LHC PHYSICS @ 17 PRECISION?
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Gavin Salam, CERN

EPP Theory Seminar, SLAC, April 1st 2016

Talk in part inspired by discussions at KITP Santa Barbara
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The LHC and its Experiments

LHC — TWO ROLES — A DISCOVERY MACHINE
AND A PRECISION MACHINE
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GPS & Weller 2035 Today
cern.ch/collider-reach ‘
[preliminary plot]
* ~16.5 mi circumference, ~300 feet underground 2023
* 1232 superconducting twin-bore Dipoles (49 ft, 35 t each) - 2018
* Dipole Field Strength 8.4 T (13 kA current), Operating Temperature 1.9K %
* Beam intensity 0.5 A (2.2 10 loss causes quench), 362 MJ stored energy E + 201 Future
O en 7
MS: neral purpose 8 end 2012 201 8:
7 i N 2023:
2035:

0.01 0.1 1 10 100 1000 10000
integrated lumi [fb'1]

Increase in luminosity brings
discovery reach and precision 2

+ TOTEM, LHCf


http://cern.ch/collider-reach

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




PRECISION LHC PHYSICS NEEDS PRECISLON T NSO T ————

. Anastasiou, Duhr, Dulat, Herzog & Mistlberger ‘15
PI‘OgI'GSS on calculations has been stun Only collider process known to this accuracy: O(10) phase space

integrals, O(10°) interference diagrams, O(10%) three-loop master
N3LO nggs integrals. A truly amazing technical achievement

\J

And a result that really matters for future Higgs physics

Many processes at NNLO
NLO + PS automation
First NNLO + PS

NNLL Resummations
EW + QCD, etc.

Y Y Y Y Y

(Generic reaction:

G. Zanderighi - CERN & Oxford University
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What precision should we
have as a target?




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%




DI-RIGGS PRODUCTION AT HL-LHC (HH — 4b, 3ah-!)
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Behr, Bortoletto, Frost, Hartland, Issever & Rojo, 1512.08928

Category signal background S/v/Btot | S/v/Bsn S/Btot | S/Byp
New | N&t | N
no PU 290 1.2-10%* | 8.0-10° 2.7 3.2 0.03 0.04
Boosted . A4 104
PUS0+SK—+Trim 290 3.7-10 1.2-10 1.5 2.7 0.01 0.02
Intermediate no PU 130 3.1-10% | 1.5-103 2.3 3.3 0.04 0.08
PUSO+SK+Trim 140 5.6-10° | 2.4-103 1.9 2.9 0.03 0.06
no PU 630 1.1-10° | 5.8-10% 1.9 2.7 0.01 0.01
Resolved . 4
PUS0+SK 640 1.0- 10 7.0-10 2.0 2.6 0.01 0.01
, no PU 4.0 5.3
Combined | o500 o Trim 3.1 4.7

Key signal channels will need ~1%
control of complex bkgds




DATA-DRIVEN BKGD ESTIMATES: NON-SMOOTHNESS AT 17 LEVEL

Predictions at high invariant masses.

As we all know, bump hunts in the diphoton system assume a smooth
function which can be fitted to the data. Begging the question, Sta n da rd
/ How smooth is smooth? :-) experi mehtal
I m ™ m Voriod ol techniques, like
) ) orion :
S ?’m " data-driven bkgd

1.10

estimates, can be

skewed by O(1%)
theoretical
subtleties.

X=NNLO(5[+m;)
1.08 X=NNLO(5//)+Ac 530
X=NNLO(5!t+m)+Acpg (K (my))

1.06

X/NNLO(5!/)
S
~

200 400 600 800 1000 1200 1400 1600
my, [GeV]




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.



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
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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%.



A'yy RESONANCE?

10T T T T T TS - _
E ATLAS Prelirrllinary | | | | | E . CMS Preliminary 3.3fb" (13 TeV)
8 ; e Data — CE 18__
P 10°E —— Background-only fit = — - % =1.4 x 10" J=0
C — 7 > - -
T Spin-0 Selection — T- 16: - - - Expected limit
- (s =13 TeV, 3.2 b - n 14 =10
10 = = T _ - 20
E %\ E % 12 :_ — Observed limit
1= o 68900 ¢ o o ° o — \6 [
- T~ - = 10:
10_1;_ \é é 8:_
— = 1 N
S z —— I I e, — . 6 —
> 15§|T|rh = O -
o 10E- = o\o 4__
X — ]
S - * - LO -
3 56 |4 * * * E O —
o ol L] S 2
= E ® ’® E [
:c; _55_ ..0+ * _g 0_121 l l I |3 13 13 I
S 5x10 10 2x10°  3x10
200 400 600 800 1000 1200 1400 1600 m, (GeV)
m, [GeV]

30 ~30%

1000x more lumi=> 1% ?
10



OVERALL, 17 SEEMS AN INTERESTING FIGURE TO HAVE IN MIND

To start thinking about getting there, let’s work through the “inputs”:

» the strong coupling

» PDFs

And the types of process:

» inclusive / purely leptonic

» processes with jets

11



Input parameters?
Concentrate on o

(almost) all theory predictions for LHC are based on
perturbation theory, e.g.

0 =a.0; +a’o> + ...



Baikov ﬁ—o—l 'T'
Davier |—|-Q—| %
Pich o—i
caro 1 8 PDG World Average: o¢,(M;) = 0.1181 + 0.0013 (1.17%)
review A
EESEB i Bethke, Dissertori & GPS in PDG ‘16
Maltmann (wilson loops) Q_)
JLQCD (adler functions) . ;I-I'
PACS-CS (vac. pol. fctns.) b: F\.
ETM (ghost-gluon vertex) D

BBGPSV (static energy)

suolipuny |
24N10NJ3S |

JR |

NNPDF

MMHT

ALEPH (jets&shapes) | [ ® ] $

OPAL(jes) | I —0 : (D

JADE(ss) | - : "

Dissertori (3j) ——e— -

JADE Gj : B o I 2,

DW () I—ol——l =3

Abbate (1) - I )

Gehrm. fp—@ —

Hoang —e— Q

Q 4 v o o .3. e

GFittér | : : éIec’Frgweak'
NEREEN .1, precision fits

CMS . ‘ I.Ill | " hadron

(tt cross se.cticl)r'\) N B . . | | .CO.| | ider

041 0115 0.12 0.125 0.13
D
(XS(M ) 13

Z



e =i
S, o B PDG World Average: ot,(My) = 0.1181 = 0.0013 (1.1%

HPQCD (wilson loops)
HPQCD (c-c correlators)

Maltmann (wilson loops)
JLQCD (Adler functions)

PACS-CS (vac.pol.fetns) » Two best determinations are from same group (HPQCD,
ETM (ghost-gluon vertex)

SBGPSY euenmon -l 1004.4285, 1408.4169)
gEEr=- T2 | as(Mz) = 0.1183 + 0.0007 (0.6%) [heavy-quark correlators]
as(Mz) = 0.1183 = 0.0007 (0.6%) [Wilson loops]

HPQCD (wilson loops) H.|
HPQCD (c-c correlators)

Maltmann (wilson loops)

. . . . JLQCD (adler functions)
> Worries include missing PACS-CS (vac. pol fetrs)

perturbative contributions, non- ETM (ghost-gluon vertex)
‘ ' : BBGPSV (stati
perturbative effects in 3-4 (static energy)

» Most consistent set of independent determinations is from lattice

suol3duny
2INn1oN.3s

ALEPH (jets&shapes) I o
OPALj&s) .
JADE(j&s) | -
Dissertori (3 I—.-—I

D
+
P
=

JADEG) | : 1 = as(Mz) = 0.1184 + 0.0012(1%)
| >
o
S

» Error criticised by FLAG, who
suggest

DW () —e——

31118

flavour transition at charm mass ()_!ﬁ N 0115 ()_'12' B ()125
[addressed in some work], etc. o (Mz)
S

y4

011 0115 0.12 0.1'25 0.13
>
o (M)

Z



ALEPH (jets&shapes) . E————

E-+E- EVENT SHAPES AND JET RATES OPALiey ]

.................................................................................................................... JADE(}&S) I_.._E__I

> Two “best” determinations are from same group i'\s[jggc)’” ) B
| iy

(Hoang et al, 1006.3080,1501.04111) DW ) L ol i
as(Mz) = 0.1135 + 0.0010 (0.9%) [thrust]

Gehrm. fr—o———1
as(Mz) = 0.1123 = 0.0015 (1.3%) [C-parameter]

uone[iyiuue -9+

15



E-+E- EVENT SHAPES AND JET RATES

> Two “best” determinations are from same group

#bins
0 80 -_ @ 0.09..0.33 394 [Tmin,Tmax] _'
291 0’ \\\
N
(GGV) 6// 545 N
- —0.38] \\ . \
0.70 QZ N [@’0'3 442 \\ _
| |\ [%,0.5]S3trglft [Vary, .33] 43‘9,\
N )
. — \ \ | —_
> /
N /
050 - R E XL _
L —— 39% CL o]
-~ 68% CL
040 v 1o v
0.111 0.112 0.113 0.114 0.115 0.116

(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]°""

as(my)

thrust & “best” lattice are 4-0 apart

Comments:

ALEPH (jets&shapes)

:|_._|

OPALj&s) ——-uo—+—
JADEj&s) pb———-o——---—
Dissertori (3j) —0—

JADE 3j)

DW (1)

Gehrm.,.

Abbate (1) Fo— :

uolne[iyiuue -9+3

oL_(M?)

S Z

» thrust & C-parameter are highly correlated observables

» Analysis valid far from 3-jet region, but not too deep
into 2-jet region — at LEP, not clear how much of
distribution satisfies this requirement

» thrust fit shows noticeable sensitivity to fit region (C-

parameter doesn't)

15



WHAT WAY FORWARDS FOR «x,?

» We need to settle question of whether “small” (0.113) a5 is possible.

LHC data already weighing in on this (top data),
further info in near future (Z pr, cf. later slides)

» To go beyond 1%, best hope is probably lattice
QCD — on a 10-year timescale, there will
likely be enough progress that multiple

groups will have high-precision
determinations

ATLAS- CONF 2015 049

N L L L L L L L
ATLAS Preliminary

13 TeV, 78 - 85 pb’” qS(Mz) 0 113

"I data + total uncertainty
data + stat. uncertainty

|

A ABM12LHC A
¥ CT10nnlo
N

s

1

NNPDF3.0

MMHT14nnlo68CL
(NNLO QCD mner uncert PDF only)

1 1 L1 1l I 1= 1 I Ll
015 02 025 03 035 04 045 05
oot/ ot
NB: top-quark mass i

choice affects this plot

16






UNCERTAINTIES ON PARTONIC LUMINOSITIES — V. RAPIDITY(Y) AND MASS

quark-gluon luminosity uncertainty

10000 ¢ | 10000 | |
- PDF4LHC15_nnlo_mc - PDF4LHC15_nnlo_mc
| GPS 2016-03 L | 20% L GPS 2016-03 L | 2o0%
. o
1000 =N 10% 1000 4 7 10%
> n . = - -
8 [ i - 5% 8 | i - 5%
= : : 3% = : : 3%
I ] 2
100 £ E 100 ¢ E
E : ! 1% : : ! 1%
-10% i H i - ] H
20 | | | | | ~ 0.5% 20 I | | | | | | | | | 0.5%
-5 -4 -3 -2 -1 0 ) -5 -4 -3 -2 -1 0 1 2 3 4 )
y y
quark-quark luminosity uncertainty quark-antiquark luminosity uncertainty
10000 ¢ | | | 10000 | | |
- pp 13 TeV 40% = pp 13 TeV 40%
- PDF4LHC15_nnlo_mc - PDF4LHC15_nnlo_mc
. GPS 2016-03 L 1 20% . GPS 2016-03 - 1 20%
... ] oo
1000 4 ° 1000 [ ERE °
> - n S - :
(“5’ - i - 5% 8 . i - 5%
= 3% = 39,
o ]
2% 2%
100 E 100 ¢ E
E E ! 1% E E ! 1%
20 | | | | | “ 4 H 0.5% 20 [~ | | | | | | | | | ~ - H 0.5%
-5 -4 -3 -2 -1 0 ) -5 -4 -3 -2 -1 0 1 2 3 4 5
y y 18



WHAT ROUTE FOR PROGRESS?

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

» Path to 1% is not clear — e.g. Z pt’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 expts. get better lumi
determination?

» [is it time for PDFs to include theory
uncertainties? |

quark-gluon luminosity uncertainty

- |

- pp 13 TeV
- PDF4LHC15_nnlo_mc
. GPS 2016-03

S 4
~ 57
A,
» @
100 | 59, S
-

20

10000 |
- pp 13 TeV
- PDF4LHC15_nnlo_mc
. GPS 2016-03

1000 t

M [GeV]

quark-antiquark luminosity uncertainty

100 | 9%

20




One obvious thing to talk about 1s N3LO Higgs

But in terms of precision, both for data and theory, Z pris a
more immediate testing ground for 1% effects.

(& unlike Z & W prod™ it’s sensitive to as)



L pr: uncertainties somewhat smaller for ATLAS than CMS

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

CMS 1 9.7 fb_1 (8TeV) = ﬂ I I T | I I 1T T | I T T
X 35 <04 FSR X, L ATLAS (s=8 TeV, 20.3 fb"
- - icti =_F [ uu-channel .
= 3 —— Statistical _ - Background 8 - 66 GeV =m <116 GeV, lyl<2.4 4
-% - —e— Total systematic —e - p(u) scale+resol 5 | ot sttt " :
T - --e- Efficiencies --e- Polarization » 10F Aia SIalSHes —
S 291 o Pileup = Detector A1 -
% - o MC stat S i —— Background , i
() 2 - 2 — Model :
> B E — T . : $ .
= 15 © | otal systematic i
© Seln = el
O : § | : o -
0 1 K S > - ‘.'-._‘:.:..:‘ JJ E
= e e : l ______ A -
- S o e el e i
0.5 ) i ..--.-:_?*" ' ‘
- e e _g_.l-“‘" B T N LLLLLLL . ;- J__
QL= (ST I it STUIPITET Tt oRECRY Yo e . _1] """""" ﬂ [l H |7
0 50 100 150 200 250 10 1 )

q. [GeV] 1 10?

p [GeV]

21



L pr: Data v. two (preliminary) theory calculations

pp—Z+=z=0jet (pf>20GeV)

NLO
NLO NNLO Data ——— B NNLO
| . T T T . . . I — ® Data
ATLAS +Vs=8TeV PRELIMINARY -1 1.2 8 TGV ATLAS Z
0<lyél <2.4 111 1.10 , S .
' o 1.05 .
“ di ’hﬁ ORI ‘ ‘ : 1 O E égg W"“'VA*"hU‘*“U"A-“"—‘ == —r‘."“VA‘-‘ —-.‘.--_
HT 1 \ 0.9 2 0.90f
' S 0.85]
0.8 = 0.80L- .
GeV <y <116 GeV 1o R IR QTS | |
o T p? [GeV]
58 100 500
pf [GeV] NNLO Boughezal, Liu & Petriello
NNLO Alexander Huss 16 preliminary
(including EW corr.)

1n collaboration with
A. Gehrmann-De Ridder, T. Gehrmann, NNLO ~ +1.5 %
E.W.N. Glover and T.A. Morgan

22



REMARKS

» J.ooks like scale uncertainties are =1-2%
(but how well does series converge?)

» In key 50-100 GeV region, data seem
~4% higher than NNLO theory

» This could have important implications
for as and PDFs (smaller as will not

help!)

» What about non-perturbative effects?

NB: both calc™ use a central scale

= /m% + P,

An alternative

1 2 2
= 5 (pT,Z + \/mZ ‘I‘ijz)
would seem more consistent with
choices being made elsewhere

(and might show better convergence)

66 GeV<m||< 116 GeV

50 100 500
p% [GeV]



Non-perturbative effects in Z py

» Inclusive Z cross section should have MC hadronisation

_ 2 2 > _ '4? 1.08 1 1 I _ |
A /M corrections ( 107 ) _____ Pythia:6, Perugia 2011 : | 7 Wi ‘

. . . . pp, 14 TeV; anti-k; R=0.4, no lept. isol" E
» Z pr 1s not inclusive so corrections can 106 F o S U, e
be ~A/M. SR R S R
1.04 i SR R e e

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

1.02

hadron / parton

098 e A ——— - -
... 0% MC hadronisation does not imply -
096 L. absence of non-perturbative effects  _

40 60 80 100 120 140
Pt [GeV] (Z or jet) 24




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) 25



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) 26



PROCESSES WITH
(MEASURED) JETS

much less inclusive wrt QCD radiation .

subject to larger hadronisation effects




THE JET IN Z+J ET @ NNLO Boughezal, Liu & Petriello, 1602.08140

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

<00 8 TeV LHC |
— %
oLo (pPb)|onLo (Pb)|onnLo (Pb)[KNLo | KNNLO 4000
8 TeV |4.171072| 6597005 | 6.86707%5 | 1.58 | 1.04 2

13 TeV|9.1270:55 | 14.901 120 | 15547001 | 1.63 | 1.04

do/d|n’t |

1000}

» NNLO K-factor is 4%

» Residual scale uncertainty <2%

28



HIGGS JET VETO @ N3LO + NNLL

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Anastasiou, Duhr, Dulat, Herzog & Mistlberger 1503.06056 N3LO+NNLL4LLx v. NNLO4+NNLL jet veto cross section
o o 50 [ [ ' [ ' [ ' ' [
Boughezal, Caola, Melnikov, Petriello & Schulze 1504.07922 = a5 L
o
— 40 k
Banfi, Caola, Dreyer, Monni, GPS, Zanderighi & Dulat § 35+
2 30 F w
1511.02886 \_,q’l 25 B w > NNLO+NNLL
W 20 FZ N3LO+NNLL+LLg -
15 | | ! | ! | ! ! |
20 30 50 70 100 150
(a'd
> N3LO eftects at 2-4% é L2 L | ' pp 13 TeV, anti-ke R = 0.4 1
— 11 [ Finite m¢p, Mo = Qo = myp/2, Rg = 1.0, JVE
. . . = LB PDF4LHC15 (NNLO), as = 0.118
» Residual uncertainty up to 4% (fairly = | -
conservative estim ate) % 1 f't't':':':;f;e:gozogogogogogogo;o:0IOXQXQX?X?I?Z?ggtztzﬁz2‘2z2323232;Xzizﬁii2‘2‘2‘2‘2‘2‘;&@
S 0.9 F =
[e L S
-lé 0.8 | | | | |

20 30 50 70 100 150
Pt veto [GeV]
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HIGGS JET VETO @ N3LO + NNLL

Anastasiou, Duhr, Dulat, Herzog & Mistlberger 1503.06056 N3LO+NNLL+LLx v. N3LO jet veto cross section
. . 45
Boughezal, Caola, Melnikov, Petriello & Schulze 1504.07922 S a0
o
: Do ~ 35
Banfi, Caola, Dreyer, Monni, GPS, Zanderighi & Dulat g o
1511.02886 € xst
T 20 N3LO+NNLL+LLg
15 | | ! | ! | ! ! |
20 30 50 70 100 150
(a'd
> N3LO eftects at 2-4% é L2 L | ' pp 13 TeV, anti-ke R = 0.4 1
— 11 [ Finite m¢p, Mo = Qo = myp/2, Rg = 1.0, JVE
. . . > 1.1 PDF4LHCI5 (NNLO), s = 0.118 ]
» Residual uncertainty up to 4% (fairly > -
+ R N OO vivivivive e R R L.
cOnservativ e) 9 l s
4(23 0.9 —
° o -
» rather stable (~2%) wrt jet-pr AN ) —— | ' '

30 50 70 100 150
Pt veto [GEV]

N
o

resummation effects

30



2 KINDS OF EFFECT IN SUCH PROCESSES ?

» “Inclusive” correction to process as a whole (insofar as this is meaningful)

» corrections related to jet fragmentation

Can we make such a distinction more meaningful?

31



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

~ ™~ pu [GeV] .



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% 1.()2

for observables inclusive wrt the
jets

W.Z

R G good stability from NNLO to

N3LO

W.Z
/ \ 33

Dreyer & Karlberg,
160x.xxxx




VBF with cuts on jets: Projection to Born method
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Cacciari, Dreyer, Karlberg, GPS & Zanderighi, 1506.02660

(a) Born VBF process (b) NNLO "inclusive" part (from structure function method) (¢) NNLO "exclusive" part (from VBF H+3j@NLO)

two loop projected double real double real double—real counterevent

----- one—loop single real one—loop single—real counterevent
original momentum,

integrated over

projected momentum, T

passed to analysis

using VBF 3-jet @ NLO from Jdger, Schissler & Zeppenfeld, 1405.6950

34



do/dp; g [pb/GeV] do/dpt H [pb/GeV]
| | I | | | g I L 0 |
| ' ' NLO

NLO _ NNLO ——

Inclusive - | - [ _E_' ' : Full
| % VBE CUTS - - = VBF CUTS

pa_rt only - LHC 13 TeV - _ = LHC 13 TeV . calculation
(with VBF S - e B (vith VBF
cuts) _ = _ _ _ _ - cuts)

NNLO is NNPDF3O nnlo as 118 - NNPDF30 IlIllO as 118 =
1% effect Mo(Pe, 1)/2 < HR = HF <2 Ho(Pt H) Ho(pt, H)/2 < IJR IJF <2 IJO(Pt H) NNLO is up

| | | | | )
'PARTIAL CALCULATION: \ D I S ETISEt
1.05 % INCLUSIVEPARTONLY _____ ) N =, ............. y

| | | note pm e s N Almost all of
| _________ |different e which comes
SR | scales from jet
fragmen-
tation

0.95

0.9 | | .
0 50 100 150 200 250 300
0 50 100 150 200 250 300 b 4 [GeV]

P u [GeV] ’ 35




Can we examine same idea in other contexts? E.g. inclusive jet spectrum

: : - L, : Dasgupta, Dreyer, GPS
» There is no way of defining the “inclusive” part in most cases o siyi 1 60%/ 01110

> But there are arguments that for a jet radius R, = 1, ISR and FSR
eftects mostly cancel each other [Soyez, 1006.3634]

» So try looking at eftect of NNLO corrections relative Ry, =
[can be done with NLO 3-jet calc" from NLOJET ++]

00+ 01(R) + [02(R) — 02(Rom)

NLO R-dependent piece of
NNLO, relative to R,

O-NNLOR (R, Rm)

» Full NNLO will have an additional NNLO term associated with the effective K-factor

for the “inclusive” piece — we miss that part (and unlike VBE it may not be small)
36



NNLOR & small-R resummation
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NNLOR v NNLOg+LLg

» to explore full R-range, need 14— | _

resummation as well pp, 7 TeV, CT10 (
-100.0 < pt [GeV] < 1992.0: //'/‘
: A ol A o T )y &

J(R) — O-(RO — 1) X I'ath(R, RO)ﬁxed—order + LLpg L2 ?O'O < Ivl'< 05 5 ’/‘/
0.5Hg < MR, HF < 2Hp, Rg =1 /'/'éQ/

‘uncorrelated scale choice /,/Q/Q/’/

| | | 109/

NNLOR | | -
; NNLOg+LLg =1
~ NNLOg+LLR (Rg=1.5) - - - -

0.1 0.2 0.4 1
R 37



NNLOR & small-R resummation

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» to explore full R-range, need NNLOg+LLg v POWHEG

1.6 — | . ,
resummation as well pp, 7 TeV, CT10 |
100.0 < p; [GeV] < 1992.0
J(R) — J(RO — 1) X ratio(R, RO)ﬁxed—order + LLg 1.4 _00<|y|<05 """"""""""""
0.5Up < MR, HF < 2Hg, R =1

1 2 L uncorrelated scale choice = /

NNLOR | |
NNLOp+LLg K> N
POWHEG+Pythia8 XXX
(no ISR) - - - -

02 L .
0.1 0.2 0.4 1
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NNLOR & small-R resummation
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NON-PERTURBATIVE EFFECTS & JETS

Often discussed for inclusive jet spectrum

But relevant for any process involving jets



Non-perturbative corrections (UE+hadr)

INCLUSIVE JETS

Dasgupta, Dreyer, GPS
& Soyez, 1602.01110

1.15

Underlying Event XXX
UE+hadronisation | l
T.0 o TS -
Q
X
1.05 OO KN -
\ _ N N -
SN GPAN . - .
V’V"‘V"“ NN~ S -
e e S SIS AT ST S
1 o o e i i -

&
X

A

gt DI~
R

RIS
A 6% :
P s
W ,/‘:%.,9&9)/' :
0.95 oo

' %% :
K

X p— — I R oA o SO X A "’ AT AT -,
‘v‘yw",«y X‘Y‘V"_‘Y&Q‘ﬁ' SYQ"!‘?'.‘(‘V‘ \‘o;.'\’ ‘\Av/ =0 e — AN

L
Hadronisation 55530

CX X

"""""" S R (04
' op 7 TeV, |y|<0.5

O
©

100 200

Two effects: Hadronisation & “Underlying Event” (UE/MPI)

500 1000
Pt [GeV]

2000

Non-perturbative corrections (UE+hadr)

1.15 ........................

; Underlying Event XXX
z UE+hadronisation | l
1.1 | N -
1.05 b SRS ONTR A 1 -
SERE \v."\"\ - _
OSTIRKE D A rrem
\/ = * N Z_\ = S 7 \) v
S R R R S A Borcre e X
1 F N s S eetn O VA W WA AN r-won s
S R N L2 S

T TTTTR X el =
LK LSO XIS
S

02 %%%® =
o

0.95

''''''' . Reos -

L
Hadronisation 5550

op 7 TeV, |y|<0.5

O
©

100 200

Pt

5 - 15% effects, often of opposite signs

500 1000
[GeV]

2000
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REMARKS

» Non-pert. effects are always relevant at
accuracies we’re interested in

» Watch out for cancellation between

“hadronisation” and MPI/UE (separate
physical effects)

» Definition of perturbative / non-
perturbative is ambiguous

» Alternative to MC: analytical estimates.
MC'’s have strong pT dependence,
missing in analytical estimates

non-perturbative effects may become

a key limitation at 1%

Ap2dr x R Cg/C [GeV]

0.1

-0.1

-0.6

Analytic v. MC hadronisation

pT shift v. pr

Monte Carlo tune jet radius, flavour |
Herwig 6 R=0.2, quarks
(AUET2) R=0.4, quarks - - -- -
Pythia 8 R=0.2, gluons -
(Monash 13) R=0.4, gluons =-=-= l

pp, 7TeV,noUE .- ---"""" -

simple analytical estimate

100 200 500 1000

Pt (parton) [GeV]
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POWERFUL HANDLE: EXPLORE A RANGE OF JET RADII %ﬁ‘;{jﬁfﬁ’geg o

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

ratio of inclusive jet spectra at R=0.4 and 0.6

3 effects:
1 -
» perturbative (~ In R) pp. 7 TeV, CT10
‘ . ) ly| < 0.5, anti-k; alg. _ _
» hadronisation (~ 1/R) cﬁ .50 < Hg, b < 240, Rg =1 | s
» MPI/UE (~ R?) L 0.9 ki -
Q.
To disentangle them, need =3 R %
values: S
L 08 F <m ¢ 1 TR R ]
> 0.6-0.7: large MPI/UE % ATLAS data (approx. uncert.)
» (0.4: non-pert. effects cancel? o NLO x (NP corr.)
> 0.2-0.3: large hadronisation C 0.7 NNLOg x (NP corr.) L1
(NNLO+LLR) X (NP corr.) E >3
100 200 500 1000 2000

Pt [GeV] 43



POWERFUL HANDLE: EXPLORE A RANGE OF JET RADII %‘gi‘;i;“]%’ggegﬁfg

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

3 effects: CMS. 5 fb"
> perturbative (~ In R) cl;h 0,955 lyl <0.5 :

|||||||||||||||||||

» hadronisation (~ 1/R) , 0.9F RSPy . &
> MPI/UE (~ R2) '

To disentangle them, need =3 R
values:

== NLO

» 0.6-0.7: large MPI/UE - LOGNP E
: % NLORNP -
» (0.4: non-pert. effects cancel? S -
L 60 1 200 1
» (0.2-0.3: large hadronisation 00 Jet p (ng\(;)
.

this uses ratio from Soyez 1101.2665
(NLO is NLO 3-jet; NP is analyical)



POWERFUL HANDLE: EXPLORE A RANGE OF JET RADII %ﬁ‘;{jﬁf’f;’gﬁgﬁ?g

3 effects:
> perturbative (~ In R) PP, 2.76 eV, CT10 -
ly| < 05 anti-k algg.
» hadronisation (~ 1/R) 0.8} 0.5p0 < R, HF < 210, Bo =

» MPI/UE (~ R?)

To disentangle them, need =3 R
values:

> 0.6-0.7: large MPI/UE s | | N

» 0.4: non-pert. effects cancel? ° 0 NLO x (NP corr.) .
NNLOgr X (NP corr.) [__1

(NNLO+LLR) X (NP corr.) E =1

» (0.2-0.3: large hadronisation

This one usually missing

(except ALICE): needs 20 40 60 80 100 120

small-R resummation pt [GeV] 5




COMMENTS / CONCLUSIONS

» 1% precision is something that we will want to reach for a range of processes to get
full value out of the “precision” part of LHC’s programme (Higgs, top, dilepton, ...)

» We’re entering the precision era today, notably with 1% Z pr distribution
(first hadron-collider process «as known with this precision)

» Even a Z can have non-perturbative corrections — framework for understanding
these remains to be developed...

» Processes with jets need a dedicated effort to improve the precision
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EXPERIMENTAL PERSPECTIVES




Generation of pseudo-data: the Z pt

‘€0 €0 €c

30

25
>
=

T o
O
O
-
D

O 15
.............. m
©
o

&) 10
| -
(D)
al

5

Generate pseudo-data for the transverse momentum distribution of Z bosons decaying into leptons
Statistical uncertainties determined from number of events per bin, after a binning optimisation

Added a 2% systematic uncertainty to the statistical uncertainty

Z pt, CMC-PDFs, LHC 14 TeV

Statistical, 3000 fb™

Statistical, 300 fb' |y

|IIII|IIII|IIII|I'.IIJJJ.'.I

PDFs PRELIMINARY
A , - ,
. -
. . | I
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—V— —— _
—A— __
| | | | |_




Generation of pseudo-data: high-mass Drell-Yan

@ Generate pseudo-data for the invariant mass distribution of di-electrons and di-muons
¢ Statistical uncertainties determined from number of events per bin, after a binning optimisation

¢ Added a 2% systematic uncertainty to the statistical uncertainty

Drell-Yan, CMC-PDFs, LHC 14 TeV

30 _| ! 1 1 1 1 1 1 1 1 1 | | | | | | | | | | | | | | | | | _|
| 4 Statistical, 3000 b’ _
5[] 1 Statistical, 300 fb’ — v -

Z | ® PDFs PRELIMINARY
£ o0l —
()] — —V— —
CCJ — _
: B —V— N |
o 15— _
@ B —V— —

T R L T e _,(E B —V— n
gé 10— -—v—-'_vq A 0 i
| —
d'f : —V— |—.—|I=-=I :
Wﬂ_. —
- A —
I—V—ll_v_| —||_A_I A ]
e FEHH—A -
I_A_I+I_A_|_ ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] _|
1000 1 500 2000 2500 3000 3500

M, (GeV )
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Generation of pseudo-data: top quark pair

Generate pseudo-data for the invariant mass distribution in the leptonic final state

Statistical uncertainties determined from number of events per bin, after a binning optimisation

Added a 3% systematic uncertainty to the statistical uncertainty

Top quark pair, CMC-PDFs, LHC 14 TeV

301 — ".". e ke -1|| | | | | | | | | | | | | | L .l | | I_
| 4 Statistical, 3000 fb i
I . a -1 — = B
- Y Statistical, 300 b X -

Z % PDFs — !PRELIMINARYI
S 20 —— —
0, — — _
CCJ — —l— v —
> — - —

........................ _ICC_U'» : o :
S - =
e 1 O.—- V- _
D — —V— —A— :
B v . N _
o Viyi¥ - -
u H""'V*W' —k _
| A _|_v|"'+v|' -' A g LA — A A ]
e Ak AATA A _
0 ﬂiMHATH‘I*“TAﬂTH T N S U NN NN TR TR TN NN AN NN NN MR A SO S S SN S S T
1500 2000 2500 3000 3500 4000
M, (GeV )
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ABSOLUTE CROSS-SECTIONS MEASURED T0 ~ 17?

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

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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CMS £ pr uncertainties
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CMS 19.7 fb (8TeV) CMS 19.7 fb" (8TeV) 4CMS 19.7 fb (8TeV)
X, 35 <04 FSR X 33 04<|y<08 FSR X : 08<ly|<1.2 FSR o
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Figure 1: Relative uncertainties in percent of the normalised fiducial cross section measure-

ment. Each plot shows the gt dependence in the indicated ranges of |y 54




ATLAS Z pr uncertainties

ATLAS Vs=8 TeV, 20.3 fb™

= ee-channel

Detector
—— Background
i —— Model
Total systematic .,

I IIII'|I|

10 10°
p_ [GeV]

ﬂ
- ATLAS
~ uu-channel

- 66 GeV =m, <116 GeV, ly | <2.4

T

Vs=8 TeV, 20.3 fb™

Uncertainties seem
significantly larger

2
a
B
o)
© e Data statistics B
2 10; Detector - for CMS.
g i —— Background l
2 Mode _ Where are the
- B : | .
s [ o Total systematic differences wrt
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D _
- I
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Figure 4: Uncertainty from various sources on (1/0)do/ dgb (top) and (1/0)do/ dp (bottom) for events with
66 GeV < myr < 116 GeV and |y < 2.4. Left: electron-pair channel at dressed level. Right: muon-pair channel at

bare level.
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VBF HIGGS PRODUCTION




RENCONTRES DE MORIOND 2016

Structure Function Approach

One can think of VBF Higgs production as a double Deep
Inelastic Scattering (DISxDIS) with no cross-talk between the
upper and lower sectors. [Han, Valencia, Willenbrock (1992)]

e this picture is accurate to more than 1%
[Bolzoni et al. (2012)], [Ciccolini, Denner, Dittmaier (2008)], [Andersen et al. (2008)]

® the factorisation of the two sectors is
exact if one imagines two copies of
QCD, QCD; and QCD; , respectively
for the upper and lower sectors.

® all DIS coefficients are known to
NNLO and almost all to N3LO.

® as the DIS coefficients are inclusive
over the hadronic final state, the
calculation cannot provide
differential results.

UNIVERSITY OF

OXFORD

Slide 6/19 — Alexander Karlberg (Oxford) — VBFH@NNLO
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Beyond the Structure Function Approach

The calculation is based on two ingredients:

1. An “inclusive” contribution

o use the Structure Function Approach and use four-vectors
g1, 9> to assign Born-like kinematics using the equations

below
e use the projected Born-like momenta to compute ditferential
distributions
(b) NNLO "inclusive" part (from structure function method) .. — AP,
o plﬂ,l o xlp l
two loop projected double real

+
original momentum, q ]
integrated over xl —
. 26]1- P;
projected momentum,
passed to analysis

UNIVERSITY OF

OXFORD

Slide 8/19 — Alexander Karlberg (Oxford) — VBFH@NNLO



RENCONTRES DE MORIOND 2016

Beyond the Structure Function Approach

The calculation is based on two ingredients:

2. An “exclusive” contribution
o use the electroweak H +jjj NLO calculation in the factorized

approximation [Figy et al. (2007)], [Jager et al. (2014)]
(¢) NNLO "exclusive” part (from VBF H+3j@NLO) e for each parton, keep track
double real double—real counterevent Of Whether lt belOngS tO
the upper or lower sector,
+ and compute vector-boson
momenta 41, 4>
one—loop single real one—loop single—real counterevent o f()]f eaCh event a d d
N counter-event with

projected Born kinematics
and opposite weight

The counter-events cancel identically with the projected terms
from the “inclusive” contribution.

UNIVERSITY OF

OXFORD

Slide 9/19 — Alexander Karlberg (Oxford) — VBFH@NNLO
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Beyond the Structure Function Approach

Schematically we express the “projection-to-Born” (P2B)

method as
§ §
do=|d®g(B+V)+ | dDgR
J J
5 P P e
— |d®g(B+ V)4 | dDPrRpyp + | dDRR — | dDRRpog
J J J J
~-— - N—_—.—?’
“inclusive” contribution “exclusive” contribution
(b) NNLO "inclusive" part (from structure function method) (¢) NNLO "exclusive" part (from VBF H+3j@NLO)
two loop projected double real double real double—real counterevent

..... one—loop single real one-loop single—real counterevent
original momentum,

integrated over

projected momentum, +

passed to analysis

UNIVERSITY OF

OXFORD

Slide 10/19 — Alexander Karlberg (Oxford) — VBFH@NNLO



RENCONTRES DE MORIOND 2016

Phenomenology

We study 13 TeV LHC collisions with My =125 GeV and
NNPDF3.0_nnlo_as118. We use the following VBF cuts:

e Jets defined with anti-k;, R = 0.4 and p; > 25 GeV
e Two hardest jets within |y| < 4.5

e High dijet invariant mass, M;,;, > 600 GeV, and separation,
AYjijp > 45

e Hardest jets in opposite hemispheres, y; y;, <0

We choose a central scale which approximates well \/OQ10Q, and
symmetrically vary by a factor 2 up and down

My | Mg\?
H%(Pt,H):T (T) ‘H?%,H

OXFORD

Slide 11/19 — Alexander Karlberg (Oxford) — VBFH@NNLO
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NON-PERTURBATIVE
EFFECTS




Jetv. Zin Z+)et process

hadron / parton

1.08

1.06

1.04

1.02

0.98

0.96

! ! ! I 1
..... Pythia 6, Perugia 2011 [ Z et
| PP T Te Antk RO A noept o ] jet et |

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

(with MPI) / (without MPI)

1.08

1.06

1.04

1.02

0.98

0.96

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

2 - 5% effects for jets
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Higgs Jet veto

1 - 3% effects for jets

8(pt,veto)

e(Pt veto) / €partons(Pt veto)

Higgs production (my = 125 GeV), impact of hadronisation
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Non-perturbative corrections

VBF (leading jet)

105F YN Vo A SUE SRR SRR e \/~~, """ ~~. """"" VA RS SRR PO FRSEY SR \ i

3 - 5% effects

1 -
oot R o R R — — s
Hadronisation + UE —— " Pythia 6 (P11) ——
Hadronisation —-=—-~- Pythia 8 (4C) —
0.9 Underlying event - - - - Herwig 6 (AUET2) —— i : :
20 40 60 80 100 120 140 160 180 200

ptj, [GeV]

Cacciart, Dreyer, Karlberg, GPS & Zanderighi, 1506.02660 [unpublished backup plots]
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SMALL-R




NLL SMALL-R TERMS
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subleading terms subleading terms
L B o L B o

pp, 7 TeV, CT10, Reef = 0.1 pp, 7 TeV, CT10, Reef = 0.1 5

0.8 [F100 <py [GeV] <1992 o 0.8 [F100 < py [GeV] <1992 e
ly| <0.5 ; 0.5<|y| <10 : '

0.6 [ SENNEE SR U o z z

0.4 [ QR QR ey

o2F

(O-NNLO(R) ) GNNLO(Rref)) / O'LO
( NNLO(R) ) GNNLO(Rref)) / O'LO

/ 5 5 5 o
-0.2 T -0.2

(exa:ct NNLC) - (sméII—R apbrox.)

(exact NNLO) - (small-R approx.) N}
log fit for R € [0.03,0.05] — log fit for R € [0.03,0.05] —
0.4 1 diff - 0.4 | diff N
' AN | L T T A | ' A | | L T T A |
0.03 0.05 0.1 0.2 0.4 1 1.5 0.03 0.05 0.1 0.2 0.4 1 1.5
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