X[. ch Cowvucw Aﬂow.a.lj

There are  kinewatical situakows 1w whicl the coustruckon
of SCET o0s discussed o far iw these lectures needs 4o be
wmodibied, becouse He wlha-solt modes do wot codn bude

for cone reasow. This cow hoppew, eq.:
o 1w the presemce o‘ wasses Mo A
o il e are iwposed ow Hrausverse wioueda,

o i} He ubha-soft scale is peraednically sualler
How tee QCD scale ) e.g. if N~ Ac‘;“’

Tuportout exoueples of Huese Huree casges axe:
o elechoveak Sudakov Llogarithuus (~ oy, Maz/m;;)

o tasuence wowmenhue distribubous 1h Drell-Yan
Preduckion (pPp— Z+X, WX, feX, Z'+X,...)
awd jet-veto cross sechious

o exclusive B-meson decans, suck as B> K'Y
or B—» TN, XK, ..

Tu Huis lecture we forst discuss o toy example aud

It

Men onsider the foctorizabion foruals for Hie Drell-Yaw

boson 4 distribuhon.



The weassive Sudakov fonu fackor

We veconsider Hee Sudakov foru foctor, but Hus Kue
we put the exterwal guarks on gl C(pr=py=0) aud
Wwhoduce o quon wass mwuX as an IR requlator.
At oue-loop order, the vdevaut cowtribubions are:

o
+q’ |7:'= P:.'. o
21 . 4+ Q-..: - 1'1'{'0
A= M o1
P o e * P 1Q

Working in o qeneral Ry-gauge ;| I ud Hhat Hee swie of
Mese coudribubions s 3«»ﬂe-iuuo,vim\' (o ove~ Loop

order) . The owswer cam ke wrikten as:
wip) ¥ wepy) - ‘r'(%i)
wheve:
T = 2 (1-2) [0 -]+ (3-1) tax -1 ¢ 2

Tu the Ulwut le -1,‘ » mf we oblaiy :

2 2 2
'F(%lz) * ‘Z“zz— 3L 1 1?71 . U(ﬁ)

(3 h,.t 2 Ql
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It s iushuchve fo cowpare Hus with our result for Hee
off -chell (owd vensslese) Sudabov fors foctr, for whide
we found ow page Tt (selbiug Pt s P for siveplicrhy):

@ 1@ Q" I p?
?(?‘) S -ZZMF + 32“;‘ C - ? "'U(F)

'Regiov\ analysis:

e wow perform a rc,zion amalysis of e wiassive Sudaloy

foce factor. For Sluplicity, we work in Feymuian qanse (=1)

Thew e verex 3mpk qives:

=i Cqy B VEINTY, up) T
Pa k P

© S&Dk (k+P1)‘), U“’Pz)s
$ 02 (K-t i0) [Ckepe) +50 T (kepy)eio]

As uwaal we assign He $ca.uua pie (N1,2) 4 amd

Lo UGAY @ 4o He exteswol weonewtn . Iu priuciple, we
Could choose o reference frase where py==P = 0, in whick
cose Pi~ (0,1,0) amd plw (10,0, Tu either case, we defeue:

r - wh ° nl o
Pa-'“'?‘\T ~ N ) F£="'PA% ~ A
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Hord rcgiouz kFe (1,1,1) Q
We Rud:

. jfk Chipdy Chebu)s "y
Y @y (K+i0) [(ko-P,_)td-io] [(ki-l’u_\ai-{o]

Clearly Huis 15 o tzc.Aiuz— order (%) coudsi bukow .
Evaluating +he :u}c_aml, I fod the fol(owiwj cowtn buhouw
bo Hee Sudakov fom .Facl'o(:

Collu mear rcg(ow K~ (22 1,2) Q
The contribukion {tow. WFR is (Like i full acd):

ot = o (5) 404 0w]

Next cowsider e vevte qraph ju the Collcuear region. We

obtain:

S
D K(kg. ) Wepy -
I;")"j&kn 19 ‘[:) d “sha X
0= (K-nteio) (ke +40] [keppeio]
A’ S 'y \

This 15 (ndeed a lc.o.Alug-ochr coutribubon.



Anki - c ol neak rca(ou: k"~ (4,21 Q

Thas 15 ziue.u by an amelogous expresaiow.:

(]

'y A
- > R -
I;1=~‘A’kn ) vey v eh) 2 ety o X
Ce)"  (Kom+io) [2k-p +t0] [(kep,) #50] ¢
AT A\ N X

Uldtvq - so{4 condri bukion : kF* » ()\‘. )\1, ?xl) Q

T Hule n%(ou m"»lk‘l, omd hewce we m"ex(:a.«ob

XNooa
I“ . jfk WPy h-Py Aghy o A
81 @Y (-m') [2kep+col[2k-pp o] ¢
xﬁ )\z )‘1 'X‘

This is wot o leading- oder coutribukion, siuce He wass
derm “soreems’ the muck swallr loop wmomentum, Due b
the abstuce of o guadrake fern K i the denowdistor,
all poles in the cowplex k™-plane Lie below He real axis
and  hewce Hhe utegral vanishes.

More gqenerally, Here are o pinch sinqularities , because
He propagator carfing the whra-soft loop Mo elfuue
Canuot 9o ow shell. Conseguewtly, He wlha-soft vegion
does wot exigh!
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Soft re%iouu k"~ CWWINe

Let us 4y 4o construct Something Lke He ulfra-soft regiow,
bub with o scaling such Mok Eomorla E"P“’A‘:"@
He integral wnder Hu's Wypotlesis qives:

oA
I;s . j A,Dkn WPy Py [YLCR
1 )" (Kome i0) [7-“'?1-4- Lolllk-putio] 4
A Py A A

This is indeed a Qg&iuﬂ-ordu conbribubion. One cal
show +hat Huls coupletes the List of He meuuz_

reti owS.

Firet evaluahon of Hie Lou-eu.e«rgu‘ condri bukous :

Evaluaking He scalar iutegrals (uithout He fackr Ssiy )
in the collinear and soft rcaions using ?Fenwum paraweters,
Onhe -Fm\s:

1
y -2€ -1 1-¢
I - '(4;_)"‘ M) m !dg ' (1-x)
IS s -(‘*;:_)106 r(e) m.ze jdﬁ\ '):1
0

As expected ) the low-emeryy cowdribukions depeud ow He
IR scale m « Q. Supv:siuﬁtj, however MJ coudrin
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- defined porameter iu,’fcgmts! Tn ofher words, +ee
stamdord dipeunsional naulaxt%ajioh, schewe does wot
dlow ws 4o calculake tese \udegrals; evew tuough tee
ovl%iv\al Loop im‘egw\l. W full QD & well defined .

\Whak s 3"“"‘3 on ¢

The alosemee of the wltm-soft region is very puraling,
since it (wplies that Hhe wassive Sudakov forue fachr

(s a wo - scale problew.:

N

1

Q + havd reg:ov\.

m* 1 colhmear, auki-colliner & soft regious

Bud we have seen earlier fhat it (s (wpossible +o
Auompos( a. Sudabkov ctou.ue (,ogax;'“;,& iu}a -‘wo ﬂ’.gfous:
Q' o L

m? P
Tudeed | we needed Huree cortlated scales 4o do sol
Sonehow , the Heeory needs fo fid o way oud of Huis
dilevuna. .

G cdlinear Quotuala



Aual.nh'c res wWarization:

To deal with the diverjonces i He paroweter iutegrals, we
(whvoduce auabyhe requlator by rausivg the denonuinators
of e Teguuon propagabors o a power (148), where S«

5 o Miwﬂtaiw PM“M+" : e hew Scale parameter

1 frzs

(3 L . — - ( X 2 o 1"8—
p-mwo 'Pi-m-'bo)

(V.A.Suirnov: hep-ph/930335%)

Thes re.aula&or :

o preserves Loveuts (wuasriauce

o lbreaks qauge invanauce | sice i+ contesponds o

¢ [Go)-m]lé = & [(aegaY-mlé

— F-0-n)T - gh (¢ TT)  $AEY
This is not catastopluc, because Hhe regulator is owly
weeded in Hhe various reglouns, whewas loop iutegrals

i e full Hueory (= sum of Hueic reqious) are always
ol defued o dineusional vegulaciiaion,

Aok
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It follows tunk we alwoys wust expaud 3 before
we &pand W €. The sinqular fers i te - rc.zu.ld'or
will thew comcel w He sum of all regions (of fixed €),

Second evaluakon of Hee low-euergy condri bukiows :

It s{'mlgk\' Qomwa Yo ewaluwate the scalar Loop ud-egmls
with amaliyhe requlators fw place. T fud:

? ‘,2(84*5;0 i&)

Ic . (-1)3 S A,k“ I'.l-(k+P4) We Py
O (ool (- Ceepal™= 601" (- 2k -20]"

. M(e+8+p) - €
)" (4es,) P(+p)

SRRl Ol 1 TS = 1-€-6
G i
0

T sfugwlaxi"x rewoved

dependence o hard O for 318 |
scale @Q*! v

r(s,-s,) r(2-¢-4,)

M(2-€-8,)

Iz = same expression with 3, ¢ §,
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amd
2(84+3,¢ D) _
Is = (’1)3 ] A'Dk“ M "t hePa WPy
0 (i emti0)*P [ 2kepre 501" [~ 2kepyy-0]

- - v I"(G*-&v-iﬁ)
(U5)*™® P (4+5,) T4+p)

-

v

d y 1

0

00

G

o

N

=

well cLe.{qu {or 34 * 81.

but scaleless

34- 1

\
d4=d1

9 WL IS Y8 S
('x | +\ |1 >
0

(84’51\ (34‘8)

( 1-1 ) =0
T
\93 Ma.‘,:“c
comhwuaton

The analyhe requlakors woke the iuteqals well defued as
lowg 05 we choose 8,4 35,. Bub note +he iwporfaut effect
ok these requlators iwhoduce an amowmoalous dependence
of the low-eueray cowtrbubions on Hhe had scale Q"’

which, Violakes skrict scole {wbri 2ahon !

G collkwear ano wal:

( Becher, MN :  100%. §005)

Let us see what hoppeus when we expand iw the aualyh'e

requiators. For the sum of all ferws, it does not walter in
Wich order we do Hug. Tor cowehmes, we Lrst foke



(5-9 0, teuw 82-5 0 awd {'iwdlﬂ 8,>0. Thes &w:es us wite:

v Tlevs) | e (ﬁ)-a. res,) r(2-¢-s,)

L = -(tm:)"‘ C(A+8,) v* "(2-€)
$,»o : ‘e gt
- T [8_. P e -w-e)]
N\ &) = T/ e
-9
i ae (@) N(-3,) (2-¢€)
1z (4sec)-e re)m (v‘) M(2-€-8,)

S0 .
* - T m ¢ [-?- ﬂhi - ¥ -‘ﬂl-e)]

Because of Hhe presewce of {he WA-P‘“!S\.CQL (avd wot
qauge- invariant ) requlakor 3, only +he Swne of tHuese

conteibutions 1s well Ae{:u\cd

o _ Qt
Lo Tp = -pim M@ m [ Il + Ve -Ye-2¥0e) |
anomolous loaauri{-kn
Noh,‘-

In coses where the soft contribubion 18 not scaleless;, ouly the
sum I +Iz+ I of all (ow-scale coutribukions (s well
defined.,

10%



Using He albove result, expandiny in €, ond oddiug Hee
WFR cowfribuhion, we obtain for the low-scale contribuhous
to e Sudakeov form foctor

1.€

5F,.e (@) = C::: (:.) [e-tm&edel- 2 0]

Adding 4o twis the hard contribubion (see page 100)

SR = S ('&:)e [-5-2-00 o0

and the dree-level vesult, we (ud:

Flahw) = { ¢ SO [-l-i-lfM’i
Y e € e Q"
|} [ h,ﬂ-?&
-llyf‘r'_ 3wl - g+
Q' Q' ¢
3 2,0 Lo
+—1+—-—2h—+—£M N
(ouki-) colliwesy € & ¢ e
* * Y9 ext
N NI WY W L A
M m mt mt 2 6

We see that ol poles wm e as well as all /*-A&fem(cwl-
ters coucel out. Whew the dust ceftles, we vecover
exacty the wesulk cbtuined 1w the Lull theory aud
given ow Page 38:

Q* ?-Qt @ ¥ n
?(W) s —EM Y 32“? 7 ?
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The above discussion showe how o Sudakov douke L03

5 decowposed iwho vegions i He case of a two-scale
problev. = the preseuce of the colliear amowaly spoils
o clean ccale sepavation.

Ex(wcﬁse_& ap o Um}dbllaﬂ relation for the QD vector

Cuvewt, we fud 1w Hus cosce: " :‘f-’s,m anomaly
‘\" (r‘ '\k — CV (Q),") [(Eﬁ NE\ Yr ':\SK Sn/: (\\lc Z“\] ‘(,")
it present @

(§ )

ho interackons between d<ffereut m“/
Lu} W«s m(.a-h:g TL:'MEGJROW

The Huee sechors are decoupled 1w SCET, becouse:

crT o~ (V4N ¢ (1,250 ~ (11,20 heed

et s ~ (AN« (AAAN) ~ (A,1,2) hard- collinesr”
(N, 2%)

Both have virtwalibles > NQ° and ave Hug ';wk,jrdui
ot 1w e low- Gnergy EFT. itegrate out hawd collinear
_ . modes (if present) or
Two - step md’duua'- "Lower He V;Muhn

QD —> SCET (he,he,s) —> | SCET-2 (¢,E,5)

(- J

N 1
‘ot rate oot hard SCET with 'A"x/z (Su thOVC)
“ modes
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Note that in our exauple He hard u»ai'o(duj coefficient
Cy 5 simply inherited froee SCET, and (ndeed we fud
after reworiwalizakion:

! _ Cgols T
Cold) = 1+ = |- & ?+32‘,\/—-3+—J

which coiucides wite the result we fouud ow page .
T+ follows fhat a5 before:

/‘F Cv(Q,/u.) = [ MP(us) 0 & f’t + X (0(5):| CV(Q,/A‘)
Which w twrn (pUes Haat:

rﬁ Vs'c‘a-z(/") - [PMP(%) o2 IS Y (“5)] SEET ()
T

collinear amwn.lﬂ
Wkﬁ “momtu“ t

After decoupling, the defferent sectors of SCET ave each
equivalent to full QCD, aud they axe Hherefore (wvasioud

wander separate Lorewkr boosts in each seetor: il
/

T
P = P’ coshyy - p°siuhy _ n-p = el nep
P P ey - sy e — ClRy



"

Tn GCET-2, Heis separefe boost (wvariawce (s a classical
S‘Jwrﬂ of the effechve Lngro.uaia.u , whech s brokew

by quanbuie effects (mhsh'c rcau,la.rfza,hfou\. Thes 15 aw
anomaly in the wsual sense of QFT, but iu the contet
of SCET. Owerall Loveds wvaviauce @, of couvse ; wot

broken , but the awme lorutr boosts must be per-
formed i all Sectors of SCET-2.

n-p SCET-2

n-p ACceT

NG
NG
nQ*
Co e wep
1Avaviomce under lV\VM;MCL under
global Loreutr boosts

Separate Loreutr boosts
Redefining the ouxilliory scale v* > &.p, ¥, we have from

not boost twvaviaut

aqe 10%F:
pag /e |
Repa v\ ' depeuds on collinear o ‘
I, ~ (_u!:“t_) scales it and Rop, g lqupcuAeu} rtho

) ‘ nOP‘ w-Ps = i

¢ 2

o[\ depends on collsmear o ':"t '
c NP Scales m® awd n.p, is boost invariawt -
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XI. Drell-‘fon Produckon ot Small 94;
(Becher, MN: 100%.4005)

Consider the produckon of o Deell-Yaw boson af swall

Lransverse wmomentum:

P Luteesting cases:
SN VIR A S
9r Y W5 2’ also Higgs scalar (g9 inikiated)
p T o g
gr = 1§11« M
(A= qr/M)

We consider the case of a wirtual photon for coucreteness.
( & see Becher, MN, Wilhelm: 1212.2621 for pp—> A case )

Usiuﬂ SCET kthw(oaﬂ ) one fuds tee Same rca(aus as
i the case of the wossive Sudakov forw factor:

collenear | awh - ollinear , and no soft rcgt'ou (scaleless ).
The wltra-soft region comcels out 4o all orders. T e

Uwit where 9r« M one caw derive +he fcdoc{*ed{ou

)

{orw.utax

Ao B Ao
dM? dg?dy — 3N.M?2s

2
<2 [Bqﬂ“(ﬁ%“) Buma(€2, 23 1) + (q a)] n 0(57)
q

1 .
Col-a ) - [ e
s

G (naave) foctorization 1w ¥ space
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Here Cy 15 Hee hadd w}cUus coefficient of e vector
curewt (qiven okove), amd (W z,)

By, m) = 5 [ dte o (V) x(en+ 1) §XO) IV (navely!)

Oure 3&%&&4, XT—A,qowdg.b:l' PD¥Fs. (-For X = |ZLI =0
one vecovers the standavd PDFe.) The relevant
kinewakic varables (u the expression for the cross sechon
aye:

y: TQP\‘&,H’J o{ V i He LAB ‘FVQ%

2 2
Re=VT e, =0T e? it 't=M—;‘1“'—

As defined abowe , the x -depeudeut PDFs oppear fo be
waiversal (i, process-independent Y funchions Chareter-
tag He wucleon N However, Hus would be i eaflict
With te RG wvariance of e Cross cechow! Iu order
Yo camcel the ,s-ALpe.mAe.uce. of (C\,I"J e product
of He two x -dependent PDFs must depend ow +the
hard scade M*, due to Hee collinear duonaly:

[Bq/Nl (Zla I?]‘a :LL) BQ/N2<Z27 :C%”a :UJ)] — [BQ/NI (Zla .’IZ%, lu’) Bq/NZ(Z2? x%? /“L)] q2

anomalous depeudence
oh q,zz M*
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Ouby this product of PDFs i1s wnambiguously defined,
and it covries o process depemdemce via the amowalous
dependence ow the lhavrd scale q". The crogs- sechon

focmula skown albove thus does not aclueve o couplere

scale septu‘d-\:ow.
Cam we coutrol tue 9'-dependewce of the product of POR?

Tukoducing amalyhe requlators iw the Same way as for He
Sudakoy forw foctor, one cam chow Huat:

[ch' 31'/”1(1"“:!,") 3’}7»;(3;»“:,/*)] q’z

= L“' z"’qu(env’-xT‘Li z“X;./‘) r L“' zynz(cn%i*“x#'/‘)
Ths s amalogous fo the vesults ou P-107 |, ouce we
subskitule mi— X amd @*—> 9% The wadihow ok

e weplysical requlators drop ouk Fequires ek to all
orders W perturbakion theory, the o terws wuest be

LWnear 1w v, Le.
[&n Bun(zaxi,p) Bpaantip]
= L"\?B"}Im(%"’x‘t'/‘) + hﬁ;’“;(%z)x::’/‘) + ’Lﬂ(":‘}z) F‘ﬁ(x:),‘)

/

(tav'xr - Zu;—:)
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We thus obtain the evact wefackorizabion velshow :

(2
37%1(]2 )-qu(xT,;;) ~ ~

[BQ/Nl (217 x’?”v :u) Bt?/Nz (227 x’?”: /“L)] ¢ = (46_2719 BQ/Nl (Zlv ‘r%v M) BQ/N2(Z27 x%ﬁ N)

The properly factonted cross sechion wow tales e form:

d*o 4 2 1 : 22 M2\ Foalen)
— _M2 = d2 —iq T T
dM2dg2dy 3N, M>2s Cv(=M% )" / e (46__?\2%)

~ ~ 2
B N _ q
<2 [ o/ (€1 2 1) By (€2, 07 1) + (%"_) q)] + O(Mg)
q

amomalows dcpe«dmc o
hard ocale M*

The scale independemce of +he cross sechion twplies He
Qxact RG evoluhiown eq,ua.i-iohs (f. page 110):

quti(x?Z‘a /J“)

=o' (ay),
dlIn p ()

cusp Xu (us)
d — 1 ~
dn p ]

o 2 F ap
Byt ) = [Phpla) In 25 = 2070

B(I/N<Za x%‘a M)

Note 4t the new funchous 5%, (z,xr,1) are wow

independewt of the hard scale qb. They cau be defiued
bo be He (uwiversal) x; - dependent PDTs. For xr<c Aaeo,
Heese funchous con be obtolued frove comseubional PDTs

wsing perturbakion theory:  iuitaie PR
1

~ a dz \L 2 J'
B‘}/N (.g, XTJ '4‘ = % S —2 IQ(—J (zi xT),") 4’1./“(;/;1/‘*)
o



resummed do/dg7 [pb/GeV]

ratio to N3LL

Stake - of - the-ant predickions:
(Bechr, Neumaun: 2009.1143% )

3000 -
CuTe-MCFM N2LL

. CuTe-MCFM N°LL
2000 -

1000 - CuTe NLL, exponent, ©(q7)

CuTe N3LL, no exponent, ©(g7=0)

resummed do/dq 7 [pb/GeV]

CuTe N°LL, no exponent, ©(q7)

vn | |||||:]

0.1 1 5 10 20 50 100

with scale uncertainties

ratio to N3LL

[ ||||| |
0.1 1 5 10 20 50 100

q7[GeV]

(Becher, MN:

Resummed results without matching for inclusive Z production at 13 TeV obtained
using CuTe-MCFM and CuTe at different logarithmic orders. For CuTe we show
results in two schemes: expanded in the exponent or on the level of the cross section.
We furthermore present results with two different treatments of power-suppressed
terms in the phase space related to the choice of 7(gr), see text. The shaded band
displays scale uncertainties. The bottom panel shows the ratio to the N3LL result

in CuTe-MCFM.

1.00 -
CuTe-MCFM N2LL
0.75 - CuTe-MCFM N3LL
CuTe N3LL, exponent
0.50- CuTe N3LL, no-exponent
0.25-
000 I|IIII 1 Illlll| 1 Illl'll
0.1 1 5 10 20 50 80
1.25-
1.00 -
0.75-
0.50 - . with scale uncertainties
v T ' |||||||| | |||||||
0.1 1 5 10 20 50 80
H
qr [GeV]

Resummed results without matching for inclusive Higgs production at 13 TeV
obtained using CuTe-MCFM and CuTe at different logarithmic orders. For CuTe we
show results in two schemes: expanded in the exponent or on the level of the cross
section. The shaded bands display scale uncertainties. The bottom panel shows the
ratio to the N®LL result in CuTe-MCFM.
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CuTe-MCFit

—o— ATLAS8TeV - NSLL+NNLO 0.4

normalized do/dqr

10°
- —&— N2LL+NLO 0.4 —®— N3LL+NNLOO0.6
107° =
= —o— N2 —o— fixed—
10_7_!__ N°LL+NLO 0.6 fixed—order NNLO
:-I—I 1 | 1 | [} III l I I I 1 III I I 1 I [}
1 3 5 10 20 3040 100 200 300 500 1000
13-
SiE i
1.1-
1.0 — T e
0,9-||| ' 1 ||||||| | | ||||||| 1 | |||||||
1 3 5 10 20 3040 100 200 300 500 1000

ratio to data ratio to NLO 0.4

0.6=11 ||||||| [ T I B
1 3 5 10 20 3040 100 200 300 500 1000

q7 [GeV]

Predicted and measured normalized transverse-momentum distribution of the Z
boson with fiducial cuts as in the ATLAS study at 8 TeV in ref. [93]. The middle
panel shows the effect of varying the transition function, while the bottom panel
shows the ratio to data with estimated scale uncertainties.

100 =—
10 CuTe-MCFM
>
3 =
g 0le
% 1025 —* CMS13TeV —e~ N°LL+NNLO 0.4
,3 |
S 107 E - N2AL4NLOO4 —*  N3LL+NNLO 0.6
B 10t =
° 10,5_2__ ~o— N2LL+NLO 0.6 —®— fixed—order NNLO
,6 )
10 -5" I I l'lllll I | IIIIIII I I IIIIII|
1 2 3 5 10 20 30 50 100 200 300 500 1000
1.2-
1.1-
P P —t1 -
1.0 III I | l'lllﬂ | | IIIIIII IE'7| IIIIIIr
2 3 5 10 20 30 50 100 200 300 500 1000

ratio to data ratio to NLO 0.4

0.6=11 ||||||| [ I ]
1 2 8 5 10 20 30 50 100 200 300 500 1000

97 [GeV]

Predicted and measured transverse-momentum distribution of the Z boson with
fiducial cuts as in the CMS study [94] at 13 TeV. The middle panel shows the effect
of varying the transition function, while the bottom panel shows the ratio to data
with estimated scale uncertainties.

1¥
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102 = CuTe-MCFM

4
107 — CMS 1606.05864 — N3LL+NNLO (0.6)

10°= — N°LL+NNLO (0.4) — fixed—order NNLO

normalized do/dq7 [1/GeV]

10_6T|||l||| | 1 1 |||||| |
7.5 10.0 20.0 30.0 100.0 200.0 600.0

0.9--'--.-- LR |I—'—'—'—|-

7.5 10.0 20.0 30.0 100.0 200.0 600.0

ratio to N°LL+NNLO
>

ratio to data

| | | !
7.5 10.0 20.0 30.0 100.0 200.0 600.0

a7 [GeV]

» 11: Comparison to normalized W transverse-momentum data from CMS at 8 TeV with
predictions at N®LL+NNLO including uncertainties associated with scale variation.

The End



