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The scale of New Physics

energy

We have many reasons to think that the SM must
be extended at higher energies. But how high?
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The scale of New Physics

energy

We have many reasons to think that the SM must
be extended at higher energies. But how high?

In absence of direct evidence, we rely on the SMEFT: ?

With data we place constraints on the coefficients
of SMEFT operators, and interpret them as
constraints on an (effective) NP scale.
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The scale of New Physics

With O(1) NP couplings, bounds on flavor-violating operators point to huge scales:
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Making educated assumptions about the NP structure and translating them into
selection rules in the SMEFT can provide a more informative interpretation of bounds!
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Here: focus on models where NP predominantly couples to the third generation.

1. How low can the energy scale of new physics be for these class of models,
and which conditions make this possible?

2. How will the bounds on these models change in the future?
(considering up-coming flavor and collider data, and, more long term, a future
e+e- collider like the FCC-ee)
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The SM flavor puzzle and the U(2) symmetry

Models where NP couples mostly to the 3rd family are well-motivated: the 3rd
generation plays a special role in the hierarchy problem and the flavor puzzle.
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The SM flavor puzzle and the U(2) symmetry

Models where NP couples mostly to the 3rd family are well-motivated: the 3rd
generation plays a special role in the hierarchy problem and the flavor puzzle.

The gauge sector of the SM is flavor blind, @

and has a large accidental symmetry: @8@@@@ @ E)

Cr=UBY =UQB),xUQB),xUB);x UQB),x U®),
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The SM flavor puzzle and the U(2) symmetry

Models where NP couples mostly to the 3rd family are well-motivated: the 3rd
generation plays a special role in the hierarchy problem and the flavor puzzle.

The gauge sector of the SM is flavor blind, frey look all the same
and has a large accidental symmetry: @@@ @PE

Cr=UBY =UQB),xUQB),xUB);x UQB),x U®),

| don't think ol
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Yukawa interactions break this symmetry in a specific way: @
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U3(3) — U2)°> = U(2), x U(2), x UQ2),x UQ2), x U(2), o= ((F1 ) ¥s)

[Barbieri et al. 2022, Isidori,Straub 2012]
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The New Physics flavor puzzle

The NP flavor puzzle:

Flavor is just an accidental symmetry: nothing forbids it to be badly violated in the UV.
Then why don’t we observe sizeable non-standard flavor-violating effects?

Either because the scale of these interaction
is astronomically high, or because the

1 6
couplings of these operators are small. = 105
> 104

- . S 103

In either case, the only unambiguous % o
message of these bounds is that there is no e
large breaking of U(2)5 at nearby scales. 100

U(2)5 is a good symmetry also of the SMEFT!

January 2024 | | ZPW 6

(-
e
3

[Physics Briefing Book 2020, 1910.11775]

3 0

E A RN%

NS %%§ .~§
‘cgm SRR
AT T HL

- 5 1
~ ) §
] O }lf
N =
3 <
N NN NN
~ N N NN
N SN NN
N NN NN
Observable

Claudia Cornella | | JGU Mainz


https://arxiv.org/abs/1910.11775

U(2)5 vs MFV

Previously, the way to allow for TeV NP while protecting it from flavor bounds was to
assume Minimal Flavor Violation.

e Yukawas are the only sources of G=U(3)> breaking also beyond the SM.

e by construction, MFV gives little to no effect in flavor-changing processes.
e MFV describes (perturbations around) flavor-universal NP @= @=@

In particular, it does not suppress NP couplings to valence quarks....
And now LHC data push the scale of MFV NP to scales > 10 TeV!
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U(2)5 vs MFV

Previously, the way to allow for TeV NP while protecting it from flavor bounds was to

assume Minimal Flavor Violation.

e Yukawas are the only sources of G=U(3)> breaking also beyond the SM.

e by construction, MFV gives little to no effect in flavor-changing processes.
e MFV describes (perturbations around) flavor-universal NP @= @=@

In particular, it does not suppress NP couplings to valence quarks....

And now LHC data push the scale of MFV NP to scales > 10 TeV!

By contrast, U(2)> describes flavor non-universal NP, placing a @_ @ @
clear distinction between light and heavy generations. g

Different NP couplings for light families make it possible to suppress couplings to
valence quarks and relax direct search bounds!
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Status of high-energy searches

@ICHEP2022

39 family

Universal

Overview
CMs preliminary NP NP 16-140 fb~! (13 TeV)
String resonance ” 137 fb?
2y resonance N 035=4" 17 36 fb~!
Wy resonance N 137 fb']
Higgs v resonance M 072325 180801257 (1 +1y) 36 fb~!
£ Color Octect Scalar, k7 =112 " 05=377 191103947 (2j) 137 b~}
Scalar Diquark N 05=75" 1911.03947 {2j} 137 fb-!
th+ ¢, pseudoscalar | scalar), g2, xBRi$~21) > =0.03{0.004} N 0015-0.075 191104968 (3¢, =41) 137 fb~!
tH+ ¢, pseudoscalar (scalar], g2_ x BR{§~21) > =0.03(0.04) ] 0.108-0.34 191104968 (34, =41) 137 !
quark compositeness (1), Nuss =1 Kim I I =240 2103.02708 (21) 140 fb-!
quark compositeness (1), Ruma = -1 Kim =360 210302708 (21) 140 b1
g Excited Lepton Contact Interaction M D=5160 2001 04521 (2e +2j) 77 fb~!
Excited Lepton Contact Interaction M 02250 200104521 (2p 4 2j) 77 fb!
vector mediator (qq). g =025, gow =1.m, =1 GeV M 035207 191103 761I311 I 18 fb~!
vector mediator ()9, = 01, gne=1,5,=0.0L,m,>1TeV N 02-192 210302708 (2e, 2 140 fb-!
(axial-}vector mediator (qq), §o=025,Gon =1.m, =1 GeV ~ 05-28 1911.03947(2j) 137 !
{axial-} vector mediator {xx). Ga = 025, gow = N <1085 210713021(=z1j+ py™} 101 fb~!
{axial-vector mediator (7). g, = 0.1.gw= 1.9 N 02=4/64" 2103.02708 (2e, 2 140 fb?!
- scalar mediator (+tff), g, = 1.gce= 1.m, =1 GeV N <029 190101553 (0, 1 + =2j+p7™) 36 fb~!
g scalar mediator {fermion portal), A, =1,m, =1 GeV " S50 2107.13021( 21j+ pP™) 101 fb-!
= pseudoscalar mediator {+jV), g, =1.goe =1,m, =1 GeV o 210713021 ( 21j+ py™=) 101 b1
8 pseudoscalar mediator {+18), g, [ <03 1901 Iu +22j4+p7™) 36 fb~!
complex sc. med. {dark QCD), ma, =5 GeV, ¢ty - <154 " 181010069 (4j) 16 fb~1
2 mediator {dark QCD), m,,, =20 GeV. 1,,, =03, a,,, =a/me M I 155510 211211125 (2j+ py'™) I 138 fbo~!
Baryonic Z', g, =025, gew =1.m, =1 GeV ' =16 190801713 (h +p7F™) 36 fb‘l
Z —2HDM, gz =0.8,gowe = 1, tanB =1, m, = 100 GeV " 05-31 190801713(h +p7 36 fb~!
Leptoquark mediator, 8= 1,8=0.1, Av.aw =0.1, 800 < M5 < 1500 GeV N 03-06 181110151 {(1p+ 1j +p7™) 77 b1
RPV stop to 4 quarks N 008-0.52 1808 03124 (2j; &j) 36 fb~!
RPV squark to 4 quarks M OHZ0EEN 1806 01050j) 38 fb~!
g RPV gluino to 4 quarks N lo.l-ln 180601058 (2j) I 38 fb-1
RPV gluinos to 3 quarks ] <150 181010092 (6j) 36 fb~!
ADD (jj} HLZ, nep =3 N %120 1203 08030 (2j) 36 fb~1
ADD {yy. L) HLZ, neo =3 '] I <91 li 104432y, 20 36 fb~!
ADD Gyx emission, fiep = 2 N <1 210713021 =1j+ p7'™) 101 fb-!
M =820 1803 98030 (2j) 36 fb~!
M Z5I6]) 220506709 (ep) 137 ib!
I M <52 06709 (ev) 137 fo~?
ADD QBH {pT), meo =4 N =50 2205.06 709 {pu) 137 fb 1
- RS Guocltl), kiMa=01 N l S&TEN 210302708 (21) I 140 -1
g RS Godyy), kiMa=01 N 2410 1809.00327 (2y) 36 fb~!
RS Guxlqd. gg), kil =0.1 N 05260 1911.03947 (2j) 137 fb !
RS QBH (j). nen =1 N E510 1803 08030 (2j) 36 fb!
non-rotating BH, Mo = 4 TeV, ne M B9 60506013 27jit, v)) 36 fb~!
3-brane WED geud$ + g ggg). g; 6. gy =3.£=0.5. mgNmigex) =01 mlgo) 24130 220102140(2j) 137 !
spit-UED, p =2 TeV IR OA=280 220206075 (£ +p7™) 137 b1
excited light quark (qg), A=m] M DS=EE) 191103947 (2j) 137 fb-!
i : M 025319 1811.03052 (y + 2e) 36 fb~?
M l D538 181103052 {y + 23) I 36 fb~!
WMSM, [V =1.0, Viu[*=1.0 N 001-1.43 180202965; 1806.10905 (3 (p,e)i =1j+ 2 &)} 36 fb~!
“ WMSM, [V Voo AV + Vi) = 1.0 N 002-16 180610905(=1j+u+el 36 fb~1
i‘i Tpe-ll seesaw heavy fermions, Flavor-democratic " SlelRB 220208676 (3L, 284,17 +34 274+ 2, 3v+ I, I + 24,27 + 1) .
‘E Vector like taus, Doublet 01-104 220208676 (34, =4, 1T+ 34274+ 2,37+ L, 1T+ 20,27+
Vector like taus, Singlet 125-0.15 22020867631, 241,17 +3L, 274+ 20, 3v+ 1, Iv 421,27+ 1
scalar LQ {pair prod ), coupling to 1* gen. fermions, B= 1 M <144 181101197 (2e+2j)
scalar LQ (pair prod ), coupling to 1* gen. fermions, =05 N <127 181101197 {2e +2j; @ +2j+p7™}
scalar LQ (pair prod ), coupling to 2" gen. fermions, 1 'l <153 180805082 (2 + 2j)
'; scalar LQ (pair prod .}, coupling to 2" gen. fermions, 1 ] 08-15 1811 51{1p+ 1j +p7™™)
scalar LQ (pair prod ), coupling to 2" gen. fermions, §=05 s 180805082 (2p+ 2j; p +2j +p7™) ° ° °
i scalar LQ (pair prod ), coupling to 37 gen. fermions, =1 l ¥ OMS-PAS-EXO-19-016 (27 4 2j) I h
scalar LQ {single prod ), coupling to 1* gen. fermions, 8=0,A=1 b4 1-16 210713021{z1j+ p7™) e 1 S IS 1 e
scalar LQ (single prod.), coupling to 3™ gen. fermions, =1,A=1 [ <0.75 ] OMS-PAS-EXO-19-016 (2x +b)
Zs. narrow rescnance N 00115-0.075 191204776 (2p) 0
Z,, narrow rescnance N 011-02 191204776 (2) 1 O le el
SSM Z'1) M 02-5.1 0 V
SSM Z'(qq) N 05-29 191103947 (2j)
Z'qq) N 001-0.125 190510331 (1, 1y} \
Superstring Z|, ] 025060 21¢
; LFV Z, BRiey) = 10% " I 02=50 22050670 (ap) I 13701
a LFV Z, BRleT) = M 02-43 2 137 o~!
) LFV Z, BRuT) = M 02541 220506709 {pv) 137 -1
3 Leptophobic Z N 005-0.45 1909.04114(2j) 78 fl;c‘1
E SSM W) n A5 2202 06075 (£ + g 137 o}
= SSMW{r) M I 06-48 PAS-EX0-21-009 :nl‘: 137 o~}
SSM Wigqq) M 05-36 1911.03947(2j) 137 !
LRSM Walue), M, M <502 36 fb~!
LRSM WaleNa), My, M =470 2 36 fb~!
LRSM Wa(tNg), Mry, = 0.5Mw, N <3577 1811.00806 { 36 fb~!
Axighion, Coloron, coté=1 ” 137 fb~?
L
1 TeV 10 TeV
J Selection of observed exclusion limits at 95% C.L. {theory uncertainties are not included) ICHEP 2022




Flavor non-universal interactions

These considerations translate into model-building ideas!

For a while, attempts to extend the SM implicitly assumed:
e TeV-scale flavor-universal NP stabilising the Higgs
e flavor dynamics originates at some A>> TeV
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Flavor non-universal interactions

These considerations translate into model-building ideas!

For a while, attempts to extend the SM implicitly assumed:
e TeV-scale flavor-universal NP stabilising the Higgs
e flavor dynamics originates at some A>> TeV

Now flavor non-universal interactions are gaining momentum.

[Dvali, Shiftman, '00, Panico, Pomarol 1603.06609;...Bordone, CC, Fuentes, Isidori 1712.01368;

Barbieri, 2103.15635; Davighi, Isidori, 2303.01520; Davighi, Stefanek, 2305.16280]
 The 3 families are not identical up to very high energies.

Multiscale picture: non-universal interactions acting on the i-th
family switchon at A; > A, > Ay > my,

e interactions distinguishing light vs 3rd family emerge first @ Az
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Flavor non-universal interactions

These considerations translate into model-building ideas!

For a while, attempts to extend the SM implicitly assumed:
e TeV-scale flavor-universal NP stabilising the Higgs
e flavor dynamics originates at some A>> TeV

Now flavor non-universal interactions are gaining momentum.

[Dvali, Shiftman, '00, Panico, Pomarol 1603.06609;...Bordone, CC, Fuentes, Isidori 1712.01368;

Barbieri, 2103.15635; Davighi, Isidori, 2303.01520; Davighi, Stefanek, 2305.16280]
 The 3 families are not identical up to very high energies.

Multiscale picture: non-universal interactions acting on the i-th
family switchon at A; > A, > Ay > my,

e interactions distinguishing light vs 3rd family emerge first @ Az
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The U(2) symmetric SMEFT

U(2)5 is an efficient organising principle:

e SMEFT with 3 generations has 1350 + 1149 = 2499 independent WCs at dim-6.
e In the exact U(2)5 limit, this is reduced to 124 + 23 = 147 independent WCs.

Here we focus on the CP-conserving case.

U(2)° [terms summed up to different orders]
Operators Exact owvl) | oW? | oWl Al | o3 AL | OWE AlVY | O3, AV
Class 14 9 6 |9 6 |9 6 |9 6 9 6 9 6 9 6
V2H3 3 3 |6 6 |6 6 |9 9 9 9 12 12 12 12
Vv2XH 8 8 |16 16 |16 16 |24 24 24 24 32 32 32 32
Vv2H?D 15 1 |19 5 |23 o5 |19 5 23 5 28 10 28 10
(LL)ZL) |23 - [40 17|67 2440 17 |67 24 |67 24 74 31
(RR(RR) |29 - |29 - |29 - |29 - 29 - 53 24 53 24
(LL)Y(RR) ||32 - |48 16|64 16|53 21 |69 21 |90 42 90 42
LRYRL) |1 1|3 3|4 4|5 5 |6 6 |10 10 10 10
(LR)LR) |4 4 |12 12|16 16|24 24 |28 28 |48 48 48 48
total: 124 23 | 182 81 | 234 93 | 212 111 | 264 123 | 349 208 306 215

Table 6: Number of independent operators in the SMEFT assuming a minimally broken U(2)° sym-
metry, including breaking terms up to O(V3, A'V1). Notations as in Table 1.

[D. A. Faroughy, G. Isidori, F. Wilsch, K. Yamamoto, arXiv:2005.05366]
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The U(2) symmetric SMEFT

U(2)5 is an efficient organising principle:

e SMEFT with 3 generations has 1350 + 1149 = 2499 independent WCs at dim-6.
e In the exact U(2)5 limit, this is reduced to 124 + 23 = 147 independent WCs.
Here we focus on the CP-conserving case.

An example: Q%ﬂ — (HTiDMH)(éw“ej)
SMEFT U(2)5 - symmetric SMEFT
6 independent structures only 2 independent structures

Qi = (HiD, H)(e37"es),

QY = D, H) Y (e'e;)
i=1,2
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The flavor rotation

What is the third generation in the SMEFT?

Non-trivial to define for the LH quark doublet because of the CKM misalignment!
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The flavor rotation

What is the third generation in the SMEFT?

Non-trivial to define for the LH quark doublet because of the CKM misalignment!

In the interaction basis where the dim-6 SMEFT operators are U(2)> symmetric,
the 3rd generation quark doublet is somewhere in-between the down-aligned and
the up-aligned case.

tr, _ q‘:
Viadr, + Vissr, + Vipbr, |

V5urn + Vier + Vity
Q= ( b '

up-alignment

We can describe this misalighnment in terms of a single angle in the 2-3 sector, 8 ~ V_, €.
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Observables

EWPO
° W—pole observables [V. Breso-Pla, A. Falkowski, M. Gonzalez-Alonso, 2103.12074]
e Z7-pole observables [L. Allwicher, G. Isidori, J. M. Lizana, N. Selimovic, B.Stefanek, 2302.11584]

e Higgs signal strengths + LFU tests in z-decays
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Observables

EWPO
° W—pole observables [V. Breso-Pla, A. Falkowski, M. Gonzalez-Alonso, 2103.12074]
e Z7-pole observables [L. Allwicher, G. Isidori, J. M. Lizana, N. Selimovic, B.Stefanek, 2302.11584]

e Higgs signal strengths + LFU tests in z-decays

Flavor
« AF=1(B—-X,y,B— Kvi,K - nvo, B > K(*)ﬂ+//t_,BS,d — utu")
« AF =2(B ;- mixing, K- mixing, D - mixing )

« Charged-current b — ¢, u transitions ( Rp, Rp+«, B, . — V)
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Observables

EWPO
° W—pole observables [V. Breso-Pla, A. Falkowski, M. Gonzalez-Alonso, 2103.12074]
e Z7-pole observables [L. Allwicher, G. Isidori, J. M. Lizana, N. Selimovic, B.Stefanek, 2302.11584]

e Higgs signal strengths + LFU tests in z-decays

Flavor
« AF=1(B—-X,y,B— Kvi,K - nvo, B > K(*)ﬂ+//t_,BS,d — utu")
« AF =2(B ;- mixing, K- mixing, D - mixing )

« Charged-current b — ¢, u transitions ( Rp, Rp+«, B, . — V)

Collider

e |LHC Drell-Yan pp — ¢ and mono_leptOn pp — fy [L. Allwicher, D. A. Faroughy, F. Jaffredo, O.
Sumensari, F. Wilsch, 2207.10756]

e LHC 4-quark observables

e LEP 4-|epton ee — ff [Ethier, Magni, Maltoni, Mantani, Nocera, Rojo,
Slade, Vryonidou, Zhang, 2105.00006]

January 2024 | | ZPW 13 Claudia Cornella | | JGU Mainz


https://arxiv.org/abs/2302.11584
https://arxiv.org/abs/2103.12074
https://arxiv.org/abs/2207.10756
https://arxiv.org/abs/2105.00006

Analysis strategy

e Run all WCs to a reference scale A = 3 TeV.

e For LEFT running, LEFT-SMEFT matching and SMEFT running we use DSixTools, which
allows us to work analytically in the WCs also beyond leading log.

e Once all observables have been expressed in terms of SMEFT WCs at the hight scale,
we impose the U(2)5 symmetry.

e We construct the combined likelihood from collider, EW, and flavour observables as
a function of the 124 WCs of the U(2)5-symmetric (and CP conserving) SMEFT, and
switch them on one at a time to get lower bound on the NP scale.
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Results

Strong complementarity between 3 sectors.
Out of 124 bounds, 46 are dominated by EWPO, 42 by collider, 36 by flavor
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Results

Strong complementarity between 3 sectors.
Out of 124 bounds, 46 are dominated by EWPO, 42 by collider, 36 by flavor

coeff. Adown Aggv. ‘ AEW | Acoll.
| |

flav.
he stron nds in the EW r 1)[33
e the strongest bounds in the . secto ¢ |01 0.1 A4 | 1.6
are 5 - 10 TeV for operators with one or el | g7 07 | 76 3.

more Higgs fields. ng[?»?»] 0.7 0.7 45 1.7

¢ o7 | o7 | 77 | 38
cl3s) i - | 38 | 15
clill 1 09 | 09 | 66 | 27

cPB o7 | 15 | 14 | L

cUE 07 | 51 | 24 | 15
cPB¥ 01 | 14 | 2. | 86
et 105 | 51 | 21 | 225
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Results

Strong complementarity between 3 sectors.

Out of 124 bounds, 46 are dominated by EWPO, 42 by collider, 36 by flavor

e the strongest bounds in the EW sector
are 5 - 10 TeV for operators with one or
more Higgs fields.

e the strongest bounds from collider data are
5-20 TeV for 4-fermion operators with 1st-
family quarks and leptons.

Operators with 3rd-family fermions get
milder bounds, ~ 1 TeV.
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Results

Strong complementarity between 3 sectors.
Out of 124 bounds, 46 are dominated by EWPO, 42 by collider, 36 by flavor

For operators contributing to flavor-violating
observables, U(2) is quite effective in reducing

. coeff. | Adown | AZP | A Acon.
the associated scales. flav. flav. | 7EW ‘ 1 ‘
el 1, 78 | 16 | 1.1

cDEssl 113 | 112 | 09 | 1.5
3 1 95 | 113 | 0.7 | 1.6
ciP@ial |09 | 81 | 04 | -
et |11 | 81 | 05 | -
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Results

Strong complementarity between 3 sectors.
Out of 124 bounds, 46 are dominated by EWPO, 42 by collider, 36 by flavor

For operators contributing to flavor-violating
observables, U(2) is quite effective in reducing

. coeff. | Agown A Acon.
the associated scales. flav. EW ‘ I ‘
el 1, 1.6 | 1.1
e Still, certain operators get bounds of 5 - 10 cWs3 | 00 | 15
. . . . qq . . .
TeV, especially in the up-aligned scenario, (1)[i334]
. . Coq 2.5 0.7 1.6
similarly to MFV. (1)fiigi]
Caq 0.9 0.4 -
cibat |y 05 | -
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Results

Strong complementarity between 3 sectors.
Out of 124 bounds, 46 are dominated by EWPO, 42 by collider, 36 by flavor

For operators contributing to flavor-violating
observables, U(2) is quite effective in reducing

. coeff. | Agown A Acon.
the associated scales. flav. oW ‘ a ‘
el 1, 1.6 | 1.1
e Still, certain operators get bounds of 5 - 10 (D3] 13 0.9 15
. . . . 9 : : :
TeV, especially in the up-aligned scenario, (1)[i33i]
o Coq 2.5 0.7 | 1.6
Caq 0.9 0.4 -
e Down alignment can relax these bounds c{Dbr g g 0.5 -

down to ~ few TeV.
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Results

e Importance of RG effects in the EW sector

Without running, only 16 operators enter the EW fit.
With running, 123 out of 124 operators enter the EW fit.
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e Importance of RG effects in the EW sector

Without running, only 16 operators enter the EW fit.
With running, 123 out of 124 operators enter the EW fit.

44 get bounds stronger than 1 TeV'
these are operators w/ 3rd-family
quarks running with y, into operators

directly constrained by Z-pole obs.
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Results

e Importance of RG effects in the EW sector

Without running, only 16 operators enter the EW fit.
With running, 123 out of 124 operators enter the EW fit.

44 get bounds stronger than 1 TeV! H===
these are operators w/ 3rd-family s . > [Cg,’3)]aa
quarks running with y, into operators e
directly constrained by Z-pole obs.
¢ Importance of going beyond LL when solving RGEs
NLL effects can change bounds by 30%
Example: [O,,]3335 enters the EW fit only at NLL by mixing with O,
uh N - H H.  ---- H
AN2 o 12
Y — CHu N Y — |C NLL c ot Cuu 10g2 (—)
A " o Crp] (1672)2 A2
uh 7 Ne--- H ) H
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The hypothesis of NP in the 3rd generation

Until now, we have used U(2)5 without other assumptions.

U(2)> does not specify whether NP interacts more with light or 3rd-family fermions: it
just distinguishes among them and protects against flavor violation in the light families.
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The hypothesis of NP in the 3rd generation

Until now, we have used U(2)5 without other assumptions.

U(2)> does not specify whether NP interacts more with light or 3rd-family fermions: it
just distinguishes among them and protects against flavor violation in the light families.

Now focus on the well-motivated case where NP couples mostly to the 3rd family:
» WCs of operators w/light fields get a suppression gq, € for each light quark & lepton:

2,2

EE
Clif) — 2472
ge

A?
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The hypothesis of NP in the 3rd generation

Until now, we have used U(2)5 without other assumptions.

U(2)> does not specify whether NP interacts more with light or 3rd-family fermions: it
just distinguishes among them and protects against flavor violation in the light families.

Now focus on the well-motivated case where NP couples mostly to the 3rd family:
» WCs of operators w/light fields get a suppression gq, € for each light quark & lepton:

2,2

EE
Clif) — 2472
ge

A?

Additional assumptions:

e WoCs of operators with Higgs fields gets a suppression €4 for each Higgs
8i
" 1612

o operators w/field strengths are loop generated = suppressed by ¢, =I1
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The hypothesis of NP in the 3rd generation

Until now, we have used U(2)5 without other assumptions.

U(2)> does not specify whether NP interacts more with light or 3rd-family fermions: it
just distinguishes among them and protects against flavor violation in the light families.

Now focus on the well-motivated case where NP couples mostly to the 3rd family:
» WCs of operators w/light fields get a suppression gq, € for each light quark & lepton:

2,2

EE
Clif) — 2472
ge

A?

Additional assumptions:

e WoCs of operators with Higgs fields gets a suppression €4 for each Higgs
8i
" 1612

o operators w/field strengths are loop generated = suppressed by ¢, =I1

Only 4-fermion operators with 3rd family fields only are unsuppressed.
For them, A ~ 1.5 TeV.
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The hypothesis of NP in the 3rd generation

Until now, we have used U(2)5 without other assumptions.

U(2)> does not specify whether NP interacts more with light or 3rd-family fermions: it
just distinguishes among them and protects against flavor violation in the light families.

Now focus on the well-motivated case where NP couples mostly to the 3rd family:
» WCs of operators w/light fields get a suppression gq, € for each light quark & lepton:

2,2

EE
Clif) — 2472
ge

A?

Additional assumptions:

e WoCs of operators with Higgs fields gets a suppression €4 for each Higgs
8i
" 1612

o operators w/field strengths are loop generated = suppressed by ¢, =I1

Only 4-fermion operators with 3rd family fields only are unsuppressed.
For them, A ~ 1.5 TeV.

Can we make the bounds on ALL other operators compatible with 1.5 TeV
for reasonable values for the suppression factors €q, €1, and €4?
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The hypothesis of NP in the 3rd generation

New Physics mainly coupled to the 3rd generation compatible with all current data
can exist at scales as low as 1.5 TeV under these conditions:

8q§0.16, g <040, ey < 0.31, er £ 0.15

The precise numbers are not “special”, but give a semi-quantitative indication of the
general UV conditions NP models must meet to exist at nearby scales.
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The hypothesis of NP in the 3rd generation

New Physics mainly coupled to the 3rd generation compatible with all current data
can exist at scales as low as 1.5 TeV under these conditions:

8q§0.16, g <040, ey < 0.31, er £ 0.15

The precise numbers are not “special”, but give a semi-quantitative indication of the
general UV conditions NP models must meet to exist at nearby scales.

Since these conditions are simple to realise & radiatively stable,
we can envision realistic SM extensions with NP predominantly coupled to
the 3rd generation right at the TeV scale!
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The hypothesis of NP in the 3rd generation

New Physics mainly coupled to the 3rd generation compatible with all current data
can exist at scales as low as 1.5 TeV under these conditions:

8q§0.16, g <040, ey < 0.31, er £ 0.15

The precise numbers are not “special”, but give a semi-quantitative indication of the
general UV conditions NP models must meet to exist at nearby scales.

Since these conditions are simple to realise & radiatively stable,
we can envision realistic SM extensions with NP predominantly coupled to
the 3rd generation right at the TeV scale!

...How would these bounds look like with a future tera Z machine, like FCC-ee?
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Projections for FCC-ee

The expected improvements for Z- and W-pole observables,
Higgs and tau decays are available from the literature.

[J. De Blas, G. Durieux, C.Grojean, J.Gu and A. Paul, 1907.04311,
A. Blondel and P. Janot, 2106.13885, Snowmass 2203.06520]

Tera Z- pole run: 105 more Z bosons than LEP, so
statistics can improve by up to a factor 300.

In practice, leptonic (hadronic) obs. improve by a factor
10-100 (10).

To build a projected EW likelihood for FCC-ee:
e Exp. values set to the SM
e error reduction as tabulated in the literature

January 2024 | | ZPW 25

Observable | Proj. Error Reduction
I' 23
0P 7.4
Ry, 10.2
R, 11.6
0,b
App 15.5
0,c
App 15.4
Ay 7.13
A 5.05
R, 8.03
R, 31.8
R 21.7
0,e
App 30.8
0,
AgE 26.7
0,7
App 21
Ar* 130
Al 680
Ar* 340
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https://arxiv.org/abs/1907.04311
https://arxiv.org/abs/2106.13885
https://arxiv.org/abs/2203.06520
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FCC-ee for “generic” U(2) NP (no suppression factors)

e Operators entering Z-pole observables at tree-level get bounds of 30-50 TeV
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FCC-ee for “generic” U(2) NP (no suppression factors)

e Operators entering Z-pole observables at tree-level get bounds of 30-50 TeV
e 4-fermion operators involving third-family quarks get bounds ~ 10 TeV,
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FCC-ee for “generic” U(2) NP (no suppression factors)

e Operators entering Z-pole observables at tree-level get bounds of 30-50 TeV
e 4-fermion operators involving third-family quarks get bounds ~ 10 TeV,

Two comments:

e A future EW precision machine such as FCC-ee is a great way to probe NP with
sizeable couplings to the Higgs

e NP that does not couple directly to the Higgs but does couple to the 3rd generation
can be probed up to effective scales of about 10 TeV
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FCC-ee for “generic” U(2) NP (no suppression factors)

e Operators entering Z-pole observables at tree-level get bounds of 30-50 TeV
e 4-fermion operators involving third-family quarks get bounds ~ 10 TeV,

Two comments:

e A future EW precision machine such as FCC-ee is a great way to probe NP with
sizeable couplings to the Higgs

e NP that does not couple directly to the Higgs but does couple to the 3rd generation
can be probed up to effective scales of about 10 TeV

FCC-ee can push most of the existing bounds on NP from the EW sector
by one order of magnitude!
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Conclusions

We investigated NP scenarios characterized by a U(2)5> symmetry acting on the light
families. We included EW, flavor, and collider data, and accounted for RG effects.

Our main focus was NP coupled mostly to the 3rd generation, because of its strong

theoretical motivation.

1. How low can the energy scale of new physics be for these class of models,
and which conditions make this possible?

2. How will the bounds on these models change in the future?
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We investigated NP scenarios characterized by a U(2)5> symmetry acting on the light
families. We included EW, flavor, and collider data, and accounted for RG effects.

Our main focus was NP coupled mostly to the 3rd generation, because of its strong

theoretical motivation.

1. How low can the energy scale of new physics be for these class of models,
and which conditions make this possible?

2. How will the bounds on these models change in the future?

1. NP in the 3rd family is compatible with a scale as low as 1.5 TeV under
simple, non-tuned assumptions. Well-motivated NP models can be nearby!
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Conclusions

We investigated NP scenarios characterized by a U(2)5> symmetry acting on the light
families. We included EW, flavor, and collider data, and accounted for RG effects.

Our main focus was NP coupled mostly to the 3rd generation, because of its strong
theoretical motivation.

1. How low can the energy scale of new physics be for these class of models,
and which conditions make this possible?

2. How will the bounds on these models change in the future?
1. NP in the 3rd family is compatible with a scale as low as 1.5 TeV under
simple, non-tuned assumptions. Well-motivated NP models can be nearby!

2. A future tera-Z machine like FCC-ee can probe these scenarios up to 10 TeV.
Precision flavor measurement can provide complementary information, e.g.
B — Kvv and K — zvw can help determine the flavor alighment.
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Back-up slides



Rare decays and 3rd generation NP

More short-term, improvements in flavor and collider observables can help us probe
this scenario. Consider the rare decays B — Kvv and K — #ub.

B(BY = K+ui)e, B(K+ — mtui)o.
(B = K'vl)ewp _ 5035, (BT = 7 v)ew _ 1 934 .39
B(BT — KTvi)sm B(KT — mtvv)sm

MEZ
&) [Exp: combination from Belle || @EPS 2023] [Exp: NA62 2021; SM: Buras et al. 2015] )
s d

~30 tension with the SM Compatible with the SM at 1o

Belle I

e theoretically clean

e significant improvements expected in the next years:
Belle Il will measure B - Kvv @ 10%, and NA62(HIKE) K — vy @ 15%(5%)

o sensitive to a limited number of EFT operators: C;2>[3333], C;1q>[3333]

e scale differently with the alignment parameter &¢
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Rare decays and 3rd generation NP: current data

4 B EW. m 2F Ktontyw m
Collider |
Kt oty I B> Kty
EW
B =Kty B
: | Collider
= 2k 5 Current 1 _ 1F  [JGlobal .
= U 1= :
k- Boooooane ; B
~ =
L0 I L0
Z 9l 1 = 4L i
e >
_4__ | —2r Current
0.0 0.2 04 06 0.8 1.0 ) 1 0 1 9
—
) E . 2 ~(1)[3333]
down alignment F up alignment (1.5 TeV) Ciq
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Rare decays and 3rd generation NP: projections

5 I I I I ! I ] I I
EW : 2 B |
i Collider |
4F Kr—ntw .
B> K*w
[ Global T i Koty .
) i ’ ~ 1F B -K*w i
2 3l Future ] - EW
% | % - : Collider
VQ)S <3 | [ Global
= = U '
21 ] I
LOO i o B
— i — i
~— 5 ~  _ 1 . -
1 B . -
K\
OF i —2[ Future |
0.0 0.2 0.4 0.6 0.8 1.0 —2 -1 0 1 2
—
k E ] 2 ~(1)[3333]
down alignment F up alignment (1.5 TeV)"Cy,
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Higgs bi-fermion operators

coeff. | Ado"™ | AP | Agw | Acon. | AL™ | Obs. | ALY Obs.

flav. flav.

¢ 01 | 01 | 44 | 1.6 | 43 | R, | 43 R,
¢l 1 o7 | 07 | 76 | 3. 78 | Ohad | 78 |  Ohad
B\ 07 | 07 | 45 | 1.7 | 44 | R, | 44 R,
¢l o7 | o7 | 77 | 38 | 77 | Ohaa | 77 | Ohad
el i - | 38 | 15 | 37 | R | 37 R,
clil | 09 | 09 | 66 | 27 | 67 | onaa | 6.7 | Onag
ci® |03 5. | 37 | 01 | 37 | Ty | 51 | By — uu
cyl | 05 | 52 | 19 | 05 2. R. | 54 | By — up
cil® | 13 | 56 | 35 | 04 | 34 | Ry, | 55 | By up
ci | 13 | 53 | 56 | 31 | 57 | R, | 77 Ty

Co - - | 13 ] 02 | 13 | R |13 R,
Chri - - |17 | 03| 17 | R |17| R
CE}Z] 0.6 0.6 3. 0.1 3.1 AFB | 3.1 AFB
Cit - - | 24 | 03 | 24 | R |24| R
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3H and dipole operators

coeff. | AZ%"™ | AgP | Agw | Acon. | ASS™™ Obs. AL Obs.
¢! i - | 51 | - 5.1 H 71 5.1 H— 711
CE’I?’I] - - 0.2 - 0.2 H— 71 0.2 H— 711
s - | 37| - 3.7 H — bb 3.7 H — bb
el 1 32 | 32 | 05 | - 3.2 Bo Xy | 32| B- Xy
CE};’] - - 0.2 1.2 1.2 pp — TT 1.2 pp — TT
el o7 | 08 | 24 | 19 | 27 AFB 2.7 AFB

el | 152 | 748 | 04 | 07 | 152 | B> X,y |T748| B— Xy
CE{,?,] - - 1. 1.9 1.8 pp — TV 1.8 pp — TV
¢l 05 | 09 | 23 | 36 | 3.7 | QuarkDipoles | 3.8 | QuarkDipoles
¢l | 157 | 53. | 14 | 06 | 157 | B—oX.y | 53. | B— Xy
CE’S] 0.1 0.3 0.5 2.7 2.7 QuarkDipoles | 2.7 | QuarkDipoles
el 4 | 255 | 03 | - 4. B— X,y |255| B-— Xy
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Scalar and tensor operators

coef. Agowm | AP | Agw | Acon. | AIGY™ Obs. AP Obs.

Crogy | 0.6 - 01 | 12 | 11 | ppoTr | 12 | ppo T
clIlssl | 18 | 55 | 1.7 | 04 | 22 | B—Xgy | 55 | B— Xy
Céiz[fz%?)] 1. 5.1 0.7 0.2 1. B— Xy | 51 | B— Xy
Croga | - ~ 21 | - 01 | Horr | 21 | H—7r
Cg()gf?)%] - - 0.8 - 0.8 H—7r | 08 | H—>71T
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LLLL vector operators

January 2024 | | ZPW

coeff. Afovm | AR | Agw | Acon. | AdgWm Obs. AR Obs.

CL3333] - - | 03] 02 | 03 Ohad 0.3 Thad

CZi33] - - 0.8 3.4 33 | (efe- = puTu ) | 33 | (eTe” = utu )rs

C&gsi] - - 3.3 3.3 42 | (efe” —wpuTu)re | 42 | (ete” = putu )rB

CZijj] - - 0.9 4.4 44 | (ete” - putu)r | 44 | (ete” = utu )rB

L7 - - | 45 | 44 | 49 AFB 4.9 AFB
el 78 | 16 | 11 | 17 Tz 7.6 ICs|
cVEssl 113 1112 | 09 | 15 | 1.7 FourQuarksTop | 11.3 ICgs|
ciPis¥ | 95 | 113 | 07 | 1.6 | 26 By — pp 11.3 ICx,|
el |09 | 81 | 04 | - 0.9 Im(Cp) 8.1 O]
il 111 | 81 | 05 | - 1. Im(Cp) 8.1 ICp,|
c{PBsssl g 82 | 12 | 1.1 | 15 mw 8.2 ICs|
el |98 | 115 | 23 | 21 3. R, 11.3 ICs|
P 1 96 | 112 | 09 | 24 | 3.1 By — pu 11.3 ICs|
c\@aal |, 79 | 15 | 02 | 15 R, 7.9 ICs|
c{@baad 111 8. | 09 | 01 | 1.2 K+ > ntup 8. ICs|
coP 01 | 17 | 14 | 1| 14 R, 1.6 K+ - rtup
cg 04 5. 25 | 15 | 25 Thad 5.1 Bs — pu
e 1.6 | 03 | 34 | 34 pp =TT 3.4 pp — 7T
st | 0.5 5. | 05 | 54 | 54 PP — up 5.6 PP — pp
cB 07 | 15 | 14 | L | 16 R, 1.6 K+ - rtup
cEBl 07 | 51 | 24 | 15 | 25 AFB 5. Bs — uu
cPBs 01 | 14 | 20 | 86 | 88 pp — TV 8.7 pp — TV
el o5 | 51 | 21 | 225 | 225 pp — v 23.7 PP — v
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RRRR vector operators

coeff. Adovn | AL | Apw | Acon. | Adg™™ Obs. AL Obs.
13333] - - 03 | 02 | 03 R, 0.3 R,
clissl - - 0.7 3.2 32 | (ete- > uTu)ps | 32 | (ete” = utu)rs
cliid) - -l 08 | 42 | 42 | (efe- = ptu)rs | 42 | (etem = ptu )
el | 04 | 04 | 1.2 | 08 | 1.3 AFB 1.3 AFB
CQ[Z%] 0.1 0.1 1.1 1.3 1.4 FourQuarksTop 1.4 FourQuarksTop
5331'] - - 0.5 1.3 1.4 FourQuarksTop 1.4 FourQuarksTop
cliisi) - - 0.3 - 0.3 R, 0.3 R,
cliss] - - 03 | - 0.3 R, 0.3 R,
C([i::,i333] B _ _ - - R, - Ry,
cliss] ; ; 0.1 : 0.1 R, 0.1 R,
cliasil - - - - : Ty - Ty
cliidil - - o2 | - 0.2 R, 0.2 R,
clissil - - o1 | - 0.1 R, 0.1 R,
L3333l ; - 12 | 04 | 12 R, 1.2 R,
cliiss] 09 | 09 | 21 | 07 | 22 Thad 2.2 Thad
L3l - - 03 | 28 | 28 pp— T 2.8 pp — TT
Cgﬁjj] - - 0.6 7.4 7.4 pp — ee 7.4 pp — ee
Cl3333] - . 0.2 | 1 1. pp — TT 1. pp =TT
ng%] - - 0.3 1.5 1.5 PP — i 1.5 PP — Ui
c33u] ; : 02 | 28 | 28 pp— TT 2.8 p — TT
Cﬁjj] - - 0.4 4.4 4.4 PP — B 44 PP — pp
cB33 |91 | 01 | 04 | 03 | 04 R, 0.4 R,
chtssl | - o1 | - 0.1 R, 0.1 R,
c 33wl ; - 05 | 1.2 | 1.2 FourQuarksTop | 1.2 | FourQuarksTop
cbwadl | - o2 | - 0.2 R, 0.2 R,
c®B33 | 91 | 01 | - | 02 | 02 | FourQuarksBottom | 0.2 | FourQuarksBottom
Cl(z)[u%] ) ) ) i i i i )
C 1(31) [3341] - - 0.1 0.7 0.7 FourQuarksTop 0.7 FourQuarksTop
c®lidi] ) ) _ _ ) _ _ _
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LLRR vector operators
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coeff. Agovm | ARP | Apw | Acon. | A Obs. AL Obs.

Cl3333] 02 | 01 | 02 A, 0.2 A,

C,[?"”B] 0.4 2. 1.9 | (ete” = ptu)rs | 1.9 | (ete” = utp )rs

C‘Ezsii] 0.3 1.9 2. (ete™ = putu)rB 2. (ete™ = utu)rB

ngjj] 0.5 3.8 3.8 (ete” = utu)re | 3.8 | (efe” = putu )rB

e 01 | 01 | 14 | 04 | 13 R, 1.3 R,

el 107 | o7 | 24 | 08 | 23 Ohad 2.3 Ohad

Cl[.;ifii] u

o coeff. | Adovn | AZP | Agw | Acon. | Adgwm Obs.
02333]

clii33]

£d

C[iijj]

. - Cyp | 02 | 02 | 06 | 0.1 | 06 AFB

cl3sil 06 | 6

s . Cuwp | 05 | 05 | 51 | - 5. AFB

Cg;jj]
cBsl g3 | CHG 0.8 0.8 0.4 - 0.9 B — XS’)’
e 03 |1

| o Cyp | 05 | 05 | 09 | - | 09 AFB
C il 0
C(i)[3333] 0.2 0 _ FB
cZi’[“”] s | o CHW 0.7 0.7 0.9 1. Ab
c®B3il 0 FB
CZi)[iijj] 0 CHWB ].. ].. 9. = 9. Ab
el 02 | 0

ctsd 0 CG 1.1 1.1 0.1 - 1.1 B — Xs’)’
Cé{li)[33ii] 0

ctisd 0 CW 0.3 0.3 0.9 - 0.9 AEB
cloE T

cHE 01 - - 0.1 B — X,y B — X,y

¢l 01 | 07 | o7 FourQuarksTop | 0.7 | FourQuarksTop

Cfi)[“”] R, |CBs|
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Bosonic operators

coeff Alcqi(;:;r’n Aggv. Agw | Acon. Agﬁwn Obs. A:ﬁ Obs.
Cu - - _ _ _ _ _ _
Chpo | 02 | 02 | 06 | 01 | 0.6 AL 0.6 ALB
Cup | 05 | 05 | 5.1 - 5. AEB 5. AFB
Chc | 08 | 08 | 04 - 09 | B> X,y | 09 | B— Xy
CHB 0.5 0.5 0.9 - 0.9 AEB 0.9 AE‘B
Cuw 0.7 0.7 0.9 - 1. AEB 1. AIF)‘B
CuwnB 1. 1. 9. - 9. AEB 9. AEB
Ca 1.1 1.1 | 0.1 - 11 | B> Xyy | 11 | B— Xy
Cw 0.3 0.3 0.9 - 0.9 A7B 0.9 AFB
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