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Outline of the lectures

Lecture I:

* Drell-Yan like gauge boson production: overview of the basics and historical importance
* Underlying theory framework for W/Z production

* Importance of higher order corrections: QCD, electroweak, mixed QCD-EW

* Modern applications: W-mass, PDFs, BSM searches

* Drell-Yan in the future

Lecture Il:

* W-production at NLO in QCD: calculation and lessons learned
* Vector boson production in association with jets: phenomenological importance
* Transverse momentum resummation for W/Z production

* The importance of multi-boson production and the special role of self-interactions — unitarity
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Drell-Yan-like gauge boson production

* Many resonances were discovered by studying
the di-muon final state in Drell-Yan (J/V, v, Z, ...)

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

h(Pl) - h/(PQ) — (”}/*,Z — l+l_)X with [ = e u
h(P)+h (P) —» (W — )X
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Facts about Drell-Yan

Clean signal at hadron colliders, since the lepton
pair does not interact strongly

One of the best theoretically studied processes at
a hadron collider with uncertainties at the few
percent level

factorization is proved to all orders in QCD
perturbation theory (Collins-Soper-Sterman)

Standard candle for detector calibration (eg.
detector response to lepton energy)
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Feynman rules for electroweak interactions

* The Lagrangian for EW interactions:

* W-boson couples to left-handed fermions, while the Z-boson couples to
both with different strength:

Zigy i ) (T .
ov2 ‘)/‘(1 Ye)(T )ee Ew

siné,,

gy Y (Vi—Asys)

2coslOy
(V=Tr-2Qssin"6y, A=T))




Decays of W-and Z-bosons

* At leading order (LO), the partial decay widths are given by:

W+ — ff) = C 221 [(Z - ff) = C g2 (V7 +43)

NG e

C=1 leptons / C=3 quarks

* W decays: 3 charged leptons, and 2 light quark generations = Br(W+ — e* v)=1/0

* Zdecays: Ve =o, |Ae|=|Av|=|Vv| = Br(Z — vv) =2 x Br(Z — e+e-)

W-boson Z-boson

@® quarks
@ leptons

@ charged leptons
neutrinos

 Large fraction of decays into difficult-to-measure modes.
7/



Parton kinematics

* Drell-Yan as an example: lets look at lepton pair production via quark-antiquark
annihilation
q(x1) + gbar (x2) — v*/Z — I*I

Lepton-pair four momentum (at LO):

Q2=FE2-p2 =Xx1X2S

The rapidity "y” is defined as:

assume p) along

positive beam axis

For a given Q2 the rapidity 'y” of the
lepton pair defines the x, and x, of the two
partons




Parton kinematics

 Kinematic variables often studied at hadron colliders:

Transverse momentum pr
The transverse momentum

pr is invariant under
Rapidity y Lorentz boosts along z

* Sometimes we talk about the rapidity and other times we

=O ~ o o
talk about the pseudo- rapidity. What is the difference? =0 pseudo-rapidity

| 1=0.88
For a massless particle (E>>M) : e /!
0=45°

Aeﬂown ~244
9:00_) ‘n =00

1 0
- D L = —Intanf/2 =17

bseudo-rapidity

2 1 —cosf

0: centre-of-mass scattering angle



Historical importance

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

* Comparison of di-muon invariant mass data from the NA3 experiment
(proton-nucleon scattering) at CERN in 1970:

pN data (200 GeV/c)
? In all the channels studied the experimental cross section is signif-
—— CDHS parametrization .

 eDF W icantly larger by a factor of 2.3 % (0.5 than expected

LO cross section
obtained using
old CDHS
parametrization
of PDFs

The first introduction of a “K-factor” to explain
discrepancies between theory and data

dN/dM Wevents /0.5 GeV )

K = (d’o/dx,djfg)g&p{(dza/dx;dxg)l)y model-

Reaction

— -

K




Historical importance

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

TOT= sum of all partonic channels @ NLO AO‘ TOT / O 1 O . 8 — ]_ . O
Ao = pure NLO I.O, A “ O-NLO — O-O _I_ AO_TOT
coefficient B \
0.8 {— = S
B ~3 NLO QCD corrections reach nearly a factor
e
- 93 (nOS)/'/ of 2, greatly reducing tension between theory
0.4 ‘ .
/ and experiment
NS /
0.2 T=M?2/ P qG
- TNl B .
0 oo a5 Discrepancy resolved by next-to-leading
0.2 L Altarelli, Ellis, Martinelli order QCD'

NPB157 461 (1979)




Historical importance

Understanding of vector boson production through the Drell-Yan process has
required continued advances in our ability to understand QCD precisely, with data
from the Tevatron and the LHC requiring NNLO predictions and beyond.
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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 (bb) discovery at FNAL
experiment E-288 (1977)

E-288: fixed

2 U A1 + UAZ
target DY o
production at | O/M,/)/ m (e e”)
Fermilab

Experimental discovery of the Q . =
electroweak force carriers at CERN m (L p)
(1984)

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

Invariant mass of




Historical importance

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

Missing transverse energy AE, (GeV)

10 20 30 40 50 60 70 . .
T ' ‘ ! ' 4. Conclusions. We have presented a sample of five
N UAY single-jet events and two “photon” events with AE),
ackground from "
jet fluctuations S > 40 GeV. We have been unable to find a reasonable
3 W - explanation in terms of background including W and
s Cos Ay > - 0.8 Z0 decays or within the expectation of the Standard
N \ , _ Model. Therefore we believe they are due to some new
w UA1 (1984): Final state is the same as
§ 10 Drell-Yan production of W boson, plus jet _ _physical phenom eNom. ... -
\ x5 TR v -
\ EVIER =
Experimental observation of events with large
il missing transverse energy accompanied by a jet

| or a photon (S) in pp collisions at s= 540GeV
(AEy )? (GeV?)

] UAL Collaboration,, G. Arnison ™, O.C. Allkofer &, A. Astbury ™ 1 B. Aubert b, C. Bacci ', G. BauerP, A.
Bézaguet d R.K. Bock 9, T.J.V. Bowcock h M. Calvetti 9, P. Catz?, P. Cennini 9, S. Centro 2, F. Ceradini !, S.
Cittolin 9, D. Cline P, C. Cochet " ... M. Yvert?




Historical importance

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

4. Conclusions. We have presented a sample of five
single-jet events and two “photon’ events with AE)y,

> 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

shysical phenomenon.
626 NEWS AND VIEWS NATURE YOL. 313 21 FEBRUARY 1985

Hopes grow for supersymmetry

Jrom John Ellis

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 in
famous non-discoveries in particle physics...

4. Conclusions. We have presented a sample of five
single-jet events and two “photon’ events with AE)y,

> 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

vhysical phenomenon.

n for the background was
on for W/Z-production
llinear jets
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W AND Z PHYSICS AND THE STANDARD MODEL

UA1 Collaboration

Aachen - Amsterdam (NIKHEF) - Annecy (LAPP) - Birmingham - CERN - Harvard - Helsinki - I n
Kiel - Imperial College, London - Queen Mary College, London - Madrid - MIT - Padua -
Paris (Collége de France) - Riverside - Rome -~ Rutherford Appleton Lab. - Saclay (CEN) -

Victoria - Vienna - Wisconsin

Presente d by E. Locci
CEN Saclay, Gif-sur-Yvette, France
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Predicting hadronic 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 4

HERA, Tevatron, LHC, etc Q%%e

7 )

PDF % A )

i 2
Calculate perturbatively as g 3
an expansion in the EP—; .
TS COTRENT 3 % | Hadronization turns
¢ 7%,  partons to hadrons using
N 3 . models obtained from
PDF § S data
> &

parton shower evolution
from high scales to low scales

We rely on factorization: divide and conquer!



Predicting hadronic cross sections

* Our formalism for predicting hadronic cross sections:

factorization and renormalization

/ scales

A A
o(P1, ) = Z/dxld@fz’/hl (21, 15) fi/ha (T2, 15 )G 45 (P1, P2, s (uR), Q% e, i) +O ( Q;D)
® _

Parton density functions, universal, non-

perturbative ' o
Parton level cross sections, process Power suppressed contributions

dependent, perturbative

* The parton level cross sections are obtained from the matrix elements.
They are model and process dependent.

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

19



Predicting hadronic cross sections

Oab—s X (§, UE, HR) Parton-level cross section

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

20



Predicting hadronic cross sections

Oab—s X (§, UE, ,UR) Parton-level cross section

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

known for up to known for most known for inclusive
W=sjets relevant 2 — 2 Higgs and DY

processes production



Predicting partonic cross sections

* Drell-Yan as an example:

s
OA_:O_Born<1 | 0_(1)_|_)

L)

4 ) ( 9 =% corrections are needed to
cancel all singularities arising

2 4
7e + ... from soft and collinear
emissions
gs
2 Re X
gs

Both real and virtual




Predicting partonic cross sections

Oab—x (S, uF, hr) Parton-level cross section

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

Including higher orders in the perturbative expansion improves the accuracy of our
prediction and reduces the dependence on non-physical parameters such as ur and ug.

23



Predicting partonic cross sections

Very large corrections from
LO to NLO in QCD. The
correction is smaller when
going from NLO to NNLO

— the perturbative

expansion 1S converging
and stable

>
)
@)
N
O
R
.
O
N
=
O
N
@)
o
©

Vs = 14 TeV
M = M,
M/2 < u < 2M

24
Anastasiou, Dixon, Melnikov, Petriello (2004)



Predicting partonic cross sections

LO tree level predictions are not sufficient to describe 5P+ (Zy*)4+X
the da.ta. NLO QCD correc.tlo.ns were the first e T T T T
quantitatively reliable prediction. — NNLO Mﬁm
~50% increase in the cross section was observed for the
rapidity distribution when going from LO = NLO o
oF
NNLO QCD results available for the fully exclusive case >
(Melnikov, Petriello, 2006; Catani, Cieri, Ferrera, de Florian, E _
Grazzini, 2009), as well as NLO electroweak and QED e = 18 TeV

corrections (Baur, Keller, Wackeroth, 1999; Dittmaier, Kramer, 66 < M < 116 GeV

. e e M/2 € p < 2M
2007; Calame, Montagna, Nicrosini, Vicini, 2007). /2 2 p

¢ CDF data (3.9% lumi. error omitted)
| | | | | | | | | ] | | | | | | | | | | |

The state-of-the-art inclusive N3LO QCD corrections to o o 1.0 15 2.0

Y

DY due to a v*, Z exchange as well as a charged current

are now available (Duhr, Dulat, Mistlberger, 2020; Duhr, Anastasiou, Dixon, Melnikov, Petriello (2004)
Mistlberger, 2021)

25



Drell-Yan at N3LO

* Neutral current cross section as an example (Duhr, Mistlberger, 2021):

meny ’__ 0 No

' s ' z ' s ‘ ; |
400 600 800 1000 1200 1400 1600
Q [GeV]
The ratio of lower-order results to

N3LO reveals a slight non-overlap Central scale: pr=pr=Q=m

of scale variation bands for
40<Q<400 GeV

1. HR 9
26 27 pF




Drell-Yan at N3LO

* Neutral current cross section as an example (Duhr, Mistlberger, 2021):

meny ’__ 0 No

' s ' z ' s ‘ ; |
400 600 800 1000 1200 1400 1600
Q [GeV]
The corrections show delicate

cancellations between qg and Central scale: pr=pr=Q=m

gqgbar partonic channel; this effect
may be due to missing N3LO PDFs

IR

Lo KRr
”7 27 pr




Drell-Yan at N3LO

-
|
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86— TPV Do AU SOOI SUUUUUO VOO SOOI
| 5 CLHCI3TeV 5
0934’}_ ,,,,,, ] e PDF4LHC15 nnlo mc NLO - G — N3LG

098 oy e =Q
40 60 80 100 120 140 160 180 200 220 240 260 280 300

Q [GeV]

Ratio of neutral-current to charged-current K-factors extremely well-behaved in

QCD perturbation theory; almost no residual scale dependence, overlap between
NNLO and N3LO
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Electroweak and QED corrections

* Numerically we expect NNLO QCD corrections to be comparable to NLO QED and EW effects:
O(as2)~O(ax)

* Virtual loops include photons, W and Z. For real radiation only photons are considered since
the massive W and Z real radiation are reconstructed as di-boson event samples

* Example contributing diagrams to charged-current lepton pair production at NLO:

Virtual corrections:

Real corrections:

(qy/yY processes are also
present at higher orders)




Electroweak and QED corrections

* Numerically we expect NNLO QCD corrections to be comparable to NLO QED and EW effects:
O(as2)~O(a)

* Virtual loops include photons, W and Z. For real radiation only photons are considered since
the massive W and Z real radiation is reconstructed as di-boson event samples.

» Example: corrections to the W-transverse mass distribution Mz, = /2pr; pr(1 — cosg.,)

Brensing, Dittmaier, Kraemer, Mueck, 2008

do/dMr,.,1[pb/GeV] * QCD corrections (not shown) are ~ 20-30% but flat
300 ol .
e I ' * Shape distortion near the Jacobian peak. Leads to a shift in
2 E By ; : 5 MW determination by ~ 100 (50) MeV for bare (dressed) leptons
200 [~ PTLPT > 25 GeV ;r" :J - *'The peak at Mty = MW is used in the W-mass determination
m| < 2.5 -
150 |- _r ~

EW corrections with photon
100 e L . recombination, where leptons and
i | sufficiently collinear photons are treated as

50 I one quasi particle

0

50 100 Bare final state muon, no photon

Mt ,,1|GeV] by recombination



Electroweak and QED corrections

* Numerically we expect NNLO QCD corrections to be comparable to NLO QED and EW effects:

O(as?)~O(a)

* Virtual loops include photons, W and Z. For real radiation only photons are considered since
the massive W and Z real radiation is reconstructed as di-boson event samples.

* Example: corrections to the W-transverse Mr,ly distribution Mz, = \/2p7; pr(1 — cosd,,;)

Brensing, Dittmaier, Kraemer, Mueck, 2008

> | | | |
6| %]
0 L _— meZaloacseocasasass — T —
R -
+Vu ______
Oa
—10 5multi—7 - —
5(17 """"""
—15 | | | I |
50 60 70 80 90

100

*Near the peak dqgbar reaches 10% for bare muons and §% after photon

recombination. Sensitivity to the definition of the lepton (bare vs dressed)

* Photon induced corrections are small near the resonance region

* Multi-photon emission reaches the percent near Mty = MW and induces a

distortion that affects MW determination from the shape of the M),
distribution

Multi-photon final state radiation

Photon induced processes
31



Mixed QCD-EW corrections

* At this level of precision mixed QCD-EW corrections that go as O(aas) must be considered. Can identify

two categories of EW corrections: QED (includes a photon real radiation or loop), and purely weak
(doesn’t include a photon, loops only)

* Example diagrams: O(aas) corrections to Z-production

2-loop Virtual corrections:

Real-virtual corrections:

Double-real corrections:

From arXiv:2111.12694, Buccioni et al



Mixed QCD-EW corrections

At this level of precision mixed QCD-EW corrections that go as O(aas) must be

considered. Can identify two categories of EW corrections: QED (includes a photon
real radiation or loop), and purely weak (doesn’t include a photon, loops only)

Buccioni,

L l L’
Vo region ‘Tl
*""""""'""""'::'!'"".'l"_".'I';'.'I'.'_".'Z'.';'.'I';'.'I';'.'.",'_'"l """"""""""""""
o i T e T

| L. r
i =11 | _
T [QCD-QCDY10 =+ =
A=ratio to NLO QCD-QED ==+ == -
- QCD result QCD-weak = = = -
QCD-EW
| | | | | | | | |
2 -15 - -0.5 0 0.5 1 1.5 2
" yi=lepton pair rapidity
Caola, Chowdhry, Delto, Jacquier, Melnikov, Rontsch, 2020 33

* An example of mixed QCD-EW corrections to
on-shell Z production at the LHC. Corrections
applied to both production and decay in this plot

* Corrections are generically small, but dependent
on kinematics

* Interplay between final-state cuts and real
radiation leads to the structure observed in the

corrections
NNLO QCD



Mixed QCD-EW corrections

* Another phase-space region of interest is the high-invariant mass region, relevant
for new physics searches at the LHC
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Devoto, Heller, 2022

R(LY) ~ do(®9 4 do(10) 4 G5 (01) 4 do(tD)
QCD+EW — 109 + do(10) + do )
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O
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Numerator includes mixed QCD-EW corrections; denominator only has NLO QCD
and NLO EW separately. Mixed corrections result in a shift of 1-4%, which slowly
increases with invariant mass. 34



Mixed QCD-EW corrections

* Another phase-space region of interest is the high-invariant mass region, relevant
for new physics searches at the LHC
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Buccioni, Caola, Chowdhry,

(1,1
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Devoto, Heller, 2022

R(LY) ~ do(®9 4 do(10) 4 G5 (01) 4 do(tD)
QCD+EW — 109 + do(10) + do )

l | l l | l
2

O
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A common approximation for mixed corrections: multiply NLO QCD with NLO EW
corrections, i.e. (1+0NLOqcp)x (1+0NLOEw). This is found to reproduce the exact mixed
QCD-EW corrections well for invariant masses above 1 TeV.
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Modern applications

* The W-boson mass is an important observable in the global fit to electroweak precision
data. The agreement between the direct My measurement and the indirect determination
from fitting other data is a powerful constraint on Standard Model extensions.

ALEPH

DELPHI

Direct measurement

Most precise determinations
of Mw are from Drell-Yan

production at the Tevatron
=m Stat. Uncertainty and LHC

— Full Uncertainty
[ 1

| I | l | | I I | | I I | | ] | | I | 1 1 I | | 1
80250 80300 80350 80400 80450 80500
m,, [MeV]

® Measurement




New W-mass result

* Note that there is a very recent measurement of the W-mass using 8.8 fb of
integrated luminosity from CDF that differs from previous results by 7-sigmal

CDF, Science (2022) 376 170

DO | 80478 + 83
CDF | 80432 + 79

DELPHI 80336 = 67

L3 80270 = 55
OPAL 80415 + 52
ALEPH 80440 t 51
DO I 80376 = 23
ATLAS 80370 = 19

CDF I 80433 £ 9

———
—
——
—Q—

79900 80000 80100 80200 80300
W boson mass (MeV/c?

80400

80500

* There has been significant discussions

37

whether this could be due to the QCD
modeling used in the analysis; most

detailed study argues this isn’t the

case Isaacson, Fu, Yuan 2205.02783

Other SM explanations have been
explored (Gao, Liu, Xie 2205.03042) but
there is no conclusive result yet

Stay tuned!



Modern applications

* The W-boson mass is an important observable in the global fit to electroweak precision
data. The agreement between the direct My measurement and the indirect determination
from fitting other data is a powerful constraint on Standard Model extensions.

 68% and 95% CL contours Hmwoacoms -0 ] [ndirect measurement

L m, = 173.34 GeV
5 — [l fitw/o M, and m, measurements ‘i . 5 =076 GeV

i A ) 4
fitw/o M, m and M, measurements |:} —°= 0.76 ©0.50,,GeV

° direct M, and m, measurements i * All fits: use primarily LEP data (eg forward-
’ backward asymmetries in lepton pair
production, total hadronic cross section, etc)

| , * Blue fit: uses in addition LHC Higgs mass
— M, world comb. + 1 il e .
— M,, =80.385 = 0.015 GeV , ¢ measurement

* Grey fit: does not use LHC Higgs mass
measurement

fitter]sul:

S 3 R I Good agreement between direct
170 180 190

m, [GeV 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:

d cos b, f 1 4p5

dpS | dcosf, \/ 1 ( )2 M3, d cos b,

w

Jacobian

Predict a sharp drop at Mw/2; this

This is a smooth function (can write it in d‘St“t')Ut‘?lﬂcliS Sfﬂsm\k’)? to thel\i\’
terms of spherical harmonics) mass! Called a "Jacobian peak

39



Measuring the W-mass

* 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 'y

 Red dots: show the effect of a non-zero
prw due to the hadronic radiation

* Yellow histogram: shows the effect of

1 I 1 1 1 1 I 1

30 35 40 45 50 detector smearing
U. Baur hep-ph/0304266 pT(e) (GeV)

40



Measuring the W-mass

e Can construct the transverse mass, which is less sensitive to our theoretical
understanding of prw

* Finite-prw corrections to the mr distribution
are suppressed by prw?/Mw?2

* However, it is still sensitive to detector smearing

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

RN NN N N

55 60 65 70 75 80 85 90 95

Distribution W-boson mass (MeV)
mr(e, V) 80 408 =& 19stat = 18syst

U. Baur hep-ph/0304266 mT (GeV)
pr(e) 80 393 + 21gtar & 19cyst

pl'I/“(e) 80 4:3]. - - 25st,a,t, - 223yst
f CDF, PRL 108 151803 (2012)




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

T

D e oo m Sves uncertainties * Hypothetical signature of a W’ boson with
- ocn oMW Mo ey | fermionic couplings identical to the
W Zjy Standard Model W 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

[l : Mrt=Mw’; same structure that appears for
RS | | | ] the Standard Model W
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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

* Hypothetical signatures of an example

7’ boson in the di-electron channel in
ATLAS

ATLAS
\s =13 TeV, 139 fb

I IIIIIII| I Illllll| [ |

Events / 10 GeV

* Probes extensions of the Standard
Model to 4 TeV or beyond, depending
on the exact model

e Data
—— Background-only fit
---- Generic signal at 1.34 TeV, I'/m = 0%
Generic signal at 2 TeV,I'/m = 0%
-+ =+ Generic signal at 3 TeV,I'/m = 0%

IIIIII| IIIIIIII| IlIIIIII| IIIIIIII| IIIIIIII| IIIIIIII|

IIIIII| IIIIIIIII Illlllll| [ |

T T |
I e ey * In this case the mass peak can be fully

3102 T 210° 3x10° reconstructed
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Modern applications (PDFs)

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

NNPDF2.1 NNLO dataset |
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Tevatron W and Z production probe

quark PDFs down to x~103
(CDFWASY, CDFZRAP, DoZRAP)

Important constraints on quark/anti-
quark PDFs at higher-x from fixed-
target Drell-Yan (E605, ES66)



Modern applications (PDFs)

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

NNPDF3.0 NLO dataset

¥ FTDIS

v High-precision LHC data on W/Z

FTDY

\ production is critically an important
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Flavor separation of sea quarks

* Measuring Drell-Yan on a variety of nuclear targets probes differences in sea-quark
PDFs

Gpd: proton-deuterium xsection Historically Important In
deuterium has 1 proton and 1 neutron ensuring an appropriate

- parameterization of the sea
2 [ quarks in the high-x region
E866: lower energy . B
DY measurement s Accounting for E866 in CTEQS:
& : 2 ,
S 1peeealll L Q=5GeV /
N o T —
0.9 B CTEQMM (d-ti=0) i_;_ before including E866
_ 15 |-
0.8 |— 2 |
- E866: PRL 80 3715 (1998) <
B 8
0.71111|1111|111||111|||111|||11|1111 © e
0 005 01 015 02 025 03 035 L after including E866 \
X2 B N
i ctegdm )
i — — — — ctegbm
momentum fraction of the target quark 46 0.5 : : ; ; ;



Flavor separation of valence quarks

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

Assuming born kinematics and valence
quarks domination of the cross section

* As yw goes to its maximum value (large rapidity), xs becomes small (while xaA— 1) and the ratio
dbar/ubar — 1 (see the plot on the previous slide for dbar(x)/ubar(x)). This allows us to constrain

u(xa)/d(xa).
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Flavor separation of valence quarks

* Tevatron measurements of the W-boson charge asymmetry probes the flavor separation

of the up/down valence quark ratio

electron charge asymmetry
predicted using different
codes and PDF sets

The intermediate rapidity range
(yw~1) shows differences between
MSTW and NNPDF when using
the same code MC@NLO)

CDF 1.0 fb’
NNPDF2.3 uncertainty
MC@NLO NNPDF2.3
MC@NLO MSTW2008NLO
RESBOS CTEQ6.6

1 [ | [ | | | | | |

The charge asymmetry dataset

is needed to better determine
the proton structure 48
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Gluon PDFs from the Z-boson pr

* Can constrain the intermediate-x
gluon PDFs relevant for Higgs
production using the Z-boson pr
spectrum

RB, Guffanti, Petriello, Ubiali, 2017

Xg(x,Q), comparison

1.00

1_2 1 1 lllllll 1 1 lllllll I 1 lllllll 1 1 lllllll 1
o727 B N3 Ored
LS NN3.0red + 8 TeV
0.50 -
11 Q = 1.00e+02 GeV
0.25 4 £
1.05
oy 0.00- % 1
- m
—0.25 4 "
different ZpT bins \ 0.95
—0.50 4 09
. XHiggs ~ 0.01 0.85
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Z pris highly-correlated with 2o Significant reduction of gluon

gluon PDFs in x-region for Higgs PDF error after including Z pr



Drell-Yan in the future

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

* Possible locations at CERN and China have been discussed. If at CERN this would
possibly be after an e+e- Higgs factory is constructed.

COLLISION COURSE

Particle physicists around the world are designing colliders that are much larger in size
than the Large Hadron Collider at CERN, Europe's particle-physics laboratory.

CERN's Large e
. Hadron Collider China’s electron-positron collider
Circumference: 27 km 52 km; 240 GeV

Energy: 14 TeV China’s super proton collider
52 km; =70 TeV

US/European super : 3 s ST £ China-hosted international
proton collider b % I electron-positron collider

100 km; 100 TeV 80 km; 240 GeV
China-hosted international
T *teessansenet super proton collider
80 km; <100 TeV

: Schematic of an
y 80-100 km
¢ long tunnel

International
Linear Collider = essesns w— EXiSting seseee Proposed
Length: 31 km

Sl Tev .................................................... Tev' terae|ectronvolt. Gev' glgaelectronvolt

50



Drell-Yan in the future

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

8 TeV 14 TeV
LHC LHC

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 in 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 201
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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)

Solid 100 TeV

Dashed 14 TeV Ultimate LHC reach in mass is

~7-8 'TeV

A 100 TeV machine extends
this out to 35 TeV or beyond,
depending on the model
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Summary of lecture I

* What we covered in this lecture:

* Overview of Drell-Yan basics and historical importance: relevance of higher-order
corrections in resolving discrepancies with data over the years, discoveries, non-
discoveries

 State-of-the-art predictions including NNLO QCD, NLO EW, mixed QCD-EW
effects

* Modern applications of Drell-Yan processes: W-mass, flavor separation of sea
quarks, valence quarks

* Drell-Yan in the future: searches for BSM resonances
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