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Higgs at the LLHC: a very short childhood
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Higgs at the LLHC: a very short childhood
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Higgsios at the LLHC: a sweet spot

Production modes
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e Comprehensive studies at the LLHC are possible, in many different

channels

o “Nature has been kind”

LHC HIGGS XS WG 2013
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dx/d p," [fb/GeV]

ratio to NSLL+NNLO

Higgsios and QCD: a sweet spot

Higgs p, gluon channel
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By and large, most of
the Higgs cross
section accessible
with perturbative

QCD methods

Large part of the
cross section 1 a
region with little
contamination from

soft physics



Higgsios and QCD a sweel

Relative uncertainty for gg-luminosity
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* A lot of experimental (LHC data) and

Boosted Higgs
theoretical progress (see S. Forte s talk)
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The golden channel: ggF

“]n QF T corrections arlypzal cither Zr’e and then rwza orsmall and then

| zrrelevam , a celebrated quantum-field theorist

90F pp—H, (s =13TeV, m, =125 GeV

[ & Preliminary data XH = VBF + VH + t{tH + bbH
80 = M QCD scale uncertainty
: H—yy, H—ZZ*—4l combined m Tot. uncert. (scale, ® PDF+o. )

G,y .1y [PD]

Despite some arguments, and a lot of experience, gglt K-factor LO
i1s still something we do not really understand in pQCD...



The golden channel: gglf

The way out: N3O
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ig_ 90F pp—H, s=13TeV, m, =125 GeV T
T [ & Preliminary data XH = VBF + VH + ftH + bbH ’,
g_ 80F M QCD scale uncertainty .
o° [ H-yy, H—>ZZ*—4l combined m Tot. uncert. (scale, ® PDF+c,) Anastasiou et al. (2015),
20L Mistlberger (2018)]
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Can we trust perturbation theory?

* Good convergence, eventually ¢/

* Different ways of approximating o give approximately the
same result v/ 9



Life beyond N3O

N3LO residual uncertainty: few percent. At this level, many other effects play a role...

o = 48.58 pb 2P0 (TE700) (theory) & 1.56 pb (3.20%) (PDF+a).

| 4858pb= 16.00pb (+32.9%)  (LO, tEFT)

| +20.84pb  (+42.9%) (NLO, rEFT)

— 2.05pb  (—4.2%) ((t,b,c), exact NLO)
+ 9.56pb  (+19.7%)  (NNLO, rEFT)

+ 0.34pb  (+0.7%)  (NNLO, 1/m;)

+ 240pb  (+4.9%)  (EW, QCD-EW)

+ 1.49pb  (+3.1%) (N3LO, rEET)

» Todo List: - Full mass dependent-NNLO
- Mixed O(aag) corrections
-N3LO PDFs

[Mistlberger, QCD@LHC2016]

d(scale) d(trunc) d(PDF-TH) I(EW) d(t,b,c) d(1/my)
fO10Pb  aQdfph.  +056pb  £0.49pb  +0.40 pb  0.49 pb
HO21% g 1+1.16% +1% +0.83% +£1%

‘Mistlberger (2018)]

Slight change in the perspective: no longer “one big contribution’

control) small effects. ..

progress: Melnikov, Penin (2016);
Melnikov, et al. (2016-18);

Jones, Kerner, Luuisoni (2018)

progress: Bonetti, Melnikov, Tancredi

(2017-18); Anastasiou et al (2018)

L many (very difficult to

10



N3LLO: going differential

e

@ Incluswe Cross se(:tlon 1S an 1deahsed quantlty, Very far from what we measure

* Reliable prediction: properly model fiducial volume of experiment — tully differential.

Only known at NNLO [+PS]

o Although fiducial volume seem relatively stable under perturbative corrections, desirable |

+ very interesting QCD problem
te 11 is scalar: fully differential:
| o pt— known since quite some time = H+J@NNLO”

e y— (very reliable) approximate results appeared [Dulat, Mistlberger, Pelloni (2018)

» see X. Chen's talk tomorrow

_ Is the full rapidity dependence required for N31.O differential?
i * No: it you know NNLO p, distribution, you only need to know N3LLO rapidity at zero p, —

“beam function”

j * Very recently: first results (for DY) appeared [Behring, Melnikov, Rietkerk, Tancredi, Wever !
i (2019); Luo, Yang, Zhu, Zhu (2019)]

11



Why going differential?
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Light Yukawas. ..

see X. Chen's talk tomorrow 12



Low pi: hght quark effects

* [For m, < py < my: amplitude develops non-

Sudakov double logs
YqMq/ M [lnz (m?{/m?]), In’ (pf/mg)}

® Despite yi,.... < yi, interference effects may be
visible — constrain Yukawas!

* Also: direct qq — Hg impacts Higgs pi — powerful

constraints for light Yukawas

PROBLEM: control over QCD

. — A Aiiaan 1] corrections
{ S 1.4 —Ke=-10 ] 2| S 1]
B —ke=-5 ] | fimen 11 @ Resolved quark loop — very
< i I H || \\ . | 3
¢ =0 s\ \e : ] . .
B R _‘-;@ Jdi 11 difficult loop amplitudes
s — Ke=5 ] _ e A ] ] .
= e | R 11 Xbeyond state-of-the-art for analytic
I = 1.0 et e e ot ] 1 )
e m | ] calculations
L ™ I I .
'S o8- I [A¢=23 ax¢=599 | ¥ Klarge logs — numerical approached
E _ _ : LHC Run II - | dljj‘(l‘cu Z[
= [ HL-LHC ] L) {1
" 0 20 40 60 80 100 g TimToT i aTel ° Low py, large logs — all-order
prn [GeV] Ke I effects must be considered?

Bishara et al. (2017}
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Lindert et al. (2017)]

int

Low pi: hght quark effects

* Key idea: exploit the physics — large hierarchies m, < p. < my

® |'HIS CAN BE SYSTEMATICALLY USE TO MASSIVELY SIMPLIFY MULTI-L.OOP
AMPLITUDE CALCULATIONS [Melnikov, Tancredi, Wever (2016-18); see also Mueller

and Oztiirk (2016)]
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* All-order structure still elusive, bevond standard” resummation toolkit [some
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work in this direction: Melnikov, Penin (2016); FForte et al (2016); Penin, Liu (2018)]
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Beyond gglf: vector boson fusion

* VBF has a much more complex kinematical structure w.r.t. gluon fusion (2—3 vs 2—1).

Very rich phenomenology, very ditficult to calculate in pQCD

* However: two very forward/backward color lines, linked by color-singlet exchange —
expect little cross-talk between the two quark lines

* Neglecting cross-talk: VBF = DIS2, much simpler. " Factorized approach, DIS/structure
function approach” [Han, Valencia, Willenbrock (1992)]

—

* kxact at NLO (1-L. amplitude: color octet, no interference with color-singlet 1.O)

* Beyond NL.O: non-factorized corrections color and kinematics suppressed in the deep

VBF region 15



Beyond gglf: vector boson fusion

* VBF has a much more complex kinematical structure w.r.t. gluon fusion (2—3 vs 2—1).

Very]| Rg
* Howg Stress-testing the factorized approach
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] 3 .
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* Beyond NLLO:non-factorized corrections color and kinematics suppressed m the deep

VB region 16



VBF beyond the DIS approximation

* NNLO exact VBF calculation out of reach (two-loop 2—3 amplitudes well

beyond what we can imagine doing in the near future)

* However, possible to estimate the leading non-factorizable contributions the
VBF region (two forward/backward tagging jets) [Liu, Melnikov, Penin (2019)]

> > 120
Q Q
@) @)
L e
~—
=3 =3
E 4
g
5 &
< =
< : o
—_ 0F T
= : S
& —0.5 &
Z
< 1 : 4 1
50 100 150 200 9250 40 60 80 100 120 140
Pj,L [GeV] Dj.,L [GeV]

* As expected, corrections to inclusive quantities small (~4 permill), although

larger than mclusive N3LO [Dreyer, Karlberg (2016)

* Interestingly, small corrections come as a cancellation between positive and
negative corrections to differential distributions — can reach percent-level in
differential distributions. Golor suppressed, but w2-enhanced

17



VBEF: tully differential results

* ['or VBE crucial to proper model the experimental setup (jet requirements)

o [Full NNLO(+NLO EW) results in the DIS approximation known
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* Corrections in the VBI region much larger than for the inclusive case (most

likely due to non-trivial jet dynamics)
* Residual uncertainty ~2-3% — non-factorizable contributions smaller, but barely

* [For some distribution, bad disagreement with PS — NNLOPS? 18



VBF: fully differential results

e [‘or VBE, crucial to proper model the experimental setup (jet requirements)

e [Large differential corrections: VBF very sensitive to tagging jet cuts and jet
radius
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-
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-
-
-
-
-
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o [fb]

800 f- — NNLO

750
1.20
1.15
1.10
1.05
1.00
0.95

0.90 1 L L 1 1 L L 1
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Rauch, Zeppenfeld 1703.05676

I— |

O'/O'NLO

1 L 1

* NNLO corrections change by ~20% from R=0.1 to R=1.0

* [t would be mteresting to understand it better
*NNLO for VBlF+j
X¥NNLOPS Jonly major channel where this is missing. . .|
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The path towards H—bb:VH

* At large pi: tagging V allows for H—bb reconstruction [Butterworth et al (2008)]

b\ /b
—_—
4 mass drop
[

o Currently: p,v > 150 GeV, not yet asymptotic — concurrence of many

interesting subtle effects (fixed-order hard dynamies, sub-leading logs,
improved parton shower...)

o [{—Dbb: see W, Bizon s talk

o VIH: at the forefront of PS developments. Very recently: new generation of NNLO PS,
theoretically nicer — much more efficient [Monni, Nason, Re, Zanderighi (2019)]

20



Bizon et al (2016)]

Ratio to NNLO

VH:1s NNLOPS enough?

With realistic cuts: large bin-to-bin migration. ..

HW-NNLOPS (Pythia8-part)
HW-NNLOPS (Pythia8-hadr)
NNLO

75.95 7.51 2.02 58.65 10.65 3.97

77.93 8.20 2.34 56.52 10.05 3.65

80.13 8.46 2.43 54.33 9.79 3.57
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Low pT Boosted

e]Jet rates difficult to
predict

eIs it the end of it?

e Recall: NNLOPS is NLO
for jet rates...
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8(pt,veto)

ratio to N3SLO+NNLL

VH:1s NNLOPS enough?

Lessons from ggl: control extra jet dramatically improves the situation

9¢F Higgs production with jet veto: H+J@NNLO + N3LO

NSLO+NNLL v. NNLO+NNLL jet veto efficiency NSLO+NNLL v. N3LO jet veto efficiency
1 | | | ' | ' ' 1 | | | | | —
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o VH: quark-induced — should be even better behaved
e NNLO for VH+J? N3LO?
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ttH: the devil in the background...

* Direct probe of top Yukawa coupling
e Known to NLOQCD (+NNLL) + NLOEW, including off-shellness and interference
e Fiducial cuts enhance tails = NLOEW
e do « y¢Zno longer true @NLOEW

* Better signal predictions: see A. Kulesza’s talk

* Proper description of background problematic.

Most famous example: ttbb

Selection  Tool onxvo tb]  oxvotps [fb] ONLO+PS/ONLO
ny >1  SHERPA+OPENLOOPS 12820732 12939 +39% 1.01
MADGRAPH5_AMC@NLO 13833137 1.08
POWHEL 10073f;"g§; 0.79
n, >2  SHERPA+OPENLOOPS 2268750 2413121% 1.06
MADGRAPH5_AMC@NLO 31921357 1.41
POWHEL 25701 35% 1.13

e Shower effects enhanced in the Higgs region...

23



do/dpy [pb/GeV]

NLOPS/NLO

ttH: the devil in the background...

e An heroic ongoing effort to understand / fix the NLO vs NLOPS issue
|S. Pozzorini, L. Reina, F. Buccioni, M.V. Garzelli, T. Jezo, J. Krause, A. Kardos, J. Lindert, R.
Podskubka, C. Reuschle, F. Siegert, M. Zaro, M. Zoller, ongoing]

e Alot of complex delicate issues... cannot make justice to it in a few minutes. Just
few highlights, see talks by S. Pozzorini at the HXSWG meetings for more details

| Most likely cause of bad behavior: LARGE K-FACTOR ENHANCED BY SHOWER |

e e 2

NLOPS YR4 scales NLOPS 0.5 rescaling
pr of 1% light-et (ttbb cuts) pr of 1% light-jet (ttbb cuts)
- NLO g: C — NLO ]
L — TOWHEG-PYs 3 — POWHEGHPYS e The good news: a more
Sherpa YR4 S 102 —— MGs5+PY8 . .
e s e MGy appropriate scale choice
o i removes part of the issue
|t oo e = Hr /2 ; e " e The bad news: this does not
e B I 25l b b b b b b
2 g - remove large shower
; = corrections in the Np=2 bin
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ttH: the devil in the background

Most hkely cause of bad behav1or LARGE K FACTOR ENHANCED BY SHOWER

SR

e The bad news: clever scale choice does not remove large shower corrections in
the Np=2 bin

e Most likely culprit: large recoil effect / bin migration

e To fix it: need to understand better QCD radiation pattern, find good
observables sensitive to it

Azimuthal correlation A¢rect, between recoil and 15t top
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] = Nmeno i Once again, it would be crucial
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* T t dynamics, g—bb splitting etc...
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] | Very interesting theoretical
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Beyond standard channels: off-shell

e An interesting probe of Higgs properties (ggH vs ttH, off-shell couplings, width...)

. 10000 - gy s H — Z7Z — 60y, My=125GeV 12
~ [ pp, /s = 8TeV —— |H|*+|cont|? -EIB
N 100t 27 ]
= = _ —— |H+cont|* |
X, —— Hoffshell
— U 1+
S ---- Hzwa
o £ -
g N o001l
= N
4] = i
B = 0.0001 | — ]
S
\
- 1le-06 | \
— v
- (.
= e
z 0 e T

e Large ~10% off-shell tail
in the VV channel

e Non-trivial interplay with
gg—VV SM background
(unitarity cancellations...)

e Very difficult to predict: 2-loop amplitudes with internal masses... we cannot
compute it analytically (although within reach numerically...)

1.O

NLO — ?mon-rational alphaber, elliptic integrals. . .)
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Towards 21.: divide et impera

e We cannot obtain exact 2L result, but we can compute it in many different limits
(low myy, threshold) — join all the knowledge together
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o I 0.09 ] —40r Re LME only 7|
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e Validated with HH

* " An analytic multi-loop result 1s a result which can give you a number” E. Remiddi



Conclusions

e A 125 GeV Higgs: sweet spot for thorough studies of its properties
e LHC measurements progressing very fast

e Higgs has always been one of the main player in pushing our understanding of
QCD and collider phenomenology

e Alot of recent progress, virtually in any field of QCD and collider pheno (PDFs,
fixed-order, resummations, PS...) — could not make justice to it

* A pattern is emerging:
* No longer ““one big issue”. Several small effects
e New ideas, ingenuity can achieve results unreachable by brute force methods

e In several cases, this requires a good and wide knowledge of pQFT

e Summing up: non-trivial improvement in our understanding of QFT/QCD/
EW / collider pheno, that would have actual implication for real-world Higgs
explorations — EXCITING TIMES AHEAD!
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Thank you very much!



