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PRECISION PREDICTIONS FOR HIGGS-BOSON

DIFFERENTIAL CROSS SECTIONS AT THE LHC
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OUTLINE

> Precision measurements and predictions of the Higgs boson
» Current status from both theory and experiment (cherry pick)

» Projection of HL-LHC, is it precise enough?
» Higgs production and decay processes in NNLOJET

» Higgs transverse momentum distribution in full spectrum

» Small, medium and boosted regions
» Higgs rapidity distribution at N3LO (ggF channel)

» Summary

Xuan Chen (UZH) Precision predictions for Higgs-boson differential cross sections at the LHC September3; 2049



SUCCESS OF LHC HIGGS EXPERIMENTS

» Higgs boson properties in agreement with SM

>

>

Bosonic (Run I) and 3rd generation fermionic
couplings (Run II) observed with current

precision on coupling £10-20% (EPS2019)

Higgs mass uncertainty at =0.2% level
(Run I + II)

Fiducial total cross section measured with *
9% accuracy (Run I + II)

2nd generation fermion couplings still to be
established

HH signal with 10 times SM exclusion limit

» Goal for the future: improve precision

>

>

Differential in production and decay channels

Projection to HL-LHC (estimate challenge)

> Accelerate searches of new physics

Xuan Chen (UZH)
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ATLAS ~—Total [|Stat. only

Run 1: Vs =7-8 TeV, 25 fb", Run 2: Vs = 13 TeV, 36.1 fb Total  (Stat. only)
Run 1 H—4] \E 124.51+ 0.52 ( = 0.52) GeV
Run1H-—yy 126.02 + 0.51 ( = 0.43) GeV
Run 2 H—4! 124.79 = 0.37 ( = 0.36) GeV
Run 2 H—yy 124.93 + 0.40 ( = 0.21) GeV

Run 142 H—4] 124.71+ 0.30 ( = 0.30) GeV

Run 1+2 H—yy 125.32 +0.35 ( = 0.19) GeV
Run 1Combined

Run 2 Combined

125.38 + 0.41 ( = 0.37) GeV

124.86 + 0.27 ( = 0.18) GeV

Run 1+2 Combined 124.97 + 0.24 ( = 0.16) GeV

ATLAS + CMS Run 1 125.09 + 0.24 ( = 0.21) GeV

Oygr [Pb]

123 124 125 126 127 128

m,, [GeV]
E Jandl I | ) ) o | I IEmiEmiEs] I.I 1 .I I I T | | ML I LB I T I | e I V=il I—
20— ATLAS Preliminary EH = ZZ &
. = - -1 —H-> vy -
- (s=13TeV, 36.1-79.8 b =i ]
- m,=125.09GeV, |y | <25 mH > Tt 5
15 —Combined —
10— ==
5= -
O  _68%CL ---95%CL < BestFit -SM =
IIIIIIII | Lo T T | I Ji )] ) | e T 10 [} | 5 ] o | | [ N T I (1 o[ |- T} | L L] | o | I—
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SUCCESS OF LHC HIGGS EXPERIMENTS

g 18- 1. s el A O EmREN e :C"fSComm“ 3597 (13TeV) > Typical differential observables for
-8- 1.6 0 H—>Zz*—4 _; & . 3 st. unc ] ] .
E1ap % N e Higgs (+jet) are:
C 7] >
T\E 1.2 ‘ = = do do do do
il i ST i A 7 AN
ooy 1% — pfl Ayl dpf AN
gi% %\lnﬁ 7 M i “Mi % % > Inclusive decay observables are
02f- T . £ oL } H reconstructed from individual decay
B (i AR | | oSy, o B C
Z‘ 1 2r|,|||||III|IIIIIIII||III|||II||IIII||II|||III|III S :n rnn Ak ool SR Tl S B Adin I on ol o A Channel
o 1-2;_ + . SeL 4 5 23
5 gg? T * | 1 B R e % cxi ! *1 4 ol L'r + - Combined results with+20-40%
D . [L I ST ] (E k(] JET]SN] S [LTUL 1111 Llesd Ll ] (L[] J o[ Ny ] £ © 0_5;-—I T T e N LR | I"I Y\ " =
0O 10 20 30 45 60 80 120 2(:)0 3{5(;)61\200 T L e uncertainties (EPS2019)
T.H
CMS S b e P N (ATLAS 1805.10197, CMS 1812.06504,
S [ 4 Combination S b ATLAS o Conbnes E EPS2019)
8 Syst. unc. O B2 R iy b AT =
N I S - 13TeV, 36.1 fb” SRS JVE + XH E
O - Bt S T SRR L L AV TS NNLOPS (K = 1.1) + XH 3
o M Tenoze 50 — S (K - 1.47) + XH —]
B . [ /7 aMC@NLO,NNLOPS E AN XH = VBFAWH: ZHstHsboH
2— 1 E_ Oy fi'om CYRM-2017-002 Overflow norm. 40 5— | —:_
~ ST, B A Ac(p' > 95) /1 40 SRl P =
2 F @ I l i %r] tHitth Ac(pjfl - 200) / 80 30 é. % | ”. .WI...'E é
CELTY g =3 |+ s
; 4 tof N
10_2:...I....I....I....I -------- I...LI.... IR : \e}\\'\\'\\'\‘\\\\\\\ \\\\\\\\\\:
s 47 6F
g s | | gk
oF 2F a 1.2r ﬂ E}
s E g ... ... B .- b P R | R 1
s\s JM{' """ i I SR 3 oE E ¢i [ﬁ ﬁ
g B T T T it SO e C RPN Y A = 06
- 30 55 95 120 .200 L 0.4 0 1 3 " 5 57 L >3
P (GeV) S N

Xuan Chen (UZH) Precision predictions for Higgs-boson differential cross sections at the LHC September3; 2049 3



OF LHC HIGGS EXPERIMENTS

CMS Preliminary 137.1 fb™ (13 TeV)
llllllllllllllIIIIIIIIIIIIIIIIIIIIIIIllllllllllll
filed H—ZZ—4l
m, profile Ggy (D)
ggH-0j/pT[0,10] 0.87% 2 0.80
ggH-0j/pT[10-200] 1.06%,> 2.53
ggH-1j/pT[0-60] 0.781°28 0.88
ggH-1j/pT[60-120] 0.827 0.57 g g H
ggH-1j/pT[120-200] 1.52% " 0.10
ggH-2j/pT[0-60] 1.47%3 0.16
ggH-2j/pT[60-120] 1.59' % 0.23
ggH-2j/pT[120-200] 1.16% % Ol
ggH-2j/mJJ>350 0.00%>2° 0.10
ggH/pT>200 0.47%0°" 0.07
qqH-2j/mJJ[350,700] 1.717] = : 0.05
qqH- 21./mJJ>7OO 0. 93_;; 9;0: | —.——| 0.07 \
qu-SJ/rZSJerSS? i-gifé @ . o . 82; VBF » Breakdown in production channels
> “¥~-0.00 : : . ;
__qgH-2/pT>200 _0-@?02055 __________ g through Simplified Template Cross
VH/pTV[0-150] 3.217 | e | 0.11 Section (STXS)
VH/pTV>150 0.00%">
ke sml T Cliea\/H . .
qqH-2j/mJJ[60-120] 0.57; ar G 0.0 _(_ _ __. > AllHiggs production and decay
ttH,tH 0.077 ¥ .
007 IIIIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIOIIQﬁIIII ttH Channelscontrlbute
012345678 910
o/ Og » Complexity increase from Stage
CMS-PAS-HIG-19-001 (STAGE 1.1) PR R e S
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SUCCESS OF HIGGS THEORY (GLUGN FUSION)

OppsH+X — 16.00 pb (+3287%) LO, rEFT
+ 20.84 pb (+42.82%) NLO, rEFT
+ 9.56 pb  (+19.64%) NNLO, rEFT
+ 1.62pb (+3.32%) N3LO, tfEFT
— 2.07pb  (—4.25%) (t,b,c) corr. to exact NLO
+ 0.34pb (+0.70%) 1/my corr. to NNLO
+ 237pb  (+4.87%) EWK corr.
43 G
d(theory) = Tyogn  (Daieg) - dlscale)
+ +0.56pb (£1.16%) Jo(PDF-TH)
+ 40.49pb (£1.00%) S(EWK)
+ £041pb (£0.85%) d(t,b,c)
+ +049pb (£1.00%)  6(1/my)
__ +2.08pb (+4.28%)
—3.16pb —6.5% )
5(PDF) = =+0.89pb (£1.85%),
Sos) = han (36

Need to attack on many fronts to further improve 4 ~__

» Towards N3LO PDFs (Britzger et al. 1906.05303)_ 30

» Top quark mass dependence

(Davies, Grober, Maier et al. 1906.00982)

» Bottom quark fusion at N3LO
(Duhr, Dulat, Mistlberger 1904.09990)

» Total cross section with N3LO QCD corrections in
heavy top limit (HTL) (B. Mistlberger 1802.00833)

» QCD scale variation reduced significantly

» Public in iHixs2 code (Dulat et al. 1802.00827)

» Uncertainty dominant by QCD (% 4%)
(C. Anastasiou et al. 1602.00695)

» Three short boards: QCD scale, PDE a;

50¢

o [pb]
f
ﬁ

10/ ? LHC 13 TeV = :
PDF4LHC15.0 i
PP —>H+X

30 50 70 90 110 130 150 170 190 210 230 250

» EWK corrections (1801.10403, 1811.11211) ... #[GeV]
Xuan Chen (UZH) Precision predictions for Higgs-boson differential cross sections at the LHC Septemiber3;: 2089 4



SUCCESS OF HIGGS THEORY (GLUGN FUSION)

» Differential predictions advance to new revolution g [amas G BT, ©00]
21 T T
ST B gg—H default MC + XH ]
» HpT (HTL) at NNLO+N3LL accuracy (details later) 3 e,
© 107" u £5% XH = VBF+VH+ttH+bbH
» Robust NNLO calculation at small pT
. . . . 104
» Resummation in two factorisation schemes
» yH (HTL) at N3LO accuracy (details later) 1
=
> Two methods with approximation in good :
% 00 50 100 150 200 250 300 @ V:?50
(14 pW'T'Y e
eiscs L) ATLAS 1802.04146
1102
> New revolution to differential N3LO accuracy 101 |3 NLONFiTza,?ur%_w-
211072 —
» H+J (full SM) at NLO accuracy (boosted pT region) 51}
5107y
> Still many aspects to improve: e
» Very time consuming at small pT (~ 7M CPU h) 25
Q 20t
» Application with decay fiducial cuts 2 5]
1.0 +
. . 0 200 400 600 800 1000
» Join with parton shower beyond LO P [GeV]

Jones et al. 1802.00349
Xuan Chen (UZH) Precision predictions for Higgs-boson differential cross sections at the LHC September 3, 2019 5



SUCCESS OF RIGGS THEORY (VECTOR BOSON FUSION)

» Differential NNLO corrections to VBF-2] production and NLO corrections to VBF-3]
production using structure function approach (Cruz-Martinez et al. 1802.02445)

» Uncovered error in earlier NNLO calculation stemming from VBF-3] piece (now fixed)
(Cacciari, Dreyer et al. 1506.02660) (Jager, Schissler et al. 1405.6950)

NNLOJET VBF H 2j NNLO Js =13 TeV
| | | | | i
L0 . -
NLO mmmmm -
101 = g NNLO -
';I E g =_ -
(b} [ ==
2 B —-
- —
— fr—— =
g 0r e 3
~— E =
3 = -
—-
T Jocm
=
=
o
S5
o
:‘j
O
[~ -

50 100

Xuan Chen (UZH)

150 200
pi' [GeV]
Precision predictions for Higgs-boson differential cross sections at the LHC

250 300

DIS®DIS

NNLO cross section is 4% smaller than NLO (VBF cuts)

Scale variation now reduced to = 3%
Contribute significantly at boosted Higgs pT ~20%
Large overlap in fiducial volume with gluon fusion H+2]J

Inclusive cross section at N3LO (Dreyer et al. 1606.00840 )
Septenibetad; 2089 6



SUCCESS OF HIGGS THEQORY (VH)

» Current precision with NNLO QCD corrections in both production and decay to process

pp — W(lv) + H(bb) with narrow width approximation and massless b quark
(Ferrera et al. 1705.10304), (Caola et al. 1712.06954),(Gauld, Majer et al. 1907.05836)

>

\/

—_
~
—

dO’/dMHZ [ fb/GeV ]

Xuan Chen (UZH)

10-2}

NNLO corrects NLO H — bb decay in both below and

above Higgs mass threshold regions

New interference at NNLO from H — gg

N3LO H — bb decay now available

(Mondini, Schiavi, Williams 1904.08960 )

NNLOJET pp-WH

Vs=13TeV

109 3

_.
<

do/myp, [fb/GeV]

10-2 i

LO
e \LO

Future work with b mass and EXP flavour kT jet fgrmss e 3

— flavour-k7, R=0.4
— with fiducial cuts

! == HZNNLOPS(parton, with NLO-decay), without ggHZ

10~*F —— HZNNLOPS(parton, with NLO-decay), with ggHZ

140 160

" |mmm— NLO/LO
| NNLO/NLO

9€8S0°L061 ‘T8 19 Il ‘pInen

80 100 120

140 160

My [GeV]

NNLOPS accurate pp — Z(I*17) + H(bb)

(Astill, Bizon et al. 1804.08141)

Sizeable impact of loop induced gg — Z(I*1™) + H(bb)

above top mass threshold

NLO corrections includes interference with gg€ and qq

channels (need two-loop massive top for through study)
Precision predictions for Higgs-boson differential cross sections at the LHC

Septenibetad; 2089
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CHALLENGE FROM HL-LHC PROJECTION (20 YEARS)

> Is it precise enough? Not yet according to HL-LHC Projections!

» Theory complexity scales up exponentially, EXP error scales down by 14/

(s = 14 TeV, 3000 fb™' per experiment

""""""""""""""" » Differential observables (S2) HL-LHC projections:
~Total ATLAS and CMS (52) HL-LHC proj
i Statlst.lcal HL-LHC Projection YH + 3% HpT + 5% (more details in this talk)
—— Experimental
—— Theo Uncertainty [%] .
£ » Theory need consistent upgrade to reduce PDF and
2% 4% Tot Stat Exp Th 4 .
= | o, uncertainties
OggH —_ 1.6 0.7 08 12
oY
g
GVBF v 3.1 18 13 2.1 321:30
Bl e
© 0
GWH R L 5.7 33 24 40 he-
251
- ATLAS Preliminary
G, . ST —  Projection from Run 2 data
~  {s=14 TeV, 3000 fb
20— Hoyy+H-o5Z2Z >4l
O — 43 13 18 37 E
1 ; B [} HL-LHC No Sys
0 002 004 006 008 01 012 014 15— I HL-LHC Sys. + Stat ¢+ B
Expected relative uncertainty T HL-LHC Scaled Oyt e .

» HL-LHC expects =+ 1.6% in two decades %1-051m
00.95

» Current N3LO has + 4% for QCD alone! 0 0.30 0.60 00 (-20 Jolr L2

WG2 report on HL-LHC 1902.00134 WG2 report on HL-LHC 1902.00134 ‘
Xuan Chen (UZH) Precision predictions for Higgs-boson differential cross sections at the LHC Septemiber3;: 2089 8




VARV

—— \__ /] . __]

/ / VAR A A A A YA A A
S IV d oI\ I\ ] I/

%k 3k %k 3k %k %k %k %k %k %k %k Xk %k Xk %k Xk %k Xk %k %k >k %k >k %k %k %k Xk %k Xk >k *k >k *k >k %k %k % %k *k %k Xk >k *k %k *k >k %k 3% %k % %k Xk %k *k %k *k %k *k %k xk %k %k Xk %k %k %k Xk %k Xk % Xk

*
*
*

*

NNLOJET: A multiprocess parton level event generator at O0(alpha_s~3)

*

%k %k %k %k Xk %k %k Xk 3k %k %k Xk 3k %k %k Xk 5k %k xk Xk 3k %k Xk Xk 5k %k xk Xk 3k %k *k Xk %k %k *k %k Xk 3%k %k %k Xk >k %k xk Xk >k %k xk %k %k %k Xk %k %k %k Xk %k %k %k Xk %k %k *k Xk %k %k *k Xk %k %k Xk

X. Chen, J. Cruz-Martinez, J. Currie, R. Gauld, A. Gehrmann-De Ridder, T. Gehrmann, E.-W.N. Glover, M.
Hofer, A. Huss, 1. Majer, J. Mo, T. Morgan, J. Niehues, J. Pires, R. Schiirmann, D. Walker, J. Whitehead

LHC Higgs Production channels Higgs Decay channels
bb NNLO b-tagging
1408.5325, 1607,08817,
alhe ) (331: ) NNLO HTLQ LO SM 145 00736, 1805.05916 DA 0. | (). .
H (ggF) N3LO HTL (appr()x.) 1807.11501 ™ LO Massive final states
& Lepton isolati
H + JJ (VBF) NNLO 1802.02445 = b e 1
54 LO Photon isolation
H+V (VH) NNLO 1907.05836 Z( - 2[)}/ LO  Photon + lepton iso.

> Parton level event generator with NNLO antenna subtraction method

» NNLOJET provides many cutting-edge predictions of the Higgs boson phenomenology.

Xuan Chen (UZH)
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VARV

—— \__ /7

/- __/

/ / VAR A A A A YA A A
J IV ]IV d oI\ I\ ] ]/

%k 3k %k 3k %k %k %k %k %k %k %k Xk %k Xk %k Xk %k Xk %k %k >k %k >k %k %k %k Xk %k Xk >k *k >k *k >k %k %k % %k *k %k Xk >k *k %k *k >k %k 3% %k % %k Xk %k *k %k *k %k *k %k xk %k %k Xk %k %k %k Xk %k Xk % Xk

*

*

* NNLOJET: A multiprocess parton level event generator at 0O0(alpha_s~3) %

*

*

%k %k %k %k Xk %k %k Xk 3k %k %k Xk 3k %k %k Xk 5k %k xk Xk 3k %k Xk Xk 5k %k xk Xk 3k %k *k Xk %k %k *k %k Xk 3%k %k %k Xk >k %k xk Xk >k %k xk %k %k %k Xk %k %k %k Xk %k %k %k Xk %k %k *k Xk %k %k *k Xk %k %k Xk

X. Chen, J. Cruz-Martinez, J. Currie, R. Gauld, A. Gehrmann-De Ridder, T. Gehrmann, E.-W.N. Glover, M.
Hofer, A. Huss, 1. Majer, J. Mo, T. Morgan, J. Niehues, J. Pires, R. Schiirmann, D. Walker, J. Whitehead

LHC Higgs Production channels

H + J (ggF) NNLO HTLQ LO SM

1408.5325, 1607,08817,
1805.00736, 1805.05916

Higgs Decay channels

bb NNLO b-tagging

WW* = 2[2v LO Lepton isolation

H (ggF) N3LO HTL (approx.) 1807.11501 ttr LO  Massive final states
% Lepton isolati
H +JJ (VBF) NNLO 1802.02445 i: 2Z% - 4l = it
VY LO Photon isolation
elar g (VH) NNLO Lelbiila g Z( == 2[)}/ LO Photon + lepton iso.
> Parton level event generator with NNLO antenna subtraction method
» NNLOJET provides many cutting-edge predictions of the Higgs boson phenomenology.
» goF VBF and VH channels are linked with various decay channels.
» Identification of EW and QCD final states using EXP algorithms.

Xuan Chen (UZH)
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HIGGS TRANSVERSE MOMENTUM DISTRIBUTION IN FULL SPECTRUM



HIGGS TRANSVERSE MOMENTUM SPECTRUM

Higgs pt Spectrum from Gluon Fusion at the LHC

» Higgs pT spectrum tests SM in various aspects
» Small pT region (< 20 GeV):

» Singular log terms spoil any reliable fixed
order predictions In“(m?/p3)/p?

—_k
N}

-k
T

» Resummation of log terms and match to
fixed order: do'® © do® @ do®

=
o))

do/dpt [pb/GeV]
o
o

» Medium pT region (20 ~ 200 GeV):

o
n

> Reliable with heavy top limit (HTL)
» Current best precision is H+J] NNLO HTL  o2¢

All order resummation of
factorised radiation

Truncated fixed order
from ggH HTL

> (> 200 GeV) R
> Energy scale resolve mass eftect of quark loop
» Best ggF precision is H+J at NLO SM
» VBE VH and ttH channels equally important

> Many other effects involved: top-bottom
interference, heavy quark Yukawa couplings,
resummation of logs involving quark mass etc.

Xuan Chen (UZH) Precision predictions for Higgs-boson differential cross sections at the LHC

Truncated fixed order
of full SM

Y

Tail of the spectrum
is important to test |
BSM physics

10
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HIGGS TRANSVERSE MOMENTUM SPECTRUM

Higgs pT spectr

tests SM in various aspects

Small pT region (< 20 GeV):

» Singular log terms spoil any reliable fixed
order predictions In“(m2/p3)/p?

» Resummation of log terms and match to
fixed order: do'® © do® @ do®

Medium pT region (20 ~ 200 GeV):

> Reliable with heavy top limit (HTL)

» Current best precision is H+J] NNLO HTL

(> 200 GeV)

Higgs pt Spectrum from Gluon Fusion at the LHC

do/dpy [pb/GeV]
ST —
(0] (0] — N

o
n

0.2

All order resummation of
factorised radiation

Truncated fixed order
from ggH HTL

> Energy scale resolve mass eftect of quark loop

> Best ggF precision is H+] at NLO SM

» VBE VH and ttH channels equally important

Many other effects involved: top-bottom
interference, heavy quark Yukawa couplings,
resummation of logs involving quark mass etc.

Xuan Chen (UZH)

Precision predictions for Higgs-boson differential cross sections at the LHC

Truncated fixed order
of full SM

Y

t/b
aaaaa;a.

Tail of the spectrum |

\ is important to test

v BSM physics

\
\ L 4

\ a
il Ll—t-_u-l———-—d—é———.-
10° 10
pt [GeV]

| Will separately discuss each HpT region |
for the rest of this talk |

Septemibeta; 2R 10




HIGGS TRANSVERSE MOMENTUM AT MEDIUM PT

» H+J] Computed at NNLO QCD (HTL) by 4 groups using 3 methods
» Antenna subtraction (NNLOJET) XC, Gehrmann, Glover et al. (1408.5325, 1607.08817)
» Sector improved subtraction (STRIPPER) Boughezal, Caola et al. (1302.6216, 1504.07922)

» N-Jettiness (BFGLP and MCFM) Boughezal, Focke et al. (1505.03893) Campbell et al. (1906.01020)

» It was the battle ground for the first LHC process with single jet + colourless @ NNLO

> Long-standing discrepancy between N-Jettiness and other methods

"JEFT
| ¢ H+>1jet, NNLO

+0.51 (]

{ GEFT | s sy i)

R e 1 ENNTEO ¥ H+>1jet, NNLO
+0.59 1 40.9

9.447 2= tb 16.8": pb

0.58
QBT o

NNLOJET

STRIPPER

STRIPPER
BFGLP

] 1 ]
—

1.0

y
iBoosted T definition

XC Gehrmann, Glover et al. (1408.5325, 1607.08817) 7
. . S . b [ gg flux, NNLO (NNLOJET cuts)
> Finally resolved with MCFM revisit study in this year e e

10~5 2 5 1074 2 5

€

»  Jettiness cut 20 times smaller than in BFGLP

"

NNLOJET) = 16.73 + 0.05 *1 % pb }
= 16.71 4 0.05 j};g )]

>  extrapolate to zero (~5% @ NNLO) )

>  Desire sub-leading power correction at NNLO
Xuan Chen (UZH) Precision predictions for Higgs-boson differential cross sections at the LHC September 3, 2019 11



HIGGS TRANSVERSE MOMENTUM AT MEDIUM PT

» Fiducial cross section for H+J] now known at NNLO QCD for:

» H — yY Caola, Melnikov, Schulze (1508.02684), XC, Gehrmann, Glover et al. (1607.08817)

» H - WW* = 2[21 Caola, Melnikov, Schulze (1508.02684)

» H — ZZ* — 4] XC, Gehrmann, Glover, Huss (1905.13738)

; i T T T T | T T I'l .l T T T T I T T T T I T T T T | T T T T I T T T T ]
2 | ATLAS Preliminary H—yy, Vs=13TeV, 139 fb" ]
IS -¢- Data, tot. unc. = syst. unc.
Lt ) £
S = gg—H default MC + XH
% B 99> H NNLOUET + XH
1) I8 gg—H SCETIib (STWZ) + XH |
1o-1k “ = XH = VBF+VH+ttH+bbH
- anti k, R=0.4, N, =0
S : _____
102§ E E
JE55) | i | | i ln |
-c' T T R I T I T
e
= T5§
2N
S 1
e
o
s 0.5
o NP BRI PR LA 1l 0 nn (i n e 0 0 (L 40 o o o
0 50 100 150 200 250 300 350
Py [GeV]
EPS2019

Xuan Chen (UZH)

Precision predictions for Higgs-boson differential cross sections at the LHC

do/dp? [fb/GeV]

Ratio

NNLOJET pp— H+=0jet

137.1 b (13 TeV)

Exact EXP fiducial
region with:

» Photon isolation

> Lepton isolation

> Jet identification

> Top mass @ LO

200

10
¢ CMS Data —*—
NNLO®LOM "
102 NLO®LOM HmEm .
1023t PDF4LHC15 nnlo mc
7-point scale variation
HR=HE =1/2: g (pT)] "
107 my=125 GeV
3
" ] i |
1 Good agreement!
(U g : ; :
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pt [GeV]
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HIGGS TRANSVERSE MOMENTUM AT SMALL PT

» FO break down, where is the problem come from?

> Take doy;, ,as example:

AD (8,8 H) + A (8,8, 8. H) — F§(8, 8 )AL, 18,8, H) + A}, (8,8 H) + F8, DAY (8. 8, H)

5(py) P 5(pH) S(pi) S(pi)

> Finite p; region has no IR regulator — fixed order predictions break down
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HIGGS TRANSVERSE MOMENTUM AT SMALL PT

» FO break down, where is the problem come from?

> Take doy;, ,as example:

AD (8,8 H) + A (8,8, 8. H) — F§(8, 8 )AL, 18,8, H) + A}, (8,8 H) + F8, DAY (8. 8, H)

5(pr’) Pr 5(p7) 5(p7) 5(p7)
> Finite p; region has no IR regulator — fixed order predictions break down
> How to make reliable predictions of do/dp; at 1 GeV?
» Use QCD factorisation to distinguish radiations from Born kinematics.
do =0, QHQRBRBRSRJ
» Replace IR subtraction by IR renormalisation (IR poles removed).

» Find and solve RGE of factorised functions to include all order effects.
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HIGGS TRANSVERSE MOMENTUM SPECTRUM (SMALL+MEDIUM)

1.6 T T T T T T T

. 5 I{INLL-Il-NLOI m
»NNLO + N3LL Resummation with SCET and RadISH 14 f NNLO e 1
o NPLL+NNLO 1
» RadISH + NNLOJET at N3LL + NNLO =

5 ; ) E % Tr RadISH+NNLOJET, 13 TeV, my, = 125 GeV

» Multiplicative matching to NNLO total X.S. S, | Me = M = M2, Q = myy2 |
T < PDF4LHC15 (NNLO)
é } — ; g uncertainties with up, g, Q variations
» Substantial regulation from NNLO+N3LL at the % I v ‘
= / i
peak of spectrum = s &
0.2 ]
e vy R

> Scale variation reduced by 60% from NLO+NNLL = — o ,U& . . . . . , | ===

(ﬁ = T T T T T T T T T T

to NNLO+N3LL o S e T e

—
NNLOJET®SCET pp—H+=0jet my=125 GeV Vs =13 TeV m; 1
ot NNLO LOeNLL E==1  NLO®NNLL E==1 NNLO®N3LL B -g 08 [ — = R a0 e ; ; ;
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{.&'ﬁiﬁ:ﬁiﬁi&:
R PER KR R TERFRS
/;,'4:;:;329202020202020202029:A

PDF4LHC15 )
Scale®Profile
variation of 66
combinations

] o [GeV]

» SCET + NNLOJET at N3LL + NNLO

—
T

o e
B BRI SSESE ST LB RKEX X
e R R R KAKIRIEILXIRIIRL
B S S R R S L RARAAIRKK
B IR R SRR LR R LS
B R R IIIRES
S R RIS KKK,
Fetatio 2RRRRLRRRRRAS
LLRARHK:

o 1w wm T w ] »Conservative uncertainty estimation involving 11

&,

=
o
T

do/dpt [pb/GeV]
o
(o]
DR

1 > Additive matching using profile functions

©
>

W

2 -
K3 ‘\V

SRLRIEI]D

R R
LRI
LRI

o
(V)

SCET+NNLOJET
1805.00736

* * . * .
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= 5% e e I I IS . . .
° iz Sesmesariacanmraaseenna oo > Noticeable deviation between NNLO and
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HIGGS TRANSVERSE MOMENTUM SPECTRUM (SMALL+MEDIUM)

» Comparison with LHC data and HL-LHC projection

— 10 L] I I I I I 1 I I I I 1 I 1 I I 1 I I I I I I I I I I I I | L I I 1
> £ it
2 F ATLAS Preliminary  H—yy, Vs=13TeV, 139 fb™
S _ -¢- Data, tot. unc. . syst. unc.
[T | \¢
SQr— 1 - gg—H default MC + XH 3
ER BB NNLOJET ® SCET NNLO @ NLL + XH
ko) J

_8"_ ==+ XH = VBF+VH+ttH+bbH

Tkt

1072

R
(62 B \)

=
o

Ratio to default pred.

Xuan Chen (UZH)
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» SCET + NNLOJET at N3LL + NNLO
» Consistent with LHC full Run II data
» EXP uncertainty = 40%, TH uncertainty + 8%
> Close to HL-LHC projection uncertainty + 5% (S2)
' -a -
(D Ly
! e
SRS
fé'-:d- - ATLAS Preliminary T
S|° [ Projection from Run 2 data
1072 = {s=14TeV, 3000 fb™"
- Hoyy+H-—>ZZ - 4l
168 B ifcNoss
= [ HL-LHC Sys. + Stat.
— [ HL-LHC Scaled Sys. + Stat.
P S T [ P SR T i Tl ST [T e e
11
§ memimememimimem g
0.9

0 1020 30 45 60 - 80 20SSUUNESOEEnG
Pl [GeV]
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HIGGS TRANSVERSE MOMENTUM AT BOOSTED REGION

» Expect HTL approximation fail for pT > 200 GeV _

» Two approaches to include top mass effects

> Expansion valid for mZ,m? < |s| ~ |t| ~ |u]
Lindert, Kudashkin, et al (1703.03886); Neumann (1802.02981)

> Exact results (numerical in SecDec) . %

Jones, Kerner, Luisoni (1802.00349)

> Joint effort in HH: exact numerical +expansion
Davies, Heinrich, Jones, et al. (1907.06408)

» Large NLO/LO K-factor ~ 2

» K-factor very similar to HTL

LHC 13 TeV

» K-factor nearly flat at large pT PDFALHCLS NLO

» Several open questions.....

» Combination with NNLO HTL

» Top-quark mass scheme uncertainty OS/MSbar

0 200 ~ 400 - 600 - S00ESS[0

> Numerical stability of PS. at large pT Pron [GeV]
Jones, Kerner, Luisoni (1802.00349)
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HIGGS TRANSVERSE MOMENTUM AT BOOSTED REGION

» Extension to NNLO HTL/NLO SM combined distributions in boosted re%ion:
Rescale NLO by Kyn;o = NNLOyr; /INLOyrp  doEFT-improved (1), NNLO

do

CD, NLO

dp |

dO‘EFT’ NNLO

Assumes SM/HTL K-factors similar dp | ety WLC dp |
100 . dp |
= o LHC 13 TeV | p#* | LOsm  NLOsm  KRj© || LOgrr NLOprr NNLOppr KgpP  Kppr©
Q . _——_:_z- PDF4ALHC15 NNLQ_? 400 11.95%373; 27%325;7 2.23 32%%; 6355%; 78:_:2'2?;;’ 1.93 1.25
S @ _ff%%%f = Er ; 430 8.212%2 18.31%%2 2.22 2513235 48;%‘; 601311%; 192  1.25
o — _—55‘555555! JSOSINREE daaiai e 0 00 || 2170%  4TFZR 51H00% 192 195
<10 o : BOONECE R U R G 0722 347%% 191 1.25
Sgies . | 550 | 217y 4Tiie 210 | o8ige 186f5n  23¥iY¢ Lol 1.5
el 05 LO HEFT LO full 2 60 AlEeset o SRR MONE || FOT e 122 6.0 5 5% g seeros,
2 ' Gollg| S 0Ftoess N 17 | 2.17 (W4onCotabe o1 5 R R0 A
_4 NLO HEFT NLO fu11 _|_47% +14% —|—46% +22% —l—8.7%
107 | NNLO HEFT : TooMEAeEe MG | 2.15 (| T3 5T GEENIRAS RS 3 C S el d
: , , ] : : : 750 OBEMECARIRIRET 12 2,14 || 2.6%507 < NINOMELENRRG s ° (022 St SOS il
. +47% +13% +46% +22% +8.6%
L 208 3 S0P F0R0TE T =03 B0 9= |l 1,907 200 3.6 A D R Rt
= : TR RN ) el e ST PR R A R P a0 1.24
a 1.0 _ E 1 T T I T 1 T
r | | b R l ggF (EFT-improved(1), NNLO) ———
F T 1 T T 1 VBF (NNLO-QCD x NLO-EW) ——
P U e D58 L TS T ) SN 5 Tali 0 R VH (NLO-QCD x NLO-EW) ——
2.0 a = 08 I ttH (NLO-QCD x NLO-EW) —— |
o L N
£ 1.0 i LHCHXSWG-2019-002 (v2)
~ - 1 1 1 : ] g Vs =13 TeV
. L 1 2 06 my = 125 GeV —
400 500 600 700 800 900 1000 E EDFALHCLS Zunlosme
Pt,n [GeV] é \
> 8 - ;f, 04 [ -
» (Considerable contribution from VH, VBF and ttH. £
02 ‘//’:
—

» State-of-the-art precision at NNLO except ttH (NLO).

> Sensitive to BSM models like new generation of quark a0 S0 @0 60 w0 70 w0

pt [GeV)

157
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HIGGS RAPIDITY DISTRIBUTION AT N3LO



HIGGS PRODUCTION AT N3LO (APPROXIMATED)

» Extend qT-subtraction method to N3LO (Cieri, XC et al. 1807.11501).
In qT (CSS) factorisation to Higgs productlon at N3LO:

dag | it T p S T 7
- Hafo[ db=Jo(bpp)Symy, b) = J J : [HCC H fom (/2 B21D?)
dedy ) 0 W e

M? d > M2
S (M, b) = exp[ ~ ‘A %( (a(g*))In = i Bc(as(q2)>>]

va/b2 4

a;,d, X1 2
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HIGGS PRODUCTION AT N3LO (APPROXIMATED)

» Extend qT-subtraction method to N3LO (Cieri, XC et al. 1807.11501).
In gT (CSS) factorisation to Higgs production at N3LO:

do ms b "+°° b Jl dz, Jl dz,
= db—Jy(bp;)S D HC,C /7., b2 1b*
dp%dy . %Lo . 2 olbpr) g(mH )Z —— [ 1 2] 2201, l_llzfai/hi(xl %> Y )
a,ay =1,
M? 2 2
d M
S, (M, b) = exp[ = [ B (Ac(as(qz))ln il Bc(as(qz))>]
9 2
paib: 4 q
! . 5
> Apply g7 to factorise full N3LO into two parts. HNGLO + MNLOJET o p - H + ¥ TR
: 4.5 T T T T T
H _ opH H H H CT
doys 0 = # naro ® dogp ‘ S(om) % [dGNJ\J/rieoZ —doysio pr>gs e 4
i X X
> Above g5, recycle H+jet at NNLO from NNLOJET 351 T T
with T counter terms (CT) to regulate IR divergence. =% '3 e i P |
= 25 .

> Below g5, factorise real radiations from hard
coefficient functions at 6(py) in HN3LO package.

o
N
|
=
—a—
sl
e
]

1.5 % % .
SEsasoseliE= N, % % % % -
ik =y = M,/2 |
X S MH/4 [V [uR=uF] = (%,%11) MH
@ | | | | |
0 2 4 6 8 10

gf** [Gev]

Xuan Chen (UZH) Precision predictions for Higgs-boson differential cross sections at the LHC September3; 2049 18



HIGGS PRODUCTION AT N3LO (APPROXIMATED)

» Extend qT-subtraction method to N3LO (Cieri, XC et al. 1807.11501).
In gT (CSS) factorisation to Higgs production at N3LO:

2 +00 1 1
- ;Z%Gdy . W;H 0510 ‘1) dbg]o(pr)Sg(mH, b)g Ll CZI LZ 622 [HCI C2] —_— ll_llz Jan il i bg/ b2)
S.(M,b) = exp[ — [M d_qj (Ac(as(qZ))ln Kj e Bc(as(q2))>]
paib: 4 q
» Apply g5 to factorise full N3LO into two parts. HNILO + NNLOJET o p = H + X = - 1ok
borl» = Tiip @i S o™il B | [T s
> Above g7, recycle H+jet aTt NNLO from NNLOJET 3.5 e
with T counter terms (CT) to regulate IR divergence. =¥ 3} = == Py S
—_—— 3

> Below g5, factorise real radiations from hard
coefficient functions at 6(py) in HN3LO package.

o
N
|
=
—a—
sl
e
]

el
» Most of the factorised components of d(p;) E

contribution are known analytically at N3LO.

B -

O RS MH/4 H [uR=uF] ~ (%,%11) MH
l l

> We use a constant Cy;36,,6,,6(1 — z) to approximate the = = 3 ’ ; o

unknown pieces (related to N3LO beam function). ot [6eV]

0.5

> Numerically abstract the Cy; coefficient using exact N3LO total cross section (1802.00833, 1802.00827).
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HIGGS RAPIDITY DISTRIBUTIONS AT N3LO (APPROXIMATED)

» N3LO differential observables at the LHC from gqT-subtraction and threshold expansion

HN3LO + NNLOJET ~ pp -~ H + X /= 13 Tev
25 1 1 T T T T T
=== N°L0
E== NNLO
© |
i NLO
—_ LO
0
15 | ]
lE;: H [l‘lR;IJF] & (%1%11) MH
= A
S~
o 10
=)
5 -
0 ' L !
1.2 = ' 4 ! ' ' T l ]
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= 1
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Cieri, XC, Gehrmann, Glover, Huss 1807.11501

i

o
o0
\

dUNNLo/dY/dUNsLO/dY
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Ne}

W
Dulat, Mistlberger, Pelloni 1810.09462
Xuan Chen (UZH)

Precision predictions for Higgs-boson differential cross sections at the LHC

> Remarkably flat K-factor (as expected)

+1%
—3%

» Comparable to (S2) HL-LHC projections £ 3%

» QCD scale uncertainty reduced to

» Future upgrade to reduce PDF and @, uncertainties

ATLAS Preliminary

Projection from Run 2 data
s=14 TeV, 3000 b

20— Hoyy+H-o5Z2Z >4l
[} HL-LHC No Sys
15— I HL-LHC Sys. + Stat. _

II|IIII|IIII|III

B HL-LHC Scaled Sys. + Stat.
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SUMMARY

» High Energy Physics is advancing to precision study at a steady speed
(Target set for the next 20 years)

» Higgs boson precision measurements focus on differential observables
and distinguishing production and decay channels

» Higgs boson precision theory studies focus on reducing uncertainties
from all sources. Major factor still from QCD

» NNLO QCD is the new standard for Higgs production channel, more
consistent update to PDF and «a, will be available soon

» NNLO+N3LL and N3LO precision are available for limited
observables and are already promising for HL-LHC accuracy

» Many important studies are still missing: quark mass, NLO parton
shower, aa, mixing, interference contributions
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SUMMARY

» High Energy Physics is advancing to precision study at a steady speed
(Target set for the next 20 years)

» Higgs boson precision measurements focus on differential observables
and distinguishing production and decay channels

» Higgs boson precision theory studies focus on reducing uncertainties
from all sources. Major factor still from QCD

» NNLO QCD is the new standard for Higgs production channel, more
consistent update to PDF and «a, will be available soon

» NNLO+N3LL and N3LO precision are available for limited
observables and are already promising for HL-LHC accuracy

» Many important studies are still missing: quark mass, NLO parton
shower, aa, mixing, interference contributions

Thank You for Your Attention
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Total time (int.

dimension Of the

tree level)

H 1 min (3) 30 min (6) 300h (9)
H—>di-photon 1 min (3) 40 min (6) 400h (9)
H—>4l (2e2mu, 4e,
4mu require at least 2~3 min (9) 2h (12) 1000h (15)
two separate runs)

Hej 3 min (6) 1.5h (9) 70000h (12)
H—>di-photon + jet 4 min (6) 2h (9) 90000h (12)
H—>4l (2e2mu, 4e,
4mu require at least 20 min (12) 10h (15) 600000h (18)

two separate runs)+jet
H qT 20 min (6) 5h (9) 7000000h (12)



NNLOJET pp— H+=0jet Vs =13 TeV
; CMS fiducial cuts NNLO®LOM M Ac c EPTAN c E STU DY

121
5 PDF4LHC15 nnlo mc NLO®II:8M = *
7-point scale variation
| H — 77% — 4l
W my=125GevV. I ittt ittt e e ettt
i |
8 %osé— » CMS (1706.09936) and ATLAS (1708.02810) use
o 8 | different lepton isolation algorithm in ZZ* — 4]
= “os =
Q Fiducial Cuts CMS ATLAS
041 Lepton Isolation
o L N . .o Cone size R! 0.3 —
0 50 100 150 200 250 300 350 400 450 500
; D pilpr (i €RY < 35% -
Acceptance deviate from each FO PP 2
NNLOJET ppoH+=20jet Vs =13 TeV AR PO, 1) > 0.02 ER01(0:2)
. wga =1 [Jet Definition (anti-KT with R=0.4)
7-point scale variation G J ets
: HR=pE =172 [mi(p)*] 2 ] Py (GeV) =218, >80
S 1 mp=125 GeV ] '
S g ol | =M <4.4
§0.8
ok AR(jet, e(w)) — > 0.2(0.1)
< -
ﬁ i » Fixed order study of acceptance reveals detailed
< structures
04r
s :
dGFI:IéAZZ —>4l)+]et/d@
0205 T so a0 g s a0 w0 awo w0 Ar0(0) =

. dopd’'1dO X (BRyyy, + BRy, + BRy,)
Acceptance consistent for each FO
Xuan Chen (UZH) Precision predictions for Higgs-boson differential cross sections at the LHC September 3, 2019 B2



