Higgs differential cross sections

Marius Wiesemann

Max-Planck-Institut fur Physik

CECDCE

Standard Model at the LHC 2022
CERN (Geneva, Switzerland),April 11-14, 2022



Why precision!?
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Why precision!?

60 —Higgs cross section (EFT)

[Anastasiou et al. "15],
[Mistlberger "18]
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Why precision!?

Higgs couplings

35.9-137 fb™' (13 TeV)
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Why precision!?

New Physics in small deviations, e.g. Higgs pr:

How does the Higgs couple to gluons?
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Why precision!?

New Physics in small deviations, e.g. Higgs pr: do/dp(H) [pb/GeV]
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[Battaglia, Grazzini, Spira, MW 21]
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VH ~ 4 %

Riggs production

VBF ~ 7 %

bbH, ttH ~ 1 %

pp — H (N3LO QCD + NLO EW) s=13 TeV:

LHC HIGGS XS WG 2016

pp — qgH (NNLO QCD + NLO EW)

Iqllllll

~_pp — WH (NNLO QCD + NLO EW)
pp — ZH (NNLO QCD + NLO EW)
— pp — ttH (NLO QCD + NLO EW)

PP — bbH (NNLO QCD in 5FS, NLO QCD in 4FS) -
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Riggs production

goF ~ 87 % VBF ~ 7 %
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Gluon Fusion (ggF)

Widely assumed EFT approximation "heavy-top limit" (HTL),
by integrating out the top quark, for higher-order corrections.

( = need to compute effectively one loop less )
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| v

ggF @ N3LO differential

[Chen, Gehrmann, Glover, Huss, Mistlberger, Pelloni "21]

inclusive XS known for a while:
- soft expansion [Anastasiou et al."| 5]

- full [Mistlberger '18]

differential:

/- H+jet at NNLO
[Chen, Gehrmann, Glover, Jaquier '[4]

- Higgs rapidity at N3LO

[Dulat, Mistlberger, Pelloni '| 8] -

Projection-to-Born

N3LO for gg - H— yy
(fully differential)

[Cacciari, Dreyer, Karlberg, Salam, Zanderighi "I 5]
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[Re, Rottoli, Torrieli "21]
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Higegs pt @ N3LL+NNLO

remarkably small theory uncertainties, they will enable:
- at low pr, the extraction of light-quark Yukawa couplings (bottom, charm) Bishara, Haisch, Monni, Re '1 6]
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2.0

0.0

Higgs pt @ N3LL+NNLO

remarkably small theory uncertainties, they will enable:
- at low pr, the extraction of light-quark Yukawa couplings (bottom, charm) Bishara, Haisch, Monni, Re '1 6]

- at high pr, the extraction of the Higgs coupling to gluons, see e.g. [Battaglia, Grazzini, Spira, MW '21]
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goF @ NNLO+PS

baseline MC: MiNLO+reweighting to NNLO rapidity
[Hamilton, Nason, Re, Zanderighi 'l 3]

agrees with NNLL from MATRIX+RadISH
[Kallweit, Re, Rottoli, MW '13]
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baseline MC: MiNLO+reweighting to NNLO rapidity
[Hamilton, Nason, Re, Zanderighi 'l 3]

agrees with NNLL from MATRIX+RadISH
[Kallweit, Re, Rottoli, MW '13]

goF @ NNLO+PS

— 3
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MINNLOps: direct NNLO in event generation (no reweight)
[Monni, Nason, Re, Zanderighi, MW '19], [Monni, Re, MW 20]

Process | NNLO (MATRIX) MINNLOpg | Ratio
pp — H | 39.64(1) 107 % pb | 39.1(5)1102% pb | 0.987
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All based on HTL approximation

top and bottom mass effects?

br@ NLO (I/my)

Top-Expansion
o(1/my)
-1+ O(1 /mtz)
+O(1/my)

09 |

0.8 |

0.7:|||||||||||||||
0 50 100 150

[Mantler, MWV '12]
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- |Mass effects for Higgs+jets @ NLO(+PS)

H+jet @ NLO in full theory

[Jones, Kerner, Luisoni 'l 8]
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} Mass effects for Higgs+jets (@ NLO(+PS)

State-of-the-art mass effects in Higgs MC:
[Frederix, Frixione,Vryonidou, MWV 'l 6]

|. H+0/1/2-jets @ NLO+PS (FxFx, MG5)

2. full m¢op and Mpottom for H+0-jet

H+jet @ NLO in full theory

[Jones, Kerner, Luisoni 'l 8]
3. mep through FTapprox for H+1,2-jets
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--|Mass effects for Higgs+jets @ NLO(+PS)

State-of-the-art mass effects in Higgs MC:  [Chen, Huss, Jones, Kerner, Lang, Lindert, Zhang "21]
[Frederix, Frixione,Vryonidou, MWV 'l 6] NNLOJET+OPENLOOPS+sEcDEC PP > H+]  vs-13Tev

_- N —— LOHTL
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--|Mass effects for Higgs+jets @ NLO(+PS)

State-of-the-art mass effects in Higgs MC:  [Chen, Huss, Jones, Kerner, Lang, Lindert, Zhang "21]
[Frederix, Frixione,Vryonidou, MWV 'l 6] NNLOJET+OPENLOOPS+sEcDEC PP > H+]  vs-13Tev
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% 107° = LHC 13 TeV _::;EEE—;;::%EE:EZ:;E—__? s NNLOJET+OPENLOOPs PP = H+2] Vs =13 TeV
10-6 L PDF4LHC15 NLO e | background to VBF !! _ —_—
E  Hy —::::EE 8 10 %
—7 L — ] . . <
07 A7 2 i = reliably modelled with mass g Ib%%:%%:%zk
0 | B — o) . o
R 1 effects in FxFx @ NLO+PS : POFALICIS 10,30 — LOHTL
% . __———ii___z:iif%i_f:—}__”if_:::—_:——_: 04 [ 3 % " H + 2 .et o= EI;CS)I:TL
= 10—1 B ratio to LO HEFT ______:::_Ezé_zziff 12 E E S ] p?>300 GeV —— NLOFTapprox
Q - | | o | +| - os . : S\
R T R o3RRS e L L HAUEE
8 13 E sce{le — ué:SOGeV | X MQ=|ZOGeV oI | | - &U — 0_: ]
2 | | | | I Honss : 3 | 1
0 200 400 600 800 1000 07 :_—_%_l | | | e ; 2 -
Gev 0 50 100 150 200 250 300 350 400 14230 600 800 1000 1200 1400 1600
P, [ ] pr(H) [GeV] my,j1 [GeV]
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- | inclusive ggF @ NNLO in full theory

[Czakon, Harlander, Klappert, Niggetiedt 20]
remarkable calculation!
includes full m; 1,2,3-loop for H+0-jet, full m; 1,2-loop for H+jet and full m; |-loop for H+2jet

NNLO NNLO NNLO
channel| o)V tad) 4 O(a P (Oexact”/onmrt — 1) [%
Vs = 8TeV
gg 7.39 4+ 8.58 4+ 3.88 +0.03953 +0.0879 £ 0.0005 +0.62
qq 0.90 4+ 0.20 —0.1397 —0.0021 £ 0.0005 — 18
qq 0.01 + 0.04 +0.0171 —0.0191 £ 0.0002 —4
total 7.39 4+ 9.15 + 4.18 —0.0873 +0.00667 £ 0.0007 —0.10
Vs =13TeV
gg 16.30 4+ 19.64 + 8.76 +0.0345 +0.2431 4= 0.0020 +0.62
qg 1.49 + 0.84 —0.3696 —0.0115 = 0.0010 —16
o 0.02 + 0.10 +0.0322 —0.0501 + 0.0006 15
total 16.30 4+ 21.15 + 9.79 —0.3029 +0.1815 = 0.0023 —0.26

—> —(0.26 % top-mass effects on total inclusive cross section (note: large cancellations)

in the future: extension to differential NNLO and NNLO+PS possible
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ggF error budget of inclusive XS

essentially removed

[Czakon, Harlander, Klappert, Niggetiedt 20] 10

reduced to ~0.6% through mixed
QCDXEWV corrections

[Becchetti, Bonciani, Del Duca, Hirschi,
Moriello, Schweitzer ’20]

X
o
o
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)i
()
5 o
e
-~
e

(00)
I I | I I I | I I I | I I I | I I I | I I

O(PDF+as)

o(scale)

[Duhr, Lazopoulos, Mistlberger ' 8]

5(PDF-TH)

20 40 60
Collider Energy / TeV
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VH x H=>bb @ NNLO+PS

[Zanoli, Chiesa, Re, MWV, Zanderighi 21}

* NNLO+PS accuracy in both production and decay

see also [Alioli et al.’19] see also [Alioli et al.’20]

% ncludes NNLO durectly in event generation through MiNNLOps method
[Monni, Nason, Re, Zanderighi, MW '19], [Monni, Re, MW 20]

L)

pp—VH, V—leptons, H—bb@LHC 13 TeV
| | i | |
—e— ATLAS

3,
m—t
S,

% main production channel to observe H — bb (largest branching fraction) | 1

40 do/dmy [fb/GeV] pp—ZH—e"ebb@LHC 13 TeV 100 907dpr, b [fb/GeV] pp—W'H—e™ vebb@LHC 13 TeV
E""!""llllll"'IE ||||!||||!||||!||||!||||!||||||||||||||

- E fiducial cuts 3 | | | ; E | ﬁducial-YR
o S 1 1 107 ™ gy SO WO A O SO

1

— -MiNNL-OPS (pfod x dec) ™ RS o
--------- MiNLOpg (prod x dec) | |
----- MiNNLOpg (prod) x PY8 (dec)

= _MiNNLOPS(LHE) :_ - IIIIIIIIIIIIIIIIIIIIIIIIIIIIIillllillll
= - === NNLOPS (LHE) : 15d0/d0MiNNLOpg (prod x dec) | -2

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII Q_ IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

-5 i ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | IIIIIIIIIIIIIIIIIIIIIIIICI ‘I‘Ill Idf.‘l Ill ‘I I‘.‘I Il_é |
10 do/dOMINNLOp (LHE) 11()% m,Orreﬁ;epoicfﬁR\giflatlonSE o dGMiNNLOPS

1 3 F1 T T T | T T T T | T T T T | T T T T !: - 7?777177777?:::::—--'?-"""‘“_’_;’_’_’_T 77777 :7,,:1{***% 7777777 = 2-5 | 1 I I E
ok f f f ] i : 2F B [ R e
0.08.%IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIE 1'5 lllllllllllllll _:_l ................. . llllllllllllllllllllllllllllllllllllll lllllllllllllllll - - ............... _;
¢ JO/AOMINNLOpg (prod x dec) 1 —r i F———— E
'1 1 E I ............. I .............. I ............... I ....... Uncorrelated scale variations 3 o5 @ JE RSSO SITS FNNSFRSTTIRRRSTTSS (SRS FNRR —E
1 d5 E S T S . MRprod FHRdec E ? ® -
B e e — e s W s e B O Lo E
0.95 i—":"j'“““'L-Jiﬁiﬂﬁ._w_L—; -0_5 ---------------- - T _;_ ,,,,,,,,,,,,,,, _;
0.9 -_....I---.]....I ———— . ... ffff i:;ili— ———— . ..I....I.... :::: I...._§ _1 | | I I 3

Mpb [GeV] 0.85E
agrees well with NNLOPS (MiINLO+reweighting) 0 50 100 150 20[(()3 eV?SO 300 350 400
[Bizon, Re, Zanderighi '19] PT, bb
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just today: gg=> ZH @ NLO

s NNLO+PS acc [Chen, Davies, Heinrich, Jones, Kerner, Mishima, Schlenk, Steinhauser 22]

9o,
< ncludes NNLO a ! |

A
A

L)

% main production > S, H_I’bb@'-HIC 13 TeV N
| | E |
4 I_._I E ‘
100 do/dmbb [fb/GeV] pp—>ZH 100 3 — [.O w=mzygy | ko ATLAS _E \
e T T 5 —— NLO 4= mun _, — MiNNLOps § |
o S e - 107 —— NLO p= Hr
E : == - = ] e = !
of o T = A . R |
10 —guRCREEEEECEI R AR Bl - N . : 3 ‘
g = z 10 2 3 = i
3l = % """""""" s E \w
0%« 1 S B N ] I =
= z : 34 ., e = |
o4 . ~ —— MiINNLOp¢ é 10 1 PrH > 140 GeV 5 E 1‘
— - ~—= NNLOPS S 1 prz>10Gev — TEEAa S, 2SR S —§ |
102 I T 10_4_ \/g = 14 TeV | | E
1.3 _** """"""""""" - . 1073  NNPDF31 nlo_pdfas SR N _E |
1260 o e E 1
1.1 E___lff*‘*ﬁfff*****r**riif 2 i - _5_ _é_ é l\
E T - Q = — —> K-factor of almost 2! } —F———F—7- -
e e g e eee——, e E |
C : 1 ] -
0.9 F b P = 1 ¢ E |
u L R : T e =
0gE— 1+ v | | . l | 3 \‘
50 100 O T T T T T T | | é |
Mpp [GE 400 600 800 1000 1200 1400 50 ‘p 2 PrZ, 4
agrees well with NNLOPS ( mzy |GeV] * 400 7 Gey
[Bizon, Re, Za R ——
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SMEFT: VH x H=>bb @ NNLO+PS

[Haisch, Scott, MW, Zanderighi, Zanoli '22]

Quo = (H'H)O(HTH), Qup = (H'D,H)* (H'D*H) ,
3
Qvr = Yo (H'H) Gr,br H , Qvg = Js Yp qrow T br HGY M |
(4m)?
9z t gs b b
QHG — (47’(’)2 (H H) G,LWG H ) QSG — (47’(’)2 f G,u, Gl/, Gahuv
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SMEFT: VH x H=>bb @ NNLO+PS

[Haisch, Scott, MW, Zanderighi, Zanoli '22]

QHD:(HTH)D(HTH)a QHD:(HTDMH)*(HTDNH)a
3
Qvr = Yo (H'H) Gr,br H , Qvg = Js Yp qrow T br HGY M |
(4m)?

Ys v s v b, o k 3

negligible impact already with current constraints
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SMEFT: VH x H=>bb @ NNLO+PS

[Haisch, Scott, MW, Zanderighi, Zanoli '22]

factorizable contributions, included through: v; = i (14 2¢tac),  Ctac = Ckin — corr, | Ckin =

Quo = (H'H)O(H'H), Qup = (H'D,H)" (H'D"H), o1 do/dmy [fo/GeV]
E T 7 b

pp—Zh—L*bb, s =
- 1 I 1 I 1 I 1
3 S SM

1 13 TeV
1 IE

QbG — (4;)2 Yo QLO-/M/Ta bRHGCL,MV 9 - | i i 2 I CbH = 0'15

2 3 : - ‘- SoOSD

gS a a, uv gs abc ,a,V W ale N .} : :
QHG — (471')2 (HTH) G,LWG i 9 QSG — (47’(’)2 f ’ G,u, Gg, Gahuv 1073 3 s e B R EEHE R """""" e e =

102 o o i

------
fffffffff

sossvEsy,
--------

'5 | ] | ] | ] | ] | ] | ] | ] | ] |

corrected Higgs width: 5T — (1 4/20,,) [rzM — (28 — Ko Anoncs) T(h = D)5 + 6K eraT(h — gg)éﬁ] . 0.9 Fr e g R TR

SMEFT F}SLM 0.6F

- 2
dONNLOLPS = (1 -+ QCkin) { {1 — 2¢pH } dUl%IKIILOjLPS } F%MEFT’ 40 60 80 100 120 140 160 180 200

Mpb [G eV]
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SMEFT: VH x H=>bb @ NNLO+PS

[Haisch, Scott, MW, Zanderighi, Zanoli '22]

non-factorizable contributions from @(asz), included

Qno = (HH) O (HTH) Qup = (H'D,H)* (HD*H), through NLO+PS, i.e. O(a?), effectively N3LO correction:
— y, (H'H) G1,br H , = s Lo T bR HG™ | )
Qvr = yp(H'H) qrbr L 96 = [y W a0 IT0R (RV)
; — e e | é g = R em————-
_Ys a va, v Y abc ~a,v ~b,o e, b
Quac = (47’(’)2 (HTH)G,LWG 3 y Q3G = (47’(’)2f G,u Gl/ Go"uv ;
real (RR) » real (RR) b
q
9
R R 9,
Qva g Qva
b b

corrected Higgs width: T = (1+2a4n) [

SMEFT

7ynon,VV
I'(h — bb_)SMEFT
[ (h — bb)SNEO

SM
+ do non,R+RV+RR Fh
dUNNLO+PS ONNLO+PS [SMEFT

2
donnro+ps = (1 + 2¢kin) { {1 — 2¢p +

\2 loop V|rtua| (VV) separately IR fi nltj
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SMEFT: VH x H=>bb @ NNLO+PS

[Haisch, Scott, MW, Zanderighi, Zanoli '22]

[fb/GeV]
1 I 1

Jo1 do/dmpp pp—Zh—L*¢bb, Vs = 13 TeV 1ot do/dmy [fb/GeV] pp—Zh—L*¢bb, Vs = 13 TeV
E T ! 1 T T 1 T 1 E 1 ' 1 1 "~ 1 1T 1T "1 ™ 1T " E

|

| |

10° & 102

10-3 E : “::,':,'f"""“ | 10_3 ; |

104 |

150 GeV < prz< 250 GeV,R = 0.4
| 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 0'5

Quo = (H'H)D(H'H), Qup = (H'D,H)* (H'D"H), 10

3 N 10 . do/dogy

Qvrr = ys(H'H) b H , { Que = = Yo qr.ou T br H GHHY SN S A A A I af

(47)? 13F 1.3f
e e 12F 128 ‘

92 93 11F R . o

S a a, v 5 abc ya,v b, o C 1B s 1 E , . . I
Q HG = 5 ( H T H ) G % G H , Q 3G — 5 f G /vL, GI/, Go.jﬂ ] 09E LT e o 0_9; 7777 | SIS WO OO IO, ... T E. =
(47T) (47T) 0.8 T S NN TR (NN TR NN SO ST TR N T N S S T 08: T I (TR ST T A T N SN S R S T
40 60 80 100 120 140 160 180 200 40 60 80 100 120 140 160 180 200

Mpp [GeV] Mpp [GeV]

0! OB RO gt ST o1 S0 (DO pp-Brotf G- 10Ty

.......... SM

1072

w0l M-

104 L F=

10° |

L TR INRPIT IR AR AR R 106 L
1.3
1.2F
1 — e a— R

corrected Higgs width: T35 = (1 +2ca) | TR — (24 — Kig Awonce) T'(h — bb)E\ + 6K mcencl(h — gg)su

0.9 ;—‘ """ : —;
. E 1 L1 1 1 L1 L1 1 L1 L1 1 L1 L1 1 L1 1 0.8 : 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 :
50 100 150 200 250 300 350 400 100 150 200 250 300 350 400

Mpb; [GeV] M [GeV]

. SM
T'(h — bb)au vy nonR+RV+RR (17

SMEFT
& do M + doNNT,O+PS SMEFT °
F(h R bb)ls\]l\lz]LO NNLO-+PS Fh

2
donnr.o+ps = (1 + 2¢kin) 1 —2¢cpg +
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H production & background generators @ NNLO+PS

ggF Hzggs pma’uctwn n POWHEG BOX— V2 |
[Monni, Nason, Re, MW, anderight °19/], |[Monni, Re, MW °20] ‘

The POWHEG BOX

Top-quark pair generator now available
‘A ,( [Mazzatell, Monni, Nason, Re, MW, Landeright °20]

Project

The POWHEG BOX is a general computer
framework for implementing NLO calculations
in shower Monte Carlo programs according to
the POWHEG method. It is also a library, where
previously included processes are made available
to the users. It can be interfaced with all modern
shower Monte Carlo programs that support the
Les Houches Interface for User Generated
Processes.

b MONNLOps has been extended to 2 2 colour-singlet processes o

(built in POWHEG-BOX-RES).
[Lombardr, MW, Zanderight °20]

Index: )
) ¢ . o

e Available NLO+PS processes > NEW ,( WwWw generalor [Lombardi, MW, {anderight °21]
A~

e NNLOps using MiNNLOps J
)< €

e Proper references "W ZZ generator with incoherent combination of qq and gg channels
/( [Buonocore, Koole, Lombardi, Rottoly, MW, Landeright °21]

e Downloads PR

e Version 2 "J(
) . . s

R I NEW ! VH generator interfaced wz?/z .H bb decay (t.b.a.)
a__r [Kanol, Chiesa, Re, MW, Landeright 21)

e Bugs )4J(

* Licence 4 NEW: yp generalor (t.b.a.) [Gavardi, Oleari, Re “to appear]

e Contributing Authors aA_f

More to come ...
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Summary

% enormous progress on Higgs predictions in past years
% in HTL: N3LO inclusive and fully differential; NNLO+PS and merged NLO+PS MCs
% NNLO cross section in full theory; quark-mass dependence in distributions at NLO(+PS)

% VH production and H = bb decay at NNLO+PS in SM and SMEFT

Outlook

% differential NNLO(+PS) in full theory
% NB3LO for Higgsstrahlung (similar to Drell Yan), inclusive & differential? (VH+jet at NNLO known)

% beyond NLO(+PS) for ttH and bbH



Summary

% enormous progress on Higgs predictions in past years
% in HTL: N3LO inclusive and fully differential; NNLO+PS and merged NLO+PS MCs
% NNLO cross section in full theory; quark-mass dependence in distributions at NLO(+PS)

% VH production and H = bb decay at NNLO+PS in SM and SMEFT

Outlook

% differential NNLO(+PS) in full theory
% NB3LO for Higgsstrahlung (similar to Drell Yan), inclusive & differential? (VH+jet at NNLO known)

% beyond NLO(+PS) for ttH and bbH

Stay tuned !






MINNLOps: 2— | colour-singlet processes

[Monni, Nason, Re, MW, Zanderighi 'l 9], [Monni, Re, MW "20]

%
}"" H Process | NNLO (MATRIX) MINNLOpg Ratio
)

pp — H | 39.64(1)M1070ph | 39.1(5)1102% b1 | 0.987

3 . /c* 10.4% P —9.0%
q>‘”\ ) pp — He= | 1919(1) Y f?; pb | 1917(1)1{% pb | 0.999

(
pp — 00 | 8626(4)T1 00 pb | 8643(4)T T pb | 1.002
(

3 " —1.
W / _
c_4>’Vv”\ pp — {Tvp | 11677 5)+(1) ggg 11693(5)f5::2§? pb | 1.001
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MINNLOps: 2— | colour-singlet processes

[Monni, Nason, Re, MW, Zanderighi 'l 9], [Monni, Re, MW "20]

2 3

o . /c* 3 y /c*

o 1 0

do/bin [pb]

+Q|
<

T T T T T T Ll Ll I I E T T T I

pp— 270" @LHC 13 TeV

1 ! T T T T T ‘ T I 3 350 [ T T T [ T T T ' -
s . - - : : ' . : . : :
10 = ~ — MINNLOpg — MINNLOpg ; =
—y 777" NNLO (MATRIX) 1 o --== NNLO (MATRIX) 1 300 = é f
N | [( o R SR E— TR — T <

A

ol e L

Al .................... ............ ...................... \\\\\\\\\\\\\\\\\\\ _ j | | | | | ; | :
R ey, 150 fof |

ol i S
| e B S B e e T |  — MiNNLOpg
102 Ry 100 === NNLO (MATRIX)

107" I P S S Y0 J) HFUPN R N N N N P B
e rere e 1.3¢ | T T T T T T ] 1.3d?/-d?|\|/m-\“\-“_-ofs---

T e
1 1 : : P : : :
1 |
L ——— 09 1
o6k DU SN S T S _ VF ] — s = B — : | | | | | | | :
0B 100150 200 2O 800 07 f———ee e 7 e

Pru Pr ot Yo

do/dOMINNLOps
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MIiNLO+reweight
Geneva
UNNLOPS
MIiNNLOps

2012 2013

2014

NNLO+PS timeline

Z(£0) WH(£VH) ZH(£0H)
W(£V)
WW (£vLV)
Z(20)
H Z(£0)

2015 2016 2017 2018 2019

Marius Wiesemann (MPP Munich)
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NNLO+PS timeline

MIiNLO+reweight ’ 5%3) WH(ZVH) ZH(£0H) H—bb
Geneva WW(evev) \Z,\I/_Il_(lfg\l/_ll_l)) Wy(2vy)
UNNLOPS Z(22) Ej’;g
MINNLOps YY ZZ(£000)
H Z(0o) Zv(00Y)
WW (Qvov)
¥ 77(2020)
Z(00) W(Lv)  Zy(vvy)
= ZH(£2H)xH—bb
WH(2VH)xH—bb
--------- 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
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MiNNLOps: nNNLO+PS (x EW) for ZZ (£££'¢")

102 rT T T [T T T T [T T T T[T I T T[T T T T[T T T T[T T T T[T rrrrri
q-—’f\M/Q == nNNLO+4+PS (MINNLOpg) -
Q HH CMS data E
TS -
O 1077 -
[Buonocore, Koole, Lombardi, Rottoli, MW, Zanderighi 21] = - .
+ smallest cross section of massive VV, but very clean £ : :
~
+ relevant background for Higgs and BSM S0 E
2 ; :
m10_5 L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 |]
A 1.4 | | T T T T 1 T
g L nNNLO+PS (QED off) xK&i{)EW;:
— : i
NNLO+PS using MiNNLOps*  NLO+PS with POWHEG * : H0
'g 0.8
E 0.6 | | | | | | | l .I- |
100 200 300 400 500 600 700 300 900 1000
+ + ()=
pp—>f z/” f() £0-) s [GeV]
Incoherent combination — nNNLO+PS v nNNLO+PS in good agreement with CMS results (1537fb1 131eV)

* also in [Alioli et al.’21] * also in [Alioli, Ferrario Ravasio, Lindert, Rontsch 2 1]
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VH x H=>bb @ NNLO+PS

[Zanoli, Chiesa, Re, MWV, Zanderighi 21}

* NNLO+PS accuracy in both production and decay

see also [Alioli et al.’19] see also [Alioli et al.’20]

% ncludes NNLO directly in event generation through MiNNLOps method
[Monni, Nason, Re, Zanderighi, MW '19], [Monni, Re, MW 20]

L)

pp—VH, V—leptons, H—bb@LHC 13 TeV
l l l l
: e ATLAS

2k
_ E | | | |
do/dOMiNNLOps
= |

2,
—
A=)

% main production channel to observe H — bb (largest branching fraction)

o0 dordmyy [fo/GeV] pp—W'H—e" vebb@LHC 13 TeV o0 do/dor, by [fb/GeV] pp—W*+H—e* vgbb@LHC 13 TeV

1 I IILI,,,,IIIIIII 1 IIII!IIII!IIII!IIII!IIII!IIIIIIIIIIIIII
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e ; TR A e S
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1 0'5 ] ] ] ] | ] ] ] ] | ] ] ] | | | I 1 | i 1 0-4
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SMEFT: VH x H=>bb @ NNLO+PS

[Haisch, Scott, MW, Zanderighi, Zanoli '22]

Quo = (H'H)O(HTH), Qup = (H'D,H)* (H'D*H) ,
3
Qvr = Yo (H'H) Gr,br H , Qvg = Js Yp qrow T br HGY M |
(4m)?
9z t gs b b
QHG — (47’(’)2 (H H) G,LLVG H ) QSG — (47’(’)2 f G,u, GV, Gahuv

N->LO QCD inclusive H => bb decay width:

_ 2 3 2 m? _
T(h — bb)Nir = { (1 + 2¢ac) [1 + 20567+ (22) 2015+ (=) 41.76] +(22) 2 14+ 22732 ch} (h — bb)KS

7 T T /) 3v? T

corrected Higgs width: T = (1+2a4n) [F%M — (2Acm — Kb Anonce) T(h = b)) + 6KngengT(h — gg)é‘ﬁ] -

SMEFT 5
donnro+ps = (1 + 2¢kin) 1 —2¢p +

NNLO+4-PS

7\non,VV FSM
I'(h — bb)SMEFT:| JoSM 4+ dglf\lﬁ\?ﬁ%févsﬂLRR} h

['(h — bb)NNEO et
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