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Various electroweak precision measurements are performed at the hadron colliders Tevatron
and LHC. The main ones regard the masses of the W boson, top quark and Higgs boson, and
sin2

q `
eff. This talk covers the latter and also other measurements carried out using Drell–Yan

decays. The results of the sin2
q `

eff measurements have an accuracy of approximately twice that
reached at LEP and SLD. The LEP and SLD accuracy is expected to be approached with Run 2
and Run 3 data and surpassed with high-luminosity LHC data. Other measurements reported are
the differential distributions and the full set of decay angular coefficient in Drell–Yan events.
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1. I nt r o d u cti o n

T h e L H C a n d ot h er h a dr o n c olli d ers m e as ur e m a n y p ar a m et ers of t h e St a n d ar d M o d el ( S M)

a n d t h e y gi v e v er y i m p ort a nt i n p uts t o t h e gl o b al S M fits [ 1 ]. T h e m ost r el e v a nt S M p ar a m et ers

w hi c h ar e dis c uss e d i n ot h er t al ks at t h e c o nf er e n c e ar e: t h e W b os o n m ass m W , m e as ur e d at t h e

Te v atr o n a n d at t h e L H C b y A T L A S w hi c h c a n b e c o m p ar e d t o t h e S M pr e di cti o n fr o m t h e Z b os o n

m ass m Z a n d el e ctr o w e a k pr e cisi o n m e as ur e m e nts; t h e t o p q u ar k m ass m t, w hi c h aff e cts r a di ati v e

c orr e cti o ns a n d is pr e cis el y m e as ur e d at t h e L H C a n d Te v atr o n; t h e Hi g gs b os o n m ass m H , w hi c h

aff e cts r a di ati v e c orr e cti o ns a n d is pr e cis el y m e as ur e d at t h e L H C; Hi g gs b os o n c o u pli n gs, als o

e nt eri n g t h e pi ct ur e t hr o u g h r a di ati v e c orr e cti o n, ar e st u di e d at t h e L H C. I n t his pr es e nt ati o n t h e

m e as ur e m e nts of t h e eff e cti v e l e pt o ni c w e a k mi xi n g a n gl e (si n 2 θ eff ) a n d ot h er st u di es of W a n d Z

d e c a ys c arri e d o ut at h a dr o n c olli d ers ar e r e vi e w e d. T h es e st u di es ar e b as e d o n l ar g e s a m pl es of

γ ∗ / Z d e c a ys t o el e ctr o ns a n d m u o ns, r ef err e d i n t h e f oll o wi n g as Z d e c a ys, c oll e ct e d at t h e Te v atr o n

a n d d uri n g t h e R u n 1 of t h e L H C.
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Fi g u r e 1: Z b os o n r a pi dit y i n Z d e c a ys i nt o m u o ns (t o p pl ots) a n d el e ctr o ns wit h o n e hi g h r a pi dit y el e ctr o n

( b ott o m pl ots). T h e t w o l eft pl ots s h o w e v e nts wit h dil e pt o n m ass b el o w t h e Z p e a k w hil e t h e ri g ht t w o pl ots

ar e f or m ass es ar o u n d t h e Z p e a k [ 2 ].

T h e i nt er est of m e as uri n g si n 2 θ W is t w of ol d: o n o n e si d e it pr o vi d es a n i n dir e ct m e as ur e m e nt

of m W , t hr o u g h t h e r el ati o n:

si n 2 θ W = 1 −
m 2

W

m 2
Z

, ( 1. 1)

a n d o n t h e ot h er it m a y h el p t o dis e nt a n gl e t h e w ell k n o w n dis cr e p a n c y of a p pr o xi m at el y 3 σ

b et w e e n t h e m ost pr e cis e m e as ur e m e nts w hi c h w er e o bt ai n e d at L E P a n d S L D [ 3 ]. Diff er e nt

e x p eri m e nts us e Z b os o n d e c a ys i nt o m u o n p airs a n d w h e n e v er p ossi bl e als o i nt o el e ctr o n p airs.

T h e st a n d ar d s el e cti o n of Z d e c a ys r e q uir es b ot h l e pt o ns t o h a v e a ps e u d o-r a pi dit y |η | < 2 .4 b ut

A T L A S als o us es el e ctr o n p airs wit h a f or w ar d el e ctr o n w hi c h d o es n ot tr a v ers e t h e tr a c k er a n d

is i d e nti fi e d a n d m e as ur e d i n t h e c al ori m et ers. Fi g ur e 1 s h o ws t h e r a pi dit y s p e ctr u m of s el e ct e d

d e c a ys i n v ari o us dil e pt o n m ass bi ns. T h e b a c k gr o u n d l e v el is v er y s m all i n all c as es a n d n e gli gi bl e

f or c e ntr al e v e nts.
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2. M e as u r e m e nt of si n 2 θ eff

T h e m ost pr e cis e m e as ur e m e nt of si n 2 θ eff at h a dr o n c olli d ers is b as e d t h e f or w ar d- b a c k w ar d

as y m m etr y A F B i n Dr ell – Ya n q q → + − e v e nts, w h er e st a n ds f or m u o n ( µ ) or el e ctr o n (e ).

T h e f or w ar d- b a c k w ar d as y m m etr y is d e fi n e d usi n g t h e a n gl e θ ∗ b et w e e n t h e o ut c o mi n g l e pt o n

a n d t h e i n c o mi n g q u ar k i n t h e C olli ns – S o p er r ef er e n c e fr a m e. A n e e d e d i n gr e di e nt t o d e fi n e θ ∗

is t h e dir e cti o n of t h e i n c o mi n g q u ar k. At t h e Te v atr o n, w hi c h is a p p̄ m a c hi n e, t h e dir e cti o n

t h e ( a nti) q u ar k is al m ost al w a ys t h e s a m e as t h at of t h e ( a nti) pr ot o n, as v al e n c e q u ar ks d o mi n at e.

At t h e L H C, a p p c olli d er, t h e dir e cti o n of t h e q u ar k c a n b e a p pr o xi m at e d t o b e t h e s a m e as t h e

l o n git u di n al c o m p o n e nt of t h e Z b os o n m o m e nt u m b e c a us e a nti q u ar ks ori gi n at e fr o m t h e s e a a n d

t e n d t o h a v e l o w er m o m e nt u m t h a n q u ar ks w hi c h ar e pr e d o mi n a ntl y v al e n c e q u ar ks. Gi v e n t h e

u n c ert ai nti es i n t h e q u ar k assi g n m e nt at t h e L H C, w hi c h ar e l ar g est f or c e ntr al e v e nts, t h e o bs er v e d

as y m m etr y is r e d u c e d, c o m p ar e d t o t h e tr u e o n e a n d t his eff e ct is r ef err e d as dil uti o n. Fi g ur e 2

s h o ws t h e tr u e as y m m etr y a n d t h e dil ut e d as y m m etr y at t h e L H C i n bi ns of Z b os o n r a pi dit y. As

a nti ci p at e d, w h e n t h e Z b os o n h as n o l o n git u di n al m o m e nt u m, t h e o bs er v e d as y m m etr y b e c o m es

0 as it b e c o m es i m p ossi bl e t o i d e ntif y t h e q u ar k dir e cti o n. T h e diff er e nti al cr oss s e cti o n at l e a di n g
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Fi g u r e 2: L eft: tr u e A F B f or t h e diff er e nt fl a v o urs of i nt er a cti n g q u ar ks. Ri g ht: A F B aft er dil uti o n i n diff er e nt

r a n g es of y [4 ].

or d er is:
d σ

d (c os θ ∗ )
∝ 1 + c os 2 θ ∗ + A 4 c os θ ∗ ,

w h er e θ ∗ is t h e p ol ar a n gl e of t h e n e g ati v e l e pt o n i n t h e C olli ns – S o p er fr a m e of t h e dil e pt o n s yst e m

a n d A F B is d e fi n e d as:

A F B =
3

8
A 4 =

σ F − σ B

σ F + σ B
,

w h er e σ F a n d σ B ar e t h e cr oss s e cti o ns f or l e pt o ns i n t h e f or w ar d a n d b a c k w ar d h e mis p h er es i n

t er ms of θ ∗ .

A F B ori gi n at es fr o m t h e i nt erf er e n c e b et w e e n v e ct or a n d a xi al c o u pli n gs a n d is t h er ef or e s e n-

siti v e t o:

v f = T f
3 − 2 Q f si n 2 θ W ,

a f = T f
3 ,

( 2. 1)

wit h Q f a n d T f
3 b ei n g t h e c h ar g e a n d t h e t hir d c o m p o n e nt of t h e w e a k is os pi n of t h e f er mi o n,

r es p e cti v el y. T h e w e a k mi xi n g a n gl e si n2 θ W is r el at e d t o t h e m ass es of t h e W a n d Z b os o ns

2



P
o
S
(
L
H
C
P
2
0
1
8
)
1
1
2

Precision EW Measurements Marco Pieri

through the relation in Eq. 1.1. Equation 2.1 is valid at leading order and is affected by electroweak
radiative corrections. In the improved Born approximation the effective mixing angle, sin2

q `
eff, is

defined, which absorbs some of the higher-order corrections.

3. Measurement of sin2
q `

eff at the Tevatron

The first measurements of sin2
q `

eff at hadron colliders have been carried out at the Tevatron.
Tevatron is a pp̄ collider and this is ideal for this measurement as the directions of the interacting
quark and anti-quark are known with great accuracy. Both CDF and D0 measure AFB separately for
muons and electrons, using template fits [5, 6, 7]. Furthermore, CDF devised methods to extract
the asymmetry that are now also used in CMS: they used event weighting [11] to measure the
asymmetry using cosq � information and they weight parton distribution function (PDF) replicas
to also constrain PDFs with data [12]. Figure 3 shows both the folded and unfolded asymmetry
distributions as function of the dilepton mass for CDF, based on the full dataset, corresponding to
9 fb�1.
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Figure 3: Measured AFB asymmetry at CDF as function of m`` for muons (top) and electrons (bottom). The
two plots on the left show the raw measurement while those on the right the unfolded ones [5].

Recently a full Tevatron combination has been carried out [8] and the results are:

sin2
q
`
eff = 0:23148�0:00027�0:00018 = 0:23148�0:00033

sin2
qW = 0:22324�0:00026�0:00019 = 0:22324�0:00033

(3.1)

where the largest contribution to the uncertainty is statistical and the measurement of sin2
qW has

been obtained within the on-shell scheme, using ZFITTER [9].

4. Measurement of sin2
q `

eff at LHCb

LHCb measured sin2
q `

eff using the full Run 1 data, corresponding to an integrated luminosity
of approximately 3 fb�1 [10]. Given the configuration of LHCb, which is a single arm detector cov-
ering large values of rapidities, the measurement is carried out at large Z rapidity: 2:0 < jh j< 4:5,

3
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r e d u ci n g t h e dil uti o n a n d l ar g el y i n cr e asi n g t h e a c c ur a c y of t h e esti m ati o n of t h e q u ar k dir e cti o n,

c o m p ar e d t o A T L A S a n d C M S. T h e m e as ur e d as y m m etr y is s h o w n i n Fi g. 4 a n d t h e r es ult of t h e

m e as ur e m e nt is si n 2 θ eff = 0 .2 3 1 4 2 ± 0 .0 0 0 7 3 ± 0 .0 0 0 5 2 ± 0 .0 0 0 5 6, w h er e t h e first u n c ert ai nt y is

st atisti c al, t h e s e c o n d s yst e m ati c, a n d t h e t hir d r el at e d t o P D F u n c ert ai nti es. T h e s e nsiti vit y p er

u nit of i nt e gr at e d l u mi n osit y is l ar g er t h a n t h at at C M S or A T L A S a n d t his is m ai nl y d u e t o t h e

s m all er dil uti o n.
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Fi g u r e 4: M e as ur e d A F B a y m m etr y at L H C b as f u n cti o n of m µ µ at 7 Te V (l eft) a n d 8 Te V (ri g ht) [ 1 0 ].

5. M e as u r e m e nt of si n 2 θ eff at C M S

C M S m e as ur e d si n 2 θ eff , usi n g Z d e c a ys i nt o el e ctr o ns a n d m u o ns c oll e ct e d at 8 Te V d uri n g

R u n 1. T h e C M S m e as ur e m e nt us es si mil ar t o ols as t h e o n e at C D F a n d is b as e d o n a t e m pl at e fit

of t h e c os θ ∗ distri b uti o ns. T h e as y m m etr y m e as ur e m e nt is c arri e d o ut i n 6 bi ns f or t h e dil e pt o n

r a pi dit y y a n d i n 1 2 bi ns f or t h e dil e pt o n i n v ari a nt m ass m . T h e m e as ur e d d at a a n d t h e r es ults of

t h e fit ar e s h o w n i n Fi g. 5 . Fi g ur e 6 s h o ws i nst e a d t h e eff e ct of P D F a n d si n 2 θ eff u n c ert ai nti es o n

A F B . T h e P D F u n c ert ai nti es ar e esti m at e d usi n g N N N P D F 3. 0 r e pli c as [1 3 ]. T h e P D F u n c ert ai nti es

m ai nl y aff e ct A F B f ar fr o m t h e Z b os o n p e a k w hil e si n 2 θ eff h as t h e l ar g est eff e ct o n t h e p e a k. B y

usi n g w ei g hts pr o p orti o n al t o e x p (− χ 2 / 2 ), w hi c h is e q ui v al e nt t o pr o fili n g o v er t h e P D F r e pli c as,

t h e u n c ert ai nt y d u e t o P D F d e cr e as es fr o m 0. 0 0 0 5 7 t o 0. 0 0 0 3 0.
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Fi g u r e 5: C M S m e as ur e m e nt of A F B . L eft f or Z → µ µ . Ri g h f or Z → e e [4 ].

T h e fi n al C M S r es ults [ 4 ] is:

si n 2 θ eff = 0 .2 3 1 0 1 ± 0 .0 0 0 5 3 =

= 0 .2 3 1 0 1 ± 0 .0 0 0 3 6 (st at) ± 0 .0 0 0 1 8 (s yst ) ± 0 .0 0 0 1 6 (t h e or y) ± 0 .0 0 0 3 1 (P D F ).
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Fi g u r e 6: Eff e ct of P D F a n d si n 2 θ eff o n A F B (l eft) a n d eff e ct of t h e P D F w ei g hti n g m et h o d (ri g ht) [4 ].

6. M e as u r e m e nt of si n 2 θ eff a n d t ri pl e diff e r e nti al dist ri b uti o ns at A T L A S

A T L A S pr e vi o usl y c arri e d o ut a m e as ur e m e nt of si n 2 θ eff usi n g d at a c oll e ct e d at 7 Te V. T h e

r es ult is:

si n 2 θ eff = 0 .2 3 1 0 1 ± 0 .0 0 0 5 3 si n 2 θ eff = 0 .2 3 0 8 ± 0 .0 0 0 5 (st at) ± 0 .0 0 0 6 (s yst ) ± 0 .0 0 0 9 (P D F ).

T h eir m ost r e c e nt a n al ysis c o nsists i n a tri pl e diff er e nti al cr oss s e cti o n m e as ur e m e nt, diff er e nti al i n

m , c osθ ∗ a n d y [2 ]. T h e a n al ysis is c arri e d o ur usi n g 8 Te V d at a i n t h e Z / γ → µ µ a n d Z / γ → e e

c h a n n els, w h er e b ot h l e pt o ns ar e c e ntr al, a n d als o i n Z / γ → e e c h a n n el wit h o n e c e ntr al a n d o n e

f or w ar d el e ctr o n. T h e a n al ysis is p erf or m e d i n a t ot al of 5 0 4 + 5 0 4 + 1 0 4 bi ns. Fi g ur e 7 s h o ws t h e

m e as ur e m e nt as f u n cti o n of y i n v ari o us c os θ ∗ bi ns, p ositi v e a n d n e g ati v e a n d f or t hr e e diff er e nt

m r a n g es, b el o w, o n a n d a b o v e t h e Z p e a k. T h e d at a s h o w g o o d a gr e e m e nt wit h t h e pr e di cti o ns

of P O W H E G a n d t h es e m e as ur e m e nts c a n b e us e d t o e xtr a ct t h e m e as ur e m e nt of si n 2 θ eff .
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Fi g u r e 7: M e as ur e d diff er e nti al cr oss s e cti o ns at A T L A S as f u n cti o n of y i n v ari o us c os θ ∗ bi ns, p ositi v e

a n d n e g ati v e a n d f or t hr e e diff er e nt m r a n g es, b el o w (l eft), o n ( c e ntr al), a n d a b o v e t h e Z p e a k [2 ].

7. M e as u r e m e nt of Z b os o n a n g ul a r c o ef fi ci e nts at A T L A S a n d C M S

Usi n g Z d e c a ys als o t h e Dr ell – Ya n a n g ul ar c o eff ci e nts h a v e b e e n m e as ur e d at C D F[ 1 4 ] a n d
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L H C. T h e Dr ell – Ya n cr oss s e cti o n diff er e nti al i n t h e p ol ar a n d a zi m ut h al a n gl es i n t h e Z b os o n r est

fr a m e is gi v e n b y:

d 2 σ

d c os θ ∗ d φ ∗
∝ (1 + c os 2 θ ∗ ) + A 0

1

2
(1 − 3 c os 2 θ ∗ ) + A 1 si n(2 θ ∗ ) c os φ ∗ + A 2

1

2
si n 2 θ ∗ c os (2 φ ∗ )

+ A 3 si n θ ∗ c os φ ∗ + A 4 c os θ ∗ + A 5 si n 2 θ ∗ si n(2 φ ∗ ) + A 6 si n(2 θ ∗ ) si n φ ∗ + A 7 si n θ ∗ si n φ ∗ .

C M S m e as ur e d t h e first f o ur c o ef fi ci e nts A 1 t o A 4 [1 5 ] usi n g di m u o n e v e nts. C M S r es ults ar e

s h o w n i n Fi g. 8 . A T L A S m e as ur e d all t h e a n g ul ar c o ef fi ci e nts A 1 t o A 7 usi n g d e c a ys i nt o m u o ns

a n d el e ctr o ns, i n cl u di n g t h os e wit h o n e f or w ar d el e ctr o n. A T L A S m e as ur e m e nts us e r e g ul ari z ati o n

a n d s h o w n i n Fi g. 9 .
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Fi g u r e 8: A n g ul ar c o ef fi ci e nts m e as ur e d at C M S [ 1 5 ].
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Fi g u r e 9: A n g ul ar c o ef fi ci e nts m e as ur e d b y A T L A S as f u n cti o n of [ 1 6 ].

8. S u m m a r y a n d C o n cl usi o ns

T h e s u m m ar y of t h e r e p ort e d si n 2 θ eff m e as ur e m e nts is s h o w n i n t a bl e 1 . Aft er t h e L H C P c o n-

f er e n c e, A T L A S pr es e nt e d a pr eli mi n ar y m e as ur e m e nt of si n 2 θ eff = 0 .2 3 1 4 0 ± 0 .0 0 0 3 6 [ 1 7 ], b as e d

o n t h e m e as ur e m e nt of t h e a n g ul ar c o ef fi ci e nts d es cri bi n g t h e Z b os o n d e c a y i n 8 Te V d at a [ 1 6 ]

dis c uss e d i n S e cti o n 7 . C M S pr oj e cti o ns of s e nsiti vit y f or t h e m e as ur e m e nt of si n2 θ eff [1 8 ], s h o w n

i n Fi g. 1 0 , i n di c at e t h at at t h e e n d of L H C i n di vi d u al e x p eri m e nts s h o ul d a p pr o a c h t h e pr e cisi o n of

L E P a n d S L D a n d s ur p ass it b y t h e e n d of t h e hi g h-l u mi n osit y L H C r u n.
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E x p eri m e nt I nt. l u m. (f b− 1 ) C e ntr al v al u e St at. u n c. S yst. u n c.

A T L A S 5 0. 2 3 0 8 0. 0 0 1 2 0. 0 0 0 5

C M S 2 1 0. 2 3 1 0 1 0. 0 0 0 5 2 0. 0 0 0 3 6

Te v atr o n 2 0 0. 2 3 1 4 8 0. 0 0 0 3 3 0. 0 0 0 2 7

L H C b 3 0. 2 3 1 4 2 0. 0 0 1 1 0. 0 0 0 7 3

T a bl e 1: S u m m ar y of t h e si n 2 θ eff m e as ur e m e nts c arri e d o ut at t h e h a dr o n c olli d ers at t h e ti m e of t h e L H C P
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Fi g u r e 1 0: C M S Pr oj e ct e d st atisti c al, n o mi n al P D F a n d c o nstr ai n e d P D F u n c ert ai nti es i n si n 2 θ eff fr o m t h e

m e as ur e m e nt of A F B at 1 4 Te V C M e n er g y as f u n cti o n of t h e i nt e gr at e d l u mi n ositi es a n d f or |η | < 2 .4

a n d |η | < 2 .8 a c c e pt a n c e s el e cti o ns f or t h e m u o ns. T h e n o mi n al N N P D F 3. 0 u n c ert ai nt y is c al c ul at e d as a

st a n d ar d d e vi ati o n of t h e e xtr a ct e d si n 2 θ eff o v er t h e 1 0 0 N N P D F 3. 0 r e pli c as. T h e c o nstr ai n e d N N P D F 3. 0

u n c ert ai nt y is o bt ai n e d usi n g t h e w ei g hti n g m et h o d dis c uss e d i n t h e c urr e nt C M S m e as ur e m e nt [ 1 8 ].

R ef e r e n c es

[ 1] M. B a a k et al. [ G fitt er Gr o u p], E ur. P h ys. J. C 7 4 , 3 0 4 6 ( 2 0 1 4).

[ 2] M. A a b o u d et al. [ A T L A S C oll a b or ati o n], J H E P 1 7 1 2 , 0 5 9 ( 2 0 1 7).

[ 3] S. S c h a el et al. [ A L E P H a n d D E L P HI a n d L 3 a n d O P A L a n d S L D C oll a b or ati o ns a n d L E P

El e ctr o w e a k W or ki n g Gr o u p a n d S L D El e ctr o w e a k Gr o u p a n d S L D H e a v y Fl a v o ur Gr o u p], P h ys.

R e pt. 4 2 7 , 2 5 7 ( 2 0 0 6).

[ 4] A. M. Sir u n y a n et al. [ C M S C oll a b or ati o n], E ur. P h ys. J. C 7 8 , 7 0 1 ( 2 0 1 8).

[ 5] D. A c ost a et al. [ C D F C oll a b or ati o n], P h ys. R e v. D 7 1 , 0 5 2 0 0 2 ( 2 0 0 5).

[ 6] T. A alt o n e n et al. [ C D F C oll a b or ati o n], P h ys. R e v. D 8 8 , 0 7 2 0 0 2 ( 2 0 1 3) Err at u m: [ P h ys. R e v. D 8 8 ,

0 7 9 9 0 5 ( 2 0 1 3)].

[ 7] V. M. A b a z o v et al. [ D 0 C oll a b or ati o n], P h ys. R e v. L ett. 1 2 0 , 2 4 1 8 0 2 ( 2 0 1 8).

[ 8] T. A. A alt o n e n et al. [ C D F a n d D 0 C oll a b or ati o ns], P h ys. R e v. D 9 7 , 1 1 2 0 0 7 ( 2 0 1 8).

[ 9] A. A k h u n d o v, A. Ar b u z o v, S. Ri e m a n n a n d T. Ri e m a n n, P h ys. P art. N u cl. 4 5 , 5 2 9 ( 2 0 1 4).

[ 1 0] R. A aij et al. [ L H C b C oll a b or ati o n], J H E P 1 5 1 1 , 1 9 0 ( 2 0 1 5).

7



P
o
S
(
L
H
C
P
2
0
1
8
)
1
1
2

Precision EW Measurements Marco Pieri

[11] A. Bodek, Eur. Phys. J. C 67, 321 (2010).

[12] A. Bodek, J. Han, A. Khukhunaishvili and W. Sakumoto, Eur. Phys. J. C 76, 115 (2016).

[13] R. D. Ball et al. [NNPDF Collaboration], JHEP 1504, 040 (2015).

[14] T. Aaltonen et al. [CDF Collaboration], Phys. Rev. Lett. 106, 241801 (2011).

[15] V. Khachatryan et al. [CMS Collaboration], Phys. Lett. B 750, 154 (2015).

[16] G. Aad et al. [ATLAS Collaboration], JHEP 1608, 159 (2016).

[17] ATLAS collaboration, ATLAS-CONF-2018-037, http://cds.cern.ch/record/2630340.

[18] CMS Collaboration, CMS-PAS-FTR-17-001, http://cds.cern.ch/record/2294888.

8


