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EFT at the Charm SCa |e de Boer, (2017), PhD thesis, TU Dortmund

What is the difference between b — s and ¢ — u penguins?
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What is the difference between b — s and ¢ — u penguins?

Light quark masses need to be set to
zero at puw

Effective GIM-mechanism kills C79 10
at pw

C?g are induced by RG running to pc
ClO(,uc) =0

10th International Workshop on Charm Physics June, 2021 3/19


https://eldorado.tu-dortmund.de/handle/2003/36043?mode=full

technische universitat

dortmund Introduction
. Re
I
0.000 04
;_E ;@ 0.2
8_(J‘U(’2 &
0.0
—0.004 . Re
e Im _02
0.0 0.5 L0 L5 0.1 0.2 0.3 0.4
¢* [GeV?] ¢* [GeV?
G o » Primed operators obtained
Iz e 7~/
Heet D ——— — (GO + G o) + C,‘O,-] 9 H
V2 4n 15T sp i:TZ,TS with L < R
07 = E(H o C )FP’V eﬁ‘ . - .
o HTMEERIT » (79 remain tiny in the SM
Og = (drypuer) @y e), 01 = (@rvuer)(@v*vs0) .
05 = (@LcR)(T0). 0p = (@Lcr)(Ers) > All other Wilson
or = %(anc)(?a“”e),ors _ %(anc)(ia“”vsz). coefficients are zero in the
SM
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» SM contributions dominated by long range dynamics
BM(he — htT07) =~ B(he — hyM(— £1¢7))

> M = p(770), w(782), $(1020), ...

» Parametrized by a sum of Breit-Wigner contributions (fit from data)

2458

CQR(q2) = aweiéw ( 1 3

q2—m2 Fim,Ty, q2—m,2,+imp|'p

)+

q2—m3)+im¢l'¢ :
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Rare charm decays observed only at the resonances, for the rest of
the signal region U.L. are available at 90 % C.L. (see 2011.09478)

B(D® — ptu~) <6.2x107°
B(Dt — nfutu~) <6.7x10°8

B(Df — Ktputp~) < 1.4 x 1077

(I)

(
(
(D° - 7t~ ptp~) < 5.5 % 1077
B(D® — KtK—putp~) <33 %1075
(

B(Ae — putp~)<7.7x1078

Direct bounds on WC's from B(Dt — atputu=), B(D® — ptu~) imply
Cs,p SO(0.1) G107, 75 S O(1)
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Overview null test
strategies
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NP searches in branching ratios are difficult. Instead define null test
observables where Slgna| <~ NP

> Angular observables, CP—asymmetries, LU ratios, LFV and
dineutrino modes
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NP searches in branching ratios are difficult. Instead define null test
observables where Slgna| <~ NP

Angular observables, CP—asymmetries, LU ratios, LFV and
dineutrino modes

Why study different modes? Why baryons?

Complementarity:
D — P{T ¢~ sensitive to |C; + C!|2

Ac — pltL~ sensitive to both |C; £+ C/|?

Possibilities:
# of angular observables increases with spin structure and # of
hadrons in the final state

(Future) global fits help to disentangle QCD and NP

v
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dB(A. — put ) /dg? [GeV~2)

106

107°

10-10

10712

Ae — putp~
0.0 0.5 1.0 1.5
¢ [GeV?]

LHCb upper limit at 90 % C.L. with
440 MeV cuts around known
resonance masses, then extrapolated
to full g2 region

Bruch(Ae = putp™) <7.7x 1078

Including form factor and resonance uncertainties and integrating the LHCb search region

BM(Ae — pptp
BSM(E—CF N Z+N+N
BME0 — 50t~
BM(Q0 — =0yt~

) (1 9—1—1.8)>< 108

) ~ 1.8 x BM(A — pptp)
) ~ 0.4 x BSM(Ac = pptp)
) ~ 1.3 x BM(A = pptp”)
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From twofold Ac — put ™ decay distribution: = % (K1ss sin? 0y + Kice cos? 0y + Kic cosfBp), we define

dr
dq2d cos Oy

the lepton forward-backward asymmetry

Afg = 1 /1—/0 dr dcosé?—3 Kic
BTAr/de? [Jo  Joi) dePdcost T 2 2Kigs + Kice

Kic contains CoCyg, C5Cy, and C7(/) Cfg interference terms = no SM.
Complementary results in D — Pu*pu~

04— Cy = ~Cjp= 05
0.2
£
= 0.0
—0.2
Ae — putp
—0.4
0.0 0.5 1.0 1.5
¢ [GeV)
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From twofold Ac — put ™ decay distribution: m = %(Klss sin? 0y + Kice cos? 0y + Kic cosfBp), we define
q Y4

the lepton forward-backward asymmetry

Arg = 1 /1—/0 ] dcos@—3 Kic
BT dr/de? o Jou) dePdcosfp ' 2 2Kiss + Kice |

Kic contains CoCyg, C5Cy, and C7(/) Cfg interference terms = no SM.
(Normalized to integrated rate)

Complementary results in D — Pu*pu~

04— Cy = ~Cjp= 05
1. . [Cs| =01
. (Cr5| =05
[Coc| = 05, |Cs| = 0.1
. & B (Cu|=|Crs| =05
! |Cr| =05, |Cs| = 0.1
" E ' Cs
= 0.0 o,
2
<
—0.29 0.0
Ao — putp~ Df = Kfutp~
—0.44 -0.5
0.0 0.5 1.0 1.5 1.6 1.8 2.0
¢ [GeV?]

¢ [GeVY]
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Fraction of longitudinally polarized dimuons
_ 2 Klss - chc
2Klss + chc

No null test, but cancellation of hadronic uncertainties in the SM and
highly sensitive to C7(').

Fi

1.0 1.0

0.81 0.81

0.61 K 0.61
i i
0.41 S~ 0.41

0.21 0.2
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Angular observables

Fraction of longitudinally polarized dimuons
_ 2 Klss - chc
2Klss + chc

No null test, but cancellation of hadronic uncertainties in the SM and
highly sensitive to C7(’).
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1 dr  dr Py dl &
dep(@) = —— [ = — ) witn r=/ max A0 OQF acp(e?) = 423
r+r \dg2 dq? 2 . dq? Aoy dr
min dq2 dq2

Strong phase from resonances needed — measurement around the ¢ resonance. S. Fajfer et al. PRD 87 (2013), 5,
054026

» NP weak phase needed. — benchmark Cg = 0.5 exp(im/4).

Binning necessary.

=0
Sy=m
} — | b =7/2
- b =-7/2
-1
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> Increasing hints for LUV in rare b-decays motivate further LU tests
> Similar R ratios can be defined in rare charm decays

» Huge effects O(100) are still possible at high g?

R/\c _ /qrzﬂax dB(Ac — p/~‘+/-‘7)dq2//qr2nax dB(Ac — Pe+57)dq2
q q

P 2 dq2 2 dqz

min min

R ] SM | IGl =05 | [Col =05 | |Gl =|Ciol =05
full g2 1.00 £ O(%) SM-like SM-like SM-like
low g2 094+ 0(%) | 7.5...20 4.4...13 11...32
high ¢? 1.00 £ O(%) ©(100) ©(100) ©(100)
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Increasing hints for LUV in rare b-decays motivate further LU tests
Similar R ratios can be defined in rare charm decays

Huge effects O(100) are still possible at high ¢?

Rhe _ /qiax dB(he > putnT) / /qzmax dB(he > peteT)
q q

P 2 dq2 2 dqz

min min

R || SM | 1Gl =05 | [Co|=05 | |G| =|Ciol =05
full q2 1.00 £ O(%) SM-like SM-like SM-like
low g2 094+ 0(%) | 7.5...20 4.4...13 11...32
high ¢? 1.00 £+ O(%) ©(100) ©(100) ©(100)
v
. . . . D DS D D
Similar results are obtained in R’, R¢*, R, Rgx

v
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Dineutrino modes

Link dineutrino to charged dilepton modes via
SuU ( 2) L in SMEF T 200705001, 2010.02225

Boc 3 (167 +1eg ) = Trlel et + ek eyl
v=i,j
=T [Pt + KRR + o) = 3o (P71 + K57 ) + o)
(=i

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

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

Possible leptonic flavor structures for K o
/) Lepton-universality (LU).

kK 0 O
0 kK O
0 0 k
/i) Charged lepton flavor conservation (cLFC).
kiy 0 0
0 ko O
0 0 ks3
iii) IC'Z,R arbitrary.
kii kio ks
ko1 koo ko3
k31 kso k33
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Upper limits on dineutrino modes can probe lepton unversality!
> Bounds on Iepton specific W(Cs for E,E’ — €, [y T .2003.12421, 2002.05684

|IC/’ZM\ ee  pp  TT €l er T
s—d||KP¥[35 19 67 20 61 66
c—ul||K¥* [29 16 56 16 47 5.1

712 12 ’
> Boox =Y (P + Y P) + O() = S0 R +O()

x =3 R < 34, (Lepton Universality)

x =R + RFF + R™™ < 196, (charged Lepton Flavor Conservation)
x = R £ RME 4 RTT 4 2(R°" + R®T 4+ RMT) < T16.
LU is fixed by the most stringent bound (muons) and the O()) corrections are included
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Dineutrino modes

Blhe — Fro) = AP x + A"F x| xp =3 1eP £ cpi? < 2x.

i

Ni = et Bi N(he), N(cE)gape ) = 65 - 107 for 50ab™ ', N(c&)pcc.ee = 550 - 10°.
he — F By Ba¥c  B™ NI /mewr  NREC/mer N /1pee
(1077 [10°9] [10°9]

DO — 70 6.1 35 13 47k(395k) 270k(2.3M) 980k (8.3M)
Dt — ot 25 14 52 77k(650k) 440k(3.7M) 1.6M (14 M)
Df — K+ 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)
DO —atr= 28 1.6 59  22k(180k) 120k(1.0M) 450k (3.8M)
D% — KtK= 003 002 006 0.2k(1.9k) 13k(11k)  4.8k(40k)

Af — pt 18 11 39 14k(120k) 82k (700k) 300k (2.6 M)
=Hoxt 36 21 76 28k(240k) 160k (1.4M) 590k (5.0 M)
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 7.3 27 17k(140k) 95k (810k) 350k (2.9M)

(EFT breakdown) > Bmax (LFV)> Bmax

cLFC

(LU violation)> By J

Marcel Golz
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Sizable hadronic uncertainties in rare charm decays overcome in null
test observables

Plenty of opportunities — we are only at the very beginning

More null tests with charm baryons not covered in this talk
ACE sensitive to ImCyg

Lepton flavor violating decays

More possibilities
Radiative decays — Nico Adolph's talk in parallel

Four-body baryon decays

Decays of polarized Baryons
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a0 L 10-5 1Q 5.
L 3 B RPV SUSY I
3 10— -~ EEE RPV SUSY II
S10710 = b
R < 1010 W 7' Scenario 2
< —~ W 7' Scenario 1
N U QD ————
8 =
'3 410712
= T 10714 !
= 1016 +
= ST
b 9Q 416 |
< 10
0.0 0.5 1.0 1.5 0 1 2
7 [GeV?] ¢ [GeV?]

LQ's (K = Ki, = 0.5),

SUSY + R-parity violation (Ko = —Kj0 = 0.009),
SUSY no R-parity violation (Ky = —Kip = 0.001),
Z'1 (Ko = K§=—Kio=—Kjp=14-107%),
Z'2 (Kg = Ké = —Kip = _K{O =23 10_4).
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- . (O3 =05
e [Cogl = 05, |Cs| = 0.1 =05, |Cs|=0.1
& 101 . (Cul = |Crs| =0. & =|Crs| =05
L Ol = 05, Cs| = 0.1 L e |Crl =05, |Cs| = 0.1
? (]
S o[ e
-] ==
= =z
< <
0.0
DY = K'tptp~
—0.5 —0.
? 20 25 716 18 20
¢ [GeV? 7 [GeV?]
-
. (G =05 H [Co| =05
H [Csp)| =01

2.0
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mm (Csp)| =01
. (Crers)| =05
0 |Crrs)| =05, [Cs| = 0.1

B (Crers)| =05
o [Crers)| = 0.5, |Cs| = 0.1

25
¢ [GeV?]
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qzmax + q2max =
RD:/ dB(D—>7r,u,u)dq2// dB(D—>7ree)dq2
q q>. dq2

rRe || M | 1Gol =05 | [Cio| =0.5 | |Col = +|Cio =0.5
full g2 1.00 £ O(%) SM-like SM-like SM-like
low g2 0.95 + O(%) ©(100) ©(100) ©(100)
high g2 1.004 O(%) | 0.2...11 3...7 2...17
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SU(2)-link relating dineutrino and dilepton modes
» SU(2), x U(1)y-invariant effective theory (io0s4ss4)

c® c® c oo
Cerr O~ QuQIv' L+ —2-Quur*Q Iy r' Lt~ Unu ULy L+ 5 DyuD Iy¥L

» C§ and K matched via SU(2),-components in gauge basis

¢/ =kP=cP+c) c{=ki=cu

P=kK'=cp-c) cR=kKR=Cu

P going to mass basis: Qo = (ULa, Vagdip), Li= (vii, WilLy)
(V: CKM, W: PMNS)

¢/ =WIKEW+0()), Ci=WKiW |
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Upper limits on x from high-pt

el = wikPewy a wi(kPz

— K7W +0()2),

cor = wikgew J

[KE™| Jee pu 77 e er pr
d—d | [KPp" 28 15 55 11 33 36
s—s | |KP27[]90 49 17 52 17 18
s—d| K227 ]35 19 67 20 61 66
cou| RPE™]29 16 56 1.6 47 51

(2003.12421), (2002.05684)

ee pup  TT eu et  uT
R |21 60 77 66 59 70
OR™ |19 54 69 57 55 63
139 11 145 12 115 133

with r¥¢ = R 4+ 5RY

Marcel Golz

R — |IC512“/ |2 + |1Cg12”,|2,
Rﬁf’ = |;C£’12N' + ,Cg12€€'|2’

’ ’ 7% ’ 7%
SR = 2 AR P2 oDt bt

x=>" (R +6R™), xp = RY

2,0 ey

construct bounds on x = 7= with x < 2x,
x=3rt" <34, (LU)
x=r+r* 477 <196, (cLFC)
X=r€ 4 T 2(r 4+ T 4 rH7) < T716.
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