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Introduction

¢ /0 The GIM mechanism

QUARKS ? /4 November revolution J/p
c 1J*) =0(1/2%)

Charge = % e Charm = +1

. —S——

+ 19 CP violation

e Charm is a cornerstone of the SM

® A unigue arena for QCD and Flavor physics

Question: How unique is the charm sector as a probe of New Physics
within the zoo of flavor and collider phenomenology? What is the role
of charm in a broader quest for a microscopic theory beyond the SM?

1
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Opportunities across the scales

Scale

Proton C
AF =1 collisions 1€V 0.lam ¥ATLAS =

Hadron — (Gey 0.1 fm ﬂ%{a

decays
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Contemporary experiments

High-energy Frontier

— ATLAS TV
3 x more luminosity by ‘23
20 x by '35

Harvesting large statistics!

High-intensity Frontier

BESI cev

5 X more 19 -"25 10 X more
by 30 50 x Belle

s




Admir Greljo | Charm Physics Confronts High-pT Lepton Tails

Contents

2003.12421
Charm Physics Confronts High-pr Lepton Tails

Javier Fuentes-Martin, Admir Greljo, Jorge Martin Camalich, Jose David Ruiz-Alvarez

1 Introduction

2 Theoretical framework: ¢ — d‘&*v”
2.1 The high-energy effective theory
2.2 The low-energy effective theory

3 Decays of charmed mesons

4 High-pr lepton production at the LHC
4.1 Short-distance new physics in high-pr tails
4.2 Recast of the existing experimental searches
4.3 Possible caveats within and beyond the EFT

S Interplay between low and high energy
5.1 Four-fermion interactions
5.2 W vertex corrections

6 Neutral currents
6.1 Theoretical framework: ¢ — ue®e?
6.2 Rare charm decays
6.3 High-pr dilepton tails
6.4 Comments on AS = 1 and AB = 1 rare transitions

7 Constraints from SU (2), gauge invariance
7.1 Charged currents
7.2 Neutral currents

8 Conclusions 4



Admir Greljo | Charm Physics Confronts High-pT Lepton Tails

2003.12421: The highlight

Rare FCNC ¢ - u I+ I” transition

¢ Tiny SM decay rates:
short-distance contribution negligible, efficient

GIM suppression, long-distance dominated
BR(D° — utp™) ~ O(10~13)
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Rare FCNC ¢ - u I+ I” transition

¢ Tiny SM decay rates:
short-distance contribution negligible, efficient

GIM suppression, long-distance dominated — —
BR(D® — u*u~) ~ 6(10-13) 10 ]
¢ Already strong experimental upper limits ﬁ
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Charged currents
c — dté*vP
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Theoretical framework
2.2 The low-energy effective theory

4G a3t a1 abtr oSt afr Aot ol a1 ot oS
£CC_——\/fVCz[( + ) O + e O + e 0P + 3 O + € 605}+hc
aBi 0045’6 B\ (= ,udi 0045@ B dz
€x gy = Oforall X Vi (eL/Y,uVL)(CL/Y L) ) (eL/Y,UJVL)(CR/Y )
05" = (e vy)(erdy), 0“5@ (e vp)(er dy)

0%5@ = (€houwvy)(ero™dy)
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2.1 The high-energy effective theory
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Theoretical framework
2.1 The high-energy effective theory

1
L D — Ci. O
SMEFT Uzzk:k k

(*) Warsaw basis

® [he full list of 4F operators

0(3) (L) (@' qr) Otedq = (Irer)(drqr)
Ol(elgu (lp eR)Gpr(QLuR) Ol(e?c;u — (lgauueR)epr(QLU'uV R) 3
o \/\/vergex correction

(¢"i D}, ¢)(qLy"r"qr)
(64D, ¢)(ury"dR) 7
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Theoretical framework

0(3) (Ipyem' i) (@), Oledq = (ler)(drqr) , (¢ i D}, o) (qry'm'ar)

Ol(izu (B er)epr(aFun) O, = (B opwer)epr (@50 ur) (6 iD,6) (arydr)
Matching >< = >r\/i< + ><

O = (eF vy (eytdy,) O = (eFvyuvy) (Erydy)

ogﬁz (€% v))(erdy), ogﬁz (€% vy)(er dy)

07" = (€kouvy)(Erot”dy)

e SMEFT 4F operators match to V|, S, S, T but not to Vg
e V| and Vg, receive chirality-preserving W vertex corrections

o Effects from chirality-flipping vertex corrections are beyond dim-6 a""4 ¢F,,
o SMEFT effects in leptonic VW couplings, Gr, and CKM determination neglected

e RGEs allow to connect low and high pr

Caveats beyond
this setup will be
discussed later

o RGE effects sizeable for scalar and tensor operators
8
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Crossing symmetry

Charmed
meson decays




Charmed meson decays

c — die*pP

l | eptonic decays: Dy — e%v
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Charmed meson decays

c — dte®P

l Leptonic decays: Dy — e%v
e Pseudoscalar meson J¥(D,) = 0~
e QCD invariant under Lorentz symmetry and Parity =>
(0]go**q|D) =0, (0[gr*q|D)=0, (0|gq|D)=0
e | eptonic decays sensitive only to axial vector and pseudo scalar operators

afi _ aBt _aB aft af a1
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Charmed meson decays

c — dte®P

l | eptonic decays: Dy — e%v
e Pseudoscalar meson J¥(D,) = 0~

o QCD invariant under Lorentz symmetry and Parity =>
(01go"*q|D) =0, (0lgrq|D) =0, (0]gq|D)=0

e | eptonic decays sensitive only to axial vector and pseudo scalar operators

afi _ aBt _aB afi . _afi  _afi
EA —EVR GVL GP —ESR GSL
2 £2 2 2 04 2 2
mD+mafDGF|‘/;d| 5(1 mp ad

BR(D" — &*v®) = 1p+ 1—e5¢ +

ST
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Charmed meson decays

c — dte®P

l Leptonic decays:

e Pseudoscalar meson ]P(D(S)) =0

D(S) — e“y

o QCD invariant under Lorentz symmetry and Parity =>

(0]go**q|D) =0, (0|gr'q|D) =0,

(0]gq|D) =0

e | eptonic decays sensitive only to axial vector and pseudo scalar operators

afi _ aBt _aB afi

a1

a1

mp+mA fHG%|Veal? B

BR(DT — &*v%) = mp+

LQCD: Precise decay constants

fp = 212.0(7) MeV
fp. = 249.9(5) MeV

[FLAG Review 2019]

ST

1— €3 +

sz ad
€p
Mo (Me + My,)
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Charmed meson decays

c — dte®P

l | eptonic decays: Dy — e%v
e Pseudoscalar meson J¥(D,) = 0~

o QCD invariant under Lorentz symmetry and Parity =>
(01go"*q|D) =0, (0lgrq|D) =0, (0]gq|D)=0

e | eptonic decays sensitive only to axial vector and pseudo scalar operators

afi _ aBt _aB aft af a1
2 2 2 04 2 2
mp+ G4V m
BR(DT — &*v%) = mp+ D .fD £ |Ved| "B 1 — %4 + D eod
ST Mo (Me + My,)

LQCD: Precise decay constants

fp = 212.0(7) MeV . =N .
fp. = 249.9(5) MeV I > @ <

[FLAG Review 2019] 9

. Chirality suppression for the axial vector

A:eyfv,, P:epyy



Charmed meson decays

c — dte®P

l | eptonic decays: Dy — €%v

i | a | Branching ratios, see PDG

€ (*) upper limit, CLEO
d | 1 BES3

T BES3

é (*) upper limit, BELLE

S 9 BES3
T BES3

10



Charmed meson decays

c — dte®P

l | eptonic decays: Dy — €%v

i | a | Branching ratios, see PDG

€ (*) upper limit, CLEO

d | 1 BES3

Observation of the Leptonic Decay D" — 77 v,

T BES3 M. Ablikim et al. (BESIII Collaboration)
Phys. Rev. Lett. 123, 211802 (2019) — Published 22 November 2019

é (*) upper limit, BELLE . v The first observation of the two-body decay of a charm meson
D*W into a tau and its neutrino allow for a new probe of lepton flavor
S :u BES3 b universality.
T BES3 Show Abstract +

10



Charmed meson decays

c — d'e®VP
l | eptonic decays: Dy — €%v
1 | o e“)‘,i e% e‘S)‘i e%”: e%":
e 32, 34] (—0.005, 0.005]
d | u (—0.013, 0.07] (—0.0024, 0.0004]
; —0.27, 0.21] —0.11, 0.15)
e 27, 29) (—0.005, 0.004]
s | —0.07, 0.02] (—0.0007, 0.0022]
; (—0.07, 0.014] —0.008, 0.04]

95% CL ranges on WCs at 2 GeV (one parameter fit).

® Stringent limits on P operators

® [ imits on A depend strongly on the lepton flavour

11
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Charmed meson decays

c — dte®P

¢ Semileptonic decays: D — m(K){lv
o QCD invariant under Lorentz symmetry and Parity =>

(Pilar'r’qID) =0, (P;|gr’q|D) =0

e Semileptonic decays sensitive to vector, scalar and tensor operators

afit  _af a1 afit afi a1 aSi
EV o GVR —|_ GVL ES o esR _l_ 6SL GT

12
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Charmed meson decays

c — dte®P

¢ Semileptonic decays: D — m(K)lv
o QCD invariant under Lorentz symmetry and Parity =>

(Pilar'r’qID) =0, (P;|gr’q|D) =0

e Semileptonic decays sensitive to vector, scalar and tensor operators

afit  _af a1 afit afi a1 aSi
EV o EVR —|_ GVL ES o esR _l_ 6SL GT

BR(D — P; (®v%)

— = |1+ € > L 2Re (14 ) (zs €™ + 27 €1)] + ys | ]> + yr ||
SM

12



Charmed meson decays

c — dte®P

¢ Semileptonic decays: D — (K )lv
o QCD invariant under Lorentz symmetry and Parity =>
(P1ar*v’q|D) =0, (Pi|gr’q|D) =0

e Semileptonic decays sensitive to vector, scalar and tensor operators

afit  _af a1 afit afi a1 aBi
EV o GVR _l_ GVL ES o GSR _|_ ESL ET

BR(D — P, 0*v° 12 . ) ) . |
B2 DOV 1 i 4 2Re (1 + ) ey + B 5] + 8IS + B 51

BRan
P a BRsm s rT Ys yr
_ e |265(18)-107% 1.12(10)-107% 1.21(15)-1073 2.74(22) 1.14(21)
LQCD Form fac'tors : p| 2.61(17)-1073 0.228(19) 0.23(3) 2.73(18) 1.15(22)
| e 3.48(26) - 1072 1.29(8)-1072  1.18(11)-10732 2.00(11)  0.69(8)
po| 3.39(25) - 1072 0.251(16) 0.224(20) 2.00(11)  0.71(8)
12 (*) interference with the

SM is chirally suppressed



Charmed meson decays

c — dte®P

¢ Semileptonic decays: D — w(K)lv

i | a | Branching ratios, see PDG
€ BES3& CLEO e.g. BR(D? - n7e*v) =291 £ 0.04 %
d | BES3
T
e BES3 & CLEO
s | u BES3 e.g. BR(D" - K—utv) =3.41+0.04 %
-

13
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Charmed meson decays

c — dte®P

¢ Semileptonic decays: D — m(K)lv

i | a | Branching ratios, see PDG

€ BES3&CLEO eg. BR(D® — n™e*y) = 2.91£0.04%
d | BES3
T (*) kinematically forbidden
e BES3 & CLEO
s | u BES3 eg. BR(D® —» K u*v) =3.41£0.04 %
T (*) kinematically forbidden

® [he largest available phase space mp+ — mjo >~ 1.735 GeV

e No limits on tauonicV, S, T operators

[Caveat: Excited resonances or D5y — Tv7y ]
13



Charmed meson decays

c — dte®P

¢ Semileptonic decays: D — (K )lv

1 |« e“)‘,i e% e‘S)‘i e%”: e%":
e | [—0.02, 0.11] [—0.29, 0.29] [—0.5, 0.5]
d | p|[=0.06, 0.07] [—0.33, 0.17] |—0.6, 0.22]
~ B o _
e | [—0.07, 0.08] —0.29, 0.29] [—0.5, 0.5]
s | w| [—0.09, 0.06] |—0.4, 0.16] —0.9, 0.22]
~ B o _

95% CL ranges on WCs at 2 GeV (one parameter fit).

® [ imits on scalar and tensor operators are weak, dominated by the quadratic contribution.
e \ector operators constrained at the few percent level. Form factor errors relevant.

e Future improvements ~ 3x on the rates at BESIII. Challenge for LOCD to keep up.
14



Charmed meson decays

c — dte®P

S

¢ |eptonic decays: Dy — €%v

¢ Semileptonic decays: D — (K )lv

1 |« e“)‘,i e% e‘S)‘i e%”: e%":
e | [—0.02, 0.11] [—32, 34] [—0.29, 0.29] [—0.005, 0.005] [—0.5, 0.5]
d | p|[-0.06, 0.07] [-0.013, 0.07] [-0.33, 0.17] [—0.0024, 0.0004] [-0.6, 0.22]
T — [—0.27, 0.21] — [—0.11, 0.15] —
e | [—0.07, 0.08] |—27, 29| —0.29, 0.29] [—0.005, 0.004] [—0.5, 0.5]
s | | [—0.09, 0.06] [—0.07, 0.02] —0.4, 0.16] [—0.0007, 0.0022] [—0.9, 0.22]
T — [—0.07, 0.014] — [—0.008, 0.04] —

95% CL ranges on WCs at 2 GeV (one parameter fit).

15
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Charmed meson decays

c — die*pP

¢ |eptonic decays: Dy — e%v

¢ Semileptonic decays: D — m(K){lv

5 Not considered / future directions

e D >V no lattice QCD predictions
e Baryonic Ac decays, data not precise
e Kinematic distributions

16



Charmed meson decays

¢ |n the UV, the relevant operator basis is the “chiral basis” not the “parity basis”

17
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Charmed meson decays

¢ |n the UV, the relevant operator basis is the “chiral basis” not the “parity basis”

Vector €'

OS’) = (Ipvum'1) (@' qr)

e [lectron: Semileptonic

e Muon: Semileptonic and
leptonic comparable

e Jau: Leptonic

17



Charmed meson decays

* |n the UV, the relevant operator basis is the “chiral basis’ not the “parity basis”

Scalar, Tensor

Oledq = (Ilrer)(drqr)

aBi O = (P ,er)ep (@0 ur)
Vector EVL l(elc;u _L M pr\4L
Olequ — (ZZEGR)EPT(QEUR) y
3 - _
Ol(q) = (Ipy,m' 1) (@ qr) , . _
i || €5l (—€egr) X 10° €3 x 107
e [lectron: Semileptonic e [—2.5, 2.7] [—1.6, 1.5]
e Muon: Semileptonic and d | p [—0.2, 1.2] [—0.7, 0.13]
leptonic comparable T [—70, 60] [—33, 44]
e Jau: Leptonic e [—2.0, 2.2] [—1.3, 1.2]
s | w [—1.1, 0.3] [—0.2, 0.6]
T (—19, 4.0] (2.0, 12]

95% CL ranges on WCs at | TeV (one parameter fit).

e RGE flow to P operator at low energies

17
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Crossing symmetry

High-pr lepton
production at
the LHC




High-pT lepton production at the LHC

In the high-energy limit /s > myy

-vertex —y
Wertox | o
Chirality preserving: FW ngqb

1

Chirality flipping: FllqubF

19



Admir Greljo | Charm Physics Confronts High-pT Lepton Tails

High-pr lepton production at the LHC

In the high-energy limit /s > myy

W-vertex —y
- e Q » 4F rvid
Chirality preserving: FW ngqb

19
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High-pr lepton production at the LHC

In the high-energy limit /s > myy

W-vertex 1

L . 2
Chirality preserving: —— D
SV $D¢

19

Dominant

Scattering amplitudes induced by
4F contact interactions grow with
energy before the completion
kicks In to insure unrtarity.
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4.1 Short-distance new physics in high-pr tails

® Partonic level cross section

G2 |V |2 I 2 - 3 _
g(s) = F1"87;J| S 5a5mSW e{'}f” Z (| a523‘2_|_| a623‘2) +4] a523|2

20
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4.1 Short-distance new physics in high-p7 tails

® Partonic level cross section

G2V 12 2 12 3
g(s) = Fi‘E;;J| S 5aﬁmSW e?}f” Z (| oz5w|2+| 04523‘2) +4] a529|2

¢ In the relativistic limit, chiral fermions act as independent particles with definite
helicity.

¢ Therefore, the interference among operators Is achieved only when the
operators match the same flavor and chirality for all four fermions.

¢ The lack of interference tends to Increase the cross section in the high-prtails,
and allows to set bounds on several NP operators simultaneously.

¢ Different / complementary to charm decays.

Most of the bounds from D(s) mesons decays depend on interference terms among different
WCs, and it becomes difficult to break flat directions without additional observables.

20
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4.1 Short-distance new physics in high-pr tails

® Five quark flavors accessible in the incoming proton PDFs

Ld
Loy (roue) = |5 fuloane) iy (/)

21
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4.1 Short-distance new physics in high-p7 tails

® Five quark flavors accessible in the incoming proton PDFs

Ld
Loy (roue) = |5 fuloane) iy (/)

® [he relative correction to the x-section in the tail
Ao dx e?X
O ~ RZ] X 9 ) R ([’uic?j + Edj'az') X ‘Vij|2
(mW/ 5) YT (Lyg T+ Laa) X [Vaal?

dx = 1,%,4forX:V,S,T

21
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4.1 Short-distance new physics in high-p7 tails

® Five quark flavors accessible in the incoming proton PDFs

Ld
Lo (rour) = | fulosiin) fy (7))

® [he relative correction to the x-section in the tall

Ao dx 6%( PDF and CKM suppression
O ~ RZ] X 9 ) R = ([’uic?j —l_ﬁdjﬂz’) X ‘Vij|2
(mW/S) Y (Lug+ Lag) X |Vual?
dx =1,3,4for X =V, 5, T 00 oo i
10!
P i JcL—
dc
Rl] 1073 Rijzﬁuiﬁj+£dj ‘VI‘Z
L o+Lyy Wl
1074+
\
10-5 bc
__________________________________ bu_
106 ppe3Tey
1.0 12 14 1.6 18 20 22 24
2 , Vs [TeV]
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4.1 Short-distance new physics in high-p7 tails

® Five quark flavors accessible in the incoming proton PDFs

1
dx
Lo (rour) = | fulosiin) fy (7))
T
® [he relative correction to the x-section In the tall
Ao dx €% PDF and CKM suppression
— = Rjj X (Loi + Laja) X |Vigl?
o J 9 2 R, = u;d; jUs J
(mw/ 5) T (Lyg t Laa) X | Vaa|?
dle,%,llfOI'X:V,S,T 100 - mmm oo T
101
T i _LCL
dc
Rl] 103 L R”:LuiﬁjJ“["j V2
1041 - Lttt Vual?
\
105+ bc
Energy enhancement R hu
o) 2 5 1.0 12 14 16 18 20 22 24
th (S/mW) ~ O(107) . o Vs [TeV]
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4.1 Short-distance new physics in high-p7 tails

® Five quark flavors accessible in the incoming proton PDFs

Ld
Lo (rour) = | fulosiin) fy (7))

® [he relative correction to the x-section in the tall

Ao dx €% PDF and CKM suppression
— RZ X (L, 7 + Laa) x |Viil?
o J 9 2 R, = u;d; jUs J

(miy/s) T (Lyg+ Laa) X |Vaal?
dle,%,élforX:V,S,T 1L .
10 _
‘ Aolo , S @(01) o0 R — et
tails B Te

eg —> €’ 5 @(001) v Rij:l:zjﬂfif"f"fx |\VVzri\22

v 104 o

\
1 105 | bc
Energy enhancement Y b
2 2 5 L0 12 14 L6 18 20 22 24
th (S/mW) ~ O(107) . o Vs [TeV]
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4.2 Recast of the existing experimental searches

Charged (and neutral) Drell-Yan is extremely well measured at the LHC.

Ve recast the avallable searches fitting the transverse mass distribution
at the reco level.

108

o 10g %
= = —W (3TeV) E
g 10k ?TL?:? Tev, 130" W 22‘ ﬁ% D\[/)Vata =
= Is=13TeV, — e =
108 &z, W' — ev selection — W (6TeV) Ez/mi?;ark = Channel Statistics [fb~'] Experiment
DZ/,Y* .
10* g =
; - 3 ev, v 139 ATLAS
10° g E 36 ATLAS
102;5 i M"‘i E; 36 CMS
10E hacte - ] TT 36 ATLAS
3 P
= =8 3 TT, €L, €T, 4T 2.2 CMS
'E et E ee, [l 139 ATLAS
10'E 1| 1= 140 CMS
@145 —_ e e 36 CMS
@ 12 ' e 36 ATLAS
8 O.E; Q‘ eft, eT, T 36 ATLAS
S 06 R ) i W 36 ATLAS
2~ 1.4 R ] ' 3
@ E12 ' | ‘ -
53,1 ot n#* i [Available data]
806 4l

200 300 1000 _ 2000
Transverse mass [GeV]

e [ull-fledged simulations validated by reproducing the official SM prediction. The SM

background systematics included conservatively. The modified frequentist CLs method used.
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4.2 Recast of the existing experimental searches

| woi o a2 €00 x 102 [eg ()] x 102 €77 ()] x 103
1| a | ey X 10
(o # B) u=1TeV pu=2GeV pu=1TeV u=2GeV
e | [—0.52,0.86] 0.67(0.42) 0.72(0.46) 1.5(0.96) 4.3 (2.7) 3.4 (2.2)
d| pu| [—0.85,1.2] 1.0(0.38) 1.1(0.42) 2.3 (0.86) 6.6 (2.4) 5.2(1.9)
T [—1.4,1.8] 1.6 (0.68) 1.5(0.55) 3.1(1.1) 8.7(3.1) 6.9 (2.5)
e | [—0.28,0.59] 0.42(0.26) 0.43(0.28) 0.91 (0.57) 2.8 (1.5) 2.2(1.2)
s | | [—0.46,0.78] 0.63 (0.23) 0.68 (0.25) 1.4(0.52) 4.0(1.4) 3.1(1.1)
7 | [-0.65,1.2] 0.93(0.40) 0.87(0.31) 1.8(0.65) 5.2 (1.8) 4.1 (1.5)

95% CL ranges on WCs. Naive HL-LHC projection in ().
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95% CL ranges on WCs. Naive HL-LHC projection in ().

® Similar results for d and s - strange PDF versus Cabibo squared.
e Approx all limits O(0.01).

0Bl afi . api 4. 21

Y

° V . GSL R . ET ~~ . \/§ . 5
e Quadratic terms dominates the limits also forV/|.
® [he most sensitive bins fall in the range [ | - |.5] TeV

e Dedicated future analysis: angular dependence, lepton charge asymmetry, etc.
23



Admir Greljo | Charm Physics Confronts High-pT Lepton Tails

4.1 Short-distance new physics in high-p7 tails

How well do we know the bckg?
¢ The SM prediction (NNLO QCD + NLO Ew) suffices the experimental precision.

How well do we know the signal?

¢ The uncertainty on the signal prediction from NLO QCD and PDF replicas
estimated to be ~ [0 9% on the rate in the most sensitive bin. Electroweak
corrections at the similar level. Aex/ex ~ 0.5 Ac/o

How well do we know PDFs?

¢ [he PDF determination assumes the SM. The impact of the Drell-Yan data in
the global PDF fit is small at the moment. The issue Is there in the future.

24
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Crossing symmetry

&b
. q J
V

Interplay between low and high energy
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Figure 2. Exclusion limits at 95% CL on ¢ — d(s)e*v® transitions in (e3>, e3**) plane were a = e (top

left), @ = p (top right), and « = 7 (bottom). The region colored in pink is excluded by D(,) meson decays,

while the region colored in blue is excluded by high-p LHC.
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Figure 2. Exclusion limits at 95% CL on ¢ — d(s)eé*v® transitions in (e{*?, %) plane were «v = e (top

left), « = p (top right), and o = 7 (bottom). The region colored in pink is excluded by D,y meson decays,

while the region colored in blue is excluded by high-p LHC. 25 Ol(3) = (I1y -1 1) (A" - ar)
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Figure 3. 95% CL regions for the combined fits of egf " and e%ﬁ " to the charmed-meson decay data with
B = « (red solid line) or 5 # « (light-red dash-dotted line) and to monolepton LHC data (blue solid line).
Projections for the high-luminosity phase of the LHC (3 ab™1!), obtained by rescaling the expected limits
with luminosity, are represented by dashed ellipses.

1 11 —r
Ol(e;u — (ZZZ/eR)GPT (qLU’R)

26 OB

lequ

(lLouwer)epr (qLo™ ur)
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e Jau: High-pT more sensitive

Figure 3. 95% CL regions for the combined fits of egf "and €

with luminosity, are represented by dashed ellipses.
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Figure 3. 95% CL regions for the combined fits of egf " and e?ﬁ * to the charmed-meson decay data with
B = « (red solid line) or 5 # « (light-red dash-dotted line) and to monolepton LHC data (blue solid line).
Projections for the high-luminosity phase of the LHC (3 ab™1!), obtained by rescaling the expected limits
with luminosity, are represented by dashed ellipses.
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with luminosity, are represented by dashed ellipses.
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4.3 Possible caveats within and beyond the EFT

¢ Negative interference with the dominant SM Drell-Yan channel ud — &*v®

Different scaling with s, only a partial cancellation possible.
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4.3 Possible caveats within and beyond the EFT

¢ Negative interference with the dominant SM Drell-Yan channel ud — &*v®

Different scaling with s, only a partial cancellation possible.

¢ Higher dimensional operators

4G —Q a\ (= 1 1 — 0! — 1
LEFT O _—FVci [6%) (€zvurz)(CLy’dy) — — 6%) (eLWVL)az(CLVNdL)] + h.c.
V2 Mgp
G2|V..|? 2 2
o) = SEVl My o
187 S L Mgp 'F
GEIVal® [miv _ ,mivn )y )2 oM po (® 1
= Tase e TP M)t Rl [ O g
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4.3 Possible caveats within and beyond the EFT

¢ Negative interference with the dominant SM Drell-Yan channel ud — &*v®

Different scaling with s, only a partial cancellation possible.

¢ Higher dimensional operators

4G —Q a\ (= 1 1 — 0! — 1
LEFT O _—FVci [6%) (€zvurz)(CLy’dy) — — 6%) (eLWVL)az(CLVNdL)] + h.c.
V2 Mgp
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o) = SEVl My o
187 S L Mgp 'F
GEIVal® [miv _ ,mivn )y )2 oM po (® 1
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4.3 Possible caveats within and beyond the EFT

¢ Negative interference with the dominant SM Drell-Yan channel ud — &*v®

Different scaling with s, only a partial cancellation possible.

¢ Higher dimensional operators

4G 1 .

Lerr D ——= Ve leg) (€L vurr)(ery” dy) — 2 €§/) (eL%LVL)az(EL’YMdZL)] +h.c.
V2 Mgp

o(s) = Gi|Veil” S m%v o2 ® :
187 Vi T MI%P Vi

_ GplVal?® [miy [omiy o o (6) 1
—rarl _ P _
137 S [ 2 . Re( ) + |€VL‘ +0 (Mﬁ’}p)

f e < Re@)l then [ < since M2, > s
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4.3 Possible caveats within and beyond the EFT

¢ Negative interference with the dominant SM Drell-Yan channel ud — &*v®

Different scaling with s, only a partial cancellation possible.

¢ Higher dimensional operators
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A significant cancellation would require a peculiar NP scenario.
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4.3 Possible caveats within and beyond the EFT

¢ EFT expansion parameter s/Mz, A EFT validity

¢ The EFT i1s no longer valid if a new mass threshold is at or below the typical
energy of the process
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4.3 Possible caveats within and beyond the EFT

¢ EFT expansion parameter s/Mz, A EFT Va”dity

¢ The EFT i1s no longer valid if a new mass threshold is at or below the typical
energy of the process

, , L , V
¢ Inverting the obtained limits on the WCs from Drell-Yan tails —— ~ 3 TeV
€x
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Tree-level UV completions

EFT | licable: Ch d s—charmel
results applicable; arm decays
i > 4 >«\n< e [FT bounds are

X _" Flavourful Z’ overly conservative

EFT results applicable: DreIL-Yan

GevV | Tev Myp

Explicit models
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4.3 Possible caveats within and beyond the EFT

¢ EFT expansion parameter s/Mz, A EFT Va”dity

¢ The EFT i1s no longer valid if a new mass threshold is at or below the typical
energy of the process

, , L , V
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Tree-level UV completions

EFT | licable: Ch d s—charmel
t :
results applicable: Charm decays >\/< o EFT bounds are
EFT results applicable: Drell;Yan / Flavourful Z’ overly conservative
r " ~

GeV leV NP t / u-channel

X ¢ EF[ bounds are
Explicit models a good proxy

30 LQ, RPV SUSY
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4.3 Possible caveats within and beyond the EFT

¢ EFT expansion parameter s/Mz, A EFT Va”dity

¢ The EFT i1s no longer valid if a new mass threshold is at or below the typical
energy of the process

, , L , V
nverting the obtained limits on the WCs from Drell-Yan tails ——

~ 3TeV
Nz
¢ Perturbative unitarity suggests that the largest scales currently probed are at most

few x 10 TeV for strongly coupled theories. Any suppression in the matching, such
as loop, weak coupling, or flavor spurion, brings the actual NP mass scale down.

Charged mediators

R MNP Z 0(100 GCV)
Tree-level UV completions

Coloured mediators

S—Chaﬂﬂel even more
EFT results applicable: Chal;m decays

>«\n< ¢ EFIT bounds are
EFT results applicable: Drell;Yan / Flavourful Z’ overly conservative

. 7 ~
GeV TeV NP t / u-channel

X ® [FT bounds are
Explicit models a good proxy
30 LQ, RPV SUSY
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4.3 Possible caveats within and beyond the EFT

¢ EFT expansion parameter s/Mz, A EFT Validity

¢ The EFT i1s no longer valid if a new mass threshold is at or below the typical

~

e Jo conclude, the comparison of low- and high-p+ data within

an EFT framework is a useful exercise even if the EFI
validity is not guaranteed.

e I[[ high-br provides stronger limits relative to the ones
derived from low-p+, this will also hold in a generic NP
model barring tuned cancellations.

X l EFT bounds are
Explicit models a good proxy

31 LQ, RPV SUSY
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Neutral currents
c — ue®el
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® [Exercise repeated,
see 2003.1242 |



Constraints from SU(2) gauge invariance

: V?fj uz: Ve
aG=.5% 5, v=vlv 17 = ,
(Vf dy e

* |mposing SU(2) gauge invariance yields strong constraints on the WCs entering
in charm decays by relating them to other transitions, such as K, TT or T decays.
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Constraints from SU(2) gauge invariance

: quj u% Ve
aG=.5% 5, v=vlv 17 = ,
(Vj] dy e

* |mposing SU(2) gauge invariance yields strong constraints on the WCs entering
in charm decays by relating them to other transitions, such as K, TT or T decays.

Example

01 = (Ipyr"10) (@ v ar)

3),4PU wik 1,4l o wik 1,7 a
031 =2Vt VIO, 2+ vt vt o], 1)
+ VIRV ) (@) — (€370 e]) (@ )]
— VitV @) i) — (@57 e]) ()] |
i) Charged-current d; — ufv and 7 — d;uv transitions (1st line),

i) Neutral-current ¢ — wll\"), 7 — fuu decays and pu — eu conversion (2nd line),

i11) Neutral-current s — dM(’), s — dvv, T — ld;d; decays and ud; — ed; conversion
(3rd line),
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Constraints from SU(2) gauge invariance

: quj u% Ve
aG=.5% 5, v=vlv 17 = ,
(Vj] dy e

* |mposing SU(2) gauge invariance yields strong constraints on the WCs entering
in charm decays by relating them to other transitions, such as K, TT or T decays.

Example Counterexample
01(3) = (l_L'yMTIlL)(chfy“TIqL) (geu = (éRyﬂeR)(ﬂRyﬂuR)

3),4PU wik 1,4l o wik 1,7 a
031 =2Vt VIO, 2+ vt vt o], 1)
+ VIRV ) (@) — (€370 e]) (@ )]
— VitV @) i) — (@57 e]) ()] |
i) Charged-current d; — ufv and 7 — d;uv transitions (1st line),

i) Neutral-current ¢ — wll\"), 7 — fuu decays and pu — eu conversion (2nd line),

i11) Neutral-current s — dM(’), s — dvv, T — ld;d; decays and ud; — ed; conversion
(3rd line),
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Neutral currents

124

Vi €vrro €S;L €sLr €S €Srr
SU(2)¢
relations
Charged currents
eéﬁd, e,uz M(’)z Tl ul'd
\%3 SR ESL
10" ez<’>z 005 gt
\%3 7683 7€SL GSL
SU(2)L
relations

) o

D physics

We systematically went through all options
092; = (L L)(@Q1"Q). 0% = (L1, 7' L)' Q).
= (@ )(UW“U) Oru = (Ly,L)(@y"u),
OQe = (QY"Q)(evue) OLeag = (Lyu€e)(dy"'Q) ,
O = (Le)epr (@), O = (£70,0,0)pr (Q"0" )

&

D) physics
33

D(s) decays, high-pt lepton tails and
SU(2), relations chart the space of the

SMEFT affecting semi(leptonic) charm
flavor transitions.



The end

| apologise for missing citations, see the reference list of 2003.12421



