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b hadron production at the LHC

b hadrons (and anti-hadrons) are dominantly

produced through strong interaction in pp

collisions at the LHC

— Example: gluon-gluon fusion /

— Large inclusive bb cross-section (~ 0.1 mb)
— All b hadron types including A, , B, and B, \

107 |

are produced

10° E

Unfortunately, it’s hard to efficiently trigger

on b hadron decays at the LHC 10’

— b decay products have relatively low pr,
predominantly produced in forward direction

¢ (nb)
S,

— Rare hadronic final states swamped by light 107

hadron backgrounds

Exceptions

10°

— Dedicated displaced vertex triggers

(for example, LHCD)

— Specific final states, e.g. including di-muons

10° ¢

g

© 0.(E/* > 100 GeV)

;_oHiggs(MH =150 GeV)

= Ohiiggs
107 b

|

bz

O (Ef™ > s/4)

(M, =500 GeV)

1 10°
4 10°
4107
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ATLAS detector and data sample

* Di-muon triggers with varying thresholds depending on instantaneous
luminosity

I Muon spectrometer

25m

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Plxel detector

Toroid magnets LAr eleciromagnetic calorimeters

Muon chambers SolenOId magnet Il Transmon radiation tracker '

Semiconductor tracker |

I Inner tracker
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2 New ATLAS b Physics Analyses

Study of the rare decays of B’, and B’ to muons
(ATLAS-CONF-2018-046)

[26.3 fb~1 of 13 TeV pp collisions taken in 2015+16]

Angular analysis of B’ = K* u u
(JHEP 10 (2018) 047)
[20 b~ of 8 TeV pp collisions taken in 2012]
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Search for rare decays B, ; — uu

o FCNCin the SM

b u?
— Forbidden at tree level

— Loop-processes highly suppressed Bg f W* 70
through GIM mechanism W

— Predictions for charm and top S

U
quarks before their discovery

* BFs could be enhanced significantly through NP particles in the loop

Standard Model predictions (Bobeth et al., PRL 112, 101801 (2014))

BF(B, — uu)=(3.65£0.23)x10™
BF(B, — uu)=(1.06+0.09)x10™"

LHCb and CMS combination (Nature 522, 68 (2015))

BF (B, — uu)=(2.8077)x10"’
BF(B, — up) = (3.9f}j ) x 107"
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o ATLAS Run [ result
B(Bs - up) = (0.9*31)x107° and
B(B° - uu) < 4.2x1071°@95% CL

— Compatible with SM at 2.30

— Lower BFs compared to
LHCbH + CMS combination

— Tension in B’ BF reduced with
the LHCb Run 2 measurement
(PRL118(2017)191801): B(B® — ) < 3.4x10~10

e New Run 2 ATLAS Result

— Based on 2015 and 2016 data

o 36.2 fb! dataset, effectively 26.3 fb~! used for B —uu and
15.1 fb~! for normalization mode B —J/wK

Nas E +
U)o [BB* — JJw K*)x B — )] LK o Ju
E - Nypwk+  fdis)

0.6

B(B® - u* u)[1077)

Contours for -2 Aln{L) = 2.3,
6.2, 11.8frommaxmumofl _]

FETE X P B N PR -
4 5 6 7
B(B? — u* u)[1079

B(B?s) —SuTpT) =

— Trigger

» Higher thresholds than Run 1 [4-6 GeV pp, positive B transverse decay length
required at trigger level]

SILAFAE 2018 Recent b-physics results from ATLAS (S. Prell) 6




Backgrounds

> I L .
. . ()] . . - =

Combmatorlal (b—Hl )(’ bb — U 5() S 40 ATLAS Simulation F:rellmmary .
' o =) \s=13TeV, 26.3 fb o wwx E

— I5-variable Boosted Decision Tree Bl o cecevs -

. . = o .

(BDT) used to reject this background ¢ [ somédepionic docays _

w ' -Bg—)u* W 3

— Trained and tested on simulated events ; ey .
and data sidebands . ' |
Partially reconstructed (b—uuX) -
— B —uuX, B — cuX, B, — J/yuv 1 e
backgrounds accumulate at lower mass 4800 5000 5200 5400 5600 5800
Semileptonic Dimuon invariant mass [MeV]
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> 10 Continuum bkg MC Vs=13TeV, 26.3 fb > " "F —— Continuumbkg MC  Simulation Preliminary 7
€ q0f e data mass sidebands £ 0.16[--- B,MC B
o o C b — utu XMC i J
D s g 014 oS i -
10 = oo emi-leptonic B(S) MC . ]
o : 0.12- L -
g 01 i E
10° £ 0.08F E
10° 0.061— =
10 o 0.04F -
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Peaking Background and Mass Resolution

B — hh’ (h = =, K*) accumulates in

the signal region

Studied with MC-simulated samples
and validated in data control regions

Fake rates using “tight” muon
selection

— 7 0.1 %
— K: 0.08%
— p:<0.01 %

BY and B, peaks overlap due to limited
B mass resolution
— Separately statistically, expect

negative correlation between B’ and
B, signal yields

Events / 40 MeV

Events / 40 MeV

: ] 1 I 1 I I 1 I I I 1 I I 1 I I I I 1 I I I I |:
0.8E ATLAS Simulation Preliminary =
- Vs=13TeV, 26.3 b ]
0.7 — Total B - hh'3
0.65— | Blindedregion 1 ___ g0 o E
0.5 ' B LKK ]
04F B w3
03¢ - Y
0.2 ! E
ot T~ | =
0: ] - u_l— T -14 et Lo o0 1 |:
4800 5000 5200 5400 5600 5800
Mass of two misidentified muons [MeV]
L L L N AL B B
- ¢ BiowwMC ATLAS .
20— — Double Gaussianfit  Simulation Preliminary —
[ . B°sptuMC {s=13TeV, 263" -
N Double Gaussian fit i
15 — —
10 3
51 .
0_:| PaP— l-+""‘~lv:-r|u.“v‘| ‘:‘"’ ..I'--.}t"--{ [T B, =SS T SN PR PR ;
4800 5000 5200 5400 5600 5800

Dimuon invariant mass [MeV]
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Normalization Channel

» Extract B* yield with unbinned ML fit

* Relative efficiency to signal mode
determined from MC simulation

— Data/MC difference treated as
systematic uncertainty

— 2.7% correction for B, effective lifetime

Table 2: Summary of the uncertainties in R,.
Source Contribution [%]
Statistical 0.8
BDT input variables 3.2
Kaon tracking efficiency 1.5
Muon trigger and reconstruction 1.0
Kinematic reweighting (DDW) 0.8
Pile-up reweighting 0.6

> LA L L L B " T -' T rorrrT
2 90000 A LAS Prellmlngry o 20152016 data
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10000
0Btz
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° o g EAT;.AS‘PrIelémlin;r); - - I201|5-2I01I6d;ta| o
Slgnal YleldS Q 600; Vs =13TeV, 15.1-26.3 fb"' — Total it E
% 500—_ 0.1439 < BDT < 0.2455 —- Ecitr?:-mxb:::i;o:::d_;
& o, T
o Unbinned ML fit to m(uu) distribution in 4 BDT bins 300" :
2005—
* Model PDFs o E
— Signal and peaking background R T N
_ _ s ATLAS Preliminary . isaoiGoma
* 3 double-Gaussians with common mean g 12O (5= 19TeV, 161263 1" — o E
: : £ 100\ T b oo ]
— Combinatorial background E N T I
. ]Sf_orderpolyl’wmial 60;‘-__ T
— bb — uuX and semi-leptonic backgrounds 4O,
: 20¢
» Exponentials .
+ Extracted yields D T e
N 80 :I: 22 N 12 :|: 20 E 50 0.3312 < BDT < 0.4163 — = Continuum background
' ‘ £ a0 e
» Fitted yields are consistent with SM expectations: 3oL ‘
- NS: 91 Nd - 10 20
10
» Extracted branching fractions I i ki
g 16 ?_TL??_II?r%Iin;isnilréssfb_1 e 2015-2016 data _E
0 +, — ( +0.96+0 49) -9 S PO :
_) — 3 . - - @ 14H 0.4163 < BDT < 1 — = Continuum background E
B(Bs = 1) 21 2020120:30) X 10 B
10 -
’ O -+ - — 1 O 85-"'. —f
B(B —)/,l/,l)<43x lO 6 E

PN T 2 P 5 20 I B
800 5000 5200 5400 5600 5800
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B(B° — ut u)[107)

Run 2 Results and Runl—+2 Combination

0 +0.96+0.49 _9
*  Run 2 Results: B(Bs — S (2 21 ~0.91-0. 30) x 10

BB - ) <43 x 10710

l T T T T | T T T T I T T T T | T T T T | T T T T | T T T T | T T T T J- o? l I T I 1 I I T I 1 I 1 1 I I I 1 1 I I I 1 1 I I I T T I T L T l
1.2 ATLAS Preliminary — o 1.2 o ]
- {s=13TeV, 15.1-26.3 fb” 1= . ATLASPreliminary  —2015-2016 data .
1= Contours for -4 x Iz —Run 1 +2015-2016 data -
- -2 AIn(L)=2.3,6.2,11.8 . +3~ - .
0.8 T DT — stat only =4 7 0.8 T — Likelihood contours for =
- ’ Tl — stat + syst 1< - ST 2 Aln(L) = 23,62, 11.8 -
06 R 4 @ o6 nb)=29.62 -
R SN 1 o o .. _
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o u m T B E
0_| L1 f‘ | ! r« L1 [ R N B R L | Lty l R 1l OT | \ |
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0 7 0 7

0 —! _
B(By — u* 1) [107] B(Bg — ut ) [1079

* Run I+ Run 2 (2015+'16)  B(BY — u*p ) = (2.8 +0.7) x 10~
Combination: B(B" > utpr) = (~1.9 £ 1.6) x 101°
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Angular analysis of B, = K™ u u

Rare flavor-changing neutral
current decay
— Loop/box diagram is
sensitive to new physics
— BR(B; ?K*up) =
(1.02 £0.09) x 1076

o . u,d u,d w,d w, d
Angular distributions

(0;, O, and @) are analyzed
in 2 GeV? bins of the di-muon

invariant mass squared (q?)

LHCb and Belle have

reported 3.4 o and 2.6 o
deviations from the Standard

Model [JHEP 02 (2016) 104,
PRL 118 (2017) 111801/
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Angular analysis of B, = K™ u u

o The decay angular distribution is given by

| - Fp

l d*r 9 |3(1-Fyp)
dl'/dg? dcos @y dcos Ogdpdg?  32n 4
-F7 cos’ Ok cos 2601 + S3 sin’ Ok sin’ 61 cos2¢
+S4 8in 20k sin 260, cos ¢ + S5 sin 20k sin 67, cos ¢

. 2 . . .
+S¢ sin” Bk cos 07, + S7sin 20k sin 6y, sin ¢

. 2 2 . 2
sin“ Ox + Fj cos” O + sin” g cos 260,

+Sg sin 260k sin 26y, sin ¢ + Sg sin’ Ok sin’ 67 sin2¢|. (1)

 ATLAS use trigonometric identities to determine F;, S; and S; (i = 4,5,7,8)

in 4 separate fits for each g° bin
o S parameters are translated into the theoretically cleaner P(; parameters

=

254 7 S4,57.8
P =2 P == =
et 4,5,6,8 o)
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Angular analysis of B, = K™ u u

control samples

— g° from 8-11 and from 12-15 Gel?

— used to extract nuisance parameters (mg, o) of the signal

probability density function (p.d.f.) from data

B — K* J/y control sample

20000

10000

.
e
T
......

.
....... 3

ot
ar
-
-----

= 50000 I [ | . :
g | ATLAS ~+-Data

Q (s=8TeV, 20.3 fb" — Total Fit Model

< 400001 -—- Signal _
@ -—~= Combinatorial

g i ~= Ap — Jf\p A -
(i 30000 B Uy K |

= Bs - J/\]I K*

Events/ 40 MeV

5000

4000

3000

2000

1000

Low-background, high-statistics K* J/w and K* w(2S)

B — K* @(2S) control sample

| ATLAS
Ys=8TeV, 20.3 fb

I .
—4— Data
— Total Fit Model

Signal

Combinatorial

~Ap— Y(2S) A

= B" — y(2S) K*

Bs — y(2S) K

.....

5000 5400 5600 5000 5200 5400 5600
My [MeV] My, [MeV]
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Events/ 0.08

Angular analysis of B, = K™ u u

» Simultaneous fit to cos 0;, cos Ox and ¢ distributions to isolate
signal and extract parameters of interest

— Mass p.d.f. parameters fixed to control region values

Events / 25 MeV

. o - . . . : . e 20.3fb1of8TeV
Defammer] | SRRt ool sere
I ‘ old, g° € [0.04, 2.0] | % | S5 fold, ¢° € [0.04, 2.0] :;i(gilalFltModel i COZZZSZO” data
s ! e Background
o X Raciwsn | * Analyze data in three ¢°
----= Sign .
o /AN Background bins from 0.04 to 6.0 Gel?
o 17 | | — Data shown here for
Al —HH 0.04 < ¢> < 2 Gel?
0 5200 500 5600 ; ; ; ;
.. (MeV] o 1] overlaid with projections
M ATLAS -8 Tev, 20.3'fb'2‘ + Data S ATLAS 5= 8 TeV, 2o.éfb; "y Daa OfSlgnal and baC‘kgi”Ound
| S5fold, ¢ €[0.04, 2.0] GeV _332; ::ltModeI | % 30|—S5 fold, g” e [0.04, 2.0] GeV' —ggzla :-‘ltModeI - p. d f g from th e S5 ﬁf
----- Background o | ----- Background
20 - } — 128 £ 22 signal events in
‘ H ‘ this q° bin
— Similar results are
obtained for the other
2 .
ost, cost, g bins and fits

Total p.d.f (blue), signal (black) and background (red) contributions
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Angular analysis of B, = K™ u u

o ATLAS results are compatible with theoretical calculations and fits

C T T L T T T 7T ] - T T T T 7T T T . S S N U N B B B BN B B B B R 1 T T T -]
< amas s=8TeV, 203167 I & 2EATLAS 5-8TeV, 2030792 2-ATLAS 5= 8TeV, 203 b7
= =§= Data 3 1.5F 4= Data 4 1.5 4= Data =
1.4 CFFMPSV fit - theory DHMV 3 = theory DHMV 3
= theory DHMV 3 1E theory JC 3 1= theory JC 3
1.25— theory JC —E 0.5E- _; 0.5;__{_‘ + =
13 R i :
08 3 -osE 3 -05F .
oef : = 1 £ ER3 E
0.4F l 3 -1sf 1 -1sp E
o2 | | | | | —E _25_ N B I | N _E 2, I I L

% % 8 =T 0 2 4 6 8 10 0 2 4 6 8 10
¢ [GeV?] o [GeV?] ? [GeV?]
-0 - LI rror T T T Tl ] e C T T T T T T T ] @ C ™ — T — ]
a 2:—ATLAS {s=8TeV, 20.3 fb‘1—: L 2FATLAS '{§= 8 Telv, 20.3 f'b"—_ a 2_—ATLASI ' '{§= 8 TéV, 20.3 f'b-1__
- =§=Data . o Data ] - Dat ]
1.5 CFFMPSVfit o 1.5 + theoy DHMV 73 1.5 +th2:ry DHMV
- theory DHMV 3 C theory JC ] C theory JC ]
1= theory JC — 1= 3 1= -
0.5 I — o.sf— — o.sf— —f
= { —f— E -
~05f l 3 -osk 4 _osf E
i 1 £ 4 - -
C PR IS ST SR N S SN | | PR | ] C o o v 1 PR | | PR B C | PR U S SR S SR S | | .

0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
¢ [GeV?] ¢ [GeV?] ¢ [GeV?]
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Angular analysis of B, = K™ u u

-0 T T T [ T T T [ T T T [ T T T [ T T T [ I ]
Q- 2 ATLAS /s=8 TeV, 20.3 b1
- Preliminary —e= ATLAS .
1.5 s LHCb =
R —i— Belle -
_ CFFMPSV fit i
1= theory DHMV .
- theory JC Z
0.5 —:
O —
-0.5 | 3
-1F E
[ TR TN AN TR MR TR NN TR NN S NN NN SRR M S N SN N N
0 2 4 6 8 10

¢ [GeV?]
o 2.7 o deviation with DHMYV for P’y, P’sin 4 < g° < 6 Gel? range
 New LHCb measurement compatible with SM (PLB 781 (2018) 517)

» All measurements are within 3 o range covered by predictions

SILAFAE 2018 Recent b-physics results from ATLAS (S. Prell)

17




Conclusions

» Presented two recent ATLAS results in b physics

— Results of angular analysis of rare decay B; — K™ u u are consistent
with the SM with some small tensions (JHEP 10 (2018) 047)

— Results from Run 2 2015 and 2016 data of B, and B’ decays to uu are
consistent with the SM (ATLAS-CONF-2018-046)
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Angular analysis of B, = K™ u u

Results are statistically limited

— Fitvalues of F;, S; and P, from the 4 fits are consistent with each other,
reported is the result with the smallest systematic uncertainty

q* [GeV?] Fy, S3 Si Ss S7 Ss
[0.04,2.0] [ 0.44+0.0840.07 —0.024+0.09+0.02  0.1540.20+0.10  0.3340.13+0.08 —0.09+0.1040.02 —0.14+0.24+0.09
2.0,4.0] [ 0.6440.11£0.05 —0.15£0.10+0.07 —0.37+0.15+0.10 —0.16+0.15+0.06 0.15+0.14+0.09  0.52+0.20+0.19
[4.0,6.0][0.4240.13+0.12  0.00£0.12+0.07  0.32+0.16+0.09 0.13+0.1840.09 0.03+0.13+0.07 —0.12+0.21£0.05
[0.04,4.0] [ 0.5240.07£0.06 —0.05+0.06+0.04 —0.154+0.12+0.09 0.16+0.10+0.05 0.01£0.08+0.05 0.19+0.16+0.12
[1.1,6.0] [ 0.564+0.07£0.06 —0.04+0.07+0.03 0.03+0.11+0.07 0.00£0.10+0.04 0.02+0.08+0.06 0.11%0.14+0.10
[0.04,6.0] [ 0.500.06+0.04 —0.0440.06+0.03 0.034+0.10+0.07  0.14+0.09+0.03  0.02+0.07+0.05 0.07+0.13+0.09
q* [GeV?] Py Py P P P
0.04,2.0] [ —0.054+0.30+0.08  0.3140.40+0.20 0.67+0.2640.16 —0.18+0.2140.04 —0.29+0.48+0.18
2.0,4.0] | —0.7840.51+0.34 —0.7640.31+0.21 —0.33+0.3140.13  0.31+0.2840.19  1.0740.41+0.39
[4.0,6.0]| 0.1440.43+0.26 0.64+0.33+0.18  0.26+0.35+0.18  0.0620.2740.13 —0.2440.42+0.09
0.04,4.0] | —0.2240.26+0.16 —0.3040.24+0.17  0.32+0.2140.11  0.01+0.1740.10  0.3840.33+0.24
[1.1,6.0] | —0.174+0.31+0.13  0.05+0.22+0.14 0.01£0.214+0.08 0.03+0.1740.12  0.23+0.28+0.20
0.04,6.0] | —0.154+0.23+0.10  0.054£0.20+0.14 0.27+£0.194+0.06 0.03+0.1540.10  0.14+0.27+0.17
* Dominant systematics come from uncertainties in the background
— partially reconstructed decays with open charm and incorrect Kn
combinations (fake K*)
— Kn S-wave contributions results only in small systematic uncertainty
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