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Anomalies in b — ¢ transitions

[not this talk]

bsc
$ransibons ) LJ 5 .
TFrantiions Belle- 1

P




Anomalies in b — ¢ transitions
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See Monika’s talk on Tuesday!
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Anomalies in b — s transitions
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[See Dominik’s talk on Tuesday]

Aau =a,

I-||VI? frcT)m;

exp _ M — (251 £ 59) x 10711,

7

Fermilab Muon g-2, 2021
E821 experiment, BNL, 2006

BDJ19
J17

DHMZ19
KNT19

WP20
|

not used in WP20

-60 -50 -

(4.2 o)



[See Dominik’s talk on Tuesday]
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[See Dominik’s talk on Tuesday]
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[See Dominik’s talk on Tuesday]
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UV candidates at the TeV scale?




UV candidates at the TeV scale?”

|Gripaios, 0910.1789]
See talk by Joe, See talk by Monika

Rusa and Monika



Leptoquarks 5

Acur = 10'° GeV




Leptoquarks

Dorsner. Faifer. et al. 1603.04993. Mandal, Pich., 1908.11155

Zuark 'er'l'on gw&\./""ﬁm
?{ see Rusa’s talk on Monday! ',‘ 18
Vector LQs Scalar LQs
Symbol | Q.N. (SM) Symbol | Q.N. (SM)
Us (3,3,2/3) Ss (3,3,1/3)
Vs (3,2,5/6) R, (3,2,7/6)
Va (3,2,—1/6) R (3,2,1/6)
Us (3,1,5/3) S, (3,1,4/3)
Us (3,1,2/3) S, (3,1,1/3)
U, (3,1,—1/3) S1 (3,1,—-2/3)

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



Leptoquarks

Dorsner. Faifer. et al. 1603.04993. Mandal, Pich., 1908.11155

No Baryon Number violation at renormalizable level

Vector LQs Scalar LQs

Symbol | Q.N. (SM) Symbol | Q.N. (SM)
Us (3,3,2/3) Ss (3,3,1/3)
Vo (3,2,5/6) Ro (3,2,7/6)
Vs (3,2,—1/6) Ry (3,2,1/6)
U (3,1,5/3) S (3,1,4/3)
Uy (3,1,2/3) S, (3,1,1/3)
U, (3,1,—1/3) S (3,1,—-2/3)

Remark: accidental symmetries could protect baryon number, see Joe’s talk on Monday!



Leptoquarks

Dorsner. Faifer. et al. 1603.04993. Mandal, Pich., 1908.11155

No Baryon Number violation at renormalizable level

. _ _* Chiral enhancement in (g-2) at 1-loop level [See Dominik’s talk on Tuesday]

Vector LQs Scalar LQs

Symbol | Q.N. (SM) Symbol | Q.N. (SM)
Us (3,3,2/3) Ss (3,3,1/3)
V| (3,2,5/6 LR | (3:2,7/6)
Vs (3,2,—1/6) Ry I (3,2,1/6)
U (3,1,5/3) S (3,1,4/3)
0| (3123 LS [ BL1/3)
U, (3,1,—1/3) S (3,1,—-2/3)




Leptoquarks

Dorsner. Faifer. et al. 1603.04993. Mandal, Pich., 1908.11155

No Baryon Number violation at renormalizable level

Chiral enhancement in (g-2) at 1-loop 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'™
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Unification of Matter: Pati-Salam
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Unification of Matter: Pati-Salam
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Unification of Matter: Pati-Salam

For ~(4,2,0) = (d .

X — (Xm Xy Xus <X?2>)

SP(1). ® SU(2 () @ UMr 5> SU3)®SUQ2)L @ U(1)y

SU4)c @ SU2) @ U(1)r



Unification of Matter: Pati-Salam

X — (Xm Xy Xus <X?{>)

SP(1). ® SU(2 () @ UMr 5> SU3)®SUQ2)L @ U(1)y

SUM4)c @ SU((2)r ® U(1)g



Vector LQ U* ~ (3,1,2/3)

X = (Xu» Xus Xu <X%>) |:> My, ~ gavy ?

SP(1). ® SU(2 () @ UMr 5> SU3)®SUQ2)L @ U(1)y

SUM4)c @ SU((2)r ® U(1)g



Vector LQ U* ~ (3,1,2/3)

L D g—4U{L(QL’7M€L + URYuVR + CZR’)/MGR) + h.c.

V2

X = (Xu» Xus Xu <X%>) |:> My, ~ gavy ?

SP(1). ® SU(2 () @ UMr 5> SU3)®SUQ2)L @ U(1)y

SUM4)c @ SU((2)r ® U(1)g



Vector LQ U* ~ (3,1,2/3)
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Vector LQ U* ~ (3,1,2/3)

H
Uy’ <4.7x 10712
§ et
.50 3)q,
i~ (15,1,0) = (i TEV2) o
W

Lrg D —U“(QL%JL + UrYuVR + drYuer) + h.c.

75

X = (Xus Voo Xus (X)) B> My, ~ gavy, 210 TeV
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Vector LQ U* ~ (3,1,2/3)

Naive bound!
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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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Unification of Matter

U1 V1

M, =Y — M, =Y. —

\/§ ’ ° \/§

M | U1 V1
T/D — Y~ e —

"2 ° V2

H~ (1,2,1/2) gm

SP(1). @ SU@)L @ U)r 5> SU)e® SPR)L @ Uk)y 5> SU(3

SUM4)c @ SU((2)r ® U(1)g



Unification of Matter
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Unification of Matter
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Unification of Matter

e The theory predicts scalar LQs:

R2 — (133 ~ (3,2, —1/6)51\/[ Rz — (134 ~ (3,2, 7/6)31\/[
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Baryon Number in Pati-Salam

e The theory predicts scalar LQs:

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

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

)= Q-1 GO aufe



Baryon Number in QL-Unification

e The theory predicts scalar LQs:

Rz (133 ~ ( ,2, —1/6)31\/[ R2 — @4 ~ (3,2, 7/6)31\/{
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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 DY, Qr®3(v°) I\ Y0 P(dO) + hee.
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Scalar LQ: R, = ®, ~ (3,2,-1/6)

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

o O 253 contributes to b — s transitions!



Scalar LQ: R, = ®, ~ (3,2,-1/6)

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




Scalar LQ: R, = ®, ~ (3,2,-1/6)

[Fileviez Perez, C.M, Plascencia, 2104.11229]
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Scalar LQ: R, = ®, ~ (3,2,-1/6)

[Fileviez Perez, C.M, Plascencia, 2104.11229]
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Br(Bs — £707) = fo(Clo) R =



Scalar LQ): Rz = P, ~(3,2,-1/6)

[Fileviez Perez, C.M, Plascencia, 2104.11229]
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Scalar LQ: R, = ®, ~ (3,2,-1/6)

[Fileviez Perez, C.M, Plascencia, 2104.11229]
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Scalar LQ: R, = ®, ~ (3,2,-1/6)

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

/ o /
Croee = —Coyp
o O 253 contributes to b — s transitions!

f2 (Ci(),u,u)

Br(Bs — £747) = f2(C' o) Rie = ;
f2( 1066)

D3 ~ <§7 2,-1/6) D ¢3_2/3

B3 ~ (3,2,—1/6) D ¢3°

.9%9p—/——"—"—-+—"—"-—""—"—-+—-——
| Ri?p:tla
a0 | mmm Br(Bs — ptpm )P £ lo 0 8:
| 8l | |
X /
o g ......................................
\ S
0.6
t = - - REP central value
Eg/ o Rt 1o
e 0.5 Ryt +20
mm R¥ + 10, Br(B, = ptp )™ + 10 ||
0.6 ' 0.4' ................... '
2 2.5 3 3.5 4 0.80 0.82 0.84 0.86 0.88 0.90

Br(By — utp~) x 1077 R[[l(-lﬁl



Scalar LQ: R, = ®, ~ (3,2,-1/6)

[Fileviez Perez, C.M, Plascencia, 2104.11229]
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Scalar LQ: R, = ®, ~ (3,2,-1/6)

[Fileviez Perez, C.M, Plascencia, 2104.11229]
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Scalar LQ: R, = ®, ~ (3,2,-1/6)

[Fileviez Perez, C.M, Plascencia, 2104.11229]
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Scalar LQ: R, = ®, ~ (3,2,-1/6)

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

e ¢;*7 contributes to b — s transitions! (also to other processes...)

Yy, = EY,D° = : O O
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2. Accidents M 3. Anomalies M

borrowed from Joe’s talk on Monday



Bonus: (g — Z)M

[Fileviez Perez, C.M, Plascencia, 2104.11229]
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Bonus: (g — Z)M

[Fileviez Perez, C.M, Plascencia, 2104.11229]
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Bonus: (g — Z)M

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

5 Vapsn 0l ) + Vo (e 02 (0001 + (67 (4)2) +Toser (637 (@)1 e

~ . 0O 0 i} LA
Y¢3:(- OO) Y¢4: . 9

Mainly to muons!

Cl()ulu — _05 C{O/J/—L

.045,1.1]

QO
Q> :
3 ’y ¥4 s = [ Bex [1.1,6]

55/3 p2/3 5}
(R2 3R2 ) d o*

—6f 5
[ n
L]

8—8 —7 6 —5,¢4 -3 -2 -1 0 1

O.. -‘$ C/
104

B R%P[0.045,1.1) £ 20 [ REP[1.1,6] £ 1o
] RSP[1.1,6] + 20 [] Br(B, - utp )™ + 10



Bonus: (g — Z)M

Fllev1ez Perez, C.M, Plascencia, 2104. 11229
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Thank you!
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Bonus: (g — Z)M

[Fileviez Perez, C.M, Plascencia, 2104.11229]
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/ L /
C(1066 — _09%

f2 (CiO,u,u)
f2 (CiOee)

] R%7[0.045,1.1] £ 20

] REP[1.1,6] £ 20

O] RSP[1.1,6] £+ 1o

[] Br(B, = utp )™ + 10




Signatures

[Becirevic, Fajfer, Kosnik, 1503.09024]
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Signatures

[Becirevic, Fajfer, Kosnik, 1503.09024]

A/ e L
oXe) b >
N . X g ! . -2y ) -2/5
Yy, = | - :i;: J; A A ‘."f{s
( —€—0 —e— o—<¢— S
Mle
G2.m? 1 % m>
Amp, = —L_W|ViV,,|? Bg.nBS 1— C1)? —
Bs — | t | fB mp,OB.B O(xt) 92 SO(xt)( 10) m%/[/’

Clop = 0.05Clg,.,

< 103 TeV

(¥

AmEP =17.2(2) ps™!

Clo ~ O(10) = Mg <10 TeV




Signatures

e B. — B, mixing
[Becirevic, Fajfer, Kosnik, 1503.09024]

. O‘ .é b — - > ¢
v, = [ -o o

' ’

-
Q

‘m‘
w
.-)_
PN

~N

o

o LFU & LFV, By — missing energy, B — K*) 4 missing energy

B eN®) - OO
Y¢3 = : ‘«O VPTMNSK3 ?¢3 ~ VPTMNS : (_) U

v N\

1/3
Oy = <¢32/3> L2 = YD (o2 PV vt b Vet dl (652 ) et + huc.
3



Signatures

e B. — B, mixing
[Becirevic, Fajfer, Kosnik, 1503.09024]

oo °
.- 90

=7

Se. Y
&
>
£-
By
>

)

J )

o LFU & LFV, By — missing energy, B — K*) 4 missing energy

O@ - OO
?qﬁg — ( .«O VPTMNSK3 ?¢3N VP?MNS . (_) U

L’U &M L’! See Gaetano’s talk See Filippo’s and Rusa’s talk

e Phenomenological relations exploting the Pati-Salam symmetry
[Fileviez, Golias, Plascencia, 2107.06895]

1/3 3 1/3 2/3 —2/3 M;f _
e.g. Lr(¢s'” — dv) = M2/3 Ir(¢y” —ed)  Tp(ps ' — de) = 123 I'r(Hs — ée)
P4 H>



Scalar LQ: R, = ®, ~ (3,2,7/6)

5/3
Oy = ( 3/3> L2 5 v eb (¢33 ut HY 2 el (¢2/)*de b h.c.
4

Z/ 3 contributes to b — s transitions!




Scalar LQ: R, = ®, ~ (3,2,7/6)

5/3
Oy = ( 3/3> L2 5 v eb (¢33 ut HY 2 el (¢2/)*de b h.c.
4

Z/ 3 contributes to b — s transitions!

¥ YEIAY: +
YY) ‘
M2
P4

b) ({y*€) + Croue (57, PLb) (£ s0)]

/2 ?36(}726)*
Croee = Cope = — - SR .




Scalar LQ: R, = ®, ~ (3,2,7/6)

Choee = Coge
f/ 3 contributes to b — s transitions!
Oy~ (3,2,7/6) D ¢
2.0 "
: exp
1.5} i
1.0} ] |
0 55 Bexp 1 B REP[0.045,1.1] £ 20
s | 1 [ REP[1.1,6] + 20
500 SM exp |
O 0 55 R[0.045,1.1]5 . 7zK 1.1, 6] + lo
Tl [] Br(B, » p" )P+ 10
—1.0¢ Ri’ 6]
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Scalar LQ: R, = @,

~ (3,2,7/6)

5/3
5/3
( %/3> —£§I;4 S Yya b( 4/ ) uf h.c.
4
Chroee = Couy
2/3 contributes to b — s transitions!
_ f2(Chropup)
BI‘(BS — €+€ ) = fg(Cl()gg) RK(*) = e
f2(01066)
2/3 O, ~ (3,2.7/6) D ¢°
4 o~@B27606" 1~ 327020
. I ,R,?((p:lle' 09_ |
mmm Br(Bs — ptp )™+ 1o [
0.8} — ]
2_“*  —
—, 0-7_. .....................................
& [
0.6}
[ - RK Central value |1
: _ _ . Reszl:lo'
0.5} | | RGP + 20
) 80. . -O.|82. . .O .84 ...........

086 088 0.0



Scalar LQ: R, = ®, ~ (3,2,7/6)

Croee = Cope
27 contributes to b — s transitions!
_ S2(Cropp)
BI‘(BS — €+€ ) — fg(Cl()gg) RK(*) = e
f2(01066)
18 @i~ (3,2,7/6) 5 6} b~ (3,2,7/6) O 63"
o Ry +1o 0.9¢ | |
mmm Br(Bs — ptp )™+ 1o [ .
0.8} —
= 0.7]
;& --------------------------------------
& 0.6
- - REY central value |]
0.5 e RSP 410
R £ 20
1.0 A R B e oo e '
2 2.9 3 3.9 4 004.80 0.82 0.84 0.86 0.88 0.90

Tu~ —9 1.1,6
Br(Bs — p ™) x 10 R[K ]



Scalar LQ: R, = ®, ~ (3,2,7/6)

5/3
Oy = ( 3/3> LD Y e (677 ud HY el (97 ?)*de b hc.
4

e ¢;" contributes to b — s transitions! (and also to other processes...)




Scalar LQ: R, = ®, ~ (3,2,7/6)

5/3
Oy = ( 3/3> L2 5 v eb (¢33 ut HY 2 el (¢2/)*de b h.c.
4

27 contributes to b — s transitions! (and also to other processes...)

Yy, =DYiE°=|




Scalar LQ: R, = ®, ~ (3,2,7/6)

5/3
(D“:(%‘/S) LY Y (o)) ug |+ Vi eh(e) %) d] + he.
4

27 contributes to b — s transitions! (and also to other processes...)

Y, = KoVokm K1Yy,

=
|
@,




Scalar LQ: R, = ®, ~ (3,2,7/6)

5/3

* a ao — 2/3 * Ja
Dy = ( %/3> — L34 Vi &l (%) u |+ Vi e (9?) g + huc.
4

e ¢;" contributes to b — s transitions! (and also to other processes...)

Y, = KoK Y,

Y4 — Y406

v - 7

5> Br(t —cete”)~2x 1077



Leptoquarks: LH currents

Global fit: preferred solution

(57, PLb) (4" Pr.L)
Borrowed from Nazila’s talk on Monday

[Altmannshofer, Stangl 2103.13370]
[Buttazzo, Greljo, et al. 1706.07808]

Vector LQs

Symbol | Q.N. (SM)

Us (3,3,2/3)
Vo (3,2,5/6)
Vs (3,2,—1/6)
Ui (3,1,5/3)

U (3,1,—1/3)

Only R, (x); Bs,a = p'p™
(xgm = 28.19)

b.f. value | x2,;, | Pullsm

§Co | —1.00+6.00 | 28.1 | 0.20
5Cs 0.80+021 | 11.2 | 4.lc
5CL | —0.77+0.21 | 11.9 | 4.00
§Cio | 0.43+024 | 246 | 1.9
§5Cf | —0.78+020 | 95| 430
SCE | 064+015 | 73| 460
§CL | 041+0.11 | 103 | 420
5C | —038+0.09 | 7.1 | 4.60

Scalar LQs

Symbol | Q.N. (SM)




Leptoquarks: LH currents

Vector LQ)s Scalar LQs

Symbol | Q.N. (SM) Symbol | Q.N. (SM)




Leptoquarks

Dorsner, Faifer. et al. 1603.04993. Mandal, Pich. 1908.11155

No Baryon Number violation at renormalizable level

. _ .* Chiral enhancement in (g-2) at 1-loop level [Bigaran, Volkas, 2002.12544]

Vector LQs
Symbol | Q.N. (SM)
Us (3,3,2/3)
Vo . 3,25/0)_ ]
Va (3,2,—1/6)
U (3,1,5/3)
LU 3123 ]
U, (3,1,—1/3)
~ Mg /My,

Scalar LQs
Symbol | Q.N. (SM)
Ss (3,3,1/3)
LR [ 327/6)
[ 3,216
S, (3,1,4/3)
LS LB
S (3,1,—-2/3)

[Dorsner, Fajfer,

Summensari,
1910.03877]

Orq x v’ /Miq
High pT bounds



Charged anomalies



Anomalies in b — ¢ transitions

_ B(B = DWri,) -

HFLAV, up to date

Tree level process!!



Bottom-up approach

e Most general effective dim 6 Hamiltonian:

4G
pbety _ 72F 21+ Cy )Ov, + Cy Oy, + Co Og, + Cs, Os, 4+ Cr O] +hec.
Scalar LQ)
bVT
SLQ:(\ <C
U’Z'
: (ev* Prb) (£, PrLue), Ov,|= (€v* Prb) (£, PLvye),
: (EPR[))(ZPLVQ), : (¢ Prb)(£ Prvy),

= (co"” Prb) (ZJWPLW),



Bottom-up approach

e Most general effective dim 6 Hamiltonian:

4G
Hboet _ T; 21+ Cy )0y, + C5, Og, + Cs Og, +CrOr] + hec.
e Inputs:
I:> Rp e Bc lifetime:
= Br(B. — 70;) < 30 — 40%
5> Rp-
[Alonso et al., 2016]
|:> ['(B — D(*)TDT) e Bound LEP 7 peak:
|Akeroyd et al., 2017]
> B, — 10, = Br(B, — 17,) < 10%

4

B(B. — m0.) = #|Vp|2 x |1+ Cy — Cy -




Fit independent analysis

0.10F

0.051

0.00

AR p+

-0.05}

-0.10




Bottom-up approach

e Most general effective dim 6 Hamiltonian:

4G
Hle)f?cﬁl/ — TQF cb[(l + CVL)OVL + C/MVR + CSR OSR -+ CSL OSL -+ CT OT] + h.c.

e Theoretical assumptions:

o> EFT @&
|C. Bobeth et al., two months ago|
I:> New physics only in the third generation,

I:> C'vy, lepton flavour universal = C7, ~ 0
I:> CP conserving W.C.

e Experimental measurements

An unidentified or underestimated systematic uncertainty...



Fit-independent analysis
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Implications of new measurements?

Speculating...|
Cr=0 Cr =0.04 Cr = 0.08 Cr = —0.04
0.3l RERS 0.4¢ L) A 0.4f r%h: 0.4f ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ '-.
_ = = - e "
Or Or i o | A Ors i
< S w7y < \ oy S \
S -0.3f S ol Sl © -oa L © o4
~0.6} . C NN \
\ —0.8f_ \ 0.8\ | : —0.8
-09p B W AN S N m i T SN A
~-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0 -2 -1 0 1 2 -1.0-05 0.0 05 1.0
C'P OP C’P Cp
] pr dl'/dq? 1076 R+ B(B, — Tv)
Belle-11 5ab”! 50 ab~!
R p+ (+£3.0 £ 2.5)% (£1.0 +2.0)%
PP +0.18 4 0.08 +0.06 & 0.04

My guess: FP ~ 15% l:> 5%



Bounds on Br(B. — 1)

[
&

[
[\

[
—

—)‘1'7)102

c

BR(B

R

=)

Resurrection of the scalar candidates ?

[Akeroyd et al., 2017]

BR(B; -J/yt)10?

B(B. — 1i7) < 60%

See discussion in [M. Blanke et al., 2019]



Global fit: Form Factors

O(a, 1/my,., and partially 1/m?)

C
m
©
JP(H) | I | Form factors Parameter Value
0 Vu fos f+ p* 1.32 +0.06
0~ | ow Jr c 1.20 £ 0.12 £(¢*) D Oz
I f)/u A07 Al: A2 d _0.84 :I: 0.17
I TR 14 x2(1) | —0.058 £ 0.020
1= | 0w Ty, T X5(1) 0.001 =+ 0.020
1= | ows T, X5(1) 0.036 + 0.020 O(1/mcyp)
n(1) 0.355 =+ 0.040
' (1) —0.03 £0.11
11(1) 0.14 4+ 0.23 ] 2
lo(1) 2.00 = 0.30 O(1/me)




Neutral anomalies



Anomalies in b — s transitions

BmLCSR Lattice -e-Data BRLCSR Lattice —e-Data EmL.CSR Lattice —e-Data
L L e AL L DL L L L L L B L L B
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s i 1 e 100 ~ "
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[LHCb, JHEP 02 (2016) 104] [Belle, PRL 118 (2017) 111801] -o-LHCb -m-BaBar -—a—Belle
CMS-PAS-BPH-15-008] [ATLAS, arXiv:1805.04000] v 22— : : : , : :
a."h 1 —r . 1 r 1 T T ] e | - _ -
o LHCbdata o ATLAS data § X LHCb 1 T S S, ]
= Belledata © CMS data ] 1 5'_ ] ~ [ Y moe i
0.5 71 SM from DHMV ;s » . 08 E N
1 SM from ASZB - i : : } | I E
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q> [GeV?*/ 4 @ LHCb [PRL 113 (2014) 151601] qz [GeV2/04] q° [GeV2 /c4]

A Belle [PRL 103 (2009) 171801]
m BaBar [PRD 86 (2012) 032012]

Status 2017



Anomalies in b — s transitions

e LHCbdata © ATLAS data

= Belle data

EmLCSR Lattice -e-Data
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Anomalies in b — s transitions

Lattice —e-Data EN.CSR Lattice —e-Data

EmLCSR Lattice —e-Data
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dB/dq? [10® x c*/GeV?]
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& It could mimic NP!!!
\‘ Q*

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




