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Anomalies in b — ¢ transitions
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And now, what?




What is the next (TeV scale)
renormalizable completion
of the tandard Model?




UV candidates at the TeV scale?”




UV candidates at the TeV scale?”

|Gripaios, 0910.1789]
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Leptoquarks

[Dorsner, Fajfer, et al. 1603.04993, Mandal, Pich, 1908.11155]

Zuark 'er'l'on Zw&\./’“ﬁm
?{ L6,
Vector LQs Scalar LQs
Symbol | Q.N. (SM) Symbol | Q.N. (SM)
Us (3,3,2/3) S (3,3,1/3)
17 (3,2,5/6) R, (3,2,7/6)
Va (3,2,—1/6) R (3,2,1/6)
U, (3,1,5/3) S, (3,1,4/3)
U, (3,1,2/3) S (3,1,1/3)
U, (3,1,—1/3) S (3,1, —-2/3)

freedom @ l:> predictability @ freedom @ I:> predictability @



Leptoquarks

[Dorsner, Fajfer, et al. 1603.04993, Mandal, Pich, 1908.11155]

No Baryon Number violation at renormalizable level

Vector LQs

Symbol | Q.N. (SM)
Us (3,3,2/3)
Vs (3,2,5/6)
Va (3,2,—1/6)
Us (3,1,5/3)
Uiy
U,

Scalar LQs
Symbol | Q.N. (SM)
Ss (3,3,1/3)
R» (3,2,7/6)
Ry (3,2,1/6)
S, (3,1,4/3)




Leptoquarks

[Dorsner, Fajfer, et al. 1603.04993, Mandal, Pich, 1908.11155]

No Baryon Number violation at renormalizable level

Vector LQ)s Scalar LQs
Symbol | Q.N. (SM) Symbol | Q.N. (SM)
Us (3, 3, 2/3) Ss (3, 3, 1/3)
Vo (3,2,5 '™
B - "PREDICTED!!
Vs (3,2,—1/6)
le (37 17 5/3)

Ui (3,1,—1/3)




Quark-Lepton Unification
at the Low Scale




Quark-Lepton Unification

[Pati-Salam, 1974]

E> A SM matter family

- ()
L dL /

SU3)c ®SU(2)r @ U(1)y



Quark-Lepton Unification

[Pati-Salam, 1974]

I:>An (almost) SM matter family

SU3)c ®SU(2)r @ U(1)y



Quark-Lepton Unification

[Pati-Salam, 1974]

I:>An (almost) SM matter family

Leptons are just the fourth color of the quarks!

Qr dr||ur
Qrl| |dr||ur
Qr| |dr||ur

;| |er|| VR

SU4)c @ SU((2)r ® U(1)r

[J. Pati a and A. Salam 1974] [P. Fileviez Perez and M. B. Wise 2013]



Quark-Lepton Unification

[Pati-Salam, 1974]

Y Fy=(u® v°), ~(4,1,-1/2)
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FQL Fd Fu

SU4)c @ SU((2)r @ U(1)r

[J. Pati a and A. Salam 1974] [P. Fileviez Perez and M. B. Wise 2013]



Unification of Matter: Pati-Salam

X — (XuaXuaXua <XO >)
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Vector LQ U* ~ (3,1,2/3)
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Vector LQ U* ~ (3,1,2/3)
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Vector LQ U* ~ (3,1,2/3)
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Vector LQ U* ~ (3,1,2/3)

Way outs: extra vector-like fermions / enlarged gauge group

[Capdevilla, Crivellin, et al. 1704.05340, Calibbi, Crivellin, Li, 1709.00692, Luzio, Greijo,
Nardecchia, 1708.08450, Assad, Fornal, Grinstein, 1708.06350, Bordone, Cornella et al. 1712.01368,
Cornella, Fuentes-Martin, Isidori, 1903.11517, Cornella, Faroughy, et al. 2103.16558],

chiral Pati-Salam [Balaji, Schmidt, 1911.08873], ...

Naive bound!
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Quark-Lepton Unification
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Quark-Lepton Unification

Fas~ 120~ (1) Fu= (u 1), ~ (L1, 1/2)
QLN ) 2, — —
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Quark-Lepton Unification

Inverse seesaw

1
~Lop =YsFuxS + @95 +hec. ey )= Yo,/ V2
X
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_y 1 3 U2
! V2 246 ’ V2 [P. Fileviez Perez and M. B. Wise 2013]
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Quark-Lepton Unification

e The theory predicts scalar LQs:

Ry = &3 ~ (3,2, —1/6)31\/[ Ry = ¢4 ~ (3,2, 7/6)31\/[

—EY D Yo QL¢3(VC)L+Y2€L(I)4( )L—I—YZLQ2L(I)]L L+E€L@T )L—I—h.C.

U1 1 V2 1
M, =Y — —Y2— Mp =Y; — —Y
U1 3 V2 3
M,P:Y———Y— Mp =Ys—— ——Y.
V22V V2 V2 26 4f
Oy Dy

O~ (15,2,1/2) = ( ® o ) +Ta2,  H~(1,2,1/2) sy



Quark-Lepton Unification

e The theory predicts scalar LQs:

Rz — (I)g ~ (3,2, —1/6)81\/[ R2 = (134 ~ (3,2,7/6)31\/[

—,CY D Yo QL(I)g(VC)L + Y5 EL(I)4(UC)L + Yy QL(I)Z(QC)L + Yy EL(I);(CZC)L + h.c.

(%) 1
+—=Y, — Mp =Ys — —Y
V. V2 _v 3
2\/§ 3\/§ 2\/_ 4\/_

P P
b ~ ( (11\)/27\] 03> + Ty Hy, H ~ (1,2, 1/2) SM

PREDICTED!!




Baryon Number in (QL-Unification

e The theory predicts scalar LQs:

Rz = P35 ~ (:3), 2, _1/6)SM R2 = Oy ~ (3, 2, 7/6)31\/[

—Ly DYo Qr®3(v°) + Yo lp®y(uf)p + Yy Qr @l () + Vil ®(d®) + h.c.

QU= o)1, QBT o

Vvscala,r D) 60467/ 3 (I)gq)gH

[C.M, M. B. Wise, 2105.14029]



Baryon Number in (QL-Unification

e The theory predicts scalar LQs:

Rg = P35 ~ (3, 2, —1/6)51\/[ R2 = Oy ~ (3, 2, 7/6)31\/[

—Ly DYo Qr®3(v°) + Yo lp®y(uf)p + Yy Qr @l () + Vil ®(d®) + h.c.

1 1
e.g. —uRdg(CI);)VHTeam, A

A %d%q)ZHTEOéB’Y

[Arnold, Fornal,

dr (H) dp
\ K Wise, 2013]

D3
vr / - if A~ Mp) &> Mg, >10° GeV




Baryon Number in (QL-Unification

e The theory predicts scalar LQs:

Rg = P35 ~ (3, 2, —1/6)51\/[ R2 = Oy ~ (3, 2, 7/6)31\/[

—Ly DYo Qr®3(v°) + Yo lp®y(uf)p + Yy Qr @l () + Vil ®(d®) + h.c.

QU= o)1, QBT o

2.1,
LFAFB(CI)T)gHT — KdRu%(q);;)VHTeaﬁy

[C.M, M. B. Wise, 2105.14029]

X~ (4,1,1/2) = (Xu» Xus Xus (XR))




Baryon Number in (QL-Unification

e The theory predicts scalar LQs:

Rg = P35 ~ (3, 2, —1/6)51\/[ R2 = Oy ~ (3, 2, 7/6)31\/[

—Ly DYo Qr®3(v°) + Yo lp®y(uf)p + Yy Qr @l () + Vil ®(d®) + h.c.

QU= o)1, QBT o

1 2001 e Bt
ATPSFfFf(‘I’T)gXDHT — Kd%uR(q)g)VHTeaﬁv

[C.M, M. B. Wise, 2105.14029]

X~ (4,1,1/2) = (Xu» Xus Xus (XR))




Baryon Number in (QL-Unification

e The theory predicts scalar LQs:

Rg = P35 ~ (?), 2, _1/6)SM R2 = Oy ~ (3, 2, 7/6)31\/[

—Ly DYo Qr®3(v°) + Yo lp®y(uf)p + Yy Qr @l () + Vil ®(d®) + h.c.

QU= o)1, QBT o

1 (x) V2

\ B
5 FiFP ()5 xPx " Hleaporp ” A§< diup(©)) H'eag,
Apg PS
[C.M, M. B. Wise, 2105.14029]
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) - »---
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Baryon Number in QL-Unification

e The theory predicts scalar LQs:

Ry = ®3~ (3,2,—1/6)sm Ry = &4~ (3,2,7/6)sm

>
—Ly DYoQrP®3(v°) <+




Quark-Lepton Unification

e The theory predicts scalar L(Q)s:

by ~ (g, 2, —1/6>Sl\,{ Py ~ (37 2, 7/6)81\/[

—Ly D Y5 QPs (I/ )L + Y5 (L(I)Ar U L +‘Y4 QL(I)T |—FY4FLCD ((] ) "+ h.c.

I:> **Spoilers on** 0.4

[O. Popov, M. A. Schimdt, G.

a— (P
White, 1905.06339] ‘p@q ﬁ;ﬁ‘ 04
[P. F. Perez, C.M., A. D. _06l

Plascencia, 2104.11229]




Quark-Lepton Unification

e The theory predicts scalar L(Q)s:

by ~ (g, 2, —1/6>Sl\,{ Py ~ (37 2, 7/6)81\/[

—Ly D Y5 QPs (I/ )L + Y5 (L(I)Ar U L +‘Y4 QL(I)T |—FY4FLCD ((] ) "+ h.c.

I:> **Spoilers on** 0.4

[O. Popov, M. A. Schimdt, G.

a— (P
White, 1905.06339] ‘p@q ﬁ;ﬁ‘ 04
[P. F. Perez, C.M., A. D. _06l

Plascencia, 2104.11229]

3
05> M2, +2M} = S (M3, + M§,)
['T. Faber, M. Hudec, et al, 1808.05511]



Quark-Lepton Unification

[P. Fileviez Perez and C.M. 2022]

(1)4 (37277/6)
YaQrof(e)s|
U1 1 V9
Mo =% s
U1 3 ()
Mp =Yy~ — 2y, -2
E 3\/§ 2\/6 4\/§
SMp—M
Y4= 2 D F




Quark-Lepton Unification
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Quark-Lepton Unification

5/3
By~ (3,2,7/6)sm = ( g/3>

YiQro®l(ef)r
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Quark-Lepton Unification

2/3 V — DTE
V.= D!E,

|:> Y = L.C.[M;, Unitary matrices|



What can we learn from

experiment?




Neutral Anomalies

2 . 0 _muV12 _mTvlS
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Neutral Anomalies

2 . 0 _muV12 _mTvlS
Cq = \/; . ms(‘/c*)Ql ms(VC*)22 . m’uv22 ms(‘/c*)ZS _ mTv23 .
vsin 3 mb(VC*)?’l mb(Vc*)SQ - m'uVSQ mb(Vc*)33 —m. V33
b N\C%;;/” /
) 3
¢ S



Neutral Anomalies

T 0 —m, V12 —m, V13
Cqp = \/j ms(vc*)21 ms(Vc*)22 - m’uv22 ms(vc*)ZS _ mTv23 .
(V*)Bl mb(v'c*)SQ L m'uv32 mb(‘/c*)SS . mTv33

2 vsin 3

b &
\% S
f"‘
ety
NI,

ALY

M,

—L2%5° D (57" Prb)(by,l) = Cope = Chowe



Neutral Anomalies




Neutral Anomalies




Neutral Anomalies

3 1 0 —mMV12 _mTvlS
C4 = \/; . ms(vc*)21 ms(‘/c*)22 — mMV22 ms(‘/c*)23 _ mTv23
’USlIlﬁ mb(v*)Bl mb(v*)32 - m'UJVSQ mb(Vc*)33 B mTV33




31 y —my, V2 —m, V13
C4 = \/;— ms(V*)Zl ms(‘/c*)22 — mHV22 ms(‘/c*)23 _ mTv23
(V) SlIlB mb(V*)Bl mb(‘/c*)32 . m'uVSQ mb(Vc*)SS B mTV33

0> Br(Kp — pFeT) < 4.7 x 10712

S 22 _ W po
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E> Leptoquarks are kind of nice

|:> Hints of TeV scale physics!
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SU(4) ® SU(2) @ U(1)g
I:> Very economical fermion content

I:> Quarks and leptons are treated under the same footing

|:> Only one step away from the SM
[Smirnov, 1995], [Fileviez-Perez, Wise, 2013]
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Quark-Lepton Unification

SU(4) ® SU(2) @ U(1) g
I:> Very economical fermion content

I:> Quarks and leptons are treated under the same footing

|:> Only one step away from the SM

I:> Allows for a unification framework

I:> Predicts fermion flavor violation

|:> Baryon number is preserved at the renormalizable level

I:> PS-symmetry protects baryon number at the non-renormalizable too!

I:> Can be realized at the low scale
[Fileviez-Perez, Wise, 2013], [Fileviez-Perez, C.M., 2022]
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Quark-Lepton Unification

I:> PS-symmetry protects baryon number at the non-renormalizable too!

I:> Can be realized at the low scale

I:> Can address the ratios R g+
[Fileviez-Perez, C.M., Plascencia, 2021], |Fileviez-Perez, C.M., 2022]
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I:> PS-symmetry protects baryon number at the non-renormalizable too!

I:> Can be realized at the low scale

':> Can address the ratios Rx) and Rpe) [Fileviez Perez, C.M., 2022



Quark-Lepton Unification
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I:> Can address the ratios R and Rp

E> And we’ll be able to test that soon! @ [Fileviez-Perez, C.M., 2022]
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Cq = \/;v Sn g — Mg Cf)S 0. 0 mesin ., — m.
my, Sin 0, 0 mp cos 0.
Coefficient | eTe™ [c3t(cit)* | et [eil(c3?)*] and T7Te™ [c3(c3)*] | 7777 [e3°(c33)*]
q> C [1.1, 6] full ¢* range | ¢° C [(me +m;)?, 6] full ¢° range
AB_s K00 1.43 x 1077 0 0 1.29 x 1077
bk, | —2.56 x 1077 0 0 —2.47 x 1078
CB K0, 0 9.13x 107° | 1.96 x 1078 1.22 x 107 8.10 x 107°
AB— K00, 4.74 x 1076 0 0 2.43 x 1076
b_kwr,0, | —421 x 1077 0 0 5.96 x 1077
CB_s K" 0,0 3.44 x 1077 | 7.65 x 1077 4.19 x 1078 1.79 x 10~7
AB, sty 0, 5.11 x 106 0 0 2.27 x 1076
bB, b0, 0, | —4.67x 1077 0 0 5.98 x 107
CB, 10 3.73x 1077 | 7.74x 1077 4.44 x 1078 1.70 x 10~7




From empirical point of view

[Fileviez Perez, C.M, Plascencia, 2104.11229]

Choee = Copp

f/ 3 contributes to b — s transitions!

Dy~ (3,2, 7/6) D ¢
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From empirical point of view

[Fileviez Perez, C.M, Plascencia, 2104.11229]

Choee = Copp

e ¢;" contributes to b — s transitions!
C
BI‘(BS — €+£_) — fg(Clogg) RK(*) — f2( 1O'uu)
f2(ClOee)
®i~ (3,2,7/6) O 67 D)~ (3,2,7/6) 2 61"

e R’ 1o 0.9] | | | |
mmm Br(Bs = putp)*P £ lo '

0.6 B
[ - = R central value |
: ‘ ‘ . R%E:I:la
0.5} | | RGP £+ 20
103 25 3 35 A 080 082 084 086 088 0.0

_ B 1.1,6
Br(By — ptp~) x 1077 R[K |



From empirical point of view

[Fileviez Perez, C.M, Plascencia, 2104.11229]

Choee = Copp

e ¢;" contributes to b — s transitions!
C
BI‘(BS — €+£_) — fg(Clogg) RK(*) — f2( 1O'uu)
f2(ClOee)
P, ~ (3,2,7/6) 0 ¢, Dy~ (3,2,7/6) O ¢)°

wem R 1o 0.9}
mmm Br(By — ptp )™+ 1o

[ - - REY central value |]
0.5] | | o REP 10
' R%E:I:Qa
1.0 T B T e e -
2 2.5 3 3.5 . 061.80 082 0.84 086  0.88  0.90

+ —9 1.1,6
Br(Bs — p ™) x 10 R[K ]



Anomalies in b — s transitions
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Anomalies in b — s transitions

Lattice —e-Data

Lattice —e-Data
T - T e =X J J K=

Em].CSR Lattice —e-Data

T T T T T T T T T

[N}
()

B*— K utu
LHCb

B’— K’u*u
LHCb

B"— K'u*u
LHCb

[
W

[
(e

lllllllllllllllllllllllllll
lllllllllllllllllllllllllll
W
[ITI]']I!III’

IlllIllIIIIIIllllll

dB/dq? [10® x c*/GeV?]
dB/dg? [10°® x ¢4/GeV?]
dB/dg? [10°® x ¢*/GeV?]

(=]

q* fGeVZ/ c*]

e LHCbdata o ATLASdata : . F

: 5 ] BaB 1_0 :. ........................ B ST P e T LA PN Pt B frae oo _.
L Belle data L ") CMS data -: o § : 0.1< ‘?zr< 8.12 GevZ/CA m :A \E & & = :
‘ : 0-8 :' I _._
i Belle 0.6 |- % p
. h " 1.0< ¢ <60 GeVZct Z ® LHChb -

] : - A BIP
' LHCDb 0.4 Y CDHMV 7]

: B B EOS
2 : LHCb 9 fb™! 2 -
. 3 10 Gk 1.1 < g2 < 6.0 GeV¥/c* 0.2 - LHCb : jéav'm -
) % 1 > 5 N == A | ) . . ! i . . . . 1 ) . 0.0 B [N YRR TR NN T TN TN TN TN (NN WONNN UM WA W MUY TN WO W WM NN NN WNNNN NN UM NN SN WO WO U | gl
215 - 0.5 1 15 . 0 1 2 3 4 ) 5 , S
q* [GeV?/c] LHCb-PAPER-2021-004 K q° [GeV?/c"]

l -

It could mimic NP!!!

\‘ Q*

Br(B — K"t )*P = Br(B — KWt )SM 4 Acy™




