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Status quo of particle phenomenology
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Standard Model carved in stone ??
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Standard Model Production Cross Section Measurements

Status: July 2017
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Good overall agreement between theory & experiment
(+similar results from CMS)
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LHC physics — where do we stand ?
* many analyses of SM particles
* Higgs precision physics
* new channels investigated, e.g. WW™ = WTWT B — uu
* searches for new particles (SUSY + more) generically pushed to M 2 1 TeV

= SM in better shape than ever
New physics (if in reach) hides in small and subtle effects !

LHC run 2 and beyond — mission and prospects

* centre-of mass energy 13—14 TeV
— energy reach extends deeper into TeV range

e integrated LHC luminosity will reach ~ 100 fb~* per exp. at run 2
<— many measurements at several-% level

e some 1000 fb~* at high-luminosity LHC ?

= High precision needed from theory

This talk:  (topical+incomplete!) review of recent developments at the precision frontier
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.. weak gauge-boson production
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Structure of precision calculations

Stefan Dittmaier, Towards Electroweak Precision at the LHC DESY Colloquium, Hamburg, Dec 19, 2017 -6



soft

lllustration of "*hard"™ and

parts in an event simulation
(designed by Sherpa)
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soft

lllustration of "*hard"™ and

parts in an event simulation
(designed by Sherpa)

Hard partonic scattering
— perturbative part
= subject of this talk
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soft

lllustration of "*hard"™ and

parts in an event simulation
(designed by Sherpa)

fragmentation after parton shower
— HERWIG, PYTHIA, SHERPA

e @
e -°
".»;\;- Hard partonic scattering
— — perturbative part
O . :
.Q\": = subject of this talk
PDF

oo ¢ | . . .
i @, .ﬂ * underlying event, multi-parton interactions
— HERWIG, PYTHIA, SHERPA
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Perturbative predictions for particle processes

LO cross sections
— stable particles
— partonic final states
P W
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Perturbative predictions for particle processes

LO cross sections
— stable particles
— partonic final states
P 1%

.

LO improvements

— particle decays

— off-shell contributions

— universal corrections W
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Perturbative predictions for particle processes

LO cross sections
— stable particles
— partonic final states

.

LO improvements
— particle decays

— off-shell contributions
— universal corrections

NLO cross sections

— QCD+EW corrections

— hard jets / LO Jet structure
— ~ radiation

s
prad
B
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Perturbative predictions for particle processes

LO cross sections
— stable particles
— partonic final states

.

LO improvements
— particle decays

— off-shell contributions
— universal corrections

NLO cross sections

— QCD+EW corrections

— hard jets / LO Jet structure
— ~ radiation

NNLO cross sections

— QCD (+EW?) corrections

— QCD x EW corrections

— more hard jets / NLO jet structure
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Perturbative predictions for particle processes

LO cross sections
— stable particles
— partonic final states

.

LO improvements
— particle decays

— off-shell contributions
— universal corrections

NLO cross sections

— QCD+EW corrections

— hard jets / LO Jet structure
— ~ radiation

NNLO cross sections

— QCD (+EW?) corrections

— QCD x EW corrections

— more hard jets / NLO jet structure

.

Analyt. QCD resummations
— reduced scale dependence

— elimination of perturb. artifacts

— for special observables
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Perturbative predictions for particle processes

LO cross sections
— stable particles
— partonic final states

.

LO improvements
— particle decays

— off-shell contributions
— universal corrections

NLO cross sections

— QCD+EW corrections

— hard jets / LO Jet structure
— ~ radiation

NNLO cross sections

— QCD (+EW?) corrections

— QCD x EW corrections

— more hard jets / NLO jet structure

.

Analyt. QCD resummations
— reduced scale dependence

— elimination of perturb. artifacts

— for special observables

v

Precise pseudo-observables
o, dO‘/dX, M, T, AFB, etc.
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Perturbative predictions for particle processes

LO cross sections
— stable particles
— partonic final states

.

LO improvements
— particle decays

— off-shell contributions
— universal corrections

NLO cross sections

— QCD+EW corrections

— hard jets / LO Jet structure
— ~ radiation

NNLO cross sections

— QCD (+EW?) corrections

— QCD x EW corrections

— more hard jets / NLO jet structure

.

Analyt. QCD resummations

— reduced scale dependence . !
— elimination of perturb. artifacts LHC = “Long and Hard Calculations”  (T.Binoth)

— for special observables

v

Precise pseudo-observables
o, dO'/dX, M, T, AFB, etc.
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QCD corrections — issues and state of the art

* NLO:
widely automated (2 — 4 standard, 2 — 5, 6 for selected processes)
— BlackHat, GoSam, HELAC-NLO, MadGraph5 aMC@NLO, NJet, OpenLoops, Recola, Sherpa, ...

* NLO PS merging and ME matching:
widely automated — (a)MC@NLO, FxFx, MiNLO, POWHEG, Sherpa, ...

* NNLO:
more & more differential results for 2 — 2 processes:
vy, tt, W, Zry, WW, WZ, ZZ, W + jet, Z + jet, H + jet, 2jets, ...

Boughezal et al., Catani et al., Czakon et al., Cascioli et al., Gehrmann et al.,
Glover et al., Grazzini et al., Melnikov et al. ...’11-

* NNLO PS:
first results in Drell-Yan, gg — H, Higgs-strahlung
< Geneva, MiNLO, NNLOPS, UNNLOPS

* NNNLO:

total gg — H cross section Anastasiou et al. '13—'16

* analytical resummations:
a whole industry, different methods for dedicated limits, results for many procs.
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Features of EW corrections

Relevance and size of EW corrections
generic size O(a) ~ O(a?) suggests NLO EW ~ NNLO QCD
but systematic enhancements possible, e.g.

* by photon emission
— kinematical effects, mass-singular log’s « « In(m, /Q) for bare muons, etc.

* at high energies
< EW Sudakov log’s o (a/s% ) In*(Mw /Q) and subleading log’s

EW corrections to PDFs at hadron colliders
induced by factorization of collinear initial-state singularities, new: photon PDF

Instability of W and Z bosons

* realistic observables have to be defined via decay products (leptons, ~’s, jets)
* off-shell effects ~ O(I'/M) ~ O(«a) are part of the NLO EW corrections

Combining QCD and EW corrections in predictions

* how to merge QCD and EW results with a proper error estimate
* reweighting procedures in MC’s

Stefan Dittmaier, Towards Electroweak Precision at the LHC DESY Colloquium, Hamburg, Dec 19, 2017 — 10



More precision in

... parton distribution functions
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Electroweak effects in PDFs

Collinear splittings ¢ — ¢, v — qg lead to quark mass singularities

* absorption of o ln m, singularities via factorization into redefined PDFs
— O(«) corrections in DGLAP evolution  (evaluate, e.g., with APFEL, Bertone et al. '13)

* O(«a) corrections to all PDFs
— typical impact: A(PDF) < 0.3% (1%) for = < 0.1 (0.4), fifacs ~ Mw

2
Qq
Qs
— inelastic (p breaks up) + elastic (p remains intact) contributions

e photon PDF ~ x gluon PDF ~ 107% x gluon PDF
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PDF sets with O(«) effects and ~vPDF:

* MRSTQEDO4 Martin et al. [MRST collaboration] ‘04
— only inelastic vPDF from model, A, ~ 20% (z ~ 0.01-0.1)

NNPDF2.3/3.0QED pgji et al. [NNPDF collaboration] 13,14
— inelastic+elastic fitted to high-mass Drell-Yan data, A, ~ 20—100%

CT14QEDINC  schmidt et al. [CTEQ collaboration] *15
< inelastic from model + fit to DIS data, elastic from Weizsacker—Williams
A, ~ 5-10%

LUqud Manohar et al. '16,17
— inelastic+elastic derived from proton structure functions and formfactors
Ay~ 1-2% Breakthrough!

~PDF determinations not available via LHAPDF by
Harland-Lang et al. '16; xFitter (Giuli et al.) "17
— model for inelastic-+elastic fitted to high-mass Drell-Yan data, AX™* ~ 30%
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LUXqed photon PDF from DIS structure functions \,. o1 16

/ k k' I
v Heavy, neutral toy lepton L with mass M > M,
p ﬁint = gZO'MVFW/K
X
Parton model cross section: rs = M?, Q% = —(k—K')?

Y S oL
q

dz x xs
/ — —fq x MF) [zp»yq(z)ln (—2> —|—]}
HE
~ inclusive hadronic cross section parametrized by hadronic tensor W*"":
d*k’

rtix % 9 [ o L (k) W (0 ) 8K = A%

Ve

= —gh' Fi (2, Q%) + prTF (z,Q?)
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LUXqed photon PDF from DIS structure functions \,. o1 16
k k'

£ L

v Heavy, neutral toy lepton L with mass M > M,

p Eint = gZO'MVFIUJVK
X

= f, interms of structure functions /> and F1, = I% — 2z /7!

xfﬂy(x’,u% _ L 1 % {/;ﬂ... dQ2 Oz(Q2)2 |:(Zp'yq(z) +...)F2(£,Q2) . ZQFL(EaQQ)}

2o Jp Z Q> z
x
_a(MQ)QZQFQ(;a,LLQ)}

Integral directly evaluated from data!

10 E

low Q2 continuum
region (Hermes GD11-P)
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LUXqged versus other photon PDF variants:

Manohar et al. '16

1.2  CT14qged_inc (0,11)
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m—— — LUXQged error band
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Photon-induced channels in LHC processes
* Significant in high-mass Drell-Yan production
* Potential impact in all W production processes
* ¢ contributions typically reduced by jet veto

An extreme example: pp(qy) > WWW + X S.D., Huss, Knippen 17

| ' | ' ' |
NNPDF3.0QED
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LUXQED ==
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More precision in

... jet production
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Hadronic jet production at NNLO QCD

First results available!  (leading colour approximation)

Currie, Glover, Pires ’16; Currie et al. ’17

* NNLO contribution of ¢q channel: (gg, qg, . . . analogously)
2
AONNLO,qg = / [ 2Re {Mglgfp) Mt(rQeZQ)*} - ‘Mﬁ:on) }
2

Glover et al. '01-"03; Bern et al. ‘'02-'04

(2—3) (2—3)* (2—4)
+/32Re {M1-Ioop Mtree } + L|Mtree

Bern et al. '93,95; Kunszt et al. ‘94

* |ast bottleneck: consistent cancellation of infrared singularities between
2-loop(2—2), 1-loop(2—2, 3), tree(2—4) parts

— “antenna subtraction” successfully applied
Gehrmann-DeRidder / Gehrmann et al. ’05—"12; Currie et al. ’13

I_ ! i i i B | i . . . .
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Single-jet inclusive production at NNLO QCD

Currie, Glover, Pires 16

(N)NLO QCD versus ATLAS data: e 1
Rapidity slices:

s NLO
_ = NNLO
NNLOJET ATLAS, 7 TeV, anti-k jets, R=0.4 . NNLOXEW
central region
A
14 — ! \ ! =
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8 06 | | \ -
T 14— \ \ \ 4
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1 mmyw_
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1
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== Physikalisches lnSt't,uL_ % Stefan Dittmaier, Towards Electroweak Precision at the LHC DESY Colloquium, Hamburg, Dec 19, 2017 — 19



Single-jet inclusive production at NNLO QCD

Currie, Glover, Pires 16

(N)NLO QCD versus ATLAS data:

s NLO
NNLOJET ATLAS, 7 TeV, anti-k; jets, R=0.4 _ m“tngW
= | | | - . ..
9 i‘i‘ Lo<pj<15 - & Reduction of scale uncertainties:
2 o8 ‘ ‘ T ! N NLO —  NNLO QCD
% 14 \ \ \ —
X 12 15<yj <20 — 10—20% some % at Iarge T
0.; mmw—
0.6 — | l ]
1.i 2.0‘< lyjl <2.5 N
08 |- - * QCD versus data:
0.4 — | —
12 25 ly] <30 - © NLO: agreement
I NNPDF30 - © NNLO: tension at low pr
0.4 — | —
. . e e But: LHC/Tevatron inclusive jets

enter PDF fit in NNLO,pprox QCD
— |Impact on PDF fits expected!

I_ y i i i A . . .. .
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Single-jet inclusive production at NNLO QCD

Currie, Glover, Pires ’'16

(N)NLO QCD versus ATLAS data:

s NLO

s NNLO
ATLAS, 7 TeV, anti-k; jets, R=0.4 ... NNLOXEW

NNLOJET

* Upcoming sensitivity to

EW corrections S.D., Huss, Speckner ’12
Frederix et al. ’17

Y= | | | = . .
9 i‘i‘ w<y<is - ® Reduction of scale uncertainties:
gg;g“““““”” T N0 & NNLO QGD
=AY \ \ \ -
g 12 semezo | 10—20% some % at large pr

O;W

0.6 | l -

1.i 2.0‘< lyjl <2.5 N

08 |- - * QCD versus data:

0.4 — | .

12 25 ly] <30 - © NLO: agreement

o NNPDF30 . > NNLO: tension at low pr

0.4 — | —

. . e e But: LHC/Tevatron inclusive jets

enter PDF fit in NNLO,pprox QCD
— |Impact on PDF fits expected!
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More precision in

... Wweak gauge-boson production
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Electroweak di-boson production

v \Y
V/ V/
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Complementarity in WW / WZ / ZZ production

WW production:
W wo® ; w7 W
v/ % o -
W W e W W
WZ production:
7 7
W
W W
ZZ production:
z ® ; Z
Z o - g
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Complementarity in WW / WZ / ZZ production
WW production:

W wo® ; W W
W ‘ ! W
W W oog W W
WZ production:
7 Z
>&<
W W
ZZ production:
j::z s . Z
7 o - Ty

Sensitivity to different PDF combinations:

* qq iIn WW /ZZ
® ud/di inWTZ/W~Z
* vy in WW
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Complementarity in WW / WZ / ZZ production
WW production:

W woo® R w7
p S

- W W,
WZ production:

7 Z
W

W W
ZZ production:

Z z ° . Z
p

7 Z g - g

Sensitivity to different anomalous TGCs:

* overlay of YWW/ZWW in WW
* only ZWW in WZ
° 77777 in 77
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Complementarity in WW / WZ / ZZ production
WW production:

W wo® ; w7 W
W j: | " W
W W g W W
WZ production:
7 Z
W W
ZZ production:
j: Z g | Z
Z o - Ty
Background to Higgs production
in channel H - WW* /77" — 4f W/Z
H R
— off-shell calculation W /Z

particularly important for WW /77 |

1 = y i i i A . . .. .
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State-of-the-art predictions for WW, WZ, ZZ production
* NNLO QCD (off-shell W /Z with leptonic decays)

© WW Gehrmann et al. *14; Grazzini et al. 16
© 717 Cascioli et al. '14; Grazzini, Kallweit, Rathlev 15
¢ WZ Grazzini et al. '16

°gg > WW/ZZ LO Binoth et al. '05,06 + NLO QCD Caola et al. '15,16
e NLO EW
¢ stable W/Z bosons Bierweiler, Kasprzik, Kiihn ’12/°'13

Baglio, Le, Weber '13
¢ pp =~ WW — 4/ in DPA

¢ approximative inclusion in HERWIG++
% PP — ZZ — 46 Wlth Off'She” Z’S Biedermann et al. 16
° pp =+ WW — 2/2v with off-shell W’s Biedermann et al. 16 Kallweit et al. ’17

Billoni et al. ’13

Gieseke, Kasprzik, Kihn ’14

¢ pp = WZ — 3/v with off-shell W/Z’s Biedermann et al. '17

I_ y i i i A . . .. .
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Theory versus experiment for di-boson production

Diboson Cross Section Measurements Status: July 2017
YY | | O 000 OO o AAAAAA ?;‘;‘:’:‘:":: 8 : :"’:’:”"""’ I I I
9.9.90.0.0.0.0.0.0. ()
Wy—{)l’vy , KKK . ATLAS Preliminary
—[Nje =0 SRRRRRRRZs .
Zy—ity i Run1,2 5 =7,8,13 TeV
= [njer = 0] S
- Zy-vvy s .
WV - {vjj s °
- WV-iv) A B 202050 20 202050 20 2020 0 20 % % %0 20 % %%
- NNLO QCD
WW a . .
8 = = 1888& NLO QCD
- WW [Nt =0 Comw
—ey, [njer = 0] i LHC pp ¥5 =7 Tev
- WWoep, [ni > o] | = etk ) Data
- WW—>ey, [n;:t = B BB 00 BREREERKS _ stat
88882 - stat @ syst
wz A LHC pp Vs =8 TeV
& Data
SR0258 G
—WZevtt QR A stat @ syst
’ ‘i . Data
T el
_ SO RBEE AGR stat ® syst
224t X odeoeed o |
RRRLKKRKKKK I W
-ZZ-¢etvv | 00X Fetatetet
* - Y
—2Z*>4¢ e -
1 L 1 L L 1 L 1 L 1
0.6 0.8 1.0 1.2 1.4 1.6

ratio to best theory

Note: impact of NNLO QCD corrections significant !
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77, production — NNLO QCD theory versus experiment

3 20

cypp - 727

15

10

* NNLO QCD correction ~ 7(12)% @ 8(13) TeV,

T 7 NNPDF3.0, fixed =M =m,

T | T T T | T T
CMS 47 (2016)
CMS 4¢
CMS 272v
ATLAS 47 (x1.016)

ATLAS 47+272v (x1.016)
MATRIX NNLO (qg+9g+99)

OO m e %

NNPDF3.0, fixed He=H =M

MCFM NLO+gg

Good agreement
| between TH and EXP !

14
(s (TeV)
scale uncertainty < 3%

* gg contribution ~ 7(10)% @ 8(13) TeV

— EW corrections important

* higher energy & higher statistics
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EW corrections with leptonic W/Z decays

Double-pole approximation (DPA) VS. Full off-shell g — 4 f calculation
a f1 W 1
7 d f:
fa 7/22
I3 d f3
W —
q ' JF4 Ja
on-shell production on-shell decays
® expansion about resonance poles ® off-shell calculation with
— factorizable & non-factorizable corrs. complex-mass scheme
® not many diagrams (2— 2 production) ® many off-shell diagrams (~102/channel)
+ numerically fast — CPU intensive
— validity only for v/ > 2My + O(T'y,) -+ NLO accuracy everywhere

_|_ —
Approaches compared fore™e™ - WW — 4f Denner, S.D., Roth, Wieders '05

pp > WW — 4f Biedermann et al. '16
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DPA versus full off-shell EW correction in pp — v pute e + X Biedermann et al. *16

Rapidity and invariant-mass distributions

. do do b
S opp—=vupte v+ X dy._ [fb] - aM, .+ [GeV}
V/Spp = 13 TeV 1 |
70 r ATLAS WW setup 1 PP = vuute Te + X
o u treated coll. unsafe Vopp = 13 TeV
ATLAS WW setup
60 10-1 | u treated coll. unsafe |
55
50 h
10_2 B -======_ ]
45 H
LO ——
qaq
40 LOPPA
1073 } 4
35 1
_2.5 T T T T T 0 T T T T T T T T T
3 Ogq -5 F -“\H\L‘\ Ogq E
S r §DPA T e §DPA
qq . 10 i -=":::'--'-'_'_-._ aq |
X 35| X T
S el S - h-“--“--“.“------“--"__:_______.________._-_-_-_-_'-'-'-'-"-'-'-'-'I < —15 - -_-’::‘::-‘_‘-' ----- ]
—4 E —20 | -___:_I |
_45 1 1 1 1 1 _25 1 1 1 1 1 1 1 1 - L
-2 -1 0 1 2 100 200 300 400 500 600 700 800 900 1000
Ye— Me—,u‘*' [GeV]

Level of agreement as expected (dominance of doubly-resonant diagrams)
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DPA versus full off-shell EW correction in pp — v pute e + X Biedermann et al. *16

Transverse-momentum distribution of a single lepton

10 —
do [ b }
de,e— GeV VM A
1 ]
pp = vupte v + X :LL+
: Spp = 13 TeV — —
107 b X’IEAS WW setup 1,74 _ pT (:u+ Vi Ve)
! e
1 u treated coll. unsafe
1072 g e
1077 ¢ q 'Y/ Z
1074 b
pr(e)
107° o
0 v
BT P
PPN e _ .
=0 1 Impact of singly-resonant diagrams
© =30 ¢ e D 1 _ : PR
ol T where e~ takes recoil from (" v, ve)
—50

o 0 o e oo e e oo 1w (W bremsstrahlung to Drell-Yan production of eTe ™)

pT,e_ [GGV]

Agreement degrades for pt 2 300 GeV, since off-shell diagrams get enhanced

Fhystkalsches mStitE ,;”VYE’:,'"A” Stefan Dittmaier, Towards Electroweak Precision at the LHC DESY Colloquium, Hamburg, Dec 19, 2017 —28



pp -+ WW /ZZ — eTe viv + X: survey of different NLO contributions
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Stefan Dittmaier, Towards Electroweak Precision at the LHC

Kallweit et al. ’17

e XS contributions:
WW 4+ Z7 + interferences

o Jet veto:
HE = " pri > HfP
1Ejets

— Kqcp moderate

e Combination of QCD and EW
corrections:
| QCD+EW — QCDxEW |

~ dQcD X OEwW
~ 10—20% for PT,04 z 1TeV

Note: product better motivated!
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pp -+ WW /ZZ — eTe viv + X: survey of different NLO contributions

Lo Kallweit et al. "17
pp e e v

| T T 17T | | I I | T T IE ]
= - ] 0
5 hE : \Q * ~~v+4q~y contributions:
o] 2 10% for pre, 2 1 TeV
9 1.0 =T j‘:““ I =
Z N \ ¢ CT14 =~ LUXQED
S = co s . .
g 0.9 T ......‘°‘..o_ < ALUXQED neg“g'ble
- yPDF === CT14 **°** none ] o ~
i ——= LUX === NNPDF3.0 ] ANNPDF 1007%
E ] | for pr.e, 2 1TeV
—— pp 2> W= etV W [— e 7]
— pp > Z/y [ ete | Z[— v
E L incoherent sum |
X1 W&W
A . .
S F | 1 * WW and ZZ contributions:
9 0.8 :— I . |_—.: . o
Z o6l E ¢ interference negligible
®] C ]
S ou b E ¢ 77 less suppressed
O - ]
oa b L for larger pr ¢,
— ol . (influence of singly resonant parts)
20 50 100 200 500 1000 2000
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Combining QCD and EW corrections,
MC reweighting, error assessment, ...

Example:
W /7 /~ + jet background predictions for Dark Matter searches

z——< W/Z[ Z W/Z/~
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QCD®EW corrections via MC reweighting .+ ot a1 17 (TH+ATLAS+CMS)

d d . d d . L ru(Ern)
— — O0(EMC, € = T 750 € X -
( MC TH) dz dj Mc( MC) %UMC(é‘MC)

- 7

Ve

reweighting factor,
1y integrated over

x =pr,v, ¥ =remaining phase space

* omc = fully differential MC prediction with MC nuisance parameters évic

* ory = perturbative state-of-the-art theory predictions

at NNLO QCD, NLO EW (+leading h.o. EW corrections)
Gehrmann et al., Boughezal et al., Campbell et al., SHERPA/MUNICH/OPENLOOPS, ...

* sty = theory nuisance parameters
¢ QCD and EW uncertainties (scales, h.o.)
> QCDxEW versus QCD+EW

¢ PDF uncertainties
¢ correlations between different processes and phase-space regions

Note: Study includes many process-dependent/independent details,
but several features generalize!
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MC-reweighted predictions for V' + jet at high pr,v |\ it etal 17

do/dpry [pb/GeV]

do/donto ocp
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Stefan Dittmaier, Towards Electroweak Precision at the LHC

(TH+ATLAS+CMS)

* perturbative XS uncertainties

(combined quadratically)
~ 5% for pr.v z 1—-2TeV

* PDF uncertainties

(correlated among processes)
~ 5% (10%) at pr,v 2 1(2) TeV

* W/Z XS ratio uncertainty (not shown)
~1-2% (5%) at pr,v ~ 1(2) TeV

DESY Colloquium, Hamburg, Dec 19, 2017 — 32



Rare electroweak processes

AW
W
W W
vector-boson scattering VVV production
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Physics goals in VBS and VVV production

* direct access to quartic EW gauge couplings

* |ongitudinal gauge bosons at high energies
— probe SM unitarization mechanism

* window to electroweak symmetry breaking
via off-shell Higgs exchange

Note: severe QCD background to VBS signatures

g T
W W 'V/Z

I_ y i i i A . . .. .
s = = £ £ ches 'nSt'ti_ e Stefan Dittmaier, Towards Electroweak Precision at the LHC DESY Colloquium, Hamburg, Dec 19, 2017 — 34



pp — WEW + 2jets measured with 8 TeV/20.3fb~! LHC data

Events

OF  ATLAS * Data2012 E
252 20.3fb", /s = 8 TeV BXJ Syst. Uncertainty
i W*W*jj Electroweak
E > S00GeY e WewsjStong -
o0l _ S Prompt i
- i Conversions ’
15:_ B Other non-prompt 3
10 =
5l -
| Ll .

o 1 2 3 4 5 6 7 8 9
Ay,

Fiducial o[fb]: (different acceptances)
ATLAS: 1.3 4+0.4(stat) £ 0.2(syst) b
CMS: 3.83 + 0.66(stat) £ 0.35(syst) fb

CMS 35.9 fb! (13 TeV)
- T T T T T I T T T T 5
-o-Data

I EW WW 7
150 - Wz =
[ Nonprompt

Others

N Bkg. unc

Events / bin

—
o
()

50

\\\\\\\F\\\\\\\\\\\\\\\\\\&\\\\\\:

1000

1500 2000
m; (GeV)

0 I
500

osm[fb]:
0.95 £+ 0.06 fb (POWHEGBOX/VBFNLO/SHERPA)
4.25 £+ 0.27 fb (LO FROM MADGRAPH)

— compatibility with the SM, but still large uncertainties
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pp — WTWT 4 2jets — eTvep v, + 2jets at NLO

W 7z W
W W W W v/
+H g W
W W
w W W :

( §
3

LO O(af) O(asa®) O(a2at)
QCD QCD QCD
NLO O(a") O (asab) O(aZa®) O(adat)
Predictions:

° - . 6 3 4y Jageretal '06-'09; Melia et al. '10,11;
preV|oust. NLO QCD (asa y Xs & ) Denner et al. ’12; Greiner et al. ’12; Campanario et al '13

o New: fUII tOWGF Of NLO COI’I’eCtIOnS Biedermann, Denner, Pellen ’16,’17

1-loop automation with RECOLA + COLLIER  (8-point functions!)
Actisetal. '16  Denner, S.D., Hofer ’16

Physikalisches Institut /~Ej~
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Survey of NLO diagramsn for pp — e*vep v, + 2jets

a§a4: VL&H(
LO=x

g x MQco

2 5. .
aZa’: Eg

x MEW : x MEQ

g

aza’t £y |
A%
\%%

+ real corrections
(g/~ bremsstrahlung, qg/q~ collisions)
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NLO corrections for pp — et vep v, + 2jets

b

dpr. u GeV

-10

)
o O O

o [%]

Lo n
SLRPO—=O—=NWA O

e \VBS cuts:

* NLO EW corr. t0 0g4:

0.5

— — - LOEW

do
dy,+
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hysikalisches Institl
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Biedermann, Denner, Pellen 16,17
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 — — - LOEW
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5 [%]
hbhbbilo—ws

M;; > 500 GeV, pr; > 30GeV, pr e > 20GeV, efc.

_‘_I_I—
—_— oot ——— photon «’
0 1 2
Yu+

— relevant for upcoming measurements !
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More precision in

... Higgs-boson production
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T | T TTT T T TT T TTT T TTT T T 1T | T TTT | T TTT | T T 1T | T TTT | I§
= 0 M(H)= 125 GeV =£
) oo ¢ 4,0 CCD . NLO EW) 18
SM Higgs XS predictions < W 15
+ ~
for the LHC T 10¢ E
LHC Higgs XS WG 2016 T -
(CERN-2017-002-M, arXiv:1610.07922) & -
@)

107 E
10_25...&....I....I....I....I....I....I....I....E
Rough numbers: ° 7 8 8 10 112 \/51[f1re\1/]5
My = 125 GeV Uncertainties NLO/NNLO/NNNLO
Vs =14TeV | theory PDF4LHC | QCD EW
ggF 6% 3% >100% 5%
VBF 1% 2% 5%* 5%  * NNNLO QCD available
WH 1% 2% 20% 7%
ZH 4% 2% 35% 5%
ttH 9% 4% 20% 1—-2%
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Higgs production via gluon fusion

Stefan Dittmaier, Towards Electroweak Precision at the LHC DESY Colloquium, Hamburg, Dec 19, 2017 — 41



Corrections to Higgs-boson production via gluon fusion
e QCD corrections: Graudenz, Spira, Zerwas ‘93

_ _ Djouadi, Graudenz, Spira, Zerwas 95
¢ full NLO, NNLO via expansions
Marzani et al. ‘08

Pak, Rogal, Steinhauser '09

ONNLO
—— ~ 2.0 Harlander, Ozeren '09

OLO

K =

o in limi Chetyrkin et al. ’98,06; Moch/Vogt "05;
NNNLO in limit m — oo Schréder/Steinhauser '06; Baikov et al. '09;

Gehrmann et al. ’10,12; Duhr/Gehrmann '13;
g g Li/Zhu ’13; Kilgore '13; Hoeschele et al’13;
£t Neooo_ H T e H Buehler/Lazopoulos '13;
Anastasiou et al. '13—'16

Catani et al. '03,14; Moch et al. ’05;
_ Laenen, Magnea '05; Idilbi et al. '05;
© resummations up to N°LL Ravindran *05,06; Ravindran et al. *06;
Ahrens et al. '08,11; Berger et al. '10;
Stewart, Tackmann '11; Banfi et al. '12;
Becher, Neubert '12; deFlorian et al. '12,14;
Bonvini et al. ’14; Schmidt, Spira’15

* EW corrections Aglietti, Bonciani, Degrassi, Vicini ‘04,06

: Degrassi, Maltoni '04
% ~ ’
complete NLO correction known (9(5%) Actis, Passarino, Sturm, Uccirati 08

¢ mixed O(aas) corrections for small My Anastasiou, Boughezal, Petriello '08
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gg — H @ NNNLO QCD

° t th ffort : dient Chetyrkin et al. ’98,06; Moch/Vogt '05;
great theory efiort, many ingredients Schroder/Steinhauser '06; Baikov et al. "09;
(Wilson coefficients, 3-loop amplitudes, Gehrmann et al. '10,12; Anastasiou et al. '13,14;
hard emission contributions, etc.) Duhr/Gehrmann ’13; Li/Zhu ’13; Kilgore '13;

Hoeschele et al.’13; Buehler/Lazopoulos '13; ...

* full NNNLO cross section anastasiou et al. 15,16

Real-virtual Double virtual

: o
Triple virtua sered -

Double real

virtual

Triple real
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gg — H @ NNNLO QCD + resummations + NLO EW

setup 1, EFT, 13 TeV

Anastasiou et al. '16

Ty * correction:
Ao _
60 USES(I;O NB%@,LL—MH/Q
~ * scale uncertainty:
5 9% @ NNLO — ~ 2% @ NNNLO
i  full TH uncertainty: ~ 6%
* PDF®as uncertainty: ~ 3%
Oofo ‘ 02 04 06 08 10 12

pimy (H=Hr=HF)

Details / comments:

* total XS obtained from expansion inz = %
6.(3aN) - (3)

A o
1 s virt+soft ( ) o
sn+l Oigljg —  +7 on+1 - Z (1-2)

6aggN3LO(pb)

—n=-1
—n=0
—n=1

— convergence depends on N and n

* several uncertainty sources of ~ 1%:
1/m¢ expansion, quark mass effects, QCDREW, truncation order i (1-2) expansion

NNNLO/NNLO PDF mismatch, (1 — z)* expansion

Physikalisches Institut /~Ej~
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Conclusions

\
\
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Status quo of LHC physics

SM in better shape than ever —  reason for despair?

i i -7 e . . . . .
u,u — i 5'ka|'SChesf5t'tu - Stefan Dittmaier, Towards Electroweak Precision at the LHC DESY Colloquium, Hamburg, Dec 19, 2017 — 46



Status quo of LHC physics

SM in better shape than ever

The (avoidable) disaster:
headlines like this ...

Tl Crasp Times

24 JUN 2017

LHC fails to find
new particles

By SOME HEADLINE HUNTER

Smce years and decades we were
told by high-energy physicists that
new particles, indicating new fancy
mathematical structures like super-
symmetry, will be copiously found the
Large Hadron Collider. Billionsof eu-
T8 were spent in a wrong line of re-
search. Stop this waste of money ...
blabla ...

Instead we are told now that only
5% of matter or energy are visible to
us. This means our renowned experts
have no idea about 95% of the uni-

verse ... more blahla ...

Reuters

International
Moose Count
Underway

By BOB O'BOBSTON

The UN-sponsored International
Moose Census got off to a fying
start today with hopes for an increase
in the worldwide moose population
compared to last year's disapointing
fipures. Among the traditional early
reporters were Egypt, returning fip-
ures of six moose, a twenty percent
merease on 2011's fipures of five, and

Urupnay whose moose population re-

domi « of Canada shows no signs

mains stable at eleven.

According to Robbie MeRobson,
head of the UN Moase Preserva-
tion Council, worldwide moose nam-
hers are expected to grow markedly
on last year due to the traditional
moose strongholds of Canada and the
United States, with the larger de-
veloping moose ecologies also poised
to make gains. The largest percent-
agege increase in moose will likely
come from China”, says McRobson,
The Chinese government has nvested
heavily in moose mfrastructure over
the past decade, and their committ-
ment to macrofauna is beginning to
pay dividends”. Since 2004 China has
expanded moose pasture from 1.5%
of arable land to nearly 3.648% and
moose numbers are expected to rise
to 60,000 making Ching a net noose
exparter for the first time. This is
good news for neighbouring Mongo-
lia, a barren moose-wasteland whose
inhabitents nonetheless have an insa-
tiable desire for the creatures. The in-
crease in Beijing-Ulanbataar trade is
anticipated to relieve pressure on the
relatively strained Russian suppliers,
but imcrease Mongolia's imbalance of
trade with its larger neighbour.

Historically the only competitor
to China in the far eastern moose
markets has been Singapore but the
tiny island nation is set to report a
net loss; expecting a decrease of more
than five percent on last year’s 50,000
moose comnted. The head of Singa-
pore’s Agency for Agriculture, Jing-
Feng Lau, explained to an incredu-
lous Smpaporean parliament yester-
day that bad weather had contributed
to this season's poor showing, most
notably when a cargo of 15) moose
were swept out into the Indian ocean
in & MONSOo.

Yet again the global demand for
moose will be et largely by the
US and Canada. The recession-hit
States is taking comfort inits moose
growth figures with gross production
expected to break 700,000 and net ex-
ports to grow by 2%. The worldwide

of abating though with this year's
moose population expected to match
last year's recard figures of one hun-
dred million hillion.

Europe's rise as an international
moose power will slow slightly this
year as a response to the European
Union's move towards standardising
the European moose. Stringent quak
ity controk are holding back the de-
velopment of the eastern european
populations compared to last vear
when they contributed significantly
to europe’s strong prowth fpgures.
Norway, which is not-an EU member
but has ohserver status, strengthed
i numbers relative to the Euro area
with numbers of Norweigian moose,
known locally as elk’ expécted torise
for the tenth consecutive year, partic-
ularly thanks to a strong showing in
the last quarter.

As moose season redches its close,
researchers world wide are turning to
science in an attempt to hoost next
year's fipures. NASA stunned the
scientific community today with the
announement of their discovery that
the moon is significantly smaller than
previously believed. This conclusion,
which is the conclusion of a ten-
vear collaborative project, will have
profound implications for the mocse
commmmity as the gravitational field
is now known to be of the right
strenpth to support moose in orhit.

According to John Johnson, head
of the NASA Moon Sizing Experi
ment the first delivery of moose mto
low moon orbit could be achieved as
early as the third quarter of next year.
The technology to murture moose m
space is available now'. he said, "all
that is needed is political will"".

Granny wins
World Wrestling
Championship

By ROY MCROYSTON

Stefan Dittmaier, Towards Electroweak Precision at the LHC

Fakultat fur Mathematik und Phy
Albert-Ludwigs Universitat Frei

DESY Colloquium, Hamburg, Dec 19, 2017 — 46



Status quo of LHC physics

SM in better shape than ever

The scientific view:
Nature has decided how things are.

Our task is just to create knowledge ...

Fakultat fur Mathematik und Phy
Albert-Ludwigs Universitat Frei

Tl BGood Times

24 JUN 2017

LHC explores
microcosmos
deeper and deeper

By COULD B. YOU

The Large Hadron Collider is the
world'’s largest and most powerful
particle collider and the most com-
plex experimental facility ever bult.
Its mission is to explore the microcos-
mos down to small distances never ex-
plored in any Iaboratary before, and
therefore to chart unexplored terri-
tory. The common quest of funda-
mental Tesearch unifies experts from
all over the world with most diverse
cultural backpground ...

The LHC performance is mar-
velons and exceed expectations: Its
wealth of results confirms predictions
from the Standard Model with un-
precedented precision - a theory that
was suggested in the 196070's as the
outeome of experimental and theoret-
ical fundamental research of decades.
The question to which extent our
present understanding of the funda-
mental forces of Nature will hold
true or has to be modified or revo-
lutionised is as exciting as ever ...

Reuters

International
Moose Count
Underway

By BOB O'BOBSTON

Stefan Dittmaier, Towards Electroweak Precision at the LHC

The UN-sponsared International
Moose Census pot off to a fiving
start today with hopes for an increase
in the worldwide moose population
compared to last year's disapointing
figures, Among the traditional early
reporters were Egypt, returning fig-
ures of six moose, a twenty percent
increase on 2011's fipwres of five, and
Urugnay whose moase population re-
mains stable at eleven,

According to Robhie McRobson,
head of the UN Mooe Preserva-
tion Couneil, worldwide moose mum-~
bers are expected to grow markedly
on last year due to the traditional
moose strongholds of Canada and the
United States, with the larger de-
veloping moose ecologies also poised
to make gaing. The largest percent-
agege increase in moose will likely
come from China', says McRobson,
The Chinese government has invested
heavily in moose mfrastructure over
the past decade, and their committ-
ment to macrofauna is beginning to
pay dividends”. Since 2004 China has
expanded moose pasture from 1.5%
of arable land to nearly 3.648% and
moose munbers are expected to rise
to 60,000 making China a net moose
exparter for the first time. This is
good news for neighbouring Mongo-
lis, a barren moose-wasteland whose
inhabitents nonetheless have an insa-
tiable desire for the creatures. The in-
crease in Beijing-Ulanbataar trade is
anticipated to relieve pressure on the
relatively strained Russian suppliers,
but increase Mongolia's imbalance of
trade with its larger neighbour.

Historically the only competitor
to China in the far eastern moose
markets has been Singapore but the
tiny island nation is set to report a
net loss, expecting a decrease of more
than five percent on last year's 50400
moose counted. The head of Singa-
pore’s Agency for Apriculture, Jing-
Feng Lau, explained to an incredu-
lous Simpaporean pariament yester-
day that bad weather had eontributed
to this season’s poor showing, most
notably when a cargo of 150 moose

were swept out into the Indian ocean
in & TNONSoo.

Yet again the global demand for
moose will be met largely by the
US and Canada. The recession-hit
States is taking comfort n its mowse
prowth figures with gross production
expected to break 700,000 and net e
ports to prow by 2%. The worldwide
dominance of Canada shows no signs
of abating though with this year's
moose popilation expected to match
last vear's record figures of one hun-
dred million billion.

Europe's rise as an international
moose power will slow slightly this
year as a response to the European
Union's move towards standardising
the European maoose. Strinpent qual-
ity controld are holding back the de-
velopment of the eastern european
populations campared to last year
when they contributed significantly
to europe’s strong growth fgures.
Norway, which is not an EU member
but has observer status; strengthed
in numbers relative to the Euro area
with numbers of Norweigian moose,
known locally as elk” expécted torike
for the tenth consecutive year, partic-
ularly thanks to a strong showing in
the last quarter.

As moose season reaches its close,
researchers world wide are tuming to
science inoan attempt to boost next
vear's figures. NASA stunned the
scientific community today with the
announcient of their discovery that
the moon is significantly smaller than
previously believed. This conclusion,
which is the conchision of a ten-
year collaborative project, will have
profound implications for the mocse
commumity as the gravitational field
is now known to be of the right
strenpth to support moose in orbit,

According to John Jolnson, head
of the NASA Moon Sizing Experi
ment the first delivery of moose mto
low moon orbit could be achieved as
early as the third quarter of next year.
The technology to nurture moose in
space is available now'', he said, "all
that is needed is political will'".
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Status quo of LHC physics
SM in better shape than ever

New physics (if in reach) discoverable only via precision in EXP + TH !
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Status quo of LHC physics
SM in better shape than ever

New physics (if in reach) discoverable only via precision in EXP + TH !

Precision SM calculations:  mature field with continuous progress !
* NLO QCD: successfully automated
* (N)NNLO QCD: more and more results in Higgs, EW, jet, top physics
* NLO EW: especially relevant at high scales, many existing results
* Monte Carlo’s: increasing precision by NLO, PS merging, ME matching

= Most precise results should be used ! (... and quoted)
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New physics (if in reach) discoverable only via precision in EXP + TH !

Precision SM calculations:  mature field with continuous progress !
* NLO QCD: successfully automated
° (N)NNLO QCD: more and more results in Higgs, EW, jet, top physics
* NLO EW: especially relevant at high scales, many existing results
* Monte Carlo’s: increasing precision by NLO, PS merging, ME matching

= Most precise results should be used ! (... and quoted)

Future directions
* Precision for BSM models (SMEFT, SUSY, non-SUSY, ...)

* New theoretical, mathematical, and computational concepts

Stefan Dittmaier, Towards Electroweak Precision at the LHC DESY Colloquium, Hamburg, Dec 19, 2017 — 46



Status quo of LHC physics
SM in better shape than ever

New physics (if in reach) discoverable only via precision in EXP + TH !

Precision SM calculations:  mature field with continuous progress !
* NLO QCD: successfully automated
° (N)NNLO QCD: more and more results in Higgs, EW, jet, top physics
* NLO EW: especially relevant at high scales, many existing results
* Monte Carlo’s: increasing precision by NLO, PS merging, ME matching

= Most precise results should be used ! (... and quoted)

Future directions
* Precision for BSM models (SMEFT, SUSY, non-SUSY, ...)

* New theoretical, mathematical, and computational concepts

“In feotball-asrwatehmaking, talent and elegance mean nothing without rigour and precision.”
particle theory

[Lionel Messi]
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Merry Christmas !
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Single-jet inclusive production at (N)NLO QCD

NLO QCD versus ATLAS data:

1.4
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14
12

1
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1.4
1.2

1
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1.4
1.2

1
0.8
0.6

NLO Ratio to data

NNLOJET

ATLAS, 7 TeV, anti-k; jets, R=0.4, NNPDF3.0

— 10<l|y|<15 |
T

— 15<]yl<20 |
I

= 20<ly|<25

I T T TTTT

T TITTT1

— 25<ly|<3.0 ‘“ }

100

pr (Gev)

Currie, Glover, Pires ’16; Currie et al. '17

Rapidity slices:

central region
A

\/
forward/backward region

2 different scale choices u = pr1 = leading jet transverse mom.: as(pr1)”
pr — multiple scales: as(pri) - as(pr2) - -
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Single-jet inclusive production at (N)NLO QCD

Currie, Glover, Pires ’16; Currie et al. '17

NLO QCD versus ATLAS data:

ATLAS, 7 TeV, anti-k, jets, R=0.4, NNPDF3.0 H=PT1
NNLOJET M=pr
14 [ T T T T T T T T |
12 — —
1 33dd d l f
IT T
08 _
06— Iyj<05 — ] L * Good agreement between

14 —

NLO QCD and data

0.8 =
06 — 05<[y|<10 J \ | —
14 [ I T I I I T I I | ]

1.2 =
o.sj PRI eETere it} * . * NLO scale uncertainties

0.6 — 1.0<|yi|<1.5} | | | | | ] .
] ~ 20%(40%) for central (forward) jets

NLO Ratio to data

0.6 — 15<|y|<20 | | | | [ ]

: i ‘fﬁT . * Note:

FE S ase88200000000

oo soshszs, P 0 E LHC/Tevatron inclusive jets
R H . enter PDF fit in NNLO.pprox QCD
06 — 25<|y<3.0 . J ! L —]

100 - 1000
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Single-jet inclusive production at (N)NLO QCD

Currie, Glover, Pires ’16; Currie et al. '17

NNLO QCD versus ATLAS data:

ATLAS, 7 TeV, anti-k, jets, R=0.4, NNPDF3.0 H=PT1

NNLOJET

14 —
12 =

1
0.8 —

0.6 lyjl <0.5 ‘

T T T T T T |

4 - QCD scale uncertainties:

14 —
12 =

1
0.8
0.6

] ~ * significant reduction at NNLO

* some % for high pr

1.4
12

1
0.8
0.6

— picture consistent

14
12

1
0.8
06— 15<lJyl<20

NNLO Ratio to data

* ~ 10% for low pr,

1.4 — ‘

1.2$¥%' 7
1

] but picture not fully consistent
. — further studies required!

0.8 —
0.6 — 20<]|yl<25

14 —

T 3 Impact on PDF fits expected!

=

12 T
1
08 |-

0.6 — 25<]|y)|<3.0

ITTTT

I | L ]

100
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Di-jet production at NNLO QCD Currie et al. *17

— NLO

L —NNLO
NNLOJET ATLAS 7 TeV, antl—kTJets, R=0.4 (u=m“) —_ NNLOXEW
T T T ™ T T T —

14 0.0<ly"| <05

1.2

ratio to NLO

0.8
0.6
1.4

05<ly* <1.0
1.2

ratio to NLO

08
06
1.4
1.2

\ Upcoming sensitivity to
EW corrections S.D., Huss, Speckner 12

Frederix et al. ’17

1.0<|y* <15

ratio to NLO

0.8
0.6
1.4

* Good agreement between
NNLO QCD and data

15<|y* <2.0

1.2

ratio to NLO

0.8
0.6
1.4

* Reduction of scale uncertainties:

NLO —  NNLO QCD
10—20% some %

20<|y* <25
1.2

0.8
0.6

ratio to NLO

14 25<y*<3.0

1.2

ratio to NLO

0.8
0.6

R

5x10? 10° 2x10° 3x10° 5x10°
m; (GeV)

I|III|III III||II|I I|III|III III|III|I I|III|III III|III|I I|III|III III|III|I I|III|III III|III|I I|III|III III|III
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Collinear final-state radiation (FSR) off leptons zkyg

Leading logarithmic effect is universal: ky ~

1
LO LL 2
oLLFSR = / 4o (k) / dz T (2Q%)  Oelzhi)
w—/ O \ - _/
hard scattering leading-log structure
function, Q = typ. scale

Ve

7 (2,Q%) known to O(a”) + soft exponentiation,
equivalent description by QED parton showers
2 2
O(«) approximation: 1, (2,Q%) = (0) [ln(%) - 1} (1 Tz )
2T my l—2z /)
* |og-enhanced corrections for “bare” leptons (muons) — large radiative tails

KLN theorem: mass-singular FSR effects cancel if (/) system is inclusive
(full integration over z)

full FSR not universal, in general not even separable from other EW corrections

Recommendations for experimentalists:
* no unfolding or subtraction of FSR effects !
— would introduce untransparent conventions for non-universal EW corrections

* use concept of “dressed leptons” if reduction of large FSR effects is desirable
(recombination of collinear £ configurations, analogous to QCD jet algorithms)
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Electroweak radiative corrections at high energies

Sudakov logarithms induced by soft gauge-boson exchange

J
a=~vy,W,Z

k etc.
+ sub-leading logarithms from collinear singularities

Typical impact on 2 — 2 reactions at /s ~ 1 TeV:

o S 3 s
61—loop ~ 1n2< ) ~ —26(7, 51—loop ~ + ln( ) ~ 16%
LL 5% M2, 0 NLL TSy o ’
2 2
2—loop o 4 ~ 2—loop 3a 3 S ~
LT~ g <M\2N )~ 3.5%, SR ~ ol (Mv2v )~ —4.2%

=- Corrections still relevant at 2-loop level

Note: differences to QED / QCD where Sudakov log’s cancel

® massive gauge bosons W, Z can be reconstructed
— no need to add “real W, Z radiation”

®* non-Abelian charges of W, Z are “open” — Bloch—Nordsieck theorem not applicable

Extensive theoretical studies at fixed perturbative (1-/2-loop) order and

suggested resummations via evolution equations Beccaria et al.; Beenakker, Werthenbach;
Ciafaloni, Comelli; Denner et al.;

Fadin et al.; Hori et al.; Melles; Kihn et al.;
Manohar et al. ‘00—

I_ ! i i i /,‘1‘ — T . . . .
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_|_ _ . . . .
pp — vup e ve + X integrated cross section in various setups Biedermann et al. '16

LHC oL [fb] | ONFO (%] 8377 (%] Oy [%] | Smw [%] | Sby [%]
, 8TeV | 238.65(3) | —3.28 0.44 0.84 —2.01 1.81
Inclusive
13 TeV | 390.59(3) —3.41 0.49 0.73 —2.20 2.30
8TeV | 165.24(1) | —3.56 —0.26 1.01 —2.81 0.18
ATLAS WW
13TeV | 271.63(1) | —3.71 —0.27 0.87 —3.11 0.23
, 8TeV | 31.59(2) —2.52 —0.21 0.60 —2.13 0.15
Higgs bkg
13TeV | 49.934(2) | —2.54 —0.22 0.52 —2.25 0.18

* Electroweak corrections moderate
(due to inclusiveness of the event selection)

Note: no gauge-invariant separation of weak and photonic corrections
* Deviation of § from DPA ~ 0.1%

* Deviation of § from on-shell WW calculation ~ 1%
(only rough estimate, depends on cuts)
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pp — 27 — 4¢ + X separation of weak and photonic corrections

Examples for weak diagrams:

q 7n pt wtq W K p
, .
u; u; W l{
q Z e e q W e e
Examples for photonic diagrams:
+ wt
.

q 7. K q
e+

B 7 - B
vy

q 'u_ q //Lf
et 0
e e

_ e +

-+

Q)
@)

q

Note:
Photonic diagrams in SM and U(1), x U(1)z theory identical
— gauge-invariant photonic contributions for each (independent) charge factor
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pp — Z7Z — 4¢ + X integrated cross section in various setups .. qcrmann et al. '16

oLO [fb] | Sueak[%] oRIOVSHOlg)  SPIOTISM %] 5 [%] Sy %]
incl. [2u2e] | 11.4962(4) | —4.32 —0.93 —1.68 +0.13  +0.02
incl. [4u] 5.7308(3) | —4.32 —0.94 —2.43 +0.11  +0.02
Higgs [2u2€e] | 13.8598(3) | —3.59 —0.04 —0.28 +0.23  —0.09
Higgs [41] 7.1229(2) | —3.42 —0.09 —0.66 +0.30 —0.14

* Weak and photonic corrections moderate
® Deviation of § from on-shell ZZ calculation ~ 1%

* gv and vy~ negligible (at per-mille level)

Comments on event selection and cuts:
* 4y states: leading " p~ pair has smaller | M, +,— — Mz|
* Inclusive setup: pr(4;) > 15GeV, etc.

* Higgs-specific setup: pr(4;) > 6 GeV, etc.
in addition:  40GeV < M4 ,— <120GeV, 12GeV < My, < 120 GeV
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My, distribution for pp — 4 + X 51 4ormann et al. 16

107t |

1072 |

* photonic corrections:
Sl """"" " IOV (] e | large, but well-known radiative tails
below thresholds and resonances

NLO EW [2p2¢]

Vs =13 TeV

e weak corrections ~ 5%:
sign change of at Myy ~ 2My |

* vy and ¢y contributions < 0.3%

110

(not shown)

= 105 l~ U-E'-ﬁ: ) ‘

Sy e relative corrections

Sosy N BB insensitive to lepton pairing
0.90

60 80 100 12 140 160 180 200
MY [GeV]

\ .

zz*/»y:'MH 77
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Moy

10*

100 |

8[%]

[212e]/(2 - [4p])

i Physikalisches Institut _j—_—~

distribution for pp — 44 4+ X

LO [4p]

NLO EW [4y] ---------

LO [2p2e] o
NLO EW [22€]

Vs =13 TeV
leading p*p~ pair

sweak [ 4 ]

i p—

o yglayze] o
oo SV [22e]

{ o LO: [2u26]/(2 [44))
{ o NLO: [22¢] /(2 [ap]) oo

20 40 60 8 100 120 140 160 180
M+, [GeV]

MR

Biedermann et al. '16

* weak and photonic corrections to [2u2e]:
¢ shape inherited from Z decay
(as in single-Z production)
¢ offset from ZZ production
< explains sign change of 5™k
in My, distribution

* distribution very sensitive to lepton pairing,
but not the relative corrections
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pr,e distribution for pp — 404+ X 5. (oo s

[ N
1071 | of
_ — + - -
107 LO [44] ] ")//Z B pT(e e u )
NLO EW [dy] --=------ L
10~3 LO [2u2e] o
B NLO EW  [2u2¢] 1 _ e
6(3 (I
o107
R a4 V/Z
1075 .
Vs =13 TeV — +
1076 | leading p* [ pT (,LL )
" +
107 H \/
) EW(4y] -----m-e- . . .
sz ® corrections to [2u2e]:

i
6qu [212€]

—-20 . .
= ¢ inclusive setup:
-30 . ‘e . .
significant influence of singly-resoannt
—40 )
diagrams
—50
e > Higgs-specific setup:
 [2p2e] /(2 - [4p]) o . .
3 2 NLO: (22 i) e singly-resoannt diagrams suppressed
< ® corrections independent from lepton pairing
3

in Higgs-specific setup

100 200 300 400 500 600 700 800
pTH+ [GGV]
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Status of predictions for VV'V production:
Lazopoulos et al. '07; Hankele et al. '07; Binoth et al. "08;
* NLO QCD Campanario et al. '08; Nhung et al. '13
* NLO EW Nhung et al. '13; Shen et al. '15,16; Wang et al. '16; S.D. et al. ’17

pp > W WTWT + X at NLO:

S.D., Huss, Knippen ’17

10_3 I I T I T I T I
Vs[TeV] o™ [pb] 677V (%] 6,57 [%] 6P [%]
7 0.04469 —3.4 5.7 51.4
8 0.05792 —3.5 6.6 55.0
13 0.1381 —4.1  10.7 70.0
07 E e x o 14 0.1565 —4.2 115 72.6
o [ VATV i 100 2.697 —5.4  40.3  148.1
50 | =5EWI : | I | I —
N i e | ® huge QCD corrections
R T T 0.1 x §QCD 8 Lo : :
o O ESIIII o T RS . — multi-jet merging, resummations necessary
N oW ] N _—
a0 [ | | T (f%q_‘___l ___________ B ® significant g contributions
0 200 400 600 800 1000
prw- [GeV]
ATLAS (8 TeV /20.3 fb™ ') o"14[fb]: osm[fb]:  (VBFNLO/MADGRAPH5_AMC@NLO)
bvlvly:  0.3170:55 (stat) T0 22 (syst) fb 0.309 + 0.007(stat) 4 0.015(PDF) 4 0.008(scale) fb

Cvlvjj:  0.247039(stat) £ 0.19(syst) b 0.286 4= 0.006(stat) 4+ 0.015(PDF) 4 0.010(scale) fb
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Higgs production via vector-boson fusion
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Higgs production via weak vector-boson fusion (VBF)

q colour exchange between quark lines suppressed
W, 2 = small QCD corrections
----H
W.7 Han, Valencia, Willenbrock '92; Spira '98;
) Djouadi, Spira "00; Figy, Oleari, Zeppenfeld 03
q — t-channel approximation (vertex corrections)

VBF cuts and background suppression:

L signature = Higgs + 2jets
* 2 hard “tagging” jets demanded:

prj > 20GeV, |y| <4.5 Forward Higgs
L , tagging Decay
* tagging jets forward—backward directed: jets ¢
Ays; >4, yj - yj2 <O. yl

— Suppression of background
* from other (non-Higgs) processes,
such as tt or WW production Zeppenfeld et al. '94-'99

* induced by Higgs production via gluon fusion,

such as gg — ggH Del Duca et al. *06; Campbell et al. '06
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Work on radiative corrections to the production of Higgs+2jets

NLO QCD corrections to VBF in DIS-like approximation
Han et al. '92; Spira '98; Djouadi, Spira ’00; Figy et al. ’03; Berger, Campbell '04; Nason, Oleari '09

(full) NLO QCD+EW corrections to VBF
Ciccolini, Denner, S.D. 07
— NLOQCD ~ NLOEW ~ 5—-10% Figy, Palmer, Weiglein '10 (DIS-like EW)
NNLO QCD corrections to VBF in DIS-like approximation
— NNLO QCD ~ 5% Bolzoni, Maltoni, Moch, Zaro "10; Cacaiari et al. '15

NNNLO QCD corrections to VBF in DIS-like approximation
< NNNLO QCD ~ 0.1-0.2% Dreyer, Karlberg 16

NLO QCD corrections to gg — Hgg, €tC. ,mopei R K Ellis, Zanderighi 06
— contribution to VBF ~ 5% \iitenko Vazquez '07 (NLO scale uncertainty ~ 35%)

QCD loop-induced interferences between VBF and Hgg-initiated channels

: -3 L Andersen, Binoth, Heinrich, Smillie '07
< Impact 5 10 %(neg“glble!) Bredenstein, Hagiwara, Jager '08

loop-induced VBF in gg scattering
— impact ~ 0.1%

Harlander, Vollinga, Weber '08

SUSY QCD+EW corrections Hollik, Plehn, Rauch, Rzehak '08
— |MSSM — SM| S 1% for SPS points  (2—4% for low SUSY scales)
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Fiducial cross sections @ NNLO QCD + NLO EW | ¢ Higgs xs wa 16

30 T T T T T T T T
100 F 3
E T T T T Lo E LO I y
i NNLO-QCD+NLO-EW —— ] »s | NNLO-QCD+NLO-EW F— |
10 i -
= " a=l ol ]
% —— =
< —t— = —t]
= —
é 1 E — | S 15F pig ;
o] — o _
& '—'.i}—{ ] o] .___,_l_—_' R s
= o 1 o I }
B — = 7 10 : . ——— —
- —_ B ) l___;—-—i
— } t 1
0.1 F (| = —
E = - 1
LHC 13 TeV = T 51 LHC 13 Tev 7
b=t A ENT
MR = Mg = Mw by MR = Mg = My
0.01 I I I I 0 — I I I I I I ——
r L (1+06gw) " |
I (1+0y) ]
! i 1.1 (NLO/LO)ch -1
i i (NNLO/NLO)yeq =T ]
09 (1+65—channel) B S
C s SRR e e e ? I e ! PP I X T b
: 1 = H H - . . (3
081 (1+6gw) e ANy =§§PE;I R
(146y) — : ]
07  (NLOLO)gq 09 [ e } ; ey ; . ; s
[ (NNLO/NLO)yeq 51 ] _
146 B ] i
06 ( S'Chﬂ““el) i i i ] 038 i i i i i | | I
0 100 200 300 400 500 0 20 40 60 80 100 120 140 160 180
pt,H [GCV] (p_]_l

* scale uncertainty ~ 1-2%
* (N)NLO QCD and NLO EW corrections ~ 5—20%

J and s-channel contributions ~ 1.5%
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Higgs pair production via gluon fusion
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: i : o 0
Higgs seli-coupling A —window to new physics * Degrassi et al. '12 (see also Bednyakov et al. '15)

200 1 Instability i
1 2 2 3 1 4
V(H) = MZH? + Y\H® + LOH S =

3 150 i /,5'&‘30&\\ OZ i

£ §J\e,\‘z‘ S

S B E
2 100 Stability e

: -

& _ <.
= 50f g |
o

0 50 100 150 200
Higgs mass M;, in GeV

SM prediction:  A(M7) oc M7 with “running” A\(p) in the range v < u < A = Mxp
Note: My =126 GeV  SM escapes problems !
* \(u) <0: vacuum instability

* \(u) — oco: triviality, non-perturbativity, ... consistency problem

= Exp. challenge: measuring A in Higgs pair production

Alternative:  constraints via loop effects in single-Higgs production
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Higgs self-coupling A — window to new physics ?

Maltoni et al. ‘14

| | | | |
HHp ctin t14 TeV LHC t (N)LO in QCD
My=125 GeV, MSTW2008 (N)LOp (68c) |

o

g

1

_LOI

1Cc

o

©

i

10T

18

| | | | | | |
4 3 2 1 0 1 2 3 4
)‘}‘SM

SM prediction:  A(M7) oc M7 with “running” A\(p) in the range v < u < A = Mnp
Note: Mg =126 GeV  SM escapes problems !

* \(u) <O0: vacuum instability
* \(u) — oco: triviality, non-perturbativity, ... consistency problem

= Exp. challenge: measuring A in Higgs pair production

Alternative: constraints via loop effects in single-Higgs production
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More precision for pp(gg) — HH Borowka et al. 16

0.25 L L B B L B L BN
[ — 1O ]
— 0.20 F — NLO ]
=z NLO-i. NNLO HEFT |
g _
= ]
S ]
=g
o ]
o] 5 —
_:,,,,: NNLO HEFT:
; (my—00)

55..|....|....1....|....1....|....1....:
300 400 500 600 700 800 900 1000

Muh [GGV]

* LO  Epoliet al. '87; Glover, van der Bij '88 oro(my)
* NLO: my — o0 Dawson, S.D., Spira '98 + 100%

1/mt expansion Grigo et al. '13,15; Degrassi et al. '16 o TH uncertainty:

— 14%
14 TeV

full m dependence Maltoni et al. '14; Borowka et al. '16 A @ 2‘7)

* NNLO (1/my expansion): + 20% scale ’
deFlorian et al. *13,16; Grigo et al. '14,15 ApDFta, ~ 3%

* QCD parton shower effects / resummations

Li et al. '13; Maierhofer et al. '14; Frederix et al. '14 Shao et al. ’13; deFlorian et al. 15
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