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Not yet 50!



Charm - theory predictions

e 1964, James Bjorken and Sheldon Glashow speculated on "charm" as a new quantum number

* |n 1970, Glashow, John lliopoulos, and Luciano Maiani proposed a new quark classified by the charm quantum
number. The charmed quark could provide a mechanism — the GIM mechanism

PHYSICAL REVIEW D VOLUME 2, NUMBER 7 1 OCTOBER 1970

Weak Interactions with Lepton-Hadron Symmetry*

S. L. Graseow, J. Iuorouros, AND L. Maraxtf
Lymax Laboratory of Pkysics, Harvard University, Cembridge, Massackussits 02139
(Received 5 March 1970)

We propose 2 model of weak interactions in which the currents are constructed out of four basic quark
ficlds and interact with a charged massive vector boson, We show, to all orders in perturbation theory,
that the leading divergences do not violate any strong-interaction symmetry and the next to the leading
divergences respect all observed weak-interaction selection rules. The model features a remarkable symmetry
between leptons and quarks. The extension of our model to a complete Yang-Milis theory is discussed,



GIM mechanism
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Why this decay amplitude is suppressed!
* vanishes for me= mu

* finite amplitude of order m%2.- m?, =~ (3 — 4 GeV)?Z (loffe and Shabalin)
 prediction for charm quark mass  m,. =~ 1.5 GeV
Why important?

* Help to establish weak interactions quark left-handed doublets
* Quark-lepton symmetry

* Quark mixing matrix U is real, due to suitable redefinitions of the relative phases of the quarks
makes U real and orthogonal (Cabibbo angle); no CP violation

e Charmed particles should be found!

* GIM: FCNC processes arise to order O(mg)



Experiment “November revolution” 1974

J/U discovery

BNL: J.J. Auber et al, PRL 33 (1974) 1404

SLAC: J.-E. Augustin et al, PRL (1974) 1406

e- I

1976 Nobel prize in Physics

m(J/¢) = 3096.9 + 0.006 MeV
T(J/) =92.6 & 1.7keV

I°(JP9 =0"(17")

Burton Richter Samuel Chao Chung Ting



After 1974 many charm hadrons

Exotic multi-quark states

X(3872), X(3915),Y(4220), Z<(3900), Z(4020), Z(4430)...

From M. Petran et al, Computer Physics Communications 185, (2014), 2056



https://www.sciencedirect.com/journal/computer-physics-communications
https://www.sciencedirect.com/journal/computer-physics-communications/vol/185/issue/7

QCD

SM interactions in CHARM PHYSICS

To understand spectra of hadronic states containing one, two charm quarks

From quark models to
Processes with charm quarks, e.g. strong decays Lattice QCD

Charm quark presence in nucleons
Charmed hadron lifetimes

Charm quark in high energy processes (LHC and at future colliders)

QCD contributions in weak processes, AC =1
charm mesons, nonleptonic, semileptonic and leptonic decays,

AC =2 in D% — DO oscillations



Hadronic spectra

Gell-Mann (1964)

The idea of quarks, with mesons as g g and baryons as qqq.
He also pointed out the possibility of multiquark states g g gq mesons and
g qgqq baryons.

R.R Jaffe (1977)

Multi-Hadrons — MIT bag model

“Multiquark states with heavy quarks are very different. This is where QCD dynamics enters. To

%
paraphrase Orwell: all quarks are equal, but the heavy quarks are more equal then others.” S“-?A
nowmass 2021
Brambilla et al., 2203.16583

See talks Polosa, Collins, Spradin, Ortega



EW theory
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WEAK TRANSITION FORM-FACTORS BETWEEN HEAVY MESONS
Nathan Isgur (Toronto U.), Mark B. Wise (Caltech) (Feb 5, 1990)
Published in: Phys.Lett.B 237 (1990) 527-530
& DOI [= cite [ reference search
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* theoretical frameworks for exotics rely in one way or another on Ay/m, K 1

* Being heavy my . can be treated as nonrelativistic, (potential models, lattice calculations )

* The scale my . is heavy enough to belong to the asymptotic freedom region of QCD,
allowing for an operator expansion in powers of /’'m,
(heavy-quark spin effective theory, QCD sum rules)

* the internal structure of many such heavy-light systems likely provides a natural mechanism
resulting in a narrow width

* the attraction between two heavy quarks scales like a,2mq, growing approximately linearly

P

with the heavy quark mass 7 s,
t A
G

* advantage of having heavy quarks c and b in muliti-quark states:
the large mass of the heavy quarks greatly reduces their kinetic energy, making it
easier for them to form multiquark clusters with the light quarks.
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Charmonium(like) resonances and bound states

Lattice QCD: nonperturbative approach to QCD

’ D.,D, JF =07%

likely related to X(3915) / yc0 (3930) My ~280 MeV
f [BaBar, LHCb 2009.00026]; explaining why Lat Exp
S— it has narrow width to DD. Predicted by \ 5 :
/5 W Lebed, Polosa 1602.08421 Pod Db 1o,
3 A = P + L ) % > I
" zagc 5, [/ DD J" =07 « AN > ° ]
| 2T : 1%
7 predicted in models [Oset et al, %3-7— x| s Js7
ZZ 2 0612179 PRD, Hildago Duque et al S6k Lag
s 1305.4487, Baru et al 1605.09649 L N 1
>ﬂ v PLB] P o '
— - . _ _ 34 +34
D, |/ seen in dispersive analysis of exp. b
J 0 1 2 3 0 1 2 3

data [Deineka, Danilkin et al
2111.15033]

Prelovsek , Collins, Padmanath, Mohler, Piemonte 2011.02541 , 1905.03506, 2111.02934

Courtesy of Sasa Prelovsek



Doubly charm tetraquark T, from lattice QCD

Molecules or diquarks?

likely dominant

Padmanath, Prelovsek: 2202.101101

See talks He, Ortega
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Evidence for intrinsic charm quarks in the proton

* intrinsic charm content of proton by exploiting a high-precision

Nature 608, pages 483—-487 (2022) determination of the quark—gluon content;
NNPDF Collaboration

* remarkable agreement with model predictions (Brodsky et al.,
1980, Hobbs et al.,2014);

* these findings are compared to very recent data on Z-boson
production with charm jets from the Large Hadron Collider beauty
(LHCb) experiment;

e charm PDF are obtained from hard-scattering global dataset, using
perturbative QCD calculations, accommodating massive quarks

NNPDF: inside the proton and machine learning techniques;
Univ. Cambridge, Edinburgh,

Milan- INFN, Nikhef and VU Univ. . . ) ) )
’ nhext-to-next-to-| ing order (NNLQO) in an expansion in powers of
Amsterdam, Univ. Torino, NUS Singapore, ext-to-next-to-lead 8 ( ) P P

Univ. Wirzburg the strong coupling, o, are performed

It is intrinsic to distinguish it from that computable in perturbation theory,which
originates from QCD radiation


https://www.nature.com/
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the PDFs of the 3FNS, only the three lightest quark flavours are radiatively corrected q=|g?|"?
the purely intrinsic (3FNS) result (blue) with PDFU alone, compared to the 4FNS _ _ o
PDF, which includes both an intrinsic and a radiative component, at Q = mc =1.51 Following Martin, Motylinski, Harland-Lang, Thorne (MMHT)
GeV (orange). The purely intrinsic (3FNS) result obtained using N3LO matching is 1704.00162
also shown (green). (FNS — flavour number scheme) Courtesy of Arman Korajac

* charm PDF, by indirect constraints from high-precision LHC data, is consistent with direct constraints from both EMC charm
production data (40 years ago), and recent Z + charm production data in the forward region from LHCb.

* local significance for intrinsic charm in the large-x region just above the 30 level.



Charmed hadrons lifetimes

I Mesons 2018
7(D* 1L . B Mesons 2021
(D7) _ 2.54(2)
. (DY) I Baryons 2018
Heavy quark expansion - B Baryons 2021
(O5) (Os) 2 [+ (Os) = (O7) 7[ps]
F(D) =I'3+4+TI% mg +I'g m?; + ...+ 1677 [ ' m% +I'7 él + ... 05| = ]
See King et al., 2109.13219 0.25} _ |
“The total decay rates of the D% and D* mesons ol x 1 1 1 1 1
D’ D Dt 20 A Q) B

are underestimated in our HQE approach and we

suspect that this is due to missing higher-order QCD Experimentally established hierarchy for charmed baryons
corrections to the free charm quark decay and the

Pauli interference contribution.”
—() 0 —
T(EQ) < 7(AD) < 7(Q) < T(ED)  pulibic et al., 2305.02243

See talks Melic, Davis See talk Hai-Yang Cheng



QCD in electroweak interactions of charm

Short distance dynamics m>>Aqcp,

: : : Mygs <A
e Charge current decays: leptonic and semileptonic uds = acb

* FCNC processes, D mixing and rare decays Long distance dynamics

Lattice QCD, if applicable CxPT

e Nonleptonic decays and CP asymmetr
P y y y HQET difficult to apply, m.not heavy enough 1/m,

(1/m,)?,... corrections relevant!

QCD needed!



Lattice QCD in leptonic and semileptonic

example: D — wlv

Why i tant? generic weak process involving hadrons:
y important:

(experiment) = (known) x (CKM element) x (had. matrix element)

1) Ll

U'kes, Uiz, - Lattice QCD

Lattice calculates
D meson’s decay constants, D meson D— P,V form factors, bag parameters for meson oscillations

See for review 2206.07501 and Jay’s talk at this conference



B(D} — fty) = £

2206.07501 HFLAV

2
G
87

2 2 2
Tpg S Dy |Veal " mp,mi | 1 —

Mode B (107%) Ip|Vea| (MeV) Reference
3.954+0.354+0.09 1724+ 2.1+0.5 02 CLEO-c¢
i 3.71 4+ 0.19 & 0.06 45.74+124+04+0.2 BESIII
3.77 £0.17+ 0.05 46.1 1.0 £0.3 0.2 Average
12.0:22.4:4 12 5044+5.0+£254+0.2 BESIII
putv, + 7o, 46.2 +1.0 £ 0.3 £ 0.2 Average
< 0.088 at 90% C.L. CLEO-c

fp+ = 212.0(7) MeV,

fp. = 249.9(5) MeV ,

'777,%
2
™m D,
PDG 2022
Reference Method Ny fp(MeV) fp,(MeV) fo./fp
Fermilab/MILC 17 [31] LQCD  2+1+1 212.1(0.3)(0.5)  249.9(0.3)(0.3) 1.1782(06)(15)*
ETM 14 [32] LQCD 24141 207.4(3.7)(0.9) 247.2(3.9)(1.4)  1.192(19)(11)
FLAG 21 average [2] LQCD 2+1+1 212.0(0.7) 249.9(0.5) 1.1783(16)
xQCD 20A [73] LQCD 2+1 213(5) 249(7) 1.16(3)
RBC/UKQCD 18A [74]f LQCD 2+1 - - 1.1740(51)(68)
RBC/UKQCD 17 [75] LQCD 241 208.7(2.8)(F%)) 246.4(1.3)(F13) 1.1667(77)(T5;
xQCD 14 [76] LQCD 2+1 - 254(2)(4) -
HPQCD 12 [77] LQCD 241 208.3(1.0)(3.3) - 1.187(4)(12)
Fermilab/MILC 11 [78] LQCD 241 218.9(9.2)(6.6) 260.1(8.9)(6.1)  1.188(14)(21)
HPQCD 10 [79)] LQCD 2+1 - 248.0(1.4)(2.1) -
FLAG 21 average [2] LQCD 2+1 209.0(2.4) 248.0(1.6) 1.174(7)
Pullin 21 [80] QCD SR 190(15) 226(17) 1.19(7)
Wang 15 [81]F QCD SR 208(10) 240(10) 1.15(6)
Gelhausen 13 [82] QCD SR 201(*13) 238(*43) 115(*0%4)
Narison 12 [83] QCD SR 204(6) 246(6) 1.21(4)
Lucha 11 [84] QCD SR 206.2(8.9) 245.3(16.3) 1.193(26)
/D, _ 1.1783(16) .

Sp+

Electromagnetic corrections are very important to achieve the precission.



Br[Dy — evy|(AE,)

le-05

1e-06 -

1e-07 1

D, meson radiative form factors

Lattice QCD contributed recently by the D, meson radiative form factors over the full kinematical range

Frezzotti et al., (Rome& Southampton)
2306.05904

Spline interpolation ===

Phenomenological parameterization

|
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f

Hy (k,p) = HEG(k,p) + H)Y (k,p)

v H(pk’kQ v v Hpk’k2 (p.]{_kx2)kﬂ_k2(p_k)ﬂ v
) = T g ey o 0B [ T Loy 1
s s DS
FV(pka) ny FA(p'k7k2) 2 v A%
B T "’B/prﬁJrMiDs[(p-k—k)g“ —(p— k)"
v v, 2p—Fk)"(p—k)”
H) (k,p) = fp, |9" +( 2p-)/~c(—k2 ) }

For a real photon (k?=0) only Fy 5 contribute

I'.(AE
[(AF) It = (5.0440.04) x 107 s

E, > AE, = 10MeV

Br(Ey > 10 MeV) = 4.4(3) x 10-%is consistent with the upper bound from the
BESIII experiment Br(Ey > 10 MeV) < 1.3 x 104 at 90% confidence level



FNAL-MILC FNAL-MILC
3.01 M prosent work) 1.4 ™ (Present work)
BN ETMC 17 B ETMC 17
2.5 fy 1.34 HPQCD 21
j§ T fO § 1.2 - f+
O @] ————
& 2.0 1 &8 114 fo
g g
o ~
£ 1.5 S 1.0
0.9+
1.0 -
0.8 1
0.5_ T T T T 07 T T T T
0 1 2 3 0.0 0.5 1.0 1.5
¢° [GeV?] ¢® [GeV?]
References: From Lytle talk at Beauty 2023

e FNAL-MILC 2212.12648
e HPQCD 21 2104.09883
e ETMC 17 1706.03017

* Lattice errors roughly commensurate with experimental errors. In the next 5 years or so, these should
continue to improve and lattice errors may become sub-dominant.

* To go beyond this requires adding EM and strong isospin breaking effects.



D — D mixing

B DO| gAc=1 HAc=1 EO
M12——F12 X DO‘HAC 2’D Z< | W \n><n| W | >

Mp — E,, + i€
HI%/ =2 C U
ZEZ L AL
d,s,b ¢ . Hw fw c
short distance long distance
_ “Difficult”
“Simple”

e large contribution
e can use the same methods as for B mixing

* BSMs with heavy new particles e intermediate state can include multiple (>2)

can contribute here hadrons: formalism for multi-hadron states still under
development (Hansen & Sharpe, arXiv:1602.00324,
2016 PRD)



D, = p|D% —¢|D° CPeven

mixin —
; D, = p|D°) +¢|D°% cPodd
CPV parameters lg/p|  Arg(q/p) = 6. o M2 = Ty
’ 2T Y= o
HFLAV, 2206.07501
A = F(DO—>K+7T_) — F(ﬁO%K 7T+) Decay Mode Observables Relationship
D = _ = .
D(D?— KFmm) + (DO = Kr) 2ycp = (la/pl + Ip/al) y cos ¢
4. = D= K K™)-T(D°— K K) DO KK b vep —(la/pl = Ip/al) zsin ¢
BT (D K+K-)+ (DY K-K+) Ar 2Ap=(\q_/zznq—/]\f’?/f\';z//;jsziiw
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From all experiments, there are 61 measurements of 16 observables: y, Ar, (XY [a/Pl, ®) gee Osn s (Xcpr Yepr A% AY) tucb ks » (% Y) Basar ks h™h»
(Xr y) BaBar T[O n+ n o (R M )/2 LHCb K+ n T[+T[_ ’ (R M ) semileptonic 7 (X", y" K+ T[_TLOI (R D XZI Y, COS 61 sin 6) W(3770) » (RDI ADI XIZtl y'i)BaBarr (RDI ADI XIZiI y'i)BeIIe ’
(RD: x'2, yl)CDF ’ (RDil X'%%, yli)LHCb ’ (ACPKI Acpn)BaBar; (ACPKI ACPH)BeIIeI (ACPK - ACPT[)CDFI (ACPK ‘Acpn) LHCb(D )/ (ACPK ‘Acpn) LHCb(B 9DOuX)



In 2008
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The Direct CPV

./\/l = Mlewl + M26i52
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Year Experiment Results
2012 BABAR Ar = (+0.09 £ 0.26 + 0.06)%
2021 LHCb AY (KK) = (—0.003 £ 0.013 & 0.003)¢
AY (77) = (—0.036 £ 0.024 + 0.004)%
2014 CDF Ap = (=012 4 0.12)%
Apo |2 . ’2 2015 Belle Ap = (=0.03 4+ 0.20 £ 0.07)%
afp = s e (o) = (o2t 0535 0.5
- 2 _ 2 cp(mm) = (—0. . . 0
Ao 2 + Ao | 2012 CDF AAcp = (—0.62 £ 0.21 £ 0.10)%
ind 1 q D ) q D 2014 LHCb SL AAcp = (+0.14 £ 0.16 £ 0.08)%
acp = = =+ |=|]xsing— | |=|—|=| ] ycos ¢ 2016 LHCb prompt AAcp = (—0.10 + 0.08 + 0.03)%
2 p q p q 2019 LHCb SL2 AAcp = (—0.09 £ 0.08 £ 0.05)%
2019 LHCb prompt2 AAcp = (—0.18 £ 0.03 + 0.09)%
0.0100
BaBar BaBar
0.0075 'cs::lliexmm [ (L:I-?(I::b
LHCb KK ~ Belle
0.0050 LHCb 77 O no CPV
0.0025
8 0.0000
S]
<o.0025 |
-0.0050
ooo7s | & 2 E 3 %
~0.0100 | €~ g |
_I: | Contours contain 68,%' 99.7%, 99.99997% CL

—-0.010 -0.008 -0.006 -—-0.004 -—0.002 0.000 0.002 0.004 0.006

ind
acp
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Year Experiment Results
2012 Belle prel. Ar = (—0.03 £0.20 £ 0.08)%
, 2012 BABAR Ar = (0.09 £ 0.26 + 0.06)%
a}élg — ((),()13 + 0_052)% 2013 LHCb Ap(KK) = (—0.035 £ 0.062 + 0.012)%
el Ar(mm) = (0.033 £ 0.106 & 0.014)%
Aagp = (—0.253 +0.104)% 2008 BABAR Acp(KK) = (0.00 £ 0.34 £ 0.13)%
Acp(rm) = (—0.24 £ 0.52 + 0.22)%
2012 Belle prel. AAcp = (—0.87+0.41 £ 0.06)%
2012 CDF AAcp = (—0.62 4+ 0.21 £ 0.10)%
2013 LHCD prel. AAcp = (—0.34 £0.15 £ 0.10)%
2014 LHCb AAcp = (0.14 £ 0.16 + 0.08)%




AAcp = Acp(K"K") = Acp(n~ ")

() f
Acp(f) = a t— ™ - AYy a%is the CP violation in the decay amplitude
AY; is related to mixing-induced CP violation
LHCb 1903.08726

_ 4
AAcp = (-15.4+2.9) x 10 <t> is the mean decay lifetime of D°

Tis the lifetime of D9

+ 0l
w': - — LHCb combination, 8.7 fb! LHCb .
S 0.008 - — — U-spin symmetry B
d -4 .
ax-r+=( 7.7+£5.7)x10 0.006 ¢ U-spin CP anomaly
0.004
Cld_ﬂ_+ — (23 2+ 6. 1) x 10~ 4 0002F Bause et al., 2210.16330
0 - —=
0002 _.---77
LHCb at PoS ICHEP2022 (2022) 732 -
—0.004 1 :comourq hold 68.3%,99.7%, 99.9999% CL E
~0.006 -0 002 — 0 — 0.002 — 0.004
Cha&m—meéon [ s K [ (absorptive)
ecays:  p ‘ o (dispersive) * Tm[Q(s)] Pich, Solomonidi, Vale Silva
/ N Y, Re[Q(s)] = —][ 7d ’ 2305.11951
Weak vertex: or KK anvz S —

Y
source of CPV Strong dynamics: ~isospin,
flavour and CP conserving Dispersion Relation (DR) for Q



Search for New Physics in Charm Processes

Why do we expect NP?

- origin of neutrino masses, dark matter, source of additionalyP/

- flavor anomalies in B mesons

If anomalies are in processes with the b quark, how to test up-quark sector?

Experimental searches Theoretical framework
* low energies * Models (new gauge bosons, new scalars, new fermions,...)

* high energies « Model independent searches, e.g. SMEFT



Motivation from B anomaly:

.xf\ 0-4 -I T T I T T T T I T L) T T I T T L) T I L] T T T I T T T T I L) T T L] I T T L] T I T I_
8 d HFLAV Ax* = 1.0 contours -
2 N N
L BaBarl2 —
0.35 - Bellel5 -
03 : X _
B LHCb23 \, . LHCb22
* - i
= B(B — D)+ V) 0.25 bRl o E
D ( * ) — B =
* - -]
B(B — D™ puv) [ Bellel oo World Averae ]
0.2 |~  $HFLAV SM Prediction  yHEP 1712 G017 060 ﬁgg))zogggffbog?‘ﬁ"“l ]
B R(D) = 0.298 +0.004 FLB 795 (2019) 386 *) = 0284 £0.013,, N
L O ininens  PLmamm 0037 T
B L L I L L Il L I L Il L L I PFDII 05l (2922I 03:‘503 L L I L L L L I L L L L I L L L L I L ]
e Rp&P and Rp*&*P : dominated by BaBar! 02 025 03 035 04 045 05 055

* InRy®® and R ,.®Plimited precision.

Due to unitarity and perturbativity arguments e.g. di Luzio et al.,

Solution for the puzzle New Physics! 1604.05746 scale of New Physic below 10 TeV

New Belle-Il and LHCb (run-2) data urgently needed!



Log = —2V2GrVy, {(1 + gv,.) (eLvubr) (Covuve) + gvi (CrYubR) (Crvuve)

+ g5 (€Lbr) (CrvL) + 9s, (€rbL) (CrVL) + 91 (CrROWDL) (ERO';WVL)] + h.c.

Angelescu et al., 2103.12504. LAE
1oL Exp
Eff. coeff. lo range | x2;,/dof -l
gv,, (ms) 0.07+0.02 | 0.02/1 =,
n_ B
gsp (ms) —0.314+0.05| 5.3/1 S ! 2o
gs, (ms) 0.12+£0.06 | 88/1 n?
gr(ms) —0.03+0.01| 3.1/1 0.8 —_—
gs, = _451'1‘
gs, = +4g9r € R [—0.03+0.07| 12.5/1 I
r — gs, = +H4gr
gs, = —4gr7 € R | 0.16 £0.05 | 2.0/1 0.6 -
gs, = +4gr € iR| 0.48 £0.08 2.4/1 N L ] O I L P MR e
0.6 0.8 1. 1.2 1.4
SM
RD/RD

Comment

If we assume that NP in Dg — TV can be estimated by CKM matrix element for gy,
this requires knowledge of f,., and/or V., known at the level less than 1%!



Puzzlesinb — s pu tr

ansition

N {RK ~ 0.994 992 stat) 092 sys1)
R, — BEB =K G ptu) Ry = 0.927 T30%3 (stat) H0.936 (syst)
K(x) — *) ok o—
BR(B — KWete) Lot 6. JRR = 0999 00 stan) § B syst)
Ry~ = 1.027 5063 (stat) 70036 (syst)
4G €? bqll ~bqlt 1bq L0 Ibgll
Heg = HA — —= Vi Vi (CA% 09 4+ ¢ 0™ + hee.
V2 1672 qz;dg%z 9%:513 ! Greljo et al., 2212.10497
batl hqtt 7 —1.01 Be = pps 1o
O™ = (qyuPrLb) (t4"0) Og " = (qVuPrO) (1), —— Rk & Rg- 10, 20
_ b 1o, 2
018" = (g PLb) ((v"350) O™ = (@uPrO) ((7"y5) | 084 B decays 1o, 2,45
0% = my(gPrb) (20), 02" = my (qPLb)(20), S ol
OF" = my(aPrb)(Pys) Op™ = my(aPLb)(Est) O
I —0.4 1
3 /[
Z_ 0.2 N 7;
3 ()
CEM = 0.29; CSM = 4.1; C5M = —4.3; 0.0 /
C“mv = —0.64 £ 0.22
Buras et al.,hep-ph/9311345; o " 0.2 1
Altmannshofer et al., 0811.1214; AC SHE — C S’M'u = —0.11 = 0.06
Bobeth et al., hep-ph/9910220 0.4 ' ' ' ' '
—2.0 —1.5 —1.0 —0.5 0.0 0.5 1.0
Cul’llv

Angular observables, P:’ still remains.



How to search for New Physics?

Motivation: charged current weak processes with b quark

To rely on NP models resolving Rp )

Most favourable Leptoquarks

Motivation: FCNC processes

hopes for NP in b— s uu

Motivation (g-2), unsettled HVP, ...

LHC did not find any evidence for NP particles

New vector-like fermions
New gauge bosons
New scalars (2THDM)

disappearance of Ry puzzle

Lepton flavour universality violation?



NP in CHARM processes?

Charm and top offer unique probes of NP in up sector

Leptoquarks can only accommodate Rp LQ= (SU(3).,SU(2),U(1)y)
Dorsner, SF, Greljo, Kamenik,Kosnik 1603.04993

Scalar LQs they can modify Yukawa couplings (S;(3,1,1/3) and R,(3,2,7,6) for Rpx)
hopefully can help in understanding origin of flavour masses

and understanding flavour puzzle (why masses of quarks and leptons a so different)
Models of NP

Vector LQs prefarably should be gauge bosons, that requires full UV theory
Some GUTs, Pati-Salam-like theories ( candidate to explain Rp+ U; (3,1,2/3)

Z’ as a new gauge boson of additional U(1) gauge group (accompanied by 2HDM)
explanation of Charm CP violation, D meson mixing.

Charged current weak processes in LQ models which explain B anomalies marginally contriburte -% level.
In charm rare decays-FCNC efects are supressed ususally by V., V,,* leading to a small effect..



Standard model effective field theory

SMEFT
energy
A
Weak interactions before SM UV theory
Gr A T
Lopp=——=JlJH
Ir J2
However, we know that at low energies no new particles
2
9 _Gr_ 1 Energy scale of SU(2), X U(1)y
8ma, V2 202
v= 246 GeV,

. - m, e e e
Expectation: NP appears on high energy scale A; 1 m, YY)
No new degrees of freedom bellow this scale; Mw "8 8| e @
New NP mediators create operators of dimension d= 5; L == 4 |

Integrating out heavy degrees of freedom we create new operators not present in the SM



SMEFT

new heavy particle - - Cd
> Lsverr = Lsa + Z Adﬁ‘l O

k,d

integrate out heavy field

Gauge fields, Higgs d=5

Effective operators 2499 possibilities Warsaw basis, Grzadkowski et al, 1008.4884
Important feature of the SMEFT approach: SMEFT papers: Manohar et al., 1308.2627,
running under SM gauge group 1309.0819, 1310,4838, 1312.2014

 There are 1350 CP-even and 1149 CP-odd parameters in the dimension-six Lagrangian for 3 generations, and
our results give the entire 2499 x 2499 anomalous dimension matrix.



 Manohar et al. (1310.4838), in three SMEFT papers calculated the complete order y? and y* terms of the 2499 x
2499 one-loop anomalous dimension matrix for the dimension-six operators of the SMEFT (y is a generic Yukawa
coupling)

e Also they determined (1312.2014) the gauge terms of the one-loop anomalous dimension matrix
for the dimension-six operators of the

It can help to that tree-level calculations in the UV model can

v hi hi
. . . . === reproduce the full theory two-loop calculations to remarkable
accuracy.
4 4 4 4 14 14

e.g. 2HDM, SF et al., 2103.10859

Universal contribution to Cq

bL TL bL TL BL SL
SUQ), RGE
— —

Cr 99 SL 1L [ l-e pmz

a1 & - ACY=CY-cM

Ben Stefanek, seminar 1JS 4 May 202-



N = 2499 dim-6 operators that conserve B and L — rich flavor structure!

[1910.11775]
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* The best probes of the SMEFT operators are rare/forbidden processes in the SM
(One has to be careful these processes can be suppressed in concrete scenarios)

* LHC processes can be useful to probe these types of scenarios (with lower values for A)!

High-p; searches (CMS and ATLAS) can probe the same four-fermion operators constrained by
flavor-physics experiments (NA62, KOTO, BES-IlI, LHCb, Belle-llI...).



Too many operators!

The SM gauge-kinetic sector is invariant under a global flavour symmetry

Gr=U@B)° =U(3)y x U(3)y x U(3)g x U(3); x U(3)e

UB)g xU(3)y = U(1) x U(2)y x U(2)y

This works for the physics of the third generations.

How about charm quark? Above assumption means that the first and second generations
are subjects of the U(2) symmetry. However,

m./m,~103

For the “charm” considerations one needs different framework than U(2) symmetry.



Correlating NP effects in D and K

SMEFT useful tool for the search of NP
- Need extra assumptions U(2)3 symmetry
- Or Model of NP on high scale

U(2) flavor symmetry is not always applicable — only when the third generation is considered.

However, having only two generations one can correlate NP in Kand D

week ending

PRL 102, 211802 (2009) PHYSICAL REVIEW LETTERS 29 MAY 2009

Combining K°-K® Mixing and D°-D° Mixing to Constrain the Flavor Structure of New Physics

Kfir Blum,"* Yuval Grossman,>" Yosef Nir,"* and Gilad Perez"*

1Deparlment of Particle Physics, Weizmann Institute of Science, Rehovot 76100, Israel
*Institute for High Energy Phenomenology, Newman Laboratory of Elementary Particle Physics, Cornell University,
Ithaca, New York 14853, USA
(Received 1 April 2009; published 28 May 2009)

New physics at high energy scale often contributes to K°-K° and D°-D° mixings in an approximately
SU(2), invariant way. In such a case, the combination of measurements in these two systems is parti-
cularly powerful. The resulting constraints can be expressed in terms of misalignments and flavor
splittings.



1 - _
AS =2 and AC =2 A—lz\“)[zf(dLY,u,SL)(dLY'uSL) + ZlD(ﬁLYMCL)(ﬁLYMCL)]-

A y
Axp \2 K K _ _of Anp
28] = 2K, = 8.8 X 10—7(%) Im(z}) = zexp = 3.3 X 10 (1 TeV)
[Pl = By =5.9% 107 ﬂ)z Im(zP) = 2B, = 1.0 X 10—7< A )2
11 — <exp . [ TeV 1 exp 1 TeV

The above results can be derived by assuming

1 _ Xq Hermitian matrix, provides
A—I{IP(QU(XQ)UWQLJ)(QU(XQ)UWQLJ')’ the source of flavor violation beyond the Yukawa matrices
K- mixing and D- mixing depend on the same Ayp two angles but differ

in their alignment factors in such a way that depends on the Cabibbo angle.

Thus, the combination of these measurements constrains, for TeV-scale new physics,

. K= AL (0, — iDy)? |zK] = A3,[cos?ysin’a + sin?y],
assuming R i,
|zP] = Af,[cos*ysin“(a — 26,) + sin*y]
7P = A2,(cos20,0, — sin20,05 — iD,)>. Im(zK) = — A2, sina sin2y,

Im(zP) = — A%, sin(a — 26,.) sin2y.

A
A, < 3.8 X 10—3<i).
1 TeV



Correlating New Physics Effects in Semileptonic AC =1 and AS = 1 Processes

@0 (1.6)

LsMEFT D A (QZ’YMO_ Q])(L£7 O_aLE) X2 (QiVqu)(EfvuLf)'

+ a
X5 = AB5y; + B (0%),

2305.13851, SF, JF Kamenik, N. Kosnik and a. Korajac
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Charm meson rare decays

On the quark level c— ulti~ c — uvy
D — (T D — vy
D - Pl D — Pvi
Hadronic modes _
D — Vity D — P, Pyui
D — P1P2€+€_

For references see Gisbert et al, Mod.Phys.Lett.A 36 (2021) 04, 2130002, 2011.09478

Observables: Branching ratios
Angular observable
LU ratios & LFV CP asymmetries

See talks Suelmann, Plura, Korajac, Solomonidi, Khodjamirian

c— uy
D — Vr
D—)Plpg’)/

D — tnwvisibles

D — Pinvisibles



4G b il i i
Lar=2CE8VV, | D (G0 GO + Y (CYOY + i)

A

V2 k=7,9,10 ij
07 = Z<(dpopuycr)F*, 0} = Z(iigoyycr)F*,
Oy = (aryucr)Iy*0), 04 = (iiryucr)(Iy*t),

O = (apyucr)Iy'yst), Oy = (aryucr)Iy*yst),

QZ = (apyucL)Ve jyHvei), Qz = (GRYucR)VLjY*VLi) .
+ Aty + /-
DT — Tl D — PPt See talk of Solomonidi

SF and Kosnik 1510.00965
Bause et al 1909.11108,
see De Boer and Hiller, 1805.08516

| SM | |Gl =05 | |Cio] =05 | |Co| = +|Cio| = 0.5 |
- Branching ratios are insensitive to NP. full g || 1.00 £ O(1072) | SM-like SM-like SM-like
. e e 2 -2
- Low g2 a lot of resonances = sizable uncertainties. low g° || 0.95+£0(107%) | O(100) | ©O(100) O(100)
high g% || 1.00+ O(1072) | 0.2...11 3...7 2...17

- High g2 might include NP



Dark Matter in charm decays

Belle collaboration 1611.09455 . .
BR(D? > invisible) <9.4 x 1075 SM: BR(D? > w) =1.1x 10

Badin & Petrov 1005.1277 suggested to search for processes with missing energy/£ in

DO —> ny could be SM neutrinos or DM!
Bhattacharya, Grant and Petrov 1809.04606

B(D — invisibles) = B(D — vv) + B(D — vv 4+ vv) + ...

The SM contributions to invisible widths of heavy mesons I'(D® - missing energy ) are
completely dominated by the four-neutrino transitions D° - vwwv .

BR(D — vp) = (2.96 4 0.39) x 10727

Bause et al., 2010.02225
SF and Novosel, 2101.10712 See talks Suelmann, Korajac



Could appear from these couplings of the scalar LQs

Lo =V2Gr | ML yuc) iy vy) + R @ryucr) Fry* vi)

Cloured Scalar |Invisible fermion
LR - = RL (- = LL = =3 15°X7
+ N ULyucL)VRY vr) + ¢ (URYucr) VLY vy) + 87 (Urcr)(VLvg) 5511: (533;1’32/?;) Zg ;‘;
+ g®R(urcr)Vrvy) + g% (urcr)Vrv}) + g% (Urer) VL vR) Ry =(3,2,1/6) | apx/ B
Ry =(3,2,1/6) | dix’R,'*

+ hLL(ﬁLO'I"WCR)(VLO"uVVI,Q) + hRR(ﬂRO'ﬂVCL)(VRO'”VVi) + h. c..
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Lo = V2Gp—— e g{%g(y{%f;(uR'yucR)(foy XR) 0.50 < 7.4 %107° 0.50 <32x107° <1.6x 1078
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SF and Novosel, 2101.10712



Bause et al., 2010.02225 provide model-independent upper limits on branching ratios reaching few 10~ in the
most general case of arbitrary lepton flavor structure, 10-> for scenarios with charged lepton conservation and

few 106 assuming lepton universality. We also give upper limits in Zand leptoquark models.

ity . 4GE Qe (L Uij i Uij ij> k0O k. 0 0
Heg’ D /3 ar </CL Op +Kz70Op ) +H.c. /Cg,RILU: 0k oO]J, ICE,RchFc: 0 k, 0
00 k 0 0 k,

0% o = (GrryYucrir)) Giny" ir) .. . . . . . .
p = IR S “general” - all entries in the coefficient matrix are arbitrarily filled,

Relative statistical uncertainty of the branching ratio 6B versus the branching ratio B for decays

x10~° o x107? x10~5 :
! I % T 1.01 D’ — n'7%vp N — DY > XvDo
— —_— 0 0 .
T 1.25 I I D+—>7T+VV7 % i — D0 St :‘> 1.54 Tt Dt - Xvi
> | Dt »atvp ) ) + _
—_— DF 5 Ktvp 9‘08_ ! D’ KtK v @ — D — Xvv
= . 1
~ o
=061 :
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Bause et al., 2010.02225



do/dm [pb/GeV]

Indirect searches at the LHC

19.7 fb” ee and uu (8 TeV

YZ —e'e, uwtw ! q .
1 Allwicher et al., 2207.10756
; HighPT software
- q, X
: pp — €e, up CMS-PAS-EX0-19-019 —~
10° *— data 7
10 .FEWZ NNLO CT10 * v pp — TV ATLAS-CONF-2021-025 ATLAS
107 = pp — ev, pv [arXiv:1906.05609] |
A " " PR S ST W |
20 50 100 200 500 1000 2000 Pp — €[, €T, UT [arXiv:2205.06709]
m [GeV]
d=6 Pt
. oM L8 (Givugs
Advantage: some processes are poorly constrained at low o (,—(7,:1[9;8_ 1“331)(1)
. . . . 1 o' BI\Gi Y i
energies — but can be constrained at high energies Orn Tor™ls) (@suz)
Oud (lay*1) (diyud;)
g.,b— —-dtv,c>dev.. ,
eg,b->s7r, c>dwv,c>de Ocq (Ba*es)(qiVug;)
. . Oeu (éa'yﬂeﬂ)(ﬁj’)ﬁuj)
Procedure: Recast di-lepton searches and look for NP effects O (Earr"es)(divuds)
in the tails of the invariant- mass distributions Otegq + h.c. (laes)(dig;)
o) 4 he. (luep)e(qiu;)

I Ol(gqu + he. (lao"ep)e(Giouvu;)

Tensor



Charm leptonic and semileptpnic processes at LHC

Greljo et al., 2003.12421

4G . .
'CCC _ /§FV |:<1 4+ Eaﬁz) Oaﬁz e a,Bz O%fz 4+ ngz Oaﬁz +oe ozﬁz Oaﬁz 4oe aﬁz Oaﬂz} + h.e.
A
OFy' = (efvp)(Ern*dy) OFy' = (e3uvi)(ery"dy) ;e (V“Z ) . ()
03, = (@ vi)(Erdy), O = (&5} ew di). o K
OF" = (Eouwvy)(Erody)

€5,(2GeV) =~ 2.1eg, (TeV) —0.3er(TeV),  €5,(2GeV) = 2.0€5,(TeV)

SMEFT running from p =1 TeV to 1 =2 GeV er(2GeV) ~ 0.8 er(TeV).
2 2 12 2 34 2 2 Using lattice input for decay constant/formfactors
BR(D+ . éaya) = Tt mD+mafDGF"/fld‘ ﬁa 1— Eid + mp Eapcl g P Y /
3T ma(mc +mu)

BR(D — P; (“v®)
BRsm

ai|? al Lk Lk al le%)
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Xstand yst— the interference between NP and SM and the quadratic NP effects
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Summary and outlook

SM theoretical approaches make great progress in precision calculation of hadronic spectra, properties of
charmed hadron, weak decays, rare decays within SM.

New Physics in charm processes are not expected to be significant.
Many studies established powerful constraints of the NP parameters.

New experimental results from Belle 2, Beslll, LHCb ... will encourage theoretical studies!



A poem on the charm quark future

Charm quark, charm quark, What will you become?
A particle of the future, Or just a memory of some?
You’re the third-most massive quark,

With a charge of +2/3 e.

You carry charm, a quantum number,

And you’re found in various hadrons, you see.
You’re an elementary particle,

Of the second generation.

You’re part of the Standard Model,

And you’re subject to speculation.

The future of charm quarks, Is still unknown to us.
But we’ll keep on studying,

And we’ll never lose our trust.
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Al generate charm quark in style
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