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Indirect Searches of New Physics

I. Search of deviations w.r.t. SM predictions:
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e.g.

Look for observables:
e (Highly) sensitive to contributions of physics beyond the SM
e Mildly (or not) sensitive to hadronic uncertainties

e Accessible in current and/or (near) future experiments.

NB. LFU observables are an excellent example!



Indirect Searches of New Physics

ii. Search processes forbidden by (accidental) symmetries of the SM:

Global symmetry of SM gauge sector:

UB)Y =UB)oxUB)rxUB)yxUB)p xU(3)E

Broken by Yukawas to
Ul)pxU(1)exU(1), xUQ),

\ 4
V

broken by m, !

Examples:
e Proton decay (BNV): p— mlet
e 0v33 (LNV): — (A, Z+2)+ 2e”
e Lepton Flavor Violation (LFV): 1 — ey

Very clean probes of New Physics!




Lepton Flavor Universality



Lepton Flavor Universality (LFU)

o Well-tested property of the SM gauge sector, which is broken by Yukawas:

2 R
-Z %% W %W L E
qgv = gy [LEP, 7-decays]
X v
e Several discrepancies have been observed in b-hadron decays:
See also:
B(B — K(*),LL,LL) exp
\. q2e[qr2nin’qr2nax] )
, B(B — D®7p) \
Ry = & ROP > RSM R

PO = B(B = DOD) e, pe e H

[LHCb, B-factories]

o If confirmed with more data, they will be a clear evidence of New Physics.



. See talks by Mannel, Watanuki
LFU in b — s/ :

. LHCb Ay — pKOL (4.7 ﬂJ_l]
Experiment T T Gi<@<soca?
B— K*t6 [3fb]
B(B s K(*),LLIM) 0.045 < ¢% < 1.1 GeV?
Ry =
K B(B — K(*)ee) B— K*(6 37"
1.1 < ¢* < 6.0 GeV?
.
B — Kt [3 ]
1.0 < ¢ < 6.0 GeV?
1 . L B — f\_' (e 5 b _'
L0 < ¢° < 6.0 GeV*~
1k SR
S . B— Kt [9 b
d 1.1 < ¢* < 6.0 GeV?
. 04 06 08 1. 12 14
Theory (loop-induced): .,
Rx /Ry
e Hadronic uncertainties almost fully cancel. [Hiller, Kruger. '04]
—> Clean observable! [working below the narrow cc¢ resonances|
e However, QED corrections important, R%M = 1.00(1) [Isidori et al. '20]



LFU in b — ¢l
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e R7Pand R}’ : dominated by BaBar.

e LHCb confirmed tendency R7), > R})y, i.e. B, — J /(v

Needs clarification from Belle-l1l and LHCb (run-2) datal



SM predictions

Form-factors: Rp See talk by Kaneko

o Lattice QCD at ¢* # ¢-. (w +# 1) available for both leading (vector)
and subleading (scalar) form factors:

2 2 2 2
_ mys — 1M mys — 1M
(D) blB) = [+ k) = "2 R 4 (0) + B folg?)
with 0) = fo(0) .
F+(0) = fol0) IMILC/Fermilab '15, HPQCD '15]
|3 FIAG2019
| | | I fglaverage |
1.2 —f fi FShe e
f+ FNAL/MILC 15C e
11 s fo FNJEL?;I?_EDIS% sl
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+ 1.0 | ) _
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SM predictions [circa '20]
Form-factors: Rp-~ See talk by Kaneko

e Use the B — D*(Dm)lv (I = e, ) angular distributions measured at the B-

factories to fit the leading form factor [A;(¢?)/ and extract two others as ratios
w.r.t. Ai(g?). All other ratios from HQET (NLO in 1/m¢p) [Bernlochner et al. '17]
but with more generous error bars (truncation errors?).



SM predictions [circa '20]
Form-factors: Rp-~ See talk by Kaneko

e Use the B — D*(Dm)lv (I = e, ) angular distributions measured at the B-
factories to fit the leading form factor [A;(¢?)/ and extract two others as ratios

w.r.t. Ai(¢®). All other ratios from HQET (NLO in 1/m¢p) [Bernlochner et al. '17]
but with more generous error bars (truncation errors?).

. . : 2 2
e First lattice QCD computation at ¢~ # iax (w # 1): [NEW! '21]
[MILC/Fermilab, 2105.14019]
1.4:
® 4 121
g g
z =
S SRy
A A
0 1 06
&a [ Q I
0.4 - 0.4 -
[ LQCD I LQCD + exp.
0.2_1.‘.1..‘|...|...|...1. 0'2_|...|...|..,|...|...|.
0 2 4 6 8 10 0 2 4 6 8 10
¢* [GeV?] ¢* [GeV?]

NB. See also [Harrison et al., 2105.11433] for By — D} form-factors g



SM predictions

Form-factors: R+

HFLAV Average

0.36 -
+ Lattice-QQCD form factors
4+~ Joint fit form factors
0.34 -
0.32 -
Q
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0.26 - |
- ~ 4.0
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0.250 0.275 0.300 0.325 0.350 0375 0400 0425 0.450
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e Discrepancy confirmed by lattice QCD!

[NEW! '21]

[MILC/Fermilab, 2105.14019]

HFLAV: RM = 0.258(3)
Lattice: RIM = 0.266(14)

Lattice+exp:  RM = 0.2484(13)

e Combined fit of form-factors to lattice and exp. data lowers central value.

See [Bobeth et al. 2104.02094| about potential inconsistencies in Belle 2018 data .



LFU tests in charm decays [Becirevic, Jaffredo, Penuelas, OS. '20]

e Good agreement between theory and experiment: [see talk by Bai-Cian KE]

Form factors from [Lubicz et al. '19, '20]

1.4
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LFU tests in charm decays

e LFU is also well tested in leptonic decays,

(r/u) _ B(Ds = 1) XD 7o)
Rp'™ = B(D. = ) 9.72(37) vs.
D ex
i/ _ B2 TV) e g o1 7y vs

B(D — uv)

T 975

X

—> Provide useful constraints on NP scenarios (in particular, if pseudoscalar

operators are present).

[Becirevic, Jaffredo, Penuelas, OS. '20]

See talk by S. Fajfer for more charm observables!

NB. For the complementarity with LHC bounds, see [Fuentes-Martin et al. '20]
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EFT interpretations



EFT for b — st/

AG °
L=y | awo+ Y (o Clwor)

i=1 i=7,8,9,10,P,S

e Semileptonic operators:

O = (5, Prin)b) (Fy40) 04 = (5Prryb) (£0)

O§/()) — (§%PL(R)5)(£W“75€) O(,) (SPR(L)b) (5755)

e Dimension-6 tensor operators are not allowed by SU(2);, x U(1l)y

e (Pseudo)scalar operators are tightly constrained by

B(Bs — pup)®P = (2.854+0.22) x 10~°
B(B, — pp)®™ = (3.66 +0.14) x 10~°

+ h.c.
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Combined fit

[Angelescu, Becirevic, Faroughy, Jaffredo, OS. '21]

Clean quantities: Ry, Ry~ and B(B, — put ™)

e Only vector(axial) coefficients can
Cy=Ch accommodate data.

o CS/Q,lO disfavored by RSP < R3M

O

o Purely left-handed operator
preferred [4.60]:

B —

SOLH = _§Oks
— —0.41 +0.09

-18 -14 —-1. =06 =02 02 06 1. 14

505"” [See talk by J. Virto]

Interesting: Conclusion corroborated by global by global b — s#/ fit

13



Effective theory for v — crv

Lot = =2V2GrVay | (1 + 9v,) Ervb1) (E27ve) + 9 (Ervubr) (E7"v1)

+ JSgr (ELbR> (ZRVL) + gsr, (ERbL) (ERVL> + gr (ERO';M/bL) (ZRO"WVL)} + h.c.

General messages:

e SU(3). x SU(2)r, x U(1)y gauge invariance:
=> 9gvgr is LFU at dimension 6.

=> Four coefficients left: gv,, 9s,, 95, and gr

e Several viable solutions to Ry« :

= e.g. gv, € (0.06, 0.11), but not only!

[Angelescu, Becirevic Faroughy, Jaffredo, OS, '21]
see also [Murgui et al. ' 19, Shi et al. '19, Blanke et al. '19]

14



Effective theory for v — cri
Which operators to pick?

[Angelescu, Becirevic Faroughy, Jaffredo, OS, '21] Viable solutions (at 1L A~ 1 TeV):
13_ Exp. é gVL and gSL — :|:4 gT
L1

2 & : -
s
~ ! SV
5 09+ _
w B —
| - AL
o7t C— =77 — gs, = —dgr
= gs, = +Hdgr
- gs, = :l:“igi cilR
0.5 Y R U RS S R
0.5 0.7 0.9 1.1 1.3
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Effective theory for v — cri
Which operators to pick?

[Angelescu, Becirevic Faroughy, Jaffredo, OS, '21] Viable solutions (at RS 1 TeV):
13_ Exp é gVL and gSL — :|:4 gT
L1l ( . More exp. information is needed:

E-x— L . /,]
ROl ~ —> e.g., angular observables:
"‘--..__\ - WY
5 090 .
g I L - . _
= B — Drv B — D*(Dn)Ttv
047-— _— - 7 gs, = —dgr
T 9s.=+Hgr [Becirevic, Jaffredo, Pefiuelas, OS. '20]
05 o I_lgsleﬂ%lla?g [Becirevic et al. '19], [Murgui et al. '19]...
0.5 0.7 0.9 1.1 1.3
Rp/R3M
¥ X Electroweak observables can also
t L ‘- t 'u

| , | - be a useful handle!
Z g h g
Vi T S [Feruglio et al. '17]
€+

Y [Feruglio, Paradisi, OS. '18]
% % 15



From EFT to concrete models



What do we know so far?

e What is the scale of New Physics (Axp) 7 IDi Luzio et al, '17]

—> Perturbative couplings:

Ar ., <30 TeV Ar ., <3 TeV

W s
b S
(% wOal) )

d

e Moreover, good agreement between theory and experiment in LFU tests
with K-, D- and T decays!

16



Which mediator?

ex SM -
R75L, > R} require new bosons at the TeV scale:

b
b 14 ——>
H~ |
C U -« —«

C 1%

Challenges for concrete scenarios:

e Flavor observables: e.g. Amp. and B — K" i [Many papers!]
e Radiative constraints: e.g. T — uvv and 7 — 0/ [Feruglio et al. '16]
e L HC direct and indirect bounds. [Greljo et al. '15, Faroughy et al. '16, .. ]

Scalar and vector leptoquarks (LQ) are the best candidates so far

17



Which leptoquark?

Few viable scenarios!

(SU3)e, SU2),U(1)y)

- T - ...

[Angelescu, Becirevic Faroughy, Jaffredo, OS, '21]

Model Ry vy Rpe ||Rige) & Ry
Ss (3,3,1/3)| V X X
S1 (3,1,1/3) X v X
Ry (3,2,7/6)| X Vv X
U (3,1,2/3)| V v v
Us (3,3,2/3) v X X

18



WhiCh leptoq ud rk? [Angelescu, Becirevic Faroughy, Jaffredo, OS, '21]

i ) Model RK(*) RD(*) RK(*) & RD(*)
Few viable scenarios!
Ss (3,3,1/3)| v X X
(SU3)e, SUQ2), U(L)y) S: (3,1,1/3)| x v X
Q q Ry (3,2,7/6) X v X
e Uy (3,1,2/3)| v v v
Q Us (3,3,2/3)| v X X

e Only the U7 LQ can do the job alone, but UV _completion needed.
= Gps = SU(4) x SU(2), x SU(2)r  contains U; = (3,1,2/3)
=> Viable TeV models proposed: U1 + Z' +¢'  (more than one mediator!)

[Di Luzio et al. '17, Bordone et al. '18...]

e Two scalar LQs are also viable:

— Sl and 53, or RQ and 53.

[Crivellin et al. '17, Mazzocca. '18| [Becirevic et al., '18]
18



Closing the leptoquark window

[Angelescu, Becirevic Faroughy, Jaffredo, OS, '21]



LHC constraints
i) LQ pair production via QCD:

o(pp — LQLQT) x B(LQ — £q)?

L9~ d
LO. N
see [Dorsner et al.. '18] for a recent review

i) Di-lepton tails at high-p_:

First proposed by [Eboli, '88]
[Faroughy et al. '16]
[Angelescu, Becirevic Faroughy, Jaffredo, OS, '21]

[CMS, 2012.04178]

> 1.8 TeV

Y

mUl

(assuming dominant couplings to 3" gen.)

[ATLAS and CMS]

o | L B B BN B B B R R B R S S B B R
F ——— x)* (bb)
i X7 (bb)
L —== X" (s9)

3F— X (%) .

Vs =13TeV, £L=140fb~', ATLAS & CMS ]

20 25 30 35

my, [TeV]

4.0
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Combining flavor and LHC

e LFUV ¢ Lepton Flavor Violation

[Angelescu, Becirevic, Faroughy Jaffredo, OS. '21]

[Becirevic, OS, Zukanovich. '16]

Predictions for [Glashow et al. '14]
B, = ur  B— KYWur

New searches (95% CL):

B(By — p=17)"P < 4.2 x 1077
B(BY — KTp 77)"P < 4.5 x107°

20



Combining flavor and LHC

e LFUV ¢ Lepton Flavor Violation

Several flavor observables

(at tree-level)

10

n
3
=
High-p. constraints set a Cg
%

model-independent lower

[Angelescu, Becirevic, Faroughy Jaffredo, OS. '21]

[Becirevic, OS, Zukanovich. '16]

Predictions for [Glashow et al. '14]

B, = ur  B— KYWur

New searches (95% CL):

B(By — p=17)"P < 4.2 x 1077
B(BT = KT 77)"P < 4.5 x 107°

LHC constraints

ES S LSS AL LSS LS

1076

LHCb, BaBar

bound on B(B — Kur)

| “
—7 z
~— ]'0 | | V
140 fb | 7
v
10°° ! /
my, [.8 TeV Belle — II'  Bellel,
I y
1()75) 1 ||||||I 1 |]Ul|‘ L L LLaun |||||||J L1 ||]||JI 1 |||Jl.| LLLLuIE l
10—1() 10—14 10—12 10—]() 10—8 10—()

B(t — po)
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Large effects in b — su7 are a common prediction of minimal

solutions to the B-anomalies:

R, =0.8TeV, qu—ZOTeV

10°

8_‘ [Becirevic et al. '18]

Belle excl.
1.5 20 25 30 35 40
R})=BB-K"vv)/BB-K"vy)>M

EFT predictions:
i) LH operators:

B(B — K" ur)
B(B — Kur)

B(Bs — ut) ~ 0.8

BB — Kur) ~ 1.8

B(r — )

i

107

10°#

10
- [Cornella et al. '18, '21]

see also [Glashow et al. '14]

B(B" =K't p)
10°® 03

Excluded at 95% CL

U,

j P
10" 104

B(B. =7 u")

21
0%

[Becirevic, OS, Zukanovich. '16]

il) Scalar operators:

B(Bs — ut)
B(B — K™ ur)

> 1

21



B-decays with missing energy
e Clean observable in the SM:
B(BT — Ktvo)®™ =4.6(5) x 107°
[Blake et al. 1606.00916]

e Models for the B-anomalies predict sizable
deviations from SM.

e Unique access to operators with 7-leptons;

l.e. L3 = (I/TL,TL)T .

SM_ Averawge

1.1+0.4, preli

-
. Belle II (63 b !, Inclusive)

1.971%  This work, preliminary

Belle (711 fb!, SL)

1.0+£0.6 PRD96, 091101

° Belle (711 b !, Had)

3.0+1.6 PRD87,111103

Babar (429 fb~!, Had+SL)

0.8+0.7 PRD87, 112005
| L L L | L L L I L Il L I

2 4 6 8 10
10° x Br(B*—K " vi)

N —— ______:q_

BB-Kutt¥) [1077]

See talks by Soffer and Watanuki

mpg, = 0.8 TGV, ms, = 2.0TeV

—
e

oo

Belle excl

10 15 20 25 30 35 40
RG) =B(B-K*yy)/BB—-KPyy)SM

e.g. [Becirevic et al. '18]

Promising results from
early Belle-ll data!

22



Summary and perspectives

e Renewed interest in the B-physics anomalies since the latest LHCb results.

Belle-Il will be fundamental to confirm/refute these results!

e We identify the viable single-mediator explanations to fx ) and/or €pc).

Only the vector U; is viable. Two scalar LQs can do the job too.

e U1 model: we demonstrate a pronounced complementarity of flavor physics
constraints with those obtained from high-p_ searches at the LHC.

LHC ditau constraints => lower bound B(B — K™ ur) > few x 1077

e Building a minimal model to simultaneously explain the various anomalies in
flavor observables remains a very challenging task.

Data-driven model building]!

23



Thank you!



Back-up



Experimental strategy [LHCb, 2103.11769]

Double ratio

B(B+ K+M+,U
B(B* — K+ J/y( u*u

— Ktet —)
/B B+ —>K+J/zp(e+e )

Ry =

% 220 LHCb 3 LHCb
F _1 1

%209 —4— Data 9 fb %500 —+— Daa91fb
= 1800 —— Total fit = —— Total fit
=, 1608 Mivgeldi gt B'— K e'e e, = B's K u'u-
— 140 Bl B - Jy(e'e )K' = Combinatorial
o 120 B Part. Reco. < 300
= 100 Combinatorial =
= B0F = 200
E 60 e
S 40 < 100

20 TN

0 PR et £ e e % [ == S ]
5000 5500 6000 5200 S3I]D 5400 5500 5600
m(K*e*e-) [MeV/c2] m(K* @t 1) [MeV/c?] Cross-check:
~ 240 310" ~ X
T 220 LHCb % 40f LHCb
-1 = -1 —

> 200 —4 Data9fb Z 350F ~+Data9fb ex B(B-l— — K—i—J/w(lu-l—lu ))
= 180 — Total fit = a00E — Total fit /p —
~160F L e B'— J/y(e'e )K* N e B I (K J P ( + + / ( + - ))
E/ 140 B Part. Reco. = 250 P B'— Jy(u'u)x? B B — K J w e €
® 120 I B = Jy(e'e)n* % 200 Combinatorial
= 100 Combinatorial : _
= ombinaorial | 5 150 = 0.98(2)
E 60 3 100E
= (] 100
O ® s0fF

20 E

n " L e P | Il ]
5200 5400 5600 5200 5300 5400 5500 5600

my;,, (K “eter) [MeV/c?]

my, (K* i) [MeV/c?]

Belle-1l will be fundamental to confirm /refute these results.



Experimental cross-checks [LHCb, 2103.11769]

i) LFU at ©(29):

Rop _ B(BT — KT(29)( B(Bt — KT¢(25)(eTe™))
¥(28) T B(BY — K+J/¢ / B(B+ — K+J/¢(e+e )

= 0.997(11)

B(BY = K" J /(' p”))
B(Bt — K+ J/y(ete™))

I " - exp __
i) Dependence on kinematics: =

LHCb

L1m simulation

Iy / ( rJ/w >
o(l*, I [rad

T

0.15F

0.10f

0.9 0.05F

C 1o B rerereres e — 1
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 0.00 4.0 4.5 5.0 5.5

max(p(1")), p(I)) x oI, I") bin number log (max(p(! M, p(1)))



Latest LHCDb results

" [LHCb, Moriond EW] [Angelescu, Becirevic, Faroughy, Jaffredo, OS. '21]
: 07 XIQ | | ! | ! [ ! | ' | 0.5
- contours hold 68%, 95% ,99% CL -
306 Preliminary - LHCI_? —
_ 44" 4 -
Tosl- S =9 =
2 ] . . i N
- - =
0.3 B — T
: _ L |
02 — 9_31/ x
- i Q \
0.1+ S B : ; — .
0 Ly N\ ] S _XIO-9 l:
0 1 2 3 4 5 6 L

B(B)— utw)

B(Bs — pp)®P = (2.854+0.22) x 107 [Our average, CMS, ATLAS, LHCb]

B(Bs — pp)™™ = (3.66 £ 0.14) x 107? [Beneke et al. '19]



Examp|ei Ul — (3, 1:, 2/3) [Angelescu, Becirevic, Faroughy, 0S. '18]

. i1 = r ;}I N ril g

e b — cTUV:
2™ (V)T
Log O ) (2 ) (LY br)(Teyuve)
mi,
0 O 0
T = 0 $5P3 ST
o b — spuu: ‘EH ‘ET
0 =" z;
AN
Leg D —( L) mg( ") (57" bL)(Bryupr)
Uy

e Other observables: 7 — u¢p, B — v, Dy = pv, Ds — 70,
K — uv/K — ev, 7 — Kvand B — DWpuv/B — DWew.




UV completion: U; = (3,1,2/3)

Pati-salam unification: [Pati, Salam. '74]

o Gps=SU(4) x SU(2) x SU(2)g contains U; as gauge boson.
e Main difficulty: flavor universal = m, = 100 TeV from FCNC.

Viable scenario for B-anomalies: [Di Luzio et al. '17]

® SU(4)XSU(3)’ X SU(Q)L X U(].)'r — QSM = SU(S)C X SU(Q)LX U(l)y

e Flavor violation from (ad-hoc) mixing with vector-like fermions.

e Main feature: U,+27'+¢" at the TeV scale.
Rich LHC pheno, cf. [Baker et al. '19], [Di Luzio et al. '18]

Step beyond: [PS]? — [SU(4) X SU(Q)L X SU(Q)R]% |Bordone et al. '17]

e Hierarchical LQ couplings fixed by symmetry breaking pattern.

e Explanation of fermion masses and mixing (flavor puzzle)!



Ry = (3,2,7/6), 53 = (3,3,1/3)

’ Fyid = gt p(5/3)
£ D (Vexwm yn Ep)"” Upil R 4+ (yx

. | g 2/3) |
+ (Ug yr. Upnans)” Gpiviy ﬁ'{ P (Ug y)"

— ':IU Upning )™ HL-;:

. ¥ - i 2/3)
+ ﬁr Vokn v Upnans )i HL L,S{ e

and assume

- I: 1’;{-'£{I'-.l Y :I i]
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LHC constraints
LQ pair production

Production dominated by QCD:

o(pp — LQLQ') x B(LQ — (q)*

J/

522
P L9,
V4
/
. +
\
\
P e N

see [Dorsner et al.. '18] for a recent review

ATLAS and CMS results for 8 =1 (or 0.5)

Decays|Scalar LQ limits | Vector LQ limits| Lint / Ref.
JjTT - - -
bbr7 | 1.0 (0.8) TeV | 1.5 (1.3) TeV |36 fb~! [39]
ttrr | 1.4 (1.2) TeV | 2.0 (1.8) TeV |140 fb~' [40]
jimi | 1.7 (1.4) TeV | 2.3 (2.1) TeV |[140 fb~" [41]
bbuji | 1.7 (1.5) TeV | 2.3 (2.1) TeV |140 fb~' [41]
ttup | 1.5 (1.3) TeV | 2.0 (1.8) TeV |140 fb~ ! [42]
jjv | 1.0 (0.6) TeV | 1.8 (1.5) TeV |36 fb~"' [43]
bbv | 1.1 (0.8) TeV | 1.8 (1.5) TeV |36 fb™' [43]
ttve | 1.2 (0.9) TeV | 1.8 (1.6) TeV |140 fb~' [44]

[Angelescu, Becirevic Faroughy, Jaffredo, OS, '21]




dD(B — D* tv) /dw
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Exp/SM  AB(D *—=nuv)/AB(D *—ner)
o
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[Angelescu, Becirevic Faroughy, Jaffredo, OS, '21]
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