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Measuring masses

Standard Model of Elementary Particles

three generations of matter

(fermions)
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Measuring masses

m(W) = 80.385 + 0.015 GeV 0.019 %
m(Z) = 91.1876 + 0.0021 GeV 0.0023 %
m(top) = 172.44 + 0.49 GeV 0.28 %

m(b) = 4.18 + 0.04 GeV 0.96 %

m(e) = 0.5109989461 + 0.0000000031 MeV  0.00000061 %
m(p) = 105.6583745 + 0.0000024 MeV 0.0000023 %
m(tau = 1776.86 + 0.12 MeV 0.0067 %
m(pi+-) = 139.57061 + 0.00024 MeV 0.00017 %
m(pi0) = 134.9770 + 0.0005 MeV 0.00027 %
m(K+-) = 493.677 + 0.016 MeV 0.0032 %
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The Higgs patential
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The Higgs mass

1 1 1 1 I 1 L 1 L I L 1 L 1 I 1 1 1 1 l 1 1 1 ] l L I L 1 I 1 1 1 1 I 1 1
ATLAS and CMS —e—i Total Stat. — Syst
LHC Run 1 Total Stat. Syst.

ATLAS H—yy P 126.02 = 0.51 ( = 0.43 = 0.27) GeV
CMS H—yy ———q 124.70 =+ 0.34 ( = 0.31 £ 0.15) GeV
ATLAS H—-2ZZ -4l I - { 12451+ 0.52 ( = 0.52 = 0.04) GeV
CMS H—»2ZZ 4l ——— 125.59 =+ 0.45( = 0.42 =+ 0.17) GeV
ATLAS+CMS yy I'—EI—'I 125.07 + 0.29 ( £ 0.25 = 0.14) GeV
ATLAS+CMS 4i I'—'I'E—'l 125.15 = 0.40 ( £ 0.37 = 0.15) GeV
ATLAS+CMS yy+4l l'-?"l 125.09 + 0.24 ( = 0.21 = 0.11) GeV
1 1 1 1 l 1 1 1 1 l L L 1 1 l 1 1 1 1 l 1 1 1 1 l L L L 1 I 1 L 1 1 I 1 1
123 124 125 126 127 128 129
Phys. Rev. Lett. 114, 191803 (2015) m,, [GeV]

mpy = 125.09 £ 0.24 GeV

= 125.09 £ 0.21 (stat.

) £+ 0.11 (syst.) Ge Precision: 0.2%
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The Higgs patential
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RGE running of A

1.0
08l
t t
» 06
2
Tg'_ L
8 L
s 04
w L
I t
02
- 2 H
0.0_ ‘
102 10* 10° 10% 10 10!2 10" 10'° 1018 10% t
RGE scale p in GeV
1 m; 2,
AH) = MMg)+-— 6 £+ 24 A\(Mg)* + ... ) In( —)
47
7 27/06/18

Ulla Blumenschein, DIS 2018, Kobe




The Higgs potential
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The Higgs potential
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The Higgs potential




The Higgs potential

Higgs
potential
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The Higgs potential

Higgs
potential
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The Higgs potential
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Top mass measurements

Example: ATLAS: lepton+jets channel, 8TeV data |
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Top mass measurements

Example: ATLAS: lepton+jets channel, 8TeV data
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1)
2)

3)

Top mass measurements

Example: ATLAS: lepton+jets channel, 8TeV data

Preselection

Full reconstruction of the
event

BDT to separate well-
reconstructed events from
wrongly matched events
Combined template fit of the
top mass, the jet energy
scale and the b-jet energy
scale

Ulla Blumenschein, DIS 2018, Kobe

Events / GeV

Data/MC

1600~ 'e Data - 'Z'+j'et'sl T -
C [, mw=1 72.5 GeV WW/WZ/ZZ -

14001 pu Single top I NP/fake leptons
1200} I W+jets 23 Uncertainty _:
1000 . _—— ATLAS Preliminary -
= W M,  (s=8 TeV,20.2fb" -
800 g -
600} =
400} .
200 ¥ =

1 .2 .............................................
1
0'8 0 O D - - W X X
130 140 150 160 170 180 190 200

miss° [GeV]

16

27/06/18




Top mass measurements

Example: ATLAS: lepton+jets channel, 8TeV data

1) Preselection

2) Full reconstruction of the
event

3) BDT to separate well-
reconstructed events from t
wrongly matched events

4) Combined template fit of the
top mass, the jet energy
scale and the b-jet energy f
scale
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Top mass measurements

Example: ATLAS: lepton+jets channel, 8TeV data

1) Preselection

2) Full reconstruction of the
event

3) BDT to separate well-
reconstructed events from
wrongly matched events

4) Combined template fit of the
top mass, the jet energy 0.01
scale and the b-jet energy

0.05F... JSF=0.96 ATLAS Simulation
B2 sora 1.00 Preliminary, Vs=8 TeV

0.04f[_JusF=1.04

0.03

Nomalised events / GeV

0.02

scale, using the o 2 '
reconstructed top mass, the 5 151— ----------------------------------------- o W
reconstructed W mass and osf | T o
the b-jet/light jet transverse 60 70 80 9 100 110

i mreco Gev
momentum ratio w [GeV]

Ulla Blumenschein, DIS 2018, Kobe 18 27/06/18



Top mass: uncertainties

Ulla Blumen

Miop [GeV]
Vs =7 TeV Vs =8 TeV
Event selection Standard Standard BDT
Result 172.33 171.90 172.08
Statistics 0.75 0.38 0.39
— Stat. comp. (M) 0.23 0.12 0.11
— Stat. comp. (JSF) 0.25 0.11 0.11
— Stat. comp. (bJSF) 0.67 0.34 0.35
Method 0.11 £ 0.10 | 0.04 +£0.11 | 0.13 £ 0.11
Signal Monte Carlo generator 0.22 + 0.21 0.50+0.17 | 0.16 =+ 0.17 |
Hadronisation 0.18 +0.12 | 0.05+0.10 | 0.5+ 0.10 |
Initial- and final-state QCD radiation | 0.32 £ 0.06 1 0.28 £ 0.11T | 0.08 £ 0.1T
Underlying event 0.15+0.07 | 0.08 +£0.15 | 0.08 = 0.15
Colour reconnection 0.11 = 0.07 0.37 = 0.15 0.19 =+ 0.15 |
" Parton distribution function 0.25+0.00 | 0.08 =+ 0.00 [ 0.09 = 0.01
Background normalisation 0.10 £ 0.00 | 0.04 £ 0.00 | 0.08 = 0.00
W +jets shape 029 +0.00 | 0.05+0.00 | 0.11 = 0.00
Fake leptons shape 0.05 = 0.00 0 0
Jet energy scale 0.58 + 0.11 | 0.63 +0.02 | 0.54 + 0.02_V|
Relative b-to-light-jet energy scale 0.06 £ 0.03 | 0.05 +0.01 | 0.03 +£0.01
Jet energy resolution 022 +0.11 | 0.23+£0.03 | 0.20 £ 0.04
Jet reconstruction efficiency 0.12 +£0.00 | 0.04 £ 0.01 | 0.02 =+ 0.01
| Jet vertex fraction 0.01 £0.00 | 0.13+0.01 | 0.09 +0.01
b-tagging 0.50 = 0.00 | 0.37 + 0.00 | 0.38 + 0.00 |
Leptons 0.04 +0.00 | 0.16 001 | 0.16 = 0.01
- 0.15+0.04  0.08 x£001 | 0.05 +0.01
Pile-up 0.02 +0.01 | 0.14 001 | 0.15 = 0.01
Total systematic uncertainty 1.03 + 0.08 | 1.07 +£0.10 | 0.82 + 0.06
Total 1.27 + 0.08 | 1.13 + 0.10 | 0.91 + 0.06
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Top mass: uncertainties
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TOP mass measurements

Successive combination ATLAS Preliminary
m,, * stat. + syst
mdl (8 TeV) 172.99 + 0.41+ 0.74
+ M (8 TeV) 172.56 + 0.28 + 0.48
+ M (7 Tev)* 172,51+ 0.27 + 0.42
+mdl (7 TeV) 172.50 + 0.27 + 0.42
————— *ATLAS Combination .
I stat. uncertainty stat. uncertainty
total uncertainty total uncertainty
] | | | | | | | | | ] | ] | ] | ]

168 170 172 174 176 178
Miop [GeV]
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TOP mass measurements

ATLAS Preliminary

Combinations

me, * stat * syst.
CDF (Mar 2014) 173.16 £ 0.57 + 0.74
DO (Jul 2016) H-e-H 174.95 + 0.40 + 0.64
CMS (Apr 2016) 172.44 + 0.13 + 0.47
ATLAS (Sep 2017) 172,51+ 0.27 + 0.42

----- ATLAS Combination
W stat. uncertainty
total uncertainty

stat. uncertainty
total uncertainty

165 170 175 180
Miop [GeV]
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Higgs potential
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Indirect measurements

Ulla Blumensc

Top-quark pole mass measurements
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Higgs potential

0.10

0.08

0.04

Higgs quartic coupling A

~002]

-0.04

102

0.06 |

002/

30 bands in
;= 173.1 £ 0.6 GeV (gray)
a3(Mz) =0.1184 + 0.0007(red)
M; = 125.7 + 0.3 GeV (blue)

8

1

104

M, = 1749 GeV

| 1 1 1 | | 1 1 | | | 1 |
106 10% 10 10'2 10 10'¢ 10'® 10%
RGE scale y in GeV

Ulla Blumenschein, DIS 2018, Kobe

27/06/18



The Higgs potential
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The Higgs potential

Higgs
potential
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The Higgs potential
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The Higgs potential

Higgs
potential
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The Higgs potential
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The Higgs potential
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The SM is over-constrained

GFitter 2014
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The SM is over-constrained
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The SM is over-constrained

GFitter 2014
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The SM is over-constrained
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The SM is over-constrained

GFitter 2014
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Previous mW measurements
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W production
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W production

— > CT14 NNLO
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W reconstruction

CT14 NNLO

g(x,Q)/5

x f(x,Q) at Q = 100 GeV
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W hadronic recoil

arXiv:1701.07240
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W transverse mass

arXiv:1701.07240
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W transverse mass
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W mass: blinded

arXiv:1701.07240
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W mass: unblinded

arXiv:1701.07240
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W mass: uncertainties

Dominating uncertainty from theory: pT(W) modeling, PDF |

AN AN
Combined Value Stat. Muon Elec. Recoil Bckg. / QCD \ EW / PDF \Total 2/ dof
categories [MeV] | Unc. Unc. Unc. Unc. Unc.| Unc. |Unc.| Unc. |Unc. | of Comb.

mr-py, W=, e-p | 80369.5 | 68 66 64 29 45\ 83 /55| 92 J185| 2927

&

&
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Theory uncertainties

1.04

£ 000 ATLAS Simulati
c mulation 5 ] : '
g - ‘3-7 TOV. pp_’ w!*x z : Ams S'ml:,lat.on
- y 1.037|3-7TQV.W4W +X
g = Pythia 8 AZ
'(‘—U — " = Powheg + Pythia 8 AZNLO
c 1.02’_ DYR“ .
5 }% [ <. Powheg MINLO + Pythia 8
-g o
>

E 10 E

z2 F e

5 0.99f :

= 30 32 34 36 38 40 42 44 46 48 50
P, [GeV]

W Queen Mary

e Ulla Blumenschein, October 26t 2017
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Theory uncertainties

precisely measured pT(Z) -> prediction -> pT(W) |

a O-TI ue

8 PT

2-5% (NNLO+NNLL)

0.5% @ 1-2% ? (NLL!)

~1% ? (experimental)
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Theory uncertainties

ATLAS Simulation
Vs=7 TeV, pp— W +X, pp— Z+X

0.9f == Pythia 8 AZ
' —— DyRes 1.0

085 —— Resbos

— CuTe
Y| T P U PN DTN PR P P
By 59095 20 25 30 35 40

p."“ [GeV]
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Theory uncertainties

S 1'1- L T T T I T Al T T l L) Ll T T l T T T Ll l Ll Ll 1) Ll I T Al T |

3 - ATLAS W — B" .

- . —4— Data y

= 1'08_ S=7TeV, 4.1 fb1 %= Pythia 8 AZ .

u, ‘3 M — — DYRES :
o 1.06H | — Powheg MINLO + Pythia 8~
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W mass measurement

I | |

T
ATLAS ¢ my
«u Stat. Uncertainty

— Full Uncertainty

LEP Comb. PA 80376133 MeV
Tevatron Comb. PY 80387+16 MeV
LEP+Tevatron @-30385+15 MeV
ATLAS ——g@-80370+19 MeV

Electroweak Fit 80356+8 MeV
|

| | |
80320 80340 80360 80380 80400 80420
m,, [MeV]

&
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W mass measurement

L T I I I 1 1 1 T I I 1 1 I 1 I 1 1 I 1 1 1 1 I 1
o C ATLAS == m, = 80.370 + 0.019 GeV
O, 8051 Bl m -172.84+070GeV
E; - - my = 125.09 + 0.24 GeV -
80.45 W 68/95% CL of m,, and m, —
80.4F ]
80.35F r' -
8030 L we 68/95% CL of Electroweak]
- Fit w/o m,, and m, i
— (Eur. Phys. J. C 74 (2014) 3046) -
B 1 1 1 I 1 1 1 1 I | 1 1 I | 1 1 1 l 1 1 | 1 I | ]
8025965 170 175 180 185
m, [GeV]

&
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Neutral Drell-Yan production

AL

valence & sea PDF

sensitivity through
do/dn \
Zy(z) = cosf x Wg(x) — sinf X B, ()
A,(z) = sinf x Wg(x) + cosf x B,,(z)
T (73 — sin2 Oy JEM) 20 + e JEM A0
cos Oy |
V
Z boson: || g, =13 — Qsin? 0w | gr = —Q sin? Ow
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Neutral Drell-Yan production

b100 I ! IIIIIII I ! Illllll

1 Oi {s=13 TeV Total NLO Cross Section
1 03 w7 Contribution
1 02 = vy Contribution
10

10

1

10’
107
10”

10™
107 Drell-Yan

— Z/y' Interference (Modulus)

yA Boson:l

10° . 9
10”7 gr = I3 — Qsin® Oy
10 . 9

] Lol | ool | AN gR:‘_QS],n OW

-9t
10 10 10° 10°
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Forward-Backward Asymmetry

B F
O-F . O-B mu-

AFB — a* -gbar
0F + UB /< "z

qbar q

d3o

dmeedyeed cos 6*

3m /S Z P [fq(xl, Q )fq(x2, Q )+ (g & q)]

P, = eeez(l +cos”6%) Y
2 2
2m? oMy, — M7)
) 2 2 212 4 12,2
sin” Oy cos= by [(my, — m3)* + T'5ms |

4
ma,

T3 2 2 2.2
sin” Bw cos* bw|(my, — m5)? + Tom;

[vevg (1 + cos? %) + 2apa,cos6*|  y/1

+ €r€y

[(a% + v%)(ag + 0421)(1 +cos? 6*) + 8agveagvg cos 67 |.

VA
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The Weinberg angle

_______________________ rvi oflq'e’M ur .

Do z e

arXiv:1408 5016 : ' : :

CDF | e

arXiv:1605.02719 s : i

Combination : e :

FERMILAB-CONF-16-295-€ g : : i
----------------------------------- I N I e
— |

Chsssssssnsssnssssssssshocsvsrsrrrsnssdivsnssssnsprreiscscssssssnssssnssvsssnsdicsssvscshsnsnsnss

0,had : - :
P8, o) - e mm
0 : :
* (LEP) . @® Measurement
o e . Wiems [ stat. Unc.
A +A (LEP) . [l Total Unc.
St GO T World Average |
SLD ; ) : :
:Ip‘ex,(ﬁ())gm : . ; []Relative Lfna l
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Neutral Drell-Yan production

; 80-5 I 1 1 I 1 I 1 I I I 1 I 1 1 1 I l2 '] 1 I I 1 I l I I 1 ]
8 ~  68% and 95% CL contours sin*(0,,) LEP+SLC = 1o -
<, 80.48 :_ direct M, and sin’(6},) measurements —:
E; 80.46 — W fitwo M, sin?(6' ) and Z widths measurements ]
- fit w/o M., sin®(0,,) and M_ measurements _

80.44 E_ fitw/o M, sln’(e'm), M, and Z widths measurements -
80.42 -
80.4 — : \ =
80.38 — - 3

80 36 :.._ MW world comb. + 1 ‘ _:
80.34 -]

- GFitter 2014 -

80.32 — =

s L 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l ) L 1 1 I N 4 1 1 :
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sin’(6.,,)
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Acq: dilution in pp colliders

B F
A U'F — U'B mu-
FB = W T
F T 0B Pl Y g
bar
] CT14 NNLO q f q
0.8} \“\}' /
N quark direction ?? I
§ 0.6
g Sea Z/y boosted -> work in specific lepton
604 \ .
E; quarks: rest frame (Collin Sopers frame)
02 \ Polar angle 6 (lepton - quark)
-> from Z/y direction -> dilution
0b01 0003 I
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Acq: dilution in pp colliders
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Acq: dilution in pp colliders
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PDF and A

ity
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Template fit

Template-fit (Powheg+Pythia8 templates) -> PDF & sin26,, arXiv:1806.00863
CMS 19.6 fb™ (8 TeV)
om 0.4 IFTTTI IFTTTT IFTTTT I TTTT T TTT ITTTTT
[N 10.0<lyl<04 |04<lyl<0.8 |08<lyl<1.2 |1.2<lyl<1.6 |1.6<lyl<2.0 |20<lyl<2.4 |
< —
02—
R ﬁf‘ﬁﬁf{/f ﬂf |
—~Data 7]
2T —Fit + ]
| | | | | | | | | | | |
: : 17T 17T 77T 1T 1T 71T 17177177 T m 1T T1TT T LI LI T :
L  oosF + * 3
' 0 :‘JI_J-;&...;:*- + I ++’g',_,+ + l+ 0'..3' ++%+¢v.& | l+'+">'A.'L +| | J l =
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Results

LEP +SLD I 0.23153 + 0.00016
LEP + SLD: A% B —o— | 023221+ 0.00029
SLD: A, B —0— | 0.23098 + 0.00026
COFeesun94m™ | b |—e— |02322140.00046
DO ee 9.7 b B ——— | 0.23147 + 0.00047
ATLAS cerppn 48 10| s - | 0.23080 + 0.00120
LHCb py 3 fb” B . | 0.23142 + 0.00106
cMS pp 18817 | 00000 —o——"  |0.23125+0.00060
CMS ec 19617 | o . | 0.23086 + 0.00086
CMS ee+up B — e | 0.23101 + 0.00053
l 0.|23 I 0.2[31 0.2132 l 0.233
sin“e

Uncertainties comparable with Tevatron experiments
Statistical uncertainties dominating component

sin? 6 = 0.23101 = 0.00036 (stat) + 0.00018 (syst) =+ 0.00016 (theo) + 0.00031 (PDF)]
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The ATLAS experiment

25m

Tile calorimeters

LAr hadronic end-cap and |4
forward calorimeters

Pixel detector
LAr eleciromagnetic calorimeters

Toroid magnets

Solenoid magnet | Transition radiation fracker
Semiconductor fracker

Muon chambers

LHC: proton synchrotron
Circumference: 27km
Center-of-mass energy: 13 TeV
40 MHz collisions (1 kHz recorded)
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Appendix

d20' - dO'(y) B dU'y(PT)q
dprdy | dy ||oy, dpr

» Rapidity distribution and angular coefficients:

- NNLO fixed-order QCD
- PDF : CT10nnlo

* py distribution at given rapidity

- Pythia AZ. Tuned parameters : a's® ; intrinsic Ky ; ISR cut-off
- PDF used in the parton shower : CTEQ6L1
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Appendix

ocpt — 2P PP pa

\/m%e(m%e + PFe0) Pz 0]

Uf/(lf = 1 — 4|Qf| Si].’l2 Giff
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Appendix

The uncertainty in the W p; distribution, for given Z p, distribution (cont'd)

ATLAS Simulation
Vs=7 TeV, pp— W' +X, pp— Z+X

—— Pythia 8 AZ Light quarks-W,Z — ct—Z
bb—2Z — cd,cs—»W — Total

T T FTTTE P NS NN e

5 10 15 20 25 30 35 40

o
©

ATLAS Simulation
Vs=7 TeV, pp— WX, pp— Z+X

~-p_ --LOPDFW'  —Total W
m, - LOPDFW  —TotalW
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