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Qutline of lectures

e QCD basics

“* Lagrangian, coupling, quark masses, PDFs
e QCD and the Higgs boson

“* Production, decays, pr distribution
® Monte Carlo event generation

“* Monte Carlo basics

“ Event generator components

“* Improvements: matching and merging

® Survey of results
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QCD
Basics
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QCD Lagrangian

(

.

\

1 y _ .
L= —ZF,fVF'u + Z da (Z"YILLDZL() — mq5ab) db

q=u...t )

Fp, = 0u AL — 00AL — gf PO AT AT, DY = 0M6,, + igt5, A

Bryan Webber

® a,b = 3 colours of quarks
® AB,C =8 (=3x3) colours of gluons

e t- =8 3x3 independent traceless hermitian matrices
[generators of colour SU(3) group]

o [tAt5] = if*B“tC algebra of SU(3)

® All strong interaction physics determined by 7
parameters: g, mu, Md, Ms, Me, My, My (s = g° /47)

* But these need to be renormalized : ag = ag(p?)
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QCD
Coupling
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QCD Running Coupling

® Consider a dimensionless quantity R depending on a single hard scale Q,
e.g. R=o(eTe” — hadrons)/o(eTe™ — u"u™) at c.m.energy Q
* Dependence on Q can only be via Q/lW
* But U is arbitrary, so overall dependence on it must vanish

d L, 0 dag O |
2_7 2 Y 2 VXS
dp? K ou? T op? dag |

: i
® Define t=1In <Q—2>, B(as) 2005

= (Q% /1, as) = R=0

1 BT

=»> {— % + ﬁ(@s)%}fz(et,@s) =0

as(Q?) dr 5
® Introduce 0s(Q?) such that ¢ = / ——, ag(p®) =ag

as B(z)’

o). (). (ansiem) -
USG( ot ag 8055 as(Q2) 8&5(622) t_ L

* All scale dependence is absorbed in running coupling 0s(Q?)
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® Then solution is R(1,a5(Q?))




QCD Running Coupling

Q2 B as(Q?) dag g
In (—2> = /(XS(“Q) 6(&8)7 5(&3) = —Qg (ﬁo + frag + .. )

u
> 111(322) - 510 {&8(1622) Oés(lﬁﬁ)} o
> as(@) = 1+BoozsaS(M2) (Q%/1?)

mﬁm WQW
33—2nf /127r

® [0>0 means asymptotic freedom

® [-function known to 4 loops (B3)
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QCD Running Coupling

Lattice os(Mz)

T T T FTAG2016
t-decays O~

Lattice Q —
DIS —O—
ete” annihilation +——O

Z. pole fits —h-0—i —m Bazavov 14
| Bazavov 12
| 1 1 —{

JLQCD 10
HPQCD 10
012 0.3 ,
aS (MZ) - HPQCD 08B
HPQCD 08A

HPQCD 10
»—[|]—< HPQCD 05A

FLAG estimate

PDG nonlattice average

HPQCD 14A
H ETM 13D
{ ETM 12C
[ H ETM 11D

8T

N¢=4

o
0.11

Ne=3

Maltman 08

@Ti'ii :

Apnl 2016

PACS-CS 09A
QCDSF/UKQCD 05

v T decays (N°LO
s DIS jets (NLO)

Heavy Quarkonia (NLO

e'e jets & shapes (res. NNLO
® e¢.w. precision fits (N3LO)

v pp ->Jcts'(.'\'L0:~ | | H | El-Khadra 92
v Pp — WL (NNLO) !

0.100 0.105 0.110 0.115 0.120 0.125
FLAG WG: Aoki et al., 1607.00299

. QCDGS(MZ)=O.1181;O.‘0011 S (OCS(MZ)=O-I |84(|2) [lattice]

10 Q[GeV] 100 1000 ]
as(Mz)=0.1174(16) [non-lattice]

Bethke, Dissertori, Salam, RPP 2016 - g
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Lattice QCD

e QCD on a (hyper)cubic lattice

(0) = / dA|ldg[dgoe fd e

® |deally a —0, L — ¢

® Quark-antiquark potential: e ‘!__

l ‘ 1T T

gluon qugrk

N

A
~
>

© V(R)=V,+ KR —¢/R +f/R?

OB | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘
4 3 12 16 20 24
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Lattice QCD Coupling

%
S
S
R
S & § 5
~N N > S . .
& & § & FLAGWG: Aoki et al., 1607.00299
g & £ 3

Collaboration Ref. Ny g & I 8 ags(Mz) Method
HPQCD 14A 5] 2+1+1 A 0.11822(74) current two points
ETM 13D [645]  2+1+1 A B 0.1196(4)(8)(16)  gluon-ghost vertex
ETM 12C [646] 2+1+1 A B 0.1200(14) gluon-ghost vertex
ETM 11D [647]  2+41+1 A m 0.1198(9)(5)(*3) gluon-ghost vertex
Bazavov 14 [61] 241 A 0.1166(*5%) Q-Q potential
Bazavov 12 [600] 2+1 A 0.1156(*33) @Q-Q potential
HPQCD 10 9] 241 A 0.1183(7) current two points
HPQCD 10 9] 2+1 A 0.1184(6) Wilson loops
JLQCD 10 [609] 2+1 A = = ® (1118(3)(F}5 vacuum polarization
PACS-CS 09A [62] 241 A 0.118(3)* Schrédinger functional
Maltman 08 [63]  2+1 A 0.1192(11) Wilson loops
HPQCD 08B [152]  2+1 A = = ® (0.1174(12) current two points
HPQCD 08A [613] 2+1 A 0.1183(8) Wilson loops
HPQCD 05A [612]  2+1 A 0.1170(12) Wilson loops
QCDSF/UKQCD 05[621] 0,2—3 A B 0.112(1)(2) Wilson loops
Boucaud 01B [640] 2 — 3 A ® 0.113(3)(4) gluon-ghost vertex
SESAM 99 619] 0,2—-3 A = = (0.1118(17) Wilson loops
Wingate 95 [620] 0,2 —>3 A B = (0.107(5) Wilson loops
Davies 94 618] 0,2—3 A B = (0.115(2) Wilson loops
Aoki 94 [617] 2 —3 A m ® (0.108(5)(4) Wilson loops
El-Khadra 92 [616] 0 — 3 A N 0.106(4) Wilson loops
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Quark
Masses
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Running quark mass

® Couplings and masses (parameters in Lagrangian) must
all be renormalised, hence masses also scale dependent

dos
,LL2 dZQ — 5(058)048 — —043(50 + Sros + .. )
dm, dm dag v(ag)
2 4 — —_— . o * d — > >
M dlLL2 — V(as)mq &S(VO T V105 T )mq m, o 5(048)
4.2 - | - | :
N 1
7 o o=
E 34 ’YO 12 1
= 32} - — ~ —
: 3 | 50 33 — an 2
2.8;
26 S
10 10°
u (GeV)
! () 1% 5 :
Olg Po
() = o) | 220 {1k (2 00 fo ) — )]+
S 0
. y
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Lattice light quark masses

S
s FLAG WG: Aoki et al., 1310.8555
$&F o
SESSE
,5\*(?.@@ f e & §%
Collaboration Ref. 5 y & & &Q)Q o Mo, mq My /Mg
PACS-CS 12* [76] A I a 2.57(26)(7) 3.68(29)(10) 0.698(51)
Laiho 11 (77] C — 1.90(8)(21)(10)  4.73(9)(27)(24)  0.401(13)(45)
HPQCD 10* (73] A — 2.01(14) 4.77(15)
BMW 10A, 10B*T  [22,23] A b 2.15(03)(10) 4.79(07)(12) 0.448(06)(29)
Blum 107 (32] A 0 — 2.24(10)(34) 4.65(15)(32) 0.4818(96)(860)
MILC 09A [37] C — 1.96(0)(6)(10)(12) 4.53(1)(8)(23)(12) 0.432(1)(9)(0)(39)
MILC 09 [15] A — 1.9(0)(1)(1)(1) 4.6(0)(2)(2)(1) 0.42(0)(1)(0)(4)
MILC 04, HPQCD/
MILC/UKQCD 04 36, 82] A = - 17(0)(1)(2)(2) 3.9(0)(1)(4)(2) 0.43(0)(1)(0)(8)
RM123 13 [45] A ¢ 2.40(15)(17) 4.80 (15)(17) 0.50(2)(3)
RM123 119 (104] A ¢ 2.48(11)(23) 4.78(11)(23) 0.51(2)(4)
Diirr 11* 61] A —  — 2.18(6)(11) 4.87(14)(16)
RBC 071 (34 A m = — 3.02(27)(19) 5.49(20)(34) 0.550(31)

Bryan Webber
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Light quark masses

7
i Manohar, Sachrajda, Barnett, RPP 2016
6 L i
5 _ . MS masses at 2 GeV:
(Mu=2.15+0.15 MeV

N
' I

M4 = 4.70 + 0.20 MeV
Ms=935+20MeV

d mass (MeV)
N )
' | ' I
| |

ek
|
|

oV v el
0 1 2 3 4 35

u mass (MeV)
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Charm quark mass

Bodenstein et. al 10 - J KUhn, 2013

finite energy sum rule, NNNLO

HPQCD 10
lattice + pQCD

HPQCD + Karlsruhe 08

lattice + pQCD

Kuehn, Steinhauser, Sturm 07
low-moment sum rules, NNNLO

Buchmueller, Flaecher 05
B decays a 260

Hoang, Manohar 05
B decays a 2B

Hoang J amm 04

moments

deDivitiis et al. 03

lattice quenched

Rolf, Sint 02
lattice (ALPHA) quenched

Becirevic, Lubicz, Martinelli 02
lattice quenched

Kuehn, Steinhauser 01

low-moment sum rules, NNLO

7

% //%%%(

!

7

M////}%

QWG 2004
PDG 2010
. . . | . \\\ . | . . . | . . . | . . .
0.8 09 | 1.1 1.2 1.3 1.4
m (3 GeV) (GeV)

mc(3 GeV) = 0.986(6) GeV
= mc(me) = 1.268(9) GeV
= m¢(Mn) = 0.612(5) GeV
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Bottom quark mass

N mpQCD 10 J Kuhn, 2013

Karlsruhe 09

low-moment sum rules, NNNLO, new Babar

Kuehn, Stemhauser Sturm 07
Jow-moment sum rul es, NNNLO

Pineda, Signer 06
Y sum rulesTNNLL (not complete)

- . Della Morte et al. 06
' lattice (ALPHA) quenched

Buchmueller Flaecher 05

B decays oc

Mc Nelle Mlchael Thompson 04
lattice (UKQCD

= , deD1V1tus et al 03
lattice qélenche

- . Penin, Steinhauser 02
' Y(1S),
Pineda Ol
Y(IS), NNLO

Kuehn Steinhauser 01

low- moment sum rules, NNLO

Hoan
Y su rules NNLO

QWG 2004
PDG 2010

I

N
U
N
)
N
O
"
~
N
)]
N
(@)
N
~

m, (m,) (GeV)

ms(10 GeV) = 3.617(25) GeV
- Mp(mp) = 4.164(30) GeV

— mp(Mu) = 2.768(21) GeV
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mp, from QCD sum rules

08 Chetyrkin et al., PRD80(2009)074010
| O CLEO (1985)/1.28 |
071 W BABAR (2009) 9
;‘3 $558% gu-h %y, 5
SOOO0E
...+ a’ (~700 diagrams)
1
" 1 (9e2C, (g, 1)\ 2"
M., Cn (s, = 1M - 3 b b
n| my(10GeV) | exp | oy | p | total | my(my)
1 3597 1417121 16 | 4151
2 3610 10 [12] 3 | 16 | 4163 ‘mb(|0 Ge\/) = 3.6|0(|6) GeV‘
3 3619 8 | 14| 6 | 18 | 4172
4 3631 6 | 15]/20| 26 | 4183
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Pole quark mass

)
D ﬂ _ 1 66-6\ .......... T
D, ) o O
= & 0+ g
ﬂpolezmq%—Z(]ﬁ):mq+2<1>(mq)+... n=0

Cn ~2"n! ~ (2n/e)"

16m ZOO 1 1
2(1) p— d n n+1 — 60as(mq) ~J —
(mQ) 350 n:OC . . 47 log(mz /A=) L

Asymptotic expansion: sum to smallest term (n~L/2)
Ambiguity ~ smallest term (cha™ '~ e2~ A/m)

Mpole = Mq(mg) {1+ 0.4244 as(my) + 0.835 aZ(my) + 2.375 a2 (mg)| + O(A)

/

Renormalon ambiguity
(There is no pole!)
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Top quark mass

“Direct” (=pole mass?!) measurements:
Liss, Maltoni, Quadt, RPP 2016

my (GeV/c?) Source [ Ldt Ref. Channel
172.99 + 0.48 & 0.78 ATLAS 4.6 123] (+jets+0f
172.04 4 0.19 + 0.75 CMS 19.7 124] (+jets
172.47 4+ 0.17 + 1.40 CMS 19.7 131] ¢4
172.32 4 0.25 + 0.59 CMS 19.7 134] All jets
174.34 4 0.37 + 0.52 CDF,DQ (1+11) <9.7 145] publ. or prelim,
173.34 £ 0.27 £ 0.71 Tevatron+LHC <8.7+<4.9 [3] publ. or prelim.

m¢(pole) = 173.1£0.9 GeV

— m¢(me) = 163.35+0.85 GeV

m¢(m¢) = 160"*243 GeV from cross section

Bryan Webber 20
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Parton

Distribution
Functions
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O-pp—>X

Bryan Webber

QCD Factorization

Z/ day drs fz(ml’ﬂF)fJ(LC?v/LF)gw%X (5131:1323 (XS(MZ) /ﬁ?muZR)

N = N——

momentum parton hard process cross
fractions distribution section, renormalised
functions at scale ur at scale up

Non-perturbative physics takes place over a much longer
time scale, with unit probability

Hence it cannot change the cross section

Scale dependences of parton distribution functions and
hard process cross section are perturbatively calculable,
and cancel order by order

Residual scale dependence is (part of) theory uncertainty
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PDF Evolution

oty =Y [ E Ry (£ast®)) s

® PDFs measured in various processes at various scales
® Global fits satisfying evolution equations give PDF sets

® Generally done at NNLO nowadays
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1

0.9}

0.8

0.7§

0.6

0.5

0.4F

0

107°

PDF Evolution

Ball et al., 1706.00428

0.3f

0.2[

0.1

L NNPDF3.1 (NNLO)

xf(x,u2=10 GeV?) -

Bryan Webber
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0.9F

0.8p

0.1_—

0.7h
0.61
0.50
0.4F
0.3

0.2}

g/10

xf(x,u2=10" GeV?):

1072

X

0‘1 1
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PDF Uncertainties

LHC 13 TeV, NNLO

e Ball et al., 1706.00428

= NNPDF3.1

® Parton luminosity £;;(M%,s) =

eSS / dxidzs fz ('7717 M?{) fj (332, M)Q() 0 (51315628 - M‘%)

Quark - Quark Luminosity

<X
0850 — o L i
0 o (cev) 10 e Relevant PDFs (relatively)
LHC 13 TeV, NNLO well known at x ~ MH/\/S
12|-II\INI|3DIFCIS.I1”” -
B CT14 ' e Sti : :
2 ' ill some disagreements in
§“5 A% MMHT14 : & £gg
g 1.1
§105
o — : ® Can be improved (in principle)
50.95
Q)
0.9
0.85 e
10 10 M, (GeV) 10
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QCD and the

Riggs Boson

https://twiki.cern.ch/twiki/bin/view/L HCPhysics/LHCHXSWG
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG

Higgs Production

Cross Section
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Higgs production cross sections

1 l 1 11 l T 111 I T 111 I | I LI I | I | L L ' | B I P I I 2
2 E
107 M(H)= 125 GeV =3
o - m b
| S———— - — 8
Georgietal. | ~_ ;<\ - 18
PRL40(1978)692 = > 12
jfr 10 =
o cp + NLO EW) T
R
Jones & Petcov ©

PLB84(1979)440 ¢ 7T

| lllllll

|
©
o
Y
- T
El\z 2
o |\¢&
o \O
: O
) D,
A\
: pa
N —
; O
— m
2
2 <
|
1

1

Glashow et al.
PRD18(1978)1724

11 llllll

1

I

111

107%E;
\%(Q IlllllllllllllllllllllllllllllIlllllllllllllll

Kunszt > _____________ 6 /7 8 9 10 11 12 13 14 15
NPB247(1984)339 _ \[g [TeV]
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Gluon fusion cross section

® Scale dependence (I3 TeV, m¢—» o)

80!
—LO
| NLO
60
| NNLO
— N3LO
’-g-\ L
~ 40_
5
o)
20!
O_ | | | | | | | | | | | | | | | | | | | | | | | | | |
0.0 0.2 0.4 0.6 0.8 1.0 1.2

plimy (U=UR=HF)

+2.22 pb (+4.56%
o = 48.58 pb 5 52P 000 (theory) £ 1.56 pb (3.20%) (PDF+as).

Anastasiou et al., JHEP 05(2016)058 (arXiv:1602.00695)
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Gluon fusion cross section

® Quark mass dependence (NLO only)

Top quark Bottom quark Charm quark
smi =1 GeV | gMEQ, 3477 | my, = 0.03 GeV | oNEQ, . 34.77 | dm. = 0.026 GeV | oNLQ, . 3477
me + Omy Ué\;%ngrc 34.74 my + odmy aé\;ﬁ?errc 34.76 Mme + dMme Ué\:fzigb+c 34.76
my —dmy | o5, 34.80 mp — 6my, ol . 3479 me — 6me ol . 3478
® Energy dependence
Ecm o d(theory) o(PDF) d(as)
+0.04pb /+4.06% +0.04pb (43.36%
2 TeV 1.10 pb o 09pb( 788%) + 0.03 pb (£ 3.17%) 0. 04pb( 3 69%)
+0.74pb /+4.41% +0.45pb (+2.67%
7TeV 1685pb  FUTPP(Taain) & 0.32pb (£ 1.89%)  ToP(tart)
+0.95pb /+4.43% +0.57pb +2.65%
8 TeV  21.42 pb 1 4810]0( 690%) + 0.40 pb (£ 1.87%) 0. 56pb( 5. 62%)
+2.22pb 4+4.56% +1.27pb +2.61%
13 TeV  48.58 pb 1357 0 (Tgaay) £ 0.90 pb (£ 1.86%) 155 5 (T5 ps,)
+2.51 pb /+4.58% +1.43pb +2.61%
14 TeV 54.67pb "3y (Dgare)  £1.02pb (£ 1.86%) 14100 (C5g0)

Anastasiou et al., JHEP 05(2016)058 (arXiv:1602.00695)

Bryan Webber
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Riggs Decays
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Riggs Branching Ratios

e T T [h = 4.10£0.09 MeV

S
7
ul |

5 1E :
Q — &
S f
D B e
10" “ 2 bb 581 I3
& : WW 215 0.6
S0 E gg 82 07
1L - =
- Zy - T 63 0.2
10 i cc 29 02
: 77% 264 0.07
I vy 0227 0.008

l180l | l200
My [GeV]

W\ T Y J LI L1
1080 100 120 140 160

Bryan Webber 32 CERN-Fermilab HCP School 2017



Higgs —-qq

3
2

[1+1.803 ag(Mpr) +2.953 a2 (Mp) + .. ]
(known to 4th order)

3v/2

Am>2(M
['(H — qq) = : GFMng(MH) {1 — q( H)

M

s

® Running of masses is enormously important!
mb%(Mu)/mp?(pole) = (2.77/4.95)2 = 0.313
mcZ(Mu)/mc2(pole) = (0.612/1.27)% = 0.233

e [, affects all branching ratios!

Iy SBR(X) 6T 5Ty,
I'tos BR(X) It ot I'y,

BR(X)
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Higgs—gg

0.50 | | | |

t, b 0.45

0.40

Ty (MeV)

0.35

0.30

025- | | | | | | | | | | | | | | | | | | | | | | | |

120 122 124 126 128 130
my (GeV)
2
042GFM3 mZ(MH)
L= — H I 4 1+6.14as +17.5a2 +15.1a5 + ...
gg (34[\/@27T3 :E;:: q ~AA[§; ( )

* b contributes ~ -6%, which almost cancels top mass effect
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’y 16
’ t,bw
f,_b ~~
=
% &
Y N
y —
H W3
sl o .| | | |
W— 120 122 124 126 128 13C
my (GeV)
2
QG M3 m2 M M2
Vo, = ST 3N 2y, q(2H) + I (—‘;V)
128v/2m3 | < M3, M?,

* W loop dominates

* b contributes less, so top mass effect is significant (~-2%)
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Riggs Transverse

Momentum
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Higgs Transverse Momentum

Pri e Resummation of Higgs
transverse momentum

"""" dr = _ZpTi

Bozzi et al. 0705.3887
Mantry & Petriello, 0911.4135

Catani & Grazzini, 1011.3918
de Florian et al. 1109.2109
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Bryan Webber

Higgs gt (fixed order)

do/dX (pb/GeV)

5.000

1.000

0.500

0.100

0.050

0.010

0.005

i | 1 1 1 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1 1 1 ) |
- E._ =8 TeV -
f qr NLO _
E 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 i I 1 1 1 :
0 25 50 75 100 125
X=qq (GeV)
(N)LO — (—)oc
qT —0

150

Large logs of my%/qr? need resummation

38
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Resummation of Higgs qr

do = /d$1d332 fa(x1, 1) fo(x2, 1) dGap(T1228, 15 - - )

1 d%6 A 2 B
Uggfv52( )—I—ozS/d2pT[ gln%—l——g] 5*(qr + pr) + ...
Ggg dar PT Pt Pt 53

1
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Resummation of Higgs qr

do = /d$1d332 fa(x1, 1) fo(x2, 1) dGap(T1228, 15 - - )

1 d?6 A 2 B
799~ §%(q )+Ozs/d2pT[ glnm—f+—g] 5*(gr + p1) + - - -

Ogg qu PT Pt PT .
A :CAZS B ——(1lCA—2nf :——
d’b . A 2 B,
N/—ze"b'QT{l—kozS/dsz[ gln%%——]("bm— }
(2m) PT PT PT
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Resummation of Higgs qr

do = /d$1d332 fa(x1, 1) fo(x2, 1) dGap(T1228, 15 - - )

1 d?%6 A m3 B

= 4 gg N52(QT)+&S/d2PT [—len—QH+—29] 52(QT+PT)+...

Ogg 4T Pr Pt Prl. -
AQZCAZS, Bg:——(llCA—an) —E

d?b . A, . m? 4
N/(QW)2e"bQT{1+ozs/d2PT [—291n—2H+—g] (e"pr—l)—F...}
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Resummation & matching of Higgs qr

do = /dwldﬂiz fa(x1, 1) fo(x2, 1) dGap(T1228, 15 - - )

1 d?%6 A m32 B

—— gg N52(qT)—|—&S/d2pT [—gln—f—l——gl 6*(qr + pr) + ...

Ogg 4T Pr Pt Prl. -
AQZCAZS, Bg:——(llCA—an) —E

b A, m3 b.
N/We"qu{l—kozs/dsz [—2gln—2H+—g] (eprT—l)—k...}

d’b ib-qT 2 A m%{ B ib-pr
N/We 9 exp{ozs/d pT[—len—2+_9] (e p —1)

do do do do

qu i qu d resum . qu d resum,NLO

dqT | N10
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Higgs transverse momentum: 8 TeV

NNLL+NLO NNLL+NLO
T T T T T T T T | T T T T | T T T T | T T T T T T T T 1.000

E,,=8 TeV 0.500 E.,=8 TeV

Resummed+matched

Resummed+matched

VS VamnS
% Resummed only i % 0.200 Resummed only —
@) (@)
~ ~
< o 0.100 |
Q, Q, .
N—" N—" -
o o 0.050 —
T o 7
Y Y i
b b
o T 0.020 —
0.010 —]
1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 [ 0005 |\\-
0 25 50 75 100 125 150 0 150
dr (GeV)

® Peak at ~10 GeV: log(mn?/qT%)~5.1

® Resummation affects spectrum out to larger gt
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Higgs transverse momentum: |4 TeV

NNLL+NLO NNLL+NLO
i T /rl\\\l T T T T T | T T T T | T T T T | T T T T T T T T ] 2.00 T 1 T T T T T T | T T T T | T T T T | T T T T T T T T
1.00 E.n=14 TeV ] 1.00 E.m=14 TeV —
Resummed+matched . 0.50 Resummed+matched _:
= Resummed only : = ' Resummed only .
v 0.75 — v
¢ | <
3 i 7 o) 0.20
& i i &
& 0900 - & 010
g I IS
5 ' - 5 0.05
o 0.25 T — o
1 S 0.02
0.00 —
i 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 ] 0.01 N
0 25 50 75 100 125 150 0 25 50 75 100 125 150
qr (GeV) qr (GeV)

® Peak at ~10 GeV: log(mn?/qT%)~5.1

® Resummation affects spectrum out to larger gt
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Monte Carlo Higgs qr

T T | T T T T 010
I ] ] - i
0.8 | /] N Eem = 8 TeV =~ — i ]
- i \\ HQT 1 = 0.08 — 1 Eem = 14 TeV = —
i 7 B HQT -
g L [/ AN MC@NLO 1 & - = : ]
0.08 — ] B MC@NLO -
> . MC@NLO RW - 3 0.06 — \\\ _
g I C ] _ i o MC@NLO RW T
o K N ] g R .
o N - ] i i
E 0.04 - \x 4 } 0.04 — -
o - . o
5 F 15 :
S S =
0.02 m— 0.02 |— B
0 00 i 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 0 00 i 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
0 10 20 30 40 50 0 10 20 30 40 50
qr (GeV) qr (GeV)

® HQT = resummed+matched qr (de Florian et al.)
® MC@NLO = Monte Carlo matched to NLO (see later)

® RW = reweighted to resummed+matched scalar Et
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Comparisons to data (yy mode)

— T T T T | T T T T | T T T T T T T T | T T T T | T T T T | T T T T
> | ATLAS Preliminary H—yy, \s=13TeV, 36.1fb"
% 1 -¢- data, tot. unc. syst. unc._
= f m,, = 125.09 GeV
_8_'_ = gg—H default MC + XH -
~ 9g—H RadISH+NNLOjet + XH.
5 10 “ % XH = VBF+VH-+ttH+bbH
1072F D — + :
1 | 1 1 1 1 | 1 1 1 1 | 1 1 | L -l -I ----- |- ----- ]
L L A L | | |
< 2
+
: o :
= 1% |
S
3
[0}
2 Of
; 1 PR R N SR SR TR TR [N TR T SR T ST S ST TR S N T T TR R N S S S
% 0 50 100 150 200 250 300 350
o pTYY [GeV]

Bryan Webber

CMS Preliminary

35.9 fb™' (13TeV)

9 102 __l T 1T 1 | T T T 1 | T T T 1 | T T T 1 | T T T 1 | T T T 1 | T T T 1 | T T T 1 | T |__
(qD) ? H g Y Y LHC HXSWG YR4, mH=1 25.09 GeV ?
B 10 :_ + Data ggH aMC@NLO + HX _:
= = =
: - ggH POWHEG + HX :%" .
=~ i ) Z = .
Q &7 \ N
X 1 E% f HX aMC@NLO 3_2 =
O - by . % .
D".— _ - Ly - —
3107 S
ke [EURPRVRORVRIRRURPRPRVRTRRURPRPORONY | § - —
107°¢ | E
; - s ]
10_ E_l 11 1 1 1 1 1 1 1 11 1 1 1 1 1 1 1 1 1 1 1 11 1 | 1 E
z

T R .
9 2 et e e e —
prd - =
§ 1 51 _: i """""""""""""""""""""""" E
[ = $444% % 3
g e '—l%—_;

& Oy =50 900 150 200 250 300 350 400
pl’ (GeV)

Andy Chisholm, LHCHXSWG, July 2017
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Summary

e QCD Basics

* os and mq uncertainties = 1%

* PDF uncertainties = few %
¢ QCD and Higgs
* Cross section uncertainty = 10%
“* Decay uncertainties = few to 10%
e QCD and Higgs transverse momentum

“* Large log resummation

<+ Matched to NLO
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Extras
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Higgs qT & ET

e Higgs transverse momentum

P dr = — Z PTi

Bozzi et al. 0705.3887
Mantry & Petriello, 0911.4135
Catani & Grazzini, 1011.3918
de Florian et al. 1109.2109

e Radiated transverse energy

IS Z Pl

Papaefstathiou, Smillie, BW, 1002.4375
+Grazzini, 1403.3394
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Bryan Webber

Higgs qr & Et (fixed order)

do/dX (pb/GeV)

5.000

1.000 [

0.500 [+

0.100

0.050 [

0.010

0.005 1
0

E,,=8 TeV

E; NLO
qr NLO

25 50 75 100
X=qr or E; (GeV)

125

(N)LO Ejo(—)oo

150

Large logs of my%/ET? need resummation
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Resummation of Higgs qr

do = /d$1d332 fa(x1, 1) fo(x2, 1) dGap(T1228, 15 - - )

1 d26 A 2 B
799~ §%(q )+Ozs/d2pT[ gln@ﬂL—g] 5*(qr + pt) + - -
Tgg qu PT PT PT

2 . A 2 B .
~ Q ptb-ar Jq + Qg d2PT 9 In Mua , Py (e’bpr _ 1) 4.
(2m)2

P7 PT DT

db { 5 A m%{ B -
~ [ ——= e 9T exp ozs/d p [ I ln 2= + | (e'PPT — 1
/ (2m)2 e T )
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Resummation of Higgs Et

do = /dfldwz fa(x1, 1) fo(x2, 1) dGap(T1228, 15 - - )

1 d36 A 2 B
799 §2(q )+as/d2pT[ gln%+—g] 52 (qr + pr) + . ..
Tgg qu PT PT PT

d’b . A 2 B, -
~ eIt ¢l +ag [ dPpr | EIn—£ mH + =] (PP —1) + ...
(2m)?

PT PT PT

d’b A o By,
N/ > e T exp {ozs /dsz [ J In —*- mH + ] (ezb'pT — 1)}
(2m) Pt P  Pi

A 2 B
~ §(E7) + o / deT[ 91an+—9] 5(Er — |pr|) +
_I_

1 dé,,
Gg d BT

P~4 pi:  PpA

dr . A 2 B, -
~ [ L gitEr exp {as /d2pT [ 7 In % + —] (e_”lpT| — 1)}
2m PT PT PT
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Resummation of Higgs Et

1 do 00 d . A 2 B ‘
- %9 / T giTEr exp {as /d2pT [—29 In m—f + —29} (e_mpT' — 1)}
Ogq d ET oo 2T Pt pPT Pt

® Defined for ETs0
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Resummation of Higgs Et

1 do 00 d : A 2 B ‘
- %9 / T giTEr exp {ozs /d2pT [—29 In m—f + —29} (e_mpT' — 1)}
Ogq d ET oo 2T Pt pPT Pt

® Defined for ETs0

® For ET <0, can close T-contour in lower half-plane
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Resummation of Higgs Et

1 do 00 d : A 2 B ‘
- %9 / T giTEr exp {ozs /d2pT [—29 In m—f + —29} (e_mpT' — 1)}
Ogq d ET oo 2T Pt pPT Pt

® Defined for ETs0
® For ET <0, can close T-contour in lower half-plane

® No singularities in lower half-plane
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Resummation of Higgs Et

1 do 00 d : A 2 B ‘
- %9 / T giTEr exp {ozs /d2pT [—29 In m—f + —29} (e_mpT' — 1)}
Ogq d ET oo 2T Pt pPT Pt

® Defined for ETs0

® For ET <0, can close T-contour in lower half-plane

® No singularities in lower half-plane

0.6

E_ =14 TeV ]

e 0.4 — Resummed only —

& |
N

3 |

& il

B —
[

o 02— ]
~

S |

jo; i

0.0
C | | | | | | | | | | | | | | | | | ]
—-100 -50 0 o0 100

E; (GeV)
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Resummation & matching of Higgs Et

do +oo
Ll@Q 5ET] Z/ d““/ d”/ eI fagna (@1, 18) foyns (w2, 1) Wi (21228; Q. 7, 1)

1 1
Wc{g(sa Qa T, :UJ) — /() le /0 sz Cga(O‘S(,u)a 21T, ILL) Cgb(OéS(,u)a 225 T, :u) 5(Q2 — 21223) 0911;(@7 aS(Q)) Sg(Qa 7-)

sy =on{-2 [ % [24,(as(0) L + Byos@)] (1 - )}

ag\ " n

Aglos) =30 () AP
n=1

o0 ag\n .

By(as) = - ng )
n=1

Cya(as, z) = 0gq 6(1 +Z (Ozs)

dog {dag] B {dOH] n {dUH]
dET dET resum dbT resum,NLO dbT NLO
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do/dE; (pb/GeV)

Bryan Webber

Transverse energy distribution

0.5 |

0.4

0.3

0.2

0.1

0.0

NNLL+NLO NNLL+NLO
I B v I B
- E.,=8 TeV I 08— E.,,=14 TeV I
Resummed+matched E -~ [ Resummed+matched E
T Resummed only B g 06l Resummed only B
\ -
Q
&> [
— ] B 04—
L.d -
T
™~
b L
— — O 02—
- ool —
| I ] - I R
50 100 150 200 0 50 100 150 200
Er (GeV) Er (GeV)
® Peak at ~35 GeV: log(mn?/ET?)~2.6
® Resummation affects spectrum out to much larger Et
o

Unlike g, the Underlying Event also contributes...
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