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11 11 obtaining the expression (11) the mass difference
between the charged and neutral has been ignored.

2M. Ademollo and R. Gatto, Nuovo Cimento 44A, 282
(1966); see also J. Pasupathy and R. E. Marshak,
Phys. Rev. Letters 17, 888 (1966).

3The predicted ratio [eq. (12)] from the current alge-

bra is slightly larger than that (0.23%) obtained from
the p~dominance model of Ref. 2. This seems to be
true also in the other case of the ratio I'(n— 1r+7r""y)/
I'tyv) calculated in Refs. 12 and 14.

L. M. Brown and P. Singer, Phys. Rev. Letters 8,
460 (1962).

Leptons interact only with photons, and with
the intermediate bosons that presumably me-
diate weak interactions. What could be more
natural than to unite' these spin-one bosons
into a multiplet of gauge fields ? Standing in
the way of this synthesis are the obvious dif-
ferences in the masses of the photon and inter-
mediate meson, and in their couplings. We
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and on a right-handed singlet

R=[3(1-v)le. (2)
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matic terms —LyH? pL-RyH 9, R of the Lagrang-
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Theoretical Predictions for the LHC




T heoretical

Lsy = —30,920,9% — 9:f 0989095 — 392 F° f*gbgCglgs — O,W OW, —
MZW,jw— $0,200,20 — = M2 2022 — 10,A,0,A, — ige.(8,Z(W; W, —

WiW;) — ZB(W;aVW —~W;d W;) + Z0W oW, — W, 8,W))) —
z'gsw(auAﬂ(W;WV_ -WyW,) - AU(W;(’),,W; -W, oW )+ AWSo,W, —
W, 8,W;)) — 2W+W-W’ W, + LPWIW, WiW, + g% (Z2W, ZoW, —
2070, W,) + o252 (A, WEAW; — AyAWIW,) + g5 ucu(A ZOW W, —

' W#‘) —2A ZgW*W ) — 18 HO,H — 2M?a, H? — 0,670, — %6u¢08u¢0 —
,Bh (2;&22 + %H -+ %(H2 + ¢0¢0 + 2¢+¢—)) + 22%40{}& _
gopM (H® + Hp¢° + 2Hp ¢~) —
s9%an (H' 4 (¢°)* + 4(¢7¢7) + 4(4°)2 0" o~ + 4H?¢T ¢~ + 2(¢°)?H?) —
gMW W, H — 3 gl‘f Z)Z)H —
519 (Wi (%09~ — ¢70,¢°) — W, (¢°0,6™ — 670,4°)) +
%9 (W;(Hauﬁb_ - ¢_6uH) + W;L_(Hau¢+ - ¢+8NH)) + %gc%(zg(Hau‘ﬁo - ¢08uH) +
M (Lzoaﬂ¢°+W+aﬂ¢— + W 8,0M) —igeMZOW, ¢~ — Wy ¢%) +igsuM A, (Wi ¢ —
¢+) - 29 Z0(¢+3,£¢_ - ¢ u¢+) +igsuA (¢+8ﬂ¢_ - ¢_au¢+) -
i 2W+W (H? + (<l5°)2 +207¢7) — 59° 3 Z0Z) (H? + (¢°)* + 2(252, — 1)°¢7¢7) —
39 -““Z°¢°(W*¢ + W, ot) — 3ig -“ZOH(W+¢‘ W, ot) + 50%5,A,8°(Wio™ +
¢+) + —zg swA H(W+¢‘ W, ot) — 2%‘5(2&” — 1)Z2Au¢+¢>‘ —
g28iAuAu¢+<zf + 5195 A5 (@ e ) g5 — (70 +m)er — (70 + my)v* — a3 (0 +
mﬁ)u}‘ — d; (70 + my)d; +igsuA, (—(é’\'*/“e:’\) + %(ﬂj-_*y“u;-\) — %(d;-\’y“d?)) -
= Z (PP (L) + (@ (4sh, — 1= °)ed) + (" (3sh, — 1 = 7°)d}) +
(17,3.\7#(1 — § 2 2 4 ’Ys)u’\)} + ;j.WJ ((p/\,yu(l +75)Ulep)\nen) + (ﬂ;\’y“(l + ’75)0,\nd}‘)) +
W (U2l (1 + 9% + (dCH (1 + 7)) +
5iimd” (—mE(PU P (1 = 7°)e®) + my (AU P\ (1 +7%)e’) +
st (MU 4 7)) i@V (1 - 5>v“) — 4R HEW) -
4 H () + L ¢°(VA V) — LI g0(yPer) — Loy ME (1 — 75)Dx —
17 Mﬁ( — )0+ 52175 * (-mj(a 3\0,\5(1 —7°)d5) + m"(u*C,\n(l +7°)d5) +
g™ (md(d%cln(l +P)5) —mi( DOl (1 — 7)) — $5H (@) -
) ‘%%H(d?d'\) + 1&¢0(UA75uA) -‘Qﬂ"“(]ﬁo(d’\ SdA) + Gaa2Ga +gbf“b°3 GaGb
X+ — M)X++ X~ (8°— M) X~ +X°(6% — fo?)xo +Y8%Y +ige, W (8, XOX—
8, X+ XO)+igs, W@,V X~ — 8,X+Y) +ige, W, (8,XX° —
0, XX 1) +igs, W, (0, XY —0,YX") +ige, Z)(0,X X" —
0,X~ X~ )+igsy A (0, Xt X+ —
0,X~X")—LtgM (X+XTH + XX H + - XOXOH) + 122550 M (X X0 — X~XO6)+
T-wng (X°X~-¢* — XOX+¢~ )+ngsw (X°X-¢+t — XOX+¢™) +
LigM (XTXT¢"— X~X¢°) .
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T heoretical

a

Lsy = —50,980,9% — 9:f*0.909095 — 192 f* f*“gh9c909s — OW, S OW, —
MWW, — 30,200,20 — 5 M* 2028 — 10,A,0,A, — igeu (9, Z0(Wi W, —
95, (0, A WW, =W W) - AW oW, —W, 0,W;)+ AW oW, —
W, 0,W,)) — 56*WiW, WiW, + 56*WIW, WiW, + g*c2(ZIW ZJW, —
ZﬁZﬁW;L W)+ gzst(A”W: AW, — A AWIW, )+ gzswcw(AuZS(WjW; -
W, W) —24,ZW,; W) — 18,HO,H — 2M2a, H? — 8,6 0,¢~ — 10,6°9,¢° —

Bh (2QL22 + %H - %(H2 + ¢%¢° + 2¢+¢—)) + 2_%401}; _

gapM (H? + Hp¢® + 2HpT¢™) —
(@°)* + 4(pT )% + 4(¢°) 20 ¢~ + 4H? ¢+ ¢~ + 2(¢°)2H?) —
gMW,f W, H — Lg% Z0Z0H —
%ig (W:(¢an¢— - ¢_au¢0) - Wu—(¢oay¢+ - ¢+ay.¢o)) +
Lo (W (HO.b™ — ¢~ 0uH) + W, (HB,6" — 6 0,H)) + 32 (Z0(HO,6" — 6°0,H) +
M (L200,8°+W; 8,0~ + W 0,6%)—ige MZO(Wi ¢~ —W; ¢*)+igsuMA (Wi —
Wy ") —ig 5o 20§+ 0up™ — ¢ 0ud™) +igsuAu(dT8ud™ — ¢~ 0u0") —
TOWIW, (H? +(¢°)? +207¢7) — 59° 3 22 (H? + (¢°)* + 2(2s%, — 1)’¢7¢7) —
%925522¢°(W[f ¢+ W, ") - %i92%fZBH (Wie™ =W, o) + 30%5,A,0°(WiHé™ +
W, ot) + 3ig*s, ALH W™ — W ét) — 9*2=(2c;, — 1) Z A0 ¢ —

9%s%,Au A7 + 319, A5 (677447 g5 — € (Y0 + mp)er — 7 (0 + mp)v* — u(v0 +
my)uy — dy(v0 + mY)d} +igswA, (—(@*e) + S(uly u}) — 3(d d)) +

%g2ah (H* +

1= ZH{ (PP (L + W) + (@4 (dsy, — 1= 7)e) + (v (550 — 1 —7°)d}) +
(@ (1 — 35, + 1)U} + 3 5Wi (P (1 + ) U'Pace®) + (@37#(1 +7°)Cxedf)) +
25 Wi (€U (1497 + (dCL (L + 7)) ) +
siimd” (—mE(PAUP (1 = 7°)e’) + my(PUPpe(1 +7°)e") +

i - = e K K(= e K m) —
750 (MU UL (1 +7°)) - ms@ U], (1 - 7)) — $HE) -
$5rHE@) + %%?0(17*75'/*) — 92200 y%e) — £ oa ME (1 - 75)0 —
T ME (1 =)0, + i (=m(@}Cre(1 = 7°)d5) +m} (@} Cre(1 +7°)d5) +
i - 5\o, K o) K m3 i
5759 (mé(@cln(l + 7 )uf) —mi(d)Cl (1 — 75)uj) — §5+H (uju3) —
A — . . A — -
SHH@D) + $56 @ ) — 5B D) + GOC + 0.f*°0,6°G g +
XH(0*—MHXT+ X (0°— M)X +X°0* — )X+ YO%Y +ige W, (0, X° X~ —
0, XX ) +igs W (8, Y X~ — 8, XTY) +ige,W, (8, X X°—
0, XX 1) +igs, W, (0, XY —0,YX") +ige, Z)(0,X X" —
0, X X" )+igs, A, (0, XX+ —
O X X")—39M ()'(+X+H +X X H+ C%XOXOH) +520 M (XX — X~ X")+
igM (X°X~¢" — X°X*¢7)+igMs, (X°X~¢+ — X°X¥¢7) +
Ligh (X*X*+¢° — X~X~¢°) .
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Theoretical Predictions for the LHC

Hard (perturbative) scattering process

Lsy = —50,980,9% — 9:f*0.909095 — 192 f* f*“gh9c909s — OW, S OW, — ’ -
ey Y TR P AT *« » N(N)LO QCD + EW

95, (0, A WW, =W W) - AW oW, —W, 0,W;)+ AW oW, —
W, 0,W,1) — 5a*WiW  WiW, + 50*WiW, WiW, + g°c(Z0W,F ZIW, —
Z0ZOW,; W) + g2 (AW AW, — A AWIW, ) + g2suca(AuZoWIW, —
W, W;) —24,2°W;W,) — 18,H8,H — 2M?a, H? — 8,67 8,¢~ — 18,6°0,6° —
Bn (2%2 +2LH + 3(H? + ¢%¢° + 2¢+¢‘)) + 2o, —
ganM (H® + H¢¢° + 2H¢"¢™) —
s9%an (H* + (¢°)* +4(¢7¢7)2 +4(¢°)’¢1 ¢~ + 4H?¢T ¢~ + 2(¢°)°H?) —
gMW W, H — 3934 Z0Z°H —
519 (Wi (80,0~ — ¢70,¢°) — W, (¢°0,6™ — 670,4°)) +
39 (W (HO.¢™ — ¢ 0,H) + W, (HO,0" — ¢+ 0,H)) + 59--(Z(HI.9" — ¢°0.H) +
M (L200,¢°+ W, 8,6~ +W,; 8,67 —igZe MZOUW; ¢~ — W, ¢7) +igsuMA(W¢—
W, 6") — igh52Z0(¢" 046~ — 6™ 0u8") +igsuAu(¢70,6™ — ¢ 0u6") —
TCWIW, (H + (8% +207¢7) — 39° 2 2020 (H? + (¢°)° +2(2s2, — 1)’ 7 ¢™) —
L5 7000 (W, ¢~ + W,y 6+) — Lig? e Z0H(Wd~ — Wy 6) + 3g2s,A,0°(W, ¢~ +
W;¢+) + %igzswAuH(W:¢_ - Wp,_¢+) - 92%‘:(203; - I)ZgAu¢+¢_ -
9*sLALALDT O + 3igs M (@77 a7 )gp — (Y0 + mR)er — PA (70 + mpv* — u (70 +
my)u; — &} (70 + m))d} + igswA, (—(E**e) + $(@iyu]) — (@ d))) +
= Z (PP (L) + (@ (4sh, — 1= °)ed) + (" (3sh, — 1 = 7°)d}) +
(@ (1 = 355 + 7))} + 35 Wo (P (1 +7°)UPace®) + (@74 (1+7°)Cands)) + o‘__..‘: -
W, (@ U2y (1 + 99 + (dCh (1L + 7)) +
5iimd” (—mE(PU P (1 = 7°)e®) + my (AU P\ (1 +7%)e’) +
iz (mA(EUPL(1+ 7)) — mE@U) (1= ) — $5RH() -
$TEH (@) + $5200(P°0) — L5240 (@ %) — §oa ME, (1 — 75) 0 —
T ME (1 =)0, + ﬁ%¢+ (=m(@}Cre(1 = 7°)d5) +m} (@} Cre(1 +7°)d5) +

i — 5\, K k(A K my i
izt (MA@CL(1+77)up) — mi(@CL (1 - ¥)u) — $22H (@) -
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Theoretical Predictions for the LHC

Hard (perturbative) scattering process

» DGLAP fitting
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Theoretical Predictions for the LHC

Hard (perturbative) scattering process

7. » N(N)LO QCD + EW
Do/r®

Key: QCD factorization:

Short distance non- b= S
hq /\ perturbative effects (PDFs) >
s QCD Bremsstrahlung
s T aq,. » parton shower
TN N » matched to NLO matrix elements
ho X / - P
PDFs ST e
. SR
» DGLAP fitting ‘e’ @ "‘, . * QED Bremsstrahlung
peivdie &) ’ » parton shower
i ) ’ » matched to NLO matrix element
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Theoretical Predictions for the LHC

Hard (perturbative) scattering process

Hadronization/fragmentation/decay
» pheno models

Multi Particle Interactions (MPI) “~ e
» pheno model ~

Key: QCD factorization: .
/\ Short distance non-
hl perturbative effects (PDFs)
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» DGLAP fitting ‘0 Ye’e @ 3., ., * QED Bremsstrahlung
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Success of Run-l & Run-Il of the LHC

Standard Model Production Cross Section Measurements

Status: March 2021
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With the discovery of the Higgs the SM is ‘complete’
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Why do we need SM theory!

SM parameters and SM dynamics

article properties . . .
P PTop (Differential) cross sections

Mt

-

BSM searches

mh iggs couplings

Anomalous couplings
alls of distributions

EFT coefficients

This is not the ‘nightmare scenario’.
However, precision key!

PDFs & s

EW couplings
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Luminosity [cms™]

Timescale of the LHC

e Peak luminosity

6.0E+34
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where we are going:
L =3000 b1
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“redictions for the LHC

T heoretical

Hard (perturbative) scattering process:

3
ONNLO —I—CMSdO'NgLQ -+ ...

7

WWy) — Z0Wio,W, — W,
)—AWioW, - W, 0,W;)+ A, WS o,W, —

195,(B, An(WIW, —WiW;
vg;guwi;))_— %gZW;W;Mi;W; + %gZWJW;WEW; + g2c$U(ijWJZ£_W;_ -
ZOZOW W) + g5 (AW AW, — AyAWI W) + g2sucu( A ZY(W, W, —
WiW, ) —24,Z0W;W;) — 38,H0,H — 2M?ay, H? — 8,¢*0,¢™ — 30,8°0,,4° —
On (R +BLH + L(H? + 6°6° + 20797) ) + oy, —
ganM (H® + Hg’¢® + 2H¢*¢~) —
3% (H* + (¢°)* + 4(¢7¢7)? + 4(¢°) 267 ¢~ + 4H?$T ¢~ + 2(¢°)2H?) —
MWW, H — 395 Z)Z0H —
319 (W5 (°0,6~ — ¢79,0°) — W, (4°0,6" — ¢79,4°)) +
%g (W;(Hau‘ZY - drauH) + W;:(Hau¢+ - ¢+8IJ»H)) + %gc%(ZS(Hau‘bo - ¢06uH) +
M (}wzgau¢°+w,;a#¢—+W;au¢+)—z'g§§Mzg(W;¢——W;¢‘)+igstAu(W;¢——
W, ¢%) —ig 2k Z0(6" 0up™ — & 0u0”) +igswAu(970ud™ — ¢~ 0u0") —
1PWIW, (H? + (¢°) +20%97) — 39°F 207, (H? + (¢°)° +2(2s%, — 1)°¢7¢7) —
Lg% 2000 (Wi 6~ + W ¢*) — Jig? S ZOH(W, ¢~ — Wy 6) + Lg%s, A0 (W, ¢~ +
Wi 6") + Sig2s, A, HW 6™ — Wrot) — g?e(2¢2 — 1)Z0A, 67 ¢~ —
95 AuAudTé™ + 3igs N (@ v4q7)gp — (10 + mp)er — 7 (70 + mi)vA — u (v +
my)u; — dj (70 + mY)d} + igsuAu (—(E*e) + 3(a}y u)) — 3(dy+d))) +
L ZU(P 1+ + (@453 — 1= 7))eY) + (r(3s2 —1—7°)d) +

(@ (1 = 585+ 7" )u)} + 5 5Wi (9 (1 +°)U'Pse®) + (a37#(1 +7°)Cinds)) +

2Wy (Ul (1497 + (@ Ch(1+79)u)) ) +
5257545* (_mg(D,\UlcpM(l _ ,},5)en) + m,’}(D’\UIWM(l + ,\/5)6.*@) +
" (MEUL( + ) - mE(@U), (1 - ) - $EEH() -

2M2
(') + L2 60(P 1) — L2260 Per) — Lo ME (1 —75) 0k —

Lsy = —30,920,9% — 95 f*0,929595 — g2 f* f** gt gcglee — O,W, O,W, —
MWW, — 18,200,209 — S5 M2Z°2° — 18,A,8,A, — ige,(8, 22 (Wi W, —
W, 0,W}) + Z9W}a,W, — W, a,W;)) -

ZME (1 =)0 + ;&%QS’ (—=m§(@}Cre(1 = °)d5) + m (@} Can(1 +°)d5) +
7, 5 %) m)‘ -
- (MA@CL1+ 7)) - mE@CL (1~ P)us) - $5H @) -

m) 7, ig ™ - ig m) 7. ~a a abe ~a c
SH(@D) + 3‘17_}450@;751;;) — 450(D°d) + GUOPG + g, [0, G Gl +
XH( — M)X* + X (8% — M?) X +X°(& — L)X + VY +igeW, (8, X°X~ —

0, X+ X )+igs, W (0,Y X~ — 8, X7Y) +ige,W, (0, X X° —
0, X°X*)+igs, W, (0, XY —8,YXT) +igc,Z)(0, X X —
(?#X_X‘)—HgswA,, (8#X+X+ —
8, X~ X")-LgM (X+X-H XX H+ §X0X°H)+1;—j:iigM (X+ X% — X~ X% )+
sigM (X°X ¢+ — XO)(:+¢‘)+igM:9w (X°X~¢t — XOX+¢~) +
LigM (X+X+¢° — X~X¢°) .

(>|/\/l|2\,0'

g _
2MV2



Theoretical Predictions for the LHC

Hard (perturbative) scattering process:

Lsy = —30,980,9% — 9:**0,989595 — 392 F* f** 959095 — O W T O,W, —
MWW, — 10,2°9,20 — s M22°20 — 10,A,0,A, — ige.(8, 20 (Wi W, —
WiW,) — ZUWi0,W, — W, 0,W) + ZUWi0,W, — W, 8,W;)) -

1950 (B, Au(WIW, —WIW) = A, (Wi8,W; — W,0,W+) + A (Wra,W; — 2 . 3
W, 0,W,1) — 3*W, W WIW, + 5a°W,IW, WiW, + g*c2(Z0W,F Z0W, — d —_ d d
AT A 0 = d0Lo T @5 dONLO T g AONNLO +QgdON3LO T - - -
Wi W) — 24,ZW; W, ) — 10,HO,H — 2M?, H? — 8,6 0,¢~ — £0,6°0,° — S
B (B + BLH + (B + 6°6° +26%67)) + B -
gopM (H® + HPO¢" + 2HpT¢™) —
30%a (H* + (¢°)* + 4(¢767)? + 4(6°)2 0T ¢~ + 4H?¢t ¢~ + 2(¢°)*H?) —
MWW, H — 395 Z)Z0H —
3ig (W, (490,06~ — ¢70,¢°) — W, (¢°0,0" — ¢70,9°)) +
%g (W;(Hau‘ZY - ¢*auH) + W;:(Hau¢+ - ¢+8HH)) + %gi(ZS(Hau(bo - ¢OauH) +
M (L200,6"+ W 8,6~ + W, 8,6") —ige MZO(W, ¢~ — W, ¢%) +igsuMAL(W; ¢~ —
W, ¢%) —ig 2k Z0(6" 0up™ — & 0u0”) +igswAu(970ud™ — ¢~ 0u0") —
1PWIW, (H? + (¢°) +20%97) — 39°F 207, (H? + (¢°)° +2(2s%, — 1)°¢7¢7) —
%gz%zzg&(vg;):as-f Qng) ; %jg?%}zzH(vg{as- - vv(/;qf) +)§%EWAI¢°<W:¢- +
Woob) + 519°s, AL HW o~ —Wiot) — g fu(2c, — 1 ZyA 9t —
95 AuAudTé™ + 3igs N (@ v4q7)gp — (10 + mp)er — 7 (70 + mi)vA — u (v +
i) — @10+ mi)es + igsud (~(ee) + 3(ayiu) — K] + 1 1

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

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

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

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

i — ) 5\, K k(A K m) -
g™ (MY@CL( + 7)) — mi@CL (1 - )5 — §52H (@) -

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

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

Ligh (X*X*¢° — X~X~¢°) .
—

—

MnNLo,v virtual one-loop matrix element

(} 2 MnNLO,R real tree-level matrix element |
MnLo g

*UV renormalisation = reduction of Ur dependence

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



Theoretical Predictions for the LHC

Hard (perturbative) scattering process:

Lsy = —30,920,9% — 95 f*0,929595 — g2 f* f** gt gcglee — O,W, O,W, —
MWW, —10,2%9,2) — 3 M*Z020) — 18,A,8,A, — ige.(8,ZS (Wi W, —
WiW,) = Z)(W, oW, =W, W} + ZYW, oW, — W, d,W})) —
195, (0, A (WiW, =W W) - AW oW, —W,0,Wi)+AWSo,W, — 2 -
W;0,W))) — L@WIW WiW, + L®WIW, WIW, + g% (Z°W; 20w, — — 3
v © 2 p e Ty Py 2 p v T Py w\ ="y Sy
T ) £ P AT AT AW )L Fouca L TWN O — Uor1,0 g AONLO T ¢ AONNLO T+ cdON3LO T+ - - -
W, W) — 24, Z0W; W, ) — 18,H8,H — 2M?0;, H? — 8,67 0,¢~ — £8,8°0,4° — S S
Bn (zgﬂ +2LH + L(H? + ¢°¢° + 2¢+¢‘)) + 2, —
gapM (H® + H¢'¢® + 2H¢™¢™) —
$9%on (H* + (¢°)* + 4(¢7¢7)* + 4(¢°)2¢ 1o~ + 4H¢* ¢~ + 2(¢°)2H?) —
gMW,f W, H — 395 ZZ0H —
319 (W5 (°0,6~ — ¢79,0°) — W, (4°0,6" — ¢79,4°)) +
%g (W;(Hau‘ZY - drauH) + W;:(Hau¢+ - ¢+8IJ»H)) + %gc%(ZS(Hau‘bo - ¢06uH) +
52
M (2200,8°+ W, 8,6~ +W,; 8,6") —ige MZO(W,f ¢~ — W, ¢*) +igsu MA,(W;f ¢~ —
. 1-2¢2 _ _ N . _ _
Wy ¢%) —igime Z0(¢10ud™ — ¢ 0,6") + ig5uAu($70ud™ — 67 0ug™) —
1PWIW, (H? + (¢°) +20%97) — 39°F 207, (H? + (¢°)° +2(2s%, — 1)°¢7¢7) —

Lg% 2000 (Wi 6~ + W ¢*) — Jig? S ZOH(W, ¢~ — Wy 6) + Lg%s, A0 (W, ¢~ +
Wy ot) + Lig?s, A H(W ¢~ — Wyt) — g22(2c2, — 1) 204, %6 — 1 9 .

92 LA ALGTOT + 319 MG (a7 4qT) gt — (Y0 + md)er — v (v + my)vr — u(v0 + 5 —_— ‘ ‘ { }
s sl cloo s o ik e donnro = 5 [Mrol? + 2Re{MroM{1ov} + 2

P+ + (@95, — 1= 7)) + (@ (Es — 1= 79)d) +

(@7(1 — 82 + 7))} + Wi (PAH(L+P)UP ") + (@*(1 +7°)Onedf)) +
NNLO =B +V +V2+ ...

2Wy (Ul (1497 + (@ Ch(1+79)u)) ) +

5257545* (—’m'g(ﬁ’\Ul“p)\,c(l—75)(3”)+m,’>(17’\UlcpM(1+"/5)6'°) +
im0 (MU +7)) — mi@U) (1= P)) — $5H ) - 1 .
$IH(D ) + PP ) — $T ) — § o ME (1= )0 — BE—
472 81—+ it (01 —7)8) + mi@iOll +7) +2— [|/\/lNLO,R|2 + QRe’MNLO,RM;INLO,RVH + 54 IMxNLORR|?
S S
\ * L

i ) 5 ) m) -
it (MA@CL (1 +7)u) — mi(@CL (L~ ¥)us) — 450 H (@) -
m) 7. ig m; ~ ig m) 7 ~a a abe Ya c
i £54H (d)d) + -gT}qﬁo(ujﬂ/suj) - -é‘T!LqSO(d;-\'ysd;) + G ?2G + g5 f*8,G Gj’g# + <
XH@ - MDX* + X~ (82 — M2)X~+X°(8% — M2) X0 + YOY +ige, W (3,X°X —
0. X+ X ) +igs W (0,YX™ — 8, X*Y) +ige, W (0, X X — + R —I_ R\/ + RR

0. XX 1) +igs, W, (0, XY — 8, Y X") +igc, Z(8, XX+ —
a#X_X_)+igSwA#(a“X+X+ - — T —————
8, X~ X")-LgM (X+X-H XX H+ ﬁXOXOH)+1;2f2'igM (X X%+ — X~ X°)+

Cuw

FigM (X°X~¢" — X°X*¢7)+igMs, (X°X ¢+ — XOX+¢™) +
LigM (X+X+¢° — X~X¢°) .
q
2 (00
| M | O- double-virtual two-loop matrix element ' *
ANNLO : .
MyNLoRY real-virtual one-loop matrix element — w >< ;WW<)
X Qo
MNNLO.RR double-real tree-level matrix element g ( }MM<>*< }vw<>
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PS matching

EW corrections
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Theory frontier

Automated in NLO+PS MCs

loops (aMG@NLO, Sherpa, Powheg,...)
4
3
Z
1
q o ¢ ¢ o o o o o

2—1 292 293 224 295 290 2/ 238 legs
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Theory frontier

Automated in NLO+PS MCs

00ps (aMG@NLO, Sherpa, Powheg,...)
' (public) NNLO fixed-order tools
4 for all SM processes
op—H,V
- op—VV,HV.HH,Vj,ij, QQ
2
1
O |

2—1 292 293 224 295 290 2/ 238 legs

23



Theory frontier

Automated in NLO+PS MCs

loops (aMG@NLO, Sherpa, Powheg,...)
» (public) NNLO fixed-order tools
4 for all SM processes
3 ° ® fixed-order frontier
Z 9
1 ®
O —— — — — — — — —

2—1 292 293 224 295 290 2/ 238 legs

24



Theory frontier

Recent highlights at the theory frontier

DY @ N3LO
DY @ NNLO QCD-EW

tt @ NNLO + PS, NNLO spin correlations

* YYY/¥¥i/jjj @ NNLO
e ttbb x decays @ NLO

e gg—4l @ NLO@

22 293 2924 295 290 297 28 legs

25



2— 3 at NNLO

e over the last 1.5y the 2—3 NNLO barrier has been broken.
® pioneering new results:

OP P YYY DP YY) DP )}
[Chawdhry, Czakon, Mitov, Poncelet '19] [Chawdhry, Czakon, Mitov, Poncelet '21] [Czakon, Mitov, Poncelet '21]
[Kallweit, Sothikov, Wiesemann '20]
)
P3
e thanks to recent progress on 5-point two-loop R 443
integrals and amplitudes in massless QCD T "
2
7 e AT
"\
[Papadopoulos, Tommasini, Wever "15] Badger, Chicherin, Gehrmann, et. al. '19]
|Gehrmann, Henn, Lo Presti "18] [Abreu, Dormans, Frebres Cordero, Ita, Page, Sotnikov '19] \\(b
, ’ See ‘a ofed\
[Gehrmann, Henn, Wasser, Zhang, Zoia 18] [Abreu, Page, Pascual, Sotnikov '20] AZO Tan
. , \_()Ye day\
[Abreu, lta, Moriello, Page, Tschernow "20] [Abreu, Febres Cordero, Ita, Page, Sotnikov "21] o Thurs

[Agarwal, Buccioni, v. Manteuttel, Tancredi '21]

26



2— 3 at NNLO

[Chawdhry, Czakon, Mitov, Poncelet '19] [Chawdhry, Czakon, Mitov, Poncelet '21]

[Kallweit, Sothikov, Wiesemann '20]

LHC 13 TeV PDF: NNPDFE31

g0 4ofdm,y, [fb/GeV] _ PP—¥yy@LHC 8 TeV (ATLAS data) Scale: pp = pp =mp(yy)/2 | !

F T | | N ]
F T : NNLO 1

s 1,0
mmmm N[O
mmmm NNLO

1073

10" — ................ S E— i data .
——————— :i,_, T

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

. . . S R EE e L B FEFETE

L Ll L1 1 1
produced with MATRIX

8
S
5
D do/dpr(vy) [pb/GeV]

ratio to N

o1 T T T D DU T P T
3.9 l l l l

T T T ] 99wyo

25F 1 . e Ty E
S s i » [Badger, Brannum-Hansen,

150 S —— i e b Chicherin et. al. "21]

1 —----- --------}-----i--—

O . 5 :_ E.l.i3.;i.!il.i;.l.i!.Jii.—'i‘_i;—;—.i—;—;i.!i'—.i;;—.i—'.r;i.!.i.i;.l.‘; """"""""""""""""""""" ’ """""""""""""""""""" =

e i i ] 100 200 300 400 500 600 700 800
50 100 150 250 350 600
pT(V Y ) [Ge\/]

e NNLO mandatory due to large NLO/LO corrections

<
>

i
S

e significant NNLO/NLO corrections
e improved data/theory agreement at NNLO

= orecision probes of QCD dynamics



pp—*j) at NNLO
"Tour de force in Quantum Chromodynamics”
[Czakon, Mitov, Poncelet '21]

T,
1.2 . A
- 1 =1 3-jet, Scale: g = Hp, LHC 13 TeV
1.0
0.9
0.8
’gm 7 = 9 w0 wmmmm NLO == NNLO |
5_/
~
> 10
o
=
~—~
5 08
3
1.2

400 600 800 1000 1200 1400 1600 1800 2000

pr(Ji) |GeV]

R3/2

1.5

LHC 13 TeV

Rs3/5/ R;%O(Mo)

0.5

= clear stabilisation of perturbative expa

= opens the doo

" to as(p) determination

A

500 1000 1500 2000 2500

H T [GGV]

nsion at NNLO

o to TeV scale
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DY @ N3LO: Inclusive

[Duhr, Dulat, Mistlberger, '20-1, ' 20-2]

1.04 | ~ K—-Factor W™ NLO
,,,,,,,,,,,, LHC 13TeV
1.02 ~ PDF4LHCI5_nnlo_mc — NNLO
S cent.:Q
5
So098y,
0.96
777777777 I~ | | | | | | | |
200 400 600 800 1000 1200 1400 1600 1800
Q [GeV]
LHC 13TeV
PDFALHC15 nnlo_mc 10 — 1LO — N3L
1.025 PP -y +X (efe +X) NLO NNLO N3LO
Q /v‘cent.=Q
-
2 1.
S
0975
095

$00 1000 1200 1400 1600 1800
0 [GeV]

200 400 600

Y*

= \ery similar behaviour in CC and NC DY

= At large Q scale variations bands are
nicely overlapping, I.e. convincing convergence
of perturbative series.

= However, for Q < 400 GeV NNLO and N3LO
do not overlap! (Here: 6N3LO~[-27%)

= Origin: quite large cancellation of quark and
oluon Initial state.

= Might be compensated by currently
missing N3LO PDFs

Note: very precise measurements of high-mass DY

can be used to constrain BSM,
see Farina et.al. ' |6 (1609.08157)



DY @ N3LO: differential

[Chen, Gehrmann, Glover, et. al, 2 1]

*
SCET+NNLOJET pp 0y Vs =13 TeV
110.0
Z — LO —— NNLO
107.5 - —— NLO —— N3LO
105.0 e
O —= =2 I _
4= 1025 = + -
> 100.0 ::
> .
ke I
~ 975
% PDF4LHC15 nnlo —
95.0 7-point scale variation _
U =g =100 GeV .
92.5
% 0+
1.02 gt = 0.75 GeV  —— g%t =1.0 GeV gt = 1.5 GeV
®) , _
+ O 1.00 - R
o — |
i .
© Z 0984 T s B = — = = 3_: :=: = ;
ad
0.96
o0 05 10 15 20 25 30

» method: gI subtraction at N3LO:
requires V+jet at NNLO

» N3LO/NNLO: -2% (validation of inclusive computation)

» N3LO not covered by NNLO band

» /-pt scale variation might not be good enough to
estimate perturbative uncertainties at the percent level.



“redictions for the LHC

T heoretical

Hard (perturbative) scattering process:

Lsy = —30,920,9% — 95 f*0,929595 — g2 f* f** gt gcglee — O,W, O,W, —
MWW, — 30,2)0,Z)) — 55 M*Z)Z}) — 50, A0, A, — igeu(0,Z3(W,i W, —
W, =W, oW+ Z3(WioW, — W, 9,W,])) -
do = dULo + Qg dUNLo + OEW dUNLO EW
asapw AdONNLO QCDxEW

igsw(c';,,Au(Wj

W, 0,W,1) - %givg;W,:W;W; + 3G WIW, WiIW, + chi(Zfin:ZBW; -

ZZ,WiW) + g?sa (AW, AW, — AAWIW, ) +g SwCw(AuZ)(WiW, —
) — 2A,Z0W;W; ) — 18,HO,H — 2M?a, H* — 0,6 0,¢~ — £0,¢°9,¢° —

Wyw,
B (B + BLH + (B + 6°6° +26%67)) + B -
ganM (H® + H¢'¢® + 2H¢7¢™) —
Lg%, (H* + (6°)* + 4(67¢7)? +4(¢°)%0 ¢~ + 4H2G ¢~ + 2(¢°)2H?) — 2
VAN 77 v ac donN
Lig (W (80,0~ — 6-0,6%) — W, (8°0,6 — 6°0,0)) + S LLO
%g (W;(Hau‘ZY - drauH) + W;:(Hau¢+ - ¢+8IJ»H)) + %gc%(ZS(Hau‘bo - ¢06uH) +
52
M (C%Zgauqﬁo-i-W‘j(?#d)‘+W;8#¢+)—ig%:fMZS(W;¢‘—W;qﬁ‘)-{-igstA#(W:qS‘—
. 1-2¢2 _ _ N . _ _

Wy ¢%) —igime Z0(¢10ud™ — ¢ 0,6") + ig5uAu($70ud™ — 67 0ug™) —
19WIW (H? +(8°) +267¢7) — 36° 5 2,2, (H? + (¢°) + 2(2s7, — 1)°67¢7) —
B2 W™ + Wi6t) — 5ig* mZ0H(Wie™ — W 6%) + 505, A0 (Wie™ +

W, o)+ %ngSwAuH(W;qS’ -W,ét) - g%‘:(ZcﬁJ —-1)Z0A,¢T ¢ —
9°sLALALGT O + 3igs M (14 a7)gp — 8 (70 + mp)er — P (v0 + mp)v — aj (70 +
m)u} — &} (70 + mY)d} + igsuAu (=(E4e?) + @}y u}) — §(dr ) +

L ZH{(P YL+ PP + (@9(4% — 1= 7)) + (r(Esd — 1= 7)) +

(@71 = §s2 + 7" u)} + 55 W, (P (1 +7°)U'Psee") + (@374(1 +9°)Creds)) +
Wi (U7 (1 +97)7) + @ CL (L + ) ) +
5iim " (iU (1 = P)e") + my (AU Py (1 + 70)e”) +
A

Wiw,) - Z)(W, 0., ;
W, -WiWw,) - AW oW, - W, 0,W; )+ A,WS0,W, —

7
apw dONNLO EW

v a € er] ~ ke ept K my —
gt (MU (1 + 2P Wwr) — ms@U), (1 - 7)) — $3H (W) -
A J 2 ig m) A5 _ N

T (@°e?) — o M (1 — )0 —

%H(é/\ex\) + %%}L(pO(ﬁA,},sy/\) _ %1_ :
A ME (1 —5)0. + il (—mf(}Cxe(1 — 7°)d5) + m (@} Cae(1 +4°)d5) +
. 5 7. m) -
- (MA@CL1+ 7)) - mE@CL (1~ P)us) - $5H @) -
m) 7 ig mj ~ ig m) 7 ~a a abcy Ma c

AHH@D) + 4@ ) - SHEEBPE) + GG +0.f0,6°G g, +
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Mixed QCD-EW corrections to DY production: NC See\a\x\‘@’bmsch

Rao
e Complete O(as a) corrections still beyond currently technology \0“?0“0\'1‘ on MW
e For precision in resonant region: expand around M2 — impa
qa gl (ja
254
qv /5 qv
non-factorizable orod x decay genuine QCD-EW in prod
Dittmaier. Huss, Schwinn, ’| 4 , , o, [Buccioni, Caola, Delto, Jaquier, Melnikov, Rontsch, "20]
[Dittmaler, Fiuss, schwinn, “14] [Dittmaier, Huss, scawinn, °f 0] [Behring, Buccioni, Caola, et. al. '20]
negligible dominant last missing piece
For production only e ey i
» QCDxweak dominant over QCDxQED §=‘°'°°5’ y ‘ NC
» net effect: few per-mille oot S CL . 0]
-0.015 | Production only v i

2 -15 - -0.5 0 0.5 1 1.5 2

VII

— QCD2/10 — QCDXQED —— QCDxweak +
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Mixed QCD-EW corrections to NC-DY production:

| ' ralks ©Y
beyond the pole approximation S0 ca Buor°
[Bonciani, Buonocore, Grazzini, Kallweit et. al. "2 1] »‘OmOﬂO\N

Vs =14TeV

ESeEn =i

] (171)
—dopp

'Ofact i

dO'/de,'u—k [pb/GeV]

do/doyo [%]

100 200 300 400 500
Pr. u+ [GGV]

» Comparison against naive factorised NLO QCD x NLO EW ansatz: fall at the 5-10% level

» pole approximation vs. full computation: agree below the percent level




do/dpr(£) [pb/GeV]

JTop-quark spin correlations at NNLO

[Czakon, Mitov, Poncelet ~20]

pp — tt — 202vbb

1077 4

LHC 13 TeV m; = 171.5 GeV
Scale: Hy/4 PDF: NNPDF31

pr(?)

LO B NLO E= NNLO { ATLAS

50 100 150 200 250

pr(£) [GeV]

*Small corrections and uncertainties In
leptonic observables

*Excellent data-theory agreement
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do/dpr(£) [pb/GeV]

1077 4

lop-c

uark spin correlations at NNLO

[Czakon, Mitov, Poncelet ~20]
pp — tt — 202vbb

pr(?)

LO E=E NLO E= NNLO { ATLAS

pr(€) [GeV]

*Small corrections and uncertainties In
leptonic observables

*Excellent data-theory agreement

Might allow for an additional handle on

N\

(EW correcti
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Scale: Hyp/4 PDF: NNPDF31
| S —
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eed to understand systematics at sma
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10%

Op-C
[Mazzitelli, V

uark pair

pp — 1t @Q 13 TeV

1OO;

do Jdpr,, [pb/GeV]

10_2§

— MINNLOpg
MINLO'
--- NNLO
$ CMS

—_ =
o DN

ratio to MiNNLOpg

=
00

broduction at NNLO+PS

onni, Nason, Re, Wiesemann, Zanderighi ~20]

pp-—%tf@i]ﬁ%Tb\f

— MINNLOpg
: Tl e MINLO/ |
-' --- NNLO
¢ CMS
¢ |
= 1.2f
=
Z =
= L.Op:
= ¥
g 0.8 i ;
R e T 4
500 1000 1500 2000
mtt_[GGV]

2500

* Requires highly non-trivial extension of MINNLOPS method to final state radiation

* Very good agreement between MilN\

* NNLO accuracy mandatory given data accuracy

NLOPS and NNLO (and comparable uncertainties)



ttbb x decays @ NLO: precision for the highest multiplicities

[Denner, Lang, Pellen ~20]
t
g%% [Bevilacqua, Bi, Hartanto, Kraus, Lupattelli, Worek, "2 [ ]
W N _
e _ =
:m< b pp — 2020bbbb o bp = 20200005
: 1) z
b 10 ; B _ —
| w " Z — 5 1077
8 . Vi O, | | O, —
t - 3 10723 | — - !
b S ] — ; = 10734
i, y s 3 ] -
b < _ ‘ = ] — |
t = 10-3 2 - -
g Ve A 10 1 - —41 . :
W:g . 5§ — Lo — NLO | < 10774 — Lo — NLO ;
) ’ | — LODPA — NLDDPA o LDDPA — NLODPA
fUUU\<::::::? 10-4 | | | -5 | | |
b < 18071 — k=full — k=DPA { X %88: 1
1 - ~ 160 7200 !
! i S A |
=4 100 4 % —— _ L =R _ 1004 — k=full — k=DPA |
g\QQI < b 80 : : —200 . . |
| — k=10 — k=NLO X 5 — k=L0 — k=NLO I
| | .. T |
| AT
—10 : : : T —10 : : : :
0 100 200 300 400 300 600 900 1200 1500 1800

horough understanding of theory systematics in this channel crucial for
ttH measurements where H—bb

 fibb receives sizeable QCD corrections

og og
] ;géi ;% iiég ]
U‘Itltl UIU‘®+§U‘
o
"DPA
Ffull 1)
Lo o
|
J |
kDPA

* Very important confirmation of (ttbb) double pole approximation



NLO+PS for gg = VV/H—4]

[Alioli, Ferrario Ravasio, ML, Rontsch, 21 |

gg = H—4 :D‘ii

interference:

gg — ete T~ @ NLO(+PS)

S’
8 —  full
Ie . — bkgd
= To= signal |
5" interf
S
~—
b
S
1.0 =
= [ g
£ 05¢
0.0F . .
N { | 11 ' Lt
O ?g I | TH =- NLO
ZI 1:0 —~——————-——=.=.=.=:: ______ Y N N LHE
TosF e + NLO+PY8
0.0 ——— | | |
20k _SEE [TTTTTTTTTTTTHTTTITIT
O 5l I oy o B ., A} 5-7 NLO
ZI 1.0 ------------ _ e e LHE -
T i + NLO+PY8
_I 15 ..... ____........—'___ ------ __'_':-— -- NLO
Z 1 0 P VNN NI, .___._'___-___‘_-__-_ — - —————————————— : I—HE !
................. -+  NLO+PY8
O 15 . NLO
Z 1.0 LHE
T 05F NLO+PY8
0'OO 5 10 20 50 100 200
prac [GeV]

coo\VWW/eo// @ N
e crucial for off-shell

O QCD + PS availablel
89S measurements

38



Conclusions

» [here Is no clear scale/signature for new physics effects:

Let's explore the unknown leaving no stone unturned!

» Precision is key for SM (QCD/EW/Higgs) measurements,

SM parameter determination, as well as for BSM searches.
» First 2— 3 NINLO results are becoming avallable.

» N3LO for some 2—2 processes within reach

» At the | 7% level a multitude of relevant effects might play

an important role: ikl
- - . KEEP
PDFs, EVW, QCD-EW, resummation/PS, off-shell/finite width. .. CALM

AND

» Let's push the SM precision frontier!
P P e %&Nﬁca\cu\ate




loops

Theory frontier

PS matching

EW corrections

Resummation

2—1 292 293 224 295 290 2/ 238

legs
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DY at finite pT at NNLO+N3LL

[E. Re, L. Rottoli, P Torrielli; 2104.0/509]

| | | | | | 101 -

102
S 109
0o 103
(D * £ — 3 .
: N3LL—|—NNLO, W/ recoil :@. N LL+NNLO, W/ recoil
— 107* Y N°LL’4+NNLO, w/ recoil ~ 107" SN N°LL'+NNLO, w/ recoil
S w b
% s ATLAS data E f=s ATLAS data

10°
~
S = 102
% 10-6 LNNPDF3.1 (NNLO) NNPDF3.1 (NNLO)
= 13 TeV, pp — Z/~*(— Te7) + X 13 TeV, pp — Z/~*(— £747) + X

1077 ATLAS fiducial 1072 FATLAS fiducial

uncertainties with ug, urp, Q variations I uncertainties with ur, up, @ variations

10—8< | | | | | | ] 1 1 1111l ] 1 1 1111l ] 1 1 1111l ] ]

1.10 v I I I I I i:{‘.‘l‘ ;g;‘:‘;::ﬂ 1.10 II 1 1 1 IIIIII 1 1 1 IIIIII 1 1 I 1T 1T Il
@ % =50 0% 7/
g 1.05 § 1/ 4% % — g 1.05 =
O 5 NN\ N N N ~ §§ T
O P S NN S N .+$§:§§‘.;37?i§3§5\‘§&‘:;\~ - X O
£ 1.00 (el EGre ISl S 285 00 g + 1.00 = 0@ =@
o AR %‘ sl &ggz’”119/)}9¢ 0
% 0.95 4 % 0.95 |
a at

0.90 | | | | | | , 0.90 1 L g vl 1 L g vl 1 1 Lyl 1 Ll L1t

0 10 20 30 50 100 200 500 1000 1073 102 101 10Y
pfz [GeV] b,

e O(5%) shift due to ““ (finite a% contributions)

e remarkable theory with data agreement at the tfew% level

10t
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1073 —

0 [%]
o

"W ZZ+2jets @ NLO QC

D+

-W

[A. Denner, R. Franken, M. Pellen, 1. S5chmidt; '20]

QCD and EW SS—WWjj at NLO QCD+EW: [Biedermann, Denner, Pellen " 6+ /]
EW WZJJ at NLO QCD+EW: [Denner, Dittmaier, Maierndfer, Pellen, Schwan, ' 9]

LO

— NLOEW
NLO QCD
NLO EW+QCD

e e N o N B

200 400 600 800 1000 1200 1400 1600 1800 2000
M;,j, 1GeV]

*) — 6 particles at NLO EW |

Order O(a®) + O(a’) O(a®) + O(aga®)  O(a®) + O(a’) + O(asab)
%1j2 > 100 GeV
oxtolfb] 0.08211(4) 0.12078(11) 0.10521(11)
5[%] —15.9 23.6 7.7
M, ;, > 500 GeV
Lo D] 0.06069(4) 0.07375(25) 0.06077(25)
6| %0] —17.6 0.1 —17.5

*|In the VBS phase-space EW mode recelves:

pvery small QCD corrections (
» O(20%) EVV corrections

percent level)



The motivation for BSM searches are as

Dark Matter
GUT unification
Neutrino masses

Hierarchy problem

-VW vacuum stability

Higgs quartic coupling A(u)

0.10
daall M, = 125 GeV
: 30 bands in
[ M, =173.1 £0.7 GeV
0.06 | \ a,(M,) = 0.1184 + 0.0007
1 \ . b y
004} [Degrassi et al. ’| 3]
0.02
0.00. tjf‘__M!: 17].953_('3\;’
[ S~ (M) =0.1205 - -
-0.02 \‘~‘\(10W}) 0:1163 " ]
[ M, =175 3 GeV
-004 . ., . . o .
102 10* 10° 10% 10% 10' 10M IO"’ 10lh 10%
RGE scale y in GeV

10

log,,(1/GeV)

15
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Am? (eV?)

compelling as ever
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Events / GeV

Data/SM

e

e.g. WQ

e

Dark I\/Iatter/%[)m\ e VS.
INVISIDIE N

0 DM /" detectors

107 5_ ATLAS Plrelilminary 4 Data ]
= Vs =13 TeV, 139 ok *O0¢ Standard Model w. unc.
6 . . i . Z(—vv) +jets 7]
10° F Slg.nal Region - Post Fit VBF Z(o 1 /v+) + jots E
- p_(j)>150 GeV W(= v) + jets

T

10° VBF W(— Iv) + jets E
" tt + single top .
104 E Diboson E
= Multijet + NCB .
10° 3 - = mE3) = (600, 580) GeV E

- m(x, ZA) = (1, 2000) GeV -
102 ° mmmm DE,M2=1558G|eV 3

O'9§ Stat. + Syst. Uncertainties =
08:—I ------- II ------ | ------ L L L | ------ I ------ L L ll ------ I ------ L |II ------ L | ------- I—:

200 400 600 800 1000 1200
preCO|I [GeV]

®

Thanks to state-of-the-art
theory predictions+uncertainties

for SM backgrounds
[IML, etal, 1 7]

/

Direct searches for new physics: overwhelming SM backgrounds

9

A M [GeV]

V

N\

invisible In
/ detectors
Y,

LHC13 50 contour (M1<O0)

g5 - o T AT
302’ [Barducci, Sanz, et.al, ' 5]
25;
20/
15

I 2
10__ (3%)

________
r -~
~
~

few percent! — °

O' ........................

50 100 150 200 250
MpMm [GeV]

— Theory precision is key to harness full potential of LHC data!
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Indirect searches: disentangling very small effects

SM New physics . - -
P Look for BSM effects in small deviations from SM predictions:
g VN— g 4 — — 4
| VS. mmé — Higgs processes natural place to look at
g9 nn——L - - - L9 Whb o ey — very good control on theory necessary!
10" g T next-to-leading order corrections
T o : 10% — ! T " ! ! !

sssssms Ct=0'1 ’Cg=0.075

-- =0.5,cq=0.042 | 10MF

o, Higgs-pT — “Es

.
~
~. =~
~.
~|

101-% - | | | o | | | - 32'0'____
16 e = / Q -E-E EE SN S S S s s eSS S SR EEE =S SRR EER == :
I N m——— SR T e =
1.2 & bR T = Z 1o
N e rr e : | ? VI ; |
0.8 e S A s o= ol UML Kudashkin, Melnikov, Wever; "I8] -

50 100 150 200 250 300 350 400 460 660 860 10'00 12'00 14'00 16'00 18'00
pr(H) [GeV] L [GeV]

— [heory precision opens the door to new analysis strategies!



Events / 2 GeV

Events - Bkg

ATLAS ¢ Dan

3500F —
3000E- Sig+Bkg Fit (m =126.5 GeV) =
— O Na, e Bkg (4th order polynomial) -
2500 ;— —;
2000F- 0w E
1500 =
1000~ 1s=7 TeV, [Ldt=4.8fb" :
500F- V=8 TeV, [Ldt=5.9fb" H-yy =
200 5: —_— :é
100E- =
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m,, [GeV]

*Higgs at |25 GeV allowed for very

clean discovery In YY & 4l channels

Events/5 GeV

N
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N
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-rom a pheno perspective finding the Higgs was “easy’'. ..

. ® Data

7/, Syst.U

— [ Background zz"

I Background Z+jets, fi
Signal (m =125 GeV)

NC.

100

*Bump

150

nunting:

theore
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47



c.unaerstanc

INg the Higgs anc

* CP properties! Is there a small CP-oc

*\Wh

*Oon

*what Is the Higgs po

= the hunt to pin down the SM has just

at 1s the Higgs wi

y one Higgs dou

started.

= precision Is key!

C

D

* Precise couplings with vector-

s the S(125 GeV) really the SM Higgs?

C

ts properties Is tough!

dC

mixture!

hosons/fermions as in SM?

th? Is there a significant invisible decay!

et!

rential! self-coupling!
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Theoretical Predictions for the LHC

1

donLo = - [|/\/1L<)|2 T QRG{MLOM;ILO,V}

25

General solution to "NLO problem’™ exist since long time:

*tensor reduction (since 1970s)
*|R subtraction methods (since 1990s)

NLO Revolution (last ~20years):

] 4

IMnLo.Rr|?

25

However: for a long time one-loop amplitudes

bottleneck due to exploding
algebraic expressions for multi-particle
processes (2 = 4,5,6)

* radically new approaches: on-shell methods, OPP reduction, recursion-relations at NLO. . .

* automation of one-loop algorithms (BlackHat, Cutlools, Collier, GoSam, HELAC |-loop, MadlLoop,
NGluon, OpenLoops, Recola, Samural, Ninja,...) and NLO MCs (MadGraph_aMC@NLO, Sherpa, POWHEG,...)

*vast range of multi-particle NLO predictions at LHC
WYY, WWhbb(+et), bbbb, ttbb, tf), ttt, ...)

(pp = O, W + 5, H + 3), WW), W/, YY + 3

*Recent Important achievement: extension to I\

LO EW (Sherpa

— Opened the door for very detalled pheno analyses.

OpenlLoops/Recola and MadGraph_aMC@NLO)

— S

S

1l room for important improvements:

beed, stability, flexibility.
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Convergence of the perturbative expansion: inclusive

60|
50]
40f
30|

20t

— pp—H, {s=13TeV, m, =125 GeV

. & Preliminary data

H—yy, H—=ZZ*—41 combined

XH = VBF + VH + ttH + bbH

M QCD scale uncertainty
M Tot. uncert. (scale, ® PDF+a)

Data

Theory

= Error estimate at LO largely underestimated!

= N3LO ~ 2 LO

= Higher-orders are crucial for reliable predictions
and precision tests of Higgs properties

g3

[Dawson; 1991
Djouadi, Spira, Zerwas; 1 991 |

[Harlander, Kilgore; 2002
Anastasiou, Melnikov;2002]

\/ 'n‘v
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9000000
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[Anastasiou et al; 2015
Mistlberger; 201 8]



Convergence of the perturbative ex

12 - [Dulata, Lazopoulosb, Mistlberger, '18] -

10 - —

o B i

— L |

)i B |

g 6r 6(1/my) -

3 : _ :

‘S ] 2 S(EW) -
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2 - _

o(scale) -«

O L | | | ! ! ! | ! ! ! ||
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Collider Energy / TeV

= At this level: crucial to investigate any possible uncertainty
beyond nalve scale variations

bansion: inclusive Higgs up to N3LO

g2

[Dawson; 1991
Djouadi, Spira, Zerwas; 1 991 |

[Harlander, Kilgore; 2002
Anastasiou, Melnikov;2002]
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[Anastasiou et al; 2015
Mistlberger; 201 8]



The need for precision in tails

101 R e w IS,M, T c =L I L L L L L L BRI N =
; e C=0.1,04=0.075 : f - ATLAS —e— Data -
0| ' _ N 2;1: oose | B _ -1 Background 7
100 L Higgs-pT 2 otL ‘'s=8Tev.203fo | SM E
‘ : g = —— AgZ =06 =
1071 | L _ — AK?=0.2 -
; 10% PP WW —— 2%=02 _
10-2 E Ak' =0.2 E
B —— X' =0.2 5
1073 N -~..';fjfi~.<\-.-\...... _____ 102 = L Ll —=
: [Grazzini et. al, = =
10'42:::::'::::'::::'::::'::::'::::'::::'::.:\:\: i : i |
18E | | | | | | | E 10 Fasnnnnns =
t6e e E = =
1103 —————e AT ] Lk = E n
1? 5_~-—-—-_._._.___._.______ l-_-.'_:_'.:-_--_-'_‘L"—'::: ———————— E N R N NN S NN q
o e T T A e T
e T v S | | | | | | | L
50 1 OO 1 50 200 250 300 350 400 | 1 I I | I I | I | L1 1 1 I I | L 1 11 I I | I | I I |
o (H) [GeV] 100 200 300 400 500 600 700 800 900 1000
T
p*2¢ [GeV]

* many effective BSM operators yield growth with energy

— expect small deviations In high energy shapes of distributions

— very good control on SM predictions necessary!



Relevance of EVWW higher-order corrections |

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

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

0.00 [ NNLO/LO — 1 - “\
— W] - Z, W+
010 WE‘:E PP W J NLO/LO — 1 - 1L
| | NLL/LO —1 [Ciafaloni, Comelli,’98;

020 | NNLL/ Lipatov, Fadin, Martin, Melles, '99;
- ' 4— Kuehen, Penin, Smirnov, '99;
CL) ' Denner, Pozzorini, '00]
o -0.30 t

-0.40 | /

[Kuhn et. al, 2007]
200 400 600 800 1000 1200 1400 1600 1800 2000
pr |GeV] Universality and factorisation: [Denner, Pozzorini; ‘01 |

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

£k a=~,Z, W=

=¥ overall large effect in the tails of distributions: pt, Miny, HT,... (relevant for BSM searches!)
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ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

December 2017 \Vs=7,8,13TeV
Model &MT,Y Jets ET™ [rLaqm™] Mass limit V5s=7,8TeV | s=13TeV Reference
L] T T T T T T T I T T T T L]
G, -5 0 2-6jets  Yes  36.1 q 1.57 TeV m(¥?)<200 GeV, m(1* gen. §)=m(2" gen. &) 1712.02332
» 44 G—q¥} (compressed) mono-jet  1-3jets  Yes  36.1 q 710 GeV m(G)-m(¥})<5 GeV 1711.03301
S g g—qat) 0 26jets  Yes 361 [Z& 2.02TeV. m(t})<200GeV 1712.02332
S & gaqﬁf—»qu*)?? 0 26jets  Yes 361 [ 201 TeV| m(7))<200GeV, m(¥*)=0.5(m(¥3)+m(z)) 1712.02332
O 38 g—qqth¥y ee, y 2jets Yes 14.7 g 1.7 TeV m(¥})<300 GeV, 1611.05791
2 82, §-qq(et/vY] 3epu 4 jets - 361 |2 1.87TeV.  m(¥))=0GeV 1706.03731
% 88, §—>ng2’? ? 0 7-11jets  Yes  36.1 z 1.8 TeV m(P) <400 GeV 1708.02794
=) GMSB (£ NLSP) 1-27+0-1¢ 0-2jets Yes 3.2 g 2.0 TeV 1607.05979
§ GGM (bino NLSP) 2y - Yes 361 |Z 2.15 TeV| cr(NLSP)<0.1mm ATLAS-CONF-2017-080
GGM (higgsino-bino NLSP) Y 2 jets Yes 36.1 g 2.05TeV| m(¥})=1700GeV, cr(NLSP)<0.1 mm, p1>0 ATLAS-CONF-2017-080
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
§ E 28, 5—bbY" 0 3b Yes 361 |Z 1.92TeV m(i))<600GeV 1711.01901
T e 2 g1t 0-1e,p 3b Yes  36.1 b4 1.97TeV| m(t))<200GeV 1711.01901
Biby, by—b¥) 0 2b Yes 361 [ 950 GeV m()<420 GeV 1708.09266
L8 bbby 2¢e,u(SS) 1b Yes 361 |bB 275-700 GeV m(¥})<200 GeV, m(¥;)= m(¥})+100 GeV 1706.03731
S8 nf, fi-bk 0-2e,u 12b  Yes 47133 |# 117-170 GeV 200-720 GeV m¥E) = 2m(¥}), m(E))=55 GeV 1209.2102, ATLAS-CONF-2016-077
88 i, Wb, or k) 0-2e,u 0-2jets/1-2b Yes 20.3/36.1 | # 90-198 GeV 0.195-1.0 TeV m(P})=1 GeV 1506.08616, 1709.04183, 1711.11520
S8 qf,iodl) 0 monojet Yes 361 |@& 90-430 GeV m()-m(P2)=5 GeV 1711.03301
S 8 #ifi(natural GMSB) 2e,u(2) 1b Yes 203 |7 150-600 GeV m(EY)>150 GeV 1403.5222
"D hhhoh+Z 3epu(2) 1b Yes 361 |& 290-790 GeV m(¥)=0GeV 1706.03986
by, h—oh +h 1-2ep 4b Yes  36.1 7 320-880 GeV m(¥})=0GeV 1706.03986
TR, ToE0) 2e,u 0 Yes 361 | 90-500 GeV mee)=0 ATLAS-CONF-2017-039
XL, X > Ev(E) 2e,p 0 Yes 361 |# 750 GeV me2)=0, m(Z, %)=0.5(m(¥;)+m(¥?)) ATLAS-CONF-2017-039
TLXT 13, XY —#v(e), X3 —F1(vi) 27 - Yes 361 | 760 GeV m(¥2)=0, m(z, 7)=0.5(m(¥5)+m(¥2)) 1708.07875
> g ):(z,\:,/%ﬁZLYgL{(gm), LPBLL(Y) 3epu 0 Yes  36.1 ,Eff{% 1.13 TeV m(if):m(;?z)_, m@?)_:(), m, 9)=O.Ez(m(/\?f)+m(i?)) ATLAS-CONF-2017-039
LS Hh-owhzi 23e,u  0-2jets Yes 361 |XLA 580 GeV m(FE)=m(¥5), m(¥})=0, Z decoupled ATLAS-CONF-2017-039
B )Zgigagw?‘fhi?, h—>bb/WW/tt/yy ey 026  Yes 203 xgxg 270 GeV m(TE)=m(¥3), m(E)=0, Z decoupled 1501.07110
XoX3, Xa3 =B dep 0 Yes 203 |X;; 635 GeV mEE3)=m(E3), mEEY)=0, m(Z, #=0.5(m(¥3)+m(¥})) 1405.5086
GGM (wino NLSP) weak prod., ¥} —»yG 1e.u+y - Yes 203 |w 115-370 GeV cr<imm 1507.05493
GGM (bino NLSP) weak prod., )2(1) —yG 2y - Yes 36.1 w 1.06 TeV cr<imm ATLAS-CONF-2017-080
Direct ¥1¥] prod., long-lived X7 Disapp. trk  1jet  Yes 361 [&F 460 GeV m(E;)-m(¥)~160 MeV, 7(¥1)=0.2 ns 1712.02118
Direct X1 X prod., long-lived X7 dE/dx trk - Yes 184 | ¥ 495 GeV M )-meE9)~160 MeV, 7(F7)<15 ns 1506.05332
D Stable, stopped g R-hadron 0 1-5jets Yes 279 |2 850 GeV m(¥})=100 GeV, 10 us<r(z)<1000 s 1310.6584
> O Stable g R-hadron trk - - 32 |z 1.58 TeV 1606.05129
?‘;,% Metastable g R-hadron dE/dx trk - - 32 |2 1.57 TeV m(¥})=100 GeV, >10 ns 1604.04520
S 8 Metastable g R-hadron, g—qgt" displ. vtx - Yes 328 |2 2.37TeV. 7(3)=0.17 ns, m(f}) = 100 GeV 1710.04901
s GMSB, stable 7, 12 —%(, fi)+1(e, ) 124 - - 191 |2 537 GeV 10<tanB<50 1411.6795
GMSB, 2 -G, long-lived ¥° 2y - Yes 203 |® 440 GeV 1<7(¥})<3 ns, SPS8 model 1409.5542
88, V) —eev/euv/upy displ. ee/eu/pp - - 203 |8 1.0 TeV 7 <ct(®¥})< 740 mm, m(z)=1.3 TeV 1504.05162
LFV pp—¥: + X, ¥r—eu/et/ut epL,eT,UT - - 3.2 Ve 1.9 TeV 241,=0.11, A132/133/233=0.07 1607.08079
Bilinear RPV CMSSM 2e,u(SS) 0-3b Yes 20.3 7.2 1.45 TeV m(g)=m(g), ctzsp<1 mm 1404.2500
XL, X =W, D eev, epv, upy d4epu - Yes 133 |& 1.14 TeV m(¥)>400GeV, A12¢#0 (k = 1,2) ATLAS-CONF-2016-075
S XL W B v, etve Beu+t - Yes 203 |% 450 GeV mE)>0.2xm(E5), 13340 1405.5086
& 22 3-aal1 Xl > qaq 0 45large-Rjets - 361 |& 1875Vl m)=1075 Gev SUSY-2016-22
88, g—tiX1, X1 — qqq e 8-10jets/0-4b - 36.1 4 2.1 TeV | m(?)=1 TeV, 411,20 1704.08493
88, g—iit, fi—>bs 1epu 8-10jets/0-4b - 36.1 g 1.65 TeV m(f)= 1 TeV, A33#0 1704.08493
hify, fi—>bs 0 2jets +2b - 36.7 |& 100-470 GeV | 480-610 GeV 1710.07171
L, hobt 2e,u 2b - 36.1 i 0.4-1.45 TeV BR(f1 —be/p)>20% 1710.05544
Other Scalar charm, E—m?? 0 2c¢ Yes 20.3 ¢ 510 GeV m(¥?)<200 GeV 1501.01325
L L L L L L L L l L L il L L
Only a selection of the available mass limits on new states or 10-! 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: July 2017 [£dt=(3.2-37.0) fbo? Vs =8,13TeV
Model £,y Jetst EX* frdim] Limit Reference
LI | T T L T L T T T
'é ADD Gk + g/q Oe,u 1-4j Yes 36.1 Mp 7.75 TeV n=2 ATLAS-CONF-2017-060
O  ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n=3HLZNLO CERN-EP-2017-132
g ADD QBH - 2j - 37.0 My, 8.9 TeV n==6 1703.09217
g ADD BH high ¥, p1 >le,pu >2j - 3.2 M, 8.2 TeV n=6, Mp =3 TeV, rot BH 1606.02265
3 ADD BH multijet - >3] - 3.6 M 9.55TeV n=6,Mp=3TeV,rot BH 1512.02586
g RS1 Gkk — vy 2y - - 36.7 Gk mass 4.1 TeV k@p, =01 CERN-EP-2017-132
= Bulk RS Gk — WW — qqlv 1eu 1J Yes 36.1 Gkk mass 1.75 TeV k/Mp; = 1.0 ATLAS-CONF-2017-051
- 2UED/ RPP leu >22b,>23j Yes 13.2 KK mass 1.6 TeV Tier (1,1), B(AQD) - tt) =1 ATLAS-CONF-2016-104
SSM Z’ — ¢ 2epu - - 36.1 Z’ mass 4.5 TeV ATLAS-CONF-2017-027
(%) SSM Z" - 1t 27T - - 36.1 Z’ mass 2.4 TeV ATLAS-CONF-2017-050
5 Leptophobic Z” — bb - 2b - 3.2 Z’ mass 1.5 TeV 1603.08791
§ Leptophobic Z/ — tt 1e,u 21b,>1J/2] Yes 3.2 Z’ mass 2.0 TeV r/m=3% ATLAS-CONF-2016-014
® SSM W’ — (v 1eu - Yes 36.1 W’ mass 5.1 TeV 1706.04786
g’ HVT V' - WV — gqqqq modelB 0O e, u 2J - 36.7 V’ mass 3.5 TeV gv =3 CERN-EP-2017-147
g HVT V' - WH/ZH model B multi-channel 36.1 |V mass 2.93 TeV gv =3 ATLAS-CONF-2017-055
LRSM W, — tb 1eu 2b,0-1j  Yes 20.3 W’ mass 1.92 TeV 1410.4103
LRSM W,; — tb Oe,u >1b,1J - 20.3 W’ mass 1.76 TeV 1408.0886
Cl gqqq - 2j - 37.0 A 21.8TeV 7., 1703.09217
S  Clltqq 2e,pu - - 36.1 A 40.1 TeV 77, | ATLAS-CONF-2017-027
Cl uutt 2(SS)/>8 e,u 21 b, 21j  Yes 20.3 A 4.9 TeV ICrrl =1 1504.04605
Axial-vector mediator (Dirac DM) Oe,u 1-4j Yes 36.1 Mmed 1.5 TeV 84=0.25, g,=1.0, m(y) < 400 GeV | ATLAS-CONF-2017-060
g Vector mediator (Dirac DM) Oe,u, 1y <1j Yes 36.1 Mmed 1.2 TeV 84=0.25, g,=1.0, m(y) < 480 GeV 1704.03848
VVyy EFT (Dirac DM) Oe,p 1J4,<1] Yes 32 |m, 700 GeV m(y) < 150 GeV 1608.02372
Scalar LQ 1%t gen 2e >2j - 3.2 LQ mass 1.1 TeV B= 1605.06035
Scalar LQ 2" gen 2u >2j - 3.2 LQ mass 1.05 TeV B= 1605.06035
Scalar LQ 3" gen le,u  21b,23] Yes 203 [IQmass 640 GeV B= 1508.04735
@ VLQTT - Ht+ X Oorte,u >2b,>3j Yes 13.2 T mass 1.2 TeV B(T - Ht)=1 ATLAS-CONF-2016-104
j&u VLQTT - Zt + X e 21b,23] Yes 361 |Tmass 1.16 TeV B(T - Zt)=1 1705.10751
= VLQTT - Wb+ X 1eu >1b,>1J/2] Yes 36.1 T mass 1.35 TeV B(T->Wh)=1 CERN-EP-2017-094
S VIQBB - Hb+ X leu >2b>3] Yes 203 [|JBiacs 700 GeV B(B — Hb) — 1 1505.04306
§ VLQBB - Zb+ X 2/>3e,u  >2i>1b - 203 |IBImass 790 GeV B(B — Zb) = 1409.5500
£  VLQBB - Wt+X lTeu >1b,>1J2 Yes 361 | Bmass 1.25 TeV B(B - Wt) =1 CERN-EP-2017-094
VLQ QQ — WqWyq Tenu >4 Yes 20.3 [|lQmass 690 GeV 1509.04261
Excited quark ¢g* — qg - 2j - 37.0 q* mass 6.0 TeV only u* and d*, A = m(q*) 1703.09127
ho g Excited quark g* — qy 1y 1] - 36.7 q* mass 5.3 TeV only v* and d*, A = m(q") CERN-EP-2017-148
% O Excited quark b* — bg - 1b,1] - 133 | b* mass 2.3 TeV ATLAS-CONF-2016-060
m % Excited quark b* — Wt lor2e,u 1b,2-0j Yes 20.3 b* mass 1.5 TeV fp=f=fk=1 1510.02664
%= Excited lepton ¢* 3epu - - 20.3 £* mass 3.0 TeV A=3.0TeV 1411.2921
Excited lepton v* et - - 20.3 v* mass 1.6 TeV A=1.6TeV 1411.2921
LRSM Majorana v 2eu 2j - 20.3 N° mass 2.0 TeV m(Wg) = 2.4 TeV, no mixing 1506.06020
Higgs triplet H** — €€ 2,34e,u(SS) - - 36.1 H** mass 870 GeV DY production ATLAS-CONF-2017-053
§ | Higgs triplet H** — £r 3eu, T - - 20.3 H** mass 400 GeV DY production, B(H* — (1) =1 1411.2921
< Monotop (non-res prod) 1epu 1b Yes 20.3 spin-1 invisible particle mass 657 GeV Anon—res = 0.2 1410.5404
O Multi-charged particles — — — 20.3 multi-charged particle mass 785 GeV DY production, |q| = 5e 1504.04188
Magnetic monopoles - - - 7.0 monopole mass 1.34 TeV DY production, |g| = 1gp, spin 1/2 1509.08059
L L Ll I L L L 'l L L Ll I L 1 L L L Ll I L L L 1
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*Only a selection of the available mass limits on new states or phenomena is shown.

+Small-radius (large-radius) jets are denoted by the letter j (J).
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