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The scale of New Physics

energy
No direct evidence of BSM,
we are facing a mass gap: NP is either very heavy, or A+
light and weakly coupled to the SM. A
?
\ 4
My + H =t
SM
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The scale of New Physics

energy
No direct evidence of BSM,
we are facing a mass gap: NP is either very heavy, or A 4+
light and weakly coupled to the SM. A
Use EFTs and data to bridge the gap: 5
describe heavy NP via higher-dim. operators
use data (electroweak, flavor & collider) to constrain 27
: . v A2
the Wilson coefficients M
constraints are interpreted as lower bounds on an My ¢ H —+ v’ .
"effective" NP scale SM
Caveat: interpreting EFT bounds without additional

assumptions can lead to overly pessimistic estimates.
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The scale of New Physics

e Inthe 1970s, the “SM” had two quark families, & CP was an accidental symmetry.
CP violation in K mixing suggested a huge NP scale. The actual scale was much lower:
1 (GF’/’/‘I,‘Vtthd)2

1
—GTd)? = Aqp~10*TeV .
Agp - Agp A
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The scale of New Physics

e Inthe 1970s, the “SM” had two quark families, & CP was an accidental symmetry.
CP violation in K mixing suggested a huge NP scale. The actual scale was much lower:
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A—z(il“d)z = Acp ~ 10*TeV
CP

Z )

107§ N = ° ° ° o ° °

s & § 3 i . e Similar caution is needed when interpreting
— 10" o & X =
> S5 s X2 . I SMEFT bounds:
SRR RE L] | B
2 10% - ! L With O(1) couplings, flavor bounds point to
< 103 ]
il L1 huge scales,

i o~ o o . o
10t SN s ~ ....but in realistic models NP couplings can be
100 SRR SIS I suppressed: the real scale can be lower!
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Observable

[Physics Briefing book, 1910.11775]
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The scale of New Physics

e Inthe 1970s, the “SM” had two quark families, & CP was an accidental symmetry.
CP violation in K mixing suggested a huge NP scale. The actual scale was much lower:
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[Physics Briefing book, 1910.11775] Observable

=

Educated assumptions about NP flavor structure can guide our interpretation of
SMEFT bounds. Use flavor & hierarchy problem as guidance!
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The flavor sector of the Standard Model

they look all the same
L~

&S 00O

SM gauge interactions are flavor-universal, enjoying a large accidental flavor symmetry:

Gp = UB3)’ = UB), x U(3), x UB3),x U3), x U3),
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The flavor sector of the Standard Model

they look all the same ldon't think sol
L @ ~ me% m/A.-/.- m.

&S 00O

SM gauge interactions are flavor-universal, enjoying a large accidental flavor symmetry:

Gp = UB3)’ = UB), x U(3), x UB3),x U3), x U3),

The interactions with the Higgs are the only source of flavor non-universality & violation.
They break G to an approximate U(2)° symmetry:

r n

€, _ Vg = B
g _ B

— J

U3(3) - UR)’ = UQ),x UQ2),x UQR),x UQ2), x UQ2),

This structure is an empirical fact. Its origin remains a puzzle, the flavor puzzle.
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SM gauge interactions are flavor-universal, enjoying a large accidental flavor symmetry:
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The interactions with the Higgs are the only source of flavor non-universality & violation.

They break G to an approximate U(2)° symmetry:
exact U(2)
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The hierarchy problem

The Higgs mass is unstable under quantum corrections.
If there’s nothing else, its naive scale is the Planck mass.
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The hierarchy problem

The Higgs mass is unstable under quantum corrections.
If there’s nothing else, its naive scale is the Planck mass.

In the SM, the largest contribution comes from the top quark.
To keep the Higgs mass at its measured value, naturalness suggests that some NP
coupled to the Higgs and top appears around the TeV scale.
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The hierarchy problem

The Higgs mass is unstable under quantum corrections.
If there’s nothing else, its naive scale is the Planck mass.

In the SM, the largest contribution comes from the top quark.
To keep the Higgs mass at its measured value, naturalness suggests that some NP
coupled to the Higgs and top appears around the TeV scale.

How to reconcile this with flavor bounds?

. > To reside at the TeV scale, NP must
E Q.) Q [J
o > % I have some flavor protection.
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Protecting New Physics from Flavor

Minimal Flavor Violating (MFV) new physics:

e Yukawas couplings are the only sources of flavor violation:
MFV describes (perturbations around) flavor-universal NP. ®= @z@

e by construction, little to no effect in flavor-changing processes.

e but couplings to valence quarks are not suppressed
= LHC data pushes the scale of MFV NP to scales = 10 TeV.
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Protecting New Physics from Flavor

Minimal Flavor Violating (MFV) new physics:

e Yukawas couplings are the only sources of flavor violation:
MFV describes (perturbations around) flavor-universal NP. CD: @z@

e by construction, little to no effect in flavor-changing processes.

e but couplings to valence quarks are not suppressed
= LHC data pushes the scale of MFV NP to scales = 10 TeV.
Flavor-dependent (3rd family) new physics:

e NP distinguishes among different flavors by coupling dominantly @: @;@
to the third family.

e Third family is “special”: possible connection to hierarchy & flavor problem.

e NP has an approximate U(2)r symmetry, like the SM Yukawas.

e couplings to light families can be suppressed: can live at the TeV scale.

June 2024 || LHCp Boston 6 Claudia Cornella || JGU Mainz



Other

Extra Dimensions RPV Dark Matter ContaFt
Interactions

Excited
Fermions

Heavy
Fermions

Leptoquarks

Heavy Gauge Bosons

CMS preliminary = F_Iave_r - 16-140 fb™* (13 TeV)
String resonance M ° : 0.5-7.9 1911.039%7 (2j) 137 fb~!
Zy resonance M 3 f I N P & 0:35-4  1712.03143 (2p +1y; 2e + 1y; 2j + 1¥) 36 fb!
Wy resonance M rd a m I y [ ] 1.5-8 2106. 103)9 (1j +1y) 137 fp~?!
Higgs y resonance M : 36 fb!
Color Octect Scalar, k2 =1/2 M = u ﬁ Vé?sa 137 fb!
Scalar Diquark M [ 0.5-7.5 1911 0394712 137 fb!
tt+ ¢, pseudoscalar (scalar), g, x BR(¢~21) > = 0.03(0.004) M 0.015-0.075 1911.04968 (31, = 42) . . 137 fo~!
tt + ¢, pseudoscalar (scalar), g2, x BR(¢—21) > = 0.03(0.04) M 0.108-0.34 1911.04968 (3¢, = 41) > . . 137 fb?!
= a
quark compositeness (££), Nurr =1 N : > : <24 2103.02708 (2£) 140 fb~L
quark compositeness (££), Nurr = — 1 Nirw m n n <36 [2103.02708 (2f) 140 fb!
Excited Lepton Contact Interaction M h ] 02-56" 2001.04521 (m' ] 77 b1
Excited Lepton Contact Interaction M : 02-57 2001 0452I( : 77 b1
] =
vector mediator (qg), g =0.25, gom =1, m, =1 GeV M 0.35-0.7 lﬁwﬂ = 3j) ] 18 fb!
vector mediator (1), gg = 0.1, goy = 1,g; = 0.01,m, > 1 TeV M s 02-1.92 " 2103.02708 (2e, 2p) o . 140 fo-!
(axial-)vector mediator (gq), g4 =0.25,gom=1,my =1 GeV M = 0.5-2.8 1911.03947 (2j) = 137 fb!
(axial-)vector mediator (), gq = 0.25, gom = 1, my =1 GeV M L] <1.95  2107.13021 ( = 1j + pyss) H L 101 fb~!
(axial)-vector mediator (£f), 99=0.1,gom=1,9;=0.1, My > Mpeq/2 M : 0.2-4.64 2103.02708 (2e, 2p) : 140 fb~1
scalar mediator (+t/tf), gq=1,gom=1,m, =1 GeV M <0.29 1901.01553 (0, 12 + = 2j + p§'s*) n n 36 fb!
scalar mediator (fermion portal), A, =1, m, =1 GeV M ] <1.5  2107.13021 (= 1j+ py's) ] 101 fbt
i — 1. -1 —1Ge 4 <047 210713021 (21j+pf=) g . 101 b1
pseudoscalar mediator (+t/tf), g =1, gom = 1, my =1 GeV M <03 ) 1901.01553 (0, 1/ + = 2j + py'ss) ™ n 36 fb~?
" - ] <1.54  1810.10069 (4j) ] 16 fb~1!
7' mediator (dark QCD), Maark = 20 GeV, finy = 0.3, Quark = 2/ M : 1551  2112.11125 (2j + p§'*) : 138 fp!
Baryonic Z/, gq=0.25,gom =1, m, =1 GeV M n <1.6  1908.01713 (h + py'ss) n 36 fb~!
Z'—2HDM, g7 =0.8, gpu = 1, tanp = 1, my = 100 GeV M u 0.5-3.1 1908.01713 (h + py'ss) u 36 fb!
Leptoquark mediator, 8 =1, B=0.1, Ax,pm = 0.1, 800 < My < 1500 GeV M 0.3-0.6 1811.10151 (1p{11+p$“*) : 77 b1
RPV stop to 4 quarks M 0.08-0.52 1808.03124 (2j;4j) ™ - 36 fb!
RPV squark to 4 quarks M 0.1-072 | 1806 0105ﬁ (2)) : 38 fb!
RPV gluino to 4 quarks M m 0.1-1.41 | 1806.01058 (2j) n 38 fb!
RPV gluinos to 3 quarks M : <1.5 | 1810.10092 (6j) : 36 fb~?
ADD (jj) HLZ, nep =3 M : :<12 1803.08030 (2j) 36 fb!
ADD (yy, £) HLZ, nep = 3 M u Z0/777/1818.10443 (2y, 20) 36 fb!
ADD Gy emission, nep = 2 M : <10.§ 2107.13021 (= 1j + py'ss) 101 fo~?
ADD QBH (jj), nep = 6 M n <82 1803.08830 (2j) 36 fb~?
ADD QBH (ep), nep =4 M L <5,612205.06709 (ep) u 137 fb?
ADD QBH (et), nep = 4 M : <5121712205.06709 (eT) : 137 fp~!
ADD QBH (u1), nep = 4 M n Z51712205.06709 (ut) n 137 fb?
RS Gi(£2), k/Mp =0 M : <4.782103.02708 (21) : 140 fb~t
RS Gi(yy), kiMp = 0.1 M 5 <41 1809.00327 (2y) = 36 fb~!
RS Gi(qd, 9g), kiMp = M ] 0:5=216"" 1911.03947 (2j) [ 137 fb!
RS QBH (jj), nep =1 M : £5/9711803.08030 (2j) @ 36 fb!
non-rotating BH, Mp = 4 TeV, ngp = 6 M n <9.7 1205 06013 (= 7j(Z,Y)) 36 fb~?!
3-brane WED gk(¢ + g - 999), Jgrav = 6, g, = 3, €= 0.5, m($)/m(gkk) = 0.1 m(gyy) ] 2-4.3 2201.02140 (2j) ] 137 fb?!
split-UED, =2 TeV 1R : 0.4-2.8 " 2202.06075 (£ + py'ss) : 137 fb~?
o oW
excited light quark (qg), A=mjg M [ ] 0.5-6.3 1911.03947 (2j) m 137 fb!
excited electron, fs=f=f'=1,A=m M : 0:25-3:9° | 1811.03052 (y + 2e) : 36 fb~!
excited muon, fs=f=f=1,A=m; M = 0.25-3.8 1811.03052 (Y + 2p) n 36 fb~!
n n
UMSM, [Ven|? = 1.0, |Viw|? M :0‘001—1.43 1802.02965; 1806.10905 (3£(y, e); = 1j + 2£(, e)) : 36 fb!
UMSM, \ve,vvm?/ |vem|2+\vm\ )=1.0 M o 0.02-1.6  1806.10905 (=1j+p+e) . 36 fb!
| ocotic y 01003 M2202.08676 (3(, = 4L, 1T+ 31, 2T + 24, 3T+ 14, 1T+ 2/, 2T+ 11) L] 137 fb?
ector like taus, Doublet M 0.1-1.045 202.08676 (31, = 4L, 1T+ 31, 2T+ 24, 3T+ 14, 1T+ 2/, 2T+ 10) : 137 fb~?
Vector like taus, Singlet M 0.125-0.15 2202.08676 (3L, =2 4L, 1T+30,2T+2L, 3T+ 10, 1T+2/,21+1l) g . 137 fb?
|
scalar LQ (pair prod.), coupling to 1%t gen. fermions, 8 =1 M : <1.44 1811.01197 (2e +2j) : 36 fb~!
scalar LQ (pair prod.), coupling to 15t gen. fermions, B =0.5 M m <127 1811.01197 (2e + 2j; e + 2j + p}'ss) ™ 36 fb!
scalar LQ (pair prod.), coupling to 2™ gen. fermions, B =1 M L] <1.53 1808.05082 (2p + 2j) [ ] 36 fb~!
scalar LQ (palr prod.), coupling to 2" gen. fermions, B 1 M : 0.8-1.5 1811.10151 (1p+ 1j+ py'ss) : 77 fb~1
M B__120 1808.05082 (2p + 2; p + 2j + p'SS) = 36 fb!
M B <126 PMS-PAS-EX0-19-016 (2T + 2j) ] 137 fb!
- 1-1.6  2107.13021 (= 1j +p! . 101 fb!
scalar LQ (single prod.), coupling to 37 gen. fermions, f=1,A=1 CMS-PASEEX0-19-016 (2T + b) n 137 fb!
n n
Zp, narrow resonance M 0.0115-0.075 1912.04776 (2p) . . 137 fb!
Zp, Narrow resonance M 0.11-0.2 1912.04776 (2p) n n 137 fb~!
SSM Z/(£1) M u 0.2-5.15 2103.02708 (2e, 2p) u 140 fb~!
SSM Z/(qd) M . 0.5-2.9  1911.03947 (2j) . 137 fb~1
Z'(qq) M 0.01-0.125 1905.10331 (1j, 1y) . - 36 fb-1
Superstring Z, M ] 02-4.6  2103.02708 (2e, 2p) u 140 fb~!
LFV Z/, BR(ep) = 10% M : 02-5 2205.06709 (ep) : 137 fb?
LFV Z', BR(eT) = 10% M n 0.2-4.3 2205.06709 (eT) ] 137 fb~?
LFV Z', BR(uT) = 10% M u 02-4.1 2205.06709 (uT) u 137 fb~!
Leptophobic Z/ M 0.05-0.45 1909.04114 (2j) . : 78 fb~1
SSM W/(£v) M u 0.4=5.7 2202.06075 (£ + p}'ss) m 137 fb!
SSM W'(Tv) M : 0.6—4.8 CMS-PAS-EX0-21-009 (T + p"‘:) 137 fb~?
SSMW/(gd) M a 0.5-3.6  1911.03947 (2j) - 137 fb!
LRSM Wr(kNg), My, = 0.5My, M n <5 2112.03949 (2p +2j) n 36 fb1!
LRSM Wg(eNg), My, = 0.5My, M : <47 2112.03949 (2e +2j) : 36 fb!
LRSM Wr(TNR), My, = 0.5My, M g <35 1811.00806 (2T + 2j) - 36 fb!
Axigluon, Coloron, cotf =1 M [ 0.5-6.6 1911.03947 (2j) m 137 fb!
[} [}
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Selection of observed exclusion Ifrhits at 95% L. (theory uncertainties are not included). [] mass scale [TeV] [ ]
a a
| | | |



Flavor-non-universal New Physics

Key idea: The U(2) symmetry in the Yukawas and in the NP couplings has a single
dynamical origin & is a remnant of a more fundamental difference.

energy AN BSM

dynamics
involving

Al O I

mW’t’H e raeresnenreanenne
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Flavor-non-universal New Physics

Key idea: The U(2) symmetry in the Yukawas and in the NP couplings has a single
dynamical origin & is a remnant of a more fundamental difference.

energy .
" BSM At high energies, the three families are intrinsically different objects.

dynamics

involving
A N

: @ @ Non-universal forces acting on the i-th SM family have characteristic
@ scales A; > A, > A; > my,
e E—
@@ The flavor universality of SM gauge interactions is an accidental low-
energy property.

A3 N
LT G —
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Flavor-non-universal New Physics

Key idea: The U(2) symmetry in the Yukawas and in the NP couplings has a single
dynamical origin & is a remnant of a more fundamental difference.

energy A

As +

~UQ2y
symmetry

My:g —
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Flavor-non-universal New Physics

Key idea: The U(2) symmetry in the Yukawas and in the NP couplings has a single
dynamical origin & is a remnant of a more fundamental difference.

energy A

Ay 4 Around As, Yukawas & NP couplings have an approximate U(2)
symmetry: largest entries in the 3rd family.
~UQ2)y
symmetry
My:H -t
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Flavor-non-universal New Physics

Key idea: The U(2) symmetry in the Yukawas and in the NP couplings has a single
dynamical origin & is a remnant of a more fundamental difference.

energy A
Ay 4 Around As, Yukawas & NP couplings have an approximate U(2)
symmetry: largest entries in the 3rd family.
Explicit realization: deconstruct SM gauge group by flavor
~UQ2)y

symmetry G = G3 M | X G12 SM|™ GSM

acts on 3rd fam. & Higgs  acts on light families

e built-in U(2)> in gauge sector, only 3rd family Yukawas

T e SSB to SM breaks U(2)5 generating subleading Yukawas
and NP couplings for light families
June 2024 || LHCp Boston 9
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Flavor-non-universal New Physics

Key idea: The U(2) symmetry in the Yukawas and in the NP couplings has a single
dynamical origin & is a remnant of a more fundamental difference.

How low?
- Around As, Yukawas & NP couplings have an approximate U(2)
symmetry: largest entries in the 3rd family.

Explicit realization: deconstruct SM gauge group by flavor
~UQ2)y

symmetry G = G3 M | X G12 SM|™ GSM

acts on 3rd fam. & Higgs  acts on light families

e built-in U(2)> in gauge sector, only 3rd family Yukawas

T e SSB to SM breaks U(2)5 generating subleading Yukawas
and NP couplings for light families
June 2024 || LHCp Boston 9
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Confronting experiments

New physics

©Ben Stefanek

Flavor
violating

Flavor conserving

EW Precision Direct searches Flavor Bounds
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TeV

Current bounds on flavor-non-universal New Physics

With current data, NP mainly coupled to the 3rd family can exist at scales as low as 1-2 TeV.

Mutatis mutandis, similar results hold in the context of partial compositeness.
[Glioti, Rattazzi, Ricci, Vecchi 2402.09503 ]

10 [HD Yuk. Hy Dip. (g qq 00 ledq
: B Flavor ®m EW m Collider dynamical suppression factors:
S+ .
I Eloon = 9 dipoles loop induced
: P 1672
. eg = 0.16 light quarks & leptons
°T er, = 0.40
_ g = 031 H|gg5
A i e = 0.15  downalignment
2 - [Allwicher, CC, Isidori, Stefanek, 2311.00020]
Oilll_uJ_LLLj_._J_ll_-_u jjljlll

ggm Qﬁ% S, ¥ 2, > S BAQ g%g ) o B, ) e ™ ' R, ) ) ) ;: = M o
PEIRY S S —_y —_ M m R > N & S 3¢, ' ) ™ ) (ap) ' ) M S
U W ey » ~ ™ = S S S L) I, R S S I, NS R IR TN TN SR TN SEN DN G
\D) ND) P LN TN TDNT D, DT DT N DT S

\D! ND) DITTISES DI TS TS T TS

o L v L O O L O
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TeV

Current bounds on flavor-non-universal New Physics

With current data, NP mainly coupled to the 3rd family can exist at scales as low as 1-2 TeV.

Mutatis mutandis, similar results hold in the context of partial compositeness.
[Glioti, Rattazzi, Ricci, Vecchi 2402.09503 ]

= 3rd family NP is the closest motivated target for experimental exploration.

10 [HD Yuk. Hy Dip. (g qq o ledq
. @ Flavor m EW m Collider dynamical suppression factors:
S+ .
i £l _ gi dipoles loop induced
P 1672
. eg = 0.16 light quarks & leptons
°T e, = 0.40
ey =0.31  ess
A _ er = 0.15 down alignment
2 - [Allwicher, CC, Isidori, Stefanek, 2311.00020]
o | | l_uj_LLLj_._J_ll_-_u - J_I_.Llll

SBEIBIZ E_ B E_9iBEgBE® % 3 ¥ OB % ¥ 2 § F B ¥ S S Bs
TIIXT Lo SeonIl2n TP R8s 2 8 =2 @ 2 2 052 S 3 Ss2s8sSs8T
O 0O VUV aerlragin g © Ve = = = 8 = = = = 83 7TF Tr Y o2l
O L o O P e NSRRI 2T O O O )
VN\/\)\/\Q Nv@\/@\/@ [w)] ey}
NOIEEANG RS NS NG WG IS
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High-pT searches

The largest effect are expected in 3rd-family lepton sector:  pp — ti, pp — bb...
searches, taking heavy flavors from the proton.  quark sector: pp — 77, pp = v
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High-pT searches

The largest effect are expected in 3rd-family lepton sector:  pp — ti, pp — bb...
searches, taking heavy flavors from the proton.  quark sector: pp — 77, pp = v

In tails, the energy enhancement of the NP cross-section can overcome the pdf suppression.

e.g. pp = TV 2 2
b £ %xw,-,-lzx(ﬁ—q)
' s 0(107>) for bc

2
5 M3 (§/M2)? ~ O(10°)
o C . guci+dﬁ X | Vudl X (Tw> W

June 2024 || LHCp Boston 12 Claudia Cornella || JGU Mainz



High-pT searches

The largest effect are expected in 3rd-family lepton sector:  pp — ti, pp — bb...
searches, taking heavy flavors from the proton.  quark sector: pp — 77, pp = v

In tails, the energy enhancement of the NP cross-section can overcome the pdf suppression.

e.g. pp — TV

2 My,
L X | V[ X <T_€L

2
> 0(107) for bc

2
M; SIM2)? ~ O(10°
L ydvdi X |Vud|2 X (Tw> (S/My,) (10°)

Complementary to low-energy flavor searches:
test the same NP in a different energy regime!
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High-pT searches

The largest effect are expected in 3rd-family lepton sector:  pp — ti, pp — bb...
searches, taking heavy flavors from the proton.  quark sector: pp — 77, pp = v

In tails, the energy enhancement of the NP cross-section can overcome the pdf suppression.

2 w
L x|V 2 % <T—€L

2
> 0(107) for bc

2
M; SIM2)? ~ O(10°
L ydvdi X |Vud|2 X (Tw> (S/My,) (10°)

Complementary to low-energy flavor searches:

~ Ge\
1 test the same NP in a different energy regime!

Y

Important to study also LFV and LFUV, e.g. comparing pp — ttto pp — uu.
[See talks by Kai-Feng Chen]
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Indirect searches with B mesons

3 — light transitions: B & tau physics
Here focus on semileptonic transitions: neutral currents b — s(d)¢¢", b — s(d)vv

charged currents b — c(u)fv

Largest effects expected for 7, 1.
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Indirect searches with B mesons

3 — light transitions: B & tau physics

Here focus on semileptonic transitions: neutral currents b — s(d)¢¢", b — s(d)vv

Largest effects expected for 7, 1.

e Probing b — szt directly is experimentally very challenging:

charged currents b — c(u)fv

Even with full LHCb and Belle Il dataset, the bounds will exceed the SM by 1023,

CMURRENT BOUND PROTECTIONS SM PRAEOICcioN

+ + - =3 - -
BR (B> KZ) | (225710 < 6.510° (raso02)ic?
ER (Bs-> 7<) ¢ 68-10° <5-10 4 | (29320.49) 10T
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Indirect searches with B mesons

3 — light transitions: B & tau physics
Here focus on semileptonic transitions: neutral currents b — s(d)¢¢", b — s(d)vv

charged currents b — c(u)fv

Largest effects expected for 7, 1.

SM Average

0.497 + 0.037 1.340.4
¥

e Currently the only accessible FCNC directly
sensitive to 3rd generation leptons is B — Kvv

Belle II (362 fb'l, combined)

2.34+0.7 This analysis, preliminary

Belle II (362 fb!, hadronic)

1.1+ 1.1 This analysis, preliminary

Q

——— Belle II (362 fb!, inclusive)
2.7+0.7 This analysis, preliminary

Belle II (63 fb'!, inclusive)

1.94+1.5 PRL127, 181802

Q

First evidence by Belle Il, combined result
result 2.70 above the SM

Belle (711 fb™!, semileptonic)

1.04+£0.6 PRD96, 091101

1

Py Belle (711 fb'!, hadronic)

2.9+1.6 PRDS7, 111103

BaBar (418 fb!, semileptonic)

0.240.8 PRDS82, 112002

BaBar (429 fb!, hadronic)

1.5+1.3 PRDS87, 112005
| ] ] ] | ] ] I |

0 2 4 6 8 10
10°x Br(BT"—K " vp)

Work ongoing on K %% and K modes.
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Lepton flavor universality (violation) inb — c€v

% T T 68% CL tontours
%k - o A
_ @(B _> D ( )Ty ) E — Moriond 2024
*) — B
P B(B - DO¢D) 0.35 LHCb*
[f — e /’t] B llell
03 [ Belleb(
. C} ] \{LHCY
~ 3 o tension w.r.t. SM 005 = _
. . 0.2 4 HFLAV SM Prediction R(D)=0.342 =0.026,,, =
~ 10 % enhancement hinting - RD)=0298 0004 RDH=0287 =001, -
B R(D*) =0.254 +0.005 p=-0.39 -
at excess in the tau mode P E P T TR e R
0.2 0.3 04 0.5

[See also talks by Marina Artuso and Eluned Smith]
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Lepton flavor universality (violation) inb — c€v

—~ 04
BB - D) %
D) — %(B N D(*)fﬂ) 0.35

[ = e, u]
03
~ 3 0 tension w.r.t. SM 0.5
02

~ 10 % enhancement hinting
at excess in the tau mode

Theoretically clean.

A

Moriond 2024

LHCbH®
lell

Belle (

‘ ! LHCb®

~_

' 65'3% ICL koniour's

4 HFLAV SM Prediction
R(D) =0.298 +0.004
R(D*) =0.254 =0.005

R(D)=0.342 =0.026,,, —
R(D*)=0.287 0012, -
p=-0.39 i
Py = 35% i

0.2 0.3

0.4

0.5

[See also talks by Marina Artuso and Eluned Smith]

Predictions rely on B — D) form factors: no problem for B — D, on going work to

understand some inconsistencies for B = D* .
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The Vcb puzzle

4.5 - ©Plots by Marzia Bordone

/

\
N\

\

0.036 0.038 0.04 0.042 0.044
Vcb

V., significantly impacts the prediction of clean channels, e.g. B, — utu~and B - Kub.
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The Vcb puzzle

4.5 - ©Plots by Marzia Bordone

— Inclusive : 2107.0064
— ¢° moments : 2205.10274
S BGL B — D : 1606.08030
— HQE B — D : 1912.09335
S DM B — D : 2111.10582

3.5 / BGL B — D* : 1905.08209
; HQE B — D*: 1912.09335
* — DM B — D* : 2111.10582

| - HQER : 2206.11281
FNAL/MILC B — D* :2105.14019

HPQCD B — D™ :2304.03137

\
\

\

2.5
—_— JLQCD B — D* : 2306.05657
0.036 0.038 0.04 0.042 0.044 )35 0.04
Vcb Vcb

V., significantly impacts the prediction of clean channels, e.g. B, — utu~and B - Kub.

C

Inclusive and exclusive determinations differ by 3 - 4 o.
e inclusive consistent across various datasets

e |ess consensus in the exclusive from B — D* ; work in progress to understand the

various tensions
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b — suu

LHC data offer incredible access to the b — suu system:

u/e universality ratios,  differential BRs, angular obs.  for many different modes

e ‘ H,: B, B’ B, A
BR’(Hb%HSHV) ABR_(H_;,%HSF‘F) Ps | Are . b L B s 1
BR (H~H,eve) 3¢ He: KY KKK 6, oK
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b — suu

LHC data offer incredible access to the b — suu system:

u/e universality ratios,  differential BRs, angular obs.  for many different modes

b ‘ H,: B B° B A
BR_(HQ,%HSPL’.L) C‘—BR.(HAHHSF"H_) PS ' AFB... b / / B ;7 \b
BR (H,—H, eve i Hy: K KK KT @, oK

10/

i 4G a B :
. o . o5 L === ViViy GG 1, bE Y 1)
Persisting tensions in several branching ; V2 4

i SM
fractions and in the B — K* angular analysis. "

~05"

i i (S ' -
BSM explanation requires C9U ~ O.25C9SM -10¢ -} | +
L Global Fit
15
[ o
° ° ° ° _2-0:
NP or underestimated hadronic contribution? :
-25" T [Alguero et al., 2304.07330]
B Kt B — K"t B, — ¢t
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Disentangling long-distance and NP inb — suu

[see Eluned Smith’s talk]

Ongoing theory and experimental effort to disentangle long-distance and NP:

e parametrize long-distance with dispersion methods/z expansion

. 2
o fitto g~ spectrum possibly wlat we woulol

knovun ,oaromd-n % tol Macccu,\-qu[ for  Lke to know

o extract residual amplitude SD+ LD SM ? "
) = vl V() + "
long distance ><( a(z)

short distance
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Disentangling long-distance QCD and NP in bsl|

B — KZ¢ B —» K*¢¢
X {7
S 4 5t T _ G
1 { SM 4t Cy
2 O i _____________________ i _______ o ° ®0 i e C
Lowg® < | = o | S W 1,
1l ® best-fit 2t { - { — constant
1 |
Ot 1]8 . . ‘ .
[1.,21 2,31 B4 45 (561 (6,7 [7,8] [1.1,2.5] (25, 4] [4, 6] [6.8]
bin ¢? (GeV?) bin ¢* (GeV?)
5
) 4t SM 5t - e
i . = * Gy
ngh q 6 3_ (R S . E ...... § --1----------- -----i—. : Tttt COIlStﬂllt o 4_ ----- } ----------------- t-j'-:] ------------- ---f' ----- Y C:))
2t * best-fit CMS O 3t i } coc £-1 B
I ® best-fit LHCb 21 SM
1+ — constant
0 (1)'
[15,16] [16,17] [17,18] [18,19] [19,20] [20,21] [21,22] [11,125] (15, 17] [17.19]
bin ¢* (GeV?) bin ¢* (GeV?)

[Bordone, Isidori, Machler, Tinari 2401.18007]

e result seems independent of g2 (and A for K*)

e cannot exclude sizeable long-distance effects with little g2 and A dependence.
HHChiPT estimate suggests D*Ds/Ds*D*rescattering is too small to mimic C9U ~ O.25C9SM
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Indirect searches with Kaons

N\
Vd

BSM

energy dynamics
involving

Rare kaon decays (s — d FCNCs)

B~
n‘

e complementary tob — sin determining the
orientation of 3rd family in flavor space

o allow us to probe U(2)q,d breaking in the 21
sector, related to the “next threshold”, A,

up-alignment

e For NP modes with a CKM-like structure,
typically correlated with B - Kuvv

mW,l.’H B TR
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Indirect searches with Kaons

N\
Vd

BSM

energy dynamics
involving

Rare kaon decays (s — d FCNCs)

B~
m

e complementary tob — sin determining the
orientation of 3rd family in flavor space

o allow us to probe U(2)q,d breaking in the 21
sector, related to the “next threshold”, A,

up-alignment

e For NP modes with a CKM-like structure,
typically correlated with B - Kuvv

mW,l.’H B TR

K™ — ztuvuis special:
e only rare K decay from which short distance information is accessible

e sole opportunity to get a clean B vs K comparison in the same transition,
if similar precision (~10%) is achieved
Claudia Cornella || JGU Mainz
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Combining flavor, collider and electroweak

-2 -1

(1.5 TeV)?C!

June 2024 || LHCp Boston

0

| 1 2
1)[3333]
q

21

[Allwicher, CC, Isidori, Stefanek, 2311.00020]

Krsatw

— . B Ktw

N EW
~ Collider
[] Global

B

— Kvv@10% (Be

K — nvv@5% (Hike) 1
3 ab C data |
nt EW data -

C

-1

0
(1.5 Tev)> ¢p,) 5

1 2
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Electroweak Precision as a Flavor Probe

New thSiCS ©Ben Stefanek

Flavor
violating

Flavor
conserving

EW Precision Direct searches Flavor Bounds

3rd family NP is “protected” against direct searches at the LHC & flavor bounds,
but not against EW precision tests.

. (HOH)E ) .
At a Z factory, we can use the flavor blindness of the ot AR
SM gauge interactions to indirectly probe NP coupled \
to any generation. NP
2 ]
e ¥su

= EWPT are powerful probes of flavor non-universality
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Perspectives at Tera Z: EW precision tests

= LEP bounds have a strength comparable to current direct searches for operators
involving mostly the 3rd generation!

10 __H D Yuk. Hvy Dip. lq qq 124 ledq
. M Flavor m EW B Collider
8__ Y
8loop'— 16W2
6 - EQ — 0.16
i Er, — 0.40
E EH — 0.31
4 - erp = 0.15
9
o I( )
= 8% 23 . g
. SEROMIOME OIS O
)

(3)[iig7
qu [ii74]
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Perspectives at Tera Z: EW precision tests

= LEP bounds have a strength comparable to current direct searches for operators
involving mostly the 3rd generation!

HD Yuk. Hvy Dip. lq qq 124 ledq
. B Flavor B EW B Collider
QL
6L
Z
- i
4
9
Tl I( )
SEREL 5§ 8 ¢ 5
o L D égégD§DQDUQ§3
YN

June 2024 || LHCp Boston 23 Claudia Cornella || JGU Mainz



Perspectives at Tera Z: EW precision tests

= LEP bounds have a strength comparable to current direct searches for operators
involving mostly the 3rd generation!

With = 10° more Z bosons than LEP, a tera-Z machine could probe 3rd-family NP

up to~ 10 TeV!
10 -
HD Yuk. Hvy \ Dip. ffq N ) qq 124 ledq
\ \
i \ N \ . . . .
\ , N 3rd family 4-fermion semileptonic ops.
| M Flavor Y MW m Collider | Y Y [ N
g \ \ \ \ (yt enhanced running into Z-pole obs.)
— \ \ N
i NI R \
N N \
NN NN \
i N R \
= \ \
N N NN \
\ \ . . ope N\
6 |- \ s & E \ leptonic Higgs bilinears \
> I S \ S \ S (O(100) improvement in A ) S
ﬁ I N\ NI R NI \ \ \
. NN NN N \ \
\ 3 ENENE R N R \ N N
SN N R R \ N
B\ \ \ N\ \ \ N\ \ \
Y v YY) Y[ R \ \ \
- \ \ \ \ \ \
\ N\ N\ \ N\
N\ \ \ N\ \ N\
\ N\ \ \ N\
B \ \ \ \ \ \
\ N\ N\ \ N\
\ \ \ \ N\ \
\ N\ \ \
2FY N Y[ Y YN N N \ \
RENERNENE NN B RN NN L - N ~_ N __.
NEINEER N TY N N N N
N\ N\ N\ N\ \ N\ N N\ N\ \ N\
R i N : \ I\ II
' N ! g
ol |
SBIBZE E 7 OE _m3FREBEERE % ¥ Y R B 8 3 % B B ¥ T % EBe
S U U sptissesF T Ul 2 B &2 8 5 B 2 2 B,53E383 5383
IS RSES P e BT RTRIaeaz Rz S VO VO L L Qg
O U U U U U0
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Perspectives at Tera Z: heavy flavors

A tera-Z machine is a powerful heavy-flavor factory. For FCC-ee:

Particle production (10°) B°/B° B¥/B— B°/B. B¥/B. MAy/A, c& 7+1-
Belle 11 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]

Clean environment and boosted topologies are advantages with respect to Belle Il & LHCb

Will allow for major advancement in B & tau physics. Among others:

e precise measurements of b — st & b — svv, incl. b — d counterpart

e.g. B — Ktt : if SM-like, few - 1000 reconstructed decays — O(5%) precision on BR!
o access to heavier b-hadrons: B, , B, , A\,

e LFU testsin 7 decays at the 104 level

June 2024 || LHCp Boston 25 Claudia Cornella || JGU Mainz



Conclusions

LHC NP at TeV scale requires flavor protection. Models with NP coupled mostly to the
3rd family are the closest target, and have a strong theoretical motivation.
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Conclusions

LHC NP at TeV scale requires flavor protection. Models with NP coupled mostly to the
3rd family are the closest target, and have a strong theoretical motivation.

Many signatures to look for at existing experiments:

- direct 3rd family searches
- precision measurements in B, K and tau decays

These are the best path to discovery until the next collider.
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Conclusions

LHC NP at TeV scale requires flavor protection. Models with NP coupled mostly to the
3rd family are the closest target, and have a strong theoretical motivation.

Many signatures to look for at existing experiments:

- direct 3rd family searches
- precision measurements in B, K and tau decays

These are the best path to discovery until the next collider.

Looking forward, a tera-Z machine like FCC-ee is ideal in testing these scenarios

- unprecedentedly precise EWPT that cannot be bypassed by flavor symmetries
- major advancements in tau and B physics, with access to new channels

If we firmly establish any anomaly, it will help design a future hadron collider, potentially
creating a no-lose situation for FCChh.

June 2024 || LHCp Boston 26 Claudia Cornella || JGU Mainz



