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CP violation and the Higgs boson

o 5 E E
Only known soqrce of. C_P violation qccurs In = ATLAS Run2 -
CKM matrix — insufficient to explain baryon ol ]
asymmetry in the Universe g

e SM Higgs is predicted to be CP-even D107 E

o  While CP-odd-only couplings have strongly excluded by . - 3 Data (Total uncertamty :
ATLAS and CMS, CP-even/odd mixing has not 107 :SVSt uncertainty E
. . = SM prediction -

e Recent ATLAS measurements studying Higgs S — i ,%Lj

CP properties using 139 fb™" at Vs = 13 TeV: e T % % % 1
o VBF, H—yy: PRL 131 (2023) 061802 ; o.s:—_% % L 41,
o H—ZZ*—4¢ JHEP 05 (2024) 105 b w2z 7z
o VBF, H-WW-*—evuv: PRD 108 (2023) 072003 Decay mode
(@) H—z7: EPJC 83 (2023) 563 Nature 607 (2022) 52
o ttH+tH, H—bb: PLB 849 (2024) 138469
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Higgs production and decay diagrams
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CP-odd models and signal morphing

e Higgs—bosons measurements: add dim-6 CP-odd operators in an effective

field theory to the SM Lagrangian and measure their couplings ¢ (= 0 in SM):

CP-even ——_

(@)

IMP? =
i

2
Msm + Z —Mgswm,i

| Msml* + 22 — R (MgyMasm.i) Z Z EATR (MESM,iMBSM,J‘)

— CP-odd

/ CP-even

Effect on Higgs signal introduced via reweighting using MadGraph+SMEFTsim for a particular
basis (e.g., Warsaw, Higgs, HISZ, ...) and morphing using couplings ¢

e Higgs—fermions measurements: CP-odd mixing may occur in Yukawa

choice of operator

couplings at tree level and can be introduced via an effective term:

(@)

m .
Lhre = ——k(cOSP.TT +sin ¢, TiysT)H,
v

Higgs signal can be morphed between different scenarios by tuning Yukawa coupling k (= 1 in
SM) and CP mixing angle ¢ (= 0 in SM)
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CP-sensitive observables

e CP properties of the Higgs are extracted via fits to £ °"F  anassmuaon
Ppn El 77" -=-ggF.c =15
CP-sensitive observables A S — agF S
2 0.12f— eV <m. < ey e F,c .=-15
o CP mixing leads to asymmetric distributions in sensitive 5 ¢ 115GeV<m, <120 Gev T
observables (as opposed to symmetric in SM) S ek 5T
e Optimal Observable (OO) is one such observable: ~ °<g---; 1 77
00 — 2R (MG Mpsm)
o 2 ) =
[Msm| - T L
o By construction, it is CP-odd I

o Shape is insensitive to the inclusion of terms quadratic in

couplings ¢ — probes genuine CP-violating effects JHEP 05 (2024) 105

Matthew Basso (TRIUMF/SFU)



https://doi.org/10.1007/JHEP05(2024)105

VBF, H—yy

e Use boosted decision trees
(BDTs) to separate VBF from ggF
and then VBF from continuum yy

background

o Use CP-even dijet and diphoton
variables as inputs to both BDTs

o Specifically targets the VBF
production vertex

e Events are split into signal regions
(SRs) using BDT scores and
further split according to OO

o Calculated from 4-momenta of Higgs
candidate and dijet system

PRL 131 (2023) 061802
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VB F, H_)}}'}} « 20: e Exp Ho e — Obs. Hostr |
e Unbinned fit to yy invariant mass spectrum 10 ‘
performed in each OO bin o ’
o Signal normalization is floated by an additional N

parameter — only shape in OO is exploited
e Consider scenarios with CP-odd ?

modifications to Higgs-boson couplings: 2 o ATLAS E
o d~in[-0.034: 0.071] @ 95% CL (HISZ basis) by j: V“BF lfjj 139" E
o €. in[-0.55, 1.07.] @ 95% CL (Warsaw basis) e: ________ Exp. stat. + syst

e Results are compatible with the SM 5 — Obs. slal, + sysl. :
; . . . OB Al e e N e et =
expectation: no CP violation is observed st E
2 —f
68% CL 15_ _________________________________________________________________ _
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e Consider 4e, 4u, and 2e2u final

states
o  SRs constructed according to s

4-lepton invariant mass, jet
multiplicity, dijet invariant mass, _
and VBF deep neural network 105 .
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(DNN) score (4 bins) e meteer Secton i ot}

e Construct an OO for each .4 003"
dim-6 CP-odd Operator Operator Structure Coupling E

o  Consider Warsaw, Higgs, and Warsaw Basis

HISZ basis operatorsggffecting 4 ofow! wrl %
Higgs-boson couplings Opws @TOWLBY o mp S
o  Build OOs for production-only Oos DB, BH Cup ®
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e Perform simultaneous fit to OO distributions, considering only OO shape in each region
e Also unfold OOs to particle level — sensitive to BSM effects on both shape and rate
e Couplings results and differential measurements indicate no CP asymmetry
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VBF, H-WW*—evuv
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[ ATLAS ® Daa

£ Fe-nme o bata Tta Ure. o
e Employ a combination of BDTs targeting B LT §
VBF, ggF, and top+VV production to produce e iR
regions enriched in VBF N S
o Detector-level signal in different variables extracted | NNNT: R -
via multi-bin fit and unfolded to particle level g oY R
e Signed dijet azimuthal separation Ag is 0,;%;:.:}—7——;;7.::7_“% S
sensitive to CP-odd effects e P
o Consider effects on production+decay from dim-6 ATiAS et [Jesn.ncuns
CP-odd operators to unfolded A‘ij F=13TeV 10007 e {
e Constraints measured for several effective \ :
Higgs-boson couplings (c,,, ., ¢,,5_, and e
C.s-) — No CP violation observed g ] __ (f;g“y)gg";d
P YRR [N LEVERUIES (TSI (RPN PN [

R N
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o r,,decays are then subdivided according /\ 002 .
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H—tt

e Simultaneous fit floats tau Yukawa coupling ¢ — only shape in ¢* . is used
in discerning CP-odd effects

e Observe ¢_=91*16° @ 68% CL — exclude pure CP-odd scenario (¢_= 90°)
at 3.40 level
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1 normalised to data yield

ATLAS [ Other 7777 Unc. (Total) —

Vs=13TeV, 139fb-! [ fi+light == tiH+tH' (0°) ]|

I+]jets 3 i+ 21c ftH+tH' (90°)

SR26k 24b B ft+ 21b e Data B
B fH - tH

ttH+tH, H—bb

Events / bin width

e Analysis split into Ajets and dilepton categories

o Further subdivided according to the number of jets, number of
b-jets, and boosted signatures B - E
e BDTs trained for various purposes: N T e
o Reconstruction: assigns jets from Higgs or top quark decays edbz
o Classification: separates ttH from background 2005 A,]fﬁeviwgfb.‘ gm N Eiren 2
e CP sensitive observables: e = R

Events / bin width

py o PIXD (XD (51D 2)
|p1llp2| |P1llp2|
o p,,=top quark momenta, z = beam axis
o Assumes knowledge of neutrino 4-momenta to reconstruct
p,, — using neutrino weighting for dilepton events 5 10

S0 205 0.0 05 1.0
ba

2
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ttH+tH, H—bb

e Destructive interference between diagrams
with H-t and H-W couplings leads to small tH

signal — analysis optimized for ttH
o Couplings separately treated in the CP-even/odd
parameterization and lead to sizable modifications to
the tH:ttH cross section ratio
e H-tYukawa coupling «, also floats in fit
o Only shape is exploited
e Observed value of CP mixing angle: @ = 11°32,

o Exclude pure CP-odd scenario (« = 90°) at
1.20 level
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PLB 849 (2024) 138469
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Summary

Source

. 80: — 1 1 | [ —

y Q — ATLAS Online Luminosity .

e Presented ATLAS’s recent measurement > 70 mIirey =

. D o 15 pp ]

program studying the CP structure of the 2 so —iwn =

Higgs Egof —mn E

o Observed results are consistent with a CP-even g | — ™% -

Higgs — no CP-violation has been observed ig == E

e For nearly all of the measurements S 30 E
described, the precision is limited by the 20~ 13
availability of data — LHC Run 3 data 100 )
will improve the study of CP-violating oE_ 1| , = 3

effects in the Higgs sector e RO 3 oct

o  Going from Run 2 — Run 2+3 will improve the Month in Year

statistical precision by V3 ~ 1.7x
o ttH+tH, H—bb measurement limited by systematic
uncertainties

Also see C. Young's talk tomorrow on the latest
measurements of H—zr properties using ATLAS,
including new CP studies of those properties!
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B DTVBF/Cominuum

VBF, H—yy: miscellaneous
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Table 1: Observed and expected 68% and 95% confidence intervals for d and cy. Results for scenarios with the
interference-only (noted as ‘inter. only’) term and interference-plus-quadratic terms (noted as ‘inter.+quad.’) are both
presented. Combined results for d including the H — 77 analysis are shown. The expected results of H — 77 are
slightly different from Ref. due to the different correlation scheme between their signal region and control region.

68% (exp.)

95% (exp.)

68% (obs.)

95% (obs.)

PRL 131 (2023) 061802

o . 3 "':I 1 1 L
04 -03 -02 -0.1T 0 o0

02 03
BDT,

VBF/Continuum

d (inter. only)

[-0.027, 0.027]

[-0.055, 0.055]

[-0.011, 0.036]

[-0.032, 0.059]

d (inter.+quad.)

[-0.028, 0.028]

[-0.061, 0.060]

[-0.010, 0.040]

[-0.034, 0.071]

dfromH — 77

[-0.038, 0.036]

[-0.090, 0.035]

Combined d [-0.022, 0.021] | [-0.046, 0.045] | [-0.012, 0.030] | [-0.034, 0.057]
¢y (inter. only) [-0.48, 0.48] [-0.94, 0.94] [-0.16, 0.64] [-0.53, 1.02]
cyw (inter.+quad.) | [-0.48, 0.48] [-0.95, 0.95] [-0.15, 0.67] [-0.55, 1.07]
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Composition [%]

H—ZZ*—4/ composition and post-fit ylelds
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H—ZZ*—4/¢ fiducial space space

Leptons and jets

Leptons
Jets

pr >5GeV, |n| < 2.7
pr > 30GeV, |y| < 4.4

Lepton selection and pairing

Lepton kinematics
Leading pair (m12)
Subleading pair (m34)

pr > 20,15, 10 GeV
SFOC lepton pair with smallest |mz — mgg|
Remaining SFOC lepton pair with smallest [mz — mg|

Event selection (at most one quadruplet per event)

Mass requirements
Lepton separation
Lepton/Jet separation
J /¥ veto

Mass window

If an extra lepton with pt > 12 GeV is found, the quadruplet with the largest squared matrix element value is kept

50 GeV < miy < 106 GeV and Mithreshold < M34 < 115 GeV
AR(f,',fj) > 0.1

AR(¢;,jet) > 0.1

m({;,€;) > 5 GeV for all SFOC lepton pairs

105 GeV < myp < 160 GeV

JHEP 05 (2024) 105
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< 14T ' Sl datony T T ]
[ - A TLAS —— With systematics
o 12_— H—ZZ*—4| e Expected combined

Observed production

H—ZZ*—4/¢ constraints on oL S

dim-6 operators 8
JHEP 05 (2024) 105 6

Lol b P Py

EFT coupling Expected Observed Best-fit SM  Fit type I T =
parameter 68% CL 95% CL 68% CL 95% CL value  p-value i ]
P [-0.18,0.19]  [-037,0.37]  [-0.42,031]  [-0.61,0.54] -0.078 0.86  decay 2;__ ______________________________ N /. oo o]
CHwE [-0.36,0.36]  [-0.72,0.72]  [-0.56,0.53]  [-0.97,098] —-0.017 099  decay Ol v, .
- [-0.63,0.63]  [-126,128]  [-0.07.1.09]  [-0.81,1.54]  0.60 037  comb 6 4 -2 0 2 4 6
d [-0.009,0.009] [-0.018,0.018] [-0.017,0.014] [-0.026,0.025] -0.003 0.86  decay Coi
To [-0.77,0.79]  [-2.4,2.4] 037,121  [-120,1.75] 078 0.1  prod
- [-0.47,047]  [-0.76,0.76]  [-0.54,0.54]  [-0.84,0.83]  0.083 093  decay L1 coupling Expected 95% CL
&y [-0.38,038]  [-0.76,0.77]  [-0.52,048]  [-0.99,093]  -0.01 099  decay production-only decay-only combined
CuB = +0.37 =
Only one Wilson coefficient c is floated at time ~ “xws - 072 -
CHW +4.8 £1.34 £1.27
d +0.63 +0.018 +0.019
G +2.4 - -
&y +6.6 +0.76 +0.80
Ty - +0.76 =
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VBF, H-WW*—evuv: regions and post-fit yields

Events
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VBF, H—-WW*—evuv: fiducial phase space and observed

uncertainties

ATLAS

...... Signal modelling

s Jets + MET
--- Leptons

MC statistics
Tot. Uncertainty

Selection Requirements { Signal Region I Fiducial Region -
Lepton pair flavors e-u E |
Lepton pair charge 0 %
Leading (subleading) lepton pr > 22 GeV (> 15 GeV) 5 10°
7] < 2.5 § F
0<|n¢l < 1.37 o i
Lepton n‘ ¢ (lr ¢l < 2.5 =
1.52 < |n¢| < 2.47 2 -
No. of additional leptons 0
AR(¢,0) overlap removal | > 0.1
Mmeg > 10 GeV
AR(¢, jet) overlap removal I > 0.4 i
No. of jets (pt > 30 GeV, |p| < 4.5) >2 10 =
No. of b-jets (pr > 20 GeV, || < 2.5) 0 ; :
Mrr <myz —25GeV L
Central jet veto (pt > 20 GeV) Vv
Outside lepton veto v
m;jj > 450 GeV
|ijj| >2.1
[Adee| < 1.4 rad

PRD 108 (2023) 072003
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Background modelling

0.0 1.57 3.14

Vs =13 TeV, 139fb" |
............ Signal parton shower
Mis-Id. background
b-tagging
Luminosity

Data statistics

A¢n [rad]
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TABLE V. Summary of EFT operators in the SMEFT formalism that are probed with differential cross section measurements in the
VBF H - WW* — eypv channel. The corresponding structure in terms of the SM fields in the Warsaw basis (second column) is shown
together with the associated Wilson coefficient (first column). The Higgs boson doublet field H and its complex conjugate are denoted
by H and H', respectively. The left-handed quark doublets (the right-handed up-type or down-type quarks) are denoted by g (u or d),
while V,,, (VM = eV ,,) is the (dual) field strength tensor for a given gauge field of the electroweak interactions with V = B, W"
(n = {1.2,3}), and 7" are the Pauli matrices. The bosonic operators with (without) a dual field strength tensor are CP-odd (CP-even).
For details of the formalism used see Ref. [128]. The expected and observed 95% confidence interval for the Wilson coefficients, using
fits to the differential cross section measured as a function of the observable that is indicated in the 3rd column (labeled as “Fit distr”), are

shown in the 5th and 6th columns, respectively. Results are p d when excluding (lin) or including (lin + quad) the pure dimension-
six contributions to the EFT prediction, as indicated in the 4th column.
95% Confidence interval [TeV~2]
Wilson coefficients Operator structure Fit distr Paramater order Expected Observed
caw HYHW?, W Ad; lin [-1.7, 1.6] [-2.6, 0.60]
lin + quad [-14, 14] [-1.8, 0.61]
Cup H'HB,,B" Agj; lin [-5.9. 6.4] [-6.7. 4.6]
lin 4 quad [-0.59, 0.66] [-0.60, 0.66]
chws H'z"HW:, B" Apj; lin [-10, 9] [-14,59]
lin + quad [-1.2, 1.1] [-1.2, 1.1]
- . 1 i = i
Chgi (H'iD,H)(@r"q) P lin [~12, 15] [-6.9, 22]
lin 4 quad [-1.9, 1.7] [-2.2,2.0]
CHg3 (H;iB::H)(Z[r”y"(I) i lin [-0.56, 0.47] [-0.74, 0.30]
lin + quad [-0.43, 1.2] [-0.56, 0.43]
. g 1 i — =
Chu (H"iD“H)(z}y“u) ,,4_ lin [-8.3, 6.9] [-11, 4.2]
lin + quad [-2.0, 2.6] [25;.31]
g e = 1 i = A
CHa (H'iD,H)(dy"d) 25 lin [-21, 25] [-13, 33]
lin 4 quad [-3.0, 2.7] [-3.7, 3.4]
CHW HHW3, W Adj; lin [-1.7, 1.7] [-1.8, 1.3]
lin + quad (1.4, 1.4] [-1.6, 1.2]
Cup H'HB,,B" Aj; lin [-28, 28] [-32, 22]
lin 4 quad [-0.62, 0.62] [-0.63, 0.63]
Chws H'7"HW!,B* A, lin [-15, 15] [-17, 12]
lin + quad [-12,1.1] [-1.2, 1.1]

CHW

Cyg [x107]
Crwe [¥107]
Cgs [X107]
Chaa

-1
c,, [x107]

Cog [X1071]

VBF, H-WW*—evuv: observed limits on dim-6 couplings

ATLAS szp. iin,

Vs =13 TeV, 139 fb™

LI L L

|:] Exp. lin.+quad.

—=-QObs. lin. -+ Obs. lin.+quad.

MM

¢
|

S

Crii

C g [¥107]

Coii [¥1071]

—_—
L4

e
L d
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Channel Signal region Decay mode combination Selection criteria
¢-1p0n |dyE(e)] > 2.5 or |dy® ()| > 2.0
. I . |dy® (T1pon)| > 1.5
H—rtr: SR selections and
Elpin |dy=(e)| > 2.5 or |dy=(p)| > 2.0
sensitivity categorization Tyt
Tlep Thad (- 1pXn |dy® ()| > 2.5 or |dy® ()] > 2.0
. [¥* (T1pxa)| > 0.1
Medium e Ve
£-3p0n |dy=(e)| > 2.5 or |[dy=(p)| > 2.0
[y (TSpOn)| > 0.6
EPJC 83 (2023) 563 Low All above Not satisfying selection criteria
VBF | Boost Channel Signal region Decay mode combination Selection criteria
J2 sig
pr > 30GeV 1pOn—1pOn Idgig(ﬁ)l >1.5
mjj > 400 GeV st VBT |dy~ ()| > 1.5
|A77jj| > 3.0 o sig
njnj <0 pr’ > 100GV High 1pOn-1pln Ifi(}a((:lpon))”: 01 15
Central 7-leptons ik ’
Signal region (110 < mMMC < 150 GeV) IpIn-Ipin ly?(1)y* (12)| > 0.2
VBF_1 | VBF_0 | Boost_1 | Boost_0 S— T | d;ig (t1p0m)| > 1.5
AR;7 < 1.5and | AR;7 > 1.50r |y* (71pxn)| > 0.1
BDT(VBF) > 0 ’ BDT(VBF) <0 ‘ P > 140 GeV ‘ pIT < 140 GeV
Medium IpIn-1pXn 1Y (T1p1n) ¥ (T1pxn) | > 0.2
Z — 77 control region (60 < mMMC < 110 GeV)
i i [ (T1pn)| > 0.1
VBF_1ZCR | VBF_ 0Z CR/Boost_l Z CR | Boost_0Z CR 1p1n-3pOn % (T3p0n)] > 0.6
Low All above Not satisfying selection criteria

MMC = missing mass calculator
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H—tt: post-fit results

3 3

x10 x10
L | | | L F | | | | | 7 EPJC 83 (2023) 563
c C ATLAS - Data c 3 ArLAs -8 Data —
© 5l Vs=13Tev, 1391b" M Htt (SM) o C Vs=13TeV,139fb" M H-tt (SM) -
Lﬁ C M Z-tt Lﬁ C M Z-tt 7

T Tiepthad (] Misidentified 2 5 Thad"hag ] Misidentified 1~ —| ]

- AllSRs I Other backgrounds T AllSRs I Other backgrounds 7} Fitted parameters ~ Observed Expected

7/, Stat. uncertainty 7, Stat. uncertainty

III‘\III\IIII'IIII'III

T Pre-fit - Pre-fit =
3f - SR 9°£16°  0°+28°
- 1.5 —
2 3 | per LRS00
0.5 NF5eost 1.01£0.05 1.00=0.04
= Boost_0
I 1.02+0.05 1.00£0.05
. . VBF_1
R T B2 | | 1 NEZ: 1.04+0.08 1.00 £0.08
o - g S T NREY 0.95+0.07 1.00 +0.08
~ i \ | | | |
-ig 1p0On 1pin 1pXn 3p0n -.g 1p0On-1p0n 1p0n-1p1n 1p1n-1p1n 1pOn-1pXn 1p1n-1pXn 1p1n-3p0On
Q Q
Reconstructed decay mode Reconstructed decay mode combination
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H—rtr: observed uncertainties

Set of nuisance parameters

Impact on ¢, [degrees]

Jet energy scale 34
Jet energy resolution 25
Pile-up jet tagging 0.5
Jet flavour tagging 0.2
ET™® 0.4
Electron 0.3
Muon 0.9
Thad Feconstruction 1.0
Misidentified T 0.6
Thad decay mode classification 0.3
7¥ angular resolution and energy scale 0.2
Track (7%, impact parameter) 0.7
Luminosity 0.1
Theory uncertainty in H — 77 processes 1.5
Theory uncertainty in Z — 77 processes 1.1
Simulated background sample statistics 1.4
Signal normalisation 1.4
Background normalisation 0.6
Total systematic uncertainty 52
Data sample statistics 15.6
Total 16.4
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ttH+tH, H—bb: region definitions and observables

Reci Dilepton {+jets E
egion TR 24/-24b CRT:'U"% CR214_,‘,31; CR3}'1’:’3” TR26J.24b CRS]{;Z‘”J CRslj,z4b TRboosii w
' 1 0 1 (o)
/ %
Training regions i 24 =3 > 6 =5 >4 B
@85% - >4 —
= N
(TRs) broadly . - - — S
I 1 Nb—la - N
contain signal 2 @70% >4 | _3 >4 - B
and are used to @60% - -3 <3 =3 - >4 <4 - =
train multivariate ~_Nosoea e - 0 [ =1 @
. : . z o
a | g O rlth m S Fit observable = ’ Yield — ‘ ARZbg ‘ —_ ©
Channel (TR) | Final SRs and CRs | Classification BDT selection | Fitted observable
CRI?(;{(;CZO:Z A7 S - AT][[
. >4j,> >4j,> 1 _
Dilepton (TR4-24 ) CRZ‘U,Z% BD;MM) € [-1,-0.086) bs
SR; BDT € [-0.086,0.186) by CP iti
SR224],2417 BDT24j,Z4b € [0186, 1] b4 'SenS| |Ve
R BDT=612% ¢ [_1,_0.128) b observables
C+jets (TR=6/-240 ) CR;®=* BDT>5/:24 ¢ [-0.128,0.249) by
SR=6/.24b BDT2%-24> ¢ [0.249, 1] by
+jets (TRpoosted ) | SRpoosted BDT™ € [-0.05,1] || BDT***
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ttH+tH, H—bb: post-fit yields

Events

Ratio to Bkgd.

S/B

Dilepton I +]jets

ATLAS 1 Other B i+ 21b B Bkgd+[fiH+tH] (=0.84,a=11°)

105 Vs=13TeV,139 fb! 1 fi+light 777 Unc. — == [fH+tH] (0 =0°) B

3 fi+21c ¢ Daa .. [ffH + tH]t (o = 90°) E

i  normalised to total data yield
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e 4
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121~ m Bkgd+[fiH+ tH] (x/=0.84, a=11°) ]
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ttH+tH, H—bb: observed uncertainties

Uncertainty source Aa[°] Uncertainty source Ak;
Process modelling Process modelling
Signal modelling +8.8 -14 Signal modelling +0.10 -0.10
tf + >1b modelling tf + >1b modelling
tf+>1b 4VSFS +23 37 tf+>1b 4V5 FS +0.08 -0.23
tf + >1b NLO matching +22 33 17 + >1b NLO matching +0.15 -0.30
tf + >1b fractions +14 21 17 + >1b fractions +0.09 -0.21
tf +>1b FSR +52 99 tf+>1b FSR +0.01 -0.02
tf + >1b PS & hadronisation +16 24 t7 + >1b PS & hadronisation +0.09 -0.20
1f+>1b pb shape +54 4.6 tf+>1b pb® shape +0.07  -0.11
tr+>1b ISR +14 24 1T+ >1b ISR +0.07 -0.17
tf + >1c modelling +6.6 -11 tf + >1c modelling +0.04 -0.10
t7 + light modelling +2.5 4.7 t7 + light modelling +0.00 -0.01
b-tagging efficiency and mis-tag rates b-tagging efficiency and mis-tag rates
b-tagging efficiency +8.7 -15 b-tagging efficiency +0.06 -0.12
c-mis-tag rates +6.7 -11 c-mis-tag rates +0.03 -0.07
[-mis-tag rates +23 2.7 [-mis-tag rates +0.01 -0.03
Jet energy scale and resolution Jet energy scale and resolution
b-jet energy scale +1.6 -3.8 b-jet energy scale +0.02  -0.02
Jet energy scale (flavour) +7.8 -11 Jet energy scale (flavour) +0.01 -0.05
Jet energy scale (pileup) +52 79 Jet energy scale (pileup) +0.02 -0.05
Jet energy scale (remaining) +8.1 -13 Jet energy scale (remaining) +0.04 -0.08
Jet energy resolution +57 93 Jet energy resolution +0.03 -0.09
Luminosity < =1 Luminosity < +0.01
Other sources +49 -8 Other sources +0.03  -0.07
Total systematic uncertainty +41 54 Total systematic uncertainty +0.29 -0.45
tf + >1b normalisation +82 -13 t1 + >1b normalisation +0.05 -0.15
K] +17 33 @ +0.08 -0.07
Total statistical uncertainty +32 49 Total statistical uncertainty +0.09 -0.10
Total uncertainty +52  -73 Total uncertainty +0.30 -0.46
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