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Anomalies in b — ¢ semi-leptonics: R and R},
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® [heoretically semi-clean. Measurements by Babar, Belle, LHCDb in good agreement.
® Enhancement of ~ 10 % over SM due to excess in tau mode: B — D(*}rﬁr.

e Combined, 3.2 6 tension w.r.t SM. Measurement of RmfRiM =0.73£0.23
reduces tension slightly. [LHCb, 2201.03497]
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New physics in b — ctv decays SRpe = Rp /Ry — 1

® We need ~10% of a tree-level SM process due to NP. Heavy NP should
therefore also be tree-level to compete. Consider Fermi-like LH NP:

SM process Heavy new physics

T
b; L {
2 o NP ™~ 5
gLVcb ZVcb A%}p
= Cr vy

® |[he charged current B-anomalies are calling for a low NP scale!
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What kind of new particles could we have?
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LQ

Direct searches: t-channel versus resonant s-channel production
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Only leptoquarks are viable mediators!

b; L
1. vy /
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Sy, 1

® |HNP = b - str(vr) couplings. LQ’s have two important advantages
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B Direct searches: t-channel versus resonant s-channel production
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Shopping for Leptoquarks
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® There are three viable options on the leptoguark market:

Model Ri«) | Rp(s) Ry(+) & Rp(v)
S51=(3,1)_1/3 X v X Scalar Leptoguarks:
2| Re=1(3,2)1/6 X S, ~ (3,1,1/3)
7 Re=1(3,2)1/6 X X X [Crivellin, Muller, Ota 1703.09226; Buttazzo et
53 = (3 3)—1!"3 i X X al. 1706.07808; Marzocca 1803.10972,...]
Sl =@ )ys | v | v Y R, ~ (3,2,7/6)
o Us = (3,3),3 / X X [Bedirevi¢ et al., 1806.05689]

[Angelescu, Becirevi¢, Faroughy, Sumensari, 1808.08179]

Vector Leptoquarks:

U, ~ (3,1,2/3) (Massive spin-1, requires UV completion)

[di Luzio, Greljo, Nardecchia 1708.08450; Calibbi, Crivellin, Li 1709.00692;
Bordone, Cornella, Fuentes-Martin, Isidori 1712.01368; Barbieri, Tesi, 1712.06844; Greljo, BAS, 1802.04274]
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Which Leptoquark?

® There are three viable options on the leptoquark market:

Vector Leptoqguarks:

U, ~ (3,1,2/3) (Massive spin-1, requires UV completion)

Scalar Leptoguarks:

S, ~ (3,1,1/3) R, ~ (3,2,7/6)
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Which Leptoquark?

® There are three viable options on the leptoquark market:

Vector Leptoqguarks:

U, ~ (3,1,2/3) (Massive spin-1, requires UV completion)

Scalar Leptoguarks:

S, ~ (3,1,1/3) R, ~ (3,2,7/6)

e Only the U, vector LQ also gives a flavor universal effect in b = s£'¢ via RGE:

lEJL SL

bL TL bL TL
SU(2
(2), RGE s L ACU=CV - M
= —
L 4 SL L7/ L " e

“Dirty” b — sZ+¢~ anomalies prefer: ﬁCf ~ —0.75£0.25
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Simplified model for U, leptoquark U, ~ (3,1,2/3)

g — ST (= T
Z5 —’; U [(qu#fg) + B @1 LD) + B (bﬂyﬂrﬂ)] +h.c.

I

U(2),-breaking ~ O(V,,)

Ben A. Stefanek |[11th Edition of the LHC-Physics Conference, Belgrade



Simplified model for U, leptoquark Uy ~ (3,1,2/3)

g — ST (= T
Z5 —’; U [(qu#fg) + B @1 LD) + B (bﬂyﬂrﬂ)] +h.c.

Integrate out the U, LQ: = = 8
| LA -
Ap 2M7

* RUNNING to EW SCALE + MATCHING *

2
Ly yers = — 3 Vet [(1 + CEL)(EL’Y;LE?L)(T_'L’}’MUL) —2CL g (CLbr)(Tr FL)]
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Simplified model for U, leptoquark Uy ~ (3,1,2/3)

8 = ST ( = T(h
#3208 (@13 + B @, 2D) + B ()| + 1.

Integrate out the U, LQ: = = 8
| LA -
Ap 2M7

* RUNNING to EW SCALE + MATCHING *

2
Ly yers = — 3 Vet [(1 + CEL)(EL’Y;LE?L)(T_'L’}’MUL) —2CL g (CLbr)(Tr D’L)]

b, (73 by Tp
Contact interaction: X X
CL UL CL L‘JL
) B i 8 Ervz Vf-‘-i' ST ¢ _— abt* e
Low-energy WC'’s <> Model parameters: G = M2 Lo v Cir= Cir
L ch
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Low-energy fit for U, leptoquark model Ui ~@3.12/3)

2
‘Cb—hcrﬁ = _E ch [(1 + CEL) (ELTHbL)(?LTMyL) -2 CER (ELbR)(q_—R FL)]

*Updated w/ HFLAV 2023 = === Rp& Rp. only i = 3,00
o~ c o C D
[llﬂ_----.----.----.----.-....----_ (SRD{‘]NZLL HDMCLR {ﬂmm[}.z-ﬂf
0.05| Low-energy WC'’s <> Model parameters
2.,2
suVv VE‘S he*
i Clﬁ' — l+_ 8T \ Cl‘: — T CC
0.00 LL™ aMmp, ( V., ) LR = PR “LL
_ E:j " Best-fit point
8 C:, =0.048 1
~0.05F Ce, = -0.016 .
[ LH-onky
i, =0.063 ]
—0-10_' H=-BRH 7
- Ry ooy Cip = 0.031
_[]‘15 A BN . R e i
-0.10 -0.05 0.00 0.05 010 0.15 0.20
"
L1
[J. Aebischer, G. Isidori, M. Pesut, BAS, F. Wilsch, 2210.13422] 8
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Low-energy fit for U, leptoquark model Ui ~@3.12/3)

2
f'b—ht:’r:? = _E ch [(1 + CEL) (ELTHbL)(?LT”yL) -2 CER (ELbR)(%R FL)]

*Updated w/ HFLAY 2023 - === Ry & Ry, only
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" Best-fit point .
Co, = 0.048 -
Ct . = -0.016

LR

~0.05}
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Cip, =0.063 7
-0.10F

- R ooy

[H=-RH ]
s, = 0.031

_Uﬁlﬁ.....l....l....l....l....
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LL

[J. Aebischer, G. Isidori, M. Pesut, BAS, F. Wilsch, 2210.13422]

dr = 3.00

oy co_ €
ORpe ® 211 = apeiCip {aﬂ,. ~ 0.24

Low-energy WC'’s <> Model parameters

2,2
suVv VE‘S he*
Cr = L+—=B" ), Cir=8"C

[

Matching: NP scale and U(2)-breaking

1 gt o
= ] V = ﬁ
Ayp  2M3 R

New physics scale preferred by low-energy fit:

Ap=11.2,15,1.8}TeV, (V,=0.1)

{LH-only, BFP, LH=-RH}
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High-energy searches: U, leptoquark

” < |
.[.-I:..! #
* r.

b b b r

Caveat: BR=1 (CMS) vs BR=0.5 (ATLAS)

CMS-PAS-EXO-19-016 EXOT-2022-39
CMS Preiminary 137 o' (13 TeV) 4 , .
'; 95% CL upper limits Singhe Monres - L ATLAS Preliminary — g o e Ol et e
B — Oserved Pair Tolal ] EEE_ {5=13 TeV. 130 " === gy s Noreeys gl ¢ b E
< Expected Expected by B anomalies % g e :::::
"-H"-l. 25 . Vock, =1, w=1 é ai_ UT'“W“{LW r“'ﬂhb-ﬂ"ﬂ.r] "’-l---:n-nl-.-n-n _r
CMS g [ 25‘:'_ Interderence with SM neglected |ttt g 1 @
_,-'-""-F-ff.l 2 2_ EE
— © s : ATLAS
[ 1.5= EXPERIMEMNT
1} .
: 1t
3.5: u.ﬁf—
g " P —
pach s - 1000 1500 2000 2500 3000
r
eptoqua M, [GeV]
Excludes
Large improvement in sensitivity CMS’ excess
when adding low b-jet pr category
[A. Juste, Moriond EW ’23] 9
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UV Completion for
the U, Leptoquark
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UV Model: New flavor non-universal gauge interactions

( )
G® |
SU4) ~ |

U(l)y k 1 J

Based on “4321" gauge symmetry:

| (Q315) ~ O(TeV) -
SU4), x SU(3), x SUR); x U(1),, 5 > SUQB).xSUQ),xU1l)y +U,,G,Z

|
SUG3),
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UV Model: New flavor non-universal gauge interactions

Based on "4321" gauge symmetry:
gauge symmeltry SU@) ~
U(l)y
| (€2, 3,15) ~ O(TeV) .
SU4), x SU(3), x SUR); x U(1),, 5 > SUQB).xSUQ),xU1l)y +U,,G,Z
|
SUQ3) Third-family quark-lepton unification at the TeV scale: [Greljo, BAS, 1802.04274]
3 3 3
wn(B) () e~ ()
e charged under SU(4),, Leptons as the fourth “color”
—> Direct NP couplings (L+R) [Pati, Salam, Phys. Rev. D10 (1974) 275] [t
(only 7 years after the SM was proposed) q‘;ﬁ
@ Light families under 321 (SM-like) 4321 models Vg = ‘TZ.H
[di Luzio, Greljo, Nardecchia 1708.08450 LR
® Accidental approximate U(Z)S flavor Bordone, Cornella, Fuentes-Martin, Isidori I
1712.01368, 1805.09328; -
symmetry: ¥ = (%1 ¥2)(s) Grelio, BAS, 1802.04274;

Cornella, Fuentes-Martin, Isidori 1903.11517]

® Good starting point for CKM
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UV Model: The origin of light-heavy CKM mixing

Third-family quark-lepton unification at the leV scale: [Greljo, BAS, 1802.04274]

3 3 3
~ (9L APl el - _(%r _(QL,r
v (e%) Vi () YR () XL.R (L)
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UV Model: The origin of light-heavy CKM mixing

Third-family quark-lepton unification at the leV scale: [Greljo, BAS, 1802.04274]
Y, ~ qu Vg ~ ui‘? Vg ~ dj.R XL,R ™ QLR
57 s VR & €R " Lr,r

® CKM mixing via a vector-like quark. Generates V,, , V,, as dimension-5 operators.

i + yil;‘
L ix D — AqLQﬂR vy HY; — q; 2, HY
X
(23) H
y Y, + IR
gy L CR oe O to/ by
My
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UV Model: Vector-like fermions

Third-family quark-lepton unification at the leV scale: [Greljo, BAS, 1802.04274]
P ~ qu Vg ~ uf'?? Yr ~ dER XL,R ™~ QLR
EL R Vn R €n y LL,R

Vector-like Lepton:

® Controls loop FCNC's

U
b v
L B — Kvv «x M;
§ v
U
b 5
L L AMp < M
s b

[CMS-PAS-B2G-21-004]: M, = 500 GeV
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UV Model: Vector-like fermions

Third-family quark-lepton unification at the leV scale: [Greljo, BAS, 1802.04274]

3 u3 B d3 QL.
(@) weGh) () e ()

Vector-like Lepton: Vector-like Quark:
, ® CKM mixing and effects in
® Controls loop FCNC's EWPO via RGE
U
4 g &L >y, 7 HYE
L B - Kvi x M, s AR
A) L y+
H - Ip
U
b s Q = [Chulss
L L AM; M? 2 C— te
§ b )
[CMS-PAS-B2G-21-004]: M, 2 500 GeV [CMS-B2G-20-011]: M, 2 1.5 TeV

Ben A. Stefanek |[11th Edition of the LHC-Physics Conference, Belgrade



UV Model: New colored particles and EW observables

e In addition to the U, LQ, we also get neutral G’, Z’ vectors.

® \We also need a vector-like quark and lepton Q, L for fermion mixing.
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UV Model: New colored particles and EW observables

e In addition to the U; LQ, we also get neutral G, Z’ vectors.
® \We also need a vector-like quark and lepton @, L for fermion mixing.
e New colored states @, G’ give sizable shifts in the W-mass via RGE effects.

2 2
Amy, v gr

¥
my 4 gf — g} H 5 “HD
70 (1 —
" ool Cap™
. Heoen cese H
— a0 — 50}
i =
— 40 =3 40} Con
- s H ===~ -=== H
= 30 £ SOING
<1 20 d20f T
10 10f -
{} i i M i i L i i i i i i i [.I: ......................... _T.=1
0.4 0.6 0.8 1.0 1000 1200 1400 1600 1800 2000 2200 2400
Y, (2 TeV/myg) vze Ay |GeV]

® Full EW fit in 4321 model: [Allwicher, Isidori, Lizana, Selimovic, BAS, 2302.11584]
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Conclusions

® The tension in the LFU ratios R+ remains an interesting hint of NP at the TeV
scale. If we take it seriously, leptoquark models are the only viable mediators.
Important: These models did not change much without Ry

® Consistent picture, but present data in b — ctv require NP to be quite close: if
the tension persists, NP effects must show up soon, at low and high energy.

e Of the mediators that can explain the charged-current B-anomalies, only the U, LQ
connects b — ctv transitions to flavor universal effects in the b — s£¢ system.

® In UV complete models for the U, LQ (e.g. the 4321 model), CKM mixing requires
the existence of light VL quarks and leptons that can be discovered at the LHC.

® The VLF's give new loop-level pheno correlated with Ry, such as an ~50%
enhancement in B — Kvv and large positive shifts to the W-mass via RGE.

® From the phenomenological point of view, the implications of NP explanations of
R+ have been clear for while. To make progress, we need more data!
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Conclusions ot for your attention!

Thanks a |l

® The tension in the LFU ratios R+ remains an interesting hint of NP at the TeV
scale. If we take it seriously, leptoquark models are the only viable mediators.
Important: These models did not change much without Ry

® Consistent picture, but present data in b — ctv require NP to be quite close: if
the tension persists, NP effects must show up soon, at low and high energy.

e Of the mediators that can explain the charged-current B-anomalies, only the U, LQ
connects b — ctv transitions to flavor universal effects in the b — s£¢ system.

® In UV complete models for the U, LQ (e.g. the 4321 model), CKM mixing requires
the existence of light VL quarks and leptons that can be discovered at the LHC.

® The VLF's give new loop-level pheno correlated with Ry, such as an ~50%
enhancement in B — Kvi and large positive shifts to the W-mass via RGE.

® From the phenomenological point of view, the implications of NP explanations of
R+ have been clear for while. To make progress, we need more datal!
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Backup Slides
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High-energy searches: U, leptoquark model (LH)

e The LHC is already probing the preferred region for the U, leptoquark model! CMS
has a 3o excess, ATLAS just set weaker than expected limits...... too soon to say.

U, pair production

4 =
| = g o
E U - bt™,tv
3t = B, - br*) ~ 0.5
i T g [
=
_ CMS
pp = UUl - briv “| 2012.0417
S : —
/ ] Drell-Yan t-channel exchange: 77
, Updated 90% CL region 1 b - et o>
1 . preferred by low-energy 1
b — ctv data 2210.13422 | U ATLAS
Awp = 1.1 TeV (ATLAS) |Br| =0 | b—e " 2002.1222
D i i i i 1 i i i i 1 i i ; ; 1 i ; i i i .
1000 2000 3000 4000 5000 High mass Drell-Yan tails
My |GeV] QCD corrections: [U. Haisch, L. Schnell, S. Schulte, 2209.12780]
[J. Aebischer, G. Isidori, M. Pesut, BAS, F. Wilsch, 2210.13422] 17
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High-energy searches: U, leptoquark model (L&R)

e U, leptoquark model w/ RH currents preferred region fully within the HL-LHC reach!

A SN 8u 3. 3 bt (F .
A | #>Euw [(qL}'Fﬁ’L) + ﬁR"(bR}fFTRJ] B =-1)
5 | V2
I : N ]
3L o bd) " N :
BS A ® Additional contributions give stronger bound
1;'.;; from t-channel Drell-Yan tt:
S, 9 bL TL bﬁ' TR
i b ' TL b R TR
1k Updated 90% CL region
g preferred by low-energy
b — ctv data 2210.13422 | bR TR
Bpl=1 |
DL . | l o + <+—— Dominates
1000 2000 3000 4000 2000 bL TL

Myr [G ( EV]

[J. Aebischer, G. Isidori, M. Pesut, BAS, F. Wilsch, 2210.13422] 18
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The low-energy b — c7v effective Lagrangian

SM
b—cTv 2Vep o4 ~ ~ - —
ﬁeﬁ‘ = 02 |:(1 + CVL) (CLT;L'E}L) (TLT;LUL) I CVH (ERF}}LBR) (TLT;LVL)
+ CSL (ERE}L} ('T_-RL"L) -+~ OSE (ELbR) (TRL-"L) + Cr (ERJ.UHE’L) (’?RCTIMUL)] + h.c.

Vector LQ: R2 : CSL = 4CT
&Rﬂ* =—-3.6 Rﬂ(CT) + 16.7 | Crlz

Scalar | Qs: e This relation predicts opposite sign in Ry,
vs Ry« due to interference with the SM.

L2 CSL =% ® Since interference always goes as the real
part, can make the WC’s purely imaginary

S1: Gy, Cg =—4Cy Q and then do Ry, with NP squared.

® But then we need big WC'’s: with
high-pr and EW precision observables.
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Neutral-current
B-anomalies
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The b — s¢¢ anomalies before

® Until recently, two “types” of anomalies in b — sli:

1. ule universality ratios in B — K"li

0 RO _y kHO4),+ -
2. discrepancies in obs. with muons only { 2Ng- 0bS. I B — K up

BRsof B— Ku"u=,B = K*u"u=, B, = ¢pu™p~
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The b — s¢¢ anomalies before

® Until recently, two “types” of anomalies in b — sli:

1. ule universality ratios in B — K"li

' (0,+) *0,4),,+,,—
2. discrepancies in obs. with muons only { 2Ng- 0bS. I B — K up

BRsof B— Ku"u=,B = K*u"u=, B, = ¢pu™p~

® 12/2022: a second LHCb analysis of Ry & Ry« establishes u/e lepton flavor
universality in b — sll at ~ 5 % level [LHCb,221209152]

l [compilation of b — suu clean observables
as of Dec. 2022 (©David Marzocca)]

1.4

p—— ®| I . - I I low-¢? 4 Rig = 0.994 1009 (stat) ) o5r (syst),
5 1 { 7Y { T T i (Ri- = 0.927 T30% (stat) "o gqs (syst),
e
— 1 i J 0.022
e L . f { central-g* ¢ R = 0.949 54 (stat) g on (syst),
L 4 1 AL - .0 +0.027
1 . ’ g = 1.027 o068 (stat) T oag (syst).
0.6
f
}‘.!I-EII. .'-. 1:1 1i h,. H qul-"i"g H”RIJH: RE -H.J"'f"'Hk_":'_'“" H:l: _

LI
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The b — s¢¢ anomalies before

® Until recently, two “types” of anomalies in b — sli:

1. ule universality ratios in B — K"li

' (0,+) *0,4),,+,,—
2. discrepancies in obs. with muons only { 2Ng- 0bS. I B — K up

BRsof B— Ku"u=,B = K*u"u=, B, = ¢pu™p~

® 12/2022: a second LHCb analysis of Ry & Ry« establishes u/e lepton flavor

universality in b — sll at ~ 5 % level [LHCb,221209152]
[compilation of b — suu clean observables

VA _ l as of Dec. 2022 (©David Marzocca)]

N a— . 7 - ¢! I lov-g? ;R;.-; = 0.994 fﬁ:gﬁ{smt}fg:g?(wﬁt}.
g { ' ABR { ? T 71 Rk~ = 0.927 1003 (stat) Toss (syst),
% 08 % f I g Rk = 0.949 19012 (5a¢) 70922 (gugt),

—J] * | } ooy {H_H. = 1.027 *0072 (5tat) 0027 (syst),

0.6 it

04 ! ® Still room for small x4/ e lepton flavor

02 R R R R R R Rty R R Ry R Ry Rt RE R, violation at the ~ 10 % level
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The b — s anomalies after

4G e’ y _ } ’ ) _
La=——=VVE—— D GO,  OF™*=Gryb)ar'n O =Ly, b)(ar"rsu)

ﬁ “ 16a2

® Assuming NP in muons only, 10 - B, = up o e
there’s now tension between LFU fix & Hxe 10, 20
. ' ; 0.8 - b= sup lo, 20
ratios RK{F] and BR's + P5 . rare B decays lo, 20, 30
=
Fo —0.6
]
—0.4 1
|
3 Q—————__
< 0.0 - — f |
0.2 -
[Greljo et al.,2212.10497]
0.4 1 ]

-20 -15 -10 -05 0.0 0.5 1.0
univ.
Cy
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The b — s anomalies after

4Gr b . z b = =
Za=-EVViges TGO O =GunbIGr R O = Gur b
® Assuming NP in muons only, 1.0 - By = pps 1o Ravio
there's now tension between LFU ix & Rxe 10, 3o
: , ' 0.8 - B ecd e
ratios RK{*] and BR’s + P5 rare B decays lo, 20, 30
=
Fo —0.6-
® A flavor universal shift in Cy is (-ﬁ
now sufficient to account for all g 947
b — suu measurements: LFUV - S
component in muons only is now T
compatible with zero. NP
0.2
[Grelio et al.,2212.10497]
[].4 | I I I I

-20 -15 -10 -05 0.0 0.5 1.0
Cumv
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The b — s anomalies after

Lo = = % VoV 16”1 E C, 0, 0;”‘"’“ =Sy, byt w Ofﬁw = Sy, 00 Y Vs )
® Assuming NP in muons only, 1.0 By = pp 1o lavio
there’s now tension between LFU fix & Ry 1o, 20
_ | b— sup lo, 20
ratios Rg and BR's + P% —0.8 rare B deceys 10, Sl
® A flavor universal shift in Cy is (-ﬁ |
now sufficient to account for all g 947
b — suu measurements: LFUV 3 o
component in muons only is now Lo}
compatible with zero. <1 0
* But, non-trivial to distinguish from long- 0.2 -
distance QCD (“charming penguins”) .4 J1Grelo et al. 221210497 | |
20 -15 -10 -05 00 05 10
To understand these contributions better: Cy™

- Imprcwement on thEDry side [Gubernari et al. 2206.03797, Ciuchini et al. 2212.10516
- data-driven apprgach [see e.g. LHCb Call., Eur.Phys.J.C 77(2017) 3,161]
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What changed? Implications for model building

4Gy b = = b = =
Za=-EVViges TGO O =GunbIGr R O = Gur b
e A flavor universal shift in Cy is ~1.0 - By = pp 1o flavio
now sufficient to account for all ik & fxe 10, 20
_0.8 - b— sup lo, 20
b —> SUHHU measurements. ' rare B decays lo, 20, 30
=1,
= .
2o —0.6 1
T
—0.4
|
=,
F_ 021
QO
< 0.0 -
0.2 -

04 [Greljo et al.,2212.10497]
20 -15 -10 -05 00 05 10

CUHI\F
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What changed? Implications for model building

G.F bs = - bs - -
Lot = — E VisVis 16:.11 E GO, Og = (5 Yu b )(ay* u) Om‘u’u = (5, Vi b )y ys p)
e A flavor universal shift in Cg is 1.0 - B, = pp 1o lavi
now sufficient to account for all fix & Ry 1o, 20
0.8 - b— sup lo, 20
b — SUU measurements. rare B decays lo, 20, 30
=
® Old models for combined explanation %’:‘: —0.6
of Ry and Ry now must be p/e ||| e
universal at the ~ 10 % level. Thisis 4
e . . 3
not difficult to achieve. The main %a —0.2
consequence: LFV effects now d4 ...
predicted to be small (e.g. B = K1p,
B, - tu, 17— uXwX="2¢¢,¢,7) 0.2 -
[Greljo et al.,2212.10497]
l:l.'q: ] I || | I

-20 -15 -10 -05 0.0 0.5 1.0
Cumv
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What changed? Implications for model building

G i) = — 5 - -
Lo == T; VisVis 3 Emg Z GO, 0" = (5.1, b)(ar" ) O = (5,7, b v"ys w)
@ A flavor universal shift in Cy is 1.0 - By = pp 1o flavio
now sufficient to account for all F"' & R"i’ ' 1‘2" 20
) = sup lo, 20
b — SUU measurements. B rare éii[]fiﬂ}’ﬂ le, 20, 30
=
® Old models for combined explanation %& —0.6
of Ry and Rg+ now must be u/e ||| e
universal at the ~ 10 % level. This is e R
e . . 3
not difficult to achieve. The main %a —0.2
consequence: LFV effects now d4 ...
predicted to be small (e.g. B = K1p,
B, - tu, 17— uXwX="2¢¢,¢,7) 0.2 -
Sin . i [Greljo et al.,2212.10497]
® Still interesting to consider models for 0.4 +——— — | .
_ 20 -15 -10 -05 00 05 10
R+ (unaffected) that also give flavor Bl

universal contributions to the b = s£¢
system.
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Connection: b = czv and universal b — sZ¢

® Some vector semi-leptonics that explain the charged-current anomalies give
a flavor universal effect in b = s€¢ via RGE:

SUQ2
L VL 5L L " = e,z
4Gy £ e 4 = ZIT
L= Vi — Zc 0, 05 = (L1, b)@y" £)

® | eading-log running in SM gauge couplings gives

2 2
ACU — _YEwW ( @) c ) aa)l my
Co VAT Cly laa2s + [Cyy " Jaa2s + [Cyel2s 8 | 772

*In general, sum over lepton flavors a. For third-family NP, we take just r = 3.

[Bobeth, Haisch, 1109.1826; Crivellin et al., 1807.02068; Alguero et al., 1809.08447] o4
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Connection: b = czv and universal b — sZ¢

® Some vector semi-leptonics that explain the charged-current anomalies give
a flavor universal effect in b = s€¢ via RGE:

SU{Z)L RGE ZL Z — ﬁCU CU CEM
— —
L VL 5L L " = e,z
U VEw (3) (1) m;
ACY = (€ Naa2s + [C + [Caelasaa) log ( 2
3V V* Ch Jaa2s + | lq Jaa2s + [Cyel230a ) 108 M2
R,
Ul Sl R2
E.s TR TR Bs
3) = o) G = _ )
C,-q - C;q C;q == C,-q. Only [qu]3333 »
2
*With both [C, ]335 & [C 2333 active

qe

[Bobeth, Haisch, 1109.1826; Crivellin et al., 1807.02068; Alguero et al., 1809.08447] o5
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Connection: b = czv and universal b — sZ¢

® Some vector semi-leptonics that explain the charged-current anomalies give
a flavor universal effect in b = s€¢ via RGE:

W W = O g
L VL 5L L " = e,z
U VEw (3) (1) mj
ACg = ViV ([O,gq Jaa2s + O, laa2s + [qu]zgm) log (W)
v X X
Ul Sl R2 )
B.s TR TR Bs
CP=CP | ¢P=-C | Only[C,lys;s A
2
*With both [C, 11111 & [C,.]1111 active

L e ‘e

[Bobeth, Haisch, 1109.1826; Crivellin et al., 1807.02068; Alguero et al., 1809.08447] o5
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U, connects Ry + to b — s77 observables

® \We have tree-level effects in b — §77 connected to the size of Ry

LR

U

b— ctv

® Since b — sttis a FCNC, it is a 1-loop
process in the SM. We therefore expect

a huge NP enhancement in b — s77!
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U, connects Ry + to b — s77 observables

® Ve have tree-level effects in b — s77 connected to the size of Ry

B(B, = 7t )gy = (7.73 £ 0.49) x 1077 B(Bt = K*rtr gy = (1.22 £ 0.10) x 1077
10-2 T ——————y 1073 T T T pa—
..a-""-_-!f- — - ##f"’;-’fff i gt
fﬁxﬁ H_F__.-fp-ff
1[]_'} 1 : :l':]_'i1
. - LHCh (300 b~y 1 —
s _ S
L nn 1
I'ﬂ-\.
T 1[]—4 :_Illlrf Ko 1{]—5
w :." ."'ll T
ay [/ "
Q| &
&
1075 106}
Cir =0 Cir=10
BCrr=-Cpp| ~ 8Cir=—CpL
1[]—6‘ ..... DI . . . 1[]—?........................
SM 0.05 0.10 0.15 0.20 0.25 SM 0.05 0.10 0.15 0.20 0.25
Updated 90% CL region preferred by low-energy b — ctv data 2210.13422
[J. Aebischer, G. Isidori, M. Pesut, BAS, F. Wilsch, 2210.13422] 27
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U, connects R+ to universal b — s£¢ observables

® Large b — st7 implies a sizable flavor universal loop effect in b — s£¢!

SM

Loy = — —V*V, Z c’ of

4
\/_

05 = 5Ly, b€ 7" ¢)

bi SL

= 4 & —;-»&CU C.f C._;,SM

|. 1-!’.',];.4,;

“Dirty” b = s ¢~ data prefers:
ACf ~ 0.75 £0.25

[Altmannshofer, Stangl 2103.13370

Updated 90% CL region preferred by low-energy b — ctv data 2210.13422 Bobeth, Haisch, 1109.1826; Crivellin
et al., 1807.02068;
[J. Aebischer, G. Isidori, M. Pesut, BAS, F. Wilsch, 2210.13422] Alguero et al., 1809.08447] 28
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Important 1-loop effects: B —» K"vv (4321 Model)

® Some (important) effects appear only at Updated 90% CL region preferred by
one loop. For U, requires UV model! NS = v Dula IR0 SIS0
2.0——
U, |
b 7 = |
~ 1.8}
L S
g v < 16|
T - —1lo
\ =
Average —
' } =>I'd(Je E 14_
l S1% —— i
: A
1| Belle (711 ', SL) = _
. Belle (711 v ', Had) E 1.2F |
- _’_,..-"“"# Belle II (50 ab™')
d o Babar (429 fb ', Had+SL) T W
0 2 1 6 B 10 Q 1.0t Csp =0
10° x Br(B* =K * ) %) : | _
D Cr — _Ce.
- LK L4
[Belle Il Collaboration, 2104.12624] 0.00 0.05 0.10 0.15 0.20 0.95
£ Eh e g IR p-
[Fuentes-Martin, Isidori, Kénig, Selimovic, 2009.11296] 29
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Wrapping Up

Overview of ongoing LFU measurements

Run 1: 3fblat7/8 TeV | Run 2: 6 fb! at 13 TeV

mode muonic hadronic muonic hadronic
R(D+) X X X X
R(D9) v X X X
R(D") v v X X
R(AL) X v X X
R(A’) X X X X
R(J/¢) v X X X
R(D;*) X X X X
R(Ds™+) X X X X

So far only published Run 1 results; Run 2 has four times as much data
Many analyses in progress; no timelines

Work ongoing also in b — u sector; and excited states: RD™), E’-f{ﬂ_:*]

Suzanne Klaver  LFU in charged-current b decays  Implication WS 19 October 2022 18

® Also all of these processes yet to be analyzed (or only Run 1 data). Since the
underlying partonic b — ctv process is the same, NP expected in all of thesel!
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The low-energy b — c7v effective Lagrangian

SM
b—reTv 2V6b o = . x .
1: = |:(1 CVL ) (CL’}';;'E'L) (TL’}’#UL) -+ CVH (ER’}’#bR) (TL"}’“UL)
+ CSL (ERbL) (TrvL) + Csy, (ELbR) (‘?_'RI-’L) + Cr(Crouubr) (’?_'RJ“”UL)] + h.c.
SMEFT-LEFT Matching: e il R i
Quantum Numbers (3,1,1/3) (8,2,7/6) (3,1,2/3)
V-
2 24 {3} (1) I
SM Cy, = —v Z T P ], yHlialvH s - - 3zFlislef T
[CE:'] i _‘[Eh ]m[Eh lis - _5[1’1 Jiglzf ]ju.-
v’ ) o
CVR e 2%3 [CHud] 23 [Clﬁtdq]ﬂ',j;'j - - E[E%]:‘nlmft]jﬂ
2 o [ S 1% A PR % I
CSL - 2'[,-"23 [C-':EQ‘H 33327 [C.E:u] oBi] -E[yﬂ-?a[yl is [Id’ Jislyz 13 jou =
VE'!- £
Csp=—%5 Z Vaa [Creda) 335 Vector LQ: Scalar LQs:
W . . —
Cp = — v? [C(SJ ] Ul ‘ CVL’ CSR R,: CSL - 4CT
r 21‘;?3 lequ]3332 " Sl . CVL, CSL = — 4CT
[L. Allwicher, D. A. Faroughy, F. Jaffredo, O. Sumensari, F. Wilsch, 2207.10714] 39
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The low-energy b — c7v effective Lagrangian

SM
b—reTv 2V6b o = . x .
1: = |:(1 CVL ) (CL’}';;'E'L) (TL’}’#UL) -+ CVH (ER’}’#bR) (TL"}’“UL)
+ CSL (ERbL) (TrvL) + Csy, (ELbR) (‘?_'RI-’L) + Cr(Crouubr) (’?_'RJ“”UL)] + h.c.
SMEFT-LEFT Matching: e 51 i t
Quantum Numbers (3,1,1/3) (8,2,7/6) (3,1,2/3)
V-
2 24 (3} (1) _
SM Cy, = —v Z T P ], yHlialvH s - - 3zFlislef T
[CE:'] i _‘[Eh ]m[Eh lis - _5[1’1 Jiglzf ]ju.-
v’ ) o
CVR e 2%3 [CHud] 23 [Clﬁtdq]ﬂ',j;'j - - E[E%]:‘nlmft]jﬂ
2 o [ S 1% A PR % I
CSL - 2'[,-"23 [C-':EQ‘H 33327 [C.E:u] oBi] -E[yﬂ-?a[yl is [Id’ Jislyz 13 jou =
VE'!- £
Csp=—%5 Z Vaa (Creda) 335 Vector LQ: Scalar LQs:
H . . —
O — "U'E [C{ﬂ;l ] U]. - CVL’ CSR RZ'CSL_4CT
r 21‘;?3 lequ]3332 " Sl . CVL, CSL = — 4CT
[L. Allwicher, D. A. Faroughy, F. Jaffredo, O. Sumensari, F. Wilsch, 2207.10714] 39
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The low-energy b — c7v effective Lagrangian

SM
b—reTv 2V6b o = . x .
1: = |:(1 CVL ) (CL’}';;'E'L) (TL’}’#UL) -+ CVH (ER’}’#bR) (TL"}’“UL)
+ CSL (ERbL) (TrvL) + Csy, (ELbR) (‘?_'RI-’L) + Cr(Crouubr) (’?_'RJ“”UL)] + h.c.
SMEFT-LEFT Matching: e il R i
v Quantum Numbers (3,1,1/3) (8,2,7/6) (3,1,2/3)
SM Cy, = —vEZ v (€ Lsais 2] yHlialuF e - - }zFliglet ;.
X [CE:'] gl _‘[Eh ]m[Eh lis - _5[1’1 Jiglzf ]ju.-
CVR e 21;’,;‘}3 I:Cf':?id] 23 [Clﬁtdq]ﬂ',j;'j - - E[E%]:‘nlmft]jﬂ
& Cln),,,  sflbfls  —3bElsli)
CSL - 21;"2 3 [CIEQH]SSSE ’ [C.E:u] oBi] -E[yﬂ-?a[yl is [Id’ Jislyz 13 jou =
VE'!- =
Csp=—%5 Z Vaa [Creda) 335 Vector LQ: Scalar LQs:
M. 8 -
CT _ "U'E [C{ﬂj ] U]. . CVL’ CSR Rz a CSL — 4CT
21_}'?3 lequl3332 - Sl . C'..-"'Li CSL —_ 4CT

[L. Allwicher, D. A. Faroughy, F. Jaffredo, O. Sumensari, F. Wilsch, 2207.10714]
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The low-energy b — c7v effective Lagrangian

SM
b—reTv 2V6b o = . x .
1: = |:(1 CVL ) (CL’}';;'E'L) (TL’}’#UL) -+ CVH (ER’}’#bR) (TL"}’“UL)
+ CSL (ERbL) (TrvL) + Csy, (ELbR) (‘?_'RI-’L) + Cr(Crouubr) (’?_'RJ“”UL)] + h.c.
SMEFT-LEFT Matching: e o1 R i
v Quantum Numbers (3,1,1/3) (8,2,7/6) (3,1,2/3)
SM Cy, = —vEZ Ve Gl sais 2] yHlialuF e - - }zFliglet ;.
X [CE:'] gl _‘[Eh ]m[Eh lis - _5[1’1 Jiglzf ]ju.-
CVR e 21;’,;‘}3 I:Cf':?id] 23 [Clﬁtdq]ﬂ',j;'j - - E[E%]:‘nlmft]jﬂ
& Cln),,,  sflbfls  —3bElsli)
CSL - 21;"2 3 [Cn':ﬂqﬂ]-ﬁ:}? ’ [C.E:u] oBi] -E[yﬂ-?a[yl is [Id’ Jislyz 13 jou =
VE'!- =
Csp=—%5 Z Vaa [Creda) 335 Vector LQ: Scalar LQs:
i . . —
CT _ "U'E [C{SJ ] U]. . CVL’ CSR RZ a CSL — 4CT
2V [ leaulsssz 5,:Cy, . Cs, = —4C;

[L. Allwicher, D. A. Faroughy, F. Jaffredo, O. Sumensari, F. Wilsch, 2207.10714]
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Updated S, R,, U fits to data w/ following observables

® Data from low-energy b — ctv transitions
RD ’ RD* ’ RA [J. Aebischer, G. Isidori, M. Pesut, BAS, F. Wilsch, 2210.13422]
C

e 7-decays and EW precision observables (EWPO) [ LL running in y,, g7, &y |

Z + W pole observables + LFU tests in z-decays: g7, /g%,
[L. Allwicher, G. Isidori, J. M. Lizana, N. Selimovic, BAS, 2302.11584]

e Data from high-p; searches at the collider: di-tau 77 and mono-tau 7 + E;

HighPT p f N,
t + i
"""" t A t A
IL. Allwicher, D. A. Faroughy, F. Jaffredo, p T P v
Q. Sumensari, F. Wilsch, 2207.10756]
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Simplified §; scalar LQ model and fit

LD IGl3S, + AT oty S,

30—
a2t ]

3 1

< |

~

- -

< 0

M.

2 -1 j
_9l
_3F .............................
-3 -2 -1 0 1 2 3

X;r";}r (3 TeV / ﬂ"fLQ}
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Simplified R, scalar LQ model and fit

L D A G Rytg — AL ExRyel ]

3 Tt
9 ]

1} s

=

=

— 0 1

™

5] |

- -1k 5
_9l ]
_3..-..l....l....l....|....|.....
-3 —2 -1 0 1 2 3

A (2 TeV /M)
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Simplified U, vector LQ model and fit

2> (gt + i) Uf

gy (2 TeV /M)
—
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U(2)-like new physics in b — c7v decays

® Actually, following the U(2) hypothesis, we should have:

Flavor conserving Flavor violating

b, YL b ‘L
1
33
X INp ~ 75 -+ | X
I,Td L,rL NP {'L HL

Ayp(b = ctv) = Vo + V. A%,

C
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U(2)-like new physics in b — c7v decays

® Actually, following the U(2) hypothesis, we should have:

Flavor conserving Flavor violating

11

T b
b, L ) , L . v,
INe ™ o + | NP~ -
ff. HL NP {*L UL NP

Ayp(b = ctv) = Vo + V. A%,

C

® U(2) suppressed flavor violation means we need an even lower NP scale!

A 2 V 0.12 \ 2
g N 1 +— ) =~ 6Rp- — Anp =~ 1.3 TE:V( )
ﬁSM AI'ZJP Vcb RD*

(V,=0.1)
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A final comment on Ry

® 12/2022: a second LHCb analysis of Ry & Ry« establishes u/e lepton flavor

universality in b — sll at ~ 5 % level [LHCb,221209152)
[compilation of b — suu clean observables
14 T B ® as of Dec. 2022 (©David Marzocca)]
1.2 F .
—— 'Y - I low-¢? 4 R =0.994 +H$ {5tat}+g gg; [b*g, st),
:Té L [ _ +0.042 +0.022
08 1 1 I I central-g? | Ry = 0.949 ~o0at {ﬁtat}+g 022 (syst),
1 ® i Ry« = 1.027 Zjpes (stat) "y oo (syst).
0.6 | ] )
T |
IR g e AR MR el RS ke Rl Rt ® Still room for small u/e lepton flavor
02 violation at the ~ 10 % level
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A final comment on Ry

® 12/2022: a second LHCb analysis of Ry & Ry« establishes u/e lepton flavor

universality in b — sll at ~ 5 % level [LHCb,221209152)
[compilation of b — suu clean observables
14 T B ® as of Dec. 2022 (©David Marzocca)]
1.2 [ ¢
———ms 'Y S )| . low-g? + Rg =0.994 T000 {5tat}+g gﬁ‘; (syst),
i i LRI { t | S (Ric- = 0.927 3038 (stat) {030 (syst),
= T i = +0.042 +0.022
08 1 1 I I central-g? | Ry = 0.949 ~o0at {ﬁtat}+g 022 (syst),
1 ® i Ry« = 1.027 Zjpes (stat) "y oo (syst).
(.6 | ] )
0.4 T i
LA gt RN A it R it gl RS ® Still room for small u/e lepton flavor
02 violation at the ~ 10 % level
U(2)-breaking parameter: V Vf V Vf

Z> % Ut @D + B7 @) + Br@rtd) + B @ntd|  ©©0

Mothing changes here,
‘ simply smaller now.

U(2), breaking V, is
still calls for light NP! | |

RD(*J RK(*}
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