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The SM flavor puzzle

gSM — gGauge T gHiggs T gYuk

4+2 parameters L/_

(flavor universal)

The SM Yukawa sector is characterized by 13 parameters (for massless neutrinos)
[3 lepton masses + 6 quark masses + 3+1 CKM parameters]

... whose values do not look at all accidental

Mu,d,e ~ Vekwm ~

|

Hints of underlaying symmetry/dynamics?
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The SMEFT flavor “problem”

| 6
Z sMEFT 2 Z Gauge T L Higes T Z Yuk A AR

4+2 parameters L/: :
N

(flavor universal)

/6 parameters
13 parameters (if flavor universal)

(flavor non-universal) 2499 parameters
(if flavor generic)

[See e.g. 1312.2014]

Approach 1: Assume that possible flavor dynamics is very heavy and impose (strong)
flavor assumptions [e.g. U(3) flavor symmetries, Minimal Flavor Violation,...]

Approach 2: Relax flavor assumptions and correlate as many data sets as possible
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Low energy/High-p, data as flavor probes

Intensity frontier
[Standard approach]

High-energy frontier
[Less explored]

CMS

5x more data 50x Belle

e — g — p— — — —_—

+ BES lll, NA62, MEG Il, Mu3e,...

[Current data: Flavor anomalies!] [Current data: ]

Crucial to correlate both datasets to pin down any possible (flavorful) new dynamics!
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High-p, flavor studies:

Take advantage of the large statistics at (Flavorful) New Physics? |
high-energy colliders |

74 CMS
P AR O ATLAS
pp = €€
q' I
MW
q’ 1P
2 Mo My
M — fv
S derlaying NP in different M= Mee
ame un eraylng IN ailrreren M—> ff

kinematical regimes BGS]]I
o Competitive limits at high-p,
e Rather generic/model independent

 Future improvements at both frontiers
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Strategy: Recast the latest lepton + MET and dilepton searches, and look for
New Physics in the tails of the invariant mass distributions (where SM bkg is low)

CMS Preliminary 140 fb' (13 TeV)
5 10°L- ATLAS —W@Ten " . Dai 3 10°E 'NR| SR ) Data
G E vs=13Tev, 189" _w §5 TeV; E%p cuark ~ 10 CIy*Z — w'u
) W’ — v selection — W' (6 TeV oz (2, 105 -tf, tW, WW, WZ, ZZ, tt
10 []Diboson qc, 10 [ ]Jets
105 [JMultijet >10*
L 10° [_]Total MC (NR)
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Example: 7,71y, lP)

x| V.|°s —€ s < My,

U; /\ v : s = My ?VL \_\

M —- My M — fv

e (Corrections to observables

SM NP
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Example: (7,y,7°¢)([3y,zl)
pp — Cv
e Corrections to observables

y)
s > MW ,

My,
- ¢y,

2 Mg,
)] 9 Vi
s—M

‘ 14 Background

J (valence quarks)
Signal

SM NP (heavy quarks)

< ;; : Parton luminosity

Zi X |V; |><
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Example: (7,y,7°¢)([3y,zl)

LHC is a five quark flavor collider

100 e e e -
du
1071}
[ e E————— e e e o S —L-l-—
102 SC
dc
Rij 1073
10—4 L
e
1051 bc
__________________________________ bu_
100} pp@ 13 TeV

l]+l] | |

‘Ezud+ud X | |

pp — v

e (Corrections to observables

M
Z;i % |V E x| =

MZ

2
2 W
Z yivdi X | Vual™ X (T)

“ 44 Background
J (valence quarks)

Signal
(heavy quarks)

< ;; : Parton luminosity
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Example: (7,y,7°¢)([3y,zl)

LHC is a five quark flavor collider

100 e e e -
du
1071}
[ e E————— e e e o S —l-l-—
102 SC
dc
Rij 1073
10—4 L
e
1051 bc
__________________________________ bu_
100} pp@ 13 TeV

1]+z] | |

gud+ud X | |
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pp — v

e Corrections to observables
2

MW
__€V

2
2 Mg,
Z yivdi X | Vual™ X (T)

ZLi X |V RV

X/

PDF + CKM suppression
O(107?) for c¢s, cd

< 0(0.1)

tails

Energy enhancement
(s/M3)* ~ O(10°)

K\
* Neglecting
SM interference
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Example: (7,y,7°¢)([3y,zl)

LHC is a five quark flavor collider

100 e e e -
du |
1071}
[ e E————— e e e o S —l-l-—
102 SC
dc
Rij 1073
10—4 L
e
1051 bc
__________________________________ bu_
100} pp@ 13 TeV
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pp — Cv

Back of the envelop estimates

GVL < 0(0.1) ch}i < 0(0.01)
eVL < 0(1) e&j < 0(0.01)

h

>< >,\ﬂ< S 0(0.1)

tails

PDF + CKM suppression
O(107?) for c¢s, cd

Energy enhancement
(S/M‘%,)2 ~ O(10%) " Neglecting

SM interference

Javier Fuentes-Martin | Charm Physics Confronts High-p, Lepton Tails




v N.B.: Contributions from possible NP in G
EFT for cC — d(S)fV tranS|t|0nS and V_; are small compared to the precisian

achieved in charm

4GF api I api ( pa i aﬁl = i
Sfcc=——2Vc [(1+€ ) (£%y, L)(CLV’“‘dLHe £}y, L)(CRy'udR) + e (Chv )(cRdL)

+ e (CruD)(Cdy) + e (£30,,1))(Cg0), dp)

The SM + 5 New Physics Wilson coefficients for each transition (90 NP parameters)
Matching to the high-energy theory (SMEFT):

e RGE-induced operator mixing: eS“Lﬂ"(z GeV) ~ 2.1 egLﬁ"(TeV) — 0.3 e/(TeV)

¢ €y, IS not generated by 4-fermion operators ( )
<Py
c /7 )
6 = (it iD ey ' Lepton flavor universal
pua = (@ 1Dy, @)ty ) 1 LW y (-16 NP parameters)
\
N
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D decays vs high-p, data: Charged currents

e.g. c — s(d)tv [See 2003.12421 for the rest]

High-p- LHC limits (pp — V) -~ Low-energy limits
C —> ST ‘%(Ds — TU) — (555 * 024) %
|€V,A| lespl | e7] ley| < 0.042 lep| $0.024

ATLAS + CMS 0.009 0.018 0.004
BD - 1) =(1.20+£0.27) x 1073

c = dtv l€,] S024  |ep] S0.13

| €y A | | €s p | | er]

ATLAS + CMS 0.016  0.031 0.007

Phase-space suppression

mp —m_ =~ 90 MeV

*|In all cases but effﬂl’“ﬁ

High-p, beats low energy!
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https://arxiv.org/abs/2003.12421

Complementarity between low energy and high-p

g O\ -
Ly D ﬁVci (1 + 5gffR> CY'PLrd; W, 00— _
) , 0.05
d, ¢ -
N/ x § My (1 +8g° ) — |
L.R :
/" "\, s — M3, €p 0.0 pp-ev
No energy growing =0.05}
at large s -
D) decays
o | 2005 000 005 000 0.5
Combining pp — v with low-energy flavor data od

bgi'x S few x 1072

Competitive with LEP and LHC on-shell W production!
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EFT for rare ¢ — u??" transitions

_4Gp a

ZNe = \/5 A7

A [egi Er, iy cp) + eng (E5 7, EP) g y* cp) + egﬁ E% Mg cy)

+e (Rt cp)+er’ (60, )N igo,, cp) + (L < R)

10 New Physics Wilson coefficients for each transition (90 NP parameters)

Main SM contributions due to long-distance effects

Matching to the high-energy theory (SMEFT):

e RGE-induced operator mixing: €% (2GeV) ~ 2.1

SLL,RR SLL,RR

(TeV) — 0.5 27 (TeV)

e Some Wilson coefficient are absent: ¢ =¢* =0 (-18 NP parameters)

SLR SRL
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Rare D decays vs high-p, data: Neutral currents

High-p, LHC limits (pp — £¢) Low-energy limits [Bause et al., 1909.11108]
[from D — 7f¢, D — ]
|€‘Ljif| |€§Z RR| |€7€LKR|
c — uee 13 32 5.2 ey, | 42, leg, IS 1.5 fep | 566
C —> UUu 7.0 17 2.8 |€‘P/‘lf‘| < 8, |€§‘iRR| <04, |€§‘5R| <9
C = UTT 25 60 11

D — tt,7tu, forbidden by phase space
(mp—m_~ 90MeV )

Limits will improve by a factor 2 — 3

with full HL-LHC statistics Improvements limited by SM long-distance
[assuming statistically dominated errors] | effects [except for D — £ or SM null tests]

* Except for ¢ HH-H

Again, high-p, beats low energy! SiLrk
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Beyond charm decays: PDF rescaling

Estimates on AS = 1 and AB = 1 rare transitions from

PDF rescaling of AC = 1 limits (similar signal acceptance) P P
dd, dd,
Llj:cu — % P
afii | _ 1 apuc A, Flavor rescaling ci T Zuc
|€X | - |€X | ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘
| ViVii 1/ Lij.cu  PDF rescaling
1+ u°c
? d
€9t | 5 40 | e 050, -
Ie;‘ﬁdsl ~ 700|€§ﬁuc| e db_
|€§ﬁSb| ~ 20|€§ﬂ”6| 7.
U a0, t
e.g.b — stT 005 e |
T e sb
BB - Kr1) < 2.68 X 1073 pp @ 13 TeV
b < 99() 0 12 14 16 18 20 22 24
€ <
ViL Vs [TeV]
PP 77 from uc with PDF rescaling Most sensitive biny/s ~ [1,1.5] TeV
e < 420
LL
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Constraints from SU(2); invariance

v
4]P (3)
Example: (g;7,7)(1y,7l)) [C;
. %7 vr
g =1 . . =1 _
Vi dj ef
SU(.2)L D,y physics
Contributions not only to AC =1 relations
(correlations with other observables)
a,p
. . c = uee
Sometimes they can be avoided e.g.
*. . oo 2
BK — mv) | V5V 1iab |
Vs o €t €6, e €
Tuned BSM scenarios or underlaying su@E), T D physics

relations

dynamical mechanisms
If V, % Vo @nd no

r =e, =
18 K [=e,p,7 = WC cancellations
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Possible caveats to the high-p; constraints

(dim 6)* vs SM X dim 8

G2|V..|? ma ma ma 1
6(s) = PVl Cfmw — Re(e®) + ——Re(c®) ) + @) | + 0 —
187 52 5 R VA Ve MRp

o SM X dim 8 subdominant if ¢” ~ ¢’ (as expected with tree-level mediators),
L L
since s < M, by assumption

e Not a problem for LFV or neutral currents (SM extremely GIM suppressed)

NP mediator masses below the EFT validity range

e Unlikely for charged currents (direct searches on pair produced mediators),
(e.g. Z' could avoid direct searches)

e Even when the EFT validity is not guaranteed, limits offer relevant information in
a larger kinematical regime [s-channel (resonant) vs t/u-channel (good estimate)]
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Conclusions

e Non-resonant high-p; searches offer an alternative flavor probe
(PDF suppression can be overcome by the energy growing)

e NP in (semi)leptonic charm decays scrutinized by high-p+ Drell-Yan data
(and in other (semi)leptonic decays as well, e.g. b — 577)

 Interesting complementarity between charm physics and high-p
(e.g. W vertex corrections)

D
2= [ e I L v
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iGracias!



