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New Physics at the I.HC (so far)

ATLAS SUSY Searches” - 95% CL Lower Limits ATLAS Preliminary

May 2017 Vs=7,8,13TeV
Model U7,y Jets ET™ [ranmb) Mass limit Vs=7,8TeV [V5=13TeV| Reference
MSUGRA/CMSSM 0-3e,u/1-27 2-10jets/3b Yes 20.3 1.85 TeV m(g)=m(g) 1507.05525
@, —a¥) 0 2-6jets  Yes  36.1 m(¥})<200 GeV, m(1% gen. §)=m(2" gen. §) ATLAS-CONF-2017-022
@ 44, §—qX) (compressed) mono-jet  1-3jets  Yes 32 m(@)-m(rY)<5 GeV 1604.07773
£ 3z 3-qal) 0 2-6jets  Yes  36.1 m(¥})<200 GeV ATLAS-CONF-2017-022
§ 28, 8—aqa¥i —agW*i 0 26jets  Yes  36.1 m(¥})<200 GeV, m(¥*)=0.5(m(¥})+m(z)) ATLAS-CONF-2017-022
D gz, goqq(ll/vX; Bepu 4 jets - 36.1 m(¥})<400 GeV ATLAS-CONF-2017-030
D o goawzt 0 7-41jets  Yes  36.1 m(E}) <400 GeV ATLAS-CONF-2017-033
> GMSB (¢ NLSP) 1-27+0-1¢ 0-2jets Yes 3.2 1607.05979
tﬁ GGM (bino NLSP) 2y - Yes 3.2 ct(NLSP)<0.1 mm 1606.09150
S GGM (higgsino-bino NLSP) ¥ 1b Yes 203 |z 1.37 TeV m(E})<950 GeV, cr(NLSP)<0.1 mm, ;<0 1507.05493
= GGM (higgsino-bino NLSP) Y 2 jets Yes 13.3 m(¥})>680 GeV, ct(NLSP)<0.1 mm, ;>0 ATLAS-CONF-2016-066
GGM (higgsino NLSP) 2e,u(Z) 2 jets Yes  20.3 4 900 GeV m(NLSP)>430 GeV 1503.03290
Gravitino LSP 0 mono-jet  Yes 20.3 F'2 scale 865 GeV m(G)>1.8 x 107 eV, m(g)=m(g)=1.5TeV 1502.01518
&Y g8 gobbt 0 3b Yes  36.1 m(¥?)<600 GeV ATLAS-CONF-2017-021
OE gz 0-1e,u 3b Yes  36.1 m(¥7)<200 GeV ATLAS-CONF-2017-021
T w0 23 gobiv) 0-1e,p 3b Yes 2041 1.37 TeV m(E})<300 GeV 1407.0600
we bibi 1:71—>b3?t(1) 0 2b Yes 361 T . o . L.
£S bbbtk 2e4(S)  1b  Yes 361 . 275-700GeV. ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary
88 An bt 0-2 e, 12b  Yes 471133 17-170GeV [ 200-720 GeV! Status: July 2017 1 13 TeV
@8 O, hi-WhE or iy 0-20e,;4 0-2 jets/1 f b zes 20.3/262.1 90-198GeV | 205-950GeV' f.C dt=(3.2-37.0)fb Vs=8,13Te
S Q fif, fjock) mono-je es § miss _1 .
SE s s 10 e w3 imeoncer Mode Ly detst BT Jrem e o Reference
T R 31e’2” @ 1o Yes 36.1 o 290790 GeV| ADD Gkk +g/q Oeu 1-4j  Yes 36.1 Mp 7.75 TeV n=2 ATLAS-CONF-2017-060
b, hof +h 2ep 4b Yes  36.1 . 320-880GeV ADD non-resonant yy 2y - - 36.7 | Ms 86TeV  n=3HLZNLO CERN-EP-2017-132
ILrlir, I-00) 2epu 0 Yes  36.1 ADD QBH - 2j - 37.0 | Mu 89TeV n=6 1703.09217
XX, X —Pv(tw) 2epn 0 Yes  36.1 ADD BH high 3, p1 >lepu >2j - 32 | My 8.2 TeV n=6,Mp =3TeV, rot BH 1606.02265
X,li)f /)zg’ f?—ﬁ'v('ri'/), )'(g—ﬁ‘r(vﬁ) 27 - Yes 36.1 ADD BH multijet - >3j - 3.6 Mqh 955TeV n iﬁ, Mp = 3 TeV, rot BH 1512.02586
> B XX lvELLGw), (VELEGY) 3epu 0 Yes  36.1 R81 Gkk — vy 2y - - 36.7 | Gkk mass 4.1 TeV k/Mp = 0.1 CERN-EP-2017-132
L wlowiizet 236  0-2jets  Yes  36.1 Bulk RS Gkx —» WW — qqtv 1en 1J Yes 361 | Gk mass 1.75 TeV K/ Mp = 1.0 ATLAS-CONF-2017-051
s X Xa—WE X, h—bb/WW/T/yy ey 02b  Yes 203 270 GeV 2UED/RPP leu 22b,>3) Yes 132 |KKmass 1.6 TeV Tier (1,1), BAMD — tt) = 1 ATLAS-CONF-2016-104
XXz, Xy = et 4ep 0 Yes 203 635 GeV SSM 2 - (¢ 2eu - - 361 |Z'mass 45TeV ATLAS-CONF-2017-027
GGM (wino NLSP) weak prod., ¥{—yG 1 e+ - Yes 203 115-370 GeV SSM Z' - 7 27 - - 361 | Z'mass 2.4TeV ATLAS-CONF-2017-050
GGM (bino NLSP) weak prod., ¥1—yG 27 - Yes  20.3 590 GeV Leptophobic Z’ — bb - 2b - 32 |2 mass 1.5 TeV 1603.08791
Direct ¥1¥7 prod., long-lived ¥ Disapp. trk 1 jet Yes  36.1 Leptoph?bic Z' >t 1 eu 21b,>1J/2j Yes 3.2 Z”mass 2.0 TevV r/m=3% ATLAS-CONF-2016-014
Direct XX} prod., long-lived X7 dE/dx trk - Yes 18.4 495 GeV 3\SI¥ “;1,/ R ek - Yes 361 Wiimass SHATEY) B 1706.04786
= . — WV - gqqqg modelB  Oe,u 2J - 36.7 V’ mass 3.5 TeV gv = CERN-EP-2017-147
gy Stable stopped g Rehadron 0 1-5iets  Yes 279 HVT V' - WH/ZH model B multi-channel 361 |V mass 2,93 TeV o= ATLAS-CONF-2017-055
= O  Stable g R-hadron trk - - 3.2 LRSM W/, — tb 1eu 2b,0-1j Yes 20-3 1 1410.4103
S § GMSB, stable 7, | »%(2, i)+7(e, 1) 124 - - 19.1 537 GeV . -
= GMSB, £ -G, long-lived ¥° 2y - Yes  20.3 440 GeV Clqqqq - 2j - 370 |A 21.8TeV 7, 1703.09217
28, X\ —eev/euv/uuy displ. ee/eu/pp - - 20.3 Clttqq 2epu - - 36.1 A 40.1TeV 7, | ATLAS-CONF-2017-027
GGM g3, ¥/ >2G displ. vix + jets - - 20.3 Cl uutt 2(S8)28en21b,21j Yes 203 (IR 1Crel =1 1504.04605
LFV pp—¥. + X, ir—eu/et/ut eu,et Ut - - 3.2 Axial-vector. mediatlor (Dirac DM) Oeu 1- 4.j Yes 36.1 Mined 1.5 TeV 84=0.25, g,=1.0, m(x) < 400 GeV | ATLAS-CONF-2017-060
Bilinear RPV CMSSM 20,1 (SS) 0-3b Yes 203 Vector medlau?r (Dirac DM) Oeu, 1y <1j - Yes 361 Mimed 1.2 TeV £4=0.25, g;=1.0, m(x) < 480 GeV 1704.03848
T WD, Bmseev, ey, pv o K Yes 133 VVyy EFT (Dirac DM) Oeu 14,<1] Yes 32 |m, 700 GeV m(x) < 150 GeV 1608.02372
o AU H WL STove, et Sepu+t © Yes 203 450 GeV/ Scalar LQ 1 gen 2e »2j - 32 |LQmas 1.1 Tev p=1 1605.06035
o 888&—qqq 0 4-Slarge-Rjets - 14.8 Scalar LQ 2" gen 2u >2j - 32 [Lamass 1.05 TeV B=1 1605.06035
€ 33 5oq00, 1 > qqq 0 4-5large-Rjets - 14.8 Scalar LQ 3" gen Teu >1b>3] Yes 203 [ICHESINI0GEV B=0 1508.04735
88,80 N 2 44d 1 on g_lg J.:::;g_iz : 2:'1 VLQ TT = He+ X Oorfeu >2b,>3] Yes 132 |Tmass 12Tev B(T - He)=1 ATLAS-CONF-2016-104
?ﬁ] gil _1175 1 0-# > jejts Y 15:4 VLQTT - Zt+ X leu >=1b,>3] Yes 36.1 T mass 1.16 TeV B(T - Zt) =1 1705.10751
Py ’ bt 2ep 2b _ 36.1 VLQTT - Wb+ X leu >1b,>1J2) Yes  36.1 T mass 1.35 TeV B(T > Wh) =1 CERN-EP-2017-094
1A ’ : VLQ BB — Hb + X feu >2b,>3] Yes 203 B(B - Hb) =1 1505.04306
Other Scalar charm, —ct! 0 2c¢ Yes 20.3 & 510 GeV VLQ BB — Zb+ X 2/>3e,u  22/21b - 20.3 B(B— Zb) =1 1409.5500
. . i L N N N N P VLQ BB - Wt + X Teu 21Db,21J/2) Yes 36.1 B mass 1.25 TeV B(B— Wt)=1 CERN-EP-2017-094
Only a selection of the available mass limits on new states or 1 1 VLQ QQ — WqWq 1eu >4 Yes 203 1500.04261
phenomena is shown. Many of the limits are based on 10 -
simplified models, c.f. refs. for the assumptions made. Excited quark ¢* — qg - 2j - 870 [aq'mass 6.0 TeV only u” and d*, A = m(q") 1703.09127
Excited quark g* — qy 1y 1j - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q") CERN-EP-2017-148
Excited quark b* — bg - 1b,1j - 13.3 b* mass 2.3 TeV ATLAS-CONF-2016-060
Excited quark b* — Wt 1or2e,u 1b,2-0j Yes 20.3 fp=f=fR=1 1510.02664
Excited lepton ¢* 3eu - - 20.3 A=3.0TeV 1411.2921
Excited lepton v* et - - 20.3 A=16TeV 1411.2921
LRSM Majorana v 2epu 2j - 20.3 m(Wg) = 2.4 TeV, no mixing 1506.06020
Higgs triplet H** — ¢¢ 234eu(SS) - - 36.1 870 GeV DY production ATLAS-CONF-2017-053
Higgs triplet H** — ¢ Be - - 20.3 DY production, B(H;* — (1) =1 1411.2921
Monotop (non-res prod) 1epu 1b Yes 20.3 Anon—res = 0.2 1410.5404
Multi-charged particles - - - 20.3 DY production, |q| = 5e 1504.04188
Magnetic monopoles - - - 7.0 DY production, |g| = 1gp, spin 1/2 1509.08059

*Only a selection of the available mass limits on new states or phenomena is shown.
tSmall-radius (Iarge-rfg’us) jets are denoted by the letter j (J).

1071

10 Mass scale [TeV]


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/

'T'he quest for precision at the LHC

The need for theory precision is twofold

As a precision machine, the LHC is providing us with %-accurate measurements
SM parameters/dynamics (couplings, PDFs, masses,...). A full exploitation of
these resources requires a deeper understanding of the theory than what we
previously had. Also, precision often allows for indirect constraints on NP

In order to maximise its discovery reach, sensitive observables have to be
conceived. This often requires measurements in extreme regions of phase
space where large momentum transfer enhances the effects of new physics
(e.g. boosted kinematics)

effects of NP could hide behind mild distortions of the kinematics (e.g.
differential shapes, broad resonances,...)

A careful assessment of the SM background is essential in most cases. This
reaches the few-percent level in some scenarios

Can we get to this level of precision ? What are the limitations of our current
understanding ?



Theoretical framework: collinear factorisation
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Theoretical framework: collinear factorisation
dopprx = 32 [ dmdwafilen) fj(2)doyx (1, 22)0(X) + O ( QCD)

1,7=9,9

“factorisation violations at high orders in multi-jet
reactions. Few-percent effect expected
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'I'he hard scattering

Asymptotic freedom: systematic expansion in powers of small couplings (LO,
NLO, NNLO,...)

Allows for a fully exclusive description of hard partonic final states at a fixed

order in the perturbative expansion G. Heinrich at CERN colloguium 2017

measure of complexity

complexity does not scale linearly!

2 —> 2 scattering at two loops:
4 scales is limit for analytic loop integrals

(refers to physical results, not individual integrals)



'I'he hard scattering

Asymptotic freedom: systematic expansion in powers of small couplings (LO,
NLO, NNLO,...)

Allows for a fully exclusive description of hard partonic final states at a fixed

order in the perturbative expansion G. Heinrich at CERN colloguium 2017

measure of complexity

complexity does not scale linearly!

2 —> 2 scattering at two loops:
4 scales is limit for analytic loop integrals

NLO QCD automated to a good extent
with up to 5-6 FS particles (proc. dep.).
Recent progress on multi-jet processes,

off-shell effects, loop induced, EW
corrections and how to combine them
with QCD

(refers to physical results, not individual integrals)



'I'he hard scattering

Asymptotic freedom: systematic expansion in powers of small couplings (LO,
NLO, NNLO,...)

Allows for a fully exclusive description of hard partonic final states at a fixed

order in the perturbative expansion G. Heinrich at CERN colloguium 2017

measure of complexity

complexity does not scale linearly!

NNLO corrections available for
2 -> 2 processes. Typically reach
2-7% accuracy for inclusive XS

and 5-10% in kinematic 2 —> 2 scattering at two loops:
distributions / 4 scales is limit for analytic loop integrals

(refers to physical results, not individual integrals)



'I'he hard scattering

Asymptotic freedom: systematic expansion in powers of small couplings (LO,

NLO, NNLO,...)
A119ws for a fully exclusive description of hard partonic final states at a fixed
= — sion G. Heinrich at CERN colloquium 2017
N3LO corrections may be required measure of complexity

for gluonic processes with poor
convergence of the series

e.g. Higgs —> 3-4% error
[Anastasiou et al. ‘16] complexity does not scale linearly!

2 —> 2 scattering at two loops:
4 scales is limit for analytic loop integrals

(refers to physical results, not individual integrals)
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ATLAS  ATLAS [Phys. Lett. B 762 (2016) 1]

[ ® ATLAS Vs=13 TeV (m,_ 66-116 GeV), 3.2 b
— A ATLAS Vs=8TeV (m,_  66-116 GeV), 20.3 fb™
™ ATLAS Vs=7 TeV (m,_ 66-116 GeV), 4.6 fb
— V DO Vs=1.96 TeV (m,_ 60-120 GeV), 8.6 fb"

— < CDF Y{s=1.96 TeV (corr. to m, 60-120 GeV), 7.1 fb™

== MATRIX NNLO, pp—W2 (m,_,
NNPDF3.0, MR=MF=(mW+mZ)/2
== MCFM NLO, pp—WZ (mz—>|| 66-116 GeV)
CT14nlo, u =u _=my;/2
& ” - = =MCFM NLO, pp—WZ (m,
- CT14nlo, MR=pLF|=mWZ/2

66-116 GeV)
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Data favours NNLO in inclusive XS and
differential SM distributions

Applications in BSM searches
- background uncertainties for DM in
MET+jets at the ~4-10% level in tails
(estimate of EW effects crucial)
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Amplitudes and subtraction at NNLO

Amplitudes complexity grows rapidly with the number of scales (legs, masses).
Recently progress in two-loop amplitudes for 2->2 processes with new

techniques (analytically or numerically). e.g.
pp-> VV (‘,7'\‘) [Gehrmann et al.; Caola et al.]

pPp->tt~, pp-> HH [Baemreutheretal; Bonciani et al.; Borowka et al |

Current focus on 2->3 processes and massive amplitudes

[Badger et al., Dunbar et al., Gehrmann et al. Papadopoulos et al.; Bonciani et al., Melnikov et al.]

Cancellation of IRC divergences:
(local) subtraction

/ (1M ? — S)[dPSk] +

Sector decomposition|Anastasiou et al., Binoth et al |

Antennae subtraction [Gehrmann et al ]

Sector-improved residual subtr. [Czakon et al ]

ColorFul subtraction [Del Duca et al |
Projection to Born [Cacciari et al ]

Nested soft-collinear subtraction [Caola et al ]
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Amplitudes and subtraction at NNLO

Amplitudes complexity grows rapidly with the number of scales (legs, masses).
Recently progress in two-loop amplitudes for 2->2 processes with new
techniques (analytically or numerically). e.g.

pp-> VV (‘,7'\‘) [Gehrmann et al.; Caola et al.]

pPp->tt~, pp-> HH [Baemreutheretal; Bonciani et al.; Borowka et al |

Current focus on 2->3 processes and massive amplitudes

[Badger et al., Dunbar et al., Gehrmann et al. Papadopoulos et al.; Bonciani et al., Melnikov et al.]

Cancellation of IRC divergences:

slicing NNLO i

/ !MR\Q[dPSR] 4 ® antenna ep il
cutoff : ‘rl\'t jettin%ésHeinriCh at CERN colloquium 2017 g1 i (i, = )
_ k Ww HW.HZ

qT subtraction [Catani et al ] @ ZH vy

_ _ b . @ projection to Born zz : w 368
N—Jettlness subi{raction|Boughezal et al., Gaunt et al ] B colortul Zy Wv ZHiG8
_ cp — 2 jels

power corrections [Boughezal et al., Moult et al.] - difW/Z pp = 2jets

diff H ~A Z + jet

WH H + jet (m » x)

H: + jet (my &
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NNLO Ratio to data

Scale choices

Differential distributions in tt~ production [Czakon et al. '16]

Scale dependence much reduced at (N)NNLO

Multijet (i.e. multi-scale) processes make choice Ho
of central scale cumbersome (obs. dependent)

== for: pry, priand prgs;,

%1 for : all other distributions.

| e—————

difference between scales can be large (several criteria-unclear which is best)

Inclusive jet spectrum at NNLO [Currie et al. '17] Di-jet mass spectrum at NNLO [Currie et al. "17] O
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NNLO Ratio to data

Scale choices

Differential distributions in tt~ production [Czakon et al. '16]

Scale dependence much reduced at (N)NNLO

Multijet (i.e. multi-scale) processes make choice Ho
of central scale cumbersome (obs. dependent)

== for: pry, priand prgs;,

%1 for : all other distributions.

| e—

difference between scales can be large (several criteria-unclear which is best)

Inclusive jet spectrum at NNLO [Currie et al. '17] Di-jet mass spectrum at NNLO [Currie et al. "17]

—_ NLO
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[Loop-induced processes at N1LLO

Formally start at O(asA2), but enhanced by gluon densities o

Recent progresses with light quarks gg -> VV [Caola, Melnikov, Roentsch, Tancredi 15]

top-quark corrections are substantial in the tails (boosted regime very
sensitive to NP). Normally described in a EFT where the top is infinitely
heavy. Full analytic calculation of two-loop amplitudes highly involved

Numerical solution for HH production - Desirable for H+jet
[Borowka, N. Greiner, Heinrich, Jones, Kerner, Schlenk, Zirke '16] Progress in [Bonciani et al. ’17]
Heinrich K Luisoni, Vryonidou 17 : -
Hennen. Jones, femer, Lurson, Vvonidou 17] first measurements of tail for
LUprFrT T T rTrTrrrrr ot ]
| 14 Tey — 0 H->bb~ with substructure
. [ e — B-i. NLOHEFT |
f 0.15 | — NLOFTapprox 1 [CI\/IS-PAS-HIG-17-Q10] 35.9 fo (13 TeV)
= — LObasicHEFT Combined |CMS
=) — — NLObasicHEFT " e Preliminary
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0.00 . [550, 600] GeV |
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S 15t - ; [500, 550] GeV | |
& O — =03 T e
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“ e
An example: bottom quarkin H+jet [ =

Analogous problem for bottom loop in H+jet at pT <~ mH {(({‘

NNLO EFT description accurate at ~10% in this region. Heavy-quark (not top)
corrections ~5-6% —> suppressed by small coupling, but log-enhanced (jet
probes the loop structure)

A A ~ yem? Jm3y n?(p% fm3) ~ 107

Recent NLO computation of two-loop - Important to match the exp. systematics
virtual amplitudes via small-mass in future measurements at the LHC.
expansion [Lindert, Melnikov, Wever, Tancredi "16-17] - Sensitivity to charm and bottom couplings
pp — H+j @ 13 TeV _
0.04f : —— [Bishara et al. "16; Soreq et al. ‘16]
0.02 é 14l — Ke==10 ]
~ i
(S8 — K= =5
0.00 =
IS
=
i -0.02 Q
o =
-0.04 =
~
/ ~
-0.06} "S
' 5
=
-0.08 / — LO,,/LO, E
—  NLOy;, / NLOKEpT rescated -
-0.10 j A
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Summing logarithms (in a nutshell)

Logarithms can appear both in amplitudes (e.g. large scale gaps) and cross
sections whenever the radiation is constrained to be soft and/or collinear
e.g.

production of heavy systems near threshold in hadronic collisions, high-

energy scattering, edges of phase space of of IRC-safe observables (e.g.
exclusive regimes, vetoes, small pT, ...)

At the LHC, often is necessary to cut out radiation effects without depleting too
much the underlying signal. This operation may develop logarithms that
require an all-order treatment

Resummation aims at answering questions like:

- Are all sources of all-order corrections under control (multiscale problems) ?
Their uncertainties ?

- Can we start from our knowledge of the radiation dynamics to devise new
observables which are predictable at all orders and free of pile-up
contamination ? i.e. can we exploit more data ?

13



(1/0)do/dpr

Data shown: ATLAS 8 TeV

An example: Z+jets

Astonishing precision in the Z
kinematic distributions (~1% or less)

distributions relevant for PDFs,
Mw,...

NNLO+N3LL needed to match exp.
precision (not even sufficient at
central rapidities)

[Bizon et al., in progress]|

10! | .
RadISH 2.0 -
10° 8 TeV, pp— Z(— I"I7)+ X =
1.2< 1 <1.6, 66< my <116 GeV .
NNPDF3.0 (NNLO)
1071 uncertainties with ug, ur, Q variations—=
ixed Order from arXiv:1610.01843
1072
L NNLO
1077k NNLO-+NNLL
F =3 NNLO-+NS3LL
- [ Data
10*4 1 1

pT

14

109

1071

(1/o)do/dpr

1072

RadISH 2.0 .
8TeV, pp—=Z(—=ITI")+ X =
0.0< n <2.4, 66< m; <116 GeV ]

NNPDF3.0 (NNLO)
uncertainties with ur, ur, Q variations—=

E ESSY NNLO-+N3LL

- | Data

ixed Order from arXiv:1610.01843

NNLO
NNLO-+NNLL

= - =
3 =

= e e e e ow bl B R NN PR BN

- ;a\‘;“\\r&\}\“\“\\

101 102

pT
Fixed-order obtained with NNLOJET,

computationally demanding
[Gehrmann-De Ridder et al. ‘16]

Hit the limits of PT, non-perturbative
corrections have comparable size...start
worrying about hadronisation. Heavy-
quark effects also relevant at this stage



[Logarithmic counting: a schematic example

e.g. measure transverse energy of partonic radiation in colour-singlet
production

S(E ) ~ s ™ (Mee/EL))

A -

Many independent soft-collinear
gluons strongly ordered in angle and
transverse momentum

S
50 °
S

S

......
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[Logarithmic counting: a schematic example

e.g. measure transverse energy of partonic radiation in colour-singlet
production

S(E) ~ ePles In" T (Mo /EL))+O(a In™ (Mo /EL))

g—l—
soft gluons split into pairs
Many independent soft-collinear
gluons strongly ordered in angle but
comparable transverse momenta

-

16



[Logarithmic counting: a schematic example

e.g. measure transverse energy of partonic radiation in colour-singlet
production

S(E)) ~ eOen ™ (Mee/BL)FO (0 n™ (Moo / BL)+O (o In" ™ (Mee / EL))

| A -
further, less singular,
soft splittings possible
Many independent soft-collinear hard-collinear emissions
gluons with comparable angles can split
and transverse momenta %%% 3 3
-,‘.u'..‘ © o (ktj)
as(ktn>
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[Logarithmic counting: a schematic example

e.g. measure transverse energy of partonic radiation in colour-singlet
production

S(EL) ~ Nl In" T (Mg /EL))+O(a” In™ (Mg /E1))+O(a™ In" Y (Mg /EL))

| A i
further, less singular,
soft splittings possible
Many independent soft-collinear hard-collinear emissions
gluons with comparable angles can split
and transverse momenta %%;% 3 3
-,'.u"“ © o (ktj)
as(ktn>

' Higher logarithmic order implies a more accurate
description of the radiation dynamics and its
Kinematics in less singular limits

— ——
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- Hard to summarize state of the art in a single slide: unlike fixed order (one process, all
IRC safe observables), in resummations each observable requires, to some extent,
dedicated ingredients (lately progress towards reducing the gap)

- Goal: computation in soft and/or collinear limits at all orders in the coupling.
Cancellation of IRC divergences requires computation to be done in D=4-2*ep dims.

'1'wo main concepts:

.g. brnching a_lri,
CAESAR/ARES, generating
functionals

: é. oftCoIIinear Efi eo, |
Collins Soper Sterman, Sterman et al. |
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- Hard to summarize state of the art in a single slide: unlike fixed order (one process, all
IRC safe observables), in resummations each observable requires, to some extent,
dedicated ingredients (lately progress towards reducing the gap)

- Goal: computation in soft and/or collinear limits at all orders in the coupling.
Cancellation of IRC divergences requires computation to be done in D=4-2*ep dims.

'1'wo main concepts:

formal bridge between the two |

formulations still missing, important to (
exploit the synergy between them |

.g. brnching a_lriq,
CAESAR/ARES, generating
functionals

i é oftCoIIinear Efi eo, .
Collins Soper Sterman, Sterman et al. |
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Non-Global logarithms

Z(EL> ~ 6(’)(047; In"(Mgo/E]))+...

e.g. measure transverse energy of partonic radiation p+ 0~
/

in an angular phase space patch N An
- Need to simulate the whole N 5 o
coherent radiation outside the gap SN ° 2 .

- Despite the lot of progress in AR w
recent years, no full result | ofueesens 2 0 37N j

beyond LL exists NV
[Dasgupta, Salam '01; Banfi et al. '02] o
[Caron-Huot '15; Larkoski et al. '15; Becher et al. '15-17]

to control NGLs (challenging) ‘%\\ " é% ;;ﬂ

- Their understanding is necessary for precise control of very exclusive obs.

- Non-global logarithms arise from the observable’s sensitivity to soft radiation
with large angles. Large NGL at the LHC would also imply large PU contamination

- Define PU-robust observables and reduce impact from NGL -> substructure

19



Inspecting jets: substructure

Can these problems be mitigated by grooming jets ?

An analytic understanding of substructure technology is essential to groom the
effect of soft radiation without inducing large perturbative corrections.
Moreover, better tools can be devised for which an all-order treatment is

pOSSible e.g. mMDT/Soft drop groomed jet mass: 04 - . .
[Dasgupta et al. '13; Larkoski et al. '14] | Soft Drop Groomed Mass NGL absent!

- Soft Drop. Zew = 0.1, 5=0 «
This progress made it possible to evolve 03} 13™eV.pp - Z+j.pry > 500 GeV.R =038 |
the substructure concept from a tool t0£ [/ % 1 adronisation '
tag boosted objects to a method to mitigated
groom soft radiation in a controlled way

lative Probab
o
o

[Frye et al. "16]

- Explosion of methods in the past few2

years with immediate applications at the %[ ==== Pythia8 (no had+ue) g
LHC p ==smss Pythia8 (had+ue)
[ ——— NNLL+c?
00 : : : :
10 104 0001 0010 0.100 1

e.g. Boost 2017:

https://indico.cern.ch/event/579660/timetable/ Recursive declustering

until

min(pry, pr2)

20



https://indico.cern.ch/event/579660/timetable/

bU]El[* i
o Gling %
. . A =
An alternative approach: PS ™ (% %
N <& Ty g
& e L ®
Parton Showers generate collinear radiation from é}o Q?po/e C.
the hard process scale Q down to hadronic scales, locyy , Sf?ow
in a fully differential way 1]

in spirit analogous to resummation, but several very deep conceptual differences in
the design/formulation

set initial condition for hadronisation (better kinematics -> good tune)

matching/merging to the hard process at NLO possible, even NNLO matching for
colour singlets. Need higher logarithmic accuracy to match the theory uncertainties
in the hard scattering

T
Some designs known to be pathological in some |
configurations: )
e.q a 91F  AO wrong at LL for N T
7 . .- . . : this observable N
ET in a rapidity slice: Angular Ordering vs. NGLs | N
[Banfi, Corcella, Dasgupta '06]
. Full
@ dky as(k -~
EJ_ — ZEtz < QQ, _ / t 8( t) 001 ) . D _primary
- Qo kbt 2 0 0.05 0.1 0.15 0.2 0.2t
icQ 2 : : : : :



Tevatron comb.: 174.30 +- 0.65 GeV

pole ATLAS comb.: 172.84 + 0.7 GeV
MC a’nd preCISlOn m CMS comb.: 172.44 +- 0.48 GeV

Although the top pole mass suffers from an intrinsic theoretical ambiguity, this
is estimated to be of the order of Agcp (hadronisation, renormalon ~ 110 MeV)

[Beneke et al. '16; Hoang et al. '17]
Experimental sensitivity can reach ~ 500 MeV precision (3°/,,!)
e.g. precise extraction from fits of reconstructed my;"° to MC (template method)

- TH uncertainty dominated by PS

[ATLAS Phys. Lett. B761 (2016) 350] - Is this a realistic estimate ?

Ji=17Tev vi-sv . How well do we control MCs ?

My [GeV] mig, [GeV] mig, [GeV]
Results 172.33 17379 172.99
Statistics 075 0.54 0.41
Method 011 £ 010 0.09 + 0.07 0.05 + 0.07 ith 1725 GeV . 15.0 GeV
Signal Monte Carlo generator 022 + 021 0.26 + 016 0.09 + 015 0.16 Wb wit TF - ev, S,meanng,= —_— € .
Hadronisation 0.18 £ 0.2 053 £ 0.09 022 + 009 : : : :
Initial- and final-state QCD radiation 032 4+ 0.06 047 + 0,05 023 + 007
Underlying event 0.5 £ 007 0.05 £ 0.05 0.10 £ 0.14 0.14}
Colour reconnection 011 £ 007 0.14 £+ 0.05 003 + 014 '
Parton distribution function 025 + 0.00 011 £ 0.00 0.05 + 0.00
Background normalisation 0.10 £ 0.00 0.04 4 0.00 0.03 £ 0.00 ;‘ 0.12+
W /Z + jets shape 029 + 0.00 0.00  0.00 0 )
Fake leptons shape 0.05 + 0.00 0.01 £ 0.00 0.08 £ 0.00 )
Jet energy scale 058 + 011 075 % 0.08 054 + 004 E-, 0.10F
Relative b-to-light-jet energy scale 0.06 + 0.03 0.68 = 0.02 030 £ 001 e :
Jet energy resolution 022 + 0.11 019 = 0.04 0.09 £+ 0.05 N : : : :
Jet reconstruction efficiency 012 % 0.00 0.07 + 0.00 0.01 + 0.00 E X e feeneensensnasseess att | SR - Mu_p;=172.644 [
Jet vertex fraction 001 + 0.00 0.00 + 0,00 0.02 + 0.00 3 : § § '
b-tagging 050 + 0.00 0.07 + 0.00 0.03 + 0.02 = § : | — mw_s,;=172.209
Leptons 0.04 = 0.00 013 £ 0.00 014 + 0.01 0.06 tgeasassssssennisansfusens N .m;_:'_:‘ = .
g 015 + 0.04 0.04 + 0.03 0.01 + 0.01 - : : ? §| a"d b{Al+PY8
Pile-up 0.02 + 0.01 0.01 £ 0.00 0.05 + 0.01 { g an 1 bbae+HE7
To(al system[x unccnalnty l.03 1031 |3| i0.23 07410.29 ().(]l"""""""""' """"""""""""""""""""""" n
Total 127 + 033 141 + 024 0.84 + 029 TaIk by T Jezo at QCD@ LHC1 7

0.02
IGO 16) 1 r(] 1 75 180 1&3
22

MW —bj [GeV]



Tevatron comb.: 174.30 +- 0.65 GeV

pole ATLAS comb.: 172.84 + 0.7 GeV
MC a’nd preCISlon m CMS comb.: 172.44 +- 0.48 GeV

Although the top pole mass suffers from an intrinsic theoretical ambiguity, this
is estimated to be of the order of Agcp (hadronisation, renormalon ~ 110 MeV)

[Beneke et al. '16; Hoang et al. '17]
Experimental sensitivity can reach ~ 500 MeV precision (3%,,!)
e.g. precise extraction from fits of reconstructed my;"° to MC (template method)

- TH uncertainty dominated by PS

|+]ets and dilepton channels in tt~ and hadronisation
[ATLAS Phys. Lett. B761 (2016) 350] - Is this a realistic estimate ?
V=1 Tev s-sev. How well do we control MCs ? 0.5 GeV shift plausible
L4)ets dil il . .

Mg (O] Ming [CeV] Mizp (CV] with current tools. Possible
Results 17233 17379 172.99 >
Statistics 075 0.54 0.41 to do better
Method 011 £ 010 0.09 + 0.07 0.05 + 0.07 ith 172.5 GeV. _ 1 GeV
Signal Monte Carlo generator 022 + 021 0.26 + 016 0.09 + 015 ().le“'-—.bj wit r,nt= ‘,5 ev, S,meanng,= 5.0 - e .
Hadronisation 018 + 012 0.53 £ 0.09 022 + 0.09 : : : _ :
Initial- and finak-state QCD radiation 032 + 0.06 047 + 0,05 023 + 0.07
Underlying event 015 007 0.05 = 0.05 0.10 + 014 0141
Colour reconnection 011 = 007 0.14 £ 0.05 003 £+ 014 ’
Parton distribution function 025 + 0.00 0.11 + 0.00 0.05 + 0.00
Background normalisation 0.10 £ 0.00 0.04 4 0.00 0.03 £ 0.00 = 0.12+
W /Z + jets shape 029 + 0.00 0.00 + 0.00 0 ©
Fake leptons shape 0.05 + 0.00 0.01 £ 0.00 0.08 £ 0.00 O]
Jet energy scale 058 + 0.11 075  0.08 0.54 + 0.04 E-, 0.10F
Relative b-to-light-jet energy scale 0.06 + 0.03 0.68 = 0.02 0.30 + 0,01 = : . . .
Jet energy resolution 022 + 0.1 0.19 + 0.04 0.09 £ 0.05 i ? § § g |&
Jet reconstruction efficiency 012 + 0.00 0.07 £ 0.00 0.01 + 0.00 L frosessasssnaaeess myy_p;=172.644%] °
Jet vertex fraction 0.01 + 0.00 0.00 + 0,00 0.02 + 0.00 £ : ; ; ;
b-tagging 050 + 0.00 0.07 £ 0.00 0.03 + 0.02 ~ g myy—p;=172,2094)
Leptons 0.04 + 0.00 0.13 £ 0.00 0.14 + 0.01 RTN 111 ST SRR R S s | U § '
g 0.15 + 0.04 0.04 £ 0.03 0.01 £ 0.01 : §|
Pile-up 0.02 + 0.01 0.01 + 0,00 0.05 + 001 : :
To(al sys[em[x uncenainty 1-03 L0.3l |.3l i0_23 07410'29 ().(]l-4""""""”'""""”"'""'“"“”'"';'““"'."“"”': """""""""""""""""""""""" =
Total 127 + 033 141 + 024 0.84 + 029 TaIk by T Jezo at QCD@ LHC1 7
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MC and precision: My,

Measured using template fits to lepton observ. (small W pT modelling critical)

Breit-Wigner parametrlsatlon

Fixed-order QCD (DYNNLO)

do(pr.y)

doo | do(m)
dpidpy | dm

e

MC generator Pythia 8 (LO!)

dpr dy

(do(y) )“
dy

Hard for pQCD to achieve data precision.
Use Z to calibrate MC (AZ tune) and then
model] the W template distributions

My = 80370 = 19 MeV

[ATLAS 1701.07240]

W-boson charge w* W~ Combined

Kinematic distribution py mp  pt mpr pl my

omw [MeV]
Fixed-order PDF uncertainty 13.1 149 120 142 80 87
AZ tune 30 34 30 34 30 34
Charm-quark mass 1.2 1.5 1.2 1.5 1.2 15
Parton shower pg with heavy-flavour decorrelation 5.0 69 50 69 50 69
Parton shower PDF uncertainty 36 40 26 24 10 16
Angular coeflicients 58 53 58 53 58 53
Total 159 181 148 172 11.6 129

(1 + cos? 0) + Z A;(pT.y)Pi(cos b, )

~.

i=0

I-Uq IlIIITII'1ITITIIIIII]ITII'II'TITIIIIII LA

- ATLAS Simulation

" Vs=7TeV, pp-o>W X
Pythia 8 AZ

- Powheg + Pythia 8 AZNLO
DYRES

- == Powheg MINLO + Pythia 8

1.03

!1111|||

1.02

Variation / Pythia 8 AZ

1.01

lllllllllllllll

—h
_lllITTFIII[TTIt]IIII
- ..

B 3

:f

]

- -

-
]
1
1
1
- -
]
l.l
1
-
lllf

0.99
l L1 1 l 11 1 l L1 1 l 11
30 32 34 36 38

42744 46 48
7 7 . p' [GeV]
ir Important to understand the uncorrelated
| sources of uncertainty.

New way to perform EW precision
measurements
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MC and precision: My,

Measured using template fits to lepton observ. (small W pT modelling critical)

Breit-Wigner parametrlsatlon

Fixed-order QCD (DYNNLO)

~.

II'II'TITIIIII' LA

] ] LI

8 AZNLO

!1111|||

lllllllllllllll

nlli‘rr[

| | 11T
do dO'(m) dO'( ) do(pt.y) (do(y) | | |
/ Al 4 (1 + cos? 0) + Z A;(pT.y)Pi(cos b, )
dpi dp2 dm dprt dy dy —
) g |-U"|‘_'-"|"'I"‘I"'l"
= - ATLAS Simulation
g 1.03 Vs =7 TeV, pp->W* X
MC generator Pythia 8 (LO!) = L Pythia 8 AZ
— - = Powheg + Pythia
c 1.02 DYRES
Hard for pQCD to achieve data precision. § [ "7r PownegMNLOwByhas
; = F
Use Z to calibrate MC (AZ tune) and then S 101
model] the W template distributions -
My = 80370 & 19 MeV [ATLAS 1701.07240] 0.99
W-boson charge w* W~ Combined [ MY BTN
Kincma:]ic di.sr'lribulion Py mp  pt my pél ] ]m-r 30 32 34 36 38
omw [MeV] p— _ ) R
Fixed-order PDF uncertainty 13.1 149 120 142 80 87
Az 50 34 30 34 30 34 | Important to understand the uncorrelated
Charm-quark mass 2 1.5 1.2 1.5 1.2 15 |
Purt:)'n s(:w:ur' ur with heavy-flavour decorrelation 5.0 69 50 69 50 69 SOUrces Of UﬂCertaIﬂty
Parton shower PDF uncertainty 36 40 26 24 10 16
Angular coeflicients 58 53 58 53 58 53
Total 159 181 148 172 116 129 measurements

1 11

lllll
42 44 46 48 5l

P, [GeV]

New way to perform EW precision




Parton densities and LHC data . ... .

Relative uncertainty for gg-luminosity

Relative uncertainty for gg-luminosity
NNPDF 3.1 NNLO - v5 = 13000.0 GeV

NNPDF3.0 NNLO - vS =13000.0 GeV

50 50
Inclusion of LHC data (tt~, jets, ¥ s
EW production) leads to a better : 108 10
determination of PDFs E ; .
g
. . &
%-level errors are achieved in some
kinematic configurations S — S
. With these uncertainties, it is NPDRGANLO - 73 = 330000 GeV NPOF 3.1 NNLO - Vo = 13000.0 Gev
important to assess the impact “’ *
of the errors in the theory used ®
to extract the PDFs : 10
- TH uncertainties comparable to : ?
PDF uncertainties
- how to include them ? .
- double counting with SV ? ' ’
UP DOWN GLUON
NNPDF3.1, Q*=10* GeV* NNPDF3.1, Q*=10* GeV* NNPDF3.1, Q*=10* GeV*
1.1.E — ——rrr— 115 == — = e —— IE 1.8 ——— e —— E
eg NLO SetS 1.15- TH eeror (NLO === NNLO shift) —; 1T ——— TH oeror (NLO === NNLO shift) j:-é 1.1 TH arror (NLO == NNLO shift) {'g
S.Forteat "~ e ] :
SCALES 17 3 e —wweeee— - 3 oo !
(PRELIMINARY) af—" I
0.9: - 0.9 \-E -:2
10" 107° 10* 10" 10 10 10°? 10" 10 10* 10°? 107

Relative uncertainty (%)

Relative uncertainty (%)



Kinematic coverage

. . o LHC and Tevatyon
4  Fixed ta Drell-Yan <«
PDks and future colliders . = &5
3 Collider Drell-Yan
3 Z transverse momentum
Top-quark pair production
1 D Black edge: New in NNPDF3,1
105_
The kinematic coverage of current (and past) ~ 9088208 é;“z’gﬁ"ﬂ'ﬁ:".j}f,
experiments allows for a successful description of  _ o ) e AN N T
PDF evolution in terms of the DGLAP equation 3 T e e e v g SH A A v
- 0000 @ oo & v
e gl 34 1ed
Higher energies probe smaller x regions, currently 107 Comssomosom, '23‘-*-«"? bd 4d Vo
unconstrained/extrapolated I HERA B ARNERIEEEI R I
[Mangano et al '16: Physics at 100 TeV pp collider] 102 ; X T:j'"é'"?'z ; ‘ A
Q? = 4 GeV?, small-x PDFs for FCC studies : "'g;' -;' v v SR
1&: 1 llllllll 1 llllllll 1 llllllll 1 llllllll UL L LL : "i i ; ;A Al v H
. — NNPDF3.0 : 10? - } :
- e CT14 i i v i.é!
- wm= MMHT14 | | v Tede
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Besides experimental constraints (e.g. forward =
production, LHCb,...), it is important to understand C
. > Ul
whether we have a robust theory understanding of =

these regions (BFKL effects ? Some effect already at
small-x HERA ?)
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Whats the uncertainty in alpha_s ?

World average: [Bethke et al. '15]
as(Mz) =0.1177 £ 0.0013(1.1%) weighted

as(Mz) = 0.1181 £ 0.0013(1.1%) unweighted

- World Average quotes a ~1% uncertainty

Some tension with precision extractions
from LEP data (event shapes), and some
PDFs. Strong hints that these low values
are disfavoured (LHC, lattice), but we need
to understand what’s going on

Recent determinations agree with WA
[Klijnsma et al. '17]

. o +0.0034
tt~ cross section: o, (mz)=0.1177 " " "

1

[ALPHA coll. "17]

Lattice QCD

08 |

finite-size scaling evolut-
ion to PT scales 06 |

(dominant uncertainty)

ik (mz) = 0.11852(84) 0

|
|
|
|
|
i
|
|
|
|
|
|
|

0

T_‘ L “f ‘: LB "l . , L] J LI ]
Schridinger Functional s

Gradient flow m—
3-loop (SF) - - —
3-loop (MS) ----- 1
4-loop ()A\dj{ c—--
5-loop (MS

0.1 1

Baikov :}—[—0——1 n
Davier [ Q.
. e )
Pich | l—lo—l e}
Boito I—Q—H Q
SM review l--'—+—1' \t<n

HPQCD (Wilson loops) l'p;{

HPQCD (c-¢ correlators) m

Maltmann (Wilson loops) | 4@~ o
PACS-CS (SF scheme) | —o g
ETM (ghost-gluon vertex) :l-l—.—i M

BBGPSV (static potent) o) |
) | ol |

—

ABM —e—i !
BBG  —e— i
JR b *o——i

-~ n
< g
2
| 2 O
NNPDF el 3 c
=
MMHAT ,'l_._ﬂ' a o
L)
ALEPH (jetsashapes) ; I} 1
OPALjss) ] 'F (DI
JADEyss) | o =
Dissertori (3)) |—+|—1 o
JADE @) | ——e. oo
DWm '_.'_,_1 »
Abbate m e : : g
Gehrm. : o
Hoang F—e—i L @
0 e J' . |- !
GFitter e A elect.rqweak
. ! v, precision fits
CMS ! i | hadron
tcrosssectiohl 3 W] . collider
0.1 0.115 0.12 0.125 0.13
April 2016 ( 2)
o (M?



Whats the uncertainty in alpha_s ?

World average: [Bethke et al. '15]
as(Mz) =0.1177 £ 0.0013(1.1%) weighted

as(Mz) = 0.1181 £ 0.0013(1.1%) unweighted

- World Average quotes a ~1% uncertainty

Some tension with precision extractions
from LEP data (event shapes), and some
PDFs. Strong hints that these low values
are disfavoured (LHC, lattice), but we need
to understand what’s going on

Recent determinations agree with WA
[Klijnsma et al. '17]

. o +0.0034
tt~ cross section: o, (mz)=0.1177 " " "

1

[ALPHA coll. "17]

Lattice QCD

08 |

finite-size scaling evolut-
ion to PT scales 06 |

(dominant uncertainty)

ik (mz) = 0.11852(84) 0

|
|
|
|
|
i
|
|
|
|
|
|
|

0

T_‘ L “f ‘: LB "l . , L] J LI ]
Schridinger Functional s

Gradient flow m—
3-loop (SF) - - —
3-loop (MS) ----- 1
4-loop ()A\dj{ c—--
5-loop (MS

0.1 1

Baikov :}—[—0——1 n
Davier [ Q.
. e )
Pich | l—lo—l e}
Boito I—Q—H Q
SM review l--'—+—1' \t<n

HPQCD (Wilson loops) l'p;{

HPQCD (c-¢ correlators) m

Maltmann (Wilson loops) | 4@~ o
PACS-CS (sF scheme) ' —e g
ETM (ghost-gluon vertex) :l-l—.—i M

BBGPSV (static potent) o) |
) | ol |

—

ABM |——7ea—-]

|
BBG  |—e—f |
JR b *o——i

-~ n
S =
2 5
| = ~
NNPDF I}—Q—%I o C
—
MMHT ll—o-:l a ('D
A 2 I .
ALEPH (jetsashapes) ] :: 1 ®
OPALjss) ] 'F (DI
JADEyss) | o =
Dissertori (3)) |—]+|—1 o
JADE 3)) b — o oo
| |
DWm , — »
Abb ~ ~
Gelirm : o
Ho | 8
© - | | !
GFitter e A elect.rqweak
. ! v, precision fits
CMS ! i hadron
tcrosssectioh 3 Wl . collider
0.11 0.115 0.12 0.125 0.13
April 2016 ( 2)
o (M?



Conclusions

- Experimental precision + sensitivity is demanding a huge
theoretical progress

- This, in turn, often leads to new ideas for more sensitive
measurements and tools

- Recent progress in the understanding of QCD so far has kept
up this incredible pace. Few-percent theoretical accuracy is
now a reality for many observables, and already not enough
for others

- The full exploitation of future data at the (HL-)LHC will require
further advances in all directions, that may go beyond PT
(better observables, amplitudes, subtraction, resummations,
parton showers, parton densities, EW, non-perturbative
modelling,...)
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