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Standard Model Production Cross Section Measurements
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The success of the SM

Status: March 2018
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Differential SM measurements
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The need for precision in tails
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*In case new physics Is heavy: expect small

deviations in tails of distributions

— good control on theory necessary!
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* Dark Matter particles produced at the LHC
leave the detectors unobserved:
signature missing transverse energy

*large irreducible SM backgrounds

— good control on theory necessary!



SM physics at Run-IlIl/HL/HE-LHC

Precision EW Precision top
V+ets MW (multhdifferential top-pair MT
Rare processes Higgs [see lalk by Andrea Banfi]
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°recision at the LHC

Key: QCD factorization:

/\ Short distance non-
hl perturbative effects (PDFs)

PDFs
» DGLAP fitting

Hard (perturbative) scattering process
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Hard (perturbative) scattering process
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Hard (perturbative) scattering process

Hadronization/fragmentation/decay
» pheno models

Multi Particle Interactions (MPI) o~ 25
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Theoretical Predictions for the LHC

Hard (perturbative) scattering process:
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A ME (1 —5)0. + il (—mf(}Cxe(1 — 7°)d5) + m (@} Cae(1 +4°)d5) +
. 5 7. m) -
- (MA@CL1+ 7)) - mE@CL (1~ P)us) - $5H @) -
m) 7 ig mj ~ ig m) 7 ~a a abcy Ma c

AHH@D) + 4@ ) - SHEEBPE) + GG +0.f0,6°G g, +
XH@ - MDX* + X~ (82 — M2)X~+X°(8% — M2) X0 + YOY +ige, W (3,X°X —

0. X+ X ) +igs W (0,YX™ — 8, X*Y) +ige, W (0, X X —

0. XX 1) +igs, W, (0, XY — 8, Y X") +igc, Z(8, XX+ —

0, X" X")+igs, A (0, XX+ —

8, X~ X")—1gM (X*X*H + XX~ H + £ X°X°H) +524ig (X+X°¢* — X" X°6")+
sigM (X°X ¢+ — XO)(:+¢‘)+igM:9w (X°X-¢t - X°XT¢7) +
LigM (X+X+¢° — X~X¢°) .

(>|/\/l|2\,0‘

g _
2MV?2



Theoretical Predictions for the LHC

Hard (perturbative) scattering process:

Lsy = —30,980,9% — 9:**0,989595 — 392 F* f** 959095 — O W T O,W, —
M*W}W, —18,2%9,28 — 55 M*Z020 — 10,A,0,A, — ige. (8, Z3(W; W, —
WiW,) — ZUWi0,W, — W, 0,W) + ZUWi0,W, — W, 8,W;)) -
195, (0, A (WiW, —WW,) - AW 0W, — W, 0,W;)+ A, WS 0,W, —
W, 0,W,1) — 3*W, W WIW, + 5a°W,IW, WiW, + g*c2(Z0W,F Z0W, — d - d d d
BZWW,) + PS5 (AW AW, — AAWIW,) + gPsucu AuZYW, W, — 0O = o) L O Y S O N L O 8 E \7\7 o) N L O E \7\7
W, W) — 24, Z0W,;W,) — 10,H8,H — 2M20, H? — 8,4+ 0,4™ — £0,6°9,¢° —
B (B + BLH + (B + 6°6° +26%67)) + B -
ganM (H? + H§%¢" + 2H¢~) —
oo (HY+ (¢)1+4(679 )2 + 4676 + AHGH 9" + 24P HY) — ) )
gMW W, H — EQZZuZuH - d d d
b (P00 0 0,0 0,0 + g AONNLO T Opw UONNLO EW T sOEW UONNLO QCDxEW
%g (W;(Hau‘ZY - ¢*auH) + W;:(Hau¢+ - ¢+8HH)) + %gi(ZS(Hau(bo - ¢OauH) +
M (L200,8°+ W 8,8~ + W, 8u8") —ig e MZY(W, ¢~ —W,; %) +igsu MA, (Wi ¢~ —
W, ¢%) —ig 2k Z0(6" 0up™ — & 0u0”) +igswAu(970ud™ — ¢~ 0u0") —
1PWIW, (H? + (¢°) +20%97) — 39°F 207, (H? + (¢°)° +2(2s%, — 1)°¢7¢7) —
Lg% 2000 (Wi 6~ + W ¢*) — Jig? S ZOH(W, ¢~ — Wy 6) + Lg%s, A0 (W, ¢~ +
Wio") + 3ig?s, AL HW, ¢~ — Wrot) — g2ﬁ(2cﬁ, —-1)Z0A,¢T ¢ —
9°sLALALGT O + 3igs M (14 a7)gp — 8 (70 + mp)er — P (v0 + mp)v — aj (70 +
i) — @10+ mi)es + igsud (~(ee) + 3(ayiu) — K] + 1 1

e ZHPV L+ 7)) + (@ (48] — 1= 7)) + (7 (5s%, — 1= 7°)d)) + d o 2 * 9

R AT L NLO = — |Mro|? + 2Re{MpoM [ M |
Z_I%W”— ((énUlepL)‘ﬁfu(l + 75)1/\) + (J;Cl,\’y“(l + "/%U?)) + 2 S L O _I_ L O N L O ) v —I_ 2 S N L O 9 R

525\7545' (—mf,(D*U’GPM(l _ 75)en) + m,’}(D’\UIWM(l + ,\/5)6.*@) +

i — =. ept K k(= ept K m) —
i (MAOU, (1 +70) — m@U), (1= 79" — SRHE) - ‘
m) _ ig m) N\ E ig m) A5 — ~
_ABHEO) + 45O 0) — S — £ ME (=00~
1M (1= %)0c + 534567 (=mf(@)Cxu(1 = °)d5) +m} (@} Crn(1 +7°)d5) + l

i — ) 5\, K k(A K m) -
iz ? (mj(d;-‘C:{K(l +9°)uf) — mu(d;\cj\n(l - 75)“3') — 85+ H(aju}) —

m) 7. ig m; ~ ig m) 7. ~a a abe a c
ATLH( D) + 4@ ) — FHEO(BVE) + GG + g.f0,GGgp + B N L
X0 — MA)X* + X~ (07 — M2) X+ X0 — 2)XO + YOPY +ige, W (0,X°X~ — —

8, X+ X0)+igs,WH(8,Y X~ — 8,X*Y) +ige, W (8,X~X° —
0. XX 1) +igs, W, (0, XY — 8, Y X") +igc, Z(8, XX+ —
0, X" X")+igs, A (0, XX+ —
0.X~X")~LgM (X*X*H + X~X~H + 2 XOXOH ) +172%igM (X*X°¢* — X~X6") + x }
g—igM (X°X~¢* — X°X*¢™)+igMs,, (X°X ¢+ — X°X*¢~) + Re { M L O M N LO ,V

Ligh (X*X*¢° — X~X~¢°) .
—p

—

MnLo,v virtual one-loop matrix element

(»| M | 2 R O- MNLO,R real tree-level matrix element m

*UV renormalisation = reduction of Ur dependence

*soft/collinear cancellations+PDF renormalisation = reduction of Ug dependence

12



Theoretical Predictions for the LHC

Hard (perturbative) scattering process:

Lsy = —30,980,9% — 9:**0,989595 — 392 F* f** 959095 — O W T O,W, —
MWW, — 10,220,2% — 7 M2 2220 — 30,A,8,A, — igeu(0, 28 (W, W, —
WiW,) = Z)(W, oW, =W, W} + ZYW, oW, — W, d,W})) —

195, (0, A (WiW, —WW,) - AW 0W, — W, 0,W;)+ A, WS 0,W, —
W, 0,W,) — 2P Wi W W, W, + 3 WiW, WiW, + g% (ZOW, 20, — d - d
BZWW,) + PS5 (AW AW, — AAWIW,) + gPsucu AuZYW, W, — 0O = o) L O Y S O N L O 8 E \7\7 o) N L O E \7\7
Wi Wy) —2A,20W; W) — 18,H0,H — 2M2a, H? — 8,4+ 0,6~ — 38,8°0,4° —
B (B + BLH + (B + 6°6° +26%67)) + B -
gapM (H® + H¢'¢® + 2H¢™¢™) —

R R e e el ) 2
9 w Wyl —3934,2,10 —
Lig (W (¢°0,6~ — ¢-0,8°) — W (6°9,6" — 670,4°)) + Oé d O- Oé d O- O{ Oé d O- Q

NG e ot AR S A S NNLO EW NNLO EW SUCEW NNLO QCDxEW

M (2200,8°+W, 8,6+ W, 8,6") —ig e M ZO(W, ¢~ — W, ¢™) +igs, MA,(W; ¢~ —
L Wie) —ig 2L Z($0u6™ — ¢70u6") +igsuAu($T 06 — ¢ 0u6T) —
19WIW (H? +(8°) +267¢7) — 36° 5 2,2, (H? + (¢°) + 2(2s7, — 1)°67¢7) —
Lg% 2000 (Wi 6~ + W ¢*) — Jig? S ZOH(W, ¢~ — Wy 6) + Lg%s, A0 (W, ¢~ +

W 6%) + Lig?s, AH(Wi¢ — Wiot) — 0?2 (2%, — 1) 204,67 ¢~ —

9%s% A, AT + 3igs X% (a7 a7 ) g5 — €N(v0 + mp)e — A (v + mp)v* — a} (70 +

AN — (18 + M + igsud, (—(@94e)) + 2(ayiu) — (b A 1
TN S AR W P i doONNLO = 24 U/\/lLO\2 + 2Re{MroMyro v} +2 ]

L ZU(P 1+ + (@453 — 1= 7))eY) + (r(3s2 —1—7°)d) +
(@71 = 553+ 7))} + 55 (P (147U Paee®) + (@7 (L+79)0rnd) + ?

W, (Ul (L + 70 + (@CH (L + 7)) ) + Q * T

uj.[ 2¢~ (—m'g(D'\Ulgp)\n(l —75)6'€) +m,’>(17'\Ulcp)\,c(1 _+_,\/5)ef€) + N N I— — B —I_ \/ —I_ \/2 —I_

v B € & r Kle e K m —
gt (MU (1 + 2P Wwr) — ms@U), (1 - 7)) — $3H (W) -

Mﬁg_%}ﬁw(mvsw\) _ %%450(5&75@) — 2 ME (1= y5)0 — -
DM (1= 9)0e + 5325507 (—mi(@}Cr(1 = 7°)d5) + my (@} Cas(1 +7°)d5) + 1 2 * ]- 2
i — ) 5\, K k(A K m) -
g (mA@CL( + 708) — mE(BOL(L - 1) — $5E (@) — +— [ Mnror|? + 2Re|Mnro rMintorvl] + =— MNNLO,RR
m) 7. ig m; . ig m) 7 ~a a abe Ya c ’ ’ ’
SLH@) + 4500 ) - S B0) + GG+ 0 f*0,5C g, + 25 —_ \ 7 25)

XH(0? = M)X* + X (0 — M)X +X°(8* — L)X + YO +ige, W, (0, XX~ —
0. X+ X ) +igs W (0,YX™ — 8, X*Y) +ige, W (0, X X — <
8, XX ) +igs, Wy (8,XY — 8,Y X*) +1ige, 20(9,X "X+ — -+ R + R\/ -+ RR
Q#X_X‘)-f—igswA,, (8#X+X+ —
8, X~ X")-LgM (X+X-H XX H+ §X0X°H)+1;—j:iigM (X+X0%+ — X~ X% )+
tigM (X0X—¢+ — XO)(:+¢‘)+igM:9w (X°X-¢t - X°XT¢7) +
Lig (X*X+¢° — X~X~¢°) .

n,n+ 1, n+2 particle phase space
. ' ! *
2 ANLO MnNLo,v virtual one-loop matrix element
X ¥ , , , .
MnLo R real tree-level matrix element
/ *
double-virtual two-loop matrix element w )( >W“< )
ANNLO / ' '
x o2 MNNLO,RV  real-virtual one-loop matrix element *
NNLO,RR  double-real tree-level matrix element ‘ , | ( .



Relevance of EVW higher-order corrections |

Numerically  O(a) ~ O(a?) =|NLO EW ~ NNLO QCD

|. Possible large (negative) enhancement due to soft/collinear logs from virtual EVW gauge bosons:

0.00 [ NNLO/LO — 1 - “\
— W - Z, W+
- PP T W NLO/LO — 1 V4
| | NLL/LO —1 [Ciafaloni, Comelli,’98;
2020 | NNLL/ Lipatov, Fadin, Martin, Melles, '99;
- ' 4— Kuehen, Penin, Smirnov, '99:
CL) ' Denner, Pozzorini, '00]
o -0.30 ¢t
-0.40 | /
| [Kuhn et. al; 2007]
200 400 600 800 1000 1200 1400 1600 1800 2000
pr |GeV] Universality and factorisation: [Denner, Pozzorini; 01 |

— 100 a a § ew §
5M£L}|—NI£L = Z{ Z Z I*(k)I*(1) In® ]\;; - (k) In MQ} Mo

l#k q= ’yZW:l:

=?» overall large effect in the tails of distributions: pt, Miny, HT,... (relevant for BSM searches!)



Relevance of EVW higher-order corrections |l

m2
2. Possible large enhancement due to soft/collinear logs from photon radiation ~ alog (Q;”)

in sufficiently exclusive observables.
do/dMr ,,[pb/GeV]

200 [Brensing, Dittmaier, Krdmer, Mck; ‘O8] . O(a) pp—Ziy—> 4% 4 Vs=14 TeV
| | | | : | | | :
pp — [Ty X | : LO —— , 5
250 FHWT — . NLO EW (e dressed) —— [LH /5] _
Vs =14 TeV oo 102 L Sherpa (e dressed) ------ __
I - NLO EW (u bare)
200 | Pr, P > 25 GeV i ] — Sherpa (u bare) ------
| < 2.5 F |
150 i ! —_

do/dm, [pb/GeV]
S,
[

3 | 100 &

50 | ) ! ~

oo(1+ Slayy™) =777 N
| | | i N
0 | | | I 107
5[%]5-0 60 70 80 90 190 100
0
=
B - o
+Vu ______
Oqq _
—10 5multi—fy - —
Ogy e
—15 | | | |
50 60 70 80 90 100

MT,I/ll [GGV]

=¥ important for various precision observables, e.g. for determination of Mw in DY



Diboson productio
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Diboson production

ﬁw
s.é““\f’

Complementarity n WW /W/Z | Z/ production

W wo° wo W
Z
WW v/ W
W W g Wy W

7 Z
W I Sensitivity to different PDF combinations:
w W *qq inWW/Z/

. ud/du in WZ

7z Z .
VY In WW
I jj:[: *gg N WW//Z/
Z g Z

|7



Diboson production

.
V/
Complementarity n WW /W/Z | Z/ production
W wo° W
W W g W
7 Z
Wz W j:
W W
. z ° s
v/ Z
77 M :[z jj:
Z Z g Z

ﬁwv
"V
7 W
ba

v W

Sensitivity to different al GCs:

* overlay of YWW/ZWW in WW
e only/\WW InWZ

Y//]//7 in L

[see lalk by Francesco Riva|

|18



Diboson production

e T
% g v

Complementarity n WW /W/Z | Z/ production

S w ! W
W
g W v W
g Z

WW & £/ are background in H=VV:

W W
W W
7 Z
Wz >MW,< j:
W W
v/ Z ’ )
77
7 Z

(off-shell calculations mandatory)

19



Diboson production

Theoretical status: NNLO QCD + NLO EW

*WW [Gehrmann et. al 14, Grazzini et. al.’ | 6]

/

*W/Z [Grazzini et.al.’ | 6+'1 7]
*// [Cascioli etal.’ 14, Grazzini et. al.’ | 5, Kallweit ' | 8] *of
* ZY/WY [Grazzini et. al. | 5]

*o0»\WW/// [Caola et al.’| 5+'| 6]

* NNLO+PS
Tool: MAT

for WW [Re et. al.’| 8]

RIX [Grazzini et. al "17]

N

ﬁw
s.é““\ﬂ

* DPA [Biloni et. al."| 3]

Ooﬁ
.Oﬁ
.Oﬁ

-she

_she
-she
-she

// (4l) [Biec

WW (212v)

*stable VV [Bierweiler, Kasprzik, Kihn ' |3, Baglio, Ninh, Weber ' | 3]

ermann et. al. " | 6]

Biedermann et. al. "1 6, Kallwert etal | /]

WZ (3lv) [Biedermann et.al.’| 7]
ZYIVWY [Denner et.al.' |4+ 5]

ools: - Sherpa+OpenlLoops/Recola/GoSam

- MadGraph_aMC@NLO

20



Diboson production at NNLO QCD
WZ

3 : I 1 1 1 I ) 1 1 I 1 1 1 I ) 1 ) I 1 I 1 I 1 1 1 :
_ S [ ATLAS
] o — e ATLAS Vs=13TeV (m__ 66-116 GeV), 3.2 fb a
— 4 ATLAS Vs=8TeV (m__ 66-116 GeV), 20.3 fb" =
| 40— = ATLAS (s=7TeV (m _ 66-116 GeV), 4.6 fb” —]
— V DO Vs=1.96 TeV (m, 60-120 GeV), 8.6 fb" N
| 20— = CDF Vs=1.96 TeV (corr. to m__ 60-120 GeV), 7.1 fb™’ -
| 20[— —
- — MATRIX NNLO, pp—>WZ (m,_ 66-116 GeV) |
u NNPDF3.0, u_=ju_=(m, +m,)/2 -
— . — MCFM NLO, pp—WZ (m_ _ 66-116 GeV) _ |
20 | gg > H—> WW*  comeeeeen NLO il 1017 _e*” CT14nlo, uR:uijmwzlzmzq" ) —
added to all predictions =~ «ereeeenees LO N Foo = =MCFM NLO, pp—>WZ (m__ 60-120 GeV)  _
— .= CT14nlo, ILR=ILF=sz/2 ]
| | | | | | | H o=, | | I S T B A —
1.15 E B — I I ] I I —
: /U)/ 9NLO : 9 1.4 T =
L1 ¢ - < 12F T SR . —
.05 F i i . P = =
- E = - | | I L | -
100 | 5 T 2 4 6 8 10 12 14
0.95 E, . . . . | . £ Is [TeV]
7 8 Vs [TeV] 13 14
* Quite large QCD corrections well beyond expected size = NNLO mandatory to describe the datal

from scale uncertainties and gg = W TW — (+4%):
+58% NLO & +12% NNLO at 14 TeV

 Residual scale uncertainty: 3% at NNLO



Diboson production at NNLO QCD (+ PS)

. , 212v-DF [Re et. al. | 8]
212v-DF [Grazzini et.al."[ €] , da/bin [fb/GeV] WW (fiducial-Jv) @LHC 13 TeV
do/dpr,w, [fo/GeV] Hre v,V e(inclusive) @LHGC 13 TeV 10° F— — r - T T T T3
L | T T 1 | T T 1 | T T 1 | — T T T ] C ......... MINLO

L il S S ............................. .......................... LO - ! e - ---- NNLO

—h
o
—h
|
i
1

o'k o T T

produced with MATRIX

N SO R R === NNLOPS (lhe) -

4
3 - : :

2 S 25 """"""""" e SRR S S S -
1 . ) : :

1

| : :

S0 100 200 300 400 500 ooy [GEV]
pT,w, [GeV]
* NNLO+PS via reweighting of WWH | jet @ NLO-MINLO

* NNLO+PS cures perturbative instabilities at phase-space
boundaries

* NNLO corrections quite strongly observable dependent

*scale uncertainties reduced to few percent level



do/dor o

(off-shell) Diboson production at NLO QCD+E
DI2V-SF  pp et vo [Kallweit, IML, Pozzorini, Schonherr; "1 /]

II| | I I | I III|
LHC 13 TeV

b D | of hardest lepton

=== NLO QCD
— NLO EW

— NLO QCD+EW
== NLO QCDxEW

» +40 % QCD corrections In the tall (Note: slight jet veto applied)

L % » LARGE negative EW corrections due to
" Sudakov behaviour: -40% @ | TeV

1.4 _— —

1.2 — —

“‘\‘—— A“W NSNS L -]
1 — \‘k N ]

» Combination of QCD and EW corrections:

o8 |- RS N Additive combination
0.65— E \ Ug%}%—FEW — O-LO + 508%% —+ 50‘NLO (no O(aas) contributions)

| | I I | | | I I |
20 50 100 200 500 1000 2000

P10, [GeV]

Multiplicative combination

NILO NLO <1 | 50NLO>

UQCDxEW — 9QCD L.O

[QCD+EW - QCDXEW | ~ dacoxdew ~ NNLO QCDxEW
~ 10-20% in the taill

Note: exact NNLO QCDxEW extremely hard!




do/dFr [pb/GeV]

(off-shell) Diboson production at NLO QCD+E
_ . [Kallweit, IML, Pozzorini, Schonherr; "I /]
212V-SF oo Setevo

LHC 13 TeV —]
HR,Z;;izi %ff?p _ r\/lEE_I_

Uy at large MET>Mw: /
B W's are forced off-shell

...... LO

=== NLO QCD
— NLO EW
— NLO QCD+EW
== NLO QCDxEW

109

1.6 :

do/doj o

1.4 :

1.2

0.8 :

0.6 :

» jump In QCD corrections
(extra jet unlocks back-to-back configuration)

» very large EVV corrections: up to 50% (WW//Z/ dependent!)

» WW-Z// interference very suppressed (as expected from LO)

0.4 |
| | | | |

| I|IIII| | |
D | I5L)IIII1(50 200 I5J)o|||1|doo 2000

— pp > WH = eTv] W [— e 7] e - , :
ez rieely Combination of QCD and EW corrections:

incoherent sum

do/doNLo QCcD xEW

0.2 -

0.8 -
0.6 |

0.4 [

200

Pt [GeV]

| |QCD+EW - QC

DXEW | ~ 0acox0ew ~ NNLO QC

~ | 0-209% In the ETmiss tall

DOxEW



(off-shell) Diboson production at NLO QCD+EW
[Kallweit, IML, Pozzorini, Schonherr; "1 /]

2|2V‘DF pp — e pT v 7y 2|2V‘DF pp — e U ve Uy
|

— I I | T T | | I I | T T | | — T | T | T | T | T | T | [T TTTTT I [
a a
) LHC 13 TeV il QO 1077 [~ LHC 13 TeV —
~ B L 1 r7lep ~ . 1 r{lep
&103— - MR =pur =3 Hpo —8_( | MR = Mr = 7 Hy _
— CT14 QEDO.O5% — CT14 QED0.05%
3 | S 2
e s
-6 | _
E o—6 | e LO E o= &
o m=== NLO QCD 5 m=== NLO QCD |
——— NLO EW —— NLO EW
—— NLO QCD+EW —— NLO QCD+EW
. === NLO QCDxXEW 09 === NLO QCDxXEW
10 —
I | | | T | | | | | T | | | . S S R A N I . e EEE R
| I | I III| | I | I III| | ] 7I:I:I | [ I'o.l [ | [ | [ | [ | I IIIIII| I I I,
. : o s === NLO QCDXEWy .
| s %, —— NLO QCDxEWy; ® YFS _
z 11 — S 11t o NLO QCDxEWy ® CSS —
X - > e -
A N A \ 7
Q) Q) . —
S NANIAN N\ c N N N
1.0 S R @ AW —-mwmaya 1.0 =9 :_ SN Racale s s o
BRNSIRE SRR RN SN TN
b D) ® (XX oo dx b \ ‘"! A °
‘-d e 7Y Y r-d I ..... 1 _|
~ L ~ I r - _|
% 09 — === NLO QCDxEWyg - % 0.9 E : . s : e+
—— NLO QCDxEWy; @ YFS § 1 - T | ‘
...... NLO QCDxEWy; ® CSS - - ! | '.1 | ij
| | | | IIII| | | | | IIII| | | | nl II IJ.II | | II'I.| [ I"| L1 1 | L1 1 | IIIIII| | [
10 20 50 100 200 500 1000 2000 80 100 120 140 160 180 200 1000 5000
my [GeV] Moy [GeV]

* Fully consistent PS matching at NLO EW under development
* Naive NLO EW+PS matching avallable in Sherpa+Openloops (applicable at particle level)

=SS dipole shower (not resonaonce aware) = significant mismodelling

=YFS resummation (resonaonce aware) = valid approximation



V+jets

Wiz W/Z/~



N:‘T(PT,V>P%{?)'£

W/Z/~

NLO QCD for VHet @ 13 TeV

W/Z/~

— Z(vv)+ jet
Z(0T07)+ jet
W (lv)+ jet

— 7+ jet

| | |

H LZ £ = 3000 fb~ !

200 500

V+jets

V+jets Is crucial background

p Important/c
searches

)
)
)

ominant background for various BSM

(lepton(s) + jets + missing ET)

Dominant

Dominant

mportant

DAC

DAC

DAC

Kgrounc

Kgrounc

Kgrounc

in many DM searches: MET+X

for top physics (W+jets)

for Higgs physics, e.g.VH

p statistical uncertainty at the 1% level
forpllVz|-15TeV

p statistical uncertainty at the 10% level
forpllV =z 2 leV

) nccd to consider state of the art
higher-order corrections:

NNLO QCD + NNLO EW



Determine V+jets backgrounds: the DM case

do/dpTV

* hardly any systematics (just QED dressing)
* very precise at low p T
* but: limited statistics at large pT

global fit on(-'W)Jrjets,\/\/(—'IV)Jrjets and y-+jets
measurements

® {0 determine Z(—=VV)+jet

® and the visible channels at high-p T

* fairly large data samples at large pT
* systematics from transfer factors: ratios of V+jets processes

28



do/dpryv [pb/GeV]

do/donio QCD do/donto QCD

do/donLo ocp

(N)NLO QCD for V+4jet @ 13 TeV

104 = | | |

== LO
10/ —— NLO QCD
1078 =—— NNLO QCD

10 x W(lv)+ je

IIII|
1.2 | | I I|IIII| I

N|NLO: [Gehrmann-De Ridder, Gehr(nann, Glover, I—||uss, Morgan]
| I 1 1 | | L1
1.2 | | | | [T T

0.4 | | | | |

100 200 500 1000 3000
prv [GeV]

Pure QC

) uncertainties

d (v d

d d
Rl _ = ;) L 2,0 L9,
dr QCD dy LOQCD T 7,.“NLOQCD ' j,.“NNLOQCD

1
Ho = 5 (\/pgf’g-l—g + mg—kg— + Z |pT,i‘

i€{q,9,7}

|

this is a ‘good’ scale for V+jets

e at large pTV: HT'/2 = pTV

e modest higher-order corrections
e sufficient convergence

scale uncertainties due to 7-pt variations:

O(20%) uncertainties at LO
O(10%) uncertainties at NLO
O(5%) uncertainties at NNLO

with minor shape variations

ML et. al: 1705.04664]

How to correlate these

uncertainties across processes!
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do/dpry [pb/GeV]

do/doy o

0.6

0.4

D)

ure
pp = Z(— {707 )+ jet @ 13 TeV
= | I ‘ | | T 1T 1 %
~ /+]et E
- — LO -
= NLO EW E
] : e :

B KEW T 5( )KEW _:
: | I I | | | I I | :
107 103

prv [GeV]

-VWVW uncertainties

EVW corrections become sizeable
at large p1v:-30% @ | TeV

Origin: virtual EVW Sudakov logarithms

How to estimate corresponding pure EWV uncertainties
of relative O(a?)?
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’recise predictions forV+jet DM backgrounds [1705.04664]

work in collaboration with:

R. Boughezal, JM. Campell, A. Denner, S. Dittmaier, A. Huss, A. Gehrmann-De Ridder, 1. Gehrmann, N. Glover, S. Kallwelt,
M. L. Mangano, P Maierhéfer, I.A. Morgan, A. Mick, M. Schonherr, F. Petriello, S. Pozzorini, G. R Salam, C.Williams

* Combination of state-of-the-art predictions: (N)NLO QCD+(N)NLO EVW in order
to match (future) experimental sensitivities (|I-10% accuracy in the few hundred
GeV-TeV range)

one-dimensional reweighting of MC samples In = = p,(rv)

d wv_d v 4 v, d o, 4 v

with 1, 7TH = 1.9QCD + 1, Omix T - 20EW + dz 7 v—ind,
* Robust uncertainty estimates including * Prescription for correlation of these uncertainties
|.Pure QCD uncertainties » within a process (between low-pT and high-pT)
2.Pure EVV uncertainties b across processes

3.Mixed QCD-EW uncertainties
4.PDF, y-induced uncertainties ....
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Combined uncertainties on V+jets ratios
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Mw measurements (precision DY)

* Motivation: precise measurement of Mw = stringent test of SMI!

[S. Heinemeyer, FCC week 201 /]

80.50

M, [GeV]

80.40 |

| SM|M,, = 125.09 + 0.48 GeV SM, MSSM i

Heinemeyer, Hollik, Stockinger, Weiglein, Zeune 17

1 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
80.30 170 172 174 176 178

m, [GeV]




Mw measurements (precision DY)

* Motivation: precise measurement of Mw = stringent test of SMI!
* Method: template fits of sensitive CC DY distributions (pr.1, M7, Emiss)

200 . . . . . . . . 1.001 . . . . . . . T
180 | %x _ 28:2?2 ggX | AAJ\%VW;uQ) ﬁgg /
ol 1.0005 | AMy = 20 MeV
1 OT| 1 _ * Need to control shape effects at the sub-1% level
120 | | o005 | - * Normalization not relevant
100 + i .

ol T ol e Dominant effects;: OQCD ISR and QED FSR
60 r 0.9985 | LHC W+ 8 TeV .

40 ' LHC W+ 8 TeV R — Mw=80.398

o0 | | 0.998 Mw.i

0 charged-lepton transverse momen distribution 0.0075 | | | | | | | |

25 30 35 40 45 50 59 60 65 70 . 25 30 35 40 45 50 55 60 65 70

P [GeV] P [GeV]



200 : : :
My = 80.398 GeV
180 | My = 80.418 GeV
160 |
T,
)
120 t
0
o,
= 100 L 1
b~—1
SIS
80 |-
60 |-
40 ' LHC W+ 8 TeV
20 |-
0 charged-lepton transverse momen | ibution
25 30 35 40 45 50 55 60 65 70
Pl [GeV]
0.10
0.08
N
DY@NNLO+NGILL = o
~
R
=3
2 004
—
[Bizon et. al. ' 8] )
0.02
0.0
1.2
s 1.1
B 1.1
T 1.0
210
© 0.9
% 0.9
X 0.8
0.8

Mw measurements (precision DY)

* Motivation: precise measurement of Mw = stringent test of SMI!
* Method: template fits of sensitive CC DY distributions (pr.1, M7, Emiss)

1.001

1.0005 E

AMy = 2 MeV

0.9995 -
0.999 +
0.9985 F LHC W™ 8 TeV
_ Mw=80.398
0.998 + R= Mw,i
09975 1 1 1 1 1 1 1 1
25 30 35 40 45 50 55 60 65
P [GeV]
RadISH+NNLOJET
8 TeV, pp = Z(—= LT )+ X
B 1.6 < Y| < 2.0, 66 < My <116 GeV 7]
/‘ NNPDF3.0 (NNLO)
uncertainties with ugr, ur, Q variations
—
=S ]
#2=4 NNLO

T BZZ8 N3LL+NNLO
B2 NNLL-NLO

T Data

2

2 ) % 4 / '
0200205959 % 20595 %%
S ‘

OQUITOUITOUTIO U1OO

70

* Need to control shape effects at the sub-1% levell
* Normalization not relevant

 Dominant effects: QCD ISR and QED FSR

!

* Need to control W-p T spectrum at the sub-7% level
* |[dea: use measurement of Z-p T to control W-p T

* Problem: precision in transfer-factor has to match
experimental precision
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Mw measurements (precision DY)

* Motivation: precise measurement of Mw = stringent test of SMI!
* Method: template fits of sensitive CC DY distributions (pr.1, M7, Emiss)

LHC W+ 8 TeV

charged-lepton transverse momen

My = 80.398 GeV

My = 80.418 GeV

25 30 35 40

45 50
Pl [GeV]

Mmixed QCDx

seems to

D€ U

csood con

rol!

nder

1.001

1.0005 E
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0.999
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6reI

R — Mw=80.398

LHC W 8 TeV

Mw,;

0.1_ T T T T

0.08
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0.021

-0.02

-0.04

- 0.5t
0.08 36 37 38 39 40 41 42 43 44
-0 1_ L0
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Pl [GeV]

-0.06F o0q
0.04

T | T T T T | T T T T
W — uv LHC

" . -= QED FSR + mixed EW-QCD

e, *—-13%

4+~ QED FSR + mixed QED-QCD 1

001, i Thegete 3 tegngata ]

25 30 35 40 45

pl! (GeV)

50

AMy =2 MeV — /

* Need to control shape effects at the sub-1% levell

—p * Normalization not relevant

 Dominant effects: QCD ISR and QED FSR

Voo

* new (resonance aware) POWRHEG generators:

NLO+PS QCDXxEWV for CC/NC DY
€ -« simultaneously QED and QCD radiation thanks
to multiplicative matching in POWHEG

[Calame, Chiesa, Martinez, Montagna, Nicrosini, Piccinini, Vicini;"| 6]
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Rare EVV processes

*direct access to quartic EVV gauge couplings

*VBS: longitudinal gauge bosons at high energies

*window to electroweak symmetry

Triboson

breaking via off-shell Higgs exchange

37/



VBS

Note: severe QCD background to VBS signatures + interference:

VS.

do = do(asa?) + do(aga®) + do(a®) + ...

QC

D-background

iNnterference

V

3S-signal

LO
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VBS

Note: severe QCD background to VBS signatures + interference:

W VS.

do = do(asa?) + do(aga®) + do(a®) + ...

QC

D-background

o +do(aa

interterence VBS-signal

Y+ do(aga®) + do(aga®) + o(a’)

LO

NLO
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VBS

Note: severe QCD background to VBS signatures + interference:

T
. ha ha g
do = do(asa?) + do(aga®) + do(a

QCD- background&Nnterference < @NS signal

-+ do(aa) +d0 (aza’) + do(asa®)

“NLO QCD” “‘NLO Ew”  "NLO QCD™  "NLO EW”

LO

NLO
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VBS

Note: severe QCD background to VBS signatures + interference:

L

g

W v/ Z w
g W
W,
123

do = do(asa?) + do(aga®) + do(a

QC

D-background QnterfereN VBS-signal
O(as)

-+ do(ata’) + do(aga®) + do(asa®) + o(a’)

“NLO QCD” “‘NLO Ew”  "NLO QCD™  "NLO EW”

= separation meaningless at NLO

LO

NLO



0 [%]

VBS:W+W+*+2jets @ full NLO

[Biedermann, Denner, Pellen " 6+ /]

_—|_|—I—-—|_|_|_|—|_I—I_|—l_|_.__|—:
oo photon @’  _
100 200 300 400 500 600 700 800
pru- [GeV]

2 — 6 particles at NLO EW !

NLO corrections dominated by &/

Order O(a’) O (asal) O(ata’) O(asat) Sum
ooNLO |fb] —0.2169(3) | —0.0568(5) | —0.00032(13) | —0.0063(4) || —0.2804(7)
50‘NLQ/O‘LQ [%] —13.2 —3.5 0.0 —0.4 —17.1

with M;; > 500 GeV, pr; > 30GeV, pr > 20 GeV,
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1

N(M,;; > M%) @ 3ab™

1010

10

10°

sl E | | ~ NLO QCD ?
b e R R i S - mt ._._.1_73 3 GOV
107 : : : : : H = HT/4
E : | : CT14 PDFs |
108 |
10° e —— A ....... A ............. -
104 e A A e mmim = mm = = s = o R ...... A .............. -
| IOOO events | g g
1037-- : T S B
102 1_0_0 _.C‘_"Cpt_s _______ S S j—ﬂ-\: _____
101! :_._._._é._A_._._A_E._._ _19 EV_"E*: _______ - _A_._._A_g.._._A___A_i_._ —_—— ]
N S R R N levent . . = -

Precision lop physics

q

]

Top palr productlon at. the HL LHC 14 TeV

|
1000

!
2000

|
3000

| | |
4000 5000 6000 7000 8000

M él{xt (GeV]

* |-10% precision for My=5000-6000 GeV

N (pr(t) > Pl @ 3ab™!

=~

(M. Zaro, HL/HE LHC workshop, June 201 8]
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S
o
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10° |

108F .

10% |
10|
10}

10° |

Top palr productlon at the HL- LHC 14 TeV
| | ' ~ NLO QCD |
3 mt = 173.3 GeV
AR N N S S ST S p=Mrg/2

CT14 PDFs |
P IOOO events s 7
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o tevemt T i
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| 1 | | 1
0 500 1000 1500 2000 2500

p’.tl",cut [GeV]

|
3000

3500

400(

* |-10% precision for pT1px=2000-2500 GeV
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Precision lop physics

* |-10% precision for My=5000-6000 GeV * |-10% precision for p T1x=2000-2500 GeV
NINLO+NNLL" for top-pair production  [Czakon et.al,’18]

@) — ; : :
(=Y i N N N N N > ——_ s s NNLO+NNLL' (. = m./2
L N B /////////////// Y e S ;___/////(;...NN.L@;“ ________ mT/(;)”‘T ...... 3
ol ;//5////// =AY Dt N Do S NN T
isaisiatl LUl / ///////// Soel . - m=1733GeV.
e e R S0 T HC 13 Tev
- | | : | KSR T A SR NSRS SR S I S— T S
0.8l - 3 zl? - — §
B : : L - O— S — _ ..................
L oS
E : NNLO (M M/2) | = | | | | | | ]
0.6 i @) 1056’ -
7 NNLO NNLL( nn/) S T
s W o .+ | = 2| ‘ &3 1.00;7///////// 777

. /////////A//// WA /////////i}};)}};;;/’ ”””””

e o oss | /////////?////
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ks ”””ZZW e IOl DR U I N DS DU B
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500 1000 1500 2000 2500 3000 3500 P
M, (GeV)

emost relevant hard scale is not M+t itself but rather Hr *remalining scale uncertainties in the tall at the level of 5-10%

*remalining scale uncertainties at the level of 5%

NNLO+NNLL/NNLO

T,avt



Precision lop physics

* |-10% precision for My=5000-6000 GeV * |-10% precision for p T1x=2000-2500 GeV
MEPS@NLO QCD+EW.it O,1)jets merged  [Gutschow, JML Schonherr 1 8]

pp — tE+0,1(,2,3,4) jets at 13 TeV pp — tt+0,1(,2,3,4) jets at 13 TeV
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lop-mass

reconstruction using analytical distributions
derived from simulated samples
CMS Dilepton, 19.7 fb™ (8 TeV)
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[1509.04044]

Pole top mass M; in GeV

168 i e e e 1 e +
120 122 124 126 128 130 %ﬂﬂ#ﬁéﬁ%fw{%f%’%ﬂmﬁ’W%}W%

HiggspolemaSSMhinGeV o5 b b b b b by
100 150 200 250 300 350 400 450

MAMWT [GeV]

mtop = 1/72.82 £ 0.19 (stat) £ .22 (syst) GeV

Data/MC

eprecise value of top mass crucial for stability *kinematic measurements strongly rely on MC modelling!
of EW vacuum *these are based on on-shell tt production @ NLO + LO decays
*what about NLO in decay and off-shell effects’
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do/dm,, [pb/GeV]

do / doypae

Reconstructed top-quark mass at NLO+PS

Different level of precision in top decays:

10-1 L e it deCa}i TN [JeZo, IML, Nason, Oleari, Pozzorini; "1 6]
| /. 1 :

<\ \

—/"

b
P
W+
-
p
b
b
o ¢ W
h |7.%
D t
b
b
P
t
pm
b

. [Campbell, Ellis, Nason, Re; " 5]
1.2 : l l : W [Frixione, Nason, Ridolfi; '07/]
! -
10— S
TS ——
0.8 1 | | | | i
150 160 170 180 190 200

My, |GeV]

* significant shape distortions around resonance with respect to on-shell ¢¢ calculation
* very relevant for top mass determination
% average my ;. roughly 500 MeV smaller in on-shell¢ (in £30 GeV around mtop)

e very good agreement (mostly <5%) level between bb4¢ and tt & decay
4 average myy ;, roughly 100 MeV smaller in tt®decay (in £30 GeV around mtop)
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4FS

Interplay between top-pair and Wt single-top production

v, W vy,
b W™ Ho - Ho
g < b g b
Wi T same finale state!

* unified treatment of top-pair and Wt including interference
* Wt enhanced in phase-space regions where one b becomes unresolved/vetoed
* requires off-shell WWWbb calculation (with massive b’s)

aal X M AT
MC@NLO

MadGraph5_a

same finale state! 0°F W atthe LHCI3 . LO :
g ¢ b g b 5FS (N)LO+PYTHIAS NLO DRI
5FS M o M oo v o
+ B oo b NLODS2 |
N LO t A W Ze A w ;e % " _E' [Demartin et. al; " 6]
18 W M /E@" f'=
) b W™ I i Ho E 10° =

g < b & b E SFS _I
* NLO corrections to Wt swamped by LO tt+decay o' ¢ mig
* requires ad-hoc subtraction prescription: DRI, DRII, DSI, DS 200 | NLOWPYS/LOWPYS withjne.bands = sl S
, , 1.50 F — 3
e NLO=+PS for Wt available In MC@N LO [Frixione, et. al; '08], 100 | B
POWHEG [Re;’1 1] and Madgraph_aMC@NLO [Demartin et al; ‘1 6] 0 100 200 300 40

pr(p,1) [GeV]
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[1/GeV]

minimax

bl

do

Model/Data

Odm

| | | | | | | | | | | | | | | | | | |
, ’“w - | Data, stat. uncertainty mzn{}mmax = min{max(mp, ¢,, Mp,¢, ), max(mp, ¢,, Mp,¢, ) }
10 = Full uncertainty =
- "y * Powheg+Pythia8 I'vIvbb :
- W, % Powheg+Pythia8 ti+tW (DR) -
a3l e t PowhegsPynia8HW(S) — | egzeable tI-WT Interference expected for large mpminimax
10 7 E A MG5_aMC+Pythia8 tt+tW (DR2) =
i Wi -
i * 1 every good data vs. off-shell 4FS agreement
A
1 0_4 — x‘tx‘;\' =
b ju=. i 1 *DRvs. DS yields conservative uncertainty estimate
| ) § _
- ATLAS P
5 (s=13 TeV, 36.1 fb’ S
107E pp — ITbb+X -
B 1 1 1 | 1 1 1 1 1 1 1 1 1 1 1 1 1 | :
i $ 3 :
| ... %**ﬁ 0, S T S R R —— |
15,&‘ Xk A’hx}‘x‘tx‘t j: ‘A * ‘k :
O = | | | | | | | | | | | A | | s
0 100 200 300 400

Interplay between top-pair and Wt single-top production

[CERN-EP-2018-087]

mg;inimax [GeV]
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JTop-pair: off-shell NLO

— NLOEW
—=— photon A

15
glO—
w 5+
O L i

il e e i — L

168 170 172 174 176 178

M;[GeV]

e O(2-5%) around top resonance
e possible relevance for top mass
measurements

(*) also: pp = bb etvepu~vyH [Denner, Lang, Pellen, Uccirati;' | 6]

180

[Denner, Pellen; "1 6]

echnical challenge: full 2 =6 process, i.e. pp = bb etvep—v, @ NLO EW (¥)

-W

10 I I I I I I I
5+ i
._I_I - = = = - . .
s 0 — e typical Sudakov behaviour
© S 1 0O(10%) for pT,t = 800 GeV
-10 NLO EW _
5 — photorll | | |
) 160 200 300 460 500 660 760 SbO
0 A—f————o— — —r———= 1
R - ! e LO non-resonant:
Q i _'—'—I—-—._._|_|_.
% S . Lo 5% for pT,t = 800 GeV
—o— LOWW PT ¢
10 «  NLOW ’ \
-15 L NLOWW 1 1 1 1 1 \
0 100 200 300 400 500 600 700 800 N pole approximations/full
10
5| ® Non-resonant configurations
S 0 p——p————— i~ important in various observables!
o 5[ i PT. i~ et —o—Loww | e well described by WWbb
-10 F ? - - -
-« L —— NLOWW|  approximation

300 400 500 600 700 800
PT.u—et [GeV]
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Rare top processes

1.6
1.2

0.8

tttt, 13 TeV LO, <

Ratios over LO+ LO; o

p=H+/4 LO, ¢
LOs

0.4 -

NLO1 -

NLO3 -

MadGraph5_aMC@NLO

2000
M(tttt) [GeV]

Motivation:

* Constraining top-quark flavour violation [ 1804.05598]

* Constraining qgtt operators [ | /08.05928

* Higgs width and top quark Yukawa coupling [1602.01934]

[Frederix, Pagani, Zaro; | /]

S (0 ) = 4Ztttt +ad aztttt e aQEtttt +ad aztttt n O/thttt
= 21,0, T 210, + 203 + 210, + 2105 -
titt Litt 1y titt 2 \tEtE it ANntTtE tit?
YNto(as, ) = 5250 + ato Y] + alo Ygo +a a3253 + aio Yy +a E

= XNLO; + 2NLO, + 2NLO; + 2NLO, + 2NLOs + 2NLOg -

*Sizeable (accidental) cancellation between different LO and NLO orders
e calculation of only part of the complete-NLO results would be misleading
* cancellation could be spiked by BSM effects



N

g

Conclusions

SM is In excellent shape

n-precision (Theo + Exp) allows to push limits to unprecedented levels (LHC completes LEP)

N\

LO OC

D + NLO EW is the new standard:VV,V+ets, dijets, tt, HV,VBF

-xplore the unknown: tail, tails, tails!!

Possible technical developments towards HL/HE-

* NNLO QCD + PS

New theoretical, mathematical, and ? * PS matChiﬂg and mu‘ti‘jet mel’giﬂg @ NLO QC

computational concepts

« NNLO QCD for 2—3(4)
« NNLO QCDxFW & NNLO EW
« N3LO QCD for 22

precision for HL/HE-LHC

LHC

D+EW
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do/dodyes do /dpt [pb/GeV]

da/dag%%

nclusive V: M

pp — ¢ v+ 1j @13 TeV pp — ¢ 7+0,1,2] @13 TeV

10° |
r 10

1073 §

1073

do/dpry [pb/GeV]

1076 |

ok LO
107 |k wassz NLO QCD

f mm NLO QCD+EW
10-15 : —— NLO QCDxEW : 1079

MEPS@LO

= MEPS@NLO QCD
—— MEPS@NLO QCD+EW
— MEPS@NLO QCD+EWy;;t w.o. LO mix

‘\/\v{-

1.8 pPOW

do/ dagég

\ ‘\ H'II\ T \‘ FT ‘\ T ‘\ T ‘H \ HHHH‘ \HHHTFWWFWWW‘ HHHH‘ HHHH‘ HHHH‘ [T

| I J | ; ; l [ | |
go 100 2%)0 500 1000 20b0£
PT,V [GeVi

do/ dag}:g

50 100 200 500 1000 2000 = I | I R |
pr [GeV] 50 100 200 500 1000 2000

PT [GeV] i (e
[S. Kallweit, IML, P. Maierhofer, M. Schonherr, S. Pozzorini,“1 4+°1 5]

PS@NLO QCD+EW,irt

» Bases on Sherpa’s standard
MEPS@NLO

» Stable NLO QCD+EW
predictions In all of the

phase-space. ..

» ...Including Parton-Shower
effects.

» Can directly be used by the
experimental collaborations

» prv : MEPS@NLO QCD+EW
N agreement with
QCDXEW (fixed-order)

» DTl

* merging ensures stable results
(dijet topology at LO)

* compensation between
negative Sudakov and LO mix



Z(— L7047 )Het / W(— e 1) +jet

do/dot©

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

0.1

1.8
1.6
1.4
1.2

0.8

0.4
0.2

How to correlate QC

pp = ete jvs. pp — e 7j @ 13 TeV

Z+jet/W+jet LO (uncorrelated errors)

L

10

2

103
prv [GeV]

D uncertainties across processes!

consider Z+jet / W+jet prv-ratio @ LO

uncorrelated treatment yields
O(40%) uncertainties
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Z(— L7047 )Het / W(— e 1) +jet

do/dot©

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

0.1

1.8
1.6
1.4
1.2

0.8

0.4
0.2

pp = ete jvs. pp — e 7j @ 13 TeV

How to correlate QC

D uncertainties across processes!

Z+jet/W+jet LO (uncorrelated errors)
Z+jet/W+et LO (correlated errors)

10

2

103

prv [GeV]

consider Z+jet / W+jet prv-ratio @ LO

uncorrelated treatment yields
O(40%) uncertainties

correlated treatment yields tiny
O(<~ 19) uncertainties

[1705.04664]
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Z(— L0 )+jet / W(— e~ 7) +Het

do/dot©

How to correlate QCD uncertainties across processes?

pp = ete jvs. pp — e 7j @ 13 TeV

B
Z+jet/W+jet LO (uncorrelated errors)
Z+jet/W+jet LO (correlated errors)
Z+jet/W-+et NLO QCD

consider Z+jet / W+jet prv-ratio @ LO

uncorrelated treatment yields
O(40%) uncertainties

correlated treatment yields tiny
O(<~ 19) uncertainties

check against NLO QCD!

NLO QCD corrections remarkably flat
in Z+jet / W+jet ratio!

— supports correlated treatment of
uncertainties!

H

10

103
prv [GeV]

[1705.04664]

S/



Z(— L0 )+jet / W(— e~ 7) +Het

do/dot©

How to correlate QC

pp = ete jvs. pp — e 7j @ 13 TeV

D uncertainties across processes!

Z+jet/W+jet LO (uncorrelated errors)
Z+jet/W+jet LO (correlated errors)

Z+jet/W-+et NLO QCD

Z+2 jets/W+2 jets LO
Z+3 jets/W+3 jets LO

consider Z+

NLO QCD

10

prv [GeV]

et / Wjet prv-ratio @ LO

uncorrelated treatment yields
O(40%) uncertainties

correlated treatment yields tiny
O(<~ 19) uncertainties

check against NLO QCD!

corrections remarkably flat

in Z+jet / W+jet ratio!
— supports correlated treatment of
uncertainties!

Also holds for higher jet-multiplicities
— Indication of correlation also In

hisher-order corrections beyond NLO!

[1705.04664]
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How to correlate these uncertainties across processes!?

* take scale uncertainties as fully correlatea:
NLO QCD uncertainties cancel at the <~ | % level

Z(0T 07 )+ jet / W(lv)+ jet

R/RNLO QcD

0.2

0.18

0.16

0.14

0.12

0.1

0.08

0.06

1.05

1.0

0.9

QCD uncertainties: ratios

pp —Z({T47)+jet / pp =W (Lv)+ jet @ 13 TeV

b,

\

— LO
NLO QCD

:_' I I I [ | [ [ [ [ | [
: | | | | | | | :
100 200 500 1000 3000
prv [GeV]

Z(0T07)+ jet / v+ jet

R/RNLO QcD

o
o)
o

0.05

0.04

0.03

0.02

0.01

=
- o
o U1
IIII||||||IIII|IIII

o
Ne
G

o
N

pp = Z({T 07 )+ jet / pp =7+ jet @ 13 TeV

o~

/

LO
NLO QCD

100

200 500 1000
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QC

D) uncertainties: ratios

How to correlate these uncertainties across processes!?

* take scale uncertainties as fully correlatea:
NLO QCD uncertainties cancel at the <~ | % level

* Introduce process correlation uncertainty based on K-factor difference:  §Knio = K¥1.o — K& o
—reffectively degrades precision of last calculated order

Z(0T )+ jet / W(lv)+ jet

R/RNLO ocD

0.2

0.18

0.16

0.14

0.12

0.1

0.08

0.06

1.05

1.0

0.95

0.9

pp —Z({T47)+jet / pp =W (Lv)+ jet @ 13 TeV

:_I | | I I | I T | _:
T E
- — 1O -
- Z / W NLOQCD -
E—| | | | | | | || | | | —E
- I | | I I | I T | I .
E | | | | I E
100 200 500 1000 3000
pr,v [GeV]
0<2%

Z(0Te )+ jet / v+ jet

R/RNLO QcD

0.06

0.05

0.04

0.03

0.02

0.01

1.05

1.0

0.95

0.9

pp = Z({T0 )+ jet / pp =7+ jet @ 13 TeV

B

/

— LO

/ / X NLO QCD

| | | | | [ E
100 200 500 1000 3000
pr,v [GeV]
0 < 3-4 %
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QC

D) uncertainties: ratios

How to correlate these uncertainties across processes!?

* take scale uncertainties as fully correlatea:

NLO QCD uncertainties cancel at the <~ | % level
* Introduce process correlation uncertainty based on K-factor difference:

—reffectively degrades precision of last calculated order

0.2

0.18

0.16

0.14

0.12

Z(0T 07 )+ jet / W(lv)+ jet

0.1

0.08

0.06

1.05

1.0

R/RNLO QcD

0.95

0.9

pp —Z({T47)+jet / pp =W (Lv)+ jet @ 13 TeV

— LO

NLO QCD
— NNLO QCD

0.06

0.05

0.04

Z(0Te )+ jet / v+ jet

0.03

0.02

0.01

III|IIII__|_III|III|III|II|III|III|III|I

|

1.05

1.0

R/RNLO QcD

0.95

100 200 1000

0.9
3000

prv [GeV]

pp = Z({T0 )+ jet / pp =7+ jet @ 13 TeV

.

3 — 0
i /1Y oo

?

500

I N
1000

100 200

prv [GeV]

check against NNLO QCD!

dKxLo = Ko — Ko

3000



QCD uncertainties: ratios

How to correlate these uncertainties across processes!?

* take scale uncertainties as fully correlated:
NLO QCD uncertainties cancel at the <~ | % level

* introduce process correlation uncertainty based on K-factor difference:  §Knnro = Knwo — K&onwo
—reffectively degrades precision of last calculated order

pp = Z({T07 )+ jet / pp =W (4v)+ jet @ 13 TeV pp = Z({T07)+ jet / pp =7+ jet @ 13 TeV
-'Q-)’ B I | | I I | I I [T | I 7] -|q—‘) E I | | I I | I I [T | E
— 0.2 [ — — - .
+ N ] + 0.06 [— —]
§ 0.18 - - & - -
2 016 R =
™~ - + - i
B 0.14 [ = R s .
) . ~ - ]
i 0.12 — — g 0.03 QCF’_ =
o N — LO ] N = LO ]
S A AVAV, NLOQCD 0.02 Z/X NLOQCD
N 008 === NNLO QCD - - === NNLO QCD -
: - : 0.01 — —]
. 6 _—| | | | | | | | [ | | —_ EI | | | | | | [ | | E
0.0 - [ | | [ [ | [ 11 | [ . - [ | '-I [ [ | [ 11 | [ -
§1 05 ;— _I_,_rrII g 1.05 ;— [ _;
o ey 5 o : I:l o T -
E 10—+ . E 1.0 = -
Z - m & - i
~ o ] ~ - N
< 0.95 [ ] r< 0.95 —
0.9 | N . 0.9 £ | I .
100 200 500 1000 3000 100 200 500 1000 3000
prv [GeV] prv [GeV]

Uncertainty estimates at NNLO QCD



do/dor o

pp —Z(— €747 )+ jet @ 13 TeV

= | T 1T ‘ | | | I ﬁz
- /+]et N
- —1o - -
= NLOEw  a(L”+L7) E
= —— Sudakovnio =
%_ | | [ | | | | | | | | | | | | |

] | T T ‘ | | | | I ‘ | ]
- | I Y | | I O | :

102 103
prv [GeV]

Pure EVW uncertainties

Large EW corrections dominated by Sudakov logs

ML et al: 1 705.04664]
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do/dor o

0.6

0.4

pp —Z(— LT )+ jet @ 13 TeV

ure

= NLO EW + SudakovnNiO ——

Sya

"nNLO EW”

KEw —— 5<1)KEW

= =
~ /+]et E
= NLOEw (L™ +L7) E
; Sudakovaio « o2(L* + L7 =

/)p

/

10

RNLO EW (§7 {5)

1)

VAP

RKNNLO Sud(

103
prv |

>
=

Q1 (1) (1) |
- 25 5
T { hard T Sud_

— (g)2 5éi)d

T

-VWVW uncertainties

Large EW corrections dominated by Sudakov logs

v

Uncertainty estimate of (N)NLO EW from naive

exponentiation x 2:

9 k
5(1)/<;Ew ~ 7l (%NLO,EW)

v

check against two-loop Sudakov logs
[KUhn, Kulesza, Pozzorini, Schulze; 05-07]

+ additional uncertainties for
hard non-log NNLO EW effects

(correlated)

(uncorrelated)

ML et. al. 1705.04664]
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dU’/de,V [pb/GeV]

dU/dO'NLO QCD

D-EVW uncertainties

Given QCD and EW corrections are sizeable, also mixed QCD-

2
é Additive combination

EW uncertainties of relative O(as ) have to be considered.

NLO _ LO NLO NLO
OQCD+EW = 0 +00Q¢D T 00Ew

(no O(aayg) contributions)

Multiplicative combination

TQCDxEW — 9QCD LO

pp —Z(— 147 )+ jet @ 13 TeV

?ﬁ_l I ‘ | | | [T

= LO

3 —— NLO QCD

= NLO QCD&EW

= == NLO QCD®EW

= _—

%——I——=_

i_ | I | I ‘ _i

NLO
NLO NLO (1 , 00 Rv >
|

(try to capture some O(aurg) contributions,
e.g. EW Sudakov logs X soft QCD)

Difference between these two approaches indicates
size of missine mixed EW-OCD corrections.

KQCD@EW — KQCD@EW ~ 10% atl1TeV

10

103

prv [GeV]

Too conservativel?

For dominant Sudakov EW logarithms factorization should be exact!



103

doro/dpr v [pb/GeV]

KNLOEW
©)
(V)

Vi
KNLOEW ~ *NLOEW
@)

Vjj

-0.1

Mixed QC

pp —Z({1T07)+ jets @ 13 TeV

= =
; I I [ [ [ [ [ [ [ | | E
3 =~
i_l | ' ' | ] | _i
- I ! ! IR ! E
- —— full NLO EW .
- — without QCD-EW interference in V4 —]
__' | oL =
102 103
prv [GeV]

D-EVW uncertainties

Bold estimate:;

Consider real O(aa;) correction to V+jet
=~ NLO EW toV+2jets

and we observe

(correlated)

donLo EW donLo EW <1y
doro |v+2jet doro |v4+ijet
strong support for
» factorization
* multiplicative QCD x EW combination
Estimate of non-factorising contributions
5Kfn‘12(x) = 0.1 [Kf(r?,@(%ﬁo) — K&*‘Q@(x»ﬁo)}

(tuned to cover above difference of EVW K-factors )



Top-free W*W- definitions

+40% NLO +400% NNLO
e N e N

Huge Wt and ¢t contamination from W*™W b and W  bb
o intimately connected with W W~ through g — bb singularities

. . . . L N)NL
@ top subtraction tricky and not unique = theoretical ambiguity In 0‘(/[/‘),‘/ ©

g b b
M ot U,
ta W ge 'LL_
W~ Y e"

- /L_ Ve

g ‘ b b

Definition A: veto b-quark emissions in 4F scheme (m; > 0)

o = In(mp/Mw) terms might jeopardize NNLO accuracy! o,

pp - WTW~+X @ 8 TeV

290 +
280

Definition B: top-resonance fit in 5F-scheme (m; = 0) ol
Jim of (6T = &7 [0 + € ol 6 ol s
= for inclusive a%%o only 1-2% ambiguity (A vs B) 2080 — 'tt_i
T, /TP
Relevant issue for percent-precision tests of W1 WW ™~ physics! ... Relation to oty ?

6/



