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Qutline:

e Motivation

« Probing flavor at high-p.

* Low vs. high-energy probes of LFV




Flavor physics

» Gauge sector of the SM entirely fixed by symmetry:
= Only a handful of parameters.

\ 342 parameters (flavor symmetric)

= S e S T

LSM — Lgauge + EHiggs + L:Yuk.

« Flavor sector loose: /

= 13 parameters (masses and quark mixing) — fixed by data.
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= Striking hierarchy [does not look accidental...]. Hints of a flavor theory?
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Our goal: Search for signals of BSM flavor dynamics in precision observables. ]
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Lepton Flavor Violation (LFV)

LFV is a very clean probe of New Physics:
Forbidden in the SM by an accidental symmetry: U(1). x U(1), x U(1),

.. which must be broken (neutrinos oscillate)! But LFV rates in charged processes
are unobservable if there is no new dynamics beyond My, (since Am; < mjy, ).
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LFV is a very clean probe of New Physics:
Forbidden in the SM by an accidental symmetry: U(1). x U(1), x U(1),

.. which must be broken (neutrinos oscillate)! But LFV rates in charged processes
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Experimental prospects are very promising:
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LHC can be useful here too!
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Hadronic probes: NA62, KOTO, BES-III, LHCb, Belle-II...

[This talk: Constraining LFV with pp — ¢;¢; at high—pT]




Lepton Flavor Universality (LFU)
A further motivation... See talks by Amhis, Benito, Borsato, Garcia, Georg, Gerick, Neshatpour, Soni...

» Renewed interest on by discrepancies observed in B-hadron decays:

R B(B — D™ ri) & RO > RSM See also:
D™ ™ B(B — D®w) te(e.n) () DM P /
? J pr
B(B — K™ pup) SM
Ry — & RTP < RYY.
K B(B — K®)ee) 2c(a?. a2 ] A K RPK

= Flavorful New Physics at the O(TeV) scale?

See talk by Becirevic

* LFUV ¢ Lepton Flavor Violation? (Glashow et al. '14]

e Large effects in b — su7 is a prediction of
the viable New Physics explanations.

[Angelescu, Becirevic, Faroughy, OS, '18]
G,M  [Bordone et al. '18], [Di Luzio et al. '18], [Crivellin et al. '20]




LHC is a flavorful experiment

LHC collides five quark-flavors:
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LOW VS. high—energy SearChes Flavorful New Physics?

\) it
pp — Ll + TeV
Effective operator
9. fv
+ Mmw
C.
iR “‘
M — ﬁkgl
fk — flM T "
4+ m.
M — Mlﬁkfl

High-p_ searches (CMS and ATLAS) can probe the same operators directly constrained
by flavor-physics experiments (NA62, KOTO, BES-IIl, LHCb, Belle-1...)

see also [Faroughy et al. '16], [Greljo et al. '17, '18], [Baker et al. '19], [Afik et al. '20], [Fuentes-Martin et al., '20]... 5



Strategy

Recast LFV di-lepton searches and look for New Physics effects in the
tails of the invariant mass-distribution (where S/B is large).

pPp — ep pp — eT pp — UT

o T T T T T T T T 0 T T T T T T T ‘2 T T T T ‘l ::) ltal T
= e Data c .6 e Data 6 ATLAS a
S 10° - ATLAS S 108 - ATLAS ) _ & 10 Dot o Weiet
4 : B Top Quarks i Multijet & W+jets > _ 1 [ Multije jets
& Vs=13TeV, 36.1 " T Diboson & Vs=13TeV, 36.1 fb™" E Top Quarks m Vs=13Tev, 36.1 o B Top Quarks
[ Multijet & W+jets Caziy=i [
ey channel O ziy— | et channel = Dilason wt channel [ Diboson
—— LFVZ'1.5TeV — LFVZ' 15 TeV —— LFVZ'1.5TeV
-+ RPVV 1.5 TeV --+ RPVV_15TeV -~ RPV ¥, 1.5 TeV
3 -—-- QBHRS.LSTBV 3 ---- QBHRS 1.5 TeV 3 ---- QBHRS 1.5 TeV
10 Uncertainty 10 Uncertainty 10 Uncertainty

1 Ry 1 iy 1
e = 'J_| S "I ] 3 =r“|—'—|; e
2 E B =] F o E ]
o L E % 15 | | T 3 m 15'+’ +J_l|l + 113
= E E = - - - 44 3 % : et [ :
1?""“% R e e | i 73] T e anngatage® gt =
2 1% = - g S ] 2 . T[] ]
© 05F l = ® 05F * 3 ® 05H- 4
o E I L L | Y'"’ L a TE N L R T | l A E e 1 I 1 MR | L
200 300 400 1000 2000 200 300 400 1000 2000 200 300 400 1000 2000
m,, [GeV] m,, [GeV] m. [GeV]

[ATLAS. 1807.06573]

Dimension-6 operators:

A
(s <A) Energy-growth can overcome

Cloft S 2
209 = o A4 |Ceff| heavy-flavor PDF suppression!

Log D A2




Effective Field Theory

(i,j,k,I = flavor indices)

DlmenS'On_ﬁ operators: Eff. coeff. Operator SMEFT
C%}kai (aLv:Wqu) (ELW“ELE) O,,(i), Oz(:)
C C;};; (aszYMQRJ) (ERR/YMERI) C)(_t(.f.v (—/)(:’U
(8
= g — Vector i _ _
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Effective Field Theory

Dimension-6 operators:

Co
5220_20“

Partonic cross-section:

A

S

7 (4% = 660 =| g

(i,j,k,I = flavor indices)

Eff. coeff. Operator SMEFT

CyLk,i (@rivuqrs) (CoeyCrr) O,,(i), O,(j)
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> My |Cof?

Energy enhancement!

(see back-up for full expressions)

Overall factors (no interference!):

(1, OJZVX,Y
Ma:<%, Oz:SX
4, a="T

Limits on different operators are
related via the M, coefficients.




Our results: urt

Benchmark scenario: Leg =)
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Our results: urt

Benchmark scenario: Leg =)

T, T

No meson decay!
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Our results: urt Flavor vs. LHC

i

Benchmark scenario: L.g = Z Z;qj (v qr;) (Coev,lr) (i.e. Oy, , )

LHC and flavor limits (@95% CL)
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Low and high-energy observables are complementary!



Our results: eu, et, ut OZ* = (qriv*ar;) (Cowvuler)

LHC and flavor limits (@95% CL) LHC and flavor limits (@95% CL) LHC and flavor limits (@95% CL)
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LHC data is more constraining for flavor-conserving transitions (ss, cc and bb),

as well as for the charm sector (cu). 0



Physical observables: ut

Selected results

Our high-p_ constraints

O%ﬁfff = (qriv*qrs) (Loevuler)

Direct limits at low-energies

Decay mode Exp. limit Future prospects

Take-home:

Decay mode Current (36 fb~ ') Future (3 ab™')
T — e 3.5 x107° 3.2 x 1076
J/p — 7T 6.8 x 107! 6.4 x 1072
Bag — tuT 2.4 x 1074 1.8 x 107°
BT - atrEuT | 31x1074 2.4 x 1075
By — 75T 2.9 x 1073 2.5 x 10~*
BT - KTr¥uT| 35x1073 3.1x107*
T(3S) = ruT| 1.0x1077 1.2x10°%

T — pd 1.1x1077 ~2x107°
J/b — rEuT | 2.6 x10°° —
By —71TpT | 1.4x107° ~1.3x107°

BT s atrfuT | 9.4x107° -
By » ¥ | 42x107° =

BT - Ktrt,7| 6.2x107° ~3.3x107°

(38) —» 7FuT | 4.0 x 1076 -

 High-p_ observables are much more constraining than quarkonia degays!

e LHCb and Belle-1l remain the best experiments to look for the decaychannels
motivated by the B-physics anomalies: By — u7 and B — K(*),Uﬂ' .
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Scalar/tensor operators?

« High-p_ limits can be easily rescaled from vector to scalar/tensor eff. coefficients
— overall factors of 1, 2 and 4 for the cross-sections (see previous slides).
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Scalar/tensor operators?

 High-p_ limits can be easily rescaled from vector to scalar/tensor eff. coefficients
— overall factors of 1, 2 and 4 for the cross-sections (see previous slides).

e Flavor observables can change significantly though:

i. QCD (+EW) RGE effects: [Gonzaléz-Alonso et al., '17], [Feruglio,Paradisi, OS. '18]
e.g. Cs, (2 GeV) = 2.1Cs,(TeV) — 0.5Cr(TeV)
ii. Chiral-enhancement at /ow—energies: *keeping only two eff. coeffs. for illustration!
DO f2 mpo 2D ’
o DO — 4+ — D 2 2 uce,u 0 uce
=6 BID™ = pme”) 64mv? nOu | Cviy my, mcc
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Scalar/tensor operators?

« High-p_ limits can be easily rescaled from vector to scalar/tensor eff. coefficients
— overall factors of 1, 2 and 4 for the cross-sections (see previous slides).

e Flavor observables can change significantly though:

. QCD (+EW) RGE effects: [Gonzaléz-Alonso et al., '17], [Feruglio,Paradisi, OS. '18|
e.g. Cs, (2 GeV) = 2.1Cs,(TeV) — 0.5Cr(TeV)

ii. Chiral-enhancement at /ow—energies: *keeping only two eff. coeffs. for illustration!

2 2

Tpo fDmDO 2 2 uce mp uce
e.g., B(D° — T Cucek 4 0_(recer
g ( e ) 64 B Vi M, Me Sy,

For this example (LHC vs meson decays):
Ov,, = (ary"er) (ery"pr) Os, = (arcr)(eppr) + h.c.

High-p:  |Cy7% $2x107° High-p:  |Cgi™| $2.3x 1077

Flavor: CUEH | <5 x 1077 Flavor: |Cgr| <8 x107°

*see [Angelescu, Faroughy, OS. '20] for complete expressions in the SMEFT, 11



Summary and perspectives

« Semileptonic effective operators can modify the tails of pp — £¢' currently studied at
CMS and ATLAS.

PDF suppression can be partially compensated by cross-section energy-growth.

o High-p, observables are more constraining than flavor experiments for quark-flavor
conserving operators (ss, cc, bb) and they are useful in the charm sector (cu).

High-p, searches are complementary to flavor-physics experiments.

« Non-resonant high-p_ searches offer plenty of new possibilities for flavor physics:

pp — 0 pp — L4 pp — bv

[Angelescu, Faroughy, OS. '20] [Greljo et al. '17] [Greljo et al. '18]
[Fuentes-Martin et al., '20]

Combining low and high-energy searches is fundamental in the quest for New Physics!

Thank you!
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Back-up



From LFUV to LFV

Large effects in b — su7are a common prediction of the minimal solutions to

the LFU anomalies [Glashow et al. '14]
10 (. — T T — T r
[ [Becirevic et al. "18] 10—4:_ — 107?
— g Ry + S5 Excluded at 90% CL
2 | = g
{ 6+ Tt- : ' N | - I:~
oo N s 4107° T
Z 4 T 10k A
+
é : - 1
q 2 R y0-1L pg3 10°°
ol - N . .B?He e.XFI.' | [Cornella et al. "19] 1 .
1.0 1.5 20 25 30 35 40 L = S—re =10
R()=BB-K"vy)/B(B-Kyy)™™ B(r — )
i) If purely (V —A) x (V — A): ii) If scalar operators are present:
B(Bs — ut) ~ 0.8 B(B — K*ur) ~18 B(Bs — ut) > 1
B(B — Kur) B(B — Kur) B(B — K™ ur)

[Becirevic, OS, Zukanovich. '16]

New results: B(B, — p=77) <4.2x107° B(BY = KT 17) <4.5x 107>  [LHCb, '19, '20]



Partonic cross-section

Eff. coeff. Operator SMEFT

cyr (Tpsvuars) (Coeylri) oM, o

Coz Cip (@rivuars) (Crey**Lri) Oca, Ocu
L — Z fU_2 OO‘ Cf};k; (@rivuars) (Lrey"Cre) Oge

< Ci/j;i (Trivears) (Lriy"Lrr) Otu> Oia
CEM | (@pians) (Towlr) + . Otedy
oy (@Ligrs) (Corlri) + hoc. Olea
C* | (@uiouars) (luwo™ re) +he.|| O]

do _ — 0\ <§+£)2 2 2
(0 = ) = s s [0, P+ Cul* + (L R)|
52 4(5 + 2t)? 25(5 + 2t)
+ ————||Cs, > + |Cs,|*| + —|1Or|? - . RCLC*}
4@+ﬂ2“5‘ | &‘] (§+ﬂ2’T’ (5+1)2 e(Cs, C7)

where

iikl
CVX,Y — CVX,Y

Csx — A/ |CEF | + |8 ?

Cr — \/\O;'J“\2+ gtk ?



High-p_ limits from current (future) LHC data:

Cesr (x10%) e er ut
\/\Cﬁff}? +1Cgi s / w [ 1003 2605 3007
dd 14(0.5) 4.1(09) 45(12)
ss 6.5(24) 21(53) 22(6.7)
Cgfqﬁ; . . ce 10(4.0) 35(9.5) 36(11)
Lot = Z v2 (QLN QLj)(zLW ELj) bb 18(68) 59(17) 62(21)
uc 20(0.7) 58(12) 64(16)
ds 25(09) 76(17) 82(22)
db 39(14) 12(28) 13(36)
sb 99(3.7) 34(9.0) 37(11)

[Angelescu, Faroughy, OS. '20]
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