Rare charm decays as probes of New Physics
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Charm physics is exceptional

© Unique window to explore FCNCs in the up-sector!
@ Non-perturbative dynamics — “Null tests” observables O £+ 6 O

Bird’s-eye view of the playground:!
o SM symmetries: Ogp = 0.
e Small uncertainties: Osnm > 6 Osw.
o Large hadronic effects to enhance small NP contributions.
e Sensitive to specific NP.

@ Very efficient GIM mechanism: }~; \; = 0 with \; = V;V,;.

c u

A
65,6\ .5 b = Z Aifi = As {(ﬁs —fq) + )\*b (fp — fd)]

4 i=d,s,b s

f T m(/Ae) ~ 103 ‘BRs (Acp) are loop-(CKM-) suppressed! ‘

i
(47)2 Mﬁv !

Formidable place to search for BSM physics!

11510.00311, 1701.06392, 1802.02769, 1805.08516, 1812.04679, 1909.11108, 2004.01206,'2007.05001, 2009.14212, ...
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EFT approach to charm physics

© Dynamical fields ¢; at pgw: qﬁ?M =g, ¥, g,...
@ Symmetries to build all 0j(¢;) up to (p?/uy)", Hei =Y, C: O;

Of = (W T°q)(@" T et), OF = (Gyuq)(@n ), g=4d, s,
me ,__ v
07 = ==(@u(m o k) F* Oy = (@erymace )(@" (15) ),

’ — 7 1 — vl v
0§1p) = (@ cr )T (15)€), Or(15) = 5 (@o )T o™ (15) ).

© Compute C;(pew) to avoid large as(ttiow) log(12,,/ 12)-

Mgy = 0 + GIM mechanism —- C7s,'_g:10(NEW) =0!

© RGEs to go down pyow = mc (2-step matching at ugw and my).

o Penguins generated at © = m,.
o 07,9 mix with Oy, but Oy not = C?'g”(u,_-) # O&C M(uc) =0

© (Oi(tow)) from non-perturbative techniques (Lattice, LCSR, ...)
Q@ Include resonances: Breit—Wigner distributions + exp. data.
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Rare semileptonic charm ¢ — u £7£~ decays

o Dominated by resonances

eg. DY — wt utpu~

from D — wM(— ££),

71078
L : eff R SM o R
& 10 P A i G <G -G =G
= 7 7 .
< 0 @ Current data still allows for
N large NP effects at large ¢2.?
+,
+:< 10-1 BD+—>"+H+M_ < 6.7 . 10_8, 90% C.L.
7
—13
10 e Exp. close to R curves, NP
2107 7 3 p searches in BRs are difficult
¢ [Gev?] (NP xR increase 6Biheo)

@ 1909.11108 (D — P ¢¢) e No NP— QCD tests!
@ 1805.08516 (D — PP, ¢0) 3LHCb talk of Dominik Mitzel at FPCP 2020.

Blhighgz % 10° SM Co(10)=0.5 Csip)=0.1 Cr(r5) =05 Co=+Cp=05

DY —» wtutu~ 0.1...1.7 1.9+0.1 0.48 +0.04 1.1+0.2 3.9+0.2

35+35 1.4+0.8 23+15 5.6+ 3.6
Df — KTptp~ 0.03...0.3 0.40 £+ 0.05 0.15+0.07 0.15 £ 0.05 0.8+0.1
0.8+0.7 0.3+0.2 04+03 1.2+08
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esting lepton universality with ¢ — u£7£~ decays

e LU can be probed in ¢ — u£*t¢~ (same as B decays)

2
Amax dB(D — PH+/J'_) )
dq
@ dqg?

'min

RE:

o dB(D — Pete”)
—— " ‘dq
dqg?

e

min

@ Same kinematical limits — Cancellation of had. uncertainties!

o Well control of SM prediction: |RB|sm =~ 1

~

e e.g. DT — 7T £T4~ 1909.11108, see 1805.08516 (D — Py P, £+£™)
o full g2: insensitive to NP.

o low g?: poor knowledge of resonances — sizable uncertainties.
e high g?: induce significant NP effects.

NP effects at low q2 are huge. With more exp. data, uncertainties could be reduced studying resonance effects.

SM | Co| =05 | |G| =0.5 | |Co| = £|Cro| = 0.5 | [Cs(pyl =0.1 | [Cr| =05 | [Cys| =05
full ¢> || 1.00£ O(1072) | SM-like SM-like SM-like SM-like SM-like SM-like
low g2 || 0.95+ 0O(1072) | ©O(100) 0O(100) 0(100) 09...1.4 0(10) 1.0...5.9
high % || 1.00 £ O(1072) | 0.2...11 3...7 2...17 1...2 1...5 2...4
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Testing lepton flavor violation with

c — ulte— (L #1L) decays

o Forbidden in SM! Any signal would cleanly signal LFV!
e Extend LFC EFT via £ Apjrac £ — £ Apirac £’.
e Experimental bounds:?

B(Dt — nte put) < 2.2.1077, 90% C.L.
B(D}f — Kte put) <9.4-1077, 90% C.L.

1909.11108
571077 a1
T/; B Kool =05 '.>® Ko =05
O o8] m— - | =005 S s . K (p) =005
ol | K rs)| =05 ~ — . K s)| =05
&) | G 1K =Kl =05 s e 1Ko] = K] = 05
=107 ) =107 X
) 1 T /——\\
j:“ 10710 — t“J 10-10 | \
& / \ L r ’_—\
JlO’“ / T 10-1 /
+om

S g/
8912 9 12

0 L 2 ° 0.0 0.5 1.0 1.5 2.0

¢ [GeV?] ¢ [GeV?
2

LHCb talk of Dominik Mitzel at FPCP 2020.
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CP-asymmetries in rare charm decays

CKM suppressed in the SM! — Im(\p/)s) ~ 10731

‘Hadronic decays‘ ‘Semileptonic decays‘
r(D° — f) — (D" — f) ) 1 <d|’ df)
f) = A = | — — =
Acr (1) r(D° — )+ (D’ — f) ce (@) r+r\de> dq?

@ Not measured! 190911108
1.0

o AAcp =Acp(K+Ki) — Acp(ﬂ'+ﬂ'7)

Resulfs $
LH 19.006 . 05

AAT, ST = [218.2 = 3.2 (stat.) £ 0.9 (syst.)] x 107
AALL S = (9 £ 8 (stat.) £ 5 (syst.)] x 107

Acp [GevY

« Compatible with previous LHCb results and the WA
« Combination with LHCb Run 1 gives:
—0.5

-1 1.00 1.02 1.04 1.06 1.08
¢ [GeV?]
Moriond EW 2019 DF — K*tptp~
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AAcp predictions in the SM

DAY =~ r sin ¢ckm sin dqcp r = rckm rqQcp
@ sin pckm ~ Im(Ap/Xs) ~ 1073, 7r K
@ sindqcp ~ O(1), large strong phases. 0
@ rckm = % =1, ratio of CKM factors.
¢ K

e What is the ratio of rescattering rqcp? "
Light Cone Sum Rules (LCSR) Low energy QCD

rqco ~ O (%) ~ 101 rqco ~ 1

SM -3
AAY ~ 10~* AAcp ~ 10
Not explains exp. value Compatible with exp. value

SM prediction of AAcp is not well established!
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AAcp from a different perspective

e Theoretical description of hadronic modes is challenging!
e Value of AA(SZ'I‘," depends on who you ask!
o Assuming AAZY ~ 107%,
AAY, ~ 1073
NP effects should be observed in other observables!
o ldea:

Null tests + correlations with other modes!
—_——

Symmetries “softly” broken
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CP-asymmetries and future sensitivities

Plan:
© Explain AAcp with a quite generic BSM extension.
@ Patterns from hadronic decays: U-spin and isospin breaking.
© Work out experimental projections:

x10~% Data OLHCb 1808.08865 O Relle || 1808.10567
AAcp —15.4 £ 2.9 1903.08726 1.3(0.3) -
AAHETAY —16.4 =+ 2.8 100012524 1.3(0.3) -
ACP(DO K+K7) —9 4+ 11 1000.12524 3(0.7) 3
ACP(DO — 7T ) —1+ 14 1900.12524 3(0.7) 5
Acp( — m0r ) —3 &+ 64 1900.12524 - 9
Acp(DT — 7t 0) +290 4 290 =+ 30 o906.3108 - 17

Acp and future sensitivities o at LHCb Run 1-3 (Run 1-5) and Belle Il with 50 ab™*.
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A rich phenomenological BSM extension: Z'—models

e Gauge symmetry: SU(3)c x SU(2), x U(1)y x U(1)
——

o Representations: &

Qi=(3’2’1/6’FQi) ’ ui=(33192/3’ FU;) 9 d; = (3’1571/3’ Fdi) 9
Li=(,2,-1/2,F)), e=(,1,-1,F,), vi=(1,1,0,F,).
e Z’ Lagrangian (in the gauge basis):
Lz=g Y Y Fy, (@iv"¢i)Z,, ¢v=Q,Ludev.
i
e Charge F, assignment:

e Guarantee anomaly-cancellation.
e Avoid kinetic mixing at one-loop.

model Fa, Fu, Fa, FL, F., F,

2 |3 3 6| 8 4 4|-10 10 0| 6 5 1] 0 0 0[]0 0 0
4 |1 a1 21 2 1| 0 0o of-1 1 o2 2 o0]|2 -1 3
5 |1 -1 2| -1 2 1| 2 -1 1| -1 1 o0]-1 1 0[0 0 0
9 |o o o0|-11 -2 13| 7 7 -14| -8 3 5| -6 16 -0/ 0 0 0
10 [0 0 0|13 6 7| -1 -14 15|-15 15 0|-14 18 -4/ 0 0 0O
0 |0 0 0[-13 6 7| -1 -14 15|-15 0 15|-14 -4 18| 0 0 0

H. Gisbert (TU Dortmund) Rare charm decays as probes of New Physic October 6, 2020 11/22



From gauge to mass basis via rotations

o Rotations: 4 unitary matrices, Vi vV, = V! v, = Ul U, = U] U, =1
(up)i = (V)i (w); » (ug)i = (Uu); (UR)J s

()i = (V)i () s (di)i = (Ua) (dn)s - | Vexw = V] Va|
e Z’ Lagrangian for charm FCNCs (in the mass basis):

Lz727D (g,’_‘c L'IL'y“cLZ’ + g5° ITIR‘Y”'CRZL + h.c.)
+ g divtdiZ), + gf dry"drZ,
+ g/ suv"sLZ), + g SRYMSRZ),

+ > ( Oy + g ER‘)”%R) z,
L=e,u,T

d, d, ) )
g =giFq., 8r° =8 Fa, &'=giF,, &gx=2giF

@ Avoid strong constraints in the kaon sector — m
g =8gaAF \| gp° =gy AFg sinf, cosb, e' PR

with AF, = Fg, — Fo, and AFg = F,, — F,, .

1
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Z'—effects for AAcp

DAY = A (KYK™) — AEE (x*m7)

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

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

2 _
> sin pr AFg [C,T Fq, + dr Fd1]

A% (v ) ~ (e

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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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
Xy < X125, Xy singy; < xipsin ¢ ‘ - 14
. . 7
@ Constraint from xi: , ’I /f / 12
uc uc)2 _ ¥ guc uc <6-10- 7 ( Mz ﬁ ‘ A A
(1) + (g#°)* — X gt (Tev) 1 r 77 L=
@ Avoided via aligment: g/ ~ X gg° /// 9
I . / N o
@ Implies: Arg(gi) ~ Arg(gy) © 2 //// 8 %55
<
@ BUT kaon constraints kill Arg(g;)! x A /// 6=
‘ N 1247,
0 g/°=0— AF, =0 — Fg = Fp,! 4
+: Model 2 with AAYE ~ 103 s
0 02 04 06 08 1.0 12
AFR =12, ¢g ~ /2, ga/Mz ~ 0.38/TeV, 6, ~1-107%. g4/]\/[Z,(TeV‘1)
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U-spin patterns in

@ 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 Fg, # Fq, or Fy, # Fg,!

@ U-spin sum rule (broken § Upreak < 30 % 1308.4143):

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

31
\\

2R
o \\
g R
. 1 ~
—_ N
J N
< :
L = = U-spin limit
= — model 2
28 —17 —— model 5
<

model 9

-2 model 10(yz)
_— ALY '
_3 o

-2

0
ARR(ra) - 10°

Green and gray bands are the 1o
experimental world averages (HFLAV).

0.0

—0.5

-10°

-1.0

Acp(KVE™)

-1.5

-2.0

—0.25

0.00 0.25 0.50 0.75
Acp(nta™)-10°

Future experimental projections over
model 10(u). Ligher (darker) bands
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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Further opportunities: Semileptonic decays vs AAcp

g Share same couplings! g
>V\< @ g
c Y

uc e
V2 &L ELr

V2 Elre B
(MZ/)N GT: 4MzZ, Cy! 10(Mz)) =& oz,
10!
e Z'-models: M
10°
Im(Cg/1p) ~ ﬁ - AAN 3
/10 9/10 cP = S ===
f 2 Gr S e 9
where 10724 47 — model 2%, —— model 10 3"
4 model 945" — . model 10 3}’
B Fe,:Fy, ‘ / model 9 314 model 1061,
9/10 = - = . 10-3
/ cx Foy+dx Fay—Cx Fg, —dx Fay AT o R 2
[AAND| - 10°

Large AA'(\:'PP implies large effects in ¢ — uf*£~, and viceversa.
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Rare charm dineutrino modes ¢ — uvv

e ¢ — uviv are GIM-suppressed in the SM:3

Any observation would cleanly signal NP!

o Well-suited for et e —colliders such as Belle Il and future FCC-ee.

@ What is the new physics reach?

he  flc— h) N(ho)rccee N(he)Belie 1t

x Fragmentation fractions /(¢ — h.), 150001061  D° 0.59 610 8-10%°
D+ 0.24 3.101 3.10%
+ Number of cC: Abada:20191ih DF 0.10 1-10M 1-10%0
NS 0.06 7-10%° 8- 10°
o N(C(_Z)Beue n=65- 10° for 50 ab™*.
o N(cT)rccee = 550 - 10°. U
* N(he) = 2f(c — he) N(cg). N(h;) ~ 10111

3 hep-ph /0112235, 0908.1174
H. Gisbert (TU Dortmund)
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Link neutrinos to charged leptons modes via SU(2),

Boc > (1677 +1cg7?) = Trlel ¢/ + cHed]
v=i,j
= Tr [KPELT+ KRR + 00 = 3 (IKP7P + 1K8717) + o)
(=i j

© SU(2) relates up, down, neutrinos and charged leptons.

><c““ - >< ><c:~ - ><

@ Mass basis: ¢/ = WTKP W+O( , CY=WIKEw
© Unitarity WWT = wiw =1

e utt]——[c— uvp[+——|[d > s ]

* Independent of PMNS matrix and subleading O(\) corrections!
* Prediction of dineutrino rates for different leptonic flavor
structures IC',{’R can be probed with lepton-specific measurements!
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Possible leptonic flavor structures for KJZ,R

i) Lepton-universality (LU).

o o x
o x O
= o o

ii) Charged lepton flavor conservation (cLFC).

kki 0 O
0 ko O
0 0 k33
iii) IC'Z’R arbitrary.
kin kiz ki3

ko1 ka2 k23
k31 k32 k33
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Upper limits on dineutrino modes

can probe lepton unversality!

e Bounds on lepton specific WCs for £,¢' = e, u, 7.4

|IC/"ZM| ee g TT €| er  uT
s—d||KP?[35 19 67 20 61 6.6
c—ul |KZ¥ |29 16 56 16 47 5.1

x =3 R'" < 34, (Lepton Universality)
x = R®* 4+ R‘' 4+ R™™ < 196, (charged Lepton Flavor Conservation)
x=R* 4+ R4+ R+ 2(R" + R*" + R'") < 716.

LU is fixed by the most stringent bound (muons).

*From high-pr bounds: 2003.12421, 2002.05684
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Dineutrino branching ratios upper limits

B(he — Fuvo) = A'_:_”Fx+ + AhF x| xy = Z|Ctlu icg"f|2 <2x.
isj

N,‘ = ’l’}efFB,' N(hc), N(CE)Be”e n= 65 - 109 for 50 abfl, N(CE)FCC—ee = 550- 109.

he = F Brg* Bage B NI metr NOE/mest N™ /17ese
[1077] [107¢] [1079]

DO — 70 6.1 35 13 47k(395k) 270k(2.3M) 980k (8.3M)

Dt — 7 25 14 52 77k(650k) 440k(3.7M) 1.6M(14M)

Df = KT 4.6 2.6 9.6 6k(50k)  34k(290k) 120k (1.1M)

DO — 7070 1.5 0.8 3.1 11k(95k)  64k(540k) 230k (2.0M)
D0 —atn~ 28 1.6 59  22k(180k) 120k(1.0M) 450k (3.8M)
D° — KTK~ 003 002 006 0.2k(1.9k) 1.3k(11k)  4.8k(40k)

AF = pt 18 1 39 14k(120k) 82k (700k) 300k (2.6 M)
=F oyt 36 21 76 28k(240k) 160k (1.4M) 590k (5.0M)
D° — X 12 6.8 25 91k(770k) 520k (4.4M) 1.9M(16M)
Dt — X 30 17 63  94k(800k) 540k (4.6M) 2.0M(17M)
Df — X 13 73 27 17k(140k) 95k (810k) 350k (2.9M)
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Final remarks

* Charm physics provide a unique window to explore FCNCs
in the up-sector.

* Null tests put charm physics at the same level as NP tests
in other sectors.

* Plenty of opportunities to probe NP:

e LFV and LU with charm decays.
e Patterns in hadronic decays:

o Softly broken symmetries.
o Correlations with other modes.

e New ideas presented: probes with B(c — uvp).
* Take-home message:

Unique phenomenology, formidable (and
complementary) place to search for BSM physics!

Thank you for your attention!
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BACKUP
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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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Beyond the usual 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:

Cc q B
- Gr ~() = u q
C,'(/) <= | Lt = — E Z Ci, Q,() =Lz | < >Zv/\<

7] q c q

= V2 giglt = V2 giglt o)
Cro(Mz) = — Cro(Mz) = — C Mz)=0.
7,9 ( z ) Gr 4 M%/ ) 7,9 ( z ) Gr 4 M%, ’ 8,10 ( z )

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

(%a)aﬁ (%8)75 = das 6/3’7 - Nicéaﬂ 576
Anomalous

dimension C7(') (mc

) (
= 2 = Gm)= 124G (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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10 10°
30 3a
5a _ 50
T 10 T
o
MUI"" 10 10 107 10 10~ 10! mll\' 0 10-° 10-% 10-7 10-% 10°° 10!
B(D" - Fvv) B(D* - Fuv)
10" T
1
|
| fECe =107 B (D = K* K~ vv)
|
3 ) =107 Bige(D" = K* K- vw)
50 i e <1 BX(D" — K* K~ vv)
] gt <1 B (Dt =)
! 0 0
\ 1 — B (D= rlvw) L gD o twp)
107! 1 e
\ | . By.(D" = v max ( [)+ -
\: ‘”‘:«(“ YE) e BS(DF i)
b -== B(D B\ - pri)
! max (10
i By (D B (A = prv)
| Bige(D" — 7) . B"(Af > pup)
\ B (D - 0
|
T T | R A U
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