HIGH-PRECISION PREDICTIONS FOR THE LHC

Standard Candles and the Higgs to lighten the path to discoveries
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A REMARKABLE SUCCESS STORY...

Standard Model Production Cross Section Measurements Status: March 2019
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..BUT NOT THE FULL STORY

o origin of dark matter
e hierarchy problem
e matter anti-matter asymmetry

o hierarchy of scales
(generations)

o unification with gravity

« what is the Higgs potential?

This equation neatly sums up our e establish the Yukawa’s Yij

current understanding of fundamental
particles and forces.




NEW PHYSICS — DIRECT SEARCHES

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

Status: March 2019
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NEW PHYSICS — HIDING IN SMALL & SUBTLE EFFECTS?

Z’ in dileptons
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“bump hunting”

= little to no theory input needed requires solid understanding

and control of SM backgrounds




PRECISION MEASUREMENTS & INDIRECT SEARCHES
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HIGH-PRECISION THEORY PREDICTIONS!

» (HL-)LHC — per-cent level!

aor 1@ 2 > Focus — clean processes with
0te:%® g% yf high momentum transfer

»  perturbative QCD

» with o, ~ 0.1
» NLO ~ 0(10%), NNLO ~ O(1%)
» exceptions: Higgs, new channels, ...

» predictions as close as possible
to the experiment

» fiducial cross sections &
differential distributions



THE PLAN.

1. Predictions for the LHC

2. Phenomenological Applications

»  Jets — Photon — Z-boson — Higgs
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THEORY PREDICTIONS FOR THE LHC

/
a:aPA/ T ab \mbPB
falA(%) L fb|B(«’Eb)
v =

parton distribution functions

(in principle, improvable) non-perturbative effects

(no good understanding)

hard scattering

(systematically improvable)



HARD SCATTERING — PERTURBATION THEORY
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HARD SCATTERING — PERTURBATION THEORY
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HARD SCATTERING — PERTURBATION THEORY
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HARD SCATTERING — PERTURBATION THEORY
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ANATOMY OF NNLO CALCULATIONS
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Non-trivial cancellation of infrared singularities
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NINLO USING ANTENNA SUBTRACTION
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X. Chen, J. Cruz-Martinez, ). Currie, R. Gauld, A. Gehrmann-De Ridder,

/_I//I/// / __\__// __/
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T. Gehrmann, E.W.N. Glover, M. Hofer, AH, |. Majer, J. Mo, T. Morgan, J. Niehues,
J. Pires, D. Walker, J. Whitehead

Processes computed using the antenna subtraction method
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» e : H +Jet (mt—>
........ ngHgtot Hgy (VBF)H —1—Jet (mtm,oo)
o tis T djets. 1 8 i
a.totW/Z ......... e+e_)eventshapeS‘ ......... ......... Eij,]—(VBF)
@ 0 i G
" 2003 2005 2607 2009 2011 2013 2015 2017

combination of (production) x (decay):

[slide by Gudrun Heinrich]

W + jet ("17)
H;j(VBF) (18)
HH;j(VBF) (19)
tt ('19)

~v + jet ('19)

» (t-channelsingle-t) x (t — WTb) ..., [Berger, Gao, Yuan, Zhu '16]
P (VH) X (H = DD) ottt e, [Ferrera, Somogyi, Tramontano '17]
P (WH) X (H — bb) teeeteeee et eaeeannn, [Caola, Luisoni, Melnikov, Réntsch "17]
» (tt) x (t = WD)? oo, [Behring, Czakon, Mitov, Papanastasiou, Poncelet, '19]
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THE PLAN.

1. Predictions for the LHC

2. Phenomenological Applications

»  Jets — Photon — Z-boson — Higgs

5‘ A Q total (2x) . .
O 10" Foao e ATLAS Preliminary
[ Theory
o Run 1,2 =5,7,8,13 TeV
5 incl
10 AO LHC pp Vs=5 TeV
o -
5 dijets v at
10 o .
e LHC pp Vs =7 TeV
104 O o0 BBl  Dae 45-491!
A0
v
LHC =8 TeV
103 pr>125GeV &:6 O >0 =} PP \/— ‘
o o A 20.2 — 20.- 1
pzwoocev et v % . Data 20.2 -20.3fb
Vil t-ch:
102 21 ° u"@‘o o cAano wz A ww
n>3 we o o, LHC pp Vs =13 TeV
né;z Ao Dn,-zz A 6 A WOZA &
10t " bes o B er Bl a2 32-7981
nj>3 A o nj>4 n A0 it w-
J o] n>3 vH B Y
n=5 o n 305 s-chan HabbA o
1 Bg P o 8.5 p4o_
n V24 2 n M) n zy o o
n>26 o A Wi
A n25 27 VBF & n 4 Y
-1 HaWW A ag
10 o n=8 o o) VaS
A =6 a o
n o] H-yy Zij
-2 n27 A
10 n=7 n Hazz—.u A o & W W
a A l:IA
10—3 A
owz
A
PP Jets ¥ w z tt t VV 7Y H WVVyttWttZttH tty 777 Vii WW_ Wyy  Zyjj

ewk Exc. Zyy  WWy VVjj

tot. tot. tot. tot. tot. tot. EWK



JET PRODUCTION AT THE LHC

p ) p+p — jet(s) + X

» jets produced in abundance

> precise measurements (pr ; = 20 GeV)
» wide kinematic range accessible

19.7fb—1 (8 TeV)
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TRIPLE-DIFFERENTIAL CROSS SECTION

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» study different
kinematic regimes

> disentangle momentum
fractions x; & x,
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TRIPLE-DIFFERENTIAL CROSS SECTION @ NNLO

[Gehrmann-De Ridder, Gehrmann, Glover, AH, Pires '19]
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. —— NNLO (u=m) —— NNLO ® NP ® EWK (u=m) ]
- ] J
- MMHT2014_nnlo s
:_ % % 2<y,<3 O<y'<t _:
B + % anti-k, (R=0.7) ]
C | | | Lo [
200 300 500 1000 2000
T,avg (GeV)
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THE PLAN.

1. Predictions for the LHC

2. Phenomenological Applications

» Jets — Photon — Z-boson — Higgs

_Q AQ total (2x) .
O 10" Foao e ATLAS Preliminary
[ Theory
o) 6 =1 Run 1,2 /s =5,7,8,13 TeV
]-O '2 LHC pp Vvs=5 TeV
o PF
o -
5 dijets. \/ o
10 o .
L LHC pp Vs =7 TeV
104 O o0 BBl  Dae 45-491!
A0
v
LHC =8 TeV
103 pr>125GeV. &:6 O >0 O PP v ‘
‘o o A 20.2 —20.- 1
p,>1<o>ocev et v % . Data 20.2 -20.3fb
A o t-ch:
102 n;z1 o un,mo o cAano MLKVWW
n>3 we o o, LHC pp Vs =13 TeV
"4/2 8o 0O, o 27 A Vg o
10! I,; x4 e O 2* o BBl Data 32-798f0
nes B o nat B Ao Heww
J o] n>3 vH B Y
n=5 o n 305 s-chan HabbA o
1 A un >4 28, n” o DAOU O
n V24 2 n M) n zy o o
n>26 o A Wi
A i n=5 nx7 VBF & A A Y
-1 HaWW A ag
10 o n=8 o o) VaS
A 26 a o
n o] H-yy Zij
-2 n27 A
10 n=7 n Hazz—.u A m A W W
A [u]
10 B 2
owz
A
PP Jets ¥ w z tt t VV 7Y H WVVyttwWttZttH tty »¥r Vii WwW  Wyy  Zyji

ewk Exc. Zyy  WWy VVjj

tot. tot. tot. tot. tot. tot. EWK



PHOTON PRODUCTION

pp - 7+X

» highest-rate electroweak process @ LHC

» photon as probe of hard scattering
~» sensitivity to as, gluon PDF

S 1 EATLAS E
0 1.3 0<n<06 E
;1.2 —
5 1.::: E
2. JetPhox (NLO QCD)
£o
8:? [Catani, Fontannaz, Guillet, Pilon '02]
8323‘0' UUERSUON i — tension between theory vs. data
E! [GeV] § s large scale uncertainties: ~ +10%
. 1.2 T Q
s TATLAS 1w ] .
2 14— 0sll<06 18 experimental uncertainties < +3-5%
A 2 — smaller than NLO theory
B P R it Aty 1 ©
& [ =E = = NNLO QCD needed!
0.9— - E
083500 200 7000
E; [GeV]
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PHOTON + JET @ 13 TeV

do/dpr [fb/GeV]

Ratio to NLO

[Chen, Gehrmann, Glover, Hofer, AH ‘19]

hybrid isolation

NLO (~ 1)

NNLOJET  pp—y+j (Nj>1) fs=13TeV
El I I T T T T T T 3
5 LO .
T e NLO =1 |
é . NNLO _
ATLAS +—e—1 ]
= —— )
== 3
==
3 == .
== 3
- == i
E == 3
" NNPDF 3.1 ;
E UR = Up = P% -
_ . —e | ]
= | P} > 100GeV ]
[ | <237 — ]
E | Y] <2.37 excl. [1.37,1.56]
= | RY >038 —
_| | | . | . . . . | |
I T T T I . . . i I :
' ! | i | . ] . 1 i :
125 200 300 500 1000 2000

py|GeV]

» +40% corrections

» +10% uncertainties
NNLO

> ~ 5% corrections

» shape distortions

» < 5% uncertainties

» previous NNLO calculation
TN [Campbell, Ellis, Williams "17]
(dynamical cone isol.)
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THE PLAN.

1. Predictions for the LHC

2. Phenomenological Applications

»  Jets — Photon — Z-boson — Higgs

5‘ AQ total (2x) . .
O 10" Foao e ATLAS Preliminary
[ Theory
5 o Run 1,2 Vs =5,7,8,13 TeV
106 |nAcI° LHC pp Vs=5 TeV
u] v .
5 dijets. o
10 o .
e LHC pp Vs =7 TeV
104 O o0 BBl  Dae 45-491!
A0
v
LHC =8 TeV
103 pr>125 GeV &:6 o &23 o o v °
o A 20.2 — 20.- 1
pTA>18)GeV bes v % o - Data 20.2 -20.3fb
n o t-chan
102 o e oA W
nes s Loults oo LHC pp V5 = 13 TeV
A Bo O, VN a
n> > 29 _ 70 Q 1
10! " et o B 2z® o Bl D:a 32-7981
n23 A o nn,-za nz4 A O A wy
n=5 o n 305 s-chan HabbA o
1 A un~>4 28, n” o DAOU O
n 0 e n tZj A Zy [u] o
n>26 o A Wi
A n25 27 VBF & n 4 Y
1 o Howw A a9
10 (| n>8 o o} DA%
A n>6 P o
n ﬂ H-yy Zij
10_2 L ni27 A %
> n Hogz o & EIVW
a
10_3 A A A
uWZ
A
PP Jets ¥ w z tt t VV 7Y H WVVyttwWttZttH tty »¥r Vii WwW  Wyy  Zyji

ewk Exc. Zyy  WWy VVjj

tot. tot. tot. tot. tot. tot. EWK



TOWARDS PER-CENT PHENOMENOLOGY

.
g 0 pp — Z/v"+X — 00T+ X
' pt # 0
| » large cross section
» clean leptonic signature____
Lece recoil ~ sensitivity tofo|;

g j AITLIAISI TTTT Iv§;8 ITIe\I/’I I2IO3 fb-1l T T IE.I.:;
=~ [ wu-channel o] 4+ -
T [ 66GeV=m<116GeV,lyl<24 i » only reconstruct /™, ¢
5 -
'g 100 Data statistics : - = ~» Sub-% accuracy!
= - Detector 1 & . . .
S [ — Background ] 3 > Important constraints in PDF fits
‘? - —— Model | % [Boughezal et al. "17]
o [ e Total systematic _ 18 .
S 4L A A N > probe various theory aspects:
O | . . o 1
S5 i ] o very low pr non-pert. effects

g M | ¢ . low pr resummation

e H 12 Interm. pr fixed order

10-1t menl N S high pr EW Sudakov logs
1 10 10°
Pl [GeV]
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FIXED ORDER + RESUMMATION — NNLO + NSLL

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

[Bizon, Chen, Gehrmann-De Ridder, Gehrmann, Glover, AH, Monni, Re, Rottoli, Torrielli "18]

010 222272l NNLO fixed order: O(a?)
RadISHHNNLOJET |
8 eV, pp - Z(cs £2-) 4 X 22333 NNLL+NLO («+ DYRes)
0.08 £/ 0.0 < |Ya| < 0.4, 66 < My, < 116 GeV | 3
NNPDF3.0 (NNLO) 220y N°LL+NNLO
Ry 0.06 uncertainties with ugr, ur, Q variations |
S T Data (ATLAS)
S /
2 004 -
Z .
0.0p | EE NNLO PT | P substantially reduced
' B3 N3LL+NNLO . .
%23 NNLL+NLO uncertainties
I Data
0.00 sy < 3-5% (more than x2)
: 7% ] ' T T
- 115 /% | . _
5 110 | | 1 » strong distortion of shape
2 1.00 '
2 098 7 < (data vs. theory) much
© 085 / = improved
0.80 / R - sy P
101 102

» similarly: my, & y” bins, bn

also: pT & pr /p% (for My)

[Bizon, Gehrmann-De Ridder, Gehrmann, Glover, AH, Monni, Re, Rottoli, Walker "19] 26



ANGULAR COEFFICIENTS

lepton plane

pp — Z/7"+X — 4T+ X

y N / » lepton angular distributions (9, ¢)
. i » probe production dynamics & polarisation

hadron plane

> Myw & sin® 6y measurement

Angular coefficients: A;(p%,y%, me) Yim(6,0), 1=0,1,2

do 3 dgurpol

d4q d cos 0 do T 16w d4q

1
{(1 + cos® 0) + G Ag (1 — 3cos? 0)
: 1 . 2
+ A sin(260) cos ¢ + 5 Ao sin” 0 cos(2¢)
+ As sin® cos¢ + Ay cosf + As sin® 6 sin(2¢)

+ Ag sin(260) sin¢p + A7 sin 6 sin qb}

[=0: m=
unpol. [=1: m==1, 0
AZ(Q) + otrPel i/lm(6)7¢) [=2: m=42 +1, 0
production dynamics lepton kinematics total: 9
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ANGULAR COEFFICIENTS — Ao & A4

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

[Gauld, Gehrmann—De Ridder, Gehrmann, Glover, AH "17]

NNLOJET pp— Z+X, y, inclusive Vs=8TeV NNLOJET pp— Z+X, y, inclusive Vs =8TeV

™ 1= T T T T : ; I <t B T T T T T T T — 7]

< - —§— ATLAS data ] < 0.1 —- ATLAS data

0.8_—- """ LO ol B _:

[ [ NLO i 0'08: -

0.6 == NNLO - 006k E

0.4 — 0.04- R

2 it A E 002E A s

— ——ry 2 . B 4 7

_#-—I- - L -

O [ [T N )] [T .
R | ! — N
; 1.4 ——e — ; 1.5
o 12F E o -
S 1E = S e
& 08 E 2 osE
0.65 - =

» A, drives Lam-Tung violation (A, # As) » A, sensitive to sin” O,
negative corrections (@ low p,7T) » very stable w.r.t. QCD corrections
< NNLO ~ —20% (+ scale reduction) < NLO — NNLO (mostly scale reduction)

» visible improvement (data vs. theory)
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ANGULAR COEFFICIENTS — LAM—TUNG

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

05 NNLOJET pp—> Z+X, y inclusive Vs =8 TeV
< E o ATLAS data (reg) ] - O(as) prediction:
< O - ALAS = < vanishes (Lam-Tung)
— NILO 1 L | ]
LT Bt s st B ] - , o
: <+ | 1 =--: O(as) prediction:
o1 .l, | |+ E < ~ DYNNLO (NNLO)
. 1 ] — tension with data
0.0k ] s XQ/Ndat. ~ 4.89
o - - - . : - —_ O 3 d . .
o ! ———= —— O(a:) prediction:
> 3E } + ------------------------ = — large positive corrections
8 25_ + + H+ P _E —> X2/Ndat ~Y 175
o LT | E
E -
ch = = » data: [ATLAS arXiv:1606.00689]
- . o ] A C T . “ . -
0 20 100 500 — applies “regularization
p, , [GeV]

No significant data* vs. theory disagreement between
(un-regularized) ATLAS & theory @ O (o)

* 2 ' ) J J
X = Z (Oexp Oth )U j (Oexp_o h)
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1. Predictions for the LHC

2. Phenomenological Applications

1011
106
10°
10*
103
102

10!

107!

1072

»  Jets — Photon — Z-boson — Higgs

AQ total (2x) . .
DA nowse ATLAS Preliminary ey
=1 Run 1,2 /s =5,7,8,13 TeV
incl -
LHC pp =5
o
o -
dijets \/
o
pr>25GeV LHC pp Vs =7 TeV
O o0 BBl Data 45-49Mb!
R LHC pp Vs =8 TeV
VT:~1E125(3eV &_6 O ""zé o = \
20.2 — 20
1 8 .., v tofel o . Data 20.2 -20.3fb
A PN O o, ., ° nmAha" ww
21 njz Yww
nes © Loato o0 LHC pp Vs = 13 TeV
A 8o 0O, A 22 K wz A
n>2 n22g o o Bl a2 32-7981
04 7z 7z O o < ©
A o A H—WW
23 Aﬂ 23 LEC . | vi A Wy
s O 025 H—sbb, Lo}
nj= o) s-chan n A A
A u,, >4 n>6 H-71t D ou o
g " Ege 8 8 g
n>6 A (m ]
Al n"'>5 nz7 VBF 2 A el
I - ] a A &g
o =8 VN
A n;>6 D o A D o
o] Hoyy Zij
nn,27 A
=7 n Hazz-uu A o & W W
n [u]
A A A
owz
A
PP Jets ¥ w z tt t VV 7Y H WVVyttWttZttH tty 777 Vii WW_ Wyy  Zyjj

ewk Exc. Zyy  WWy VVjj

tot. tot. tot. tot. tot. EWK



THE HIGGS BOSON

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

« experimental era of Higgs physics just starting

» scrutinise all properties

This costs too much
energy! | think I'll
hang out down there,

» couplings/interactions

» probe the potential

 notoriously bad perturbative convergence (N3LO needed)

N3LO 42.07 pb
Oy — 48.68 pb_ 574 pb

s .75 it »  FULLY DIFFERENTIAL?

v/ analytic integration of full phase space
X no information on final state
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qr SUBTRACTION @ N3LO

[Catani, Grazzini '07]

H H H
doy:s o = doys + doys
N3LO N3LO cut N>LO cut
resummation H+jet
qT doynio
H H H+jet H, CT
~ Hy30 ®doo + [dJNNLO —d N3Lo] cut
qT >4

Vs =13TeV pr>07GeV
m, =125 GeV PDF4LHC15
HR=HF=1/2mH

{
-I"-'i
= ]
e
la

—
g O
o O

| .
- k= omw o S

[ ":1.FLLT“T' o

o
i
d

|

NNLO only FO —— |
NNLO only SCET -

- et -
gy et e e [

e ———

[81. HVY “oA0|D ‘uuewlIysy) ‘uay) ‘ua1D]

o N b~

1
[\

pp—H+=0jet

1
N

Non-Singular [pb] pyda”S/dpy [pb]

o &
o O
—

: @) —
w

: 1 crafn)
To

1
(0))

100 - I1O1
pt [GeV]

* numerical approx. for unknown coefficients 2



HIGGS RAPIDITY @ N3LO

[Cieri, Chen, Gehrmann, Glover, AH '18]

HN3LO + NNLOJET

25 | T |
o=l » four successive orders
2
00, ~ i
- N0
‘ 72722 N°LO
S 15 uﬁf
— > few %
2 | > fully contained
S within NNLO band
c | i <> convergence!
0 | ! ! | | ' ' | » analytical result for yu:
1.2 F ! ' ' ' ' ' ' ] [Dulat, Mistlberger, Pelloni 18]
S 1.1 T I In good agreement!
= WMNWV S
S 9.9 -
E 0.8 [ %%
£ 0.7 |
0.6 [ | | | | | | | ]
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CONCLUSIONS & OUTLOOK

» LHC — remarkable opportunity to study high-energy physics
 search for new physics & probe the Higgs sector
 precision measurements using “standard candles”

= high-precision predictions essential!

(reduced uncertainties & often resolves tension to data)

» Remarkable progress in precision calculations:

e 2—=2@NNLO, 2-—1@N3LO, NLOEW?2—=56

= precision phenomenology using these calculations has only started!



CONCLUSIONS & OUTLOOK

» LHC — remarkable opportunity to study high-energy physics
 search for new physics & probe the Higgs sector
 precision measurements using “standard candles”

= high-precision predictions essential!

(reduced uncertainties & often resolves tension to data)

» Remarkable progress in precision calculations:

e 2—=2@NNLO, 2-—1@N3LO, NLOEW?2—=56

= precision phenomenology using these calculations has only started!

THANK YOU!
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PREDICTIONS @ LHC

—>» Hard subprocess

. » PDFs

-» Parton shower

~>» Hadronization + decays

> Underlying event

> Jets, substructure, res.



SUBTRACTION METHODS

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» Remarkable progress in the development of methods to perform NNLO computations!

o local analvtic pp final-state

(not an exhaustive lis) subtraction y collisions jet(s)

Antenna X n v v v
(local after rot'')

CoLorFul v v X v
Jr-Subtr. X / / a

(only t)

STRIPPER /

nested soft-coll. 4 XV v v
N-jettiness X v v v

(< 1jetsofar)

» Projection-to-Born, Local Analytic Sectors, Geometrig, ...

* more painful with massless particles



qr SUBTRACTION @ N3LO

[Catani, Grazzini '07]

H H H
doys g = dosg i doys g ot
qrT <qT qrT >qT
N ot
gT resummation dofitd
_ yH H Htjet H, CT
~ Hyz o ® doio + [dJNNLO - dUN3LO} cut
qrT >qT
Unknown pieces in H,s,,:  Hy ™, O (2), G2 (2)
But we Rnow O-Il;I%tLO" [Anastasiou, Duhr, Dulat, Herzog, Mistlberger '15] [Mistlberger '18]
o0 H 2 0O H-+tjet H, CT
tot d doso M 2/H d doynio dJN3LO
ON3lo = v~ = 7 vt aT | —3 T 4q
0 qr S 0 qT qT

= numerical extraction of unknown pieces: — Cn3
» approximation: f(z) — const. 6(1 — z)
~ how well does this work?! ~ per-mille level @ NNLO
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