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The Precision Frontier

e The Standard Model is an EFT at low energies of a more fundamental theory that is yet unknown:
= Hierarchy and flavor problems remain unanswered, among other problems.

= Quest for physics beyond the SM!

o The absence of NP signals at the LHC suggests a mass gap between vgy and Ayp 2 O(TeV).
= Precision physics is key to push the boundaries of the SM.

= Historically, precision measurements were fundamental to guide theory and experiment:
(i) GIM mechanism; (ii) CPV in K-K mixing and CKM mechanism; (iii) top and Higgs masses...

|
- [1910.11775]
W . :
10° - P 13 < (6)
_ < X | C(5) C
21050 | @i - m I I' . o (5) { (6)
E ol i | 3 [x! 5 ﬁeﬂ:‘—£SM+—ALO +E T O, +...
@ 10° - ] s PR i
S N
102* 3 : < [? [§ $ N | R
T EE S| | R
g PR
Sfiii____ii:

Observable

Precision flavor measurements can also be essential in guiding the effort beyond the SM



What is the origin of flavor?

e Flavor sector loose in the SM:

= 13 free parameters (masses and quark mixing) — fixed by data.
£Yuk — —Y;j @z’de H — YJJ @Z-UR]' E’ — Yzj Z,,;eRj H + h.c.

= These (many) parameters exhibit hierarchical structures that we do not understand.
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How to explain the observed patterns in terms of less and more fundamental parameters?

BSM particles related to the flavor problem can lead to imprints in low-energy observables

— possibly with non-universal and hierarchical couplings to SM fermions!

MFV [D’'Ambrosio et al. '02], U(2)° [Barbieri et al. '11,"15]...
see also [Faroughy et al. *,20], [Greljo et al. '22]



New physics flavor problem?
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Observable

Hatched: Minimal Flavor Violation (MFV)

Non-trivial flavor structure is needed to reconcile TeV-scale solutions of the hierarchy problem

with flavor data — is there are joint solution of both problems?

= Flavor violation needs to be protected to suppress rare/forbidden processes.

= Examples: MFV, or flavor symmetries such as U(2).

[D'Ambrosio et al. '02], [Barbieri et al. "11]



Flavor observables and hadronic uncertainties

L
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e.g.,

Look for observables:

e (Highly) sensitive to contributions from New Physics

e Mildly sensitive to hadronic uncertainties

e Accessible in current and/or (near) future experiments.

= Challenging task! LFU tests are a good example:

R o B(Hb — HCTV)
He ™ B(H, —» H.w)

B(S) — D(S), BE;) — Dz(s), BC — J/w, Ab — AC

[Kamenik et al. '08, Fajfer et al. "12] ...

Oexp = Osm (1 + Onp)

Rare process

?

Th. clean Exp. clean

p_ B(Hy = Hop)
"™ B(H, — H,ee)

B—-K, B— K" B;,—¢, Ay > A ...

[Hiller et al. '03] ...



Accidental symmetries and forbidden processes

Global symmetry of the SM gauge sector:

UBP=UB)oxUB)xUB)yxUB)p xU(3)r

Broken by Yukawas to

Ul)p xU(1). xU(1), x U(1),

Examples:
e Proton decay (BNV): p — zle™
e Oupp (LNV): (A,Z) - (A,Z+2)+ 2e”
e Lepton Flavor Violation (LFV): u — ey

Very clean probes of New Physics!




Combined effort!
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~ ATLAS Determination
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Flavor physics is a combined effort — complementary to Higgs/EW and direct searches!

Rich experimental landscape: large experiments (with extensive physics program) and

small experiments (with specific targets).



Outline

. CKM-ology

Il. Highlights in B-physics
I11. Probing flavor at high-p;
V. Outlook
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CKM-ology
Lec D i(VCKM)M (@rivtdr,) Wi +h.c.

V2
™~

Vexm = U Uy,

Strategy:

Fix the CKM matrix entries through tree-level decays, and over-constrain it with loop-
induced processes:
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Good agreement! But there are a few tensions to be solved (precision physics is hard!)



Example: kaon decays

Hadronic uncertainties:

T VUS )
K — uv K’ 0}”& <0\§V“%u\K+> — JK
- K

K —s wly (57" ul K7) o< fo+(q°)

e Non-perturbative QCD (Lattice QCD needed) — cf. FLAG review.



Example: kaon decays

Hadronic uncertainties:

T \’US )
K — uv K’ O}”& <0\§V“%U\K+> — JK
- K

K —s wly (57" ul K7) o< fo+(q°)

e Non-perturbative QCD (Lattice QCD needed) — cf. FLAG review.

e Current precision requires radiative and isospin-breaking corrections:

1 ma — m

137 Nocn

~ O(1%)

= Included in recent QCD+QED simulations of K(x) — uv on the lattice!

[Di Giusti et al. "17, "18], [Di Carlo et al. '19]...



FLAG
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see also [Crivellin et al. '22, Belfatto et al. '23]

CKM first-row unitarity

K — v
o228 .. . . R / T — UV
[Cirigliano et al. 2208.11707] /
- K — by Veal? + [Vus|® + =1
0.226
§ 0-224- v _ ACKI\/I = |Vud|2 + |‘/vus|2 - |Vub|2 —1
: = _0.018(6)
0.222: '\
- -\ [ ] [ ]
0.920| - Unitarity
“Bo60 0965 0970 0.9%
Vid ! n — decay
0" = 0F

Better understanding the hadronic uncertainties will be fundamental to solving these (mild)
discrepancies! New exp. inputs would be welcome too (e.g., NA62)!


https://arxiv.org/abs/2208.11707

Inclusive vs. exclusive: V,, and V ,

s 48 1T T -
= : Exclusive [V, Ay’ =10contours 3 ' ' .
= 46F e w1 Long-standing discrepancy:
— 4.4 & Exclusive IV | V_:GGOU ]
>= . 2 E_ |Vub|/|vcb| IV global fit _E
. E - HFLAV Average E B — D(*)ZV
4 /
38 7 = B — wlv
36 8 7 % = B — X(C)ZV
34 200000 o - Bs — Kuv
32F = By — Dguv
A -
= 2021 =
28 P(x’)=89%
: PR T T T T | 1 1 1 L o 1 3 1 :
36 38 40 42 +4
V| [107]
- : . 2
More problematic: V,, plays an essential role Vi V| = [V [1 + O(A )}

in the predictions of FCNCs through unitarity!



CKM and theory uncertainties Becirevic, Piazza, 08, '23

see also [Buras et al. 21, '22]

5.5 . . [
s --
— 5L [FCC-ee projection]  [Amhis et al. '23]
X ———
N
AN 1
E 45 B — X.tv
T [Belle-Il projection (50 ab™!)] [Kou et al. '18]
+ i 1
Q - + B — Dl
= 4.r-
= . [Belle-II uncertainty. '24]
3_5_—|....|....|....|....|....|....|....|
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*Using V,, from B — D7 for illustration

ch

*See [FNAL, '15], [HPQCD, '22] for B — K FFs

The ambiguity in determining V_, can be a bottleneck for SM predictions of clean FCNC

processes such as B — Kvv and B, = uu in the long term.
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Il. Highlights in B-physics



|[Recap] B-meson decays

Targets of current experiments (LHCb & Belle-11):

e Loop-induced decays: e.g., b — s£¢ and b — svv B K™y
bV b Vo W 2.\ B 5 K®yp
W 2, >
t M’;‘< t P e B, — ot/
# 2.
s Vg S Vi W 9(v)
o Tree-level decays: e.g., b — ctv
B — DYy
b W /
v B, — Dty
(47
C \Y)

These processes are related through gauge invariance — within SMEFT and UV models.

In both cases, ratios of observables can be used to reduce theoretical uncertainties.



LFU in b — cfv

£ 0-4-m' T T T T T T T 68%CL bontours | A

Cf. a/so RJ/W and R/\(. EZ : Spring 2025 BaBar i

0.35 — ]

B(B — D®ry) i N

RD(*) — 03 C Belle _]

B(B — D™ puv) L :

: Belle 11 :

025 ]

b 1 i ]

= A/|€| < few TeV X :

0.2  +$HFLAV SM Prediction R(D) =0.347 + 0.025, —

B R(D) =0.296 = 0.004 R(D*) =0.288 £ 0,012, -

= R(D*) = 0.254 = 0.005 o » 2';) ;3?1 % -

c N _ _ , P T SRR B SASE B ]
[Di Luzio et al. '17] 02 0.3 0.4 0.5

R(D)

o LQCD: [FNAL/MILC, HPQCD]
e SM predictions are under reasonable control, cf. back-up.

see also [Bordone et al. '24]

o Experimental situation remains unclear — more data needed!

e New physics models explaining these excesses lead to signals in z-related observables:

ye R 9 2
AN h— 17 h ¢ /-/ pp — 1t PO\\/
(X e s
x
[Feruglio et al. '16] [Feruglio, Paradisi, OS. '18| [Faroughy et al. '16]
[Crivellin et al. "20] [Allwicher et al. (OS), 21]

14



From LFU to angular observables: b — ctv

. see e.g. [Becirevic, Jaffredo, Penuelas, OS, '21
Example: B — D7v | |
Forward-backward asymmetry Lepton-polarization asymmetry
le—2 le—1
74 Bt—=D%w 1.0- Bt—=D%v
6- \
0.8 - s SM
5..
=4 \\ o 0.6 Bl gs, =497
o o4 gs, = t4gr
o 0.2
. *Scalar LQ models
4 5 6 7 8 9 10 11 00— 5 & 7 & & 10 n
q° [GeV?] ¢ [GeV?]

e Many more opportunities in other modes:

B — D*(— Dm)Tv Ay = A(— Am)To
see e.g. [Becirevic et al. '16, '19]

: : . [lguro et al. 18], [de Boer et al. '19], [Bobeth et al. 21|
e First exp. studies for specific observables:

PTD [Belle. '16, '17]

D | | Can we further explore b — ctv angular observables?
L [Belle. '19], [LHCb. '23]

see [lguro et al. '24] for discussion 15



Anomalies in B - K77 decays?

e B — K®uu observables show a preference for 6Cy, <0 : Og¢ = (5.7"br) (KV_ME)
O10¢ = (527"b1) (Lvu75¢)

1.00

1/ —— ABCDMN

1 —— As/Gsss
0.754 —— CFFPSV (PMD)

1| —— HMMN

1| % SM

0507 New physics effects or underestimated

025- /7%) hadronic uncertainties?
0.00

—0.25-

NP
Cl()u

—0.501

—0.75 e

Coyr see e.g. [Ciuchini et al'. '21, Gubernari et al. '22, Isidori et al. '24]...

[Bordone et al. "16], [Isidori et al. '20,'22] ¢



Anomalies in B - K77 decays?

e B — K®uu observables show a preference for 6Cy, <0 :

1.00

0.75
1 —— HMMN
1/ % sM

0.50

0.25

NP
ClOu

0.00
—0.25-
—0.50-

—0.75-

Og¢ = (5p9"br) (€y,0)
O10¢ = (527"b1) (Lvu75¢)

1| —— ABCDMN

AS/GSSS
—— CFFPSV (PMD)

New physics effects or underestimated

hadronic uncertainties?

He— 23 5

C
b »
Ct,L

<8

||||||||||||||||||||||||||||||||||

-1.7 -1.50 -125 -1.00 -0.75 —0.50 —0.25 000 025

CNP

see e.g. [Ciuchini et al'. '21, Gubernari et al. '22, Isidori et al. '24]...

®* LFU observables are unaffected by these uncertainties, but (now) in agreement with the SM:

Ry =

B(B = K™ upu)
B(B — K®*)ee)

Frozor 0 <) )

[LHCb, '22,25], cf. backup

There is still room for exp. improvement before reaching the ©(1 %) th. precision of LFU tests!

[Bordone et al. "16], [Isidori et al. '20,'22] ¢



Why to study B-decays with neutrinos?

B — KW¢r e B— KVup :

_ Sensitive to BSM effects. Q - Sensitive to BSM physics effects. Q

- Experimentally clean (especially for ¢ = ). & - Exp. more challenging (missing energy).

- Many observables (angular distribution). V) - Fewer observables.

- Theoretically challenging (non-factorizable ~ X - Theoretically cleaner! 9
contributions...) - Sensitive to operators with 7-leptons. @

4B
4.%/\ 8Ky ;”1/\ B~ kw
do 0‘

~

17



B — Kvv in the SM

e Effective Hamiltonian within the SM:

see e.g. [Buras et al. '14]

4G At Olem _
LoV = F - ZC (SLvubr)(PrLiv*ve:) +h.c.,

At = Vithz
e Short-distance contributions known’/good precision:

SM . 9 Including NLO QCD and two-loop EW contributions:
C?V = =X, /sin” Oy

[Buchala et al. "93, '99], [Misiak et al. '99], [Brod et al. '10]
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B — Kvv in the SM

e Effective Hamiltonian within the SM:

see e.g. [Buras et al. '14]

4G At Olem _
LoV = F - ZC (SLvubr)(PrLiv*ve:) +h.c.,

At = Vitht
e Short-distance contributions known’/good precision:

SM . 9 Including NLO QCD and two-loop EW contributions:
CL = _Xt/ S111 0W

[Buchala et al. "93, '99], [Misiak et al. '99], [Brod et al. '10]

Two main sources of uncertainties:

i) Hadronic matrix-element: ii) CKM matrix:
l

(KW[sy"bp|B) = > 1 Fulq”)
a T VisVis| = V| (1 +O(N?))

From CKM unitarity:

Form-factors (e.g., LQCD) Which value to take (incl. vs. excl.)?

18



Form-factors: B — Kui

e Lattice QCD data available at nonzero recoil (g # g2..) for all form-factors:

2 2 2

2
mz —m

_ ., my-—mEk o, o N
(K(R)Isy"8B(p) — |(p 1) = = q] Fol@) + "= 5 fold')
with f+(0) = fo(0) . Only form-factor needed for B — Kvo!
e [NEW] We update the FLAG average by combining results with
| —— f+ OurFit 2o Jdof. ~9.2/10 =
I fo Our Fit 1 —
0.6 p —
----- f+ FLAG 21 Ky
—————— fo FLAG ‘21 - 1?
£ 051= f, HPQCD 22 R
L[ foMnCs N
C\]% 0.4- Q
o 2
L 7
0.3- < v
4 r Oolg g—\\ §§§§§§ . O'dB/dB — Our Fit
Olg _____________________________ Flag ‘21
0.2l | L | | 0.0 —FF——+— ——— e ——
0 5 10 15 20 0 5) 10 15 20
Pole factor: q2 [Ge\/2] q2 [Ge\/Q]

Pi(¢*) =1—¢*/M? .
[Becirevic, Piazza, OS. 2301.06990]
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INEW] Belle-Il results

SM Avcira,ge
0.

0.497 +0.037

2
s

[Belle-11, 2311.14647]

Belle II (362 fb™!, combined)

2.34+0.7 This analysis, preliminary

Belle II (362 fbl, hadronic)

1.1+ 1.1 This analysis, preliminary

Belle II (362 fb!, inclusive)

2.7+ 0.7 This analysis, preliminary
Belle II (63 fb!, inclusive)
1.94+1.5 PRL127, 181802

Belle (711 fb'!, semileptonic)

1.04+0.6 PRDY6, 091101

Belle (711 fb!, hadronic)

29+1.6 PRDS87, 111103

BaBar (418 fb'!, semileptonic)

0.2+0.8 PRD82, 112002

BaBar (429 fb'!, hadronic)

1.5+ 1.3 PRDS87, 112005
1 ] 1 1 1 ]

New Belle-1l results

First Belle-Il result

Theory uncertainty sub-dominant ~ ; J:'
(thus far!) T~ |
: i
| ——
: I
B L~ AN K
: |
4 | T
e e 210
: :O
@ . i Ll |
!// lsﬁ\oo 0 2 4
'«\,\\—“

6 8

10° x Br(BT—K " vp)

10

B(BT — Ktvi)®P = [2.4 4 0.5(stat) ) (syst)] x 107°

~ 30 above the SM prediction

e Only the incl. method shows an excess above background (and w.r.t. the SM predictions).

e The had. method is compatible with the SM (and with no observed signal).

Several observables to be further explored: % (B’ — Kawv), BB — K*vv) and F; (B —- K*vv)

20



EFT for b — suvi

® Low—energy EFT: see e.g. [Buras et al. '14]

4G )\ Oéem yzy — viVs; s — —
Loy = Z [ " (507ubr)(vLiv*vry) + Cg™ (SR%[?R)(VLz"Y“VLj)} +h.c.,

V2 27 =

e Complementarity of B - Kvv and B — K*ub :

BB~ K“vp) Z 2Re[C5M (8Cy™ + 8CH™)

B(B — K®yp)SM 3|C5M|2
Z |50”’”J + 607572
- 3|CSM|2
Re[dCR" (C3M6;; + 6C7)]
_/n' 2 3ICT] ’
Nk =0
i~ = 3.5(1)

10 15 20 25 30
B(B — Kuv) x 10°

[Becirevic, Piazza, OS. '22]

Forbidden region in the EFT approach

Allwicher et al (OS). '23
[Bause et al. 23] [Allwicher et al (OS) |

21



PrEdlCtlons [Allwicher, Becirevic, Piazza, Rousaro-Alcaraz OS. '23]

e Another observable to measure is the K* longitudinal-polarisation asymmetry:

I't(B — K*vp) _ Iy
F = Fr.(B — K*vi)™ = 0.49(7 Rr = —sm
I'(B — K*uvp) o ) (7) Fy
4 1.4
1.2-_ D
. 30 .
S 1.0 1 0
X 25
R 085
*k 20 é
0 0.6 -
a 15 5
Q 0.4 -
10 0
54 &9 0.2 [6CL]
T [6CK]
0 ,/'////' 0.0 : : . Pk . .
0 5 10 15 20 25 30 35 40 0 5 15 20 25 30 35 40
B(B — Kvw) x 10° B(B — Kuw) x 106

Depletion of SM prediction!

The measurements of B(B — K*vv) and F;(B — K*vv) would be model-independent tests!

O. Sumensari 9



SMEFT for b — svv (and b — s£¢)

e SMEFT is formulated for A > v_, with SU(3),. X SU(2); X U(1)y invariant operators.

e Gauge invariance correlates b — svi with b — s£¢ since L, = (v;,, £;)" .

e Two types of d = 6 contributions at tree-level:

i) W H*D :

[Buchmuller & Wyler. '85, Gradkowski et al. "10]

i) w*
b v
S v

= Only viable option!

*with couplings to 7-leptons!

v

[Allwicher, Becirevic, Piazza, Rousaro-Alcaraz OS. '23] 23



SMEFT for b — svv (and b — s£¢)

o " operators invariant under SU(2) X U(l)y: b — st/ b— svv
(0] 0 = Tv"L;) (@uu@1) O = (E"Ls) @ @)
_ = (ZLWWLJ') (3Lk%sz) + (vLi’Y“VLj) (ELIC%dLO +
[Ol(;)- z]kl L; i) TIL ) (QkTI/Y,UJQl)

[0(3 ] ikl = (L7 L) (@' Q1)
= (fu”y ij) (de%dLl) — (VLNMVLJ') (auc%du) -+

zfyue ) <Qk7qu)

[OldLj — (ZZJYMLJ') (E’C’YMdl)
€Y e]) (dk%dl) N

= (ZL{Y“@LJ') (ER/C%CZRZ) + <7LNMVLJ') (ERIC%de)

=
=
O] g = (Lin" L) (diyudh)
=
= (e

24



SMEFT for b — svv (and b — s£¢)

o " operators invariant under SU(2) X U(l)y:

(011 10 = (Z"L;) (@i Q1)
0] 10 = (L7 L) (@7, Q1)
O] 50y = (L7 Ly) (dicch)
[Oc4] SRl = (@7"e;) (Qr71.Q1)
Oed] 0, = (@) (diyuch)

e Correlations for concrete mediators:

- 7'~ (1,1,0) Ciy #0, €y =0

- Ve~ (1,8,0) 0 =0, ¢ #0

- U1~ (3,1,2/3): Ciy =iy

Sy~ (3,3,1/3): GRESTER

(SUB)e, SU2)L, U(1)y)

b — st/ b — svi

[Ol(ql)]ijkl - (ZWMLJ) (Qk’yﬂQl)
= (ZLi/yMEL]) (3Lk%sz) + (vLi’Y“VLj) (ELIC%,sz) +

(00 ) s = (L7 Ly) (Qur' Q)
= (ELi7 ij) (de%dLl) — (VLi’Y“VLj) (auc%du) -+

[Oldijl = (Ly"L;) (dryuds)
= (ZL{Y“KL;') (ER/C%CZRZ) + (VLW’“LVLJ') (ERIC%de)
\ va | —-
AAAS~ (, LG,
/ ' (\’ , -
< N
C
e ~ (5 TeV) 2

*with couplings to 7-leptons!
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Hidden sectors?

see e.g. [lzaguirre et al. '17, Gavela et al. (OS) '19, Felk et al’. 23, Altmannshofer et al. '23]
[Bauer et al. '21, Alonso-Alvarez et al. '23, He et al. '23, Buras et al. '24]...

e B — K+ 1inv is also a probe of light/invisibles particles — different EFT description needed:

u > u
B*{ }K(*” B — K
b ——( ) — B— KX  B-— Kvp XX .

‘\J§§>§ B — Koo

ZX (Emiss) [Kamenik et al. '11, Bolton et al. '24, Rosauro-Alcaraz, Leal. 24|

If the excess is due to B — KX( — inv), where X ~ (1,1,0) is a mediator produced on-shell (i.e.,

with my < my), the main difference would be a peak at g* ~ m:.

e Reasonable fit to Belle-Il data since the excess is mostly localised (within large uncertainties):

200 B continuum -0 —— Best fit
3 charged BB +20
175 [ neutral BB 08 +10
I SMBY ->K*tw O r .
150 —— Gaussian resonance _ Best flt (2,80) mx ~ 2 GeV
¢ Data >
¥
125 1 0.6
o
100 = _
2l B(B— KX)=(51+£21)x10"°
75 + + ‘é
50 0.2
25 [Altmannshofer et al. 23]

6 8 10 16 0.0

q? [GeV?]

12 14

= To be checked by dedicated searches at Belle-II!
25



[INEW] K" - 7z7ui

e NAG62 latest determination of the theoretically clean K¥ — 77v0 mode agrees with the SM at

the 26 level — complementary to B — K" v within concrete flavor scenarios!

B(K* — ntwp)® = (13.0233) x 107

va W
0 NA62 201 6-%018 L ﬁ\ I} L ‘J’\‘\«\,\,\;’, <

- énNA52.2021 2022 A ~ y ;

.t NA62 2016 2022
SM [JHEP 09 (2022)148] ’

- sMm [EPJC 82 (2022) 615]

ol I
N (R TS| BT S N Ty
B(K* — mtuw) x 101!

Precise measurements of both kaon and B-meson decays are fundamental to probe BSM

flavor dynamics — NA62 run-3 will reach ©(15%) uncertainty...



B, — 7 and B —» K"z

e Extremely difficult measurement — Tera-Z machine such as FCC-ee needed! [Kamenik et al. '17]

Exp. limits (90%CL.):

B(B, — 77) < 6.8 x 107°
BBt — Ktr7) <225 x107?
BB - K%™7r7) <1.8 x 107°

. ’CbSTT’ _
Current reach e < (1.3 TeV) 9

Complementarity to pp — 77 at the LHCI

see e.g. [Faroughy et al. '16], [Allwicher et al. (OS), 22]

o)

[ K

< VS. HS—Z
: 1P

b

(N
el

SM predictions:

[LHCb. '17] :
BSM ~ 10
[BaBar. '16] VS.
4+—>
[Belle-11. '25] see e.g. [Capdevilla et al. '17]

[Czedq]3332/ A? [TeV_2]
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I11. Probing flavor at high-p,



LHC as a flavor experiment

(Flavorful) New Physics?

\S 4

pp — Ll 1 Tev
q, N
C.
+ mw
R &
M — Ekgl
gk — glM -+ my
T me
M — M’gkgl

High-p, searches (CMS and ATLAS) can probe the same four-fermion operators
constrained by flavor-physics experiments (NA62, KOTO, BES-III, LHCb, Belle-II...).

Recent works on EFTs and DY: Cirigliano et al. 12, '18], [de Blas et al. '13], [Farina et al. '16], [Dawson et al. "18, '21],[Greljo et al. '18],[Shepherd et al. '18],
[Fuentes-Martin et al. "20], [Marzocca et al. '20], [Endo et al. '21], [Boughezal et al. '21], [Greljo et al. 22][Grunwald et al. 23], [Hiller et al. '24] ...

[Angelescu, Faroughy, OS. '20], [Allwicher, Faroughy, Jaffredo, OS, Wilsch. '22]
O. Sumensari 28



LHC as a flavor experiment oA e

10,

Vs =13 TeV

i) LHC collides quarks with five flavors

Parton luminosities Partonic cross-section |

g |
10‘2;

o(pp — ') = Z / Lo T @@y = U pmer

uu

dd

10-3;- s5 |
T=3§/s f b |
s =m2, 100503 0405 1 >3 4
V5 = 13 TeV Vé [Tev]
i) Energy hel recision
) Srey TIPS precisio cf. e.g. [Farina et al. '16]
£(6) (Vs < A) . ) )
EﬁD—QO(G)—F > O-_O-SM_I_O-int_I_O-NPQ
o ST\
. S
S A2 A4

Energy-growth can partially overcome heavy-flavor PDF suppression.

29
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Non-resonant searches at the LHC

19.7 fb™' ee and pu (8 TeV)
1 T T 1 T L I

CMS v*Z —e'e’, utw "% q 2

10°
10
10

’
10"
107
10°
10"
10°° —* data

10°F I FEWZ, NNLO CT10

10'7E
1 1 1 1 1 1 1 ll 1 1 1 1 1 1 I

20 50 100 200 500 1000 2000
m [GeV]

do/dm [pb/GeV]

(6)

%Cl
Lerr D ). e 690 + ...

llllm‘ llllﬂl‘ lllll'l'l" ||||m1 llllnq llllﬂ‘ Illlﬂ‘ ||||I1‘ TTI

Strategy: Recast di-lepton searches and look for NP effects in the tails of the invariant-

mass distributions (where S/B is large).

Goal: Probe transitions that are poorly unconstrained at low energies — including flavor!

O. Sumensari



Non-resonant searches at the LHC
<+ EFT vald

19.7 fb”' ee and uu (8 TeV)
] 1 1 1 ] 1 1 I

CMS v*Z — e'e’, utu 3 q x

10°
10°
10

IIH T

do/dm [pb/GeV]

10
1072
10’3

—*— data

B FEwz, NNLO CT10

[ 5
10
107

'rrrrmq IIII|T|1 llllm‘ llulTT‘ |||1ITT1 ||an1‘ ||||IT|‘ lml'l'q TT1T

1 1 1 1 1 1 11 l 1 1 1 1 1 1 - l
20 50 100 200 500 1000 2000
m [GeV]

Strategy: Recast di-lepton searches and look for NP effects in the tails of the invariant-

mass distributions (where S/B is large).

Goal: Probe transitions that are poorly unconstrained at low energies — including flavor!

Caveat: Check that the EFT is indeed valid (E < A) — or, use instead a concrete model.

O. Sumensari 30



SMEFT operators

e Warsaw basisd =6 (2499 operators...) [Buchmuller, Wyler. '85], [Grzadkowski et al. '10]

e Operator classes contributing to pp — £¢’ at tree-level: w* " XH, w’D*H

Dimension d=26 d=38
Operator classes P v2H?’D ?’XH | ¢*D? Vv*H? ?H*D ?H?D?
Amplitude scaling | E?/A%?2 v2/A%2  vE/A%? | E*/A* 02E%/A*  ov'/AY v2E? /A%
# Re | 456 45 48 168 171 44 52
Parameters
# [lm | 399 25 48 54 63 12 12

[Allwicher, Faroughy, Jaffredo, OS, Wilsch. '22]

*only d = 8 terms interfering with the SM

Too many operators...

O. Sumensari



SMEFT operators

e Warsaw basisd =6 (2499 operators...) [Buchmuller, Wyler. '85], [Grzadkowski et al. '10]

e Operator classes contributing to pp — £¢’ at tree-level: w* " XH, w’D*H

Dimension d=26 d=38
Operator classes P v2H?’D ?’XH | ¢*D? Vv*H? ?H*D ?H?D?
Amplitude scaling | E?/A? v2/A? wE/A? | E*/A* 02E%?/A*  oi/AY 02E?/A4
# Re | 456 45 48 168 171 44 52
Parameters
# [lm | 399 25 48 54 63 12 12

[Allwicher, Faroughy, Jaffredo, OS, Wilsch. '22]
*only d = 8 terms interfering with the SM

Usual strategies:

Too many operators... i) To invoke a flavor symmetry (e.g., MFV, U(2)°...) or a

specific model. | |
see e.g. [Grunwald et al. '23, Greljo et al. '23]

i) To focus on a specific transition and/or subset of operators.

Our approach: to automatize!

O. Sumensari



HighPT: A Tool for high-p, Drell-Yan Tails Beyond the SM

Ini5):= << HighPT"®

HighPT

Tee
.
........

Y

Authors: Lukas Allwicher, Darius A.
Faroughy, Florentin Jaffredo, Olcyr Sumensari, and Felix Wilsch

References: arXiv:2207.10756, arXiv:2207.10714

Website: https://highpt.github.io
HighPT is free software released under the terms of the MIT License.

Version: 1.0.2

Reinterpretation of latest LHC Drell-Yan
searches for New Physics scenarios with

general flavor structure.

Searches available (140 fb™!):

pp — TT [arXiv:2002.12223] ems. |
pp — ee, up CMS-PAS-EX0O-19-019 é
pp — TV ATLAS-CONF-2021-025 @
pp — ev, pv [arXiv:1906.05609]
pp — €, €T, U7 [arXiv:2205.06709)]

*more to be included (see GitHub page)

O. Sumensari

MadGraph 5 + Pythia + Delphes

Main functionalities:

e Consider SMEFT (d < 8) and specific
mediators (LQs, Z', ...).

e (Computes cross-sections, event yields
and likelihoods as a function of NP
couplings.

e SMEFT likelihoods can be exported in
the WCxf format.

[Aebischer et al. '17]
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Example: Ul ~ (3, 1, 2/3) [L. Allwicher, D. Faroughy, F. Jaffredo, OS, F. Wilsch. '22]

£U1 D, [xf]ia Ul’u qq;’)/,ula + h.c.

First considered by [Eboli, ‘88]
cf. also [Faroughy et al. "15]

LHC 7+ 7v
i Flavor i
(4 —3L . ]
I ighPT -
(’ R PR NN SR AN TR TR N M N W SN N PR NN SR AN TR T N N NN N SN N
—1.5 —1. —0.5 0. 0.5 1. 1.5
L7123
[5’71]

Complementarity between LHC data, flavor and EWPT
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Beyond Dreu—Yan [Eboli, Martines, Santos-Leal, OS. In preparation]

Charged-current transition:

LrerT = —2V 2GRV [(1 + gw e) (@rivudr;) (Coy*vr) + Q%f (@rivudr;) (Loy"ve)

4 g0 (uride) (Frve) + 93 (widny) (i) + 93 (i) (Fro™ v + e

Matching to SMEFT Q@d = 6: ‘t; X
0 o "
o e i
d v

w2
174 e ng€€
vy X A2 “Y2DH?

2
174 v 1744
gSL X A2 ¢4

174 1744
95r p Gyt

z'jE zg€€
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Beyond Dre"-Yan [Eboli, Martines, Santos-Leal, OS. In preparation]

Charged-current transition:

LrerT = —2V 2GRV [(1 + gw e) (@rivudr;) (Coy*vr) + 9%%5 (@rivudr;) (Loy"ve)

4 g0 (uride) (Frve) + 93 (widny) (i) + 93 (i) (Fro™ v + e

Matching to SMEFT Q@d = 6: ‘t; X

ng zg%
Ivi A2 C A2 CwQDHQ

2
174 U_ Cij€€
gVR X A2 ¢2DH2

2 T
174 v 1744 T

gSL X A2 ¢.4
Well-tested by pp — v Suppressed for E > myy:
ggﬂ x — C’&J% at high energies:
R A2
e v ijee M(u;d; — bv) ~ M 1+EQC UQC +
gczl;y x F C:pj;l i ~ SM A2 ¢4 A2 2D H?2 ce

*expanding on V/IE and E/A\ forv < E <K A
34



Beyond Dre"-Yan [Eboli, Martines, Santos-Leal, OS. In preparation]

Charged-current transition:

LrerT = —2V 2GRV [(1 + gw e) (@rivudr;) (Coy*vr) + 9%%5 (@rivudr;) (Loy"ve)

4 g0 (uride) (Frve) + 93 (widny) (i) + 93 (i) (Fro™ v + e

Matching to SMEFT Q@d = 6: ‘t; X
20 | T
174 1]
gVL A2 C A2 C¢2DH2
d: )
ij 4 v it )
gVR F W2 DH?
2
ijt U Liges
gst X A2 Qi4
ggﬁ . E Cz‘m But pp — VH is energy-enhanced!
gé‘jg Az C”M = Dominant constraints on RH currents (gVR)!
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Beyond Dre"—Yan (preliminary) [Eboli, Martines, Santos-Leal, OS. In preparation]

See also [Alioli et al. "17]

e Recast of CMS/ATLAS searches for pp — Vh and pp — WV, with V=W, Z [cf. back-up] —

related through Goldstone equivalence theorem: IATLAS, 2410.19161], [CMS, 2312.07562]...
Combined 95% C.L. Combined 95% C.L.
11F Cf(fq)//\Ql ="F— — wp 007,002 11+ C@d/AZI ; | 11-0.11, 0.11]
1ob __=__ - ifhz 1006, 0.04] - i 1[-0.17, 0.17]
13 = — WW 1011, 0.11] 135 . 1024, 0.24
22t —_— {[-0.24, 0.14] 91k = 1[-0.28, 0.28]
53l E 11031, 0.31] 99l . 1{[-0.67, 0.67]
335%[-0%, 0.86] 231 | =§ . 1031, 0.31]
—1.50  =0.75 0.00 0.75 1.50 —250  —1.25 0.00 1.25 2.50
Og’; — (HTﬁfLH) (7" q;) (91%4 — (HTDMH) (w;y"d;) + h.c.

iJ

Limits extracted using STXS data are ~ 10 X stronger than those from signal-strength data.

Already useful limits (competitive with flavor/EW data) — to be improved at HL-LHC!
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~
% 0.0

Beyond Drell-Yan (preliminary)

Example: ¢ — sev

x10~2

A - Aev,
151 D,y decays
o LHC

2.0

1.0 1

0.5 1

~€

—1.0 1

—1.5 1

~1.0 —0.5 0.0 0.5 1.0

e x10~1
9v,

-2.0

<& 0.000
—0.025
—0.050

—0.075

[Becirevic, Martines, Rosauro-Alcaraz, OS. In preparation]

See also [Camalich et al. '20] for DY limits

0.100 1

Bl A, - Aey,
B D) decays
B LHC

0.075

0.050

0.025

—0.100 - - - . : |
-20 -15 -10 -0.5 0.0 0.5 1.0 1.5 2.0
gg’ x10—2

L

These LHC limits leave little room for BSM effects in ¢ = dfv and ¢ — s£v transitions

— charm semileptonic decays are rather laboratories to test (L)QCD calculations!

*See back-up
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Summary/Outlook

Large Hadron Collider (LHC)

High Luminosity LHC (HL-LHC)

7TeV—8 TeV— 13 TeV ——
LHCb
ATLAS/CMS

2206.11331

earcnes ror

13.6 TeV —e——r
35 for! ——
450 fb-1 JR—

9 b1 ——] Upgrade |
190 fb! ey

Belle Il 400 fb-! ——|

Upgrade Ib

14 TeV =
Upgrade II 300 fb-! ——p GPD

3000 fb-! ——p

Mﬂ@@@@@@@@@@"@@@lﬂm |

7 ab-! =—yj

50 ab-! =——p>

SuperKEKB

3fb-' @s = 3.773 GeV
BESII 3fb-' @ s =4.178 GeV —|
3fb-' @ fs = 4.64 GeV

aipd:u

20 fb-' @ ¥'s = 3.773 GeV
6 fb-' @ ¥'s = 4.178 GeV —P
5fb-' @ ¥s = 4.64 GeV

1ab-' @ s =3.773 GeV

STCF

CEPC

arged-Lepton Flavor Violation in Experiments using Intense Muon Beams

LHCb/CMS

Belle-I11

BES-III

pN->eN
(7 x10™)

COMET Phase-l

2e-11 with PIP-1i

)MET Phase-lI

LFV

p>e'e'e
(1x10™)

u'>ely
(4.2 x10™)

1910.11775

- Data Taking
(Approved Experiments)

Sensitivity: 10 10
"
Sensitivity: : 0* 107 or smaller
Sensitivity: 10 or smaller
200 201° 203 20%

- Proposed Future Running

Kaon physics
EDMs

Many v exps.

Many opportunities to explore physics (B)SM in current/future experiments!
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Lepton Flavor Violation

10°
m A cosmic u
10
| A e +o b
- 10¢ 7 beam m C°TFF
O He )
= A 9 ‘
S 10¢ =
S ‘ 5
- o
‘= 108 P :
= .i.. 11 beam O o i X 10 improvement!
1010 A. e A Belle-1I
& EE
1012 o5 4 0
A .
mou— ey SINDRUM m MEG N
A UN— eN DeeMe A O Mu3e|l A4
‘ X 10™ improvement!
106 | W T HY O Muie II P
® T—OHU Mu2e/COMET I A
1018 Mu2e TI/PRIME A v

1940 1950 1960 1970 1980 1990 2000 2010 2020 2030
Year

Significant experimental progress is expected in the near future — many opportunities!



Summary/Outlook

LHC HL-LHC

1
S =veTs 13stev : NN ;- 14 Tev
1

energy
Diodes Consolldation
splice consolidation cryolimit LIU Installation ) ) 4
7 TeV 8 TeV_ 'y itton collimators inferaction ; inngr triplet  HL-LHC
T R2E project regions Civll Eng. P1-P5 pilot beam radjation limit installation

I
o2 L L Lo | o [iom L Lo [l e 2

ATLAS - CMS
et upgrade phase 1 ATLAS - CMS A
beam plpes y " : HL upgrade
nominal Lumi 2 x nominal Lumi | ALICE - LHCb g 2 x nominal Lumi |

75% nominal Lumi '/"' upgrade d
luminosity JELIIE{V R

HL-LHC TECHNICAL EQUIPMENT: _

DESIGN STUDY < PROTOTYPES / CONSTRUCTION INSTALLATION & COMM. PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS CORES

Marginal increase in energy, but =~ 20 X luminosity!
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Questions/Challenges — mid/long term

l. How to resolve the V , & V_, problems? The parametric uncertainty from CKM will

soon become a bottleneck...

II. LQCD progress can also open new directions for exploration — what to expect in
the mid- long-term?

I1l. Current exp. precision in certain observables (EDMs) is already sensitive to two-
loop contributions from EFTs, but two-loop RGEs are not fully known yet...

IV. What is the best strategy to extract flavor limits from LHC data (EFT validity...)?
V. Are there other relevant probes of flavor-changing transitions at high-p;?

VI. New theoretical approaches to the flavor problem?

VII.What are the opportunities for flavor physics in future high-energy experiments?
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Flavor-physics at future experiments

Particle production (10°) B°/B° B*/B~ BY/B, BX/B. MAy/A, cc 7t~
Belle II 27.5 27.5 n/a n/a n/a 65 45
FCC-ee 620 620 150 4 130 600 170

[FCC Snowmass Summary, 2203.06520]

i Expected improv. _ .
ESPP2026 Preliminary o [G. Isidori talk at ESPPU]
Current bound
T Most of the improv. here \
.— comes from improved <
I CKM determination 0
Q
3
10°
3
i ™
T
: =
1000
10 i
AF= (AF=1)gans  LFV(u—e) LFV(r o) "EDMs
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Thank you!



Back-up



INEW] Warning!

) o< [Veo|* | F (w)]?

w =

see [Bordone et al. 24|

2 2 2

QmBmD*

0.0014 0.0016
Lattice QCDX"/:/,l —— HPQCD B — D*liy
Belle untagged +  Belle B - D*"e'v,
0.0012 N BaBar 0.0014 +  Belle B D* iy,
¢ Lattice QCD
4 Belle untagged e~ 0.0012
~ 0.0010 4 Belle untagged pu~
) ¢ BaBar synthetic “—30'0010
& 3
E 0-0005 "% 0.0008
s s
= 0.0006 £ 0.0006
0.0004
0.0004
. HPQCD, 23
[FNAL/MILC, '21] [HPQCD, "23]
0.0002
1.0 1.1 1.2 1.3 1.4 1.5 000 10 L1 1.2 L3 14 15

w

= Needs clarification to reliably extract |V | from B — D*/v...

NB. JLQCD agrees well with exp. data, albeit with larger uncertainties — cf. back-up!

Way out: independent LQCD results + Belle-Il data!




Which CKM value?

X
e Using available b — ¢V data:
(41.4 4+ 0.8, (B — X Iv)
[Ae| x 10° = £ 39.3 £ 1.0, (B — DIv)
37.8+£0.7, (B — D*lv)
... to be compared to CKM global fits: cf. also [Martinelli et al. "21]
Me|lurae = (41.4 £+ 0.5) x 1072 M\¢|crmaster = (40.5 +0.3) x 1072
e Alternative strategy: to use Amp, f_;298333| At|?
. [41.9410,  (Nj=2+1+41) fo.\/Bp, =256 £6MeV  (N;=2+1+1)
‘)\t‘ X ]_O —
39.2+ 1.1, Ny =2+1 .
Ny ) fB.\/Bp, =274+ 8 MeV (Ny=2+1)

There is not a clear answer to this ambiguity so far.

O. Sumensari



LFU in b — s¢¢ [LHCb]

% LHCb 14 LHCb Rg  low-g> = 0.994+0.0%
= % Ry'=1.082505200s :  9fb? Ry central-g> = 0.949*00%8
q m Rl:lc - Ry low-g® = 0.927+099
B Ryx20 ] Lar R central-¢” = 1.027437

- RIS(M =1 : *kh :

; x 1.0

0.8

[ t Data x2=1.6,p=0.812, o = 0.2
06 — M

2

Ry low-¢> Ry central-¢> Ry~ low-¢° Ry- central-¢?

Q | | LRI L AL L L R L L L
: -1
Suk : LHCb cmt=2gfb i
q f i low-¢q
I [ ! central-g?
: i high-¢?
3 !
[ |
2f a
! |
Ir |
| a
O 1




Combining flavor data with EW /Higgs

Example: FCC-ee projections for U(2)’

[Allwicher et al. '25]

100
30

60 B M Flavor (down) [l Flavor (up) M EW [ Collider

Future (pre-FCC) [] FCC-ee

T 7T

40

201~ T

2z ]

TeV

) = ) = ) = = = ) % = = = = = = = =
2 £ 2 = 2 3 3 3 3 3 2 3 S 3 2 3 3. 3
= - == - @2 = » = « S = = B S == Rt ROt
=z == oo == jack = = = o = = = = =23 Sy ) ) 3)
%) O 3 O o ok 5y =3 o 2g 2 =g =g )

SR O O & S IR < R S

O S}



FCCee projections: 7-physics

PDG 2023 [ FCC estimate

0.1790 4 0.4 ~
68% CL contour
Solid: current limit
" Dash-dotted: HL-LHC
Direct ~ Dashed: FCCee
measurement
—
3 0.1785-
2 l
T
|-l
vl
o
0.1780 4 e N
T = uy
SM prediction T pp — Ut
| T ] ] 1 l . . .
289.5 290.0 290.5 291.0 291.5 0.2
T [fs]

(1)(2333]
C



Belle-11 and 7-decays

Belle-11 will improve the sensitivity on 7 — ¢ and 7 — u decays by a factor ©(10) :

2 n 0 0 0
§ C P IS IV 1l lhh BNV
S 10° ’
=T & T
b = ¢ & ee e, * .9 > o * =
> : & ® @ ° ° @ :
LL. — e L
_j - & ...... @ ® & ]
= cl
(@) 1065__ L IE
2 = + b4 %
= N v g T v ¥ v K ]
—— = v v =]
qh) 9 ’ VVAX vv v v 4 v v
0-10 = AA & & . - ¥ & R A 3
g‘ - A - Y 4AA v 4 & @ "R nE
. -3 4 v 4 x Iy IV, Yoaoa . = . il ki
- = A A M ‘AXA‘ A AL -
' L
010-3;_ 0’0000 A, ¢ e LB I _ S
i E ¢ e W T by ' 3 * & 4 ¢ =
| 4 i
10—9__ .- _meL .. . LI _Ip” 1
= E 4 " .l.l L. . s ; - lE
e CN .- " .. ¢ .u .l-. = |
[ n ., i
-10 (e e e e e LR
| * il vy~ —————— - p— R AR T T TR PR T
AR %;@WPQQ\Q\OQQSS g:&/*&&*q,*q,qq{q, ,{.Qkk kkkkgc“f:”’?@k&kk/vv qq)qw'q
qq,qwqmqa»qmqwqwqmqmq wa&qukkk.ﬁtkktk@we@@kk &'quxqfqégof(

mqmqq)Qa:qmq mqm;wqtquqq;q

LFV decays

[Belle-1I physics book]

« CLEO
+ ATLAS
x CMS

+ LHCb

> <

-

BaBar

Belle

Belle Il (5 ab™)
Belle Il (50 ab™)



LFU VS- Single_flavor [Allwicher, Becirevic, Piazza, Rousaro-Alcaraz OS. '23]

B(B — K*vv) x 10
DO
o

B(B — K*up) x 10°
DO
)

¢

> 5 -
Oo 5 10 15 20 25 4 0 | e
s - 630 35 40 0 5 10 15 20 25 30 35 40
B = i) M B (B — Kup) x 10°

O. Sumensari



Semileptonic charm decays

D — Ktv:  (K(k)[eyus|D(p) o« f+(a°), fola®) (K(k)leyurss|D(p)) =0 (K (k)|couws|D(p)) < fr(q?)

1.6
W ETMC (@) 1.4 Wem ETMC
W FNAL/MILC QN fo(g?) W FNAL/MILC
14- s HPQCD 1.39 wem HPQCD
1.2 1
1.1 1
o 1.2 &
(=] ~—
= & 1.0 -

1.0 -

0.8 1

"

0.00 025 050 0.75 1.00 125 150 1.75 0.00 025 050 075 100 125 150 1.75
q° [GeV] q? [GeV]

More work needed to understand the differences (lattice artefacts)
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Process  Experiment Luminosity Ref. T obs T
pp — TT ATLAS 139 b~ 85] mit(rt, 17, Er)  mas
pp— pp CMS 140fb~"  [86 My My
pp — ee CMS 137fb~*  [86] Mee Mee
pp—Tv  ATLAS 139fb~' 87  mo(mh, Br)  pr(1)
pp— pv  ATLAS 139fb~r  [88]  mz(u, Er)  pr(w)
pp—~ev  ATLAS 139fb~  [88] mr(e, Bp)  pr(e)
pp — TH CMS 138fb~1  [89) meo, My
pp — Te CMS 138 fb~* 89 mee, More
pp — e CMS 138 fb~* 89 Mye My
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12
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— ur
ok W pp — e ol B pp — €T | ot B pp — pT |
[ R
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0} i § Ty i Ty
12} . 12} B ] 12}
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Is the EFT description justified? [Brivio et al. '22)

The main caveat of collider bounds on EFTs is that events can have invariant mass in
the O(1 TeV) range.

Are we indeed probing €©/A? with |€© | <4z and A > E ?

The answer depends on several factors:

o |
o |
o |

ne experimental sensitivity — channels with t's and MET are harder.

ne initial quark flavors (i.e., PDFs)— light vs. heavy quarks.

ne topology of the underlying NP contribution — resonant or non-resonant.

The definite answer is model and process-dependent

O. Sumensari
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EFT convergence — resonant mediator

e EFT cross-section computed with different orders in A=! and normalized to the full model.

m2Z/

° . 7/ _ 1., I pv A 113/44 (q) ~ () 7
Example: Z' ~ (1,1, 0) Lz =—72,,2'" + =L 2,2'" + J'Z, Jp = 8.7 @vuds + 9o lavuls
1% gen. quarks 214 gen. quarks 3" gen. quarks
1.2 1.2 1.2
Amplitude truncation = @.szf T my = 2TeV gV g\ =1 T my = 2TeV g gl — 1 T my = 2TeV g gl — 1
. 1. e —
SIGE ().8. NS ().8;
Cross-section truncation = 0 <l 35 |
e\w 0.6 &\N 0.6-
) :Lbj'g 0.47 .:8@% 0.4;
----- OG(A ) 0.2- 0.2_-
-2 | S | . | . | . I .
OA(A ) 0'0. 02 04 06 08 0'0 0.2 0.4 0.6 0.8
_4 mg, /my, mg,/m%,
""" O(,(A )
O (A7)
A As  Asxe + As _6 ?
o X .ASM—FF-F A4 —|-(9A(A )
2 2 2
sl + 2Re (AsmAs) | [Asl” | 2Re (AgyAsxs + AsyAs) | 2Re (AGAoxe + AgAs) | [Asxe|” +[As|”
= | AsM A2 Ad Ad AG A8 e
O4(A-2)
OAZX_4)
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[Allwicher, Faroughy, Martines, OS, Wilsch. '24]




EFT convergence — resonant mediator

e EFT cross-section computed with different orders in A~

1 m2
e Example: 2/~ (1,1,0 __tgt g MG i g (a) ()
P ( > ) Lz = 4ZMVZ T 2 Z Zr+J Z J — gzg QZ"YMQJ la%ulﬂ
1% gen. quarks 214 gen. quarks 3" gen. quarks
1.2 1.2 1.2
Amplitude truncation = 0, - my = 2TeV aVg =1 my = 2TV a9 —1 my = 2TeV gVl — 1
i 1. s
N las Slas 08F
Cross-section truncation = 0, <|£ <|E
At oS
5% 512 ol
—2
----- 0:(47)
_2 ~“~~_ - L 1 | |
OA(A ) 02 04 06 08 0'0, 0.2 0.4 0.6 0.8 L.
O (A i, i,
""" 0( )
1.2 1.2 1.2
—4 " my = 2TeV Jél)Jn = (0. 3) Ty = 2TeV (]E()JZQ = (O 3)2 Ty = 2TeV JEZ)J(ﬁ = (0. 3)
O A(AH) e . .
Ny 08F NS 081 e 0.8
S|5 S5 | S|E
™~ 06k ™~~~ 06k T~ 06k
Ewgs Emas E:g
~E i ~K ~RK
<1 o4l S| o4l ST o4l
0.2F 0.2F 0.2F
*Neg/ecting the width 0’0. 012 oi4 ().lG ()f8 1 0‘0. | 012 | ()f4 | ()!6 | ()f8 0’(). ()fz | 014 056 ()is Y
(o] A
1 xﬁl 1 xn _ A) O
A > = 2 X = > [Allwicher, Faroughy, Martines, OS, Wilsch. '24]
S — mZ/ ms, 0 mZ,
n=
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and normalized to the full model.




EFT convergence — non-resonant mediator

e EFT cross-section computed with different orders in A=! and normalized to the full model.

e Example: U, ~ (3,1, 2/3)

1°* gen. quarks

i
dogpr

2.
. . 1.8 my, = 2TeV ¥ =1
Amplitude truncation = 0, ol '
o 1.4+
Cross-section truncation = 0 ~—~
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— 0.
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4 1.2
OG <A ) _ my, = 2TeV @ —=0.3
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< |5 -
B ) ST
E as r -
0.9+
0_8_ L 1 L | L | L
) ) 0. 0.2 0.4 0.6 0.8
*Neglecting the width ey
1 | - f
y<I n\n [
2 5 - - > Z(_l)y yE——2>O
mUl mUl n=0 ,/}/lU1
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/
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[Allwicher, Faroughy, Martines, OS, Wilsch. '24]




pp - VH

+ —_—
Channel Distribution | Collaboration | Ny, | Luminosity W W + Zh WZ + Wh
(1) 3) | o
dde% ATLAS 14 | 36.1 fb~' [33] Chg» CHd, Chu| Crg | CHud
pp > WW :;
= CMS 11 | 35.9 fb~! [34]
dme, MadGraph@NLO
d
- ATLAS 6 |36.1fb" [35] l
dm
pp > WZ | 2
-2 CMS 5 | 137 b [36] Pythia8
o dmwz
i ATLAS 5 | 140 fb~! [37] l
pp = Zh dp? CMS 3 | 138 fb! [38] Delphes
do ATLAS 5 140 fb~* [37]
pp— Wh dpr’ CMS 3 | 138 b 39 (Vi)
qi —
dr;
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