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WHY THE HIGGS SECTOR IS SPECIAL

The theory is old (1960s-70s).

But the particle and its theory are
unlike anything we’ve seen in nature.

» A fundamental scalar o, i.e. spin O
(all other particles are spin 1 or 1/2)

> A potential V(@) ~ —-p*(po") + A(peT)?,
which until now was limited to being

) &

theorists’” “toy model” (¢*)

» ”Yukawa” interactions responsible for
fermion masses, ¥;® Y, with couplings
(yi) spanning 5 orders of magnitude



WHY THE HIGGS SECTOR IS SPECIAL

The theory is old (1960s-70s).

But the particle and its theory are
unlike anything we’ve seen in nature.

» A fundamental scalar o, i.e. spin O
(all other particles are spin 1 or 1/2)

Higgs sector needs
stress-testing

> A potential V(@) ~ —-p*(po") + A(peT)?,
which until now was limited to being

theorists’ “toy model” (¢%) [s Higgs fundamentaol or corpposite?

[f fundamental, is it “minimal”?

» ”Yukawa” interactions responsible for Are Yukawa couplings responsible for
fermion masses, ;@ @w , with couplings masses of all generations?
(yi) spanning 5 orders of magnitude Is potential really ¢*?

[s it a portal to new physics?



What do we know today? Broad picture looks standard-model like

ATLAS and CMS AT LASTOMS Coupling to electroweak and 3rd generation looks standard
_LHC Run 1 . CMS
i > we see expected rate of decays to ZZ and WW (and
e Th-uncert some evidence of VBF/VH)

» observation consistent with o(gluon fusion) means top-
coupling is probably standard

/o . .
Oz Vggr i o] » fact that all cross sections look right also means b-
S o —— coupling is probably standard
B (because it dominates in denominator of branching
ratios)

» reasonable evidence that coupling to tau is standard
(direct observation)

B™/B%*

- =

B /B 22 _-_l_l*"—| | | | To see the data, as is, with very non-standard (t,b,t,W,Z)

4 o 1 2 3 4 5 6 couplings would require some degree of conspiracy.
Parameter value norm. to SM prediction




What does HL-LHC brings us?

» proof of expected coupling to 2nd generation (H — up)
» first exploration of Higgs potential (HH production)
» %300 sensitivity to rare decays involving new physics (cf. Matthew’s talk yesterday)

» map out couplings to W/Z/3rd gen. with precision and across broad kinematics,
which could reveal signs of

» new particles in loops (too heavy to produce, or hard to observe)
» non-fundamental nature of Higgs

» or simply confirm, in detail, a highly non-trivial part of the standard model



precision Higgs




NAIVELY EXTRAPOLATE 7+8 TEV RESULTS (based on lumi and O)
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e —— 1 today’s ...
one expt. ) TH syst g
two-expt. combination = 5
: : : u .............. 50% TH Syst‘ E
no TH Syst‘ .............

Extrapolation suggests that
we get “precision” value
from full lumi only if we

aim for O(1%)
or better precision

extrapolated precision [%]
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lumi at 13/14 TeV [fb™] 6
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recent higgs theory progress

take gluon fusion as main example

constder theory calculations & inputs
as well as pathway for progress



GLUON-FUSION (13 TEV)

LHC HXSWG Yellow Report 3 (2013, NNLO)

my (GeV) Cross Section (pb) +QCD Scale % -QCD Scale % +(PDF+ag) % -(PDF+ag) %
125.0 43.92 +7.4 -7.9 +7.1 -6.0

48 H8 pb + 1.89 pb(3 9%) (theory) + 1.56 pb(?) 20%) (PDF+045)

Anastasion ot aL. (1602.00695. N3LO) + HXSWG YRA
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my (GeV) | Cross Section (pb) | +QCD Scale % -QCD Scale % +(PDF+ag) % -(PDF+ag) %
125.0 43.92 +7.4 -7.9 +7.1 -6.0

+11% from

scale choice,
PDFs, N3LO,

48 58 pb + 1.89 pb(S 9%) (theory) + 1.56 pb(?) 20%) (PDF+a5)

Anastasmu et al (1602 00695 N3LO) + HXSWG YR4




GLUON-FUSION (13 TEV)

LHC HXSWG Yellow Report 3 (2013, NNLO)

my (GeV) Cross Section (pb) +QCD Scale % -QCD Scale % | +(PDF+ag) % -(PDF+ag) %
125.0 43.92 +7.4 -7.9 +7.1 -6.0

CMS scenario 2
(reduction by 50%)
already achieved!

48 58 pb & 1.89 pb(3 9%) (theory) +1. 56p(3 20%) (PDF+a5)

Anastasmu et al (1602 00695 N3LO) + HXSWG YR4




GLUON-FUSION (13 TEV)

LHC HXSWG Yellow Report 3 (2013, NNLO)

my (GeV) Cross Section (pb) |[+QCD Scale % -QCD Scale %| +(PDF+ag) % -(PDF+ag) %
125.0 43.92 +7.4 -7.9 +7.1 -6.0

nearly 50%
reduction
here too

48 58 pb & 1 89p(3 9%) (theory) + 1.56 pb(3 20%) (PDF+a5)

Anastasmu et al (1602 00695 N3LO) + HXSWG YR4




N3LO Higgs production

G LU U N — FUS I 0 N (‘I 3 TEV) Anastasiou, Duhr, Dulat, Herzog, Mistlberger ’15-16

LHC HXSWG Yellow Report 3 (2013,
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nearly 50% ~ RF
reduction
here too

48.58 pb £ 1.89 phi(3.9%) (theory)|+ 1.56 pb(3.20%) (PDF+ay)
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Anastasion ot al (1602 00635, NaLO



GLUON-FUSION (13 TEV) — theory uncertainty

Anastasiou et al., (1602.00695, N3L0O)

d(scale) (trunc) 6(PDF-TH) o (EW) o(t, b, c) 6(1/my)
4__(1)1(5) EE +0.18 pb +0.56 pb +0.49 pb  £0.40 pb +0.49 pb

o2 +0.37% +1.16% +1% 0.83% +1%

10



GLUON-FUSION (13 TEV) — theory uncertainty

Anastasiou et al., (1602.00695, N3LO) ~dded 14.6%
S(scale)  o(trunc)  S(PDE-TH)  6(EW)  6(t.b.c)  o(1/my) ekt —6.7%
i_(l)ig EE +0.18 pb +0.56 pb +0.49 pb  £0.40 pb +0.49 pb
ig;%‘; +0.37% +1.16% +1% 0.83% +1% added In +2.1%

quadrature —3.19,

HXSWG
Gaussian

+3.9%

vs. £7.5% in YR4
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GLUON-FUSION (13 TEV) — theory uncertainty

Anastasiou et al., (1602.00695, N3LO) ~dded 14.6%
S(scale)  o(trunc)  S(PDE-TH)  6(EW)  6(t.b.c)  o(1/my) ekt —6.7%
i_(l)ig EE +0.18 pb +0.56 pb +0.49 pb  £0.40 pb +0.49 pb
igg%g +0.37% +1.16% +1% 0.83% +1% added In +2.1%

e quadrature —3.19%
improvement likely to improve
needs N4LO Wlth new calculaglons
(or new insight) 1N next years: HXSW_G +3.9%,
i.e. unlikely to get progress requires Gaussian
better in next NOLO PDE ﬁFS vs. £7.5% 1n YR4
decade (may be possible

in next years?)
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the Inputs

strong coupling (e.g. +2.6% on ggF)
PDFs (e.g. £1.9% on ggF)



Baikov i:;: '-C,LI
gﬁ?&wew '_’.:”_T,: % PDG World Average: o¢(M,) =0.1181 = 0.0011 (0.97%). WHAT WAY FORWARD?

HPQCD (Wilson loops) |-|.|-|
HPQCD (c-c correlators)

i » For gluon-fusion & ttH, this comes in squared. It also
Maltmann (wilson loops) l—r‘—l

&
~
PACS-CS sFscheme) | | I—e-] = correlates with the PDFs and affects backgrounds.
ETM (ghost-gluon vertex) ||'L'.—| (D
BBGPSV (static potent.) |—.-—|: |
AN D i I —h .m. |
| c =

=e | . ;. 2 & > Togobeyond 1%, best hope
ror o S S is probably lattice QCD — ~

PR S i | 4 . : I
ALEPH eires | o1 ©) on a 10-year timescale, HPQCD witsonloops) e
OPALj&s) I ' ° D . . HPQCD (c-c correlators) |-H
JADE(R:) | . B there will likely be enough | |
Dissertori (3j) |—|-o-l—| o . altmann (Wilson loops) ‘
JADE & —t—e | o progress that multiple PACS-CS (SF scheme)  — ot

| 5 . . |

Abbate m MR 5 groups will have high- ETM (ghost-gluon vertex) :|J_._|

! D .. : : - |
[peudiess =INERENELEE precision determinations ~ BBCF-V staticpotent) o1 | |
co . RRT predsont 0.11 0115 0.12 0.125
(tt cross sectior'w) ? ;I_ collider

041 0115 012 0125 0.13
| D
April 2016 (X'S(M ) 12



PDFS: WHAT ROUTE FOR PROGRESS?

» Current status is 2-3% for core
“precision” region

» Path to ~1% is not clear — e.g. Z pr’s
strongest constraint is on qg lumi,
which is already best known (why?)

» It’ll be interesting to revisit the
question once ttbar, incl. jets, Z pr,
etc. have all been incorporated at

NNLO

» Can we get measurements and
theory to 1% accuracy?

10000 ¢

M [GeV]

100

20

1000

100

20

gluon-gluon luminosity uncertainty

- |

- pp 13 TeV
- PDF4LHC15_nnlo_mc
. GPS 2016-03

quark-antiquark luminosity uncertainty

- [ [
- pp 13 TeV

- PDF4LHC15_nnlo_mc
L GPS 2016-03




Is 1% possible
at a hadron collider?




L pr distribution: 0.5-17% precision!
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Relative uncertainty [%]
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NNLO hadron-collider calculations v. time as of mid June

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

W/Z total, H total, Harlander, Kilgore

H total, Anastasiou, Melnikov VBF total, Bolzoni, Maltoni, Moch, Zaro

H total, Ravindran, Smith, van Neerven WH diff., Ferrera, Grazzini, Tramontano

WH total, Brein, Djouadi, Harlander Y-y, Catani et al.
H diff., Anastasiou, Melnikov, Petriello Hj (partial), Boughezal et al.
H diff., Anastasiou, Melnikov, Petriello ttbar total, Czakon, Fiedler, Mitov
W diff., Melnikov, Petriello Z-y, Grazzini, Kallweit, Rathlev, Torre
Wiz diff., Melnikov, Petriello jj (partial), Currie, Gehrmann-De Ridder, Glover, Pires
H diff., Catani, Grazzini 77 Cascioli it et al.
© o o o . / /W/Z diff,/”Catani et af. / ZH diff., Ferrera, Grazzini, Tramontano
©o0 @) ') o WW , Gehrmann et al.
Co

e ttbar diff., Czakon, Fiedler, Mitov
SR

expl05|0n Of NNLO Ca lculatlons Z-y, W-y, Grazzini, Kallweit, Rathlev
In past 18 months

2002 2004 2006 2008 2010 2012 2014 2016

Hj, Boughezal et al.
Wi, Boughezal, Focke, Liu, Petriello

Hj, Boughezal et al.

VBF diff., Cacciari et al.
Zj, Gehrmann-De Ridder et al.
ZZ, Grazzini, Kallweit, Rathlev

Hj, Caola, Melnikov, Schulze
Zj, Boughezal et al.
WH diff., ZH diff., Campbell, Ellis, Williams
Y-y, Campbell, Ellis, Li, Williams

WZ, Grazzini, Kallweit, Rathlev, Wiesemann

WW , Grazzini et al.

MCFM at NNLO, Boughezal et al. 16
piz, Gehrmann-De Ridder et al.



L pr: Data v. two theory calculations

pp—Z+=0jet (pf>20GeV) Gehrmann-de Ridder, Gehrmann
Glover, Huss & Morgan
NLO NNLO Data ——e—
| | | | | | | | | | | | | | arXiV:_l 6050 04295
ATLAS vs=8TeV =1 1.3

0<ly4l<2.4

PUr Tl g =i L .
w T NNLO ~ £1.5 %

56 GeV m; <116 GeV

50 100 500
NNLO % [GeV]

NLO
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There are, however, issues. Notably in Z production

-8% -6% -4% -2% 0% 2%

B ATLAS syst. | 8 ToV pp; ATLAS data}//

_ ‘DYNNLO v1.5 thegy
ATLAS lumi scale err. from 1605.04£95

+0.45% syst. [

+2.8% lumi |

—+—1 NNLO scale il < 24 pt > 20GeV, 66 <m; < 116 GeV
—+— PDF err. ; '
PDF4LHC15 —
T e
| z | 5 keystone
MMHT2014 e

NNPDF30 = H—

490 500 510 520 530 540 550
O [pDb]




Impact of Z pt spectrum on PDF fits

Preliminary NNPDEF3.1 NNLO fits suggest a sizeable impact of the LHC Z prdata on the PDFs

LHC 13 TeV, NNLO, ag(M )=0.118 LHC 13 TeV, NNLO, ag(M )=0.118
P X T ; . S — - - T T LI B B B L B T P T T T T T T T T T T T T —
1 2-:- . NNPDF3.1 (PREL) 1.9k - NNPDF3.1 (PREL)
= 2 |
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E 1.1 A S 1.4
= XS =
3 - oTelelelele’
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. 0 0 0 0. 0.0 0.0, N o
o | e ;,:0:5:;:;::&:Q:o:qv:éo?o‘.’:‘.’:?:?:?:!:?:f:!:?:f:‘lofoioﬁo:g:;:~
>0.95¢ ’af 0.95 000085~
O , S :
0.9 C 0.9f
0.85 - L 0.85' 2
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Juan Rojo PDF4LHC Meeting, CERN, 13/09/2016




data-driven workarounds?

theory may have a hard limit
e.g. non-perturbative effects for cuts on jets

& are there issues in data-driven workarounds?



e(Pt veto) / €partons(Pt veto)

E.g. jet veto efficiency for H & WW'

LHC 13 TeV | N'LO+NNLL+LLg Anastasiou, Duhr, Dulat, Herzog & Mistlberger 1503.06056
0017 Boughezal, Caola, Melnikov, Petriello & Schulze 1504.07922

Piveto = 20 GeV 0-939 0’008 Banfi, Caola, Dreyer, Monni, GPS, Zanderighi & Dulat
Poveto = 30GeV | 0.60817 o7 1511.02886

perturbative uncert: 1.5-3%

1 - 3% non-
perturbative
effects

Piveto [GEV]

Banfi, GPS, Zanderighi 1203.5773 advocated notably by MLM 2



@ WZ-transfer uncertainty ?E/RW

ATLAS <z

EW radiation correction differences in W+jets and Z+jets.

EW correction by theoretical calculations

200 1 —— NNLO e “1  E1(250-300) E2(300-350) E3(350-400) E4(400-500) ES (500-600) EG6(600-700) E7(>700)

190 | - NLO - ~ (-04438)%  (0.1:18)%  (-0.7:18)%  (02'1%)%  (04%))%  (1.533)%  (1.7°3%)%
\1’% £ 180 | [1(>250) 12(>300) I3(>350) 14(>400) I5(>500)  I6(>600)  I7 (>700)
: \5 1.70 | (-0355)% (-01%3)% (-013%)%  (047F])%  (0833)%  (16:33)% (1.7:35)%
|~
°7 160 | . .

™ W/Z QCD/EWXK corrections at higher orders

' computed by authors of the paper for our different

it event selections.
eV old They use NNPDF. The uncertainties in the calculation
L
T 080 are dominated by the photon induced PDFs .
5% 070 |

060 | Since the uncertainties are as large as the

- (b) W-/Z —~ corrections themselves, the prescription

" 200 400 600 800 1000 1200 1400 1600 1800 2000 followed by us was not to apply the
pr [GeV] corrections, but rather take the central total
Electroweak corrections to hadronic production  deviation (of W/Z+jet ratio), adding linearly
ol'W bosons at large transverse momenta the biggest error bar, as uncertainty for the
Johann H. Kuhn, %.Cléﬁllezza,, S. Pozzorini, M. Z(vv) background.
Ze.

Nucl. Phys.B797:27-77,2008
Arely Cortes Gonzalez DMWG 20.09.16 14

Ability to transfer input
from WV control regions to
Z backgrounds relies on
theoretical control on EW
corrections. These modify in
different ways W and Z
spectra, and grow with pr.
Large statistics needed to
monitor behaviour of EW
effects at the largest pt



.......................................................... gh-priiggs

equally interesting:
off-shell Higgs



Higgs as a BSM probe: precision vs dynamic reach

1
k

O = | (f|L]i) | = Osar [1 + O(u?/A2) + - -]



Higgs as a BSM probe: precision vs dynamic reach

1
k

O = | (fILIi) |” = Osar [1+ O /A?) + -
For H decays, or inclusive production, u~O(v,mn)

50 “2607T6V2 isi bes large A
~ (K) ~ 0 T = pl’eCISIOH PI"O es arge

e.8.00=1% = A~ 2.5TeV



Higgs as a BSM probe: precision vs dynamic reach

1
k

O = | (fILIi) |” = Osar [1+ O /A?) + -
For H decays, or inclusive production, u~O(v,mn)

50 ”2607T6V2 isi bes large A
~ (K) ~ 0 T = PI’eCISIOH PI"O es arge

e.8.00=1% = A~ 2.5TeV

For H production off-shell or with large momentum transfer Q, u~O(Q)

0\ = kinematic reach probes large A\ even if
00q ~ (K) precision is low

e.g.00q¢ =15% at Q=1 TeV = A~2.5TeV



High-pt Higgs (e.g. to distinguish K, and K

| —
\O T T — T T T T TR T T
‘ > 0 in percent level at LHC14 0.3 — /'l'?)oost = 0.8
QO — M, =600 GeV, sin” 6 = 0.1 : ___,,0 — 1.0
— M,=1000 GeV, sin” 6 = 0.1 H BOOSﬁ '
t 200 — M;=2000 GeV, sir? 6 = 0.1 0.27 — Uboost = 1.2
-~ M,=600 GeV, sir?0=0.4 : 12 0=1.0 + 20%
- - M;=1000 GeV, sin” 6 = 0.4 ' '
- - M;=2000 GeV, sin” 0 = 0.4 0.1 .
I :
‘ 0.0 :
T 100 01 '
~0.2+ -
Structure of loops 14 TeV 3ab!
1s best probed 0 — o ~03b NN
. . 500 1000 0.6 0.8 1.0 1.2 1.4
by going to high pr P (Ge) .

C.Grojean et al. (2013)

A .Banfi, A.Martin, V.Sanz (2013)

see also Azatov, Paul (2013)
S.Dawson,I.Lewis,M.Zeng (2014)

what are experimental prospects?

are there any theory-issues to be solved? -




VH prodution at large m(VH) ..,

Biekotter, Knochel, Krdmer, Liu, Riva,
arXiv:1406.7320

W ~0H¢%




VH prodution at large m(VH) ..,

Biekotter, Knochel, Krdmer, Liu, Riva,
arXiv:1406.7320

W ~0H¢%

In presence of a higher-dim op such as:

19 CW

> g (H'o"D'H) DYVi,

Lp—g =




VH prodution at large m(VH) ..,

Biekotter, Knochel, Krdmer, Liu, Riva,
arXiv:1406.7320

W ~0H¢%

In presence of a higher-dim op such as:

Z boson pr (pp =+ HZ — bb¢*¢)

19 CW

Lp—g = H'¢*DFH) DYVE  — T ==
2 A2 ( ) ald % —— e
QJ 10—2 : E—— :
UC\I) : —— ;
= - -, j
[ | - o A
e B SM(qq + 99) -
-8|r\.é. B Cw =—Cuyw =—0.004 ——
cw = 0.004
103 i -
o § 2 100
= _
~ |1+ CW F 9\5 50} i
g 3 ' e SRS
S M (g § J| e e ——— R -

0 50 100 150 200 250 300
p%[GeV]
Mimasu, Sanz, Williams, arXiv:1512.02572v



(data - SM)/SM

WH at large Q? with dim-6 BSM effect

300 fb-!

elep

——i 300 fb"’

— dim-6 BSM effect
1TF mm 2% syst.

1 syst ® PDF uncert

g

qaAr—MH«—dd AL #1 0740 'suaels {((;A®D002) / 2d + ) X 20k X INS

schematic

0.01
100 1000

pin [GeV]



(data - SM)/SM

WH at large Q? with dim-6 BSM effect

3000 fb!

——i 3000 fb’

— dim-6 BSM effect
1TF mm 2% syst.

1 syst ® PDF uncert

O
—h

schematic

0.01
100 1000

pin [GeV]

elep

qaAr—MH«—dd AL #1 0740 'suaels {((;A®D002) / 2d + ) X 20k X INS

new physics isn’t just a
single number that’s
wrong (think g-2)

but rather a distinct
scaling pattern of
deviation (~ pr?)

moderate and high pr’s
have similar statistical
significance — so it’s
useful to understand
whole pr range



Top quark pair, CMC-PDFs, LHC 14 TeV

30 l """""""""""" | 1 q | | I_

A Statistical, 3000 fb ]

[ L : —

- e -1 _

5] Y Statistical, 300 fb x- -
| ® PDFs — PRELIMINARY

o0l — 7

- —— —

- —l— V- | —

B —— _

B .

10 __ V- A __

I _

— —W— —A— —

- W WA —V— —

= o' v N _

Sy Wiy ¥ v T

n vwﬁ'mwm : A _

A4 d |—A—|_A_'
B A v-l'v'w-'-w 4"‘:*":"—A—"_A_l N
O mx{-xkr‘*q‘*‘f"*r# ‘:-A-I-‘:-A | | | | | | | | | | ] ] | ] ] ] ] | ] ] I—
1500 2 2500 3000 3500 4000
M, (GeV)

At HL-LHC, Statistical errors on

ttbar production will be < 1% up to
Mu ~ 2 TeV

IN THE FUTURE?

> high-pt W, Z
> high-mass Drell-Yan
» high-mass tthar

Will all be at ~17% statistical level up to and even
beyond the TeV scale.

With leptonic final states, there's a chance
systematic errors may also be < 1%.
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The potential of jet substructure — hadronic W & Z peaks

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

CMS Preliminary 2.7 " (13 TeV) IN A NUTSHELL q
..(L) 1200 17t L L L L .
qc) _ ® data _ q
3 1000 b2, |, @EEEE QCD Pred. - Pt > 500 GEV, m\ < )5
B R W(qq) _
800 — E%g% Z(qq) —
B . 000 - Z'(qq), g, = 1, m_ =200 GeV 7 7’
600 | ! —
400 — | i
B -
200 — — / SOFT DROP/MMDT JET MASS
- - V9 (z=0.1,B = 0)
O_ - T PP il 7 V| 99-0/9.0.0.9.9-0 o
50 100 150 200 250 300 T,,00T < (.38
[PUPPI'ED INPUTS]

Nhan Tran @ Boost 2016
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The potential of jet substructure — hadronic W & Z peaks
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The potential of jet substructure — hadronic W & Z peaks

CMS Preliminary 27" (13 TeV) IN A NUTSHELL q
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MESSAGES

» Higgs sector is unlike any other that we’ve worked with experimentally

» Testing its structure is a key part of our job as physicists

» One element in testing it is precision
» Theory is already making big steps towards the HL-LHC precision goals

» Ultimate goal might be O(1%) — challenging, but now is time to start thinking
about how we get there (PDF fits, exp. lumi determination, etc.)

» Other element is distributions, e.g. high-pr

> BSM effects from high scales (A) grow ~ pr? / A?

» Growth can help evade systematic limits & provide clear signature of new physics
33
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PDF THEORY UNCERTAINTIES

Theory Uncertainties

qguark-gluon luminosity: INNLO-NLOI/(2NNLO)

10000 ¢ i i i i
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| GPS 2016-03 —
_ L BAT ]
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= 7 1 77
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Non-perturbative effects in Z (& H?) pr

» Inclusive Z & H cross sections should impact of 0.5 GeV shift of Z pr
have ~A2%/M? corrections (~10?) 1.08

» Z (&H) pr not inclusive so corrections 1.06

can be ~A/M.
1.04

» Size of effect can’t be probed by turning
MC hadronisation on/oft
[maybe by modifying underlying MC

1.02

(o with shift) / (o without shift)

1
parameters? | T

> Shifting Z pr by a finite amount 098 = "5' GeV iépékhépé eange“.-vanv'é'(“yé """ i
illustrates what could happen [ sugg'ests up to 2% effects c'o'uld'b'e”; """"
o6  present. o ol -

40 60 80 100 120 140
Pt [GeV] (Z or jet) 36




PRECISION LHC PHYSICS NEEDS PRECISION THEORY

Progress on calculations has been stunning in the past years

» N3LO Higgs

» Many processes at NNLO This progress is essential for
» NLO + PS automation LHC precision physics, but
» First NNLO + PS also only part of the story.

» NNLL Resummations
» EW + QCD, etc.
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PRECISION LHC PRYSICS NEEDS PREC

Progress on calculations has been stunni

» N3LO Higgs y

» Many processes at NNLO
» NLO + PS automation

» First NNLO + PS

» NNLL Resummations

» EW + QCD, etc.

N | HEH K
N3LO Higgs production

Anastasiou, Duhr, Dulat, Herzog, Mistlberger ’15-16

from slides
by Mistlberger
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PRECISION LHC PHYSICS NEEDS PRECISION THEORY

Progress on calculations has been stunning in the past years

» N3LO Higgs

» Many processes at NNLO This progress is essential for
» NLO + PS automation LHC precision physics, but
» First NNLO + PS also only part of the story.

» NNLL Resummations
» EW + QCD, etc.

The intention with this talk?
Start asking questions about what precision goals we might set

ourselves, what obstacles we will meet, what techniques and
measurements might help us progress




» ATLAS projections ATL-PHYS-PUB-2014-016
» CMS projections (snowmass): 1307.7135

» Current status — ATLAS/CMS combination note

» YR4 14 TeV numbers: https://twiki.cern.ch/twiki/bin/view/LHCPhysics/
CERNYellowReportPageAt14TeV

» YR3 14 TeV numbers: https://twiki.cern.ch/twiki/bin/view/LHCPhysics/
CERNYellowReportPageAt1314TeV2014#s 14 0 _TeV

» new ggF https://arxiv.org/abs/1602.00695
» ATLAS differential 1504.05833, CMS difterential: ZZ 1512.08377 & gg 1508.07819
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HIGGS TODAY & TOMORROW

Production process ATLAS+CMS Decay channel ATLAS+CMS
e 1.03% 1 7 L1677
HVBF 1187053 T 131553,
Hwn 088703 T 1117517
. 0.8070-32 > 1124033
. 23701 uP? 0.69" 057

ATLAS-CMS Run I combination

In most cases, stat. errors
are largest single source

Best channels ~+20%




Channel
Combined

Pull [o]

== ATLAS ~ (s=8TeV, 203" E WHAT'S POSSIBLE EXPERIMENTALLY?
_ 66GeV=m<116GeV,lyl <24 _Z

E @ +—.—_.__“ | ? .........................................................................................
= '\ E Today's most precise results are

= ee-channel ., = perhaps for the Z transverse

= —f— uy-channel R = momentum

= —¢— Combined hd E . .

= Statistical uncertainty '.o = > normalised to Z fiducal

= o =

=" [ Total uncertainty o= » achieves <1%. from

| —&-

i : pr =1 to 200 GeV

7»- ' ===

— -

— 210

—  2INDF=43/43 PR

" . ) Ratio to total cross section cancels

1 10 10

lumi & some lepton-efficiency

systematics.
40



ALEPH (jets&shapes)

E-+E- EVENT SHAPES AND JET RATES OPALiss I —te———

.................................................................................................................... JADEj&s) p—----Op—--

D
+

P

» Two “best” determinations are from same group J As;gr(zc))n 3 | 7
) ' iy s

2

>

Q)

Qo

D

W

(Hoang et al, 1006.3080,1501.04111) DW ) '
as(Mz) = 0.1135 += 0.0010 (0.9%) [thrust]
as(Mz) = 0.1123 = 0.0015 (1.3%) [C-parameter]
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E-+E- EVENT SHAPES AND JET RATES

> Two “best” determinations are from same group

(Hoang et al, 1006.3080,1501.04111)
as(Mz) = 0.1135 += 0.0010 (0.9%) [thrust]
as(Mz) = 0.1123 = 0.0015 (1.3%) [C-parameter]

dependence on fit range

—.0.38]°""

ALEPH g N
(jets&shapes) |

OPALj&s) N
JADE(jgs) b e}
Dissertori (3j) o

JADE @3j) |_:_;.—|
DW (1)

| sodeys 1 s1af 9.9

#bins
0.80 ¢ \ 0.09.0.33 394\ [Tmin,Tmax] |
2 Q 1 i ./ o N .
(GeV) - §6/38]545 \(\‘ \
070 @,7 | § [%,0,3 M\ _ Comments:
i | [8’0'5]19ii \\ [Vary’ .33] 43‘3\ .
\ g ] \ » thrust & C-parameter are highly correlated observables
i =,0.33] " |
0.60 - NN XY, - . . . .
- \ \ / » Analysis valid far from 3-jet region, but not too deep
\ | . . .
N X : into 2-jet region — at LEP, not clear how much of
h 8 427 ] ° ° ° ° ® ®
0.50 |- h L@@?’—z]mf - distribution satisfies this requirement
. —— 39% CL [5’025]533
[~ -~ 68% CL » thrust fit shows noticeable sensitivity to fit region (C-
040 L—m— T TR SR I BT
0.111 0112 0113 0114 0115  0.116 parameter doesn't)

ags(my)
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Non-perturbative effects in Z py

» Inclusive Z cross section should have

~A?/M? corrections (~10%7?) 1.08
» Z pr 1s not inclusive so corrections can 1,06 | R NS SR s
be ~A/M. A S o e s
1.04 oo i R S e -

» [t seems size of effect can’t be probed by
turning MC hadronisation on/off
[maybe by modifying underlymg MC
parameters? |

1.02

hadron / parton

098 F TR SRR FEETEEE ERny R Y-

0% MC hadronlsatlon does not |mply
0.96 F absence of non perturbatlve effects

.........................................................................

40 60 80 100 120 140
Pt [GeV] (Z or jet) 42




Non-perturbative effects in Z py

f'-QCoc:lS
G.0 o s -
Z L/ Sc?-‘(‘ a.‘uot-\
ra&uon c,uark
Setk
AP
(?tq\
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Non-perturbative effects in Z py

» Inclusive Z cross section should have impact of 0.5 GeV shift of Z pr
~A\?/M? corrections (~10%7?) 1.08
» Z pr 1s not inclusive so corrections can 1.06
be ~A/M. =
= 1.04
> Size of effect can’t be probed by turning 2
MC hadronisation on/oft ; 1.02
[maybe by modifying underlying MC =
= 1
parameters? | E’ R e
-~ | - R S
> Shlftmg Z pr by a finite amount 2 0.5 GeVis perhaps conservatlve( )
illustrates what could happen [ sugg'es't‘s' up to 2% effects c“o'uld'b'e'g """"
e  present. - o -

40 60 80 100 120 140
Pt [GeV] (Z or jet) A



Multi-Parton Interactions?

» Naively, you’d expect these are not

i - i 1.08 1 1 l l |
Correlated Wlth L pT bUt In at leaSt IIIII Pythla 6, Perug|a201 1 IIIIIIIIIIIIII | 7 et ‘
one MC (Pythia 6) switching them on/  op L PP 14 TeVsantHR=04, no fept. isol”

off changes distribution by O(1%)

- ' 1 [ [ 1 ' 1 [ 1 L ' 1 [ 1 ' 1 [ [ [ - [ [ 1 ' 1 [ 1 ' 1 = [ 1 ' 1 ' 1 [ 1 ' 1 [CN] [ 1 ' 1 [ ' ' ' ' ' L} ' Ll ' ' ' -

sl

...................................................................................

S A

(with MPI) / (without MPI)

1
098 F —— — A S SR ol

"""""" été'l'l”fll'drﬁ'MPI?”"2 """"""" """"
096 F | cinn merons o o o 2 | -

40 60 80 100 120 140
Pt [GeV] (Z or jet) 45



1 N3LO VBF (no cuts)
10" :

VECTOR-BOSON FUSION — HIGGS i LO NNLO
..................................................................................................................... — NLO N3LO E
» double DIS approximation is powerful tool for =02 ~.
VBE using structure functions for the W/Z %
production (Han, Valencia & Willenbrock 1992, z
NNLO by Bolzoni et al 1003.4451) B3 o WANET N
LHC 13 TeV ?
» Now being extended to N3LO, gﬁpi) Lgo “F1< 2Q o
N shows scale uncertainties « 1% 1.06 ! S RERRARERR)
for observables inclusive wrt the 104 [P -
W.Z ~ Q [ R T AN et A
-2 > good stability from NNLO to 2 * Y
N3LO E R Dreyer é’ Karlberg,
E o 1.60x XXXX -
W.Z N3LO [t

0 50 100 150 200 250 300

N pus [GeV] 48



N3LO VBF (no cuts)

VECTOR-BOSON FUSION — HIGGS

» double DIS approximation is powerful tool for
VBE using structure functions for the W/Z
production (Han, Valencia & Willenbrock 1992,
NNLO by Bolzoni et al 1003.4451)

» Now being extended to N3LO, _

N shows scale uncertainties « 1% ] ()2

for observables inclusive wrt the
jets

W.Z

R G good stability from NNLO to

N3LO

Wz

Exact in “QCD; ® QCD>”
/ \ Non-trivial real-world corrections believed < 1% 47

Dreyer & Karlberg,
160x.xxxx
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GPS preliminary 2016-06
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ABSOLUTE CROSS-SECTIONS MEASURED T0 ~ 17?
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Beam Imaging and Luminosity Calibration

arXiv:1603.03566v1 [hep-ex]

March 14, 2016

Markus Klute, Catherine Medlock, Jakob Salteld-Nebgen
Massachusettes Institute of Technology

We discuss a method to reconstruct two-dimensional proton bunch densities using vertex distributions accu-
mulated during LHC beam-beam scans. The x-y correlations in the beam shapes are studied and an alterna-
tive luminosity calibration technique is introduced. We demonstrate the method on simulated beam-beam

scans and estimate the uncertainty on the luminosity calibration associated to the beam-shape reconstruction
to be below 1%.
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