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The penguins

v
e today: b — suu transition V\\
 SM forbids tree-level diagram

* rare in SM => BSM potentially more prominent

e access to virtual contributions

Anja Beck Warwick EPP Seminar 26.10.23



The penguins

 today: b — suu transition

» SM forbids tree-level diagram u i

* rare in SM => BSM potentially more prominent

e access to virtual contributions

Anja Beck Warwick EPP Seminar 26.10.23 3



The penguins

 today: b — suu transition

 SM forbids tree-level diagram

* rare in SM => BSM potentially more prominent

e access to virtual contributions

Anja Beck Warwick EPP Seminar 26.10.23 3



The penguins

 today: b — suu transition

 SM forbids tree-level diagram

* rare in SM => BSM potentially more prominent

e access to virtual contributions

Anja Beck Warwick EPP Seminar 26.10.23 3



The penguins

 today: b — suu transition "’ u

 SM forbids tree-level diagram d d

* rare in SM => BSM potentially more prominent

e access to virtual contributions

Anja Beck Warwick EPP Seminar 26.10.23



Flavour anomalies

Sometimes maybe a little tension with the SM

Anja Beck

B(BT — Ktutu™) [1.1,6.0] —
B(BT — Ktete ) [1.1,6.0] —
B(BT — K vw)—
B(BY — ¢utp~) [1.1,6.0] —
B(B) = phu™)—
BB — phu~)—
Pi(B" — K*utu™) [2.5,4.0]
P/(B" — K*ut ) [4.0,6.0] —
Ry [0.1,1.1] 7
Ry [1.1

RK(S) 1.1
Ry [0.1,1.1] —
RK*O :1.:_, 60 T
Ryces [0.045,6.0] —
RpK [0.1, 6.0_ T

—6—-5-4-3-2-120 1
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B(BT - Ktutu ) [1.1,6.0)
B(BT — Ktete ) [1.1,6.0] — —o—

Flavour anomalies BB i) - -

B(B; = ¢ptp~) [1.1,6.0] - .-

Sometimes maybe a little tension with the SM
(bs) — uu and (bd) — uu

Pi(B" — K*utpu™) [2.5,4.0] 7 ——
PUB® — K*0u* 1) [4.0,6.0] — ——
Ry :0.:_, 1.1: ] ——
RK :1.:_, 60 ] —
RK(S) 1.1,6.0] —
R o 0.1, 1.1) — —=—
R g0 :1.:_, 60 ] —
Ryces [0.045, 6.0] — -
RpK [0.1, 6.0: ] ——
g-2

b — cCv (tree-level diagram)

1 1 1 1 1 1 "]
—-6-5>-4-3-2-10 1 2 3 4 5 6
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B(BT — Ktutu™) [1.1,6.0] —
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The jungle
| toopRLIon oz 15
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€0 A} = pKuu
50 { .
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Problem A: hadron QCD is complicated + QCD resonances not fully understood

—=— P(4380)

A(1405)
- A(1520)

A(1600)

A(1670)
- A(1690)
- A(1800)
- A(1810)
- A(1820)
-~ A(1830)
- A(1890)
- A(2100)
- A(2110)

gt = oS

2.4 2.
m,, [GeV]

Problem B: unknown phases between the resonances => unpredictable interference

Anja Beck
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Predictions for BF(A" — pKuu)

> ”g 3000 - —— Standard Model
|1 — Cy=—C5™
— 2500 - N Cio = —CSM
) S : 10
== ] — Cg = CEM
= 2000 -
‘—1|E ] CiO — C’ls(l)\/I
1500 - — global fit
1000 - .
: uncertainty on SM due to hadron QCD
500 -

1.5 1.5 1.7 1.8 1.9 2.0
m(pK) [GeV /c?]

possible spread of SM values due to unknown phase differences
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Predictions for angular observables in A} — pKuu

& | full K
% 0.4- ull m(pK) range
IS
0.2
0.0
—0.2-
| cosd,
0.4 -
' J/P(1S) Y(25)

25 50 7.5 100 125 15.0
¢* [GeV? /]

dependence on hadron QCD
and phases mostly cancels

Anja Beck Warwick EPP Seminar 26.10.23

full m(pK) range

—0.2 -
COS Hp

—0.4 -
' J/P(1S) P(25)

25 50 7.5 100 125 15.0
¢* [GeV?/c?]

huge dependence on phases,
some dependence on hadron QCD



What can we do?

 Focus on single state: A(1520) (some QCD calculations available) |HesPaL a1 (2023) 15

« Measure the composition in a high-stats mode: Ag — pKy -

Anja Beck Warwick EPP Seminar 26.10.23 9
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Le single-arm forward spectrometer
Hadron PID (RICH)  [Electron/neutralPID  Muon Stations

VELO '||| ‘
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Le single-arm forward spectrometer
WEGKRE  Hadron PID (RICH)  [Electron/neutralPID  Muon Stations

Magnet
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Le single-arm forward spectrometer
MEGKNE  Hadron PID RICH)  [Electron/neufralPID  Muon Stations

Magnet
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Le single-arm forward spectrometer
BECRAE  Hadron PID (RICH)  [Elecifon/neltralPIB  Muon Stations

b flight .
>

?:
pp collision b d

b production ecay
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Measurement 1: A(1520)



Extract a single state
BF(Ag — A(1520)uu)

.~ Combinatorial
0 o
— A, = pK utum

— Total

A~
N

S
~
>
>
o0
N~
~
0]
O
N
]
e
o v
o
-
<
O

5600 5700 5800 5900
m(pK "utu) [MeV/c?]
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Extract a single state
BF(Ag — A(1520)uu)

sWeighted data = signal

o0
-

LHCb
9 fb~!
1.1<¢?<6.0 GeV?*/c*

LN N
o O O

- Combinatorial

N
S

0 - _
— A, = pK utu

V)
-

— Total

Events / (10 MeV/c?)

o)
-

Candidates / (8 MeV/c?)

[
-

-

N N N N N N N | N N N N N N
5700 5800 5900 1700 1800
m(pK "utu”) [MeV/c?] m(pK ™) [MeV/c?]
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Extract a single state
BF(Ag — A(1520)uu)

x10™°

-
—_—
)

yyyyyyyyyyyyyyyyyy

-
—_
I

O

-

)
I

-

SM (LQCD)
SM (LQCD+DB)

s

dB(A,— A(1520)u*u)/dg? [GeV 4]

Anja Beck

15
g% [GeV?*/c?]
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1 Quark Model

Lattice QCD
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Measurement 2: Ag — pKYy



Signal selection and extraction

~950k signal candidates

"L 700 - iy .
§ Combinatorial § | Combinatorial
§ 600 L W A) — pK 7'y § 1000 W A) — pK 7'y
~ T A2_>pK_7 - ' — A2—>pK_fy
AN, — Model Al / \ — MOdel
~ 000 ~ |
i@ i@ 3000 \
= 400 |- = |
= . = \ .
8 LHCb Run 1 Preliminary 8 2000 \ LHCb Run 2 Preliminary
13% of the Signal 1000 87% of the Signal
O | | \"”Z-’;—-m~m,_.“;‘“u‘..;.. @i 0.0 O | | | |
5400 5600 H300 600 6200 6400 5400 5600 H300 6000 6200 6400

m(pK ™) [MeV/¢’] m(pK ) [MeV/¢?]
Very different photon HLT2 triggers in Run 1/2
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L s0F 4 . LHCb -

I (L

0 O o C —+ Data .
Signal selectionand €: ... — RS

= - — A, = pK et
~50k signal candidates s TS — FWHM muons
O 100:— — FWHM photon

5800

“eo. 5600 5700 5900
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— — \“*. 1"
2 700 | . ‘ N : . : . ‘
~ Combinatorial > : | : Combinatorial
% 600 L ] /1% — pK 7'y § 1000 E E ] /1% — pK 7'y
= — Ay = pK™y S : - : — A) = pK~
—— — Model —— : / \ : — Model
~500 [~ ~ : | :
8 $ 3000 | ' \ '
= 400 - < 5 | 5
= 7 A
8 LHCb Run 1 Preliminary 8 2000 \ . LHCb Run 2 Preliminary
13% of the Signal 1000 E 87% of the Signal
0 l \‘f:;u‘m,;;m‘_‘.‘““;.. sonoe = : l l : |
5400 5600 5300 6000 6200 6400 5400 5600 5300 6000 6200 6400
m(pK ™) [MeV/¢’] m(pK =) [MeV/¢’]

Very different photon HLT2 triggers in Run 1/2
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The signal distribution

- z - 13% of the signal

— . o .
% o5 2. — o [ R 87% of the signal Ao
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- H E .: .I || r... | opb—10 o!b—10
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Anja Beck
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Very different photon HLT2 triggers in Run 1/2
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The signal distribution

20 ba

miy(p7) [GeV?/e']

15

10

LHCb Run 1 Preliminary

-' : - 13% of the signal

o —

I — I

Anja Beck

3 4 D

DO

-

Weighted candidates / [0.0075 GeV*/c®]

Improved resolution by fixing m(pKy) -

to the true Ag mass in the vertex fit

miy(p7) [GeV2/c!

20

20 l.

15

10

LHCb Run 2 Preliminary

T —

87% of the signal

3 4

Very different photon HLT2 triggers in Run 1/2
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Amplitude model from the helicity formalism
A, Y4 45, O JHEP 06 G020 116

Amplitude for a given A state and fixed helicities Ap, Ap, Ay

Wigner d matrix

L
_ __coupling £
AN A Ap A) o< dh (0,) x S| el e AL ( P ) (:2) Bu(p)Be(a) BW(rmo)
L,S

Clebsch-Gordans MA?) M/\ Blatt-Weisskopf lineshape

orb. ang. mom. barriers form factors

Full decay rate depending on the Dalitz variables D = (cos 8, mpx) = (m’x, m5)

2

o 3 [0 AN A A )

10+ resonances Xx 2 or 4 complex couplings per resonance
= owuc/ amount of unconstrained fit parameters

=> remove parameters by remove couplings with large L

Anja Beck Warwick EPP Seminar 26.10.23 19



The well-known part of the jungle

Resonance | J& my T Amy AT, Omo  OTy | 1
A(1405) | /2= 1405  50.5 +1.3 +2 1.3 2 0,1
A(1520 3/2— 1519 16 | 1518 -1520 15— 17| 1 1

(1520)

A(1600) | 1/2* 1600 200 | 1570 — 1630 150 —250 | 30 50
A(1670) |12~ 1674 30 | 16701678 25— 35| 4 5
A(1690) |3/2— 1690 70 | 1685-1695 50— 70| 5 10
A(1800) | 1/2= 1800 200 | 1750 — 1850 150 —250 | 50 50
A(1810) | 1/2t 1790 110 | 1740 - 1840 50170 |50 60
A(1820) | 52T 1820 80 |1815-1825 70— 90| 5 10
A(1830) |52~ 1825 90 |1820-1830 60-120| 5 30
A(1890) | 3/2F 1890 120 | 1870-1910 80-160 |20 40
A(2100) | 72— 2100 200 | 2090 — 2110 100 —250 | 10 100
A(2110) | 5/2F 2090 250 | 2050 — 2130 200 -300 | 40 50
A(2350) |92t 2350 150 | 2340 - 2370 100 —250 | 20 100

Ct W = NN W OO = DNO

Anja Beck Warwick EPP Seminar 26.10.23



The well-known part of the jungle

Rich spin (= angular) structures

Resonance | J& my T Amy AT, Omo  OTy | 1
A(1405) | /2= 1405  50.5 +1.3 +2 1.3 2 0,1
A(1520 3/2— 1519 16 | 1518 -1520 15— 17| 1 1

(1520)

A(1600) | 12+ 1600 200 | 1570 — 1630 150 —250 | 30 50
A(1670) |12~ 1674 30 | 16701678 25— 35| 4 5
A(1690) |32~ 1690 70 |1685-1695 50— 70| 5  1C
A(1800) | 12~ 1800 200 | 1750 — 1850 150 —250 | 50  5C
A(1810) | 12+ 1790 110 | 17401840 50170 |50  6C
A(1820) |52t 1820 80 | 1815-1825 70— 90| 5  1C
A(1830) |54~ 1825 90 |1820-1830 60-120| 5  3C
A(1890) |3/2* 1890 120 |1870-1910 80 -160 |20  4C
A(2100) | 72~ 2100 200 |2090 -2110 100 —250 | 10  10C
A(2110) |52+ 2090 250 | 2050 — 2130 200 —300 | 40  5C
A(2350) | 92+ 2350 150 | 2340 — 2370 100 — 250 | 20  10C

Ct W = NN W OO = DNO
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The well-known part of the jungle

Rich spin (= angular) structures

Resonance | JY  my Iy Amy Al T e
A(1405) | Y2~ 1405  50.5 +1.3 +2 1.3 2
A(1520 3/ 1519 16 1518 - 1520 15— 17| 1 1

(1520)

( ) | Y2t 1600 200 1570 — 1630 150 — 250 | 30 o0
( ) | Y2o 1674 30 1670 — 1678 20— 35| 4 0
( ) |32~ 1690 70 1685 - 1695 o0 - 70 | 5 10
( ) | Y27 1800 200 1750 — 1850 150 — 250 | 50 o0
(1810) | /27 1790 110 1740 — 1840 50 — 170 | 30 60
( ) | 52T 1820 80 1815 -1825 70— 90 | O 10
( ) | 527 1825 90 1820 — 1830 60 —120 | S 30
( ) | 327 1890 120 1870 — 1910 &80 — 160 | 2C 40
( ) | 727 2100 200 | 2090 —2110 100 — 250 | 1C 100
( ) | 5/27 2090 250 | 2050 —2130 200 — 300 | 4C o0
( ) | 92t 2350 150 | 2340 —2370 100 — 250 | 2C 100

Ct W W NN WL ODNOKFDNO
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The weli=known part of the jungle

Rich spin (= angular) structures

Resonance | J& my T

A(1405) | 1o~ 1405 505 | +1.3 3 20
A(1520) |32~ 1519 16 | 1518 — 1520 1|2
A(1600) | Y2+ 1600 200 | 1570 — 1630 150 — 250 50 | 1
A(1670) | 2= 1674 30 1670 — 1678 25 — 35 o5 |0
A(1690) |32~ 1690 70 | 16851695 50— 70 10 | 2
A(1800) |1/~ 1800 200 | 1750 - 1850 150 — 250 50 | 0
A(1810) |12+ 1790 110 | 1740 — 1840 50 — 170 60 | 1
A(1820) | 5/2T 1820 80 1815 - 1825 70— 90 10 | 3
A(1830) |52~ 1825 90 |1820 - 1830 60 — 120 30 | 2
A(1890) |32+ 1890 120 |1870-1910 80 — 160 40 | 1
A(2100) | 72 2100 200 |2090 - 2110 100 — 250 100 | 4
A(2110) | 52+ 2090 250 | 2050 — 2130 200 — 300 50 | 3
A(2350) | 92+ 2350 150 | 2340 - 2370 100 — 250 100 | 5

Anja Beck Warwick EPP Seminar 26.10.23



The amplitude fit

Setup
Simultaneous maximum likelihood fit to Run 1/2
Floating couplings, fixed masses/widths

Complicated likelihood with ambiguities and many local minima
Different starting values lead to

* similar NLL

* very different fitted parameters

* similar fit fractions (= relative amount of each resonance)
=> Fit several times with randomized starting values

=> keep the one with the lowest NLL

=> Use the fit fractions as observables NOT the fit parameters (= couplings)

Anja Beck Warwick EPP Seminar 26.10.23
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How to find your favourite model

Step 1) find a minimal good model
a. start from all well-established resonances in the PDG
b. remove large orb. ang. momenta L until the fit gets worse

Step 2) modify the model
a. add new states
b. modify the resonance models

The fit quality
)(2 distance between the 2D Dalitz histogram of data and fit result

Anja Beck Warwick EPP Seminar 26.10.23
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interf. (1/2)f  — A(1520) A(1810) A(2110)
interf. (1/2) A(1600)  — A(1820)  — A(2350)
B interf. (3/2)- — A(1670) — A(1830) <+ Model
Th " I interf. (5/2)*  — A(1600) — A(1890) 4 Data
e smallest mode s = e —
[ <3 : LHCb Run 2 Preliminary

—_

ot

-

-
I

this small model

R E Do yGil...

1000

500

Weighted candidates / [11 MeV /¢

L 1500 LHCb Run 2 ﬂh
= | Preliminary ¢+¢#¢+ i
= 1250 [ e ¢+ ++1:¢
= + 1+1*
2 1000 - +* N
E o f
< TS0 . $
: -+ !
_ . . T 500 bt
Allowing larger L. does not change the fit quality. S

L < 2 has much worse fit quality.
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interf. (1/2)7  =— A(1520) A(1810) A(2110)
interf. (1/2)" A(1600)  — A(1820)  — A(2350)
B interf. (3/2)” —  A(1670) —  /A(1830) — NR((3/2)7)
interf. (5/2)*  — A(1690)  — A(1890)  + Model
The best model A5 — Alsw)  — A@o)  + Da
Small model + non-resonant component , LHCb Run 2 Preliminary

1500

1000 F |}

500

Weighted candidates / [11 MeV /¢

1500 = LHCb Run 2

Preliminary

—

ittt
— 4

1250 =

1000 -

*111 i
Py

# i

750 -

500

Weighted candidates / [60 MeV /c?]
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interf. (1/2)*  =— A(1520) A(1810) A(2110)
interf. (1/2)~ A(1600)  — A(1820)  — A(2350)
B interf. (3/2) —  A(1670) —  /A(1830) — NR((3/2)7)
interf. (5/2)7 = A(1690)  =— A(1890) + Model
e eSt mo e A(1405) — A(1800) A(2100) 4+ Data
Small model + non-resonant component , LHCb Run 2 Preliminary
1500 =

1000 F |} w.%

500 - ‘ %

Weighted candidates / [11 MeV /¢

T a000F T
S AW Wy LHCb Run 2 Preliminary | = 1750 LHCb Run 2 Preliminary g
~ + "— —— 5] | — — +
170 it +*i = sk *H‘H* H
+ B % # H
..—C‘f 1500 t* i B + + | | | | |
T Ll by g ’,1* ; 1.6 1.8 2.0 2.2 2.4
= gt = 1000 y ; my(pK ™) [GeV/¢]
< 1000 F #, E t*"
g5: $ = 0k W o
D 70k #t ; t*++ ¢ { 1500 = LHCb Run 2
= B, = s00fF gt Z i'l'* 1
500 1 Hrorny s e ot £ Prellmmary *# #1
- ) ° +
ol e, |2 o) o J = 1250 e — 1:11:
0 E—— ——— é 0 : M =\ — 000 %
| | | | | | | ] n B
10 s m e 0 15 20 25 30 35 40 45 g t* #*i
cos 0, m (K ™) [GeV/¢?] = t
< 790 +
= $ +
) +t +
: T 5001 :
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- interf. (1/2)7  =— A(1520) A(1810) —  A(2110
The 2nd winner mterf. (1/2) A(1600) = A(1820)  — /1(23503 )
Small model + float mass/width oo E?ﬁ% — ﬁ82§8§ — ﬁﬁiﬁgi + Modd
of A(2100) and A(2110) A(1405) — A(1800)  — A(2100) -+ Data

LHCb Run 2 Preliminary

LHCb Run 2 Preliminary

Y

S

Weighted candidates / [11 MeV /c?]

m y(pK ™) [GeV /¢
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Uncertainties due to Iimited data

From bootstrapping

—— mean + std
—_— percentiles
—_— shortest interval

Frequency from bootstrapping

Observable
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Systematic uncertainties

In decreasing order

 Resonance parameters (mass, width, radius) [externall
 Amplitude model and resolution
* Acceptance model and simulation

e Massfit model

Combine asymmetric uncertainties
by convolving the distributions
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Result

N |

Anja Beck
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(Interference) Fit Fraction [%)
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Summary
Studying penguins in the jungle

 Penguins are useful

 With complicated final states in baryons

 Hadron QCD is complicated
esp. for resonance spectra

« LHCb measurement of BF(Ag — A(13520)un)
[predictions are easier for individual states]

 Measurement of the spectrum
at the photon pole by LHCb
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