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Introduction

* LHC: not just an “energy frontier” machine!

— Enormous datasets of gauge bosons, top quarks, Higgs

* What can we study?

- Precision SM parameters Process 2016 yield per
experiment
— all the nonperturbative stuff in proton W— fv  700x 1068
collisions: parton distribution functions, Z— 04 70 x 10°
underlying event Wz 1.7 x 10°
tt 30 x 10°

— can we calculate well in the SM?

inclusive H 1.9 x 10°¢

— are there hints of BSM physics in
“SM-like” interactions?

ttH 18 x 103

- fundamental tests

* “Beyond the Standard Model” searches
require understanding the Standard Model

This talk: a few selected
topics!

Will generally not show
both experiments’ versions
of an analysis...

- no royal road to BSM ... ?
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Datasets

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:22 to 2016-10-27 14:12 UTC
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* 2016: superb year of LHC data 2 EEEsigabuseid l
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_g a0 2016, 13 TeV, 40.8 b ' 140
— LHC design luminosity exceeded, high E
uptime §3°' 30
— more data than all previous years .i?zo =
combined Tl 2o
2 glxso .
— pileup mitigation strategies in place % Wy o 0 oF ot o gt
- Date (UTC)

* Many SM & top analyses utilize [oWer — _ it
energy/lower pileup datasets £ 220 ATLAS Oniine, Vs=13TeV  [Ldt=42.7 16"
S 200 B 2015 <u> =137 -

- may take a long time to understand 2 ok @ — O
systematics for a dataset at required § 140 ATLAS =
precision § 138: E

g a0k 3
8 60 EE
LHC 13 TeV delivered luminosity to date "3 El
~ 1.5% of HL-LHC %50 15 20 25 30 35 40 45 50

[6)]

Mean Number of Interactions per Crossing
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Cross Sections: view from 35,000 ft

* Many measurements (many not in plot ...)

* Good agreement of theory & data
_April2017 CMS Preliminary

F o b @ 7 TeV CMS measurement (L <5.0 fb™)
=" @ 8 TeV CMS measurement (L <19.6 fbo)
F o = 0 r @ 13 TeV CMS measurement (L <35.9 fo')
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Proton Structure: PDF

* Use high order perturbative calculations + precision data to constrain

parton behavior

* e.g., W& Zdifferential cross sections
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Multijets: QCD & Parton Shower

* (Can we accurately simulate production of multiple jets (pure QCD)?

* e.g. azimuthal correlations of jets in =2, >3, >4 jet events

— compare to a variety of calculations (different hard scatter matrix elements,

parton showers). All generators have regions of difficulty _

CMS Preliminary 35.9 fb' (13 TeV) CMS Preliminary 35.9 b (13 TeV)
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Electroweak Consistency

mm Global EW fit
Bl Indirect determination

* Standard Model has many subtle
dependencies between various
parameters due to guantum
corrections

— on the whole good consistency seen
with expectations

* LHC experiments are main game in
town for improvements for several
parameters
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Particle Masses
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- First measurement of m , at the LHC g 120-amLas comm |
10 100:_ \s=7TeV,4.6fb W - ev _:
. i perist el
* [ TeV data alone: plenty of statistics Bk E
- ;
* Observables: ‘2‘2 :
- charged lepton p, .
£ OE bt ey g TR T
—- reconstructed W m_ (0 L e
‘DU 30 32 34 36 38 40 42 44 46 48 50
. . p- [GeV]
* Use Z as standard candle for calibration, it /
tuning, method validation B EATiAs T e i s e
. . ; 100 Vs=7TeV,4.6fb Eéva;:r;und E
* Complications: 5 ol - 56159
w60 =
— pp initial state: W* and W- produced 40 E
differently 20 s
- large (~ 25%) contribution of cs — W: sea R e
. BRI VTN S T
quarks more important than at Tevatron ~ 8'8315 e B S T
R T T T A R E T

— generators don’t necessarily get boson
polarization right

@ m; [GeV]
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W Mass Result

mwy = 80370 + 7(stat) £+ 11(exp syst) -

* Largest experimental systematics:
lepton energy/momentum scale

* Largest modeling systematics are
parton distribution functions, parton
showers

- relies on correlation of higher-order
QCD correctionsin W & Z

* Precision better than LEP combination,
not far from Tevatron combination

* Better consistency with global EW fit
than before

8 May 2017
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- 14(mod syst) MeV

T
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= Stat. Uncertainty
— Full Uncertainty

80376+33 MeV

Tevatron Comb.

LEP+Tevatron

ATLAS

80387+16 MeV

o 80385+15 MeV

.ﬂ370i1 9 MeV

Electroweak Fit 80356+8 MeV
1 | 1 |
80320 80340 80360 80380 80400 80420
m,, [MeV]
;‘ T L] I T T I L] I T T L T I T T T L l T ]
(o) ATLAS — m,, =80.370 £ 0.019 GeV
O, 805~ Bl m = 17284070 GeV
E; B (i a e S m, = 125.09 £ 0.24 GeV
80.45— # 68/95% CL of m,, and m,
80.4-
80.35F
80.3 i A s 68/95% CL of Electroweak
o Fit w/o m,, and m, ]
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Higgs Mass

* Use fully-reconstructible decays H —- 4¢ and H — yy

— Great potential for improvement: 4 ¢ stats dominated

1 1 1 I T T 1 T I T T T 1 I T T T 1 | 1 T T 1 | 1 T T T I 1 T T T | T 1
ATLAS and CMS —— Total | Stat. 1 Syst.

LHC Run 1 Total  Stat. Syst.
ATLAS H—yy ——— 126.02 £ 0.51 (+ 0.43 £+ 0.27) GeV
CMS H—yy —e— 124.70 £ 0.34 (+ 0.31+ 0.15) GeV
ATLAS H—ZZ 41 S 124,51+ 0.52 (+ 0.52 + 0.04) GeV o ..
—0.2% precision
CMS H—ZZ —4] ——— 125.59 + 0.45 (£ 0.42 £ 0.17) G
ATLAS+CMS yy E 125.07 + 0,294+T.25 + 0.14) GeV
ATLAS+CMS 4l 125.15 + 0.40 ( + 0.37 + 0.15) GeV
ATLAS+CMS yy+4i 125.09 +0.24 ( +0.21+0.11) GeV
L 1 1 1 I L 1 1 L I 1 L L 1 1 1 L 1 | 1 1 L 1 | 1 1 1 L I 1 1 L 1 | L 1
123 124 125 126 127 128 129

m,, [GeV]

* Run 2 CMS H — 4/ mass measurement

- H— 4/:in concert with other Higgs properties measurements

mpy = 125.26 £ 0.20(stat) + 0.08(syst) GeV

— Better precision than LHC Run 1 combo
(49 MeV smaller uncertainty than expected)

8 May 2017 SM, Higgs @ Pheno




* Standard technique: test per-event compatibility of events
with various mass hypotheses

— Full/partial reconstruction, usually involving b-jets; could use
J/wp or B-hadron flight distance as proxy for b quark

— Subject to jet and b-jet energy scale systematics, details of
nonperturbative QCD in events

- Also, what does MC generator top mass actually mean?
Potentially O(GeV) shift between generator and “pole” mass

— Top Yukawa coupling not expressed in pole scheme

* Alternative methods for pole mass:

\

- measure tt cross section Theoretically under
- shape of tt+1 jet total invariant mass better control

_

8 May 2017 SM, Higgs @ Pheno 12




Top Mass Examples

“standard” analysis: all-hadronic top decays

plotted: m(t)/m(W)

m = 173.72 £ 0.55 (stat) + 1.01 (syst) GeV
q— _||||||||||||||||||||||||||||I|III|III|I_
< ATLAS |
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S 800 o

600 J2Indf = 72.3/48 = 1 51

400
EXPERIMENT O|||||||||||||||||||||||||||||||||||||||
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Ry = my/m
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Interpret cross section from
dileptonic decays (pole mass)

still depends on generator mass
through acceptance
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Top Mass Summary

* Standard methods are systematics limited at the ~ 0.5 GeV level

— CMS projects ~ 0.2 GeV for HL-LHC
* Pole measurements at best ~ 1.8 GeV

Top-quark pole mass measurements

May 2016

ATLAS+CMS Preliminary LHC ftop WG My, SUMMary, fs=7-8 TeV Aug 2016
-------- World Comb. Mar 2014, [7]
stat

total uncertainty total stat

My, = 173.34 £ 0.76 (0.36 + 0.67) GeV mygp + total (stat + syst) GE o
ATLAS, l+jets (*) 172.31+1.55 (0.75 + 1.35) 7TeV [1]
ATLAS, dilepton (*) 173.09 + 1.63 (0.64 + 1.50) 77TeV [2]
CMS, l+jets 173.49 + 1.06 (0.43 £ 0.97) 7TeV [3]
CMS, dilepton 172.50 + 1.52 (0.43 + 1.46) 77TeV [4]
CMS, all jets 173.49 +1.41 (0.69 * 1.23) 7 TeV [5]
LHC comb. (Sep 2013) 173.29 + 0.95 (0.35 + 0.88) 7 TeV [6]
World comb. (Mar 2014) 173.34 + 0.76 (0.36 + 0.67) 1.96-7 TeV [7]
ATLAS, l+jets 172.33+1.27 (0.75 £ 1.02) 77TeV [8]
ATLAS, dilepton 173.79 + 1.41 (0.54 + 1.30) 7 TeV [8]
ATLAS, all jets 17561+£1.8(1.4+1.2) 7TeV [9]
ATLAS, single top 1722+2.1(0.7£2.0) 8 TeV [10]
ATLAS, dilepton 172.99 + 0.85 (0.41+ 0.74) 8 TeV [11]
ATLAS, all jets 173.80 +1.15 (0.55 + 1.01) 8 TeV [12]
ATLAS comb. (IJ::; zgl‘f 172.84 + 0.70 (0.34 + 0.61) 748 TeV [11]
CMS, l+jets 172.35+0.51 (0.16 + 0.48) 8 TeV [13]
CMS, dilepton 172.82+£1.23(0.19%1.22) 8 TeV [13]
CMS, all jets 172.32 +0.64 (0.25 + 0.59) 8 TeV [13]
CMS, single top 172.60 £ 1.22 (0.77 £ 0.95) 8 TeV [14]
CMS comb. (Sep 2015) 172.44 + 0.48 (0.13 + 0.47) 7+8 TeV [13]

(*) Superseded by results
shown below the line

[1] ATLAS-CONF-2013-046
[2] ATLAS-CONF-2013-077

[3] JHEP 12 (2012) 105

[4] EurPhys.J.C72 (2012) 2202
[5] Eur.Phys.J.C74 (2014) 2758

[6] ATLAS-CONF-2013-102
[7] arXiv:1403.4427

8] Eur.Phys.J.C75 (2015) 330
[9] Eur.Phys.J.C75 (2015) 158
[10] ATLAS-CONF-2014-055

[11] arXiv:1606.02179

[12] ATLAS-CONF-2016-064

[13] Phys.Rev.D93 (2016) 072004
[14] CMS-PAS-TOP-15-001

DO oftt), 1.96 TeV

PLB 703 (2011) 422
MSTWO8 approx. NNLO
Do o(ti), 1.96 TeV
DO Note 6453-CONF (2015)
MSTWO08 NNLO

DO o(ti), 1.96 TeV

arXiv:1605.06168 (2016)
MSTWO08 NNLO

ATLAS o(tt), 7+8 TeV
EPJC 74 (2014) 3109

ATLAS tt+j shape, 7 TeV
JHEP 10 (2015) 121

CMS oftt), 748 TeV
JHEP 08 (2016) 029

CMS tt+j shape, 8 TeV
TOP-13-006 (2016)

World combination
ATLAS, CDF, CMS, DO

l—.—I

167.50 +520 , - GeV

169.50 +330 _ , GeV

—@—— 17280 *340 _  Gev

—@—— 172,90 ¥250 , . GeV

—@— 173.70 ¥228 , .. GeV

|—.—|

@

arXiv:1403.4427, standard measurements

169.90 *452 , - GeV

173.34 #0786 _ - GeV

1 | 1
165 170
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Electroweak Interactions

* Multiboson final states: check if rates, kinematics
consistent with vertices of SM

- e.g8., YZZ, ZZZ vertices forbidden; higher-dim operators typically
more important at higher momentum

— probe anomalous quartic couplings with e.g. yy —» WW

WWZ aTGC
March 2017 geclite ngfs % Channel Limits [ Lot is WWW aQGC

A — ww -4.3e-02, 4.3e-02 467 7TeV
K — ww -2.50-02, 2.06-02 203" 8TeV
—e— wWw -6.0e-02, 4.6e-02 19.4 fb™! 8 TeV T i
| iowz -1.36-01, 2.46-01 e 813Tev July 2013 s P e T —
! oWz -2.1e-01, 2.5¢-01 196" 8TeV = CMSyy— WW limits e
m _g_gg_gg’ ;_g:_g; gg :g. ;Ex Anomalous WWyy Quartic Coupling limits @95% C.L. Channel Limits L \s
—i -2.36-02, 3.2e-02 9fb’ 7
R wy e AR ALY WWy  [-15000,15000] 0.43fb" 0.20 TeV
—e— LEP Comb. [-7.4e-02, 5.1e-02 0.7 Ib': 0.20 TeV
— WwW -6.2e-02, 5.9e-02 46 fb 7 TeV . 1
7‘2 - w o0 19002 e TV yy—> WW [-430,430] 9.70fb" 1.96 TeV
— WW -4.8e-02, 4.8¢-02 491 7TeV
e ww -2.40-02, 2.46-02 19.4fp"  8TeV el i WWwy [-21,20] 19.30fb" 8.0 TeV
— wz -4.66-02, 4.7e-02 46t 7 Te\l_’l_ v ay'/A" TeV
— wz -1.4e-02, 1.3e-02 336! 813Te :
i wz -1.8e-02, 1.6e-02 196" 8TeV A o Bnt Yy —> WW [-4,4] 5.05fb" 7.0 TeVv
— wv -3.9e-02, 4.0e-02 461"’ 7 TeV
— wv -3.8e-02, 3.0e-02 50fb"  7TeV
H wWv -1.1e-02, 1.1e-02 19fb™" 8 TeV P
— wv -3.9e-02, 3.9¢-02 23f7  13TeV WWy [ 48000,26000] 0.43fb™ 0.20 TeV
—e— DO Comb.  [-3.6e-02, 4.4e-02 86"  1.96TeV
—e—1 -5.9¢-02, 1.7e-02] , ) !
> . T T 1 ozl 02076V vy — WW [-1500,1500] 9.70b™ 1.96 TeV
Ag; — ww -1.66-02, 2.76-02 203" 8TeV
i ww -9.5e-02, 9.5e-02 4917 7Tev g5 1 il wwy [-34,32] 19.30fb” 8.0 Tev
. WW -4.7e-02, 2.26-02 194"  8TeV a%/A% Tev?
_ wz -5.7e-02, 9.3e-02 461" 7 TeV. c 1
— wz -1.5e-02, 3.0e-02 336" 8,13 TeV dnas PR YYy>WW  [-15,15]  5.05b7 7.0 TeV
— wz -1.8e-02, 3.5¢-02 196" 8TeV
| wv -5.5e-02, 7.1e-02 4.6 b’ 7 TeV
— wv -8.7e-03, 2.4e-02 19 fb™! 8 TeV
— wv -6.7e-02, 6.6e-02 23i"  13TeV f. A% Tev* WWwy [-25,24] 19.30fb" 8.0 TeV
—e—| DO Comb.  [-3.4e-02, 8.4e-02 86! 196TeV 0 e
. . | e . .  LEP Comb.  [-5.4e-02,2.1e-02] 07" 020Tey S e R R B R
5
0 0.5 1 -10°-10*-10%10%2-10 -1 1 10 10% 10° 10* 10°

aTGC Limits @95% C.L.
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Light-by-Light Scattering

* Process yy — vy is predicted in QED

- completely non-classical (nonlinearity in E, B fields - superposition fails)

— lasers not yet intense enough
* At LHC: Collide the electric fields of relativistic lead nuclei

— equivalent to colliding intense photon beam @:i ))
— signature: two photons + nothing; Pb ions vanish down beampipe EXI!Thﬁ‘NT

— first evidence (4.4 o) for yy — vy _

LD B UL | RN | | | IR G B | | T | | T | | IRE ERE IR 1 | | IRES SRR BEE | | | [ RS JEaN | i
S 14 -eData, 480 b’ ATLAS Y
o L Ory-ryMC 3
g B CEP yy MC §
o 10 -

5 Signal selection

8- no Aco requirement
em-fields 6:_ -
B S S TS Ve s 4:— i
’: 1 ﬁ L 1 L F‘ 1 L m 5 [ [ i \7\‘\
VR—C 00 0.01 0.02 0.03 0.04 0.05 0.06
: vy acoplanarity
em-fields

Observed rate ~ (1.6 + 0.7) x theory
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Top Quark Interactions: tWb Vertex

* Probe strength of vertex with single top (electroweak) production

b tg
w
w
q gy

b

~

Polarization of W in tt events

ATLAS+CMS Preliminary LHCIOpWG Sept 2016

JHEP 1206 (2012) 088

CMS 2011 single lepton, Ys=7 TeV, L =22f"*
CMS-PAS-TOP-11-020

LHC combination, {s=7 TeV
ATLAS-CONF-2013-033, CMS-PAS-TOP-12-025

ATLAS 2012 single lepton, Vs=8 TeV, L _=20. 210"

Paper in preparation

CMS 2011 single lepton, Ys=7 TeV, L 50fb‘
JHEP 10 (2013) 167

CMS 2012 single top, {s=8 TeV, L _=19.7 fb"
JHEP 01 (2015) 053

CMS 2012 single lepton, {s=8 TeV, L _=19.8 fb"

arXiv:1605.09047

CMS 2012 dilepton, s=8 TeV, L, =19.7 fo"
CMS-PAS-TOP-14-017

* superseded by published result

!
"

I Theory (NNLO QCD) F
PRD 81 (2010) 111503 (R) R

—¢—®—— Data (F_/F /F))

ATLAS 2010 single lepton, V=7 TeV, L =35 pb"’ H—c—H

ATLAS-CONF-2011-037

ATLAS 2011 single lepton and dilepton, Ys=7 TeV, L =104 fo! HH

total stat
FL FO
—— —————
HaH i
HaH H——i
HeH HoaH
]
e
HoH
b
bat{
| | 1 | | | 1 1

seealso EPJC 77,264 (2017) @
8 May 2017

0.5
W boson helicity fractions

SM, Higgs @ Pheno

1T V| (= [Vl )
ATLAS+CMS Preliminary LHCtopWG November 2016
[f Vil = \r;"‘eas from single top quark production
Geo- NLO+NNLL MSTW2008nnlo
PRD 83 (2011) 091503, PRD 82 (2010) 054018,
PRD 81 (2010) 054028
total theo

Acy,,,: scale ® PDF
My, = 172.5 GeV

[f.yVi * (Meas) * (theo)

t-channel:
ATLAS 7 TeV' o] 1.02 £ 0.06 + 0.02
PRD 90 (2014) 112006 (4.59 1b™") H
ATLAS 8 TeV * H-=H 1.028 £ 0.042 + 0.024
Paper in preparation (20.2 fio" )
CMS 7 TeV o] 1.020 + 0.046 +0.017
JHEP 12 (2012) 035 (1.17-1.56 fb™') H
CMS 8 TeV |- 0.979 £ 0.045 £ 0.016
JHEP 06 (2014) 090 (19.7 fo™") 3
CMS combined 7+8 TeV HH 0.998 +0.038 +0.016
JHEP 06 (2014) 090
CMS 13 TeV*® | 1.03 £ 0.07 £ 0.02
arXiv:1610.00678 (2.3 fb™") H
ATLAS 13 TeV*® —fef—] 1.07 £ 0.09 + 0.02
arXiv:1609.03920 (3.21b™") K
Wit:
ATLAS 7 TeV — 1.03*21%+0.03
PLB 716 (2012) 142 (2.05b™") =018
CMS 7 TeV i 1.01+0:16 +0.03
PRL 110 (2013) 022003 (4.9 fb™) 20132004
ATLAS 8 TeV'* = 1.01+0.10 £0.03
JHEP 01 (2016) 064 (20.3 fo™")
CMS 8 TeV' —t—— 1.03+£0.12+0.04
PRL 112 (2014) 231802 (12.21b™")
LHC combined 8 TeV = 1.02 £ 0.08 * 0.04
ATLAS-CONF-2016-023,
CMS-PAS-TOP-15-019
ATLAS 13 TeV* | =i | 1.14£024+0.04
ATLAS-CONF-2016-065 (3.2fb™")
s-channel:
ATLAS 8 TeV® — i 0.93 7018 +0.04
PLB 756 (2016) 228 (20.3 fb) =0
" including top-quark mass uncertainty
o0t NLO PDFALHC11
NPPS205 (2010) 10, CPC191 (2015) 74
% including beam energy uncertainty
1 1 1 I ] 1 1 I 1 1 1 | 1 1 1 1 1 1 | 1 | ] 1 1 I 1 1 ] I
0.4 0.6 0.8 1 1.2 14 1.6 1.8
|fLVth|




tt+vector boson

* Probe tZ, ty couplings; measure backgrounds for new
physics searches

o(tty) x BR:

Exp: 515 + 108 Simultaneous measurement of
Theo: 592 + 71 (scale) +30 (PDF) o(ttZ), o(ttW) @
x10° 19.7 fb" (8 TeV) ) 3_""""""'"""""""""""""’EX:IE-F!TMENT
o © & - ATLAS *  ATLAS best fit —
S 14 CMS ——Data & - _ —— ATLAS 68% CL ]
s E Prolimi B iy 3 25-\s=13Tev, 32f" ATLAS 95% CL s
*UE) 1.2 = /m/nary Bl ti+jets § - #+ NLO prediction -
g_) - e/u " B W/Z+y 2 i 5555 HZ theory uncertainty |
L iis B Single top o LS 3% W theory uncertainty |
080 B W/Z-+jets SRAT o B Gl e g
F QCb 15" & —
0.6 N\ Uncertainty # ]
0.4 1 ]
-~ 0.2:— < :
o ST 0.5 Sesgiiin B et B IS TR
_GC) 1-8;_ B §§ ____________________________________
E G = = "
S ST i i b e
‘OU 0 20 40 60 80 100 120 140 160 180 200 ' ' ' :

(CMSPASTOP-14-008  FNeron & (G2 EpiC77 4012087

8 May 2017 SM, Higgs @ Pheno 18




SM Higgs: Plan

* First phase of h(125)
characterization “done”

no O(1) departures from SM

* Next phase:

8 May 2017

precision gauge boson interactions;

offshell couplings

confirm + precisely measure third

generation fermion couplings

explore 2™ gen fermion couplings

further use of kinematic distributions

to probe new physics (and SM) -
EFT, simplified template cross
sections, pseudo-observables...

high[er] precision mass

—_
o
N
[5E
T

o(pp — H+X) [pb]
\ =il s
\ 1

hi \I Ll

pp— H (NNLO+NNLL QcD + NLO EW)

—_
o

pp— qaH (NNLO QCD + NLO EW)

\_L

op—> WH (NNLOQCD NLO EW)
op— ZH (NNLO QCD NLO EW

D
pp —> boH (NNLO and NLC Qc

[l

10" M, = 125 GeV__
& MSTW2008 -

—I 1 T ] | S . | | B N I | I | S A .| | | T . | | . A . | l | S [ | l—

7 8 9 10 11 12 13 14

\'s [TeV]

13 vs 8 TeV: o(H) up x2 (ttH up x4)

Matched by progress in theory:

— N3LO inclusive ggF cross section

— NNLO differential ggF

— NLO interference between
offshell H and gg — VV

— Updated generators

SM, Higgs @ Pheno 19




State of Play after Run 1

R LHC Run 1 -o- ATLAS+CMS -+~ ATLAS +~CMS —*2c
= : :
. S — ——
h(125) in ZZ, WW decays: S M = = = ==
compatible with J* = 0* P B = = =
W T E B :
] - K R — . —
From experiment combo: Lt ; - D
Observation of ggF, VBF o == i ===
Evidence for VH % X — ——

' ! S T : i :
Evidence for ttH (!) 3 |Kg|_ = | =
Observation of H — 17 'KY'_ iyl < 1 = L o L, B
Significance of H — bb still < 30! Bog| om0 e

IIIIIIlllllllllllmlllllllII|IIII|IIIIIIIIIIIIIIII|IIII|IIII|IIII|IIII|IIII|IIII
-15 -1 -05 0 0.5 1 15 2 -15 -1 -05 0 0.5 1 1.5 2

Parameter value

Production process Measured significance (¢) Expected significance (o)

VBF 5.4 4.6
WH 2.4 2.7
ZH 2.3 29
VH 3.5 4.2
ttH 4.4 2.0
Decay channel

H— 7Tt 5.5 5.0
H — bb 2.6 3.7
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SM Higgs: Channels

Y

Y4

WW

™

bb

ATLAS and CMS
LHC Run 1

—e— Observed 1o

I Th. uncert.

ke
e
Yok

—— o —o— | - —.—l—*
R I+ I+ Yot
-05 0 0.5 1 15 -05 0 05 1 15 4 2 0 2 4 6 8 4 2 0 2 4 6 8 4 2 0 2 4 6 8
oggF VBF WH ZH ttH

Rarer production mode —

Comprehensive set of measurements/searches
for “standard” production/decay modes

Also searches for rare decays e.g. H — up, 2y, vJ/y, YO

8 May 2017

SM, Higgs @ Pheno

6 - B norm. to SM prediction

v = done since
Run 1 combination

i? = 13 TeV results

21



H— 4/

* High resolution channel, good S/B

* probe production mechanisms by kinematics of
other objects in event

* Lepton angles give access to Higgs spin, parity

* Low stats limit reach for rare production modes

e S e hhed) CMS Preliminary 35.9fb™ (13 TeV)

- ggH > B T IE | T T T T T T T =

Untagged [REERSE(OMEETgIE B VBF % ool R -
VBF-1jet Bl WH W-X ¢ ¢ [ H(125) il
v ejg 9.44 exp. events Bl WH, Woiv =~ B [ qg—2Z,Zy* |
i T ZH, 25X S 801 Bl 99-2Z,2y* ]
VBF-2jet exp. events Bl ZH, Z-21 z - B Z:X .
tagged B tTH, T5004+X - ]
VH-hadronic L] t’EH, t!—>1l+X 60— i
tagged L B (H, 204X E l i
VH-leptonic - _
tagged 0.36 exp. events 40 -~ -
VH-MET L ]
tagged 0.12 exp. events E i
20— il

ipREe e 0-50 exp. evelts B E
0 01 B2 03 04 05 06 07 08 098 0 T o0 S0 40 ...... 0 i i

signal fraction

m,, (GeV)
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H— 4/ Cross Sections

* Report a cross section, not just a ratio to expectation

* Also differential cross sections

5.1 b (7 TeV), 19.7 tb™ (8 TeV), 35.9 fo" (13 TeV) CMS Pr ellmlnary 35.9fb" (13 TeV)
E N R R R R RN RN RN LR R ; :Tl'l|'lll [T, L EFREL Ve T
o=, 6j CMS Pre/iminafy =5 () 1 t Data (stat®sys. unc.)
2 u 3 o E — Systematic uncertainty
. L Data (stat. @ sys. 5 il e F P
© 5E + alasie o e | e} L Y44 gg-H (POWHEG+JHUGen) + XH =
- - — [
[ — Systematic uncertainty i : 10 15_ :l XH = VBF + VH + ttH g .
- . ] i g 2 CMS Preliminary 35.9 b7 (13 TeV)
4:_ %&\\,Standardmodel(mHz1ZSGeV,l\13LOgg—>H) _: E|_ 10?2:_ |z vz I%,_ LB L R SR - U B Ui 7 BT B ] U,
C el K] F d -8 +0.20 H—ZZ* - 4]
3r \*\\%\\i\%\ | \'o L | GggH / Otheo = 1'20—0.20
L o ] g 10°F '—_l ] = Stage 0 sub-process
L il ] ho) E 3
ol i E . my = 125.09 GeV
L st ] B 1
B s ] o o s s i B SM Prediction
- s . 18 | .
e e - K ] L A s
C H an+X 1 o 1‘2: %Wﬂzmmmff/mm//[m/m
C PP —)( d )+ 7 s 0.8 AP A A
E =3 o 06 ‘
U iR T O R T TV T T T 5 g;gi : ; | -
o Il [ 1 1 1 1 1 1 1 1 1 1 1 1 1 L /| 1 Il 1
67,20 9 100 12 15, 14 0 BG:sik 1005 +1150 =e:2500 5 fe - 00024
Is (TeV) p_(H) [GeV] VHhad " “theo — “7-0.00
T
CMS Preliminary 35.9 b (13 TeV) MS Preliminary 35.9 b (13 TeV)
S E I T T ;I 10 E LS P e [l e T E SR E R s s Bl PSR LR
- 102k t Data (stat.®sys. unc.) =l [} E t Data (stat.®sys. unc.) o /G L0 00+2 77
;g E — Systematic uncertainty E (D 1 -_ Systematic uncertainty VHiep theo 50:00
E P & TS E P
© - Y%  gg-H (POWHEG+JHUGen) + XH 1|8 E Y% gg-H (POWHEG+JHUGen) + XH
10F 7] xH=VBF+VH+ttH El | o N 7] XH=VBF + VH + ttH
E ] = 107'F
p,>30 GeV, m<2.5 __ \G_J_) : p;>30 GeV, ni<2.5 il O'th iig: 00+(1) (1)?)
[z, R 10_2@ L
1 : ;I,I,,,I,,,II,,I,III/I”II,,I/,,III/I" : Q ? ) A [ O | | | N A ] [ | ) (R TR | 1 | ) (S T S | I =151
10E (2 P kel S sssnse .,
o't - (R A R T Y
- e 1| : ] Parameter value norm. to SM value
sl I } | : @ N B e e e A e
2.5
I T 2 . . pn .
= 2 | = “ ”
15
g 15 l 2 e Y, Slmpllfled template Cross SeCtlonS
o 777K 777077775777 777747777 0777 A e [ A .
=t 1777077777777 777777 sz = l ra t I t S M < 2 5
g 05 | = 05 (o i0] _y .
& ol | | | | e ERE S T e e (e H

0 1 2 > 3 50 100 150 200 250
N(jets) p,(iet) [GeV]
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ATLAS 4 /¢, yy Combination

VY. better sensitivity for rarer production modes

©) amiasconr2016.081
ATLAS

EXPERIMENT

—r~ 1T 1 rrr°- 1T 111
100~ ATLAS Preliminary — O,y My =125.09 GeV
[ AH—oyy 0 H—oZZ*—41 QCD scale uncertainty

! ¢ comb. data syst. unc mm Tot. uncert. (scale ® PDF+a )

80 L

L

Total o, extrap.
from fiducial o

ol

Vs=7TeV, 451fb"
Vs=8TeV, 20.3fb"

0 Vs = 13 TeV, 13.3 fb" (r7) 148fb (ZZ*)
7 8 9 10 11 12 13
Vs [TeV]

o(pp — H + X) = 59.0%5 7 (stat) 35 (syst) pb (ATLAS)
o(pp — H + X) = 55.5724 pb (N°LO theo)
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Events

Data/pred.

ttH

Follow up excesses in Run 1
Combine searches in yy, bb, WW/T1T1

Both experiments exceed Run 1
sensitivity

Proper handling of systematics
Increasingly important

CMS Preliminary 35910 (13 TeV) CMS Preliminary 359 b (13 TeV)
F T T T T T T T T 4 o) F T T T T T |
+ FI*, post-fit (SM prediction) c F 3|, post-fit (SM prediction) ]
120~ «+Data @WZ SNon-prompt ] @ 70F +Data [ttZ [JConv. —
L WttH  [Rares [[ICharge mis-m. | (] F mitH  @wz Non-prompt 3
L WtW  @WW* ggTotal unc. E [@tW [ORares@Totalunc. 3
100 Otz  @Conv. — 60— -

- H—-WW -
50 . . -
- (primarily

40F

I

Ratio to Bkgd.

ey
10°E aTLAS

[ Post-fit

i H— bb

102 1tH (bb) Combined
£ Dilepton and Single Lepton

Preliminary

R
-4 Data

o
o =
%) I=oim - T = 3
£ F \s=13TeV, 13.21b tiH (g, ., =40)
Lﬁ 105 == - ttH (um=2.1 ) =

E [JBackground

B 7/, Bkgd. Unc.

10 ---- Bkgd. (=0 fit)

9C|V|S Preliminary
e L L i

12.9 b7 (13 TeV)
5 F e FU A e

30
20 ]
10  —— :
.......... B n
1—+—1; %;?10#‘—_
————a S o —-

T 2 3 4 5 6 7 8
BDT (ttH,tt/ttV) bin
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1 2 3 4 5
BDT (ttH, t/ttV) bin

SM, Higgs @ Pheno

o SRR . E
e Hoyy i E
O 8- ,=126.0 GeV, i=0.95 T Eenionic g =

o - ¢ Data
< — S+B it E
9] EEN ]
S H VV ------ B component 3
5 1o 3
[1+20 ]
4 =
3 ]
2 =

:
o i | .

. " B component subtracted
4 i
2 =
0 dhadbdINNNNIN TSI
) i}

100110 120 130 140 150 160

70 180

m,, (GeV)
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ttH Status

* Creeping up on 30 significance per experiment
— observed significance > expected [best fit 0 higher than SM]

* No single dominant channel
* Can we say we have “evidence” already?

A R T H . .
ATLAS Preliminary 1s=13 TeV, 13.2-13.3 fo ttH production CMS Run 2 Preliminary
—total =~ —stat. (tot.) (stat., syst.) LHC Run1 e 2.3t3;g
tH(H ] +1.2 1.2 +0.2 7
(13 TeV 1(3.3_f>bm)() 03 L5 (Gos %2 ) CMS Run2
ttH(H->WW/tt/Z2) ————— 25 j? ( 1—877, 1—(1); ) YY —_————— 1.9tig
(13TeV13.2f6") Tl
TR 4] s = Full 2016 data 0.0fé'é
G el 2 GotE = .
(aTevisam’) | R PP e R R bb | =————@=—— Rartial 2016 data —0.2:038
ttH combination </_H'°'H> i B Gy iy 40 multileptons | —— 1.5:05
: N —l
: +0.6
ttH combination N e 1.7 fg'g ( :'gg : fg'g ) Tyt X == 0-7_0.5
B I G R 8 A o i i b i | T I |
O T e e -1 0 1 2 3 4 5

gt L g CE s signal strength relative to SM prediction
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* Many studies done to probe requirements for HL-LHC

— Precision physics a main driver for HL-LHC

* Example: many studies focused on HH prospects

— SM sensitivity still a challenge...

H ——-H

e g HH — bbyy has a Iarge background of H(—> vy) + bb...

% 140 YRR SRR T B R T R ' —— 'Non'resonant HH predlctlon ]
0] ATLAS - Stat Unc 1 == [ ATL S ------ Expected Limit (95% CL) A
> 120~ Simulation Preliminary Bl HH—bbyy E 2.5 . L
2 Vs = 14 TeV, 3000 b Il SingleH | '8 B §
c B EXPERIMENT
g 100 I bbyy B e 2—
w Bl Reducible ] = B
Others EE, B
ol 5]
—] Q' il
©

|||I||||||| [ ] i
00 120 140 160 180 200 220 240
m, [GeV]
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* Probing the Standard Model in great detail is mandatory
— Test the consistency of the electroweak sector
— Show we can calculate complex processes
— Understand backgrounds for difficult new physics searches

* LHC is a factory for W, Z, top, Higgs

— with large datasets, able to do exquisite precision and rare
process searches

— so0 far good consistency with SM

* Can make important improvements with additional
integrated luminosity

* Future is bright!
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Parallel “SM” (Experiment) Talks

Top (Mon 2 - 4 pm) Higgs (Mon 2 - 4 pm)

Yao: ATLAS tt+X, of(tt) Bortolotto, ATLAS Higgs — diboson
Suster: ATLAS single top Bethani, ATLAS Higgs — fermions, ttH
Zhu: ATLAS top mass, properties Rossin. CMS HH

BSM Higgs | (Mon 4:30 - 6:30 pm)
Veatch, ATLAS rare + exotic Higgs decays

QCD & EW (Tue 2 - 4 pm)

Vachon, ATLAS y+jets

Staroba, ATLAS vector boson production
Becker, ATLAS multiboson production

8 May 2017 SM, Higgs @ Pheno
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till a long road a
and a lot to le




ol [pb]

Ratio to NLO

Validating Calculations

* Acceptable prediction for pp — W/Z rate requires NNLO calculation

* But WZ+jets multiplicity shape better modeled by merged multileg

LO than NLO at high # jets

e T E e e e e B e e e e e T T -
[ ATLAS pZ
50— Wz-owi =
[ ® ATLAS (s=13 TeV (m,  66-116 GeV), 3.2 fb” a
[ A ATLAS Vs=8TeV (m,  66-116 GeV), 20.3 fb™ =
40[—m ATLAS Vs=7 TeV (m,  66-116 GeV), 4.6 fb™ -
- Vv Do Vs=1.96 TeV (m,_, 60-120 GeV), 8.6 b 7
30 - = CDF {s=1.96 TeV (corr. to m, . 60-120 GeV), 7.1 fb™ —
20— ]
i — MATRIX NNLO, pp—~WZ (m,_ 66-116 GeV) T]
- NNPDF3.0, p_=p1 =(m, +m,)i2 —
10— — MCFM NLO, pp—>WZ (m,  66-116 GeV) _]
& CT14nlo, =i =My7/2 =
- ¥ = = MCFM NLO, pp—>WZ (m,_ 60-120 GeV) ]
o ” : I I ?T14nlo, uR=uFl=mWZ/2 | =
— — T T — T : —
1.4 !( —
1.2 i ¢ =
= i =
S s 2 =]
= rickipa| (88 S s s mee o | e | S IS (AR T s R ] LS 1) | EiSESE =

2 4 6 8 10 12 14
{s[TeV]
XPERIMENT
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WV ¢vjj search

Events/ (5 GeV)

Data-Fit

* aTGC effects most relevant at high momenta — use
“boosted” techniques to search for high-momentum
vector boson pairs

q
{— @ @ " “atjerr  Require M, > 900 GeV

""""""""" I
* Peaking bkg: SM WV
eaking bkg: top,
-1
231" (13 TeV) 8 2.3fb" (13 TeV)
140~ 17 "~ T P S S e e i
= CMS - : : e Data, W—pv g o il CMS wv,WZ-category
120 — preliminary, : : |ww/wz — 810" = preliminary ¢ Data Wopv
= 1 * | 1 O = E F5 A T R 0 R R i o signalc  /A%=12 TeV?
Www
100 |— @@ Single Top T RNy I Wjets
B B W+jets = 210 I
80— RAUncertainty N ; Bl Www/wz
- . I Single Top
60— — 10 BZ2Z) Background uncertainty

Sd bl JLlis
o Lt |l

o o sintfl

S “Fea

R e T LY
o] -
Sk
Rl
g R

il o
%g‘_+}§%§§+ AL SERECE S E E%g‘_H{'HH-i—}—a-l—;il—l—;—l—a-a-s-a-u-u
° 2f : ; t 8°-25
40 60 80 100 120 140 1000 1500 2000 2500 3000 3500
Ileruned (GeV) MWV (GeV)
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Example of k-formalism

T, /Ty
g @jjjjs\ t ! /FW,SZ/FH,SM

On-shell!

= Rate — /ﬁ',2 % B(H — ’7’7)
SM Rate t BH — 17)sn
o o Thusu
unresolved Ki X K5 X T
I
resolved /-@f X (1.59/1%‘/ + 0,07,{% _ 0-66"1W/<6t) % I;,SM
H

Can increase all k coherently and keep same on-shell p
if increase I, to compensate (invisible/undetected decays)
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Search for resonant dimuon events in ggF  [ATLAS-CONF-2017-014"

and VBF production (separated by BDT), -
M =—0.11t1'51 Run 2

additional kinematics < 3.0 (3.1 exp) Run 2
< 2.7 (2.8 exp) Run 1+2

* Fit dimuon mass spectra

uuuuuuuuuuuuuuuuuuuuuuu [Fr eI

> 05 e s R RAESARESSS RABSE BALN >
. - ATLAS Preliminary = . - ATLAS Prellmlnary 5 L
= 30E- VBF tight \s =13 TeV, 36.1 fb™ 7 > 1000 Central high p.* s =13 TeV, 36.1 fo” —_ BRI AN,
2 - x2/ndof = 30.7/48 . 2 x2Indof = 43.2/48 .
LICJ 25:_ —e— Data E UCJ 800- __e— Data =
= Background model B Background model ]
20: —— Signal [125]x20 A 600— —— Signal [125] x 20 |
15 r B :
10 * = - .
5: ] 200_— n
Qb b e T8 0L , L
4 + 4 E
. i et Ny
2 +++ +*+++++++++¢ L a " A; B ol g *+++++ i % ++++4;
—4 —4
110 115 120 125 130 135 140 145 150 155 160 110 115 120 125 130 135 140 145 150 155 160
m,,, [GeV] m,,, [GeV]
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VBFy+H, H— bb

Events

0.12

* Roundabout method to access VBF

Higgs production: use radiated high-p.
photon for triggering

- better S/B as gg-initiated bkg suppressed

* Sensitivity similar to direct VBF search,
but much smaller systematics

- (s=13TeV

8 May 2017

B T T T | T T T | T ¥ T I T T T | T T a3
- ATLAS Simulation Preliminary [ VBF H(125) + v —
[ZJNonRes Bkgd |

0.6
BDT response

VBF+y‘Z:<2.0XSM @95% CL

) 0 Y . [, . A ) L L e L
- imi Data .
s ATLA} Prellmmary1 S VBF H(125) + y x 10

E Vs =13TeV, 12.6 fb mm Z + v (QCD)

E Hi Z+y (EWK
601~ sl e Nonkes Bkg)d

—— Uncertainty

Events / 10 GeV

50

40
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20

—_
o

(Data-Bkg)/Bkg
|
WNLO LW O

|
ood ocoo

""" e "_‘0'_""' b | o e g, s i
e -
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Alternative “generator mass” methods

CMS Preliminary May 2017

b hadron lifetime — —@—— 173.50 = 1.50 = 2.91 GeV
TOP-12-030 (2013)

Kinematic endpoints o 173.90 + 0.90 +1.70 GeV
EPJC 73 (2013) 2494 e -2.10

b-jet energy peak ——@———  172.29 + 1.17 = 2.66 GeV
TOP-15-002 (2015)

Lepton+J/¥

e @——e 173.50 + 3.00 + 0.90 GeV
JHEP 12 (2016) 123

PRD 93 (2016) 092006 o 3.68 + 0. .0.97 Ge

Dilepton kinematics +2.68
TOP-16-002 (2016) 3.09

Single top enriched +0.97
e 172.60 = 0.77 GeV
arXiv:1703.02530 (2017) -0.93

CMS ti'l'i Shape, 8 TeV 169.90 + 1.10 +4.38 GeV
TOP-13-006 (2016) ® ' ' -3.49

o(tt) 7+8 TeV
JHEP 08 (2016) 029

CMS 7+8 TeV (2015) PN 172.44 = 0.13 = 0.47 GeV
PRD 93 072004 (2016)

World combination
ATLAS, CDF, CMS, DO N
arXiv:1403.4427 (2014)

173.34 = 0.27 = 0.71 GeV

| l | l l | | | l l | | | | | l |
160 170 180 190
m, [GeV]
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ATLAS and CMS —e— Observed +1o
LHC Run 1 B Th. uncert.
. - | i -
77 - | ——F
WW —- —ro— ro— i - | -
5 —— . — —— | +4o— —
bb ' + o +
05,0005 1 Ji5 .05 0006 115 T4l n ol 14 B8 1lglo 0 o 4 i6iil8 U4 Lot 0l o468
ggF VBF WH ZH ttH
6 - B norm. to SM prediction
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VH, H — bb

* Most powerful H — bb search mode
(though ttH not far behind)

- large SM backgrounds from V+jets, WV, tt

— search in channels with O, 1, 2 e/u

- aggressive use of BDT & profile likelihood

fits to isolate signal & measure background
parameters in data

ATLAS Preliminary Vs=13 TeV, [Ldt=13.2 fb”

ZH

WH

Combination

bt — Tot. i
— |stat. Tot. ( Stat. Syst.)
0.67 0.49 +0.45
— H-e=H 0'15t0.64 (t0.47 to.44) =
| p——tnd 0.95 0.68 +0.68\ _|
0'33io.92 (064 Zoe7)
—  re=H 0.51 0.36 +0.36) —
0'21to.5o (X035 Zo36)
FLitE | Hevin T 18 TS SO0 SSSSIV I §uSilrioets| o U RSBEVTES 4 0 SRRCE S T |
0 2 4 6 8 10

Best fit p=c/c__ for m =125 GeV
SM

[diboson = 0.91 £ 0.17 (stat) (52

8 May 2017

H — bb significance:
0.420 (1.940 exp)

3.00 (3.20 exp)
evidence for
(W/Z2)Z, Z — bb

(syst)

SM, Higgs @ Pheno

Events / 30 GeV

Data/Pred.

Events /0.5

Pull (stat.)

R B e
500l ATLAS Preliminary m VEI(pE) (1=1.0)
L {s=13TeV [Ldt=13.21" B 2ivoson
[ Olep., 2jets, 2 tags -a;ng:ebt:p o i
400/ Py = 150 GeV — el g
il 77 Uncertainty il
== Pre-fit background |
300 —
- ZH, Z—> vw,H—bb | 7
200F % :
100
12_|,[,|,_
e N e e T i
50 100 150 200 250 300
m,, [GeV]
ATLAS Preliminary -e Data
= o . B VH(bb) (1=1.0)
Vs=13TeV [Ldt=13.21b — bk

All channels msraewe

B Z+(bb,bc,cc,bl)




gluon-gluon vector boson VH ttH

fusion fusion
H— vy v v v v
H— 77 v v v v
H— 1T v v v v
H— WW v v v v
H— bb v v v
H — pp v v
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