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A Decade of B-meson Anomalies

* Evidence of Lepton Flavor Universality Violation in semi-leptonic B-decays:
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* Theoretical status: e Effective opearators and Mediators have been classified.

UV model building in progress... lots of pheno still unexplored.

® Anomaly Fever? (g —2),, mw, Vis, ...

* This talk: brief overview of a few NP models leading to interesting top-physics at the LHC



EFT: neutral currents b—s

4G p Oy = 40;_(<§L'7MbL) (byH0) vector
Ly_soi = WV{;th Zci(’)f + h.c. .

Oy = E@LV“ br) ((v*~°0)  axial

* Conservative fit to “clean” observables: Ry, Rx~, B(Bs — ptu™)

[Angelescu, Becirevic, DAF, Jaffredo, Sumensari 2103.12504]
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EFT: charged currents b—c¢
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Lovsery = _2\/§GFchb [(1 + gVL) OVL + 95, OSL + gr OT} OSL — (ERbL) (%RVT)

Or = (ERU'LWbL) (7_'30"“”1/7-)
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Which Mediators? b—s anomalies

Vector singlet

Z'(1,1,0)

Scalar Leptoquarks

[

S3(3,3,—1/3)

8 T

A ~ O(1) — O(100) [TeV]

Vector Leptoquarks

[

Uy (3,1,2/3)
Us(3,3,2/3)

In the Loop

L

Z'(1,1,0) , VL fermions

S1(3,1,-1/3), Rs(3,2,7/3) ...



Z models - tree level

_ / - / _ /
Lz = gf;]j A q; + gfj A Ui + 95 eiZ Pr €

0 0 0
minimal texture: ¢=1(0 0 x| ¢
0 x 0
* Pheno:

Ol(;) = (q27"q3) (Lay""Ls)

D (5.y"br)(Bry" L)

0N = (@21"3) (27" a3)
> (527"br) (5" br)

Ou = (bay*l2) (L2 )

D (py*ve)(Bry*pr)

o O O

0 O

x 0

0 O
1 %%
AZ T M,
1 (g,)?
AZ 202,
L (g
A2 2M2Z,

(v _ (v
qz_(di) b ()

g¢c=0 = C(C9g=—-C19 'V-A' solution

=9 = G 'Vectorial' solution
B-decays: b — S,u+,u b — SDMI/M
High-pT S :
colliders: pp JVRY resonance / tail

Meson-mixing BS _ B_g

Neutrino tridents

vulN — VMN,LL+,u_



Non-universal abelian models

* Gauge linear combinations of SM accidental symmetries.

U(I)LT_L,U
Gsm X U(L)ar, +x, a€Z,Q .
BS_L,U
) £ 0 L, : 2" gen lepton number
l (@) # p U(1)y,
X3 : 3rd gen accidental symmetry
Gsm Ul)y,—a,-1,)

Altmannshofer et al [1403.1269, 1909.02021]
Alonso et al, [1705.03858]
Davighi, Alllanach [1809.01158]

0O 0 O Allanach [2009.02197]
U(]‘)B3—L“ gq ~ g* O Sg Se Sp ~ 0("/;58‘) Davighi [2105.06918] . . .
0 sp (1}

sb, bb — pt sb, bb — tt

PDF suppressed

* Resonances in top-pairs are typical predictions of such
models, but dimuons are more powerful probes...




Anomalies in Bottom from NP in tops

* Assumptions [SMEFT]:

- _ ¢ p
Top-philic New Physics — tr O = (trY"tR) (f2y"'l2)
LFUV with dominant couplings to 2nd gen. Oeu = (trY"tr)(BRY" 1iR) 1

Camargo-Molina, Celis, DAF [1805.04917]

. AN=1TeV
* Low-energy pheno: good fit to data . =
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t ]
b Z ~1.0 4
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S) .
b— st~ Z-pole (LEP) -2.0 - _
: - RK‘”
_25 ] — b“’5U+IJ_
® Minimal Flavor Vioaltion (MFV) ] global
® Predicts V-A couplings in quarks RN EREEFRELEN ELLELLELRA LR
o -25 =20 =15 =1.0 =05
® No B-meson mixing [Coplimes
Needs quite large couplings!
® Some tension in Z-pole obs. Prefered region: Cpy, ~ Cey < 0

vectorial muons



Top-philic Force

— / 7l / _ /
Lint = 955 U Pruj + gi; L2 4 + g5; 6.2 Pre;

Kamenik, Soreq, Zupan [1704.06005] Fox, Low, Zhang [1801.03505]
Camargo-Molina, Celis, DAF [1805.04917]

* Exotic top-quark signals at LHC:

pp — 2 — ttu

t 12
Z/
>—< recast dimuon resonance search
t s ATLAS 1707.02424
. . pp — ttZ' — tttt

limits on SM 4-top cross-section

CMS 1710.10614

* UV completion: Gsn x U(1)7, -1,

tr ~(3,1,2/3,0)
T ~(3,1,2/3,+1)
Q~(1,1,1,41)

vector-like top

High-pT limits (95% CL) (150504917

Mz = 1000 GeV
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https://arxiv.org/abs/1707.02424

Which Mediators? b—c

Scalar Leptoquark

|

S1(3,1,—1/3)

C 1%

A~ O(1) [TeV]

Vector Leptoquark

|

Ui(3,1,2/3)

anomalies

Scalar Leptoquark

|

R>(3,2,1/6)

W (1,3,0) H'(1,2,1/2)

Color singlets excluded
by direct searches

DAF, Greljo, Kamenik
[Phys .Lett. B 764(2017)126-134]



Scalars

Vectors

Combined solutions: Leptoquarks

Angelescu, Becirevic, DAF, Sumensari [1808.08179]

Model Ry | Rpe) || Rues) & Rp
S1=(3,1)_1/3 | X s X
Ro = (3,2)7/6 X s X
Ro = (3,2)1/6 X X X
53 =(3,3)-1/3 v X X
Us = (3,1)y/3 Vi ¥ 7
Us = (3,3)2/3 v X X

Butazzo et al [1706.07808]

Only state that can solve both B-anomalies!

b— spp b— crv

my ~ O(1) TeV

“SM Yukawa-like” couplings to fermions.

* Ui vector LQ: a UV-completion necessary: 4321 gauge models (Pati-Salam group)

94321 = SU(4) X SU(3)C/ X SU(2)L X U(].)y/ — QSM

Georgi, Nakai [1606.05865]

Di Luzio et al [1708.08450,1808.00942]
Bordone et al [1712.01368]
Greljo,Stefanek [1802.04274]

* No single scalar LQ solves both neutral & charged B-anomlies

-R, & S, (Scalar + Tensor & V-A)

-S,8S, (V-A)

e.g. Strongly coupled model

Marzocca [1803.10972]

e.g. GUT inspired model Becirevic et al [1808.08179]
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Vector leptoquark U, = (3,1,2/3)

cint — g_\/(% (U{‘JLJ + h.c.) J/S] = B (TLVuly) + BE (dRyuek)
Broken [7(2)°® flavor symmetry: |897°F| <« 3570 <« BYT =1

* LQ pair production (QCD):

40 Cornella, DAF, Fuentes-Martin, Isidori, Neubert [2103.16558 ]
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“4321" gauge models

® Flavor non-universal Gauge group:

= Uy ~ (3,1,2/3)
| | (€ 315) ~ O(TeV) i
SU4); X SU(3) 4, X SUQR), x U(1)y — > SU3).x SU2), x U(1)y Z" ~(1,1,0)
SU@3),
coloron!
| Field \ SU(4) \ SU(3) \ SU(2)r | U(l)x \
q, 1 3 2 1/6 1o
YR i g i 21/ 3 | 1st&2nd
R - /3 o 3
/i 1 1 9 ~1/2 families (qL)
p |+ | £ | & | =¥ . YL =\ 3
ei_'R 1 1 1 _1 .................. eL
3rd family
Vectorlike ...
.............. o @-)
4321 SSB ’
scalars

Adjoint of SU(4) Eyuk 2 Y15 %EL915XR + yis XL 15X R



4321 Coloron ¢’ = (8,1,0)

LB = gor G'H (/-i‘éj g, T° Yo 47, + kY 'y T Yo W + Ky ds T Yo A7)

Di Luzio et al. [1808.00942]
Baker et al. [1901.10480]
Cornella et al. [2103.16558]

q t,b
& pp — G —tt
_ Cornella, DAF, Fuentes-Martin, Isidori, Neubert [2103.16558 ]
pp—)G/—>bb 0’5"1"\'"I'"I"“I""I""
L gG/ pu— 3 :
4 2 (broad resonances)
’ . 2 % 36fb~*
[}
Recast of dijet & ditop searches ATLAS - CMS
@ _ . - broad PP — jJ resonance )
ATLAS
CMS-PAS-TOP-18-013 - Unfolded inv. Mass Spectrum
[1801.02052] . .
[1906.0320] do /dmyg
Ter < Tgaji +Taou
Ditop searches provide the best direct limits on the (1 10 1 \.\‘Em. .. |
scale of the 4321 modell 2.5 3.0 3.5 4.0 4.5 5.0
MG” [TGV]
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Vector-like fermions

4321 vector-like fermion x = (Q, L)T ~ (4,1,2,0) v Important 4321 prediction:
U b L s
{ QN(3a271/6) Q_<D) myp ~1—2TeV U U ,
N _
L~ (1,2,-1/2) I = (Ei) B] - BY

vector-like lepton needs to be light!
Di Luzio et al. [ 1808.00942]

* These heavy leptons can be pair production at LHC via EW interactions pp —» ETEF~ NN, ETN

45
m
Z
ey,
m
1

d;

.
+
By t E- b N
2N w "’_—Qb.t ’_Q""t
v, T, S
€,

3-body decay modes into 3™ gen.

* Very rich top-quark pheno!

pp — ETE~ — bbbbrT pp — NN — ttbb T
Multi-top o - -
Signatures pp — ETN — tbbbrT pp — NN — tttb v

at LHC pp — ETE™ — ttbbvv pp — NN — titt vv

“14-



New search for vector-like leptons

Cormier, DAF, Fuentes-Martin, Mikuni [CMS-PAS-B2G-21-004]

* Targets all-hadronic modes ¢ — bqq, 7 — qqu-

Event selection:
- 3 or more b-tagged jets
- 0,1 or 2 tau-tagged jets

- cut in missing transverse energy

* Analysis using Graph neural network (GNN)

===
encoding ||

Attention-based Cloud Network (ABCNet)

* LHC limits of 10-30 fb on EW production xsection

My ~ 500 GeV

451

o) 96.5 fb' (13 TeV)
o IIIIIIIII|II{I|IIIIIIIIII
m CMS Combination of 2017 and 2OJI8 |
& Preliminary Asymptotic CL_ expected
c10 - I+ 1 std. deviation _
= + 2 std. deviation .
Iz - — Theory prediction ]
= I e Observed i
) i
o
(e}
= i
2

-2
@10
)
(&)
o
o)
i
(=
/o)
O
32'3I1IIIIIII|II1IIIIII|IIIIII
& 0500 600 700 800 900 1000

VLL mass [GeV]

-15-



Conclusions

* Evidence of LFU violation in semi-leptonic b—c¢,s transitions

NP solutions: Z’, LQs couplings to 3™ generation fermions

Many models predict new effects in top-physics at the LHC

* We described a simple top-philic solution to b—s anomaly

op = 7 — ttete—  pp = 2" — ittt

* Combined explantions of the B-anomalies requires Leptoquark mediators

UV completion for the U, solution: 4321 gauge model.

* 4321 has a rich pheno in the top-quark sector:

pp — NN, ETN — titbrv

— G =t . =
2 pp — NN — ttttvv

LHC could test these predicitons in the near future.



- extra slides -



B-meson anomalies — LFU ratios

* Evidence of LFU violation in f _y gy transitions.

* LFUratios: Ry = B(B — X, uji)
° B(B— Xsee)
BT — KT¢te~
x 2.0 =
- LHCb
1.5F
P4 S O . o o
et I = BaBar
0-5__ | 4 Belle
Z e LHCbY fb
0.0
q? [GeV?/c*]

K+

{ RSP < ROM

RSP < R%\fo

K*0

S
W
M,
b
Hiller, Kruger
Phys.Rev.D 69 (2004) 074020 %2
] /‘:le‘
0 *0 —
BY — K*0¢ty
2.0 T d ! i ¥ T T g Y " T X Y ¥ i T
15| }
. } e ——]
1.0 F -
(A
e 3 4 Belle ]
0.5 i 4 LHCb ]
 BaBar
i 1 SM prediction |
00 1 . . " i | i 1 i . . , 1 " ; " L
0 5 10 15 20

¢ (GeV?/c?)

3.10, 2.50 deficits

LHCDb, arXiv:1705.05802, arXiv:2103.11769
Belle, arXiv:1904.02440, arXiv:1908.01848



B-meson anomalies — LFU ratios

* Evidence of LFU violation in ) — /¢ transitions.

B(B — X Mla) Hiller, Kruger
B(B — X, ee) Phys.Rev.D 69 (2004) 074020

* LFUratios: Rx, =

T o '
R, Belle
1.1 < ¢2< 6.0 GeV¥ct

2021: New ratios! i Ry Belle
: 0045 < g2 < 1.1 GeV¥/c*

R, Belle

{ BO — Kg£+€_ . 10 < g% < 6.0 GeV?¥/c*

———————————————————————————————————————————————————————————————

B"‘ SN K*+£+£_ 0045 < ¢* < 6.0 GeV?/c*

R LHCb 9 b

{ REP < R 1.50, 1.40 deficit!

R(;?EJF < R%\L Compatible with previous results!

0 1 2 o

I 5

% LHCb arXiv:2110.09501



B-meson Anomalies — muon specific b — syt~

Bs — M+LL_
b W pwt
B! t Yy
S W7 ,uf
ATLAS, CMS, LHCb - Summer 2020

R R 57 E N S WO R T I ]
“f; : 3 Preliminary S sk TL & .
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—_— = T g
| - ]
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o L .‘{ m
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1 2 3 5

4
B(B] — pu) (107)

~ 2 o deviation

® Theoretically clean!
CMS, arXiv:1910.12127
LHCb arXiv:2108.09283

LHCDb, arXiv:1703.05747
ATLAS, arXiv:1812.03017

B— Muptu~

BT - K*utu B = K%t~
ESLESR MMl Duts . et
5 B —K'uwu 7 % B~ K'utu
Q ., LHCb § © LHCb
Y 1 % .
X 3 4 X .
= 2 +* “ = _
T R -f
S '} JHEP 06 (2014) 133 1 X | JHEPO06(2014)133
A T T T S S S TR TR
¢ [GeV?c4] ¢ [GeV?/c4]
a“” 1_' ¥ ¥ Y T " ¥ T L T F T ¥ T T Y ¥ '_ -
: LHCb Run 1+ 2016 1
[1SM from DHMV ]
o.s_am e ~ 1 — 3 o
of T ] deviations
-0.5- D—*—+ ;;‘ ;] 2; +_E
g ?\: IS ® Theoretically “dirty”
q? [GeV¥/ ¢

No clear consensus on theoretical treatment
of hadronic uncertainties...



B-meson Anomalies in charged currents

R(D¥*)

* |Indications of LFU violation in §) — ¢fv transitions.

* | FU ratio:

0.35

0.3

0.25

0.2

Ry =

B(B — D™ r1)

B(B — D) ()

‘fze,u

[ HFLAV average

LHCb18

Ay = 1.0 contours

BaBarl2

\E\_BeHelQ _________ 2 Bellel5
Bellel7
+ Average of SM predictions HFLAV
R(D) = 0.299 £ 0.003 Spring 2019 |4
R(D*)=0.258 £ 0.005 P =27% ]
I L I 1 L 1 L I 1 1 I L L L
0.2 0.3 04 0.5
R(D)

Taus vs w
light leptons

30 Excess!

CMS,/|
é Soon joining the party!



U1 Vector LQ

U{JJ ~ (3, 1)2/3 ['Ul = Uf [QZ’ZI‘Z (EL{YMKLJ') + (V xL)ij (ﬂLi'V,uVLj) — $ZR‘7 (ERWMERj)} + h.c.

b sup O 0 O 2 B .bp
M vt z7 ()
S C — —C —_— —
b —— o L ( ! $£Z 0 ’ T VaVia md
Sso O I'L O
Ui SM
S zr =10 RK(*) < RK(*)
b— cTv
00 0 PP
T cr=10 0 0 Ve = T T2
b— v 0 0 =% U
U, =X SM
\ ) TR = 0 RD(*) > RD(*)

- This solution can accomodate both anomalies! Butazzo, Greljo, Isidori, Marzocca [1706.07808]

- This solution has no (tree-level) contribution to b — svv
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U: Phenomenology: LHC + flavor

Fit to low-energy obs + high-pT ditau limits:

0 O 0
Sl ST Angelescu, Becirevic, DAF, Sumensari [1808.08179]
x — O xL -CEL [ ny,=1.5 TeV 3:_ my, =1.5 TeV
bu bt 2 i
0 z; af | S
22 - | £ 0_ : : E E
» r ' - : ! ' 1
pp— 7T i - . ab . :
. ~1! [ : ______ .‘»ili)_lh_‘_:
pp — IU’+1U’ L -3} 6 b
-2 _3'
C1s o 05 e ol L s oL s e s L
"o T Xy i
4 |
1 U,
1 p !
P @——4 T ¢ gy > O(1) X Vi « coupling must be non-zero!
p’ L I { Tpr = (1) < 31 generation dominance
]
U,
i |
pr o “ x5, < O(0.1)

Data suggests non-trivial flavor structure!  e.g. Broken U(2)° symmetry!
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U Phenomenology: LFV

0 0 0 0 O 0
_ Sp ST — 0 2% ST Complementarity between
r=|0 ng $£ L glu 5 LFV at low-energy and high-pT tails
0 ¢€V<Q 0 =z} af

AnqebscuetaHQOZﬂ

1074 f_////////////
LHCb, BaBar
= 107°E
=
<
1076 &
T
/
R 07k | ;
Pl i —1 |
b g} : 140 fb | z
! ! "o T 108k | #
B 1 U,y ! ! E my, = 1.8 TeV Belle — 1!  Belle[l
s I 1% VU [ ] |
. 3 b ; 10_9 L Ll 1 |||||l| L L LLinLn IIIIIJ L L UL LI 1 III\II[ L L LIl Rl III\III 1 IIHIW/ Ll
p K g lg— == 16~ 107® 107°
P S
.
*— B(r = o)
I\ b : U1
p @— z Model Potentially within

reach at LHCb & Belle 2!
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o(pp — LL) [pb]

107

Vector-like leptons

(%)

102}

10—4E

Electroweak production Electroweak + 7'
107! s T T T T — 10_1 - I T T T
f LHC /s =13TeV — pp—> ETE™ ] ;
--- pp—~ NN |
- pp—= ETN 1 10~2 pp—)Z/—>E+E_
- ,5_‘ F
=
T 03
=
=
—4
1+ 07 F
=
E b 5| — EW
0 E — EW + Z/(2.5TeV)
1 F — EW + Z/(3.0TeV)
- — EW + Z/(3.5TeV)
| | ! L 1 10—6 ! ! | | |
400 600 800 1000 1200 1400 400 600 {00 1000 1200 1400
M [GeV] M [GeV]

Looks promising, but currently no heavy lepton search by ATLAS or CMS
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