bounds compare with indirect ones” Indirect are typically much stronger.

(Garosi, DM, Rodriguez-sanchez, Stanzione 2310.0004 7|

Individual Fits Compared

10?
—c— 10"
: 0
Direct bounds from LHC 1;91_ o l1 1
top production, 10-2. I 1t ;
Higgs physics, 10-3-
diboson production — 101
I
SMEFIT 2105.00006 = O T T T 1 N T T T R
& 10+
—~103 . |
I I —10 2. | 1 1 | I I
Indirect bounds from —107" : ] : I “ ! ]I
“WFlavour - 10 ! : [
£310.00047 — -
—107 ' ' ’ 3 ' ' 1 g 1 g 1
@G aw Gz Cyg Cg_(.)g CHt  CGH  Cog Coo Co Co Cyy
Dipoles H-top current  1OP A-top operators

Yukawa



2D fits

| 1 1 1 1

02

0.0
Cll [Tev?

0.2 0.4

7y
0gh° = (—7.3+4.4) x/1073

1 |

o

0.4_1 o ' N I U L (I v 0.15_' ' !
" M AF=2 6gh¢ = (—1.3+4.4) x 1073 " 11 B Phys
) B Phys ] EW-Iliggs
03_‘ EW-Higgs ] 0]0-_ B Total
- I Total B | -
T 02- :
> : 1 &
Q | 0.05-
= e |z t
aF 01- el . 1 & )
> ) S B - —o _
| - gR T D’J‘ 0.00
- (= B \ 7 -
‘6‘: 0.0- i
o =] -005
—02-.. ... ke ] ~0.10-._.
-0.06 -0.04 -0.02 0.00 0.02 004 0.06 0.08 -04
| 3 -2
Clio + Ch) [TeV 2]
. D R - i R 0.04- —~ ° '
[ | AF=2 .| AF=2
10 = B Phys L B Phys
| EW-Iliggs EW-Higgs
" | B K Phys 0.02 M Total
o - - Total o _‘
l> 0.5 '>
g N
%g: 0.0} 1 &= S, 0.00-
| - N + [
o —_g
7 —0.5} 1T ‘
-0.02
-1.0f
[ 1 L1 \ - A i L L1 ] -0.04—1 A |
-0.020 -0.015 -0.010 - 0.005 0.000 0.005 0.01 -1.0 -0.5

), G 2
Caq + Cyq [TeV™]

0.0 0.5

C [Tev]

1.0

N Tev?

3),

.|q

1),11
qu

T T T L 4 |

- I K Phys
B Phys

1.0 ;: _______

] Cabibbo angle
M Total

-0.5

Combining bounds
from different datasets
allows to derive much
stronger constraints.

1 1 ‘ 1
0.00.
[TeV~?]

-0.02
+ q3).ll

q

-0.04
D11
1q

~006

- [ K Phys
2.0- B Phys
| EW-Higgs
Cabibbo angle ' -
[ Lepton decays 7
1.0 B Total
e

1.5-

0.5
- K—mnv : _

0.0- | -
—-0.5 =——

-1.0- -

4 -2 0 2 4

C{;"” + C{f;)’” [TeV 2]
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Conclusions

f New Physics is present at a scale reachable by present or (~near) future colliders,
then it must enjoy some non-trivial flavour structure that suppresses large FCNC effects.

Typically this tends to align it close it to the 3rd generation.

With a Rank-One Flavour Violation setup we show how close to the top direction this should be,
N the case of fitting the B—Kwv excess: only deviations of = O(CKM) are allowed.

Correlations between different observables are crucial to identity the flavour structure.

Assuming New Physics couples mostly to the top quark, we show that indirect bounds provide
almost always stronger constraints than direct bounds from LHC: also here it is crucial to
combine different datasets.
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Conclusions

f New Physics is present at a scale reachable by present or (~near) future colliders,
then it must enjoy some non-trivial flavour structure that suppresses large FCNC effects.

Typically this tends to align it close it to the 3rd generation.

With a Rank-One Flavour Violation setup we show how close to the top direction this should be,
N the case of fitting the B—Kwv excess: only deviations of = O(CKM) are allowed.

Correlations between different observables are crucial to identity the flavour structure.

Assuming New Physics couples mostly to the top quark, we show that indirect bounds provide
almost always stronger constraints than direct bounds from LHC: also here it is crucial to
combine different datasets.

Thank you!
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ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

July 2024 \Vs=13TeV
Model Signature  [L£dt[m7) Mass limit Reference
. | 1] 1 ] L} | ] L} L} ' L} | | L ] L J L}
i G—%) Cep  2-€jels  EVS 140 185 m(¥})~400 GoV 2010.14293
» monojet  1-Gjets  EM™S 140 | § [8x Degen.] 0.9 m(g)-m(¥))=5 GeV 2102.10874
g 3, i—ag¥ Ceu  2-€jets EP™S 140 |2 2.3 m(¥})=0 GeV 2010.14293
g Forbidden 1.15-1.95 m(t1)=1000 GeV 2010.14293
g 8. 1—agWX) Teu 2-€ jets | 140 |2 22 m(¥}1<600 GeV 2101.01629
© @ i-aalOx) ees ft 2jets  EY™ 140 | B 22 m(¥})<700 GeV 2204.13072
5 %, i—aqWZx, Cep  7-Mjets ET™ 140 | & 1.97 mit}) <600 GeV 2008.06032
g SS e 6 jets 140 |2 1.15 m(¥)-m(X; =200 GeV 2307.01094
= g, gt 01 epu 3b EMS 140 | & 2.45 m(¥;1<500 GeV 2211.08028
SSeu 6 jets 140 g 1.25 m(g)-m(X; =300 GeV 1909.0845/
by b Ce 2b E™Sss 140 | B, 1.255 m(¥}| <400 GeV 2101.12527
by 0.68 10GeV<am(p, ,iJ.’)<2o GeV 2101.12527
@25 by by, 13,_.5{/‘2’ — bhi“.’ Ce.u 6 h E‘l‘?ﬁ-‘f 140 b, Forbidden 0.23-1.35 Am(??.i;?):JSOGeV, m()??l='1OOGeV 1908.03122
Re) 2t 2b E;' 140 | b, 0.13-0.85 Am(¥s, ¥})=130 GeV, m(t})=0 GeV 2103.08189
;g iy, ot 0-1e.pu > 1 jet Ef:‘f“-‘ 140 |1, 1.25 mit})=1GeV 2004.14050, 2012.03799
< §_ f\iy. iy > Whi) Tep 3jets/th EY™ 140 |7 Forbidden 1.05 m(¥})=500 GeV 2012.03739, 2401.13430
gu ni, hH—=thv, 7 -16 1-2r 2jetls/1 b E;'-]fss 140 0 Forbidden m(7;1=800 GeV 2108.07665
T L Qi ety |5, Fock) Ce,p 2¢ ET™ 361 |& 0.85 m(¥})=0 GeV 1805.01649
o Ce,p mono-jet  Ey"™ 140 i 0.55 m(f,,&)-m(Y))=5GeV 2102.10874
f\iy, [ =0, Vo —Z/ k) 12epu  14b EM 140 |G 0.067-1.18 m(E2)=500 GeV 2006.05880
Ly, =) + Z Sep 1h  EP™ 140 | i Farbidden 0.86 m(¥})=350 GeV, m(i; )-m(Y})= 40 GeV 2006.05880
XX via wz Multiple {/jets . EPSS 140 .g:;,g; 0.96 __ m(¥})=0, wino tino 2106.01676, 2103.07586
ee, >ljet  EMs 140 | @50 0.205 m(¥71-mit} )=5 GeV, wino-tino 1911.12606
¥V, viaWww 2e.u EMss  q40 | ¥ 0.42 m(¥))=0, wino-kino 1908 08215
,;f,i/‘:' via Wh Multiple i/jets ET™ 140 | ¥5)¥) Forbidden 1.06 m(¥})=70 GeV, wino-kino 2004.10834, 2103.07586
- B¥ vial, /v e EP™ 140 | X7 1.0 m(7.7)=0.5m(i} )+m(7})) 1908.08215
= g 1ol 27 EY™ 140  [ENERFRE0ss 0.5 miE1=0 2402.00603
WS 7 rir I-60) Ze.u Ojets  EF™ 140 |7 0.7 ) mE} =0 1908.08215
e, jiu >ljet  EP™S 140 |7 0.26 m{f)-m(¥])="0 GeV 1911.12606
HH, H-hG|2G Ce,p >3b  E™ 140 | @1 0.94 BR(Y, — hG)=1 2401.14922
deu Ojets £ 140 | A 0.55 BR(X) — ZG)=1 2103.11684
Cee = 2largejets ET™S 140 7] 0.45-0.83 BRI’ — 2G)=1 21008.07506
2ep > 1jete Ef;“” 140 i1 0.77 BRIY| — z(;)=an.‘if‘,’ — 1G)=0.5 2204.13072
Direct ¥, ¥| prod., long-lived ¥ Disapp trk  1jet  EPSS 440 g: 0.66 Pure Wino 2201.02472
- Xy 0.21 Pure hggsino 2201.02472
_'g 2 Statle ¢ Rhadron pixel dE/dx EMs 140 |2 205 2205.06013
SE Metastable § R-hadron, F—qqt) pixel dE/dx E7' 140 |2 [r(2) =10ns] 22 m(¥;)=100 GV 2205.06013
S S 0.1 Displ. lep E™Ss 140 | & 0.74 nf)=0.1ns ATLAS-CONF-2(24-211
~ , T 0.36 () =0.1ns ATLAS-CONF-2(24-211
pixel dE/dx EY™ 140 |7 0.36 rié)=10ns 2205.05013
XiXT IR sz Cep 140 1.05 Pure Wino 2011.10543
XiXT [X7 — WW/ZECEEvy dep Ojets  EP™ 140 1.55 mit'}}=200 GeV 2103.11604
3z T—sqat). A0 ~8jets Large .17/ o
s E—ragX) X — gqy = |els 140 2.34 e 2 2401.16333
= i), X - tbs Multiple 36.1 1.05 m(i})-200 GeV, bino-like ATLAS CONF-2018 003
& i, i »bX7, X7 > bbs > 4b 140 Forbidden 0.95 m(Y] =500 GeV 2010.01015
117y, Iy =bs 2jets + 2 b 36.7 0.61 171007171
Ny, fy—qgf 2e.u 2h 140 0.4-185 _ BR(f\—be/bu)>20% 2406.18367
Tu DV 136 1.6 BR(r,—qu)=100%, cosf,=1 2003.11956
X IS0 j—ths, X —bbs 12eu  >6jets 140 | ¥} 0.2-0.32 Pure hggsino 2106.09609
) 1 1 | 1 1 l 1 1 1 1 1
" . £ . . ' l
Only a selection of the available mass limits on new states or 10 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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Directions in Flavour Space

“ao
~~~~~
T Yo
ey
-~

{qu} space, neglecting phases

sin 6 cos ¢etbd velo.2] . se2m, awe|-27], anel-1.7]
n = | sin @ sin gpe’@bs |
cos 0 g = ( Vg;z )
quark n 0, 0 Up lpe
down (1,0,0) 0 /2 0 0
strange (0,1,0) T/2  w/2 0 0
bottom (0,0,1) 0 0 0 0
etareVun) (7% V7% 7*) | 0.23  1.57 —1.17 —1.17
charm | efarsVe) (V2 V* V*) 11.80 153 —6.2x 107 —3.3x 1077
etars(Van) (VX V* Vx) | 492 0.042  —0.018 0.39

The misalignment between down- and up-quarks Is
described by the CKM matrix.
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https://arxiv.org/abs/1903.10954
https://arxiv.org/abs/2404.06533

SMEFT

Since the scale of New Physics is ~TeV, the contribution could come from heavy New Physics: SMEFT.

Possible tree-level contributions from the following SMEFT dim-6 operators:

1)aBiy ~r 3 ' ' 174 s : :
0" = (g7}) (zvdl) . 047 = (H'DH) (gr'd]) .
v in _ L . PN R piied _ oMeii _ o®edij | oWijs . o@is
O = (Byuoddl) (@7 0ad)) . O%y = (H'oa Dl ) (d7 0ad)) | 2,0 “’ o TeP T i Te8

ijofs ege i} ]
L™ = O™ + Clybag

O™ = (l_%wl?,) (_%W“d%) O = (H "D ,H ) (J‘m*‘d%) ~

RG matching + RG
Csyerr(1TeV) —————> Csuerr(megw) —— Lierr(GeV)

dilepton constraints F\W precision tests it of B = KPiw +

Hlavour bounads

SMEFT: which combinations of coefficients to study”
We assume they are induce by specific heavy UV states and study those simplified models instead.
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_ p . p
( %’Yul'z) (QL’Y“%)

lq ([L"’“"a’ 1) (2" out)

(1) ()

Colorless vectors & Leptoquarks

of -
O =

(HT‘B H) (qu#q’L) |
(HTan,D H) (qify“aaq{) ,
uH) (cf%’y“d]é) .

vectorlike quarks

Simplified model | Spin | SM irrep | SMEFT couplings
D 1/2 | (3,1,-1/3) cy) =cy)
T 1/2 | (3,3,-1/3) | Cy)=-3C})
T, 1/2 | (3,3,2/6) C,(}; = 3C);)
@1 1/2 | (3,2,1/6) Chd
s 1/2 | (3,2,-5/6) Chg

Spin GsMm Interaction term SMEFT coeff.
Vi1 (1,3,0) | |l @oadt) + 9 @ivredd])| Ve, Ciy’
Zp 1 | (1,1,0) [gfzj (@ a)) + 9§° (v oaly )] » Gy
Zy 1 (1,1,0) [ J(dR'y“dR) + gy (Ia'y“aal'a)] Z R, Cia
s | o | 31,13 N (a7 el) S Ciy’ ==Cly
Ss | 0 | (3,3,1/3) - (q2°€0al®)(S3)a g =ge)”
Us | 1 |(3,3,2/3) Nio 05 Vu0al$) (U cy) = -3C,)
R, | 0 |(3,2,1/6) Xiadis (13 €R2) Cig
Vo | 1 |(3,2,5/6) AL dvery, (12€VH) Cia

U1 LQ does not contribute to bswv: we don't consider it

These give too large contributions
to Bs mixing and Bs— .

A good fit of the Rvkx excess is never allowed.

(see backup s

de)

L. Allwicher, D. Becirevic, G. Piazza, S. Rosauro-Alcaraz and O. Sumensari [2309.02240]
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UV mediators - Rz leptoquark .. -

LQ | Spin Gsum Interaction term | SMEFT coeff. C
~ i (IT 2D, 1 AP '
Rz | 0 | (321/6) | Awdy(iLeRs) Cia 3mig We fix the LQ mass at 2 TeV to
o avold direct-searches bounds.
scalar leptoquark R,
0 .

0.05

0.10]

- -
-

N LN

N | N
020} A g

B a | \j

N | N
0250 1

. :\ { |

K | 1 | |

030" s - 1 S

At each parameter space point we fix the best-it:

C’ﬂ“"b ~ (7.5 TeV)_2

R2.best—fit

Show regions excluded by:

b— dvv EW-Higgs
Y
7 AN

AF =2 Flyrd A PU
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UV mediators - Rz leptoquark .. -

Favoured region from the global fit of all olbservables,
marginalising over |A|.

0:.1 e — e ——

: S | T -
0.05- g

S _ 05~
0.10° -

90.15- .

020: = B"SK v |

[ — |A|Marg
0.25: | 99%CL | ,’ -

| 95%CL \ ‘ Mpr2 =2 TeV

| 68%CL | | | | -
OB’Q_H iz - o T

4 8 8 4

S |

Correlation between BKvy and Kmvy
for the points within 1o region.

scalar leptoquark R,
30— R B

(,_q® 05) 11 214

¥y BelleII (5ab™)

~ NAG62 (final)

HIKE
1.0
I - SM
0.5
Bo o5 1o 15 20

10° x B(B" - K*wvv)
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UV mediators - Z’_

L> Y g7 (@ q)) +Zg (dpy*dy) + > giP sy | Z,
19 af3

vector singlet Zp, ["only 42/ — g, sra§ms

0 TS T (similar for a coupling to LH quarks or for a SU(2) triplet V')
O | A \ Inggzl<00 ] C e ~ (77 TGV)_
0.10f i ’ AN | e L Z R,best—fit
90.155—‘{ \\ : ', -._:.\ ,,.’?|gq/gﬁ<o.m . Meson mixing puts an upper bound on [g,/g|.
020 ;.L-_J_g | B w1 Combined with the perturbative unitarity constraint gr < 2.3
0250 | [ i ¢ [ § we get an upper limit on the vector mass for each point in
030, A WOONEREE,  Ant, o M . the plane, when imposing a fit to the anomaly:
i 2 & s 2 & 4T
max 1/2 1
¢ My < 1391 GoV (ngégéL ) sin 0 cos Osin ¢| 3
+ - . | / |ma.x 1/2 0 1/2
b dvv s->dvy pp ("¢ EW-Higgs 17177 <762 Gov ()T (o0 < Land ¢ - w2
% Region excluded by | |
AF=2 Ry O [TeV) AF=2 for different The vector must be rather light in the allowed region!

max values of |g,/g¢|.

C = —gy90/ M2, Need to check di-tau bounds without assuming EFT.
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UV mediators - Z’

LD Zgﬁf(ﬂv"qji)+zgg(5‘m"d”)+Zg?ﬂl v | 2,

Since geis large, the Z7 decays mostly to zz or vy, with Br ~1/2. Lot /My = 14%
dr . [(V? = ¢'q) 2 i\ MyiNe| ij
70 ~ 10 + . , 0 177\ — I iNe | 172
olpp—=> V" > 7777) =~ 3 BV®Y > 71T )ijzé:“b Mo soﬁqqu(MV) L(V"? — ¢@) 2‘{471. Gq ‘
105 I | I | 1 1 | I | | | I I | | I | I 1 1 | | 'E Mz'Zax [GeV]
= - ATLAS Vs=13 TeV, 139 fb - 200 350 450 600
o - b — 11, 95% CL limits 7
— [ gluon-gluon fusi ;
S 1,—9 uon-gluon fusion o Observed i R
1 s e Expected - OOSL |
o tio - b ‘__ : . . . .
o £20 : t — Qutside the white dashed line is
x{10EN 0 ATLAS 36 b —= 0.10 |
: ; ; .~ excluded by Flavour + EW
ol il [ :
107 N 0.20{ |
ol ' 0. 255 L (this is a rough constraint, we neglect
10 S P S HP U R 030% . : . 3 effect of different acceptances between
500 1000 1500 2000 2500 4 2 4 scalar and vector resonances)
m, [GeV] ¢
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L5 [TeV 2]

Fits of the s-b couplings - LEFT & vectors

0.06,

same for t-philic Z'z

v, onl . .
’ ‘ vector singlet Z;, LFU vector triplet V', LFU or LFU Z';
1 L T T 0 .04 L L B l ' ) . —

O
o
=

O

O

o

-
b3
N

T I T T I L4 T T ] L T

same for t-philic V'’ or Z',
v, only :

68%CL 99%CL R. (+10) R.. (95%CL) BB-u' i) (x10)

I

|

-
(G b

N
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Fits of the s-b couplings - LQ

scalar leptoquark S
0.05 —— — —— —
; -
0.04:-. ™. 3
r— i '
i : ;
% O 0 i':: . c‘—qn"
= 0.03¢ ;
,2_ :r _________ H
& 0.02} \ -
\LE IL ‘1 ;l \"g ‘ t ," r“
U E' ‘\ 4’ ’ "n‘ . ‘ =3 ‘. "0’ , . '/
0.01! - Ay
; | 1 1 | 1 L 1
O'Ogﬂ _3r _n _x o T & 37 4
4 2 4 4 2 4

ICTT0| [TeV 2]
o
-
1 Ml

68%CL

scalar (vector) leptoquark R; (V)

1 T Y T T T T 1 T T 1 T T 3

CL 99%CL

0.05

scalar leptoquark S5

T

Ry (x10)

R (95%CL)

AMjg_ (95%CL)



Fits of the s-b couplings - VLQ

vector—like quark D

Given the multiple possible combinations of
coefficients, we assume they are induce by
specific heavy UV states.

N this case: vector-like guarks:

Simplified model | Spin | SM irrep | SMEFT couplings
D 1/2 | (3,1,-1/3) Cy) =Cy)
T, 1/2 | (3,3,-1/3)| ¢4} =-3CE)
T, 1/2 | (3,3,2/6) Cly) = 3C;)
Q1 1/2 | (3,2,1/6) Chy
Qs 1/2 | (3,2,-5/6) Chy

A good fit of the Rvg excess Is never allowed.

L. Allwicher, D. Becirevic, G. Piazza, S. Rosauro-Alcaraz and O. Sumensari [2309.02240]

0.020

0015

ICSy| [TeV 2]
-
(-]
[S—
o

68%CL

RY. (95%CL)

0.030,

0.025: !
0.020" !

[TeV 2]

= 00150 ¢

+)sb
Hy

¢ v
] l' y
- ’
s ’
0010:.’ ‘ p
— ,
v
N -.--‘I

0.005----

- 4
-

0.000!

004

B(By—»p p) (x1o)

99%CL

AMjg (95%CL)
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Observables included

LFU Magnetic Moments

Cabibbo angle

dnitarity relation (Vup negligible):

‘Vudl2 T |VUS‘2 =1

/ S\
(=S inclusive b ® i %\ T /
-Kvit-nv * o :
K=y —eo— (3, ’
K- pvimuv ——
K-pv ———
B Neutron t ®

B physics

B Superallowed : ¢ ' Higgs and EW

wa— Tree level matchin RG and 1-loop matchin
. 1, 1,3),£7 g p g
0.218 0.220 0.222 0.224 0.226 0228  dg7* «— Cup, Cuw, Chur G, Co™2M%, CHE, . e
Ricto (1,3)  ~(1,3),08 Cruy Cag™s C*s Cof
VUS (S wze —— C C C C(1,3) C(3),f}? ' CHq, : C,q, ¥
g[_ uB> uW Hus Hqg 2 Ig ) st K — Tt C((ﬂl,’a), Cous Cow
1,3
5g§£ <_ C”B, C"W, CHu, Cl("’q ), Cjﬁ, Céﬁ’ « e B — K(*)E()eﬁ
Zb 1,3) 1,3 : ]
6gf® e Gy Cruy CY, S e o R R o v M o &
1 )
5g15b — CI(-Iq)9 CHu, Cc(ltl;3)’ Cug, Cuow, ... K = mlatp
Cry — CuBa CUWa CuG K bals
,3),£¢ of p
ng — CUG RK o) C!(ql ) t’ ng C,f(f‘f
(1,3)
[Certlaa  — Cl(e::}t;aa B — X7 Chg > Cutr Cow, Cug
1.3 1
[CUH]33 — CUH: CUG) C[([q ), Cc(;u,8)9 ¢ e



2D fits

| |
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With electrons and muons: EW bounds do not allow
a combined explanations of Cabibbo anomaly and B—Kvv



Gaussian Fit ex. semileptonics

C_: — (C(+) C(_) Cum Céb), Céi), Cl(th)’ j(il—q)) CHu; Cuti, Cui, CuW7 CuB)

qQq ’ T qq 7

Ax? = Xé&m — Xbes—ge =~ 10.9  (only mild improvements in several observables, not a single *anomaly’)

Due 1o flat directions, we report the result in terms of the eigenvectors of the Hessian matrix around the minimum

2
2 __ 2 2\ — 2 (K; — pik;) B ,
X = Xbest—fit T (Ci — HC; ) (0 )73 (C] o N'Cj) — Xbest—fit | 02 K =UgcC
K?l
Coefficient | Gaussian fit [TeV 2] || Coeflicient = Gaussian fit [TeV ]
Ky 0.0019 + 0.0023 K 0.54 +0.79
Ko 0.0179 £ 0.0083 Ky 0.74 £ 0.88
K3 —0.002 +0.015 K —0.8+1.3 . . |
K4 —0.016 £ 0.021 Ko —0.7+ 1.8 Flat directions:
Kr 0.044 £+ 0.029 K11 12+ 13 K1 ~ —O.80C§;) + 0.45C ., — 0.360(5111) —0.12Cgy + ...
Ke —0.30+0.53 Ko —11+16 Kz ~ +0.400) + 0.88Cyy + 0.24C Y — 0.09CH, + ... .
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