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Anomalies in b — ¢ semi-leptonics: R, and R,
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- [LHCb, 2302.02886]
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® [heoretically semi-clean. Measurements by Babar, Belle, LHCb in good agreement.
e Enhancement of ~ 10 % over SM due to excess in tau mode: B — D(*)TDT.

e Combined, 3.2 ¢ tension w.r.t SM. Measurement of RAC/REM =0.73 £0.23
reduces tension slightly. [LHCb, 2201.03497]
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New physics in b — ctv decays SRy = Ry /RS — 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
b; L i
2 A iy ~ ——
of 8iVer 2V A,
SM 2M3, 2 ‘L “L

® [he charged current B-anomalies are calling for a low NP scale!

1/2
V 0.12
Asm  VaAip \/ Ve ORp:+ R

*Low NP scale drives connection to high-pr: See Felix’s talk (coming next)
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What kind of new particles could we have?

T 25
b L TL W’
L vy
124 99
175 L

® [HNP = b — stz(vv) couplings. LQ’s have two important advantages

LQ
AF =72 BS [::j B, VS BS NN X B
LQ

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

b; L
Cr vy /
L YL ‘L VL
L 1

SL TL \)

® [HNP = b — stz(vv) couplings. LQ’s have two important advantages

LQO
AF=2: : b Cowy ”
= 2. B B, VS B, >vv<BS
S A
A) LQ A)

Direct searches: t-channel versus resonant s-channel production

Ben A. Stefanek | LHCb Workshop on semi-leptonic exclusive b—c decays



What is a leptoquark?

Like a cross between a beaver & a duck is a platypus or a cross between a keyboard

& a guitar is a keytar, a cross between a lepton & a quark is a leptoquark (LQ)

[Credit: Uli Haisch, La Thuile 2023 - Les Rencontres de Physique de la Vallée d'Aoste] 6
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Shopping for Leptoquarks

® [here are three viable options on the leptoquark market:

Model Ri+) | Rp) Ry(+) & Rp(s)
S51=(3,1)_13 | X v X Scalar Leptoquarks:
S R=@2e | X | ¢ X S, ~ (3,1,1/3)
7| R =(3,2)16 : A X [Crivellin, Muller, Ota 1703.09226; Buttazzo et
S5=(3,3)_13 | v X X al. 1706.07808; Marzocca 1803.10972,.. ]
% Ur = (3,1)3 v v v R, ~ (3,2,7/6)
= Us=(3,3)y3 v X X [Begirevi¢ et al., 1806.05689)

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

Vector | eptoquarks:

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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The low-energy b — ctv effective Lagrangian

SM

2V o

L7V = [(1 + Cv, ) (evubr) (Tryvuve) + Cvy (CrVubR) (Tryuve)

eff —

V2

—+ CSL (ERbL) (%RVL) + CSR (ELbR) (7_-RVL) + Cr (ERO',uva) (fRO'/LVVL)} + h.c.

Vector LQ:

ul:Cy ., Cg, Q

Scalar L Qs:

Sl . CVL’ CSL= _4CT Q
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The low-energy b — ctv effective Lagrangian

SM
b—cTV 2‘/05 / — — — —
Log T =— 2 [(1 + Cv, ) (€Lvubr) (Tryuve) + Cvy (ErYubr) (TLyuvL)
+ Cg, ((_BRbL) (7__RVL) + Cs,, (ELbR) (7__RVL) + Cr (ERO'pu/bL) (?RUMVVL)] + h.c.
Vector LQ: R2 . CSL — 4CT
Uy Gy, G, Q SRy =+ 7.1Re(Cy) + 17.2| Cp|?
S8Ry« = — 5.6 Re(Cy) + 16.7| C/|?
Scalar LQs: e This relation predicts opposite sign in R,
vs Ry« due to interference with the SM.
Ry : CSL =4Cr ® Since interference alwa
ysS goes as the real
part, can make the WC’s purely imaginary
511 Gy, G =—4Cy Q and then do Ry with NP squared.

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

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

1. ule universality ratios in B — KMl

: i 0,+) *0,4),,+,,—
2. discrepancies in obs. with muons only { ang. obs. in B - K HH

BRs of B— Ku*u=,B - K¥u"u~,B, —> ¢pu*u~
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The b — sZ¢ anomalies before

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

1. ule universality ratios in B — KMl

| o | : p(0.4) #(0,4),,+,,—
2. discrepancies in obs. with muons only { ang. obs. in B - K H U

BRs of B— Ku*u=,B - K¥u"u~,B, —> ¢pu*u~

® 12/2022: a second LHCb analysis of Ry & Ry« establishes 11/ e lepton flavor

universality in b — sll at ~ 5 % level [LHCb,221209152]
compilation of b — suu clean observables
_ l [ lat fb uu Cl b o]
14y T : as of Dec. 2022 (©David Marzocca)]
1.2 T .
= | T 1) T4 Is w2 4 B = 0994 28838 (stat) Toigy (syst),
by el rr R = 0,927 09 (stat) 105 (yst)
; + {  entraner B = 0999 TR (stat) 002 (syst),
| - “ ] el o T  Riee = 1.027 0972 (54at) TO02T (gyst
, 1 ® |tk = L 0068 (Stat) Zggo6 (Syst).
0.6- | ) )
04- T ' ; 1
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The b — sZ¢ anomalies before

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

1. ule universality ratios in B — KMl

| o | : p(0.4) #(0,4),,+,,—
2. discrepancies in obs. with muons only { ang. obs. in B - K H U

BRs of B— Ku*u=,B - K¥u"u~,B, —> ¢pu*u~

® 12/2022: a second LHCb analysis of Ry & Ry« establishes 11/ e lepton flavor

universality in b — sll at ~ 5 % level [LHCb,221209152]
_ l [compilation of b — suu clean observables
141 T : as of Dec. 2022 (©David Marzocca)]
1.2 T .
= |71 ¢ ! g L B = 0:994 1038 (stat) G50 (syst),
by el r R = 0927 1009 (stat) 008 (oyst)
o3 g + I Lo { B = 0.049 1508 (stat) 033 (syst),
_ 1 1 o | | - central-g” 4 B 40.072 10,027
, 1 ® ] | Rr» = 1.027 Zg g5 (stat) g a6 (syst).
0.6- | )
04 T L ® Still room for small 2/ e lepton flavor

AT 5 ] violation at the ~ 10 % level

02
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The b — sZ¢ anomalies after

4G, ; _ _ ) _ _
Lot = = \/—; 09 = (5, Yu b ) y* p) 018W = (5.7, b ) y*ys u)
® Assuming NP in muons only, 1.0 - Bs — pp 1o
there’s now tension between LFU — fi& Rfi* 1;’ 20
ratios Ry~ and BR’s + P. —0.8 - R0, = *
K 5 rare B decays 1o, 20, 30
< |
o —0.6-
O
||| —0.4 -
3
F_ —02- 7\ T"/
< 0.0 - /
0.2 -
[Greljo et al.,2212.10497]
0.4 1 1 1 1 1

-20 -15 -10 -0.5 0.0 0.5 1.0
Cumv
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The b — sZ¢ anomalies after

4G _ _ _ _
Lot = = \/—; OSSW = (5, Yu b ) y* p) Ofgﬂﬂ = (5.7, b ) y*ys u)
® Assuming NP in muons only, 1.0 - Bs — pp 1o
there’s now tension between LFU — fBx & Rge 1oy 20
: , , _o084 b— sup lo, 20 7
ratios RK(*) and BR's + PS rare B decays lo, 20, 30
< |
Fo 0.6
® A flavor universal shift in Cy is Qf
now sufficient to account for all 04
- 3
b — suu mgasurements. LFUV o 0s- = V'/"’
component in muons only IS how S / ( Q /
compatible with zero. < 0 /
0.2 - -
[Greljo et al.,2212.10497]
0.4 I I I I I

-20 -15 -10 -0.5 0.0 0.5 1.0
Cumv
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The b — sZ¢ anomalies after

4G _ _ _ _
Lot = = ﬁ OSSW = (5.7, b ) y* p) Ofg”” = (.7, b)) y"ys u)
® Assuming NP in muons only, _1.0 - Bs = pp 1o
there’s now tension between LFU — Bx & Bx. 1o, 20
: , , _o084 b— sup lo, 20
ratios RK(*) and BR's + P5 . rare B decays 1o, 20, 30
< ,
2o —0.6 -
® A flavor universal shift in Cy is Qf
now sufficient to account for all | 04
. X
b — suu mgasurements. LFUV [JTE — //_\
component in muons only is Now @) / ( Q /
compatible with zero. < 0 /
* But, non-trivial to distinguish from long- 0-27 -
distance QCD (“charming penguins”) .4 | [Crelio et al. 2212.10497]
20 -15 -10 —05 00 05 10
. . CUHIV
To understand these contributions better:

- Improvement on theory side [Gubernari et al. 2206.03797, Ciuchini et al. 2212.10516
- data-driven approach [see e.g. LHCb Coll., Eur.Phys.J.C 77(2017) 3,161]

Ben A. Stefanek | LHCb Workshop on semi-leptonic exclusive b—c decays



What changed? Implications for model building

4Gy e’ b . _ b < -
Lo = — ﬁ VinVis 1622 Z GO 09SW = (S, by 1) 018”” = (S v, by ys p)
® A flavor universal shift in Cy is ~1.0 - By — pp 1o
now sufficient to account for all — Br & By lo, 20
o084 b— suu lo, 20
b — SUHU measurements. rare B decays 1o, 20, 30
< ,
2o —0.6 -
3
0.4 -
|
3
3 o —0.2 1 ///"\
< go- /
0.2 - -
[Greljo et al.,2212.10497]
0.4 .

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

4G e’ g _ _ s _ _
Lo = - ﬁ VaVii—— Z GO, O =Gy, bpGarn) O =Ly, b)Er'ysw
® A flavor universal shift in Cy is ~1.0 - By — pp 1o
now sufficient to account for all T fi& RI;* 1;’ 20
— S o, 20
b — SUHU measurements. —087 rare ;/jlecays lo, 20, 30
< ,
® Old models for combined explanation é‘ba —0.6 -
of Ry and R now must be pi/e -
universal at the ~ 10 % level. This is i“
3
not difficult to achieve. The main %» —0.2 - 7 //—\
consequence: LFV effects now <, / ( Q / /
predicted to be small (e.g. B = Ky,
B, = tu,v—->puXwX= £t D,v) 0.2 - _~
[Greljo et al.,2212.10497]
0.4 .

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

4G e’ g _ _ s _ _
Lo = - ﬁ VaVii—— Z GO, O =Gy, bpGarn) O =Ly, b)Er'ysw
® A flavor universal shift in Cy is ~1.0 - Bs — pp lo
now sufficient to account for all — fi& Rfi* 1;’ 20
E— S o, 20
b — SHH measurements. —0-87 rare ;/jlecays lo, 20, 30
< ,
® Old models for combined explanation .%)S’ —0.6 -
of Ry and R now must be pi/e |I| o4
universal at the ~ 10 % level. Thisis 4
3
not difficult to achieve. The main %» —0.2 - ] / _—
consequence: LFV effects now 4 00 - / ( Q / /
predicted to be small (e.g. B — Ktu,
B, - tu,7—>uXwX=20¢,0,7) 0.2 _
. . . [Greljo et al.,2212.10497]
® Still interesting to consider models for 0.4 . : : .
| —20 -15 -10 -05 00 05 1.0
R+ (unaffected) that also give flavor Cpniv.

universal contributions to the b — s£¢¢
system.
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Connection: b — ctv and universal b — s£¢

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

W N a0 csaaee
L VL SL 25 LT e
4G e’ _ -
Lo = - TzF VoVt Z cl of 0f = (5,7,b)@ 1" ¢)
® [ eading-log running in SM gauge couplings gives
A U U%}W (3) (1) ] mg
09 — wa {'; [Clq ]040423 + [Clq ]ozoz23 + [qu]23aa 0g W

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

[Bobeth, Haisch, 1109.1826; Crivellin et al., 1807.02068; Alguero et al., 1809.08447] 13
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Connection: b — ctv and universal b — s£¢

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

bL TL ) bL TL
>< = >< = 2 cag-go
— —
L VL SL L L epe
ACY — VEw ([C8aezs + €1 Jaazs + [Coe )1og(mg>
9 — 23 23 Ao
me t>,; lg lao lg laa gel23aa M2
RZ
Ul Sl RZ :
Bs TR TR Bs
B — —~ G — _ D
Clq — Clq Clq — Clq Only [qu]3333 R
2

*With both [qu]3333 & [qu]2333 active

[Bobeth, Haisch, 1109.1826; Crivellin et al., 1807.02068; Alguero et al., 1809.08447] 14
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Connection: b — ctv and universal b — s£¢

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

bL (39 bL 3 \OL >
SU(Z)L RGE ZL ZL N ACU: CU—CSM
— — ’ ’ ’
CL UL SL TL l K l=e,/4,c
ACY = B (10 o 10D nss + [Coclaiae ) log (72
5 = gy Oy Jaazs + [y acza + [Coelzaaa ) log 775

oV s X[ RX g m

Cl(;) — Cl(ql) C(3) = — C(l) Only [qu]3333

R,

*With both [qu]3333 & [qu]2333 active

[Bobeth, Haisch, 1109.1826; Crivellin et al., 1807.02068; Alguero et al., 1809.08447] 14
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Simplified model for U, leptoquark Uy ~ (3,1,2/3)

5 = ST (A T (/]
Z > —2 U* [(qinff) + BT (@i L7 + By (by,ap)| +hic.

!

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

Ben A. Stefanek | LHCb Workshop on semi-leptonic exclusive b—c decays



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

SU - T (A T(}
732U [(qiy/g) F B (@ L) + (bR}/MTR)] +h.c.
1 g
Integrate out the U, LQ: AL, M2

* RUNNING to EW SCALE + MATCHING *

2
Lbv—serp = — Ve [(1 + CEL) (cLyubr)(Trytvr) —2CL g (€Lbr)(Tr VL)]
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Simplified model for U, leptoquark Uy ~ (3,1,2/3)

s5U = T (A T (1
732U [(qiy/g) F B (@ L) + (bR}/MTR)] +h.c.
1 g
Integrate out the U, LQ: AL oM

* RUNNING to EW SCALE + MATCHING *

2
Lbv—serp = — Ve [(1 + CEL) (cLyubr)(Trytvr) —2CL g (€Lbr)(Tr VL)]

bL TL bR TR
Contact interaction: X X
CL vp CL vp
) c g(2]v2 VCS ST c bt* e
Low-energy WC'’s <> Model parameters: Crp = Y 1+ v P Cir=Pr CpL
U cb
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Low-energy fit for U, leptoquark model Ui ~3.12/3)

2
Lvserp = — 3 Ve [(1 + CEL) (eLyubr)(TeyHve) —2CT R (ELbR) (TR VL)]

*Updated w/ HFLAV 2023 - === Rp & Rp- only an ~ 3.00
0.10""I""I""I""I""I"" 6R *%2CC —d *CC b
_ - D® LL — “DO™LR ape = 0.24
. .
<
- AN Low-energy WC'’s <> Model parameters
0.05F . q -
R C{
2.2
suVY Vcs br*
i CC — 1+ ST , CC — T CC
0.00 LL 4M(2] ( vV, L ) LR R “LL
QS [ /" Best-fit point
N T CE=0.048 7
_0.05k Ctp=-0.016
[ L H-only '
_ Ci, =0.063 ]
-0.10 [ LH=-RH ]
L Ry ooy Cs, = 0.031
_015 PR T T TR [N TR SR TR TN AN TN N TN T [T TN SR TR S (N S S N L
-0.10 -0.05 0.00 0.0 0.10 0.15 0.20
Crr
[J. Aebischer, G. Isidori, M. Pesut, BAS, F. Wilsch, 2210.13422] 16
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Low-energy fit for U, leptoquark model Ui ~3.12/3)

2

Lbvyerp = — 3 Ve [(1 + CEL) (cLyubr)(Trytvr) —2CT R (€LbR)(Tr VL)]

*Updated w/ HFLAV 2023 -=== R, & Rp« only
0-10 LN L DL L L L L L L L L 7 L L L L DL L L
L\ o 2N
<\ 7
I N\
0.05F . |
N C{
0.00}
QS [ " Bestfit point
NS ©CE=0.048 T
~0.05} Ctp=-0.016 |
[ LH-only '
_ Cip =0.063 1
—0.10_— LH=-RH ]
L Ry 009 C¢, =0.031
_0.15-. R T T B T T T L T R T S T T I T T T L
-0.10 -0.05 0.00 0.0 0.10 0.15 0.20

c
CLL

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

ap =~ 3.00

~Y ¢ —_ ¢
6RD(*) Y 2CLL aD(*)CLR { aD* ~ 024

Low-energy WC’s < Model parameters

2.2
8 Uv Vcs *
C¢. = 1+ ST , C¢ = bt C¢
LL 4 M(2] ( Vcb L) LR R LL

Matching: NP scale and U(2)-breaking

S 1/ v = g
A2p  2ME ¢ L

New physics scale preferred by low-enerqy fit:

Anp = {1.2,15,1.8} TeV, (Vq=0.1)
{LH-only, BFP, LH=-RH}

16
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U, connects R+ to b — s77 observables

e \We have tree-level effects in b — s77 connected to the size of Ry

TLR LR
U, U
vr SUR), = L
b — ctv b — stT
® Since b — strisa FCNG, itis a 1-loop B . d KO
process in the SM. We therefore expect A a
| b\ W_/5s
a huge NP enhancement in b — st7! N
t l
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U, connects R+ to b — s77 observables

® \We have tree-level effects in b — s77 connected to the size of Rp¢

B(Bs — 777 )sm = (7.73 £0.49) x 1077 B(BY = KT )gm = (1.22 £ 0.10) x 1077
10_2:"""" 10_3:"'I""I""I""I"'

LHCD (300 tb™1) ]

Belle II (50 ab™!)

Csp=0 ] E C5p =0

B Cr=—CLr| I B Cr=—CrLL
10—6.. n_n_ N« Wl om0 el nl e 10—7.. e I W | W W R R IR, R
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] 18
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U, connects R+ to universal b — s£¢ observables

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

SM
O(' —rt 1 r r r r [ r Tt T Tt [ T T T T [ T T T T 4 a
[ | o *

—0.2—26

| - b St
5 _o4f : RGE
T e | = a()s saq=q-o

1
\ : | - e, pz

—0.6}

Cip=0 TInY ” —
LE X Dirty” b — s£ ¢~ data prefers:
] CC _ _Cc
o = ) ACY ~0.75+0.25
| V 0.05 010 __ 015 020 025

[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] 19
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UV Completion for
the U, Leptoquark
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UV Model: New flavor non-universal gauge interactions

Based on “4321" gauge symmetry: SU(4) ~

Uy

(€2 3,15) ~ O(TeV) 1 71
SU4), x SU3),; x SUQ2); x U(1),, 5 > SUB).xSUQ), x U1y +U,,G,Z

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

Based on “4321" gauge symmetry:

SUA4) ~
U(l)y
(€2 3,15) ~ O(TeV) 1 71
SU4), x SU3),; x SUQ2); x U(1),, 5 > SUB).xSUQ), x U1y +U,,G,Z
|
SUG3) Third-family quark-lepton unification at the TeV scale: [Greljo, BAS, 1802.04274]
C
3 3 3
qr, + UpR — dg
”SDLN(:;) wR”(S Yr ~ | 3
ly VR €Rr
® charged under SU(4),, Leptons as the fourth “color”
—> Direct NP couplings (L+R) [Pati, Salam, Phys. Rev. D10 (1974) 275] [ 1]
(only 7 years after the SM was proposed) q’;’R
e Light families under 321 (SM-like) 4321 models Vg = ql;R
[di Luzio, Grelio, Nardecchia 1708.08450 LR
® Accidental approximate U(2)5 flavor Bordone, Cornella, Fuentes-Martin, Isidori
fry: 1 = ( ) 1712.01368, 1805.09328; .
symmetry: ¢ = ( $1 ¥2/(¢¥3 Grelio, BAS, 1802.04274;

Cornella, Fuentes-Martin, Isidori 1903.11517]

® Good starting point for CKM
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Important 1-loop effects: B — K")uv (4321 Model)

® Some (important) effects appear only at Updated 90% CL region preferred by
one loop. For U, requires UV modell low-energy b — c7v data 2210.13422

20—mm———————————
U, |
b 1% =
T~ 1.8} T
L 5 [
E L
A 1% & 1.6 _ _
T L — 1o
Q |
verag o~
I*1.17()‘41', pr(lzhm. e g ]_ .4 B -
i . Belle 11 (63 fb!, Inclusive) = i
| Belle (711 fb-!, SL) o~ .
: 1.0+£0.6 PRD96, 091101 \*/ 1 2 i
i ¢ %?110613(112)81711;})1;31' Had) & - / Belle 11 (50 ab_l)
. Babar (429 1, Had+SL) T =
o 2 4 6 8 10 R 1.0F CSr =0 -
10° x Br(BT—K * vp) N\ ' ¢ :c B
e ——————————— HCr=—CLL
] 0.8 L - - - ] - . 1 L 1 L L L 1 1 N ] ] ] ] ] ] N N
[Belle Il Collaboration, 2104.12624] 0.00 0.05 0.10 0.15 0.20 0.95

[Fuentes-Martin, Isidori, Kbnig, Selimovic, 2009.11296]
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Wrapping Up

Overview of ongoing LFU measurements

.......................................................................................................

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

mode muonic hadronic muonic hadronic
R(D) X X X X
R(D°) v X X X
R(D") v v/ X X
R(AY) X v/ X X
R(Ac) X X X X
RU/¢) v X X X
R(Ds*) 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: Z(D"), %(D: ")

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 these!
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Conclusions

® [he 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
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® 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.
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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.
This positive feedback between anomalies remains interesting, but need a better
understanding of possible QCD contamination via “charming penguins”.
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connects b — ctv transitions to flavor universal effects in the b — s£¢ system.
This positive feedback between anomalies remains interesting, but need a better
understanding of possible QCD contamination via “charming penguins”.

® On the theoretical side, the B-anomalies have renewed interest in 2 long-standing
SM problems: the flavor & hierarchy problems. In this sense, new flavor non-universal
gauge interactions at the TeV scale are a very interesting direction to pursue.
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® From the phenomenological point of view, the implications of NP explanations of
Ry have been clear for while. To make progress, we need more datal
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Conclusions for your attention!

Thanks a lot
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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.
This positive feedback between anomalies remains interesting, but need a better
understanding of possible QCD contamination via “charming penguins”.

® On the theoretical side, the B-anomalies have renewed interest in 2 long-standing
SM problems: the flavor & hierarchy problems. In this sense, new flavor non-universal
gauge interactions at the TeV scale are a very interesting direction to pursue.

® From the phenomenological point of view, the implications of NP explanations of
Ry have been clear for while. To make progress, we need more datal
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UV Model: New colored particles and EW observables

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

® \\Ve 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 |n addition to the U, LQ, we also get neutral G, Z' vectors.
® Ve also need a vector-like quark and lepton'@, L for fermion mixing.

® New colored states' O, G’ give sizable shifts in the W-mass via RGE effects.

AWLW Vz gl% 2 V2

— > - C O.n=|H'DH —
70 _ T T T T T T T T T T T T T T T T T 1 70 L L L L L O L L ]
: LL : ; NLL 1
60F Ciip) : 60f Crp] ™ ;

DO w
o -
Trrrrrrr[rrrrprrrrroroT

Amy [MeV]
= Ot
o o

= s
S S
)
> o
o o
S
g
2

0.2 0.4 0.6 0.8 1.0 1000 1200 1400 1600 1800 2000 2200 2400
Y+ (2 TeV/mQ) \/ T AU [Ge\/]

® Full EW fit In 4321 model; [Allwicher, Isidori, Lizana, Selimovic, BAS, 2302.11584]
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The low-energy b — ctv effective Lagrangian

SM
b—ctv __ 2‘/05 o = = — —
LT = = 5 | (U Cv) (@b (Frue) + Ovi (emubr) (Frym)
—+ CSL (ERbL) (%RVL) + CSR (ELbR) (7_-RVL) + Cr (ERO',uva) (fRO'/LVVL)} + h.c.
SMEFT-LEFT Matching: Hield 1 He !
” Quantum Numbers (3,1,1/3) (3,2,7/6) (3,1,2/3)
SM Cy, = —UQZ (G <], LyFlalytlis - 312t iple s,
23 apr
: cr] . ikl - ~3lebliplat T,
v = 5o [Chnalas s Credal s : : 2l o],
23
2 LS B 7 7 PR 1075 P 4 -
1
Osi. = =gy Crequl 33 [ U N PR 1 W FR
v o Vi ,
Csp = — 2 LV (Creda) 333, Vector LQ: Scalar LQs:
=1
U . . _
o ’U2 [6(3) ] l]1 . CVL’ CSR Rz . CSL — 4CT
T — lequ . _
2V23 qu13332 Sl . CVL ) CSL —_- = 4CT
[L. Allwicher, D. A. Faroughy, F. Jaffredo, O. Sumensari, F. Wilsch, 2207.10714] 27
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The low-energy b — ctv effective Lagrangian

SM
b—ctv __ 2‘/05 o = — — —
LT = = 5 | (U Cv) (@b (Frue) + Ovi (emubr) (Frym)
+ Cg, (ERbL) (%RVL) + Cs,, (ELbR) (7__RVL) + Cr (ERO',uva) (fRUMVVL)} + h.c.
SMEFT-LEFT Matching: Field 1 Bz Y
” Quantum Numbers (3,1,1/3) (3,2,7/6) (3,1,2/3)
SM Cy, = —UQZ (¢ <], LyFlalytlis - 312t iple s,
23 apPp
: c| . il - ~3laflisletla
Cy,, = vi c® ... Credalass, - - 2], o150
23
2 LS B 7 7 PR 1075 P 4 -
1
Osi. = =gy Crequl 33 [ JUR T 7 R PR 1 P Y S
v A V5 5
Csp = — 2 LV Credg) 33, Vector LQ: Scalar LQs:
1=1
U . . _
o ’U2 [6(3) ] l]1 ; CVL’ CSR Rz . CSL — 4CT
T — legqu . —
2V23 qu13332 Sl . CVL ) CSL —_- = 4CT
[L. Allwicher, D. A. Faroughy, F. Jaffredo, O. Sumensari, F. Wilsch, 2207.10714] 27
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The low-energy b — ctv effective Lagrangian

SM
b—ctv __ 2‘/05 o = = — —
LT = = 5 | (U Cv) (@b (Frue) + Ovi (emubr) (Frym)
—+ CSL (ERbL) (%RVL) + CSR (ELbR) (7_-RVL) + Cr (ERO',uva) (fRO'/LVVL)} + h.c.
SMEFT-LEFT Matching: Hield 1 fe !
” Quantum Numbers (3,1,1/3) (3,2,7/6) (3,1,2/3)
SM Cy, = —UQZ (G <], LyFlalytlis - 312t iple s,
23 apr
: cr] . ikl - ~3lebliplat T,
v = 5o [Chnalas s Credal s : : 2l o],
23
2 LS B 7 7 PR 1075 P 4 -
1
Os. = =5y [Cequlsss2 Cion] o s sl -
v o Vi ,
Csp = — 2 LV (Creda) 333, Vector LQ: Scalar LQs:
=1
U . . _
o ’U2 [C(S) ] l]1 . CVL’ CSR R2 . CSL - 4CT
T — lequ . _
2V23 3332 Sl . CVL ) CSL —_- = 4CT
[L. Allwicher, D. A. Faroughy, F. Jaffredo, O. Sumensari, F. Wilsch, 2207.10714] 27
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The low-energy b — ctv effective Lagrangian

SM
b—ctv __ 2‘/05 o = = — —
LT = = 5 | (U Cv) (@b (Frue) + Ovi (emubr) (Frym)
—+ CSL (ERbL) (%RVL) + CSR (ELbR) (7_-RVL) + Cr (ERO',uva) (fRO'/LVVL)} + h.c.
SMEFT-LEFT Matching: Hield 51 He !
” Quantum Numbers (3,1,1/3) (3,2,7/6) (3,1,2/3)
SM Cy, = —UQZ e (¢ <], LyFlalytlis - 312t iple s,
23 apr
: cr] . ikl - ~3lebliplat T,
v = 5o [Chnalas s Credal s : : 2l o],
23
2 LS B 7 7 PR 1075 P 4 -
1
Osi. = =gy Clequl 353 [ U N PR 1 W FR
v o Vi ,
Csp = — 2 LV (Creda) 333, Vector LQ: Scalar LQs:
=1
U . . _
o ’U2 [6(3) ] l]1 . CVL’ CSR Rz . CSL — 4CT
T — lequ . _
2V23 g 3332 Sl 5 CVL . CSL - — 4CT
[L. Allwicher, D. A. Faroughy, F. Jaffredo, O. Sumensari, F. Wilsch, 2207.10714] 27
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Updated 5, R,, U, fits to data w/ following observables
e Data from low-energy b — c7v transitions

R, RD* , R A, [J. Aebischer, G. Isidori, M. Pesut, BAS, F. Wilsch, 2210.13422]

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

. . f
Z + W pole observables + LFU tests in r-decays: g, /gy,
[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 + £

HighPT ’ f ’ f
P\ AN
............... f b f b
[L. Allwicher, D. A. Faroughy, F. Jaffredo, P T p v
O. Sumensari, F. Wilsch, 2207.10756]
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Simplified S, scalar LQ model and fit

L DA GRelIS, + ATty S,

A (2 TeV /Myq)
()

)\%— (2 Te\//MLQ)
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Simplified R, scalar LQ model and fit

CSF :))g?\§21§ZQR-—Aiﬁyfng2€f§§

3m—m————m—mr————————
2
— 1
= [
§ L
= Of
) [
59 [
~ —1F
_9ol
Y A S S S
-3 -2 —1 0 1 2 3
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Simplified U, vector LQ model and fit

& > (eFain i + s ei ) Uf

g7 (2 TeV /Myq)
-

-1.5 -1.0 -05 00 05 1.0 15
g7 (2 TeV/Myq)
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U(2)-like new physics in b — c7v decays
@ ®

e Actually, following the U(2) hypothesis, we should have: 5‘%
gl
Flavor conserving Flavor violating
b 125 b; L
g of33 1 oA Yq
NPUAZ, + - y NAZ
tL Uy L L

d\pb = ctv) = Vo3 + V. A,
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U(2)-like new physics in b — c7v decays
@ ®

e Actually, following the U(2) hypothesis, we should have: “y‘fmj\
)p
Flavor conserving Flavor violating
b 125 b; L
L ﬂ33 N 1 ﬂ23 N Vq
NP A2 _I_ NP A2
tL I/L NP CL VL NP
d\pb = ctv) = Vo3 + V. A,
® U(2) suppressed flavor violation means we need an even lower NP scale!
o 2 V 0.12\ "
2N o [ 14+-L ) ~ R, — ANPz1.3TeV< )
s Agp Ve ORp:-

(V, =0.1)
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A final comment on Ry

® 12/2022: a second LHCb analysis of Ry & Ry« establishes 1t/ e lepton flavor

universality in b — sll at ~ 5 % level [LHCb,221209152]
_ l [compilation of b — suu clean observables
141 T a as of Dec. 2022 (©David Marzocca)
1.2 T
; ( \ ( _ 4 +0.090 +0.029
N ® P ¢ ) I low-g? - Rx =10.99 +8 052 (stat)+8 oo7 (syst),
3 o [ ¢ T [ | Ri» = 0.927 Tj g7 (stat) Zg o35 (syst),
vy 1 ® ® (R — 0.949 +0.042 (4 41+0.022 ¢
1 Ligll ~ centralg?{ F o0t (5008 g (3750),
» 1 ® - - | Ri+ = 1.027 Zge5 (stat) [ a6 (SYSE).
0.6- L__) -
04- T 1 ] .
- RICHRLHCORIIChele pBell pLACHRLHCHgLcoREclle picle REcl pille gl Bl pLiiCo i oz 2 ® Still room for small ,l/l/ € |ept0n 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 1t/ e lepton flavor

universality in b — sll at ~ 5 % level [LHCb,221209152]
_ l [compilation of b — suu clean observables
147 T a as of Dec. 2022 (©David Marzocca)]
1.2 T .
= | *T7) T¢° I o2 { B = 0:994 1038 (stat) G5 (syst),
e, IR H T 171 [ Rice = 0.927 15550 (stat) Tg o35 (syst),
< r
< 08 - ? ¢ e R =0.949 J_rg:gg (Stat)tgzggg (syst),
1 1 ¢ I 1 - central-q” 4 _ +0.072 +0.027
0.6- L-—) . ”
04- T 1 ] .
| RERHICR ORI SRR R R R R R R £ 5 3 ® Still room for small i/ lepton flavor
02 violation at the ~ 10 % level
U(2)-breaking parameter: V Vf Vq Vf

q
g o ST (= - S - »
LD —\/% Ut [(qinﬁ) + BT @ L) + B, +ﬁL’“‘(q%y,/L2)] @@

still calls for light NP! simply smaller now.

Ry Ry il

| Nothing changes here, | | U(2), breaking V, is | "
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High-energy searches: U, leptoquark

T+ b b =
LQ . Lq -
// b ( |
/\ ’ e [‘Q )
X T b [
LQ < A T
g
- n +
b l) T h '
Caveat: BR=1 (CMS) vs BR=0.5 (ATLAS)
CMS-PAS-EXO-19-016 EXOT-2022-39
CMS Preliminary 137 b (13 TeV) 4r — : — [ : I .
(_é 95% CL upper limits — Single Nonres. < -~ ATLAS Preliminary W Sirggo + Non-ses. {Obe b 219 2
= — Observed — Pair —Total © 3.5 (s=13TeV. 139 fb" = Single + Non-res. (Bxpimit £ o)
D : C - 18 evs “e=== Total (Obs.limit + 1) .
5 -—-Expected Expected by B anomalies = " 95% CL S Tow (Bep b £ ]
,.3 i [68% expected V(lECtOf, B-1 k=1 8 3 :— U1YM mode{ Low + High b-jet p*r Prefomsd by Ba—nomalles —:
C M S g ' E /['j j 5 (&) - - Interference with SM neglected Excluded region .
B of // / fa 5 -
3 [ i ] ofF .
O, [ L] 1 E E
151 ~3.16 0 ; : ATLAS
C 1.5 - EXPERIMENT
1 : i
= ."" | 1= =]

05 ' 0.5F =
0_1||||1|||||||1||||||| El | . % A | , | , | .
500 1000 1500 2000 2500 3000 0 1000 1500 2000 5500 3000

Leptoquark mass [GeV
ptoq [GeV] m, [GeV]
Excludes
. . e s ’
Large improvement in sensitivity CMS’ excess
when adding low b-jet pr category
[A. Juste, Moriond EW 23] 34
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High-energy searches: U, leptoquark model (LH)

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

Moo U, pair production
g U,
U1_>bT+,t17
3t : BU, - bt*) =~ 0.5
[ ] g U,
_ CMS
pp = UUr — brtv 2012.0417
- 2k i
-
Drell-Yan t-channel exchange: 7t
i ,/’ Updated 90% CL region 1 b > T
1 Lo preferred by low-energy 1 p)
' b — ctv data2210.13422 ] U ATLAS
| Anp > 1.1 TeV (ATLAS) |Br| =0 | b — -~ 2002.1222
o . .
1000 2000 3000 4000 5000 High mass Drell-Yan tails
My [Ge\/] QCD corrections: [U. Haisch, L. Schnell, S. Schulte, 2209.12780]
[J. Aebischer, G. Isidori, M. Pesut, BAS, F. Wilsch, 2210.13422] 35
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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!

4 u y T T T T T T T
& SN Su 3. 53 bt (T .
; & 2o 2L @ntd + B )| ve=-0
R <% 2
= A
_ . ® |
3b 2 ) " rons o
S \S ® Additional contributions give stronger bound
l from t-channel Drell-Yan 77:
=)
g 2 bL 17 bR TR
I bL TL bR TR
1t Updated 90% CL region
i preferred by low-energy
- b — ctv data 2210.13422 bR Tp
Brl =1
0' - | | | o —I— <+—— Dominates
1000 2000 3000 4000 5000 bL (73
MU [GGV]
[J. Aebischer, G. Isidori, M. Pesut, BAS, F. Wilsch, 2210.13422] 36
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The low-energy b — ctv effective Lagrangian

CTV 2‘/05 _ _ _ B
LT = = 5 | (L Cv) (@b (Frue) + Ovi (emubr) (Fryme)
+ Cg, ((_BRbL) (7__RVL) + Cs,, (ELbR) (7__RVL) + Cr (ERO'pu/bL) (?RUMVVL)] + h.c.
SMEFT-LEFT Matching: feld o e -
Quantum Numbers (3,1,1/3) (3,2,7/6) (3,1,2/3)
vV, = —'U2 Z “;21 C(j) 337:3, [Cledq]aﬁij . - 2[37%]72[37{%]3'3
23
L B 117 0 PR 1% P 19 -
V2 (3) (3) _1r L% _1r Ry, [, L% _
CVR — 2V23 [CHud] 93 ) [Clequ:| afij 18 [yl ]za [yl ] 3 8 [y2 ]25 [y2 ]ja
[Ceu]a,/j’ij sl ]Jﬁ[yl Jia - -
v
C‘S’L — 2V23 [Cl(elq)u] 3339 7 [Ced]aﬁij - - _[33{%]7,5 [x{%];a
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