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It ended, but also begins with the Higgs

® Standard Model (SM) gauge sector is flavor blind!

Zr(gauge) = UB)Y = UB),x UB3),x UB);x UB3), x UQ3),

T < My < My
&S W® ) O

® The Higgs, the last piece of the SM discovered in 2012, strongly disagrees!
Yukawas with Higgs are the only source of flavor violation in the SM, with a
very hierarchical pattern that does not look accidental-

[Credit for cool drawings: Claudia Cornella] 2
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It ended, but also begins with the Higgs

® Standard Model (SM) gauge sector is flavor blind!

Zr(gauge) = UB)Y = UB),x UB3),x UB);x UB3), x UQ3),

Iy <My < My
&S W® ) O

® The Higgs, the last piece of the SM discovered in 2012, strongly disagrees!
Yukawas with Higgs are the only source of flavor violation in the SM, with a
very hierarchical pattern that does not look accidental-

Flavor Is there a connection between the nature of the Higgs
boson and the SM flavor puzzle? Clues toward the
Puzzle structure and scale of new physics (NP)?
[Credit for cool drawings: Claudia Cornella] 2
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Hints of NP structure: Flavor symmetries of the SM

® Standard Model (SM) gauge sector is flavor blind!

they look all Hhe same
L~

C-(SM) = UQ3) = U@),xU@3),xUB),xUQ),xUG), 66>

Turn on Yukawas Yl\PlLH P | don't Hhink sol
J R @ My <my <my

7 (SM) = U(1), x U(1),
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Hints of NP structure: Flavor symmetries of the SM

® Standard Model (SM) gauge sector is flavor blind!

they look all Hhe same
L~

C-(SM) = UQ3) = U@),xU@3),xUB),xUQ),xUG), 66>

Turn on Yukawas Yl\PlLH P | don't Hhink sol
J R @ My <my <my

7 (SM) = U(1), x U(1),

® But, since the light family Yukawa couplings are very small:
Zr(SM) = U2 = U2),x U2),x U2);x U2), x UQ),

U(2)’ is a good accidental approximate symmetry of the SM!
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Hints of NP structure: Flavor symmetries of the SM

® Standard Model (SM) gauge sector is flavor blind!

they look all the same
L~

C-(SM) = UQ3) = U@),xU@3),xUB),xUQ),xUG), 66>

Turn on Yukawas YZ\PZLH P/ | don't Hhink sol
J R @ My <my <my

Gr(SM) = U(l)p x U(1),

® But, since the light family Yukawa couplings are very small:

Zr(SM) = U2 = U2),x U2),x U2);x U2), x UQ),

Flavor
Puzzle
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Hints towards NP scale: Nature of the Higgs boson @
A%» Higgs Hierarchy Problem Pre-LHC viewpoint: Nature must be natural!

® [he Higgs mass is unstable under quantum corrections- it is quadratically
sensitive to NP in the UV. The top Yukawa gives the largest correction:

[
h h 2 3y 1o
.............. = dmj (top loop) ~ 4—772ANP
t

® Naturalness principle: Light NP that protects the Higgs mass from large
guantum corrections should appear no higher than the TeV scale.

sm2/m2 <1 = Axp $500 GeV

Y
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The Flavor Problem of Light New Physics
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® [avor bounds push the scale of flavor anarchic new physics (NP) above 1000 TeV.

® But, to address the EW hierarchy problem, NP must be light. It follows that light NP
must have a very specific flavor structure in order to pass flavor bounds.

[Physics Briefing Book 2020, 1910.11775] 5

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


https://arxiv.org/abs/1910.11775

The Flavor Problem of Light New Physics
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® |t follows that light NP must have a very specific flavor structure in order to pass
flavor bounds.

A%, Higgs Hierarchy Problem <€—> Flavor Puzzle
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Minimal Flavor Violation (MFV)

® Key idea: Flavor puzzle probably solved at a high scale. Lightest NP can
then be nearly flavor universal. All CP and flavor violation in the NP sector
originates from the SM Yukawa couplings.

0 o Vis Vi Vi 0 XN M3
Mo~ (YoYre m? [ ViaVis 0 ViV | ~ [ A 0 A2
‘/td ;1; V;fs t}k) 0 )\3 )\2 0
Minimally flavour violating main A [TeV]
dimension six operator observables -+
Qo= HQrArc,QL)? ex, Amp, 6.4 5.0
Op1 = H' (DrAidrcow@Qr) Fiu B — Xy 9.3 12.4
Oc = H DR)\d/\FCaWT“QL) Ge, B — X,y 2.6 3.5
On = (Qrircy,Qr)(Lry.LL) B— (X)), K —nmvp,(m)tl |31 2.7 =
Or = (Qrircy,m*QL)(Lry,™Ly) B— (X)W, K — nvp,(m)ll |34 3.0 =
Om = (QrArcy,Qr)(HiD, H) B— (X)W, K-—mvp,(r)ll |16 16 =
Op = (QL)\FC’YNQL)(DR’YHDR) B — Km, €Je,... ~ 1
[G. D'Ambrosio, G.F. Giudice, G. Isidori, A. Strumia, hep-ph/0207036] 6
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https://arxiv.org/abs/hep-ph/0207036

Minimal Flavor Violation 20 Years Later
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® |In MFV, NP is flavor universal up to SM Yukawas. NP couples to valence quarks!

® For this reason, flavor bounds are still ok, but direct searches at the LHC push
MFV new physics to the 10 TeV ballpark.
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Naturalness Paradigm 20 Years Later

Higgs Hierarchy Problem

—  dm;(top loop) ~ S—y?/\2
------------ h p p ~ 47_‘_2 NP

® [ ight NP protecting the Higgs mass from large corrections should appear.
That didn’t happen so far. If NP is almost flavor universal as in MIFV, we
now have an experimentally proven “little hierarchy problem”:

Anp Z 10 TeV — m%/dm% ~ 10_3
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S0, did naturalness fail as a paradigm?

® [his seems to be an increasingly common viewpoint. Personal opinion:
Indeed, we were too aggressive, but this view is overly pessimistic.

m; /6m; ~ 107°  vs.  m2 /MZ% ~ 1073

® Nature seems a bit fine-tuned. However, | would not discard naturalness
arguments: they still provide the best hope that light NP could be around the
cornetr.

® Can we do better than 10 TeV? To answer this question, we need to ask: Is
there a “more natural” flavor protection for NP than what is provided by MFV?
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U(2) is the natural successor to MFV

® Key idea: New physics is NOT flavor universal. In particular, there are new flavor
non-universal interactions at the TeV scale coupled dominantly to the third family.
NP coupled to top is what we need to address the Higgs hierarchy problem.

® Unlike in the MFV case, these new interactions see flavor just like the SM Higgs.
They could be connected to a low scale solution to the SM flavor puzzle.

[R. Barbieri, G. Isidori, J. Jones-Perez, P. Lodone, D. Straub, 1105.2296] [See also: Davighi, Isidori, 2303.01520] 10
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U(2) is the natural successor to MFV

® Key idea: New physics is NOT flavor universal. In particular, there are new flavor
non-universal interactions at the TeV scale coupled dominantly to the third family.
NP coupled to top is what we need to address the Higgs hierarchy problem.

® Unlike in the MFV case, these new interactions see flavor just like the SM Higgs.
They could be connected to a low scale solution to the SM flavor puzzle.

® NP dominantly coupled to the third family quarks (+leptons) enjoys a
U2)° (U2)) flavor symmetry, just like the SM Yukawa couplings.

> U(2)-breaking effects

: : Barbieri et al, 1105.2296
---------------- poosnensanneees e Isidori, Straub, 1202.0464

- - Fuentes-Martin et al, 1909.02519
\ | - \ . -

2

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] [See also: Davighi, Isidori, 2303.01520] 10
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U(2) compared with MFV

Flavor diagonal couplings (direct searches)

® |n the exact U(2) limit, we have flavor diagonal, but non-universal NP.

Exact U(3) Exact U(2)

q7,49;f a7.4; + €q.y,4;

® Key benefit: Different NP coupling for light families makes it possible to
suppress couplings to valence quarks and relax direct search bounds.
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U(2) compared with MFV

Flavor diagonal couplings (direct searches)

® |n the exact U(2) limit, we have flavor diagonal, but non-universal NP.

Exact U(3) Exact U(2)
417,41 q,7.4; + €3:7.4]

® Key benefit: Different NP coupling for light families makes it possible to
suppress couplings to valence quarks and relax direct search bounds.

Flavor violating couplings

MEV: Minimally broken U(3) Minimally broken U(2)

0
q%/IFC}/,qu qLVZY;Hg Ve~ 0 (v b>

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



Phenomenology of the U(2) hypothesis

Flavor diagonal couplings: éi}/ﬂqf + € Z]Z}/ﬂq}; + 7 13]/// L3

® Third family direct searches at the LHC (limit € — 0)

U(2)? (quarks only) U(2)° (also leptons)
p t,b p V., T
bR b\
t % t %
P t,b % Ve T
® Signals: ff, bb and tb Drell-Yan 77 and mono-7 + E;
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Phenomenology of the U(2) hypothesis
Flavor violating couplings:  4;Viy,4; , VI~ 6(0, |V,l)

® | eading effects: 3 — 2 transitions: top decays, B-physics, tau decays. Focus
here on the operators for B-physics one can construct together with £;y#£;:

U(2)-breaking operator Process Example Observables

(qlL Véy/ﬂ 2)2 B-meson mixing AM B

N

(glLV;}/qu)(gi}/ﬂfg) Neutral current B-decays B - K(*)Tz_', B — K(*)UTDT, Bs — 77T

(QEVéyﬂglqg)(Ziyﬂglfg) Charged current B-decays | B — D(*)TDT, Ny = Agv., B, — 10,

(glLVé}/ﬂqg)(HTDﬂH) Neutral current B-decays | B — K¢ , B— K(*)yfﬂf , B, — £t

Yb (QZLVZIG/,WH bR)F HE Neutral current B-decays | B — Xs 14
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Phenomenology of the U(2) hypothesis

Flavor violating couplings:

q,\Vira

Vi~ 0(0, | Vl)

® | eading effects: 3 — 2 transitions: top decays, B-physics, tau decays. Focus
here on the operators for B-physics one can construct together with £;y#£;:

U(2)-breaking operator

Process

Example Observables

—~1 Y71 3\2
(GrVyr.ai)

B-meson mixing

AM,

N

@ Vir a)(Eir'e?)

Neutral current B-decays

B — K(*)TT B — K(*)v U

v, B, —> 17

e

| Charged current B-decays

(@ Viy, o' a)(Eir'e'e )y

R PN I S RN

(@, Viy*q})H'D,H)

B- DYy, A, — ACTDT, B, — 10,

Neutral current B-decays

B — KO¢Z, B— K™, B, — (7

v, (g ( vV, WHbR)F =

Neutral current B-decays

B — Xy
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Anomalies in b — ¢ semi-leptonics: R, and R,

Y 0.4 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 * —
< - | | | | | | ) | LA AB(B - D¢ )w)
% -m Ay~ =1.0 contours - Ry = Z 7
B Prelim. 2023 i (B — D U )
035 BaBarl2 —
I Bellel5 - [f — e,,l/l]
03 . .\ ] 2022 LHCb 17 — M. first
C LHCb23 "\ = joint measurement of
C [l hellers ] R, & Ry« at a hadron
025~ T w1  collider. Only Run 1 data.
- [LHCb, 2302.02886]
I o World Average -
.2 [ 4HFLAV SM Prediction  JHEP 1712 (2017) 060 R(D)=0.356 =0.029,,, =
- R(D)=0298£0004  [LBT2 001086 R(D*) =0.284 = 0013, - New! 2023 LHCb 7 — haad:
: R(D*) = 0.254 + 0.005 EPJC 80 (2020) 2, 74 }Q(;(i)'zzs% : R W|th Run 1 + artial RUH
] ] ] I ] ] ] ] I ] ] ] ] I I)FDIM)SI (2?22I 03I450I3 ] ] I ] ] ] ] ] ] ] ] ] ] ] ] I 1 1 D>l< p
02 025 03 035 04 045 05 055 2 data. Hadronic taus.
R(D)

® [heoretically 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 — c7v decays

6RD(*) — RD(*)/RS% —

D

® \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
‘Q[NP ~
C X U Axe
L L

® [he charged current B-anomalies are calling for a low NP scale!
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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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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] 18
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Which leptoquark?

® [wo possible options depending on the quark-lepton coupling:

1

LO,

Uy

SUQ2), = 7

U, ~ (3,1,2/3)

Vector LQ
b—ctv+b— st

b — svv at 1-loop
Pati-Salam LQ
No di-quark couplings (proton decay)
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Which leptoquark?

® [wo possible options depending on the quark-lepton coupling:

1L 12
LQy LQq
Uy, 75
U, ~ (3,1,2/3) S, ~ (3,1,1/3)
o
® \/ector LQ Scalar LQ
e b—>ctv+ b — s
e b—-ctv+b — st . |
® Has di-quark couplings
® b= svvati-oop e \Works with large ¢St
® Pati-Salam LQ | g€ CRrTR
e No di-quark couplings (proton decay) ® Doesn't follow U(2)
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Simplified model for U, leptoquark Uy ~ (3,1,2/3)

5 = ST (A T (/]
Z > —2 U* [(qinff) + BT (@11, + B (bRMR)] +h.c.

T T T

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

5 = ST (A T (/]
Z > —2 U* [(qinff) + BT (@11, + B (bRy,uTR)] +h.c.

T T T

U(2)-conserving U(2)-breaking U(2)-conserving

* 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)

5 = ST (A T (/]
Z > —2 U* [(qinff) + BT (@11, + B (bRy,uTR)] +h.c.

T T T

U(2)-conserving U(2)-breaking U(2)-conserving

* 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
2.,2
, ¢ vV €S nst c bt* ~c
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] 21

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


https://arxiv.org/abs/2210.13422

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}

21
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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] 22
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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] 23
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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
[ Es Sy sU =3 23 bt (T :
" & zo-Lu [(qu/L) + B (ber,zo)| =1
= <" 2
= A
_ . ® |
3t = ) " AT
S \S ® Additional contributions give stronger bound
L from t-channel Drell-Yan 77:
ISH
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 —l— <+—— Dominates
1000 2000 3000 4000 5000 bL (73
MU [GGV]
[J. Aebischer, G. Isidori, M. Pesut, BAS, F. Wilsch, 2210.13422] 24
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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] 26

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


https://arxiv.org/abs/2210.13422
https://arxiv.org/abs/2210.13422

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

_ - bL SL
RS _o.4l _ RGE
< - — & L ACY =V - oM
lo K

1
\ : | - e, pz

—0.6}

S =0 e _
LE X Fit to “dirty” b — s ¢~ data:
] 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] 27
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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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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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Wrapping Up:
Key Take-away Points and
Conclusions
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B-factories are crucial in the search for NP!

® Remember, NP cannot be light without flavor protection*! (MFV, U(2), etc.). This is
completely generic and means we expect the leading NP effects are in purely third-

family processes or 3 — 2 transitions, namely: top decays, B-physics, LFU and
LFV in tau decays (no time, but in general T = uX with X = vr, ﬁz, ¢, v, etc.)

U(2)-breaking operator Process Example Observables

(qlL Vé}/ﬂq 2)2 B-meson mixing AM B

S

(élLV;}/ng)(bzz}/ﬂfz) Neutral current B-decays B — K(*)Tf, B — K(*)I/TDT, BS — T7T

(élLV;}/”Gqu)(g:z}/ﬂﬁlbﬂg) Charged current B-decays | B — D(*)TZ_/T, Ab — ACTDT, Bc — TV,

(giVé}/ﬂ qg)(lxz }/’ubﬂ ) Neutral current B-decays B — KOg# (flavor universal)

Yy (glLVQGMUH bR)F Y Neutral current B-decays | B — Xs 14

*Here, light NP still means heavier than the EW scale such that an EFT description is valid. 31
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B-factories are crucial in the search for NP!

® Remember, NP cannot be light without flavor protection*! (MFV, U(2), etc.). This is
completely generic and means we expect the leading NP effects are in purely third-

family processes or 3 — 2 transitions, namely: top decays, B-physics, LFU and
LFV in tau decays (no time, but in general T = uX with X = vr, ﬁz, ¢, v, etc.)

U(2)-breaking operator Process Example Observables

(élL }/’uq L)2 B-meson mixing - AM B,

(élL }/MQL)(z,ﬂ3 yﬂfz) Neutral current B-decays B—) K()T 5 K(*)I/ I/ s@

Ab — ACTI/T, B, — Ty L2

(élLV;}/ﬂ(quz)(Zi}/ﬂﬁlbﬂg) Charged current B-decays ‘\()TDT ,

(giVé}/ﬂ qg)(lxz }/’ubﬂ ) Neutral current B-decays B — KOg# (flavor universal)

Vb (C]L q IWHb )F//w Neutral current B-decays |. B — Xs 14

U1 LQ models: - V,, Tree-level Vv, or qu 1-loop

*Here, light NP still means heavier than the EW scale such that an EFT description is valid. 31
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B-factories are crucial in the search for NP!

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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® [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

® Consistent picture, but present data in b — ctr 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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® [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

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

® On the theoretical side, B-anomalies have renewed the interest towards 2 long-
standing SM problems, the flavor & the hierarchy problem. In this sense, new
flavor non-universal interactions are a very interesting direction to pursue.
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® [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

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

® On the theoretical side, B-anomalies have renewed the interest towards 2 long-
standing SM problems, the flavor & the hierarchy problem. In this sense, new
flavor non-universal interactions 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 datal

® S-factories and the LHC are currently the experimental frontier. But looking forward,
we absolutely need the next generation collider. FCC-ee is the perfect machine
to zoom in on the Higgs and look for NP in the third family (particularly tau physics).
The next European strategy meeting should finalize a plan to build FCC-ee.
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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:

SU4) ~
U(l)y
(€ 315) ~ O(TeV) 1 71
SU@), x SUB),; x SU2), x U(1),, 4 > SUB3) xSUQ), x U1y, +U,,G.,Z
|
SUG) Third-family quark-lepton unification at the TeV scale: [Greljo, BAS, 1802.04274]
3 3 3
ar + UR = dp
07 R vy, R e
° 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) 611;13
e Light families under 321 (SM-like) ="
QE,R
® Accidental approximate U(2)’ flavor LR |

symmetry: ¢ = ( ¥1 ¥2/(¥3))
® Good starting point for CKM
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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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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.

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



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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