ATLAS+CMS Higgs combination:
what have we learned?

* This discussion is based on the run-1 ATLAS+CMS Higgs
combination paper
* This is still the most relevant one for combined measurements
of Higgs properties
I was ATLAS editor for this paper

 Some theoretical considerations
 (Overview of main results
e This is therefore NOT a discussion of the difficulties encountered

in each individual measurement (an individual measurement
corresponds ideally to a specific Higgs production and decay
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Theory: how precise do we need to be?
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 In BSM physics, both gg to ZH and tHq/tHW production processes may
play an important role through interference effects
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Theory: how precise do we need to be?

Production Cross section [pb] Order of

process Vs =7 TeV Vs =8TeV calculation
geF 150£1.6 19.2 £2.0 NNLO(QCD)+NLO(EW)
VBF 1.22 +0.03 1.58 £0.04 NLO(QCD+EW)+~NNLO(QCD)
WH 0.577 £0.016 0.703 £0.018 NNLO(QCD)+NLO(EW)
ZH 0.334 £0.013 0.414 £0.016 NNLO(QCD)+NLO(EW)
leeZH| 0.023 £0.007 0.032 £0.010 NLO(QCD)
bbH 0.156 £ 0.021 0.203 £0.028 5FES NNLO(QCD) + 4FS NLO(QCD)
1tH 0.086 £ 0.009 0.129+0.014 NLO(QCD)
tH 0.012 £0.001 0.018 £0.001 NLO(QCD)
Total 174+1.6 22.3+2.0

« Today we have N3LO calculations for ggF, etc, etc (see K.Melnikov at LHCP)
* Does this help? Actually, less now than at the time of discovery. Why?
1. Experiments have learned to do Higgs fiducial measurements, which are
insensitive to the inclusive calculations
2. Generic coupling measurements are expressed as ratios
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Theory: how precise do we need to be?

K. Melnikov

Instead, | want to spend most of my time talking about three recent results that may
have a potential to significantly affect the way we think about the possibility to do
precision Higgs physics at hadron colliders. They include:

1) the N3LO QCD calculation of the inclusive Higgs boson production in gluon fusion;

Anastasiou, Duhr, Dulat, Furlan, Herzog, Mitzlberger etc.

2) the NNLO QCD calculation of the fiducial cross sections for the production of a

HiggS boson and a jet at the LHC; Boughezal, Caola, K.M., Petriello, Schulze

Boughezal, Focke, Giele, Liu, Petriello
Chen, Gehrmann, Glover, Jacqueir
3) the NNLO QCD calculation of the fiducial cross section for Higgs production in

weak boson fusion at the LHC.
Cacciari, Dreyer, Kalberg, Salam, Zanderighi

These three results are important since they give us a new perspective on the ultimate precision
achievable on the theory side in the exploration of Higgs boson physics at the LHC. Another
important lesson that these results seem to teach us is that -- beyond a certain level -- fixed order
results are indispensable and can not be substituted by their approximate estimates.
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Theory: how precise do we need to be?

Estimates of N3O Higgs production cross sections were attempted before an exact
calculation using various approximations (essentially, emission or soft gluons or
powers of 7 are assumed to be the dominant source of QCD corrections). The HXWG
has assembled various predictions for the Higgs cross section made before the N3LO
result became available. The picture below should tell us about the success or failure
of these predictions. But it does not...; it leaves more questions than answers.
However, the correct answer is important since it will teach us if approximate
predictions for Higgs production cross section are reliable and to what extent.
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Theory: how precise do we need to be?

The NNLO QCD corrections to H+jet production at the LHC were computed recently.
They increase the H+jet production cross section by O(20%) and significantly reduce the
scale dependence uncertainty . This is similar to corrections to the inclusive Higgs
production cross section although corrections to H+j are slightly smaller.
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7000 ONLO = D. 6-!— pb
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- NNPDF2.3, 8 TeV - 3000 TeV LHC.
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i [GeV] R. Boughezal, F. Caola, K.M., F. Petriello, M. Schulze

K. Melnikov

Using these results and the N3LO computation of the Higgs total cross section, one can
find the fraction of Higgs boson events without detectable jet radiation.
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Theory: how precise do we need to be?

The drawback of these results is that they still can not be used to describe fiducial volume
Cross sections since decays of the Higgs boson are not included. This is, however, easy to
do since the Higgs boson is a scalar particle and no spin correlations are involved. What
makes this calculation even more interesting is that there are measurements of the ATLAS
and CMS collaborations at the 8 TeV LHC that can be directly compared to the results of
the fiducial volume calculation (results are shown for infinitely heavy top quark).

Atlas cuts on anti —k;, AR=0.4, p;i =30 GeV,abs(y;) < 4.4
photons and

jets PlLn~ > 43.75 GeV, p, ., =31.25GeV, AR,; >04

ofli_';:l,ATLAS = 21.5 + 5.3(stat) £ 2.3(syst) & 0.6 lum fb

fid 0.56
oy =sastiP oo 798 b Colluo =046

The difference between the ATLAS H+j measurements and the SM prediction is close to
two standard deviations; the ratio of central values is larger than in the inclusive case.

. F. Caola, K.M., M. Schul
K. Melnikov Ao onee
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Theory: how precise do we need to be?

The QCD corrections obtained in this approach are small ( O(5%) NLO, O(3%) NNLO) ;
it then seemed natural to assume that this size of QCD corrections will be indicative for
the fiducial cross sections.

q W,

However, this assumption turns out to be incorrect and, in fact, one can get larger
O(6-10%) corrections for fiducial (WBF cuts) cross sections and kinematic distributions.
Often, the shape of those corrections seems rather different from both the NLO and/or
parton shower predictions. The message -- again -- seems to be that fixed order
computations are required beyond certain level of precision; approximate results may
indicate their maanitude but not much beyond t yuocuts pb] ,VBF cuts pb]

WB outs 0.057 0.066

| LO 4.03270 088 0.95710080
17> 25 GeV,  yj,| <45, NLO  3.920%00% 0,876+
AYjnga =45, My gy > 600 GeV. NNLO  3.88810015  0.8261001%

-y <0, AR>0.4 . L
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Theory: how precise do we need to be?

Production Cross section [pb] Order of

process Vs =7 TeV Vs =8TeV calculation
geF 150£1.6 19.2 £2.0 NNLO(QCD)+NLO(EW)
VBF 1.22 +0.03 1.58 £0.04 NLO(QCD+EW)+~NNLO(QCD)
WH 0.577 £0.016 0.703 £0.018 NNLO(QCD)+NLO(EW)
ZH 0.334 £0.013 0.414 £0.016 NNLO(QCD)+NLO(EW)
leeZH| 0.023 £0.007 0.032 £0.010 NLO(QCD)
bbH 0.156 £ 0.021 0.203 £0.028 5FES NNLO(QCD) + 4FS NLO(QCD)
1tH 0.086 £ 0.009 0.129+0.014 NLO(QCD)
tH 0.012 £0.001 0.018 £0.001 NLO(QCD)
Total 174+1.6 22.3+2.0

« Today we have N3LO calculations for ggF, etc, etc (see K.Melnikov at LHCP)
* Does this help? Actually, less now than at the time of discovery. Why?
1. Experiments have learned to do Higgs fiducial measurements, which are
insensitive to the inclusive calculations
2. Generic coupling measurements are expressed as ratios
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Theory: need for fiducial predictions, jet binning

Cross sections: fiducial measurements.
Fiducial o CMS (8 TeV)
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Theory: need for fiducial predictions, jet binning

Cross sections: combination.

@ Sacrifice some model independence for combining H — ~~ and

G st [PD]
g
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20

H — 4¢ to gain statistical power

* Extrapolate to full photon and lepton phase space
» Fiducial acceptance of 60+1% (H — ~~) and 47+1% (H — 4¢)

* Assume SM branching fractions
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Theory: need for fiducial predictions, jet binning

Cross sections: ATLAS H — ~~ interpretation.

@ Probe tensor structure and Higgs [arXiv:1508.02507 [hep-ex]
interactions g L e a aTLAS

@ Non-SM terms in effective Lagrangian 00005 b A £
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Coupling measurements: how is this done?

Production Cross section [pb] Order of

process Vs =7 TeV Vs =8TeV calculation
geF 150£1.6 19.2 £2.0 NNLO(QCD)+NLO(EW)
VBF 1.22 +0.03 1.58 £0.04 NLO(QCD+EW)+~NNLO(QCD)
WH 0.577 £0.016 0.703 £0.018 NNLO(QCD)+NLO(EW)
ZH 0.334 £0.013 0.414 £0.016 NNLO(QCD)+NLO(EW)
leeZH| 0.023 £0.007 0.032 £0.010 NLO(QCD)
bbH 0.156 £ 0.021 0.203 £0.028 5FES NNLO(QCD) + 4FS NLO(QCD)
1tH 0.086 £ 0.009 0.129+0.014 NLO(QCD)
tH 0.012 £0.001 0.018 £0.001 NLO(QCD)
Total 174+1.6 22.3+2.0

« Today we have N3LO calculations for ggF, etc, etc (see K.Melnikov at LHCP)
* Does this help? Actually, less now than at the time of discovery. Why?
1. Experiments have learned to do Higgs fiducial measurements, which are
insensitive to the inclusive calculations
2. Generic coupling measurements are expressed as ratios
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Coupling measurements: how is this done?
Mainly ggF

Decay / Production | Untagged VBF VH ttH

H2yy
H>Z7Z>4
HOWW-212v
H2>T1t

H->bb

H>

-Combined

* Other production channels such as bbH, gg to ZH, tH are included resp. in ggF,
ZH and ttH since they are not accessible as specific channels (nor will they be in
run 2)

 With much larger statistics, it would be interesting to measure specifically the
signal strength or effective coupling squared for any of the above i to H to f
processes, where i denotes the production and f denotes the decay
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Coupling measurements: how is this done?

* Many different final discriminant distributions combined
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* A total of O(100) categories for each experiment are combined

Signal
yield

-L(k)xZZp.

D. Froidevaux, CERN

Mg (k) = LK) X Z Z o; x AL (k) x ] (k) x BR'},

L: integrated luminosity,
A: acceptance,

SM f f : ..
X Ai (k) x g{(k) X BRSM} E: efficiency
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Coupling measurements: how is this done?

Channel References for Signal strength [ u] Signal significance [o]
individual publications from results in this paper (Section 5.2)
ATLAS CMS ATLAS CMS ATLAS CMS
H - yy [51] [52] L15%930 L 12*3-35; 5.0 5.6
(039 (03) (4.6) (5.1)
H— ZZ - 4 [53] [54] 1.51*0-3% | 05+0-2 6.6 7.0
(03) (*0:36) (5.5) (6.8)
H->WW [55,56] [57] 1 23*3 o 09143 6.8 4.8
(030  Co%) (5.8) (5.6)
H-1r [58] [59] 1.417032  0.89*03% 44 34
(03 (539) (3.3) (3.7)
H — bb [38] [39] 0.62'03: 0.81'08 1.7 2.0
o) CoRd) (2.7) (2.5)
H — pp [60] [61] -07+36 08£35
(£3.6) (£3.5)
ttH production [28,62,63]  [65] 1.9%0% 29%3% 2.7 3.6
(oee)  Cos) (1.6) (13)

D. Froidevaux, CERN
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Coupling measurements: how is this done?

* Purity varies between categories (especially for production modes)

* A total of O(100) categories for each experiment are combined

_ f f
_ nsignal(k) = L(k) X Z Z {O-i X A; (k) X 8{(’() X BR }’ L: integrated luminosity,
S'Iglndal i f A: acceptance,
yle =£(k)XZZ,U,/Jf {U'lSMXA{(k)XE{(k)XBRéM} E: efficiency
i f

e Cannot measure o;,BR! or u,,u; at the same time, need to measure ratios
or make additional assumptions

* Measuring ratios is done through a generic parameterisation of the
above yields or of o, x BR/, such that there is no dependence on the
inclusive theory cross section uncertainties (signal strength
measurements) or such that one tests directly for deviations of the
couplings of the Higgs boson from their SM values (x framework)

 Additional assumptions in the narrow-width approximation allow
measurements of production or decay signal strengths

* Additional assumptions about BSM physics (for examnle RBR RSM = ()
allow measurements of absolute coupling strengths Ky - T

H = ]
D. Froidevaux, CERN 17 1 - BRBSM



Coupling measurements: how is this done?

Production Loops Interference Multiplicative factor

o(ggF) v b-1t Kz~ 1.06- & +0.01- ky —0.07 - kyky

o (VBF) = = ~ 0.74- k3 +0.26 - &5

o (WH) - - ~ Ky

o(qq/qe — ZH) - - ~ &z

o(ge — ZH) v Z-1 ~ 2.27-k5 +0.37- k7 — 1.64 - kyk,

o(1tH) - - ~ Ktz

o (gb — WiH) - W1 ~ 184 k1 + 1.57 - kg — 2.41 - k kg

o(gh — tHq) - W—1 ~ 3.4-k1+3.56- Ky — 5.96 - k Ky

o (bbH) _ - ~ K

Partial decay width

27 — — _ xé

rvw _ _ _ K%v

r v W1 Ky~ 1.59- kg +0.07 - k7 —0.66 - Ky &,

_ _ - KE

rbb 3 a ~

| Ry - - ~ Ki

Total width for BRggy = 0
0.57 - &y +0.22 - kyy +0.09 - x;+

Iy v - Ky~ +0.06-k>+0.03- x5 +0.03- K2+
+0.0023 - & + 0.0016 - k7, +
+0.0001 - &2 +0.00022 - .
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Coupling measurements: how is this done?

Production Loops Interference Multiplicative factor

o(ggF) v b—1t Kz~ 1.06- Kk +0.01- &y —0.07 - kx4
o (VBF) = = ~ 0.74- ky +0.26 - k7

o (WH) - - ~ Ky

o(qq/qe — ZH) - - ~ &7

o(ge — ZH) v Z-t ~ 2.27-k5 +037- k7 — 1.64 - kyk,
o(1tH) - - r~ xf

o(gb — WiH) - W—1 ~ 184 k7 + 1.57 - Ky — 2.41 - k Ky
o(gh — tHq) - W—1 ~ 34-k2+3.56- kg — 5.96 - KKy
o (bbH) - - ~ K

Partial decay width

22 — — _ xé

rvw = = ~ Ky

" v W—1 K5 ~ 1.’59-,(%\, +0.07 - k2 = 0.66 - ky &,
rTT _ _ - K;

rbb 3 3 N Klz)

|y - - ~ Ki

* The numerical factors depend on my but not only! They account for state-of-the-
art QCD and EW corrections, so eg gg fusion and H to gg decay will not have the

same expression exactly. Worse, the factors depend on kinematics!!
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Coupling measurements: how is this done?

The product of the cross section and the branching ratio of i - H — f can then be expressed using the
ratios as:

. . BR/
o -BR = o(gg = H — 2Z) x| —— | x| — . (10)
O ggF BR

where o7(gg = H - ZZ) = 0 - BR%# under the narrow width approximation. With o-(gg - H —
ZZ7) constraining the normalisation, the ratios in Eq. 10 can be determined separately, based on the five
production processes (ggF, VBF, WH, ZH and rtH) and five decay modes (H — ZZ, H - WW,
H — yy,H — tr and H — bb). The combined fit results can be presented as a function of nine
parameters of interest: one reference cross section times branching ratio, o(gg — H — ZZ), four

ratios of production cross sections, o, /o"(s , g and four ratios of branching ratios, BR/ / BR%# as shown in
Table 6.

 The equation above is free of any theory uncertainties on the inclusive cross
sections. However, the yields in each channel assume the SM Higgs boson
production and decay Kkinematics and are subject to theory uncertainties (QCD
scales, PDFs, jet binning, parton shower, underlying event).

 Note that in this parameterisation, as in all signal strength parameterisations,
the assumptions for the unaccessible decay channels are different from the ones
in the ¥ framework.

 Here H to cc and H to gg are included in H to bb.
And H to Zy is included in H to yy.
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ATLAS and CMs Preliminary = ATIAS

LHC Run' = ATLAS+CMS
B ; —+ 1o
c(99— e —tl
H—>ZZ) - Th. uncert.
Gyar! Oggr e

GWH/GggF ~

02/ O gqr - T .
G/ Oggr i .
BR"W/BR* i———
BR"'/BR% 3_-—*——
BR™/BR* i :_—‘—_—
BR/BRY| ;,::._,_

-1 0 1 2 3 4 5 6
D. Froidevaux, CERN Parameter value norm. to SM prediction iscussion, September 2020




Coupling measurements: how is this done?

Parameter SM prediction Best-fit Uncertainty Best-fit Uncertainty Best-fit Uncertainty
value Stat Syst value Stat Syst value Stat Syst
ATLASsCMS ATLAS CMS
+0.11 +0.11 +0.03 +0.19 +0.19 +0.05 +0.14 +0.13 +0.05
olgg = 051320057 | 05855 oo o 076 57 o6 o4 044%5, 1 o Som
H — ZZ) (pb) Coio) Cooe) Co) Coie oD oo o o oo
OvBE /T g 0.082:0.000 | 011230 00 000 | 008X5% 002 0or | 04MGE 008 002
G Gy G G GGe G2 G Go (i)
Tw i [T g 0.037 £0.004 | 003003 003 o1 | 0050 02 001 | oongRl 0 002
Com) Coon CooD Com) Coo CooD Co) Coo) CooD
+0.4 +0.03 +0.02 +0.03 +0.02 +0.02 +0.08 +0.06 +0.4
TzulTgr 0.022£0.002 | 00753 ooz -0 001501  Zoo1  -ooi 0.13%50s “oos -0.03
Coon Coon oo Coon Coon CooD Coon Coon  CooD
oo lTge | 0.0067 00010 00227000 008 00 |0013'0008 (606 oom (00347505 ‘001 000
Cooos) Cooos) Coo02) Cooos) Cooos) Coo0s) Coos) Cooo) oo
BRY™/BR™ | 810 <001 68%3 N Zn | oeshy NS G | 723y N s
¢ o G 59 G G G Gy G
BRYY/BRZZ | 0.085:0.001 |0069*001% 001 0000 lo0e3*00  00n 00® loo7ofpin  hon  how
Cooa) Coore) Codor) Comn Coo) Coooe Coms) Come) o)
BR™/BR”” | 2362005 | 1835 3 53 | 2% Gg 504 16%¢ o5 3
(0 B ) B ) G Coa 09D b3 S ) B )
BR””/BR”% | 21.621.0 4246 o hp | 97Ly NG By | 31ha N N
G 3% 3D Che Ch % Che Chd %)
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Coupling measurements: how is this done?

Parameter SM prediction Best-fit Uncertainty
value Stat Expt Thbgd  Thsig
ATLAS+CMS
o(gg — 0.513£0.057 | 058%01,  *5ip o2 oo Sool
H = ZZ) (pb) (o100 Com) Com) Coo) Coo)
TyBE/ T ggr 0.082£0.009 | 0.11%50 oo oor Zowo ool
o oo Coon Coo Coon
ATLAS+CMS
o (g8 4152047 | 39776 ok o Zom o Zoa
H = WW) (pb) Coed  Cose Cozo  Coz9)  Cond)
TVBE/ T ggE 0.08220.000 | on‘ges  Hm oo o Zooi
Goo  Coo  Coo Coo Coon)

* Overall precision on H to WW is the best

* But systematic uncertainty is much smaller for H to ZZ

D. Froidevaux, CERN
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Coupling measurements: how is this done?

’-.\ 10: 1 I 1 1 1 1 I 1 1 I 1 I 1 1 1 1 I 1 1 1 I I 1 I 1 I I 1 I 1 1 :
® - ATLAS and CMS -
a 95_ LHC Run1 = s=sem SM expected —E
> 8 Preliminary - Opseved E
2 7 E
E 6 =
- 5
o :
R :
e o=y v/ E
= 2F \ v T E
— : * =
£ 1E S =
a\ = R 3
' 0: L \/ | ,.°1.,|_ | JAOP.‘I-‘I‘ T S T SR N ST SO ST SN N T ' =
0 05 1 15 2 25

w

BR°"/BR% norm. to SM prediction

 In this parameterisation, the rather high values of o,y and o,y observed,
especially by CMS, are not observed in H to bb decays, so BRP" decreases

 This is much less the case when measuring u"® assuming SM for production
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Coupling measurements: how is this done?

o and BR ratio model Coupling-strength ratio model
o(gg = H— 27) Koz = Kg " Kz/Kn | ipi

U'VBF/O'ggF —3 Parameterization
a'WH/a'ggp BR%, BRYW, o, ,
TzH/0 ggR Azg = Kz/Kg Owy and o are
TeH O ggF g = Ki/Ky function of k, and k,,

BRWW/BRZZZZ Awz = Ky /Ky e.g. for example
BRZ/BRZZ Az = Kyl Kz Swi/ Ogge™ (Awz /M)
BR""/BR Ay = K [Ky

BR?? JBR?*# Ay = Ky /Ky

* In the ¥ framework, H to ZZ was chosen as a reference a long time ago (before
data-taking).

* The relationships between the two parameterisations can be seen in the table
above.

e The two are not equivalent, however, because the additional assumptions
concerning small channels are different,

namely in the k framework k. = x;, K, = K, and K, = K,
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ATLAS and CMS Preliminary
LHC Run 1
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Coupling measurements: how is this done?

"5 -

Parameter Best-fit Uncertainty Best-fit Uncertainty Best-fit Uncertainty
value Stat Syst value Stat Syst value Stat Syst
ATLAS+CMS ATLAS CMS
Koz =Kg -Kz/kg | LI0T0N 000 006 | 1207008 0 00e | 0997013 03 006
(o) Cooe) €09 (019 o1 Cooe) Conp)  Con) Cooe)
Agg =KzlKg 126%0%  ole o3 [ 10610% 3z ol | 1472303F 03 fod
(o Coad) Coig) (o) Com  Coad (o) Coio  Con)
Ao =K, IKg 17603 1020 om | 139703 % 0% | 22503 3% 0%
Cozo)  Coa Coa | CGosp CGow (o) Cos)  Com)  Code)
Az =kwikz | 08970 g o [ 0927 G Gas | 085%ns G Zoos
(0100 Cooe)  Cood) (019 o1 Cooe) Cone)  Cod Coon
Ayz = KylKz 089%5 10 oo oo | 088X o e | 0915 T oo
¢ o ot COB G Cone)  Cou  Cood
Az =K Ky 085013  0as  ooe | 097X0% 015 e | 078357 oS foos
(019 o1 Coow) Com) (ol Cond) Coa  Com  Coud
Apz = KplKz 05601 ‘our o | 061703 ol foas | 0470 o foue
Gom)  Coiw)  Co) | Co) Cong)  Coug) Co)  Co29)  Coip

 In these measurements, despite the ratios, the theory uncertainties on the
inclusive cross sections are cannot be removed.

* Nevertheless, some ratios have small theory uncertainties, eg A, and Ay,
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Coupling measurements: how is this done?

% 10_""|""|""|"' """" AL B
&E 9_ ATLAS and CMS [KgZA'bZ ‘{Z'}‘tz}‘?g';‘WZXZQI Am 10:l T[T rrrJrrr LI B I N B N O Y I B B |:
1 = LHCRun1 === SM expected < - ATLAS and CMS [Kgz Az oz A g gz Az =
= — Observe = E IHCRuni1 0 = SM expected =
c 8F Preliminary Observed < 9_ LHC Run 1 E
- < - = Observed 7
o 7E : : : : & 8E Preliminary -
6E & 7E E
st il i 6F E
. - 5t 3
s 4| 4
Y /) i
1E Y oE _ : =
05 1'5"""1\'/"'65 005\415 i FA V. :
)L\ 0—:T||||||Mll.[.llll|III‘I'OJ.":I\_/II|]||[E

-3 -2 -1 0 1 2 3

th

 All parameters are allowed to have relative negative sign wrt each other in
principle.

 Two can be tested currently since we have two processes involving interference
effects which can be strong (gg to ZH and tH).

* As shown by the figures above, there is some sensitivity, but it is still marginal.

* This is similar to the better known x vs xy plot
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Stronger assumptions on signal strength:
assess compatibility of measurements with SM

* uis the so called signal strength (u=1 in the SM)

p
, o; BR/ . o; - BR
Hi = and 4 = TAE =y x4

* Most constrained parameterization: one single signal strength p
(and assuming the same at 7 and 8 TeV)

p=1.097010 = 1097007 (stat) *g:04 (expt) T0:03 (thbgd)’{:g¢ (thsig)

* Expected uncertainties very similar to observed

* Signal theory uncertainty due to QCD scale and PDF as large as
statistical uncertainty. Being reduced from the theory side
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Stronger assumptions on signal strength

SM BRs assumed SM production o assumed
ATLAS and CMS Preliminary +3‘L|LSAS ATLAS and CMS Preliminary - ATLAS
LHC Fun 1 - LHC Run 1
SM p-value g «+ ATLAS+CMS o ~CMS SM p-value
25% B : —% ;0 - ) - ATLAS+CMS 60%
— ——— —* 0 :
% gor pp== w!? = =z
W f B
VBF = - 5
| H I"‘ —.o—
[ : — :
WH — - :
ZH — -
- : ur e
iy : T
. = :
: be —_—
—_— o :
l‘l,lll]llllilllllllllGlIIlollblﬁllllullll|llll ‘l‘l|lll‘illllIlll"l‘l.l"llllll‘ll]‘l
0 05 1 15 2 25 3 35 4 o o5 1 15 2 25 3 35 4
Paramter valw Parameter Value

* Signal strengths in different channels are consistent with 1
(SM)

* Largest difference in ttH: 2.30 excess with respect to SM
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Stronger assumptions on signal strength
* Comparing likelihood of the best-fit with p,, ,4=0 and pdecay=Q

we obtain:
Observed Expected
Production process Significance(o) Significance (o)
VVBF 5.4 4.7
WH 2.4 2.7
/H 2.3 2.9
VH 3.5 4.2
ttH 4.4 2.0
H->tt 5.5 5.0
H->bb 2.6 3.7

* Combination largely increases the sensitivity

VBF and H>tt now established at over 5 0. Same as ggF and
H>Z7Z, vy, WW from single experiments
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Stronger assumptions on signal strength

I 4lllllllllll llllllllllllll‘lY Ill\lllllllllll
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Stronger assumptions on K coupling modifiers:
test for presence of BSM physics in Higgs sector

* All vector and fermion couplings are scaled by k,, and k

._LL2,5lTl]lIl]lIllTlTI111]111]111]111]111]111 gLL _l 1 LI L L L T T 1 T ll-\lwlld
* . ATLAS and CMS CH—-y | 1.6 ATLAS and CMS SM P valuei
" LHC Run 1 8:*@2\,\, f - LHC Run 1 ) ]
21 Preliminary : T 1 1.4 Preliminary . E
1 5—_ 12? j
E s .
1 _

i 0.8 .
0.5 [ i

L wsM —es%CL 060 e (_JATLAS
| # Bestfit RERGL o 04: *SM  —68% CL [Jcms ]
111 ‘ | - ‘ | - . 1.1 1 111 l L1l l L1l 11 1 111 - - (+) p—
% 02040608 1 12141618 2 - *Bestit~es%Cl — [JATLAS«CMS —

kL, 07 08 09 1 11 12 13 14

Ky

[ All results in agreement with SM (k, = ;= 1) within 1o ]



Stronger assumptions on K coupling modifiers

Negative couplings would change sign of interference
—_ - et o

“ 2 ATLAS and CMS

- LHC Run 1

1.5 Preliminary

- [ JH =y

I-[H-2z

Almost 50
exclusion of
KF<O

~ «SM  —68%CL :
—2 + Best fit ---95% CL * =
_ [ S R T A N SN N SR A A TR (N T RN R R N

0 05 1 15 2

Ky
The other two quadrants are symmetric with respect to (0,0),
all physical quantities only depend on a product of two «’s



Stronger assumptions on K coupling modifiers:
no BSM physics in the loops nor in the decays

* Fitting the 5 main tree level coupling modifiers + x, and
resolving all the loops.

ATLAS and CMS Preliminary - ATLAS
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Stronger assumptions on K coupling modifiers

* Assuming tree level couplings as in the SM and only
modifications to the two main loops of ggF and H>vyy

ggFIOOP go’ '_l'rllrl]Irl[lll[rrll"‘]"IIHIII—
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Higgs width
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Extraction of Higgs boson width from off-shell measurements :
a brief overview

D. Froidevaux, CERN 38 MEPHI physics discussion, September 2020



Stronger assumptions on K coupling modifiers:
BSM physics in the loops only or in both loops and decays

ATLAS and CMS Preliminary ~ 8r
LHC Run 1 2 [ATLAS and CMS
~ ; 5 7FLHC Run 1 Preliminary
KZ - K, <1 = -
v S ; < [ = Observed
— ~o~ BRgg=0 ; £ bF ... SMexpected
K —t 10 ——.—i <] -
Wi 426 ; o
K, ————
e e— i
H L
| . 0.5
K ——.—l— BRgsm
P———
BRBSM I I I I I I I I I

0 02040608 1 12 14 16 1.8 2
Parameter value
* Here assume either BRg¢,, =0 or xy and x, <1
* In the latter case, extract limit on BRy¢,, < 34% at 95 CL
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B. Mayer's talk

+ CMS: only ZH-> I*MET upated to full Run2

137 fo ' (13 TeV)

+ ATLAS has an updated combination:

+ Full Run2 (VBF+ttH) + Run1 (VBF+ZH+VHhad) 3 10¢ NS | — 2o om 4 Do
] . < 10 — AO neAM <2 Toy kg une,
+ first re-interpretation of SUSY tt+MET searches g 0-jet category =
107

for H->inv signal

1 |
ATLAS Preliminary
0.9 Fs =7TeV, 47 16"

s=8TeV, 203" =
is=13TeV, 139" [0

95% CL upper limiton 8,

|

7 | | |
tH VBF Combined Combined Combined
Run 2 Run2 Run?2 Run 1 Run 142

+ not so stat. limited

+ H->invBr 95% U.L.: 11% (11%) obs. (exp) Total systematic uncertainty 0.11
istical : '
+ [dominated by VBF Run2 (13%)] ?.;t'fzf‘ac eﬁ?::;a‘“ty 00229
+ asked few times why we didn’t include )
+ H->inv Br 95% U.L.:

previous ZH or status of the full Run2 one
+ ZH (full Run2): 29% (25%) obs. (exp)

+ ongoing ATLAS lI+MET analysis has ~20% UL / [ was ~40% in 36fb" ]
€xp. ... and more io come + previous Run1+Run2( 36fb' ) combo:

+ VBF improvement, VBF +y, VHhad, more ttH channels 19% (15%) obs. (exp)
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Higgs width from offshell measurements

D. Froidevaux, CERN 41 MEPHI physics discussion, September 2020



Measurement of Off-Shell signal strength
And constraints on the Higgs boson width

Probing the Higgs boson as a propagator:

- N. Kauer and G. Passarino, Inadequacy of zero-width approximation for a light Higgs
boson signal, JHEP 1208 (2012) 116, arXiv:1206.4803.

- F. Caola and K. Melnikov, Constraining the Higgs boson width with ZZ production at the LHC,
Phys.Rev. D88 (2013) 054024, arXiv:1307.4935.

- J. M. Campbell, R. K. Ellis, and C. Williams, Bounding the Higgs width at the LHC,
JHEP 1404 (2014) 060, arXiv:1311.3589.

-J. M. Campbell, R. K. Ellis, and C. Williams, Bounding the Higgs width at the LHC,
Phys.Rev. D89 (2014) 053011, arXiv:1312.1628.

- A. Azatov, C. Grojean, A. Paul and E. Salvioni, Taming the Off-Shell Higgs boson,
CERN-PH-TH-2014-108, arXiv:1406:6338
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arXiv:1206.4803v2 [hep-ph]

Inadequacy of zero-width approximation for a light
Higgs boson signal

Nikolas Kauer® and Giampiero Passarino”

@ Department of Physics, Royal Holloway, University of London,
Egham TW20 0EX, United Kingdom

b Dipartimento di Fisica Teorica, Universita di Torino, Italy
INFN, Sezione di Torino, Italy

E-mail: n.kauer@rhul.ac.uk, giampiero@to.infn.it

ABSTRACT: In the Higgs search at the LHC, a light Higgs boson (115GeV < My <
130 GeV) is not excluded by experimental data. In this mass range, the width of the
Standard Model Higgs boson is more than four orders of magnitude smaller than its mass.
The zero-width approximation is hence expected to be an excellent approximation. We
show that this is not always the case. The inclusion of off-shell contributions is essential to
obtain an accurate Higgs signal normalisation at the 1% precision level. For gg (— H) —
VV,V =W, Z, O(10%) corrections occur due to an enhanced Higgs signal in the region
Myvy > 2 My, where also sizable Higgs-continuum interference occurs. We discuss how
experimental selection cuts can be used to exclude this region in search channels where the
Higgs invariant mass cannot be reconstructed. We note that the H — V'V decay modes in

weak boson fusion are similarly affected.

KeEyworDs: Higgs Physics, QCD, Hadron-Hadron Scattering
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Figure 2. The NNLO ZZ (black) and WW (red) invariant mass distributions in gg — V'V for

= 125 GeV.
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Extraction of Higgs boson width from off-shell measurements :
a brief overview

Tot[pb] Mgzz >2Mz[pb] R[%)]
gg — H — all | 19.146 0.1525 0.8
g9 - H — ZZ | 0.5462 0.0416 7.6

Table 1. Total cross-section for the processes gg — H — ZZ and gg — H — all; the part of the
cross-section coming from the region Myy > 2 M5 is explicitly shown, as well as the ratio.

In this section, we consider the signal (S) in the complex-pole scheme (CPS) of Refs.
(54, T4, T5]

1 M} r M
09922 (S5) = Ogg—+H—22(Mz2) = = 0991t (Mzz) L H_’szfzi zz)

: 5 (2.8)

where sg is the Higgs complex pole, parametrized by sy = uQH — iy Y. Note that vy
is not the on-shell width, although the numerical difference is tiny for low values of pj, as
shown in Ref. [54].

mass distribution is shown in Fig. 2. It confirms that, above the peak, the distribution is

decreasing until the effects of the V'V threshold become effective with a visible increase

followed by a plateau, by another jump at the tt-threshold, beyond which the signal distri-

bution decreases almost linearly (on a logarithmic scale). For gg -+ H — 7y the effect is

drastically reduced and confined to the region M,y between 157 GeV and 168 GeV, where
D.I the distribution is already five orders of magnitude below the peak.

020



Extraction of Higgs boson width from off-shell measurements :
a brief overview

Of course, the signal per se is not a physical observable and one should always include
background and interference. In Fig. 3 we show the complete LO result for g¢g — ZZ7
calculated with HT'O with a cut of 0.25 Mzz on the transverse momentum of the Z. The
large destructive effects of the interference above the resonant peak wash out the peculiar
structure of the signal distribution. If one includes the region Mzz > 2 Mz in the analysis
then the conclusion is: interference effects are relevant also for the low Higgs mass region,
at least for the ZZ(W W) final state. It is worth noting again that the discussed effect on

To conclude our inclusive analysis, we note that our findings are driven by the inter-
play between the g2-dependence of the Higgs propagator and the decay matrix element.
They should hence not only apply to Higgs production in gluon fusion, but also to Higgs
production in weak boson fusion (WBF). The enhancement for H — V'V above Myy may

even be stronger in WBF, because o(qq — gqqH ) decreases less rapidly than o(gg — H)
with increasing Higgs invariant mass.®
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Extraction of Higgs boson width from off-shell measurements :
a brief overview

Constraining the Higgs boson width with ZZ production at the LHC

Fabrizio Caolal** and Kirill Melnikov!:t

! Department of Physics and Astronomy, Johns Hopkins University, Baltimore, USA

We point out that existing measurements of pp — ZZ cross-section at the LHC in a broad range of
Z 7 invariant masses allow one to derive a model-independent upper bound on the Higgs boson width,
thanks to strongly enhanced off-shell Higgs contribution. Using CMS data and considering events
in the interval of ZZ invariant masses from 100 to 800 GeV, we find 'y < 38.8 I‘%M ~ 163 MeV, at
the 95% confidence level. Restricting ZZ invariant masses to Mzz > 300 GeV range, we estimate
that this bound can be improved to 'y < 21 T'$M ~ 88 MeV. Under the assumption that all
couplings of the Higgs boson to Standard Model particles scale in a universal way, our result can be
translated into an upper limit on the branching fraction of the Higgs boson decay to invisible final
states. We obtain Br(H — inv) < 0.84 (0.78), depending on the range of ZZ invariant masses that
are used to constrain the width. We believe that an analysis along these lines should be performed
by experimental collaborations in the near future and also in run II of the LHC. We estimate that
such analyses can, eventually, be sensitive to a Higgs boson width as small as I'y ~ 10 T3
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Extraction of Higgs boson width from off-shell measurements :
a brief overview

Off Shell Higgs
Study the Higgs boson as a propagator

Highly non trivial due to:
- The negative interference
- The large other backgrounds

Study the 4-leptons spectrum in the high mass

regime where the Higgs boson acts as a propagator Measuring the Higgs contribution is

then independent of the total width
of the Higgs boson (sensitive to the

g B g .
Z oom ? product off shell of the Higgs boson ! AN,
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g B g9 ] Z
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Use of two channels:

4| analysis with Mass
and ME

llvv analysis cut based

Main background qq
continuum includes
EW k-factor
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CLs limits on Off-Shell signal strength
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Co v v Ly
12 14 16 18 2 0 06 08 1
RB. = K(gg—ZZ) RB = K(gg—Z2)
H = Klgg—H—22) H = Klgg—H—22)
...and on the total width
2.2
‘u — (Kg KV OnShell
OnShell — SM

. % —
Assuming™ Uogshenl = Uonshen X Cy/( On)sm
Equivalent to (x ; Ky )onsheit = (K§K5 Dogsheii

Agnostic to k-factor!

R=1 (Verified in the soft colinear approximation)
(G. Passarino)

95% CL limit obs. (exp.)
Moftshen < 6.7 (7.9)

*Particularly sensitive to
running of the effective
coupling x, in the
production (through loop)

95% CL limit obs. (exp.)
I, /T'*M< 5.7 (8.5) 51
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Extraction of Higgs boson width from off-shell measurements :
a brief overview

Off Shell Higgs

Study the Higgs boson as a propagator

Study the 4-leptons spectrum in the high mass regime ) ) o cMs _ mswuaTe
where the Higgs boson acts as a propagator Measurlng the Higgs contrilbutlon is then  tgged } Otseres j
independent of the total width of the L - Total =0, F,10 MeV) 1
From J. Campbell Higgs boson (sensitive to the product off 0l [Joo-tismsswsi
R e ] shell of the Higgs boson to the coupling c [ ew smswo
to the top and 2) & [ otk
NN ] g .Z*X
aFE? + b+ c)ym —aFE? + (d = c)ym E —(b+d)ymE L%, 200 S| g —
» Assuming that these couplings run as in SRS
%' e T T the Standard Model and measuring them -
O, - ATLAS Simulation \s=8TeV 3 on shell allows for a measurement of the . e
77 s 2en . > L T— .
g_ 102 E’- 99 o ;ZP:S) E width of the Higgs boson! 0 200 500 300 7000
£ f fmﬂx . 022 : m,, (GeV)
% ik qﬁ‘n. —- 99— (H'-) 2Z 1
S 10° AL J ,‘ 99> (H) ZZ (u ., ,=10) E Highly non trivial due to: Limits on the total width are currently at
. Yo L k approximately 10 MeV (and exclude 0 at
- e, e 1 TH . 95% CL).
1044 e - 4 - The negative interference
' - The large other backgrounds HL-LHC: Ty = 4.1—_k%.(1) MeV
1 0-5 a1 ._.-: q Z
g 3 (VVVVY Preliminary HL-LHC results show that a reasonable
i e sensitivity can be obtained with 3 ab™!
ot L L L M
200 400 600 800 1000 d ’\/\/\/\/\/Z Fut 0.2%
m,, [GeV] uture-ee 0.2%
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Higgs self-coupling and stability of the universe

D. Froidevaux, CERN B4 MEPHI physics discussion, September 2020



Higgs pair production in Standard Model

ggHH LO VBFHH LO
. y A -7 H & 70000 7 ey Hoe Vg
--& ty ---.\(:\3:»(,:% IAS“
H U > N S T e
g “H g ---Hj. ,

C, /K modifier of SM coupling )
< HH is the only process for the direct access of trilinear self Higgs coupling (AHHH) at the LHC,

which dictates the shape of the Higgs potential.
<  The standard model value of 2., = m */2v* ~ 0.13
%  Gluon-gluon fusion (ggHH) : the largest production mode of HH at the LHC,

cross section with N’LO QCD accuracy, G =31.05 fb @13 TeV [1].

ggHH
S . . _ 3 =

%  Vector Boson fusion (VBFHH) : the sub-lead mode, at N°LO, Gyppp. =173 fb [2].

< VBFHH: unique process for accessing the coupling of Higgs pair with a pair of weak gauge

bosons (VVHH, V=W/Z)
2/14
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H->bb: CMS |

+ 2y + 2 b-jets + (2 jets for VBF): CMS Preliminary 137 b (13 TeV)
+ b-jets: pt>25 GeV, highest b-tag score, mus in [70,190] ¢ Data {7lggH[ VBF H
—ggF HH—yybb x 10° T VH [ ]fiH
+ VBF jets: pr>40/30 GeV, highest m; 9 " -

———

Events / 0.01
a

+ several MVAs used (variables in backUp): 107

t
5

+ isolate different production modes (also in bins of MX) 108

+ reject main ttH background 1875
- | I ni 1 s A e A B S WA T o
SM signal and BSM benchmarks used in the training together 107003 0203 04 0506070800
ttHScore
CcMS Prehmmary 137 |b 3 TeV) R cus Prelimmary ' 1;]7'fb" (13Tev)
2 Hi"nbs . T AlCalegodes 1 % %o} H"" )‘)bb Al Categories
3 = m, = 125.0 GeV S/(S+B) weighted  — 3 £ my = 125.0GeV Si(S+B) welghted
L m ¢ Data S ot M.. + pDaa
~ = I J) —HH+H+Bft ®
g £ 2ol e H « B compar . Toh
g P B T Bcommr 7‘
@ o o Ca
i 3" 2o N
g § 0
= 3
g 2
) )
@ &
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@ 95% CL

- CMS Praliminary 137 &' (13 TeV)
S. Mukherjee  srmmn :
e — Ol HH-yybb |
g 35 ______ mw "l
5 3
I
I 25
&
2
3
15
1
05 .
pega e e TR
Allowed range %, =d Psaa

Observed: -3.3 < K, < 8.5
Expected: -25< K, < 8.2

Best-to-date !

O 1y BRIHH BB} (1)

CMS Preliminary 137 1b" (13 TeV)
6% CL uppor imite HH-Oyyt.ﬁ E

------ NVedan espected |

e Thmpcretical prediction |

Observed: -1.3< C,, < 3.5
Expected: -09< C,, < 3.0

Dao Valerio

95% CL Upper Limit on (inclusive cross section*BR) :

Inclusive HH (* SM) =
Observed 177
Expected 5.2

-- Statistically dominated analysis
‘ -- Total impact of systematics on signal strengths is around 2% l

ATLAS weekly

ATLAS VBF
HH->4b result:

-0.6<Kxn<29
VI9<Kw<31

36 fb!
results ~ 20

+ x4 reduction of upper
limit with x4 more data
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(intermezzo) HH->bbyy: ATLAS status

Courtesy of
HH->bbyy
. . group
+ ATLAS full Run2 result expected in early 2021:
+ analysis selection / categorisation has been frozen
+ systematics are being evaluated (impact expected to be small) [few %]
4 CMS Preliminary 137 o' (13 TeV) /
SLM:LO:::,::,““ HH—-yybb 41 6 - - ::,:‘,;M o

ot
[

0, BR(HH-YYbD) (fb)
()

e Bapected it z2¢
. Expected imit =lo

Allowed &) eteevd
-2.57-8.10

N 68% expecied 124
6% expecied
— Thaoralical prediction 19 -

-t N
o N W
olgg— it [po)

—
14
-

05 0.2
0 A-[6 -14 ‘-2‘ L 0 2 4 61 ‘ ‘81 N ‘110 ‘ 12 0‘210.0 -7.5 -3.0 -2.5 Q0 25 50 75 10.0
Ko =R pard Pesma X
CMS: ATLAS:
+ exp. constrain of k. is [-2.5, 8.2] + exp. constrain of k, is [-2.6, 8.1]
+ exp. limit on SM HH: 5.2 times prediction + exp. limit on SM HH: 5.5 times prediction

ATLAS results competitive with CMS one!
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+ Theory predictions are crucial and theory uncertainties

Theory efforts De Florian

will play a larger role when more data and more :f _ ""{;::tg R
experimental precision is achieved (HL-LHC) vzl NLLNNLO Em
ﬂsg‘ 1 A RadSEHNNLOJET, 13 ToV. my, = 126 GeV
£ o ey
+ Developments ongoing on all fronts: 5 s e —
04
+ refinement of N3LO predictions: full NLO QCD-EW 02
corrections, H+jets @ NNLO including fiducial cuts % 0
12 =
+ full high pt prediction at NLO and approximated top ff;
mass effects @ NLO ( caveat: large uncertainties from $ ! e E T B R e e 1o i
top mass schema unc: 25% @ 1 TeV) : o' [GeV)

S ——————
N3LL improves precision at low pr Higgs

benchmarking different generators | » Good agreement between different MC generators
when using similar setups / assumptions \

beyond NextLeadinglLog in parton showers

reduction of negative weights in NLO generators

aapn (14TeV), NNLO, PDF errors

PDF for HL-LHC: including latest experimental inputs o DTS —e— .
from Hera / LHC +HLLHC (Seot ©) ~as o "D
LHC HIGGS WG workshop 0.94 095 0.96 097 098 099 1 101 1.02 1.03 1.04
this week

But no sign yet of NNLO MC generator for Higgs production and decay! ®
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theory side:

. / w2
Higgs g /
. v / J
potential sl / /
o g / '{
g / . . My
w [ 4
-
::‘ f i 0™
O *
- ’o’l
Higgs field &
99 Absoute siabity
N2 — .
12 125 120 15 11
My, GeV g e

i/
The Higgs boson is the simplest Q-bit/particle:
as far as we know, it has no spin, no charge, no structure.
This vacancy can make its richness:
e.g., unlike other SM particle, it can easily couple to a Hidden Sector.
The intricacy of the Higgs boson lies in its simplicity
(aka naturalness)
//\ .
resM\
\-\":/')
r_‘_/ » Why expect new physics near the weak scale?
J \\\
YO 9
Q@ » co-responsible for generating it
&H"ﬁ(;’ » stab
> thermal dark 1tter
o
@ > Ly not?
» Light, neutral particles:
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DESY 15-131 ISSN 0418-9833
July 2015

Stability of the Electroweak Vacuum: Gauge Independence and Advanced Precision

A. V. Bednyakov,! B. A. Kniehl,? A. F. Pikelner,? and O. L. Veretin?®

! Joint Institute for Nuclear Research, 141980 Dubna, Russia
°II. Institut fiir Theoretische Physik, Universitit Hamburg,
Luruper Chaussee 149, 22761 Hamburg, Germany
(Dated: November 10, 2015)

We perform a manifestly gauge-independent analysis of the vacuum stability in the standard
model including two-loop matching, three-loop renormalization group evolution, and pure QCD
corrections through four loops. All these ingredients are exact, except that light-fermion masses
are neglected. We in turn apply the criterion of nullifying the Higgs self-coupling and its beta
function in the modified minimal-subtraction scheme and a recently proposed consistent method for
determining the true minimum of the effective Higgs potential that also avoids gauge dependence.
Exploiting our knowledge of the Higgs-boson mass, we derive an upper bound on the pole mass of
the top quark by requiring that the standard model be stable all the way up to the Planck mass
scale and conservatively estimate the theoretical uncertainty. This bound is compatible with the
Monte Carlo mass quoted by the Particle Data Group at the 1.3o level.

https://arxiv.org/pdf/1507.08833.pdf
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D. Froidevaux, CERN

sion data [2]. Besides completing the SM particle multi-
plet and confirming the Higgs mechanism of mass gener-
ation via the spontaneous breaking of the EW symmetry
proposed by Englert, Higgs (The Nobel Prize in Physics
2013), and Brout, this groundbreaking discovery also has
fundamental cosmological consequences by allowing con-
clusions regarding the fate of the Universe via the anal-
ysis of the vacuum stability [3]. In fact, owing to an
intriguing conspiracy of the SM particle masses, chances
are that the Higgs potential develops a second minimum,
as deep as the one corresponding to the vacuum with ex-
pectation value (VEV) v = 2_1/4051/2 = 246 GeV in
which we live, at a field value of the order of the Planck
mass Mp = 1.22 x 10'? GeV [4, 5]. This would im-
ply that the SM be stable all the way up to the energy
scale where the unification with gravity is expected to
take place anyways, which would diminish the necessity
for grand unified theories at lower scales. EW symme-
try breaking might thus be determined by Planck-scale
physics [5], and the existence of a relationship between
Mp and SM parameters might signify a reduction of fun-
damental couplings. Of course, experimental facts that
the SM fails to explain, such as the smallness of the neu-
trino masses, the strong C'P problem, the existence of
dark matter, and the baryon asymmetry in the Universe,
would then still call for an extension.

scussion, September 2020
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FIG. 1: RG evolution of A(x) from p™ to p™ and beyond
in the (A,8x) plane for default input values and matching
scale (red solid line), effects of 1o g)rown solid lines) and 3o
(blue solid lines) variation in MME, theoretical uncertainty
due to the variation of ¢ from 1/2 to 2 (upper and lower
black dashed lines with asterisks in the insets), and results
for M§™ (green dashed line) and M§' (purple dashed line).
The 1o (brown elllcpsa) and 30 (blue ellipses) contours due to
the errors in MM® and My are indicated for selected values
of u. The msets in the upper right and lower left corners refer
to p = MMC and p = 1.55 x 10'° GeV, respectively.
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Absolute stability
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J"{H, GeV

FIG. 2: Phase diagram of vacuum stability (light-green
shaded area), metastability, and instability (pink shaded area)
in the (Mu , M) plane, contours of A(u”) = 0 for selected val-
ues of p° (purple dotted lines), contours of 8 (u°) = 0 for se-
lected values of u° (solid parabolalike lines) with uncertainties
due to 1o error in al® (Myz) (dashed and dot-dashed lines),
critical line of Eq (2) (solid green line) with uncertainty due
to 1o error in al” (Mz) (orange shaded band), and critical
points with M§ (lower red bullet) and Mf{‘ (right red bul-
let). The present world average of (M, s My) (upper left
red bullet) and its 1o (purple ellipse), 20 (brown ellipse), and
3o (blue ellipse) contours are marked for reference.
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As our final result, we hence quote the combined value

Mgm = (171.54 + 0.30122%) GeV, which is compatible

with MMC = (173.21 £ 0.87) GeV at the 1.30 level. In
view of this and the present lack of knowledge of the pre-
cise relationship between and MM® and M, mentioned
above, the familiar notion [10, 11] that our vacuum is
metastable is likely to be premature [24].

24] S. Alekhin, A. Djouadi, and S. Moch, Phys. Lett. B 716,
214 (2012).

D. Froidevaux, CERN 64 MEPHI physics discussion, September 2020



