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Charm physics is exceptional

©® Window to test FCNCs in the up-sector!

@ Strong non-perturbative dynamics — “Null tests” O + 6 O

e Use SM symmetries: Ogy = 0,
o Small uncertainties: Ogm > 6 Osur,
o Use large hadronic effects to enhance NP contributions, ...

© Very efficient GIM mechanism: }>; \; = 0 with \; = V;V,,;.

w
c u A
d, s, b d, s, b = Z )\If; fnd >\5 |:(f.5 — fd) + )\7b (fb_ fd):|
"z i=d,s,b s
f~ (m";izw L Im(Ap/As) ~ 1073 ‘BRs (Acp) are loop-(CKM-) suppressed! ‘

Excellent place to search for BSM physics!
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AAcp predictions in the SM

AAE':;,’I /X r sin ¢CKM sin 5QCD r = rckm rQco
@ sin ockm ~ Im(}\b/)\s) ~ 10_3. 7T 7(K)
e sindqcp ~ O(1), large strong phases. o
@ Irckm = % =1, ratio of CKM factors.
s K
@ What is the ratio of rescattering rqcp? " ()
Light Cone Sum Rules (LCSR) Low energy QCD
rqcp ~ O (%) ~ 101 rqco ~ 1
SM -3
AASM ~ 10~ AAcp ~ 10
Not explains exp. value Compatible with exp. value

AAEﬁCb = (— 15.4 + 2.9) <1074 100308726
SM prediction of AAcp is not well established!

H. Gisbert (U. Padova & INFN) The U-spin-CP anomaly in charm September 18, 2023



Measurement ALRP(KTK™)

Final results for Acp(K-K*) and combination

® Final results for Acp(K-K*) are:

Cp+: Acp(K~K*) =[13.6 + 8.8 (stat) & 1.6 (syst)] x 1074,
Cps : Acp(K™K™) =[ 2.8+ 6.7 (stat) & 2.0 (syst)] x 107*,

with an overall correlation coefficient o= 0.06 and are
found to be compatible within 1 standard deviation.

® The combination yields
Acp(K~K™) = [6.8 + 5.4 (stat) 4 1.6 (syst)] x 10™%,

Serena Maccolini Direct CPV in charm 7 July 2022 @
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Combined with AAcp

First evidence for direct CP violation

r T
r LHCb

LHCDb preliminary

a% v = ( T.7TE£5.7) x 107"
al = (232+£6.1)x10°* o

. d d -20
with p(agy, ad) =0.88 O Camerd ]
Y S e

.
—40 —20 0 20 40
al . [107]

e They report the first evidence for direct CP violation in
D°—mrr+ decays at the level of 3.86.

——— 870 (683% CLy
-~ BT (955% CL)

B B

e [J-spin breaking in CP asymmetries:
at. +al # 0 at the level of 2.76.

Serena Maccolini Direct CPV in charm 7 July 2022

H. Gisbert (U. Padova & INFN) The U-spin-CP anomaly in charm September 18, 2023



— — U-spin limit
[ U-spin 305
weeees U-Spin|modit

2019

T
-1 0 1

Acp (7r+7r’) .10

@ a?___ is larger than |AAcp|. SM needs even more enhancement!
Tt

h h
ai—,,+|SM ~ 2 Im()\b/)\s) (t) ~1.2.1073 (t) —

h
—~2
t

@ Violation of U-spin, aj_,, + a?__, # 0, at the level of 2.7 ¢!

BSM CP & U-spin violation?
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Flavorful Z’ models

e Gauge symmetry: SU(3)c x SU(2). x U(1)y x U(1)
N——
84
@ Representations:

Q= (3,2,1/6,Fg,) , u=(3,1,2/3,F,), d=(3,1,-1/3,Fy),
Li=(1,2,-1/2,F;), e=(1,1,-1,F,), vi=(1,1,0,F)) .

Z’ Lagrangian (in the gauge basis):

£2'=g4 ZZF¢:(1/;I7M1PI)ZLﬂ w:Q)L7u7d7e7V'
i i

Charge F,, assignment: guarantee anomaly-cancellation.
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Z' effects in AAcp

DAY = A (KYK™) — AE (x*m™)

with (assuming maximal strong phases sin 6, x ~ 1)

2
_ g1 \? | -
ANP (K+K ) ~ <M2,> sin pr AFg [ck Fo, + d Fa,)

NP g \? =
AN (wtm™) ~ (Mz/> sin or AFg [cx Fg, + dr Fa,]

with AI:'R = sin0,cos0,AFr and
ck = ?n ~+OQA), o =-n~-0Q),

K ar

1 1
dK = —n~— 0(0.1) 5 d.,r = ——nn~ +O(0.1) .
ak arx

ap is tree-level amplitude fixed by B(D® — P*P— )exp @and r >_encode RGE effects.
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CP asymmetries constraints

2
g ~
aﬂ_K+ = M%AFR [CKFO2 + dKFd2]3
Zl
8 AF
ag_ﬂ_-f- = M2 AFR [Cﬂ'Fol + dTerl] ’
Z/

with Fg,, = 0 (D-mixing constraints), the ratio Fg,/Fy, is fixed:

d
Fo, _ dn iy , _.40+083
F - d d - ¢ —0.13
di K aTr77T+

resulting in a large hierarchy

le2| < |Fd1|
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D-mixing constraints

D-meson mixing constraints from HFLAV average

g1 AFR

Z/

<7.1-107*Tev~! (95%C.L.)

which includes new data from LHCb 2106.03744

Remainder:
AFg contains the mixing angle 8, which can be freely adjusted:
AFg = sinf,cos8, (F,, — Fu) = 0, (Fu, — Fu)

0, small is instrumental to build our models
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Rare charm decays & Drell-Yan constraints

e BRs of rare D-decays (2011.09478):
2

g2|AFg|\JF2 + F2 <002< ) ,

2| AFr(F, )| < 0.02 (Mz’)2
EaIBTRUTL = Fe)l s B84 ey )

e Drell-Yan data for £ = e, 7 (2003.12421):

g7 | AFR| L1(3) + Fezl(s) < 0.06(0-12) <TeV)

o Combined with the D-mixing constraint:

|FL2 Fezl \/Fl?z F32508|Fd1
,/FLZI + F2 < 2.3|Fg]
,/FL23 + F2 < 4.7 |Fg
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Charm constraints synopsis

120
100
T
@%/ 80|
N 60
=
3 40
< 40f
e
20}
0 L
0 1 2 3 4 5
‘AFVR/Fdl X105
gaFa, 1 |+

— light Z’ mass or large gj Fg,

~ X
Mz 0.025 TeV 0.002
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Anomaly-free U(1)’ models

Fx = diag(Fx,, Fx,, Fxs)
2Fo) — (Fu) — (Fa) =0, N et

3(Fa) + (FL) =0, Fx) = TFx)

(Fa) + 3(Fr) — 8(Fu) — 2(Fa) — 6(F.) =0,

6(Fo) + 2(FL) — 3(Fu) — 3(Fa) — (Fe) = (F) =0,

(F&) = (Fi) = 2(Fi) + (Fi) + (F2) =0,

6(F3) +2(FL) — 3(Fi) = 3(Fd) — (Fo) — (F2) = 0.

Model Fa, Fu, Fa, Fi, Fe; Fu;
BMI |0 0 0 9 -16 7|2 -11 9|15 6 9] -16 0 16| 6 12 -18
BMII|0O 0 O| -19 9 10|20 -8 -12| 4 1 5| 15 2 -17| 8 2 -10
BMII|O 0 0 0 -1 0|1 0 0|0 0O 0| 0 O 10 0 -1
BMIV|0O 0 o|-% 2% 0|1 0 1|0 0 0|3 0 -ps|FR A 0

o All these BMs survive the previous constraints!

e BMs feature U-spin and IB with signals in 7t #?, 70x0:

F
Acp (7070 ~ Acp(mt ) ~ (1 — F“‘> |AAcp| ~ (1 —2)1073
dy
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A flavorful Z’ of O(10) GeV?

* Constraints from Z’ — ¢7¢~ searches:

e Severe constraints in 1-100 GeV range.

o Exp. constraints from e & p (1801.04847 & 1910.06926)

8a Fel,zJ—l,z S4- 1074

~Y

o Combined with previous bounds, leads to

Fel,ZaLl,Z < 1

Fs, ~ 750

1

directly excluding BM | and Il and dictating a strong
quark and lepton charge hierarchy in BM |1l and IV.
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A flavorful Z’ of O(10) GeV?

* Constraints from dijets searches:

e For 10 GeV < Mz < 50 GeV, the strongest constraints are
from CMS (1905.10331), and their dijet plus initial state
radiation (2112.05392). Using their results, approximately
gaF4, < 0.5, together with the previous constraints:

10 GeV < Mz < 20 GeV

e T(bb) — jj constraints around 10 GeV (1404.3947).

My < 7GeV or Mz > 15GeV (BM IV)

~v

e BM Il does not couple to b’s, we can evade the T-limits.
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A flavorful Z’ of ©(10) GeV?

* Constraints from charmonium decays:

1 2 3 4 5 6 7 8

]\/[Z’ (GeV)

Charmonia + T + charm CP data:
Mz ~ [2.3,2.8] GeV or Mz ~ [3.2,3.3] GeV (BM IlII)
Mz ~ [4.6,7] GeV (BM V)

Resolving the tension between F, extracted from J/1-decays
assuming the leading photon exchange hep-ph/0409080
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A flavorful Z’ of O(10) GeV?

* Constraints in BM Il from v(2s) — 7+7:
Similarly as ¢; — 7wt 7 ~, using B(y(2s) — 7t7~) from PDG:
Mz < 2.2GeV or [4.0,4.8] GeV

very close to the windows implied by F,.
* Constraints from J/1(1s) — nothing:
Using B(J/(1s) — nothing) from PDG:

My < 0.7 GeV

in conflict with F, windows, or the BSM neutrino mass
m, > mJ/w(ls)/Z to forbid the decay kinematically.
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@ The data from LHCb require a huge amount of U-spin breaking.

o Explaining the data poses a challenge to model building, given
the low NP scale and the severe constraints.

@ A e & pu—phobic light Z’ can explain the U-spin-CP anomaly.
o Signatures & search channels:

CP asymmetries in D° — 797% and DT — 7%+,
Low mass dijets Z' — qg.

Enhanced DD, 7w, 77 production.

Dark photon searches

Invisible & hadronic D decays

J/1, ¥(2s), T decays

Thank you for your attention!
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BACKUP
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From gauge to mass basis via rotations

o Rotations: 4 unitary matrices, ViV, =V v, = Ul U, = U] U, =1
(u))i= (V)i (), (ug)i = (Uu)i (ur);

()= (Vo)s (dh);» ()i = (Ua); (dw); -

e Z’ Lagrangian for charm FCNCs (in the mass basis):
Lz D (g,f’c l_lL'YHCLzL + g5 ER’y“cRZ"L + h.c.)
+ g/ div*diZ), + g dry*drZ),
+ g/ 8uv"s.Z;, + g, SRYM SR Z,,
+ > (el e+ 2 TRy er) Z,,

l=e,u,T

d, d, Z Z
gL5=g4 FQLZ’ gRs=g4 Fdl,za gf(=g4 FLN gf?fzgll FE@

@ Avoid strong constraints in the kaon sector —

g;_’c = g AFLA‘ ‘g;?’c = 81 AFR sin 9“ COS 91, ei¢R

with AF, = Fg, — Fg, and AFp = F,, — F,, .

1
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|Ac| = [Au| =1 FCNC couplings g%

@ Avoid strong constraints in the kaon sector —

cos®P, sind,

Vekm = VJ — (‘/CKM)ZX2 = (—Sil‘l ®, cosd,

), sind, = A~ 0.2.

cos 0, sin Q,e ' PR
— sin 0,e' PR cos 6,

(Uu)2><2 = (

o After rotation:

) — ’1 CP-phase in RH up sector

g = g1 (Vekm Fo Vim)12 = & (Fg, — Fog,) sin®, cos ®,,
g;;'c = 84 (UlT, Fu Uu)12 = & (Fuz - Ful) sin 6, cos 6, el R ’

o CP violation BSM generated by RH up rotation in gg°,

g =g DF \| gi° = gaAFg sin6, cosb, e P’

with AF, = Fg, — Fg, and AFr = F,, — F,, .
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Four-fermion operators

New U(1)’ charges require new operators, like EW penguins.

High-energy scales

8 additional operators:

Q = (Tc)v-nY  Fua(@9)via Q = (Tc)via Y Fo (@q)v-n
q q
Qs = (Tacs)v-a Z Furd, (@39a)vea . Q= (Tacs)via Z Foi (G89a)v-a,
q q
Qo = (Tc)v-nY_ Fo (@a)v-r , Q= (T)v+a Y Fud (39 v4a ,
q q

Quo = (TaCs)v-4 Y _ Fo (@s90)v-n, Qo= (TaCs)via Y Fu.a (@sGa)vsa,
q q

with g = u,c,d,s, b and «, 3 are color indices.
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Matching and RG

Matching condition at high-energy scales:

c q
=) Gr =) 30 ’ 7
G’ ElLor=——14» Q) =Ly| = Z
V2 o
7] q c q
~ V2 gigl = V2 gagtt =
Cro(My) = Y2 Clo(My) = Y2 c" (My)=0.
7,9( Z) Gr 4I\/l§, s 7A9( Z) Gr 4M§, ’ 8,10( Z)

QCD plays a role at low-energy: RGEs mix different operators

(%a)aﬁ (%8)75 = 60‘5 6/37 - Nicaaﬂ 576

Anomalous
dimension C(me)= 0829C" (M),
= 7 = CP(me) = 1.224C (M),
CO(me) = 1.404C (M)
CY(m.) = —0.718 C{" (M)
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Estimation of hadronic matrix elements (HME)

Factorization of currents: Q; = (9171 92)(§32qa)

<P+ P" Qi D°> = <P+‘ (@171 q2) ‘0> <P_’ (@372 qa) ’DO> Bf"P

where B,F‘ P” parametrizes the deviation of the true HME from B;P+P— [naive = 1.

After Fierz identities in the flavor and color space:

(PtP| @

DO> = (factor) x (HME-yee)

Penguin

. . HMEpengui
then it cancels in the CP-asymmetry: Acp o —r i,
HMEyec

What does the “factor” contain?

o Chiral factor (Hadronization):
o Non-enhanced: Q9,10 (PP~ QU —AX(V+A) D) o 2M3
o Enhanced: Q7 ' e (may +Map)
e Color factor (Fierz):
o Non-suppressed: Qs,10 (";)aﬁ (/\73)75 = 00503y — Nicéaﬂ 35
o Suppressed: Q7.9
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ng constraints

Same couplings as rare

@ Amplitude: |(D°|HA2D") = My, — %ru |Ac| = |Au| =1 decays!
@ 3 physical quantities: u ¢
xip =2 M2l -y, = el gy = arg("é‘;) . V4
@ Require NP contributions to saturate
the current world averages (HFLAV): _ _
c u

NP NP i NP .
Xy < X1z, X1p SIn d)lz < xq28in @12 ‘

m 14
@ Constraint from xj3: "67 o
A

2
‘(guc +(guc) Xgc gt <6-10- 7(Mz/)

=¥

TevV

4 7 77 .
Avoided via aligment: g/ ~ X gg° /y/ 102
&z )

°
H uc uc / 8 ﬁ
@ Implies: Arg(gi) ~ Arg(gy) © 2 //// ZZC]Q
@ BUT kaon constraints kill Arg(g;)! T A /// 6=
: Z 2}
@ gc=0 — AF, =0 — Fq = Fg,! ‘\;2// 4
+: Model 2 with AAYE ~ 103 s
0 02 04 06 08 1.0 12
AFR =12, ¢p ~ /2, ga/Mz ~ 0.38/TeV, 6, ~1-107% . g1/ Mz (TeV 1)

. Gisbert (U. Padova & INFN) The U-spin-CP anomaly in charm September 18, 2023



U-spin patterns in D — nt7n—, KT K~

@ U-spin symmetry: invariant under d <= s.

o Obviously is broken (by Mp and fp, 7+ = ud and Kt = u5).
e Z' model: U-spin breaking arises for Fo, # Fqg, or Fg # Fg,!
@ U-spin sum rule (broken dUpreak < 30 % 1308.4143):

Acp(D® = KTK™) + Acp(D® — 77w ™) = 0 + JUpreak

3 = [
RN 0.0
2 AN
k= SN = 5
S N = —0.5
. SO -
| S N
! \ -
=0 o > Lo
£ == U-spin limit =
= —— model 2 9]
85 —17 — model 5 < —-15
= model 9
-2 model 10(z) '
AHFLAV 90 |
8 - 2025000 025 050 0.7
- () - 10%
-2 0 P Acp(n*77) - 10

ARR(ra) - 10°
Future experimental projections over
Green and gray bands are the 1o model 10(u). Ligher (darker) bands
experimental world averages (HFLAV). correspond to LHCb Run 1-3 (1-5).
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]

Isospin breaking patterns in DT — w7

o Isospin symmetry: invariant under u <= d.
e Softly broken (10% by m, # my and QED corrections).

e Z’ model: Isospin breaking arises for F, # Fg,!

2
g ~
AEIPP(TI‘+7TO) ~ M4 AFgr dy (Fdl - Ful)

2
zl

Models 9 and 10(u):

A (¥ 70 ~ (1 —2) - AAY

for AAQPP ~ 1073 is within the projected sensitivity of Belle Il,

U(ACP(W+7T0))Be||e n=1.7-10"3 for 50ab~! .
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Constraints from invisibles data

e Missing energy can stem from vg and/or vector-like dark
fermions x charged under the U(1)’ only.

o B(D® — w0 + inv.) is constrained by BES 111 (2112.14236)
B(D® — 7%inv.) < 2.1-107*(90%C.L.).

Neglecting finite m, corrections

~ 2
2m2A 2D FRF,
B(D0 — 71'01/17,)()2) =~ T <g4 R V’X>

2.2 2
GFae Mz/

o Following a similar procedure as the dilepton constraints

Fuxl S 110 |Fy|

for my,, < mp/2 =~ 0.9 GeV.
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Can we avoid them? Setting them to zero?

o If the Z’ does not couple directly to e and u, one can still
induce a small coupling € from Z’ — ~ gauge-kinetic mixing

_n

V1 —n?

e ¢ is also related to the parameter p = My /(Mz cos 8) which
from global fit of electroweak precision parameters leads to

LD —3F*Fy, — 322, — JF*Z

pro €= T

0

(p) =(3.84+2.0)-107* — |e(Mz)| <4-107!

P /np

e n cannot be switched off at more than one scale, so it has to
be compatible with |¢(Mz/)| < 1073. Using RG evolution, the
U-spin-CP anomaly requires

10e My, M
(M) — e(Mz)| = 28 zl( z

n >1073
7\'2 TeV Mz/

o p & Z' — £ constraints can be avoided if |¢(Mz)| ~ O(1072).
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Fun with Diophantine equations!

If Z’ directly couples to e or p (like BM 1V)? Can we find solutions
anomaly-free such as

FeLz,Ll,z < 1 2

Fq ™ 750 °
The gauge anomaly cancellation conditions (ACCs) read

2FQ) — (Fu) — (Fa) =0,

HFo) + (F1) =0,

(FQ) +HF1) — 8(Fu) — 2Fy) — 6(Fe) =0,

6(FQ) + 2(FL) — 3(Fu) — 3(Fa) — (Fe) — (Fu) =0,

(FQ) = (FD) = 2F0) +(Ff) + (Foy =0,

6(FY) + AF}) — H(Fp) — H(F) — (F& — (FL) = 0.
In addition, avoiding Z’ — Z kinetic mixing at one loop requires

(Fa) = (F1) + 2(Fu) — (Fa) — (Fe) = 0. ()

First, we focus on those equations that are linear with trace charge
matrices, that are Egs. (1),(2),(3),(4), and (7). Solving them,

(Fa) = —~(F) = 3(Fa) = —3(Fi) = —(Fo) = —5 (%)
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Fun with Diophantine equations!

Setting Fg,,, = 0 to avoid kaon constraints, makes all charge
matrices traceless, (Fa) = 0.

Let us work on the remaining Eqs (5) and (6). To solve the problem
mathematical relations between (F,), (F2) and (F3) would be
helpful. For 3 x 3 matrices holds (Cayley-Hamilton relation)

3 1
(F2) = S(FRFa) + 5(Fa)® = 3det(Fa) = 3 FaFarFa

It follows from (Fa) = 0 that (F3) vanishes if one charge vanishes,
then Eq. (6) is trivially fulfilled. In general,

Fa = Fadiag(+1,-1, 0), A=u,d,L,e,v

where Fj are integers. The ordering (4+1, —1,0) can be changed.
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Fun with Diophantine equations!

It remains to solve Eq. (5), which now simply reduces to
Fi+F2=F2+2F
Setting F. = F; = 0?7 Only the trivial solution F, = Fy = 0. Let us
simplify by setting just F; = 0:
F2+ F> =2F?> — (F|J|F) = F?

with |F) = (F,, F4) and 7 - (g _01) . The first non-trivial solution,
(F4, Fe, F,) = (1,1,1), is

(FolT|F) =1, |Fo) =(1,1). (8)

Are there more solutions such as F, < F,, F4? One possibility is if a
transformation 7 — J’ = UT J U = J by a 2 x 2 matrix with
integer entries U, leads invariant Eq. (8) so that we can generate
recursively solutions

|Fi) = (V)" |Fo)
which could get enlarged while keeping F. fixed.
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Fun with Diophantine equations!

This matrix needs to satisfy

Un U\ (2 0 Uan U\ _ (2 0
Uy U 0 —1/\Un Uxp/  \0 -1/~
The smallest integer solution reads
3 2
u=(32).
We then find the solutions
|Fl> = (577)3 |F2> = (29741)7 |F3> = (169,239),
|Fs) = (985,1393), |Fs) = (5741,8119), ...

To avoid e & p constraints, we need solutions |F;) with i > 4. In
our analysis, we considered the solution i = 4 for BM 1V,

[(Fa, Fe, Fu) = (1393,1,985) |

with zero neutrino charges F, = 0.
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A flavorful Z’ of ©(10) GeV?

@ The scale required points to a light Z’ (large couplings get in
trouble with perturbativity).

e Long-lived Z/ — e~ et, u~put searches provide severe
constraints in the 1-100 GeV range (1801.04847 & 1910.06926).
L. =—ceJ! AL

1 Illlllll 1 IIllllll 1 IIlIIlII

-2 -1
10 10 1 lom(A’)[GeV]

e Small e & p couplings (stronger than rare decays & DY).

H. Gisbert (U. Padova & INFN) The U-spin-CP anomaly in charm September 18, 2023



Branching ratios of the light Z’ bo

Model light quarks| b c e I T VR
BM 1|, =2.5 Gev 75 0 0 0 0 0 25
BM 11|, =15 Gev 38 0 37 0 0 12 13
BM III-8| a1, =2.5 Gev 86 0 0 0 0 0 14
BM III-8|ar,, =15 Gev 75 0 0 0 0 12 13
BM IV, =5 Gev 79 0 21 0 0 0 0
BM IV|ar,, =15 Gev 54 28 | 18 | 0 0 0 0
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Smoking gun signature for ete™ machines.
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High energy behaviour
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FIGURE 1: Scale of the Landau pole for BM IlI (blue), depending on the Mz, mass. An
uncertainty of 30% is considered for afrhr (blue shaded area). The shifted central value
is also shown if one dark fermion is included (solid green line). The red shaded area is
excluded, as pp < Mz/. The preferred range by CP-data is shaded in green. The yellow
band indicates the pp regime an order of magnitude around the Planck scale.
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