Drell-Yan Production at
Hadron Colliders
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TOPICS WE WILL COVER

e Historical importance of Drell-Yan

® Modern applications of Drell-Yan

+ The W-boson mass using Drell-Yan
+ PDF measurements using Drell-Yan

+ New physics searches using Drell-Yan (W’, Z°, ...)
® Predicting hadronic cross sections: theoretical framework
* Drell-Yan at LO and NLO in QCD: a detailed calculation




The Drell-Yan Process

* Drell-Yan 1s the production of lepton pairs in the
s-channel. Drell-Yan like processes include:

h(P) +h (P) = (v, Z = 1T17)X with [ = e,u
h(P)+h(P) — (W — )X

h(Pl) =R h/(PQ) — Ve X; V = Z’, e

trigger paths
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Non perturbative effects in the spectrum...



Facts about Drell-Yan
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—
(e}
=2

Clean signal at hadron colliders,
since the lepton pair does not
interact strongly
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One of the best theoretically studied
processes at a hadron collider with
uncertainties at the few percent level
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QCD perturbation theory
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Historical importance

e Study of the Drell-Yan process was critically important in
establishing QCD as a quantitative theory

89 145 (1979)

pN data (200 GeV/c) |

— CDHS pargmetrization

Comparison of dimuon data from the NA3
experiment at CERN in 1979:

In all the channels studied the experimental cross section is signif-
icantly larger by a factor of 2.3 % (0.5 than expected

The first introduction of a “K-factor”
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Historical importance

e Study of the Drell-Yan process was critically important in
establishing QCD as a quantitative theory

TOT= sum of all partonic channels @ NLO

{ 0] — §

% 0 LO @
1.0 \

[

N
N

0.8 < NLO QCD corrections reach

~ 9
~

06 y nearly a factor of 2, greatly
aatnod)/ reducing tension between

> theory and experiment

—\VI2
o2k T M?=/s

Discrepancy resolved by

O o
0.0l L ~005 0.l

Altarelli, Ellis, Martinelli
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next-to-leading order QCD!




Historical importance

e Understanding of vector boson production through the Drell-Yan
process has required continued advances 1n our ability to understand
QCD precisely, with data from the Tevatron and the LHC requiring
NNLO corrections

e Drell-Yan data and predictions can be
used to to improve our understanding of
NNLO Alekhin02

NNLO MRSTO1 Anastasiou, Dixon, proton structure
Melnikov, Petriello,

PRD 69 094008 (2003)

CMS, 19 pb™, 8 TeV
CMS, 36 pb™, 7 TeV
CDF Runll
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66 < M < 116 GeV

M/2 < u < 2M

¢ CDF data (3.9% lumi. error omitted) A
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Historical importance

® The Drell-Yan process has been an important discovery mode
throughout the modern history of high energy physics

-

Upsilon (bbi discovery at
FNAL experiment E-288

:({1977)
Jo UAT1 + UAZ
dM@/

Experimental discovery .
of the electroweak force N m™ (1 1)
carriers at CERN (1983)

dN/dm (events / 4 GeV/c?)

Invariant mass of |7 °



Historical importance

® The Drell-Yan production of vector bosons has also played a
prominent role 1n famous non-discoveries 1n particle physics...

Missing transverse energy at, (Gev) 4. Conclusions. We have presented a sample of five
LA - i 20 single-jet events and two “photon’ events with AE)
> 40 GeV. We have been unable to find a reasonable
explanation in terms of background including W and
Single jets Z0 decays or within the expectation of the Standard

Cos Ayp > -08 Model. Therefore we believe they are due to some new

UA1 (1984): Final state is the ical phenomenon,
same as Drell-Yan production of
W boson, plus jets

W-T1V
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Historical importance

® The Drell-Yan production of vector bosons has also played a
prominent role 1n famous non-discoveries 1n particle physics...

4. Conclusions. We have presented a sample of five
single-jet events and two “photon’ events with AE),
> 40 GeV. We have been unable to find a reasonable

explanation in terms of background including W and
Z0 decays or within the expectation of the Standard

Model. Therefore we believe they are due to some new

nhenomenon.

NATURE VOL. 313 21 FEBRUARY 1985

1985
- Hopes grow for supersymmetry

Jrom John Ellis

NEWS AND VIEWS

High-energy collisions between protons and antiprotons produce strange events in which momen-
tum fails to balance. Missing momentum may be carried by photinos, super-partners of the photon.



Historical importance

® The Drell-Yan production of vector bosons has also played a
prominent role 1n famous non-discoveries 1n particle physics...

4. Conclusions. We have presented a sample of five
single-jet events and two “photon’ events with AE),
> 40 GeV. We have been unable to find a reasonable
explanation in terms of background including W and
Z0 decays or within the expectation of the Standard

Model. Therefore we believe they are due to some new

nhenomenon.

Comparison with the theory prediction for the background
was based on a parton shower simulation for W-production,
i.e. W+soft/collinear jets
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Historical importance

a *UAl
W5 "y

Acceptance and Rescluhion
Corrected

323 EVENTS

QCD,
Altarelli et al

QCO (Altarell et ai}

60
pr (GeV/cl

A proper SM prediction for the
background requires W+hard

jet emissions. This explained
the discrepancy, not SUSY!

Parton showers (without matching to
exact tree level matrix elements) do not
explain hard emissions correctly

UA1 CM energy = 540 GeV — 40 GeV missing
energy is hard, not soft !
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From Drell-Yan Yesterday to




Modern applications

e The W-boson mass 1s an important observable 1n the global fit to
electroweak precision data. The agreement between the direct Mw
measurement and the indirect determination from fitting other data
1s a powertul constraint on Standard Model extensions.

80.440+0.051

80.270+0.055 Direct measurement
80.415+0.052

80.376:0,033 Most precise determinations
: of Mw are from Drell-Yan
50.38540.023 production at the Tevatron

—t—
Tevatron + 80.387-+0.016
: Vldof= 4.2/6

Overall| averagge | . 80.385+0.015
80.2 80.6

M,1GeVl  PDG




Modern applications

e The W-boson mass 1s an important observable 1n the global fit to
electroweak precision data. The agreement between the direct
Mw measurement and the indirect determination from fitting other
data 1s a powerful constraint on Standard Model extensions.

68% and 95% CL contours :: ?:1,0:(:;;?4%2\16 Indirect measurement

I fit w/o M, and m, measurements Vil . 5 =076 GeV

fitw/o M,,, m and M, measurements | —0=076® 0-5%.0'(5'9\/ . .
direct M, and m, measurements ) * All fits: use primarily LEP data
i (eg. forward-backward asymmetries

in lepton pair production, total
hadronic cross section, etc)

M, world comb. + 1o " A % Blue fit: uses in addition LHC
Higgs measurements

M,, =80.385 + 0.015 GeV

* Grey fit: does not use LHC Higgs
measurements

Good agreement
between direct and
indirect measurements




Measuring the W mass

® The W—lv contains final-state missing energy; cannot
reconstruct the W mass peak

In the W rest frame:

=[] =2

W|S%

do  |dcosb, do
dp5 B dpT | dcosby B ,
— Predict a sharp drop at
Mw/2; this distribution
This is a smooth function (can write sensitive to W mass!

it in terms of spherical harmonic1se)) Called a “Jacobian peak”™



Measuring the W mass

e Sensitivity to Mw reduced by several effects: width of the W
boson, addition of finite prw (the previous derivation was valid
for prw=0), detector smearing

* Black histogram: shows
the effect of the width I'w

* Red dots: show the effect

of a non-zero prw due to
the hadronic radiation

30 35

U. Baur hep-ph/0304266  P(€) (GeV) G A TNl N (W
the effect of detector

smearing

{7



Measuring the W mass

e (Can construct the transverse mass, which 1s less sensitive our
theoretical understanding of prw

* Finite-ptw corrections to the
mr distribution are
suppressed by prw?/Mw?

* However, 1t 1s still sensitive
to detector smearing

* In practice, mr and pr of both
the electron and missing
energy are used

s

60 65 70 75 80 85 90 95
U. Baur hep-ph/0304266 mT (GeV) Distribution W-boson mass (MeV)

mr(e, ) 80 408 4 19stat £ 18syst
pr(e) 80 393 + 21gar + 19syst
p4(e) 80 431 + 255¢ar £ 22yt

18 CDF, PRL 108 151803 (2012)



Measuring the W mass

e Sensitivity to Mw reduced by several effects: width of the W
boson, addition of finite prw (the previous derivation was valid
for prw=0), detector smearing

ALEPH

DELPHI

All these effects make
the precise extraction of
Mw a complicated task!

L3

DO

ATLAS W*

® Measurement
ATLAS W~

First LHC measurement = Stat. Uncertainty

° ust a eared' ATLAS W* — Full Uncertainty
'] pp . 80250 80300 80350 80400 80450 80500

arXiv:1701.07240 m,, [MeV]




Modern applications

¢ Drell-Yan is the primary search mode for W’ and Z’ bosons that
would signal an extension of the Standard Model gauge group

2.3 fb" " (13 TeV)
—4— Data

= Wl * Hypothetical signature of a W’

e tt . . . .

— zv boson with fermionic couplings
e s 6rey identical to the Standard Model W
— SSM W' M=2.4TeV

ot uncert couplings in the muon+missing
transverse energy channel in CMS

* Probes extensions of the Standard
Model to several TeV

* Note the Jacobian peak that

appears for M=Mw> ; same

structure that appears for the
Standard Model W

2x10°  3x10°? 2x103  3x10°
M- (GeV)



Modern applications

¢ Drell-Yan 1s the primary search mode for W’ and Z’ bosons that
would signal an extension of the Standard Model gauge group

ATLAS Preliminary Iﬁl gf;f
E)S =13 TeV, 36.1 fb’ . B Top Quarks
ielectron Search Selection )
[ Diboson ‘ ;
[ Multi-Jet & WatJets * Hypothetical signatures of an
— 7, (3TeV) ; : :
7l (aTev) example Z’ boson 1n the dielectron
— 7, (5TeV) .
channel in ATLAS
* Probes extensions of the Standard
Model to 4 TeV or beyond,

depending on the exact model

* In this case the mass peak can be
fully reconstructed
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Data / Bkg

(post-fit)

oNe] —_— [oNe) —_— ok

100 200 300 1000 2000

Dielectron Invariant Mass [GeV]




Modern applications (PDFs)

e Drell-Yan production, at both collider energies and fixed-target
energies, provides invaluable information on PDFs

NNPDF2.1 NNLO dataset

. : : | Tevatron W and Z
we [T production probe

SLAC s : i K Moo 3oe
acoMS o FTIEIH, quark PDFs down to
HERAI'AV 1 1 o —ceccmecens == AR - 2Tyl B LA L

: TS RN XK K N g
CHORUS IEE LS x~103 (CDFWASY,

FLH108
E’Eﬁ?ﬂz IR T .o 4% 3 3 5 CDFZMP, DOZRAP)
ZEUSF2C é S R O W SR AR SN ¢

O HiF2C

DYEG605
DYES86

COFWASY B aay - Important constraints on
CDFZRAP : 2 - : ‘. ¢ 2 : A P : :
e e e i B EMai . quark/anti-quark PDFs

b S0 ki at higher-x from fixed-

target Drell-Yan




Modern applications (PDFs)

e Drell-Yan production, at both collider and fixed-target energies,

provides invaluable information on PDFs

NNPDF3.0 NLO dataset

FT DIS
HERA1
FT DY
TEVEW
TEVJET
ATLAS EW
LHCBEW
LHC JETS
O HERA2
ATLAS JETS 2.76TEV
QO ATLAS HIGH MASS
O ATLAS WpT
O CMSWASY
D CMSJETS
O CMSWCTOT
©  CMS WC RAT
O LHCBZ
TTBAR

High-precision LHC
data on W/Z production
increasingly becoming
an important element of
modern PDF fits (eg.

)



Flavor separation of sea quarks

e Measuring Drell-Yan on a variety of nuclear targets probes
differences 1n sea-quark PDFs

6pd: proton-deuterium xsection Historically important 1mn

ensuring an appropriate
parameterization of the sea
quarks 1n the high-x region

deuterium has 1 proton and 1 neutron

Accounting for E866 in CTEQS:

Q=5GeV

l,l'
/

before including / i
E866 SN

=—==after including / \
N\
\

E866

ctegdm
— - — - ctegbm

momentum fraction of the target quark




Flavor separation of valence quarks

e Tevatron measurements of the W-boson charge asymmetry
probes the flavor separation of the up/down valence quark ratio

daW+ el i) J(CEB

dyw dyw dixa) ulrp




Flavor separation of valence quarks

e Tevatron measurements of the W-boson charge asymmetry
probes the flavor separation of the up/down valence quark ratio

clectron charge asymmetry g

lag}
A
= 0.3
7.
Z

predicted using different
codes and PDF sets

%)

o
@I

The intermediate rapidity
range (yw~1) shows
differences between MSTW

and NNPDF when using the 1
same code (MC @NLO) I(SIIN)f’I;i?Zt:g-uncertainty
) MC@NLO NNPDF2.3
The charge asymmetry dataset T RESBOS CTEQS G
is needed to better determine . 0.5 1 15

the proton structure W boson rapidity (ly )



Gluon PDF from Z pr

e New development: can constrain
the intermediate-x gluon relevant
for Higgs production using the Z-
boson pr spectrum

Xg(x,Q), comparison

NN3.0red
NN3.0red + 8 TeV

Q =1.00e+02 GeV

S, N\

N

3
§
|
§

v/
_

different ZpT
bins

XHiggs ~ (.01

?//

(correlation coefficient)

v

NN

Z pr1is highly-correlated with gluon in Significant reduction of gluon PDF error
x-region for Higgs after including Z pr



Predicting Drell-Yan 1n




Predicting Cross Sections

* How does theory allow us to peer into the inner hard-scattering
in a typical hadron collider process?

Non-perturbative but
universal; measure at

HERA, Tevatron, etc /

uonesiuoipeH

Calculate perturbatively
as an expansion in the

coupling constant Hadronization turns

partons to hadrons
L using models
obtained from data

uonesiuoipeH

parton shower
evolution from high
scales to low scales

We rely on factorization: divide and conquer!



Predicting Hadronic Cross Sections

e The master equation for predicting hadronic cross
sections neglecting power corrections:

do = Z/dajldl‘z fa X1, /LF)fb(ZEQ /LF) dUab—>X( s HF s LR

Parton denslty Parton-level
functions (differential)

Ccross section

factorization
scale

© are obtained from the matrix elements.
They are model and process dependent.

e Parton density functions (PDFs) are universal, 1.e. process independent.



Predicting Partonic Cross Sections

O ab—s X (§, WE, MR) Parton-level cross section

Computed perturbatively as an expansion in the coupling
constant, for example the strong coupling:




Predicting Partonic Cross Sections

O ab— X (§, WE, MR) Parton-level cross section

Computed perturbatively as an expansion in the coupling
constant, for example the strong coupling:

known for up known for most known for
to W+5jets 2 — 2 processes inclusive Higgs

(this 1s recent production
progress)




Predicting Partonic Cross Sections

Drell-Yan as an exemple:




Predicting Partonic Cross Sections

Drell-Yan as an exemple:

Both real and virtual
corrections are needed to cancel
all singularities arising from
soft and collinear emissions




Predicting Partonic Cross Sections

O ab— X (§, WE, MR) Parton-level cross section

Computed perturbatively as an expansion in the coupling
constant, for example the strong coupling:

Including higher orders 1n the expansion improves the
accuracy of our prediction and reduces the dependence
on non-physical parameters such as ur and Ur.




Predicting Partonic Cross Sections

pp - (Z,77)+X at Y=0

Vs = 14 TeV
M= M,
MRST2001 pdfs
Mg = Mr = H
pgp = M1, pg = M
Mg = M, ugp =

.
O
@]
N
Q
L
P
<
N
=t
4o
N
@)
o2
o)

30-I 1 Il|IlIl|IIIIIIIII|l|ll|llll|llll|llll| 1 1 1 1 I | - | IIIIIIIIIIII-
0.2 0.3 0.5 0.7 1.0 2.0 3.0 5.0

p/M

Anastasiou, Dixon, Melnikov, Petriello




Predicting Partonic Cross Sections

e LO tree-level predictions are not sufficient to describe the data. NLO
QCD corrections were the first qualitatively reliable prediction.

e ~50% increase 1n the cross
section was observed for the

pp - (Z,7*)+X
NNLO Alekhin02

rapidity distribution when going e
from LO — NLO :
1 s )
Yo ln ( D ) =
2 E —p, >
S~
=
e NNLO QCD results available for Us — 1.8 TeV
the inclusive and fully exclusive =5 s T Bl 5 A
M/2 < pu < 2M ._
case, as well as Electroweak and o CDF data (3.9% lumi. error omitted) Q&

QED corrections.

* How about exact mixed QCD-

EW and QCD-QED corrections? Anastasiou, Dixon, Melnikov, Petriello
still not known
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Drell-Yan @ LO

h(Pl) I h/(PQ) = W—i_(% €+V€)X

- 2
S=Sx112 = My,
A

\

hadronic s = (P1+P2)?

partonic s




Drell-Yan @ LO

h(Pl) I h/(PQ) = W—i_(% 6+V€)X

A 0 2
S=Sx112 = My,
A \

paTionio s hadronic s = (P1+P5)?

e LO partonic cross section:

1 d>q e
25 ] @ajiagy )¢ (Pripa ) (M

A

O

qq’



Drell-Yan @ LO

e [.O partonic cross section:

i 2m) 6% (p1 +p2 — q) -




Drell-Yan @ LO

® LO partonic cross section (for on-shell W):







Drell-Yan (@ NLO 1n QCD

e Several ingredients contribute to the NLO QCD cross
section for Drell-Yan:

+ Virtual corrections for the gq’channel:

RN

+ Real corrections for the gg’ channel:

These are new
channels that appear
for the first time at

NLO!

g 5

+ Real corrections for the and ¢ channel

|




Drell-Yan (@ NLO 1n QCD

® Feynman rules:

Quark-propagator

Gluon-propagator

Quark-W vertex P2 (V) o 5226

e

9w = Gng» Weak coupling

Quark-gluon vertex ’ —~ig (te) ;i (V) pa

tc is the SU(N)nyxn generator

[taa tb] — Z'fabctc

Color generators for > 2= Crlyux
the quarks

Tr(Y 12)=NCr




Drell-Yan (@ NLO 1n QCD

e The UV and IR problem and the need for dimensional regularization:

/ k2k2k2 > 0o for (kK — 00)
UV logarithmic divergence

1!
N/di’uk R ¥ PR > 00 for (k — 0) or (k|| p;:)

IR soft/collinear divergence

e We will work in dimensional regularization where d = 4-2¢ to regulate the UV and
IR singularities in intermediate steps. These singularities will appear as 1/€ poles.
e In general UV poles are removed using UV renormalization. Soft poles cancel 1n

the sum of real and virtual diagrams. Remaining initial-state collinear poles are
removed using PDF renormalization (also called mass factorization).



Drell-Yan (@ NLO 1n QCD

e In d =4-2¢€ the LO partonic cross section becomes:

A

can rewriteitas: 0, o = 09 0(l — 2




Drell-Yan (@ NLO 1n QCD

e The virtual corrections for the gq’ channel:

.+.+.

* In dimensional regularization, external self-energy diagrams vanish
for massless quarks as the corresponding integral 1s scaleless:

= (0 (prove this as an exercise)

* We therefore need to consider the vertex 1-loop diagram only



Drell-Yan (@ NLO 1n QCD

e The virtual vertex corrections for the qq’ channel taking only O(gf):

- (B

e Let’s work on the O(gs°) vertex:

Vi o _g_’wg2 2€ Ak /l_}(p2)/ylu(%_ ]52) ?/’w(l _75)(}6_'_ ]51)%,%(1?1)
SIS otV B oTaT &2(k + p1)2(k — pa)?




Drell-Yan (@ NLO 1n QCD

e Combine the denominators using the following Feynman
parametrization, then shift the momentum £ — k& — zp; + ypo

1 . 1
—— =2 | dxdydzoll —x—y— =z
abc 0 ra+yb+cz
® The shift leads to the simplified integral: abbreviated

numerator




Drell-Yan (@ NLO 1n QCD

e QOur integral now becomes:

% :—’LMLO 292 25 fO dCE'dde5 ].—CC_y— f(Qﬂ.)d (k2—|—1

q9 s

o [EESEs 1 —1vy) — exy

d




Drell-Yan (@ NLO 1n QCD

e Doing the parametric integrals, adding the color structure [T*T"];;
(1 and j are the quark color indices), and taking the 2 Re(V, M "10):

* O g S T e — | 2
QRe(qu_’ Mio) = (Mol Cr (%) (W) F((1—26)) <e_22 _% | 23 8)




Drell-Yan (@ NLO 1n QCD

2 il b

./\/qu_/ e e 55 gg -TTT“T“-g,LL€2-g,%U-21—e

N’ N’

spin avg. color avg.
. _ L Salls
2 e el 8 [Ra g =i
A .

o= Sell e dy(y(l —y)) ©




Drell-Yan (@ NLO 1n QCD

e The result for the real radiation contribution for the qq’ is:
A Qg 3 B b =2
vl i 09 () (4w2) F((l—Ze)) {%25(1 ol %(11 L { = )L}
You will need to use the plus-distribution expansion defined through the following formulae:
1 G 1 In(1—2)
e TP R el [ i—=) ] R

R e e B AR R T N ACAER 0 D)
' ith the vi cti

ne sh




Drell-Yan (@ NLO 1n QCD

e Absorb remaining initial-state collinear singularities into PDFs, which
amounts to adding the following counterterm:

One for each PDF




Drell-Yan (@ NLO 1n QCD

. 1 ——2 §=(p1+p2)°=2p1-po
= = - and

n=1 ) = e




Drell-Yan (@ NLO 1n QCD

® The gg’ channel:

1 2 )2
bug =004 2 - (362 + (1= 27)) - [ln (48) +1n (852)] + § 4 5 - §2

N 4
on, Vil

0
\ Pg(q)(z)

* The cross section for the gg channel 1s 1dentical to the gg’ cross
section since we are integrating inclusively over the final state.




Vector Boson Production 1in
Association With Jets

—
N

ATLAS \s=8TeV, 20.3 fb"
Statistical uncertainty —— REsBoOS
B Total uncertainty

66 GeV <m, <116 GeV, |y“| <24

—h
W

—h
N

T
—
-

e V+j processes are associated with
many signals of BSM physics, such as
SUSY and dark matter

* They provide stringent tests of the
SM, as they are measured with small
errors over a large energy range.

S
©
()
~~
o
@)
m
D
L
oC
o
©)
S~~~
©
S
©
S~~~

Total experimental

uncertainty up to
200 GeV for the e Important for improving PDFs

Prz 1s < 1% and detector calibration as well.
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1| CMS Experiment at LHC, CERN
5 /| Run 133450 Event 16358963

Lumi section: 285

e Jets: collimated, energetic Va Sat Apr 17 2010, 12:25:05 CEST
bunch of particles

-

\
-

| 4
LZLEXPERIMENT | 3 :



J et S what we measure
what we calculate experimentally
theoretically

hadronisation
=

||

QO
2
et

©
o

S

-
e

p S

Q

?.

c

O

c

O:X
S

-

A jet algorithm connects what experimentalists measure with what
theorists calculate in a way insensitive to non-perturbative QCD



Jets

e Jet algorithms provide a set of rules for grouping particles into jets. Typically
they involve one or more parameters to indicate how close two particles must
be before they are combined 1nto a jet (see 0906.1833 by G. Salam for more
details).

e A jet algorithm, together with a recombination scheme that indicates what
momentum to assign to the combination of two particles, form a jet definition.

e Important properties that should be met by a jet definition are:

. Simple to implement in an experimental analysis;

. Simple to implement in the theoretical calculation;

. Defined at any order of perturbation theory;

. Yields finite cross sections at any order of perturbation theory;

. Yields a cross section that is relatively insensitive to hadronisation.

e First jet algorithm dates back to the late 1970s  Sterman & Weinberg, Phys. Rev. Lett. 39 1436
(1977)



Jets

e From the theory perspective, a jet algorithm has to be IR safe

e An example of an IR unsafe jet

algorithm, the IC-PR (iterative cone Collinear unsafe jet alg
with progressive removal) jet algorithm o) d)
(G. Salam, 0906.1833):
+ configuration(c): choose the first seed particle, the
one with the hardest momentum in an event. This
is the central particle in (c).
+ obtain a stable cone by iterating from this seed, | !
the final result is a single jet in (¢) jet 1 jet1 o

jet 2
O X (—o°) Og X (+20)

+ iterating from this seed gives a jet that does not Infinities do not cancel
contain the rightmost particle

+ configuration(d): left most particle is the seed (the
hardest), since the middle one splits collinearly.

+ right most particle remains, forms a new seed
which becomes its own jet.

Infinities do not cancel between the sum of the two diagrams as they contribute

separately to the 1-jet and 2-jet cross sections after using this jet algorithm!



Jets

e Method of choice at the LHC 1s anti-kT:;

A R2 yi: rapidity of particle 1
(2P 2P ij Y S AT ®1: azimuthal angle of particle 1
min(p?, p¥) =2 | = i—)?,
R pti: transverse momentum
= -1 for anti-KT R: jet radius

* anti-kT gives nice circular jets unlike other jet algorithms. It 1s less sensitive
to soft emissions.



V+jet Phenomenology

* V+jets backgrounds in METHjets/monojet searches

12.9 b (13 TeV)

+ Data
CMS B Zovv)+ets
. : W(lv)+jets
monojet ] wwizzwz
- Top quark
[ zan+ets, y+ets
[ ]aco

—
o
[,

irreducible backgrounds:

—
o
>

pp—Z(—2VvV)tjets = MET + jets

Events / GeV

pp—=W(=Iv)t+jets = MET + jets (lepton lost)

Higgs Invisible, m = 125 GeV

Axial-vector,m_  =1.6TeV
med

® Major background to SUSY
and dark matter searches.

® The determination of
backgrounds relies on theory
predictions for cross sections

800 1000 1200
EMisS [GeV]




V+jet Phenomenology

W-+ n-jet + X softest jet p; Blackhat+Sherpa collaboration (2011)

50 100 150 50 100 150 50 100 150 50 100 150

-— LO

— NLO W +njets +X

BlackHat+Sherpa

[ pb/GeV ]
<

o
=

P> 25Gev, 1N < 3

do / dp,

E, >20GeV, In'| <25

M, > 20GeV

R = 04 |[siscone]

LO/NLO

LO scale dependence

l-"-"Lr—-u”.,_.___!
—-tr‘J1‘h E
1 1 = i 1 ]

50 100 150 S 100 150 50 100 150 50 100
First Jet p, [GeV ] Second Jet p, [GeV ] Third Jet py. [ GeV ] Fouth Jet p. [Gev] 4

* Better perturbative stability as we go to higher jet multiplicity. The large
NLO corrections for V+1jet shows the need for higher order corrections.




V+jet Phenomenology

e NNLO jet distribution corrections small and stable under perturbative
QCD. NLO corrections are large and very dependent on kinematics.

RB, Liu, Petriello (2016)
, 40 .

LO
NLO |
NNLO |




V+jet Phenomenology

e Hr: the scalar sum of the transverse momenta of all reconstructed jets, and 1s
called St by ATLAS. Important for BSM searches.

10!

lZ‘I‘J et 7 TeV CMS 7 RB, Liu, Petriello (2016) 7 TeV ATLAS 7
| | | | — NLO

o = \/Mg, + 3wy
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=
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~

I I I I I I I I . I
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* While NLO QCD results significantly underestimate the cross section at

intermediate and high Hrt, the ATLAS and CMS data for the entire Ht/St
range are well described with the NNLO QCD corrections.




Future High Energy




A ftuture 100 TeV machine?

e There 1s growing interest in the HEP community to build a
future high-energy pp machine with CM energy ~100 TeV

e Initial discussions regarding CERN, Chinese sites. This

would possibly be after an e+e- Higgs factory 1s constructed.

Schematic of an
80 -100 km
long tunnel

COLI.ISIUN COURSE

Particle physicists a rid are designing colliders that are much larger in size
thar :.:.'l T CERN, Europe's particle-physics laboratory

CERN'’s Large
Hadron Collider —~
Circumference: 27 km 52 km 240 GeV

Energy: 14 TeV China’s supe 1 collider

52 km <70 TeV

US/European super China-hosted internationa
proton collider electron-positron colliger

100 km; 100 TeV 80 km; 240 GeV

China-hosted internationa

80 km <100 TeV
International
Linear Collider Existir Proposed
Length: 31 km
<1 TeV

China ctron—-positron collider

TeV, teraelectronvolt; GeV, gigaelectronv

olt




Drell-Yan 1n the future

e Drell-Yan will continue to play an integral role of the physics
program at such future machines.

8 Tev 14 TeV 100 TeVv
LHC LHC VLHC

Large production rates for
W and Z boson production
via Drell-Yan at 100 TeV;,
will remain an important
background to any

searches at high energies




Drell-Yan 1n the future

® Drell-Yan will continue to play an integral role of the physics
program at such future machines

Kinematics of a 100 TeV FCC

Plot by J. Rojo, Dec 2013

N A New kinematic regions

: probed; W/Z production
down to Bjorken x~10-°,
more than an order of

FCC 100 TeV
2 TeV squarks

LHC 14 TeV

Higes top 2 1. " magnitude lower than
e LHC 14 TeV coverage




New gauge bosons at 100 TeV

* Unmatched reach for new gauge bosons which would indicate
new forces of Nature beyond SU(3)xSU(2)xU(1)

e Ultimate LHC reach

Solid 100 TeV -
_ Dashed 14 TeV P in mass 1s ~7-8 TeV
=
3 Ell ¢ A 100 TeV machine
1 - extends this out to
5 2 35 TeV or beyond,
Z depending on the

model




Summary

e Drell-Yan 1s an important precision tool at hadron colliders

e This 1s the only process for which we are approaching
ercent level precision both experimentally and theoretically




