IFIC

INSTITUT DE FISICA
CORPUSCULAR

Flavor in the SMEFT and EW precision observables

Ben A. Stefanek
GENT Fellow, IFIC Valencia

Flavor and Origin of Matter Group ' SR i
\ : : *%!5{0 ider

=W

Euture

LHCDb Implications 2024
October 25th, 2024

[Based on: BAS, 2407.09593,
Allwicher, Cornella, Isidori, BAS, 2311.00020
Allwicher, Isidori, Lizana, Selimovic, BAS, 2302.11584]

TN o{le

Conselleria de Educacion, Cultura, CONSEJO SUPERIOR DE INVESTIGACIONES CIENTIFICAS

Universidades y Empleo


https://arxiv.org/abs/2407.09593
https://arxiv.org/abs/2311.00020
https://arxiv.org/abs/2302.11584

What do we know about the structure of new physics?

[Physics Briefing Book 2020, 1910.11775]
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Observable

® No clear deviations in flavor data that test the accidental symmetries of the SM. What does
this tell us about the flavor structure of NP? There are two limiting cases:

1. NP is very heavy, well above 1000 TeV. Then it’s fine if the
accidental symmetries of the SM are badly broken by NP.

2. NP is close to the TeV scale. The accidental symmetries of the
SM must also be very good symmetries of the NP.
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What do we know about the structure of new physics?

[Physics Briefing Book 2020, 1910.11775] . V_/éM
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Observable

® No deviations in flavor data that test the accidental symmetries of the SM. Perhaps NP is
very heavy, but there cannot be any large breaking of U(2)" at nearby energy scales.

® Similarly, direct searches at the LHC tell us that NP does not couple strongly to valence
quarks at nearby energy scales.

® [nterestingly, these two hints point toward a coherent hypothesis for the structure of NP
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The hypothesis of (dominantly) third-family NP

® New physics is NOT flavor universal- there could be new flavor non-universal
Interactions as low as the TeV scale coupled dominantly to the third family. NP
coupled to Higgs & top is what we need to address the EVW hierarchy problem.

® These new interactions see flavor just like the SM Higgs. They could be connected
to a low scale solution to the SM flavor puzzle. (see e.g. Davighi and BAS, arXiv: 2305.16280)

® NP dominantly coupled to the third family is described by an approximate U(2)"
flavor symmetry, just like the SM Yukawa couplings.

[ \ ( L)
‘\.
> U(2)-breaking effects
: ~ =i @ Barbieri et al, 1105.2296
.................... e R S Isidori, Straub, 1202.0464
- . Fuentes-Martin et al, 1909.02519
\ | - \ AW

Exact U(2) limit Observed Yukawa
NP coupled only to 3rd family Also small couplings to light families
[R. Barbieri, G. Isidori, J. Jones-Perez, P. Lodone, D. Straub, 1105.2296] 4
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Hints of 3rd-family NP: Lessons from B-anomalies

High-p+ Flavor (B physics)
9; I; g q; A
U, bsil
bb — 17 _— bsvv
(PDF supp.) bety
3 13 2 l3
qr. L qr. L
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Hints of 3rd-family NP: Lessons from B-anomalies

High-p+ Flavor (B physics)
3 3 ~ V. 3 3
ar ly t ar ly
ud), bl
bb = 171 —_— bsvy
(PDF supp.)
; 3 ) 3 bcty
qr L qr L
V7
2
tor Electroweak precision data
Vi 3 I 73 173
H------ I (HTDMH)(ZLY'MT I7)
Modifies Ztt, Zvv, Wtv couplings!
H ...... ll?j “On the Importance of Electroweak Corrections for B Anomalies”

yr [Feruglio, Paradisi, Pattori, 1705.00929]
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Combining data: NP must confront a triad of bounds

@W physics

Flavor conserving Flavor violating

EW Precision Direct searches Flavor Bounds

U(2) can help

® U(2) helps pass flavor + collider bounds, but is less effective against EWPT.

0—1- A future EW precision machine is ideal to test the U(2) hypothesis!
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Tera-Z: Flavor-blind probes of flavor

® Searches at the LHC have the ‘ ‘/_/gM
benefit of potentially directly NP
producing NP states, but also
an inherent flavor asymmetry in ,
‘ 3

the production:

LHC: Strong bounds on flavor universal NP O(10 TeV), but NP coupled to the
third family is much less constrained O(1 TeV).

® \Vith a “tera-Z” program at FCC-ee,
we can exploit the flavor blindness of
the SM gauge interactions to indirectly
probe NP coupled to any generation!

l//éM

(H'D, H)(Wrspr"win)
lera-/: Alimost flavor democratic bounds. Non-universal NP scenarios such as
3rd family NP (U(2)") will be extremely well probed.
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Tera-Z @ leading order

[Allwicher, Cornella, Isidori, BAS, 2311.00020]

® Here are the Wilson coefficients entering the Z-pole at LO in the U(2)? limit.
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Tera-Z beyond leading order

[Allwicher, Cornella, Isidori, BAS, 2311.00020]

® At NLO, gain sensitivity to hundreds more operators, in some cases O(10 TeV):
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Tera-Z beyond leading order

[Allwicher, Cornella, Isidori, BAS, 2311.00020]

® At NLO, gain sensitivity to hundreds more operators, in some cases O(10 TeV):
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Tera-Z beyond leading order

[Allwicher, Cornella, Isidori, BAS, 2311.00020]

® “On the Importance of Electroweak Corrections for 3rd-generation New Physics”
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Example: Composite Higgs models

® Ok, so tera-Z is the ideal machine to indirectly search for NP at nearby energies
protected by the accidental symmetries of the SM. But why do | care”

® | et’s assume the EW hierarchy problem is solved because the Higgs arises as a
composite state of some new strong dynamics described by one mass scale m.

and one coupling g=.

® |t is frequently claimed that such theories are good examples of “universal” theories,
because the low-energy EFT simply features a strongly-interacting light Higgs
(SILH). In this case, there is nothing to say about flavor.

® But that’s not the full story, is it? We know the top Yukawa is O(1). This means that
the left- or right-handed top (or both) must have a sizable degree of compositeness.

The top Yukawa is
realized via partial
compositeness
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Non-universality of composite Higgs models

The top Yukawa is
realized via partial
compositeness

® \ia these mixing parameters, the composite sector will unavoidably generate other
large top+H operators, for example:

H.. 'R
H &L T q; Ig
@22] = (H TDﬂH )(5]2}’” qf) O, = (fRyﬂtR)(fR}/ﬂtR)
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Left-handed top operators

e Operators with qg typically have correlated signatures in EWPO and flavor.

H..
H €r, qg
(H'D,H)@;r"q})

e b
yA

NP
€ b

EWPQO: Zbb vertex corrections
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Left-handed top operators

e Operators with qg typically have correlated signatures in EWPO and flavor.

3 3
H T, L qL ~ Vts H QL
~~~~~ l%)q
. —>

2
H - &L g H qr
(H'D,H)(G;1"q;) (H'D,H)(Gzr"a;)

e b U b

/Z /Z
NP NP
e b M S
EWPO: Zbb vertex corrections Flavor: By — pu™u~, AMp
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Right-handed top operators

e Operators with 7p not obviously constrained by flavor or EW precision tests...

LHC: pp — tttt
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Right-handed top operators

e Operators with 7p not obviously constrained by flavor or EW precision tests...

H---- - H
NEY;
(1671'2)2 A Y
— C,
H----Y 7 N---- H
2
Opp = |H'D,H|
+
9 +
oMy, v2 Cyp
4 (1-7
d + My ( tw)
+
LHC: pp — titt EWPO + LHC: T parameter / my,
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Beyond leading-log running of 4-top operators

® [he dominant part of this 2-loop effect can be captured by integrating the full 1-loop
RG equations, which resums higher loop effects of the form (a log)".

<

Caq

<
!
A
a
S

® [he full 2-loop computation is now also available: [Haisch, Schnell, 2410.13304]

® This two-loop effect allows sensitivity to 4-top operators via measurements of my,.

An analytic formula for this ar? log? contribution can be found if we neglect the
running of the SM couplings:

IN, y

Crlin, = Gooar [(1+2NCL) + 305 +2(1 4+ No)Cu — 2N | og? (M_>

[BAS, 2407.09593]

[Allwicher, Isidori, Lizana, Selimovic, BAS, 2302.11584]

2

m3
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W boson mass

CMS Preliminary
! I ] I: - ] ]
my in MeV I
LEP combination | 80376 + 33 1 _
Phys. Rep. 532 (2013) 119 !
DO | . g_._¢ _
PRL 108 (2012) 151804 B0975 = 23 _
SC or 376 (2022) 6589 - o045 =04 ! = 7
clience 1
EHIQS(R (2022) 036 <@32 | > )
ATLAS — 80366.5 + 15.9 |-!—o—| —
arxiv:2403.15085, subm. to EPJC |
CMS n . o
LS 80360.2 + 9.9 |J|-o—< —— EW fit
| | | II | | | |
S 2 80300 80350 80400 80450
m 4 (1-1)
W 4 Best current bound on C,/

® [ HCb already provides LEP-level sensitivity! And LHCb Upgrade Il can reach a
statistical precision on my, of O(10 MeV). FCC-ee: precision of O(1 MeV).

[Physics case for an LHCb Upgrade Il, 1808.08865] 4
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Future summary plots

® Mixing-independent bound of m,. 2 18 TeV. Flavor and EW precision are

I

complementary! FCC adds the most new info in the mixed + right comp. cases.

—_— —_— Mm—
M HL-LHC | ' M HL-LHC | B HL-LHC |
10F Flavor - 10F Flavor - 10F Flavor
: FCC-ee FCC-ee FCC-ee
8k 8F 8F
& 6.- = 6- SN 6-'
Al e AF
) oL oL
() ................................. O- ................................. 0 ................................
10 20 30 40 50 60 70 10 20 30 40 50 60 70 40 50 60 70
my [TeV] my [TeV] m [TeV]
(a) Left compositeness (b) Mixed compositeness (c) Right compositeness

[BAS, 2407.09593]
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Conclusions

® \\Ve cannot have TeV-scale NP without some kind of flavor protection. Given the current
direct search bounds from the LHC, flavor universal NP no longer seems very natural with
bounds O(10) TeV.

® |nstead, U(2) flavor symmetries are very well-motivated since 1) NP can couple more to
the third and less to the light families and 2) we expect NP solving the hierarchy problem
(and/or flavor puzzle) to be mostly coupled to the Higgs and 3rd family. These features are
exhibited In classic scenarios such as composite Higgs models.

® Third generation NP typically leads to correlated effects in flavor and EWPO. Non-
universality implies flavor violations, so b — s transitions remain extremely interesting and
motivated from the theory perspective. In particular, B, — utu=, AM , and myy are

highly sensitive probes of new physics.

® Ultimately, FCC-ee is the way to go. High statistics at the Z-pole gives 1 and even 2 loop
sensitivity to hundreds of SMEFT operators. \We described such effects here, including a
novel probe of 4-top operators via their two-loop contribution to the T parameter. This
allows current EW precision data to set the best bound on these operators.

® Even with FCC, flavor data will provide a complementary probe. Flavor is undoubtedly the
best place to make progress while we wait for the next-generation collider!
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Constraints on 4-top operators from LHC data

® At the LHC, 3rd generation four-quark operators can be probed at tree level only in
4t, 4b, 2b2t production. Present measurements all have large uncertainties.

+ ATLAS | B | 236 (1:26%)
9 +
: ! ]
Obe CMS AN 17 fb (1+30%)
9 +
+ sMr o [OT 4 12fb(1:20%)
5 10 15 20 25 30
o4t [fb]

® Due to strong bottom PDF suppression, 3rd generation four-quark operators mainly
contribute to 2-top production at 1-loop:

+

b + 3 + +

b

[Credit to Uli Haisch, HEFT 2024, Precision tests of 3rd-generation four-quark SMEFT operators] 24
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Constraints on 4-top operators: EWPD vs. LHC data

® | imits come from fits by theorists and depend on whether the fit is linear or also

Includes quadratic terms.
[Degrande et al., 2402.06528]

® Raises questions about stability of 15— i ou
fit under d8 deformations & EFT 10! '\“ ‘\‘ pA on= Bl |
applicability in general, since limits \ L oot O [
arise from configurations with of 1 L o 00
momentum transfer of around 0.4
TeV (1.3 TeV) in 2t (4t) production.

® Depending on who you ask, bounds

ch/A2 [1/TeV?]
|

around /50-900 GeV for Cit. —10} 3 \\
® On the other hand, EWPD gives a —15}
robust 2-loop bound from T _90 \ ki
—40 —20 0 20 40
A 2 1
I'=—-—Cyp <107 = C, < 1 /A2 2
5 CHp " =712 Tev)? ciy/N? [1/TeV?]

[Credit to Uli Haisch, HEFT 2024, Precision tests of 3rd-generation four-quark SMEFT operators] 25
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Partial compositeness: A few more details

® [0 say something more gquantitative about composite Higgs in particular, we need to
provide a bit more detail on the fermionic mixing

Generates V., V;
I

| |
Lomix = ALq; 0L + ArtrOr + A, q;, Og + Liight

| | AN

| Light family
Generates y, masses+mixings

e This theory respects a U(Z)q xXUR),xUQ3);x UQ3),x UQ3), flavor symmetry
without the coupling /lé. This coupling breaks U(2) ; and will control flavor violation

In the theory. For example, B-meson mixing behaves as: (Z]E/Ié ;/ﬂqf)2

[BAS, 2407.09593]
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Results: Right compositeness

2
4

e Right compositeness has €; = y,/g«, €p = 1. Flavor constraints: Cp %GL

*

12 ——
" Universal |
10 - Flavor
oy
g - Cu
mcl?
& 6 e
o mcy
C G
4 o Toe
/,’/ -r=- No Prr
2 s
|

[BAS, 2407.09593]
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Universal operators in composite Higgs models

® Now let’s have a look at the operators we can write only involving the Higgs (and
gauge fields of course). We work here in the SILH basis:

Flavor universal bosonic operators

On = L0,(H H)o»(HIH) | Op = L(H'D ,H)(H'D*H)
Ow = i2(H'DIH)D,WImW | Op=i%(H'D ,H)d,B"
Onw = =% (DWL)(D,W'™) | O2p = =4 (9“Byu) (8,B™)
0, : Higgs coupling modifications O, : Peskin-Takeuchi T parameter
Ovw.p : Peskin-Takeuchi S parameter O,wop - W+ Y parameters
WOV\M Recall: T1,,(p?) = I1y(0) + p*I1;,(0) + p*TI{(0) + ...
' } '
[BAS, 2407.09593] T S W.Y
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Single operator bounds including (resummed) RGE

Wilson Coef. | [Obs|bound | Abound [T€V] Wilson Coef. | [Obs]bound | Abound [T€V]
T AFB 1 4.24
Model-building = b S = o !
_ = G R, 3.98 G myy 39.82
tricks c® R, 3.94 c® R, 24.81
Crt APB 3.00 Crt my 35.92
. Cire AFB 2.98 Cyro mw 33.97
Custod{a/ Cp APP 2.48 Cp A 26.15
symmetry in the Cov AFB 2.41 Cw A, 24.67
strong sector ) R, 1.87 c$) R, 12.24
Cow ATB 1.86 Cow A, 26.19
C, =0 (LO) ey R. 1.53 Ly mw 17.22
Cow AFB 1.51 Cow Ae 15.17
CiB AfB 1.44 Ci A 20.24
. cy Ry 1.30 ey mw 10.25
A custodial C AFB 1.15 C mw 15.66
symmetry for Zbb cty R, 1.14 ¢y My 14.61
1 : 'y AFB 1.12 cty A, 13.71
CI(M) + CI(M) =0 Cep AFB 0.94 Cip A, 13.00
C2B AFB 0.78 CoB Ae 8.59
CHz =0 (LO) Cy AFP 0.47 Cy mw 6.03
Cic AFB 0.46 Cic Ae 7.91
CtH H— L 0.17 CtH H— 711 0.94
cty R, 0.11 cty mw 1.61
[Agashe, Contino, Da Rold, (a) Current bounds (Ayp =2.5 TeV) (b) FCC-ee projection (Ayp =25 TeV)
Pomarol, hep-ph/0605341] 29
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Single operator bounds including (resummed) RGE

Wilson Coef. | [Obs|bound | Abound [T€V] Wilson Coef. | [Obs]bound | Abound [T€V]
Cr ArB 8.17 Cr my 74.24
Symmetry ctl) R, 3.98 c my 39.82
protected g8 Ry 3.94 7Y R, 24.81
Crt AFB 3.00 Crt my 35.92
g AFB 2.98 G5 mw 33.97
S ¢ — Cp APP 2.48 Cp A 26.15
patameter — - Cov AFB 2.41 Cor A, 24.67
) R, 1.87 ' R, 12.24
Cew ATB 1.86 Cew A 26.19
Cid R, 1.53 sy mw 17.22
N'LO/ RG non- Cow AFB 1.51 Cow A, 15.17
universal effects Cin ATB 1.44 Cin A, 20.24
cy R, 1.30 sy mw 10.25
Cyt ArB 1.15 Cut mywy 15.66
¢tV R, 1.14 ¢tV My 14.61
NEDHG c%) AFB 1.12 C%) A 1
. oD F . oD ) 3.71
universal effects o AP 094 o A 13,00
C2B AFB 0.78 CoB Ae 8.59
H . ST Lo H Cy AEB 0.47 Cy myy 6.03
" S Ny Ci AL 0.46 Cica A, 7.91
e Ot Cirr H— pp 0.17 U H 77 0.94
G R, 0.11 G myw 1.61
a) Current bounds (Ayp =2.5 TeV) b) FCC-ee projection (Ayp =25 TeV)
[BAS, 2407.09593] (2) Gurrent bounds (hyp =23 Te (®) PIOIEHOR N 30
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Intrinsic non-universality of composite Higgs models

® \What’s missing with this picture” Even if you play all of the model-building tricks, its
true at LO only! The most dangerous operators are generated via RGE as we run

from m. to the EW scale.

e Phenomenologically, the most important effects are o N.y? log(mz/ms):

q """ H H A4 I H
Y \\ Y
C4q L ’ ’CH q
Q- N---- H H  Y---- H
4-top operators running EW vertex corrections running
into EW vertex corrections. into the T parameter™.
(1 3) (1) (1,3) (1)
Oy, 05, 0y — 0, Oy, 04, O = Opp
[BAS, 2407.09593] *Required custodial violation is coming from the SM!
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The full 2-loop contribution to the T parameter

® \Vhile the double-log contribution is expected to dominate, in general the full 2-loop
contribution of 4-top operators to the T parameter takes the form of a second-
order logarithmic polynomial. E.g. for Ctt, we have:

N.(N.+1)
472

CHD]2-100p = a; 10g2 (u?/m3) Ta log(p?/m3) + c2 |Cis-

J/ _J/

-~ iy~

1-loop RGE 2-loop RGE finite

® The O(1) constants c1+c2 cannot be obtained from the 1-loop RG equations. In
particular, c1 corresponds to the 2-loop anomalous dimension. To get all
contributions, we need to do a 2-loop computation:

H----  f--- H U. Haisch and L. Schnell, Precision tests of third-
generation four-quark operators: matching
SMEFT to LEFT, to appear soon

C4q CI=_1/2 and C2=O>X<

[BAS, 2407.09593] *MS for WCs, OSS for SM params
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Future summary plots (with theory uncertainty)

® Flavor non-universal RG effects give the best bound for g. 2 1, while universal

Y

effects are only better for g. < 1. Interestingly:  (H) ~ f = m./g.

" r-—————————————————————————————— " -————— " r-————————————————————————
@ HL-LHC | [ HL-LHC | [ HL-LHC
10F Flavor - 10F Flavor A 10 Flavor
: FCC-ee FCC-ee FCC-ee
= 6 = 6 = 6
af af af
2t 2t 2t k
()- ................................ =.= (). ............................... .=., ().
10 20 30 40 50 60 70 10 20 30 40 50 60 70 10 20 30 40 50 60 70
ms [TeV] m [TeV] my [TeV]
(a) Left compositeness (b) Mixed compositeness (c) Right compositeness
Assuming: [ AmW]Th ~ 1 MeV, These absolute theoretical uncertainties are about
. a factor of 3 (2) larger than the projected absolute
[AAy|Th ~ 5 % 10 experimental error in the case of mW (Ae).

[BAS, 2407.09593]
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Matching to composite Higgs model parameters

® The full UV Lagrangian can be written schematically as
Luv = Lsmr + Letrong + 9AL Thirong + Limix (10, Oy)

® After integrating out all heavy composite states, the low energy theory has the form

*

r — L + milz g.H D, gF., M@ Arlp MGp g2 g
EFT — SM 9 EFT m, Y m*7 mz Y m2/27 m:i/Q Y mi/27 167_‘_27 ]_67T2

® | et us write the WCs in terms of composite Higgs model parameters :

4 2 42 ) >

_ mi g« A A gk
gyt 3, 3 M _M 8 o
Crg DG 7,90 = Cyy g2 mdmd mE mi L

mi g A gt

gz m@ gimZz mi

Ctgy R)tgytr) = Gy~

[G. F. Giudice, C. Grojean, A. Pomarol, R. Rattazzi, hep-ph/0703164] (AL,R = 8+ €L,R) 34
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Left compositeness

2
4

. . g
® Left compositeness has €; = 1, €x = y,/g-. Flavor constraints:  Cy o —e;

*

' Universal
~ Flavor

(CurremD):

5 10 15 20 25

[BAS, 2407.09593]
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Mixed compositeness

e Mixed compositeness has €; = €x =4/y,/g«.  Flavor constraints: Cp

ns

(Anp = 2.5 TeV) (Anp = 25 TeV)

T | A T T T

" Universal |
~ Flavor

Sy
- Cu
mcl?
c)
cclp
"G
" Thuiee
--- No Prp

3

20 25 10 20 30 40 50 60 70

[BAS, 2407.09593]
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What does a consistent SMEFT analysis look like?

® \\e are facing a mass gap. That means we should
integrate out any heavy NP states at Ayp 2 1 TeV

and run down to the scale of the experiment to
compare with data. For scale dependence to
cancel (at leading log), we also need to compute
observables at NLO in the SMEFT.

® The full 1-loop RG equations are known for the d6
SMEFT, and automated tools exist. 2-loop running
IS “coming soon”. No excuse anymore to neglect
running, but many global SMEFT fits still do.

® [he EFT framework is the only viable way to resum
large logarithms via the RG equations. Already the
mass gap can be up to 3 orders of magnitude...

® Perhaps the most important point of this talk:

C;,=v,C; = Clupw) # C(Axp)

/i

ANP

10° GeV

10% GeV

~ GeV

New physics
SMEFT

LHC data

EWPD )
LEFT

P
«

Flavor data
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