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Running couplings

Scale evolution of the strong coupling very well tested

Precise (NLO, 8%) determinations up to 4 TeV!!
(ATLAS, transverse energy-energy correlations in multi-jet events)
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Running couplings

Scale evolution of the strong coupling very well tested

Precise (NLO, 8%) determinations up to 4 TeV!!
(ATLAS, transverse energy-energy correlations in multi-jet events)
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Running constants

Quark masses — parameters of the QCD Lagrangian — are expected to run too

- charm quark mass, HERA [Ghizko et al., PLB775 (2017)]
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- bottom quark mass, DELPHI,SLD,ALEPH,OPAL, see cf. Kluth [hep-ex/0603011])

- top quark mass, CMS[PLB803 (2020)] (see also Catani et al., JHEP08 (2020))
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Since 2012, ATLAS and CMS have characterized, with rapidly
iIncreasing precision, the couplings of the Higgs boson to SM particles:

2012: discovery of pp - H,H- ZZ*, H- yy,H - WW 35.9-137 o (13 TeV)
> T rorTTTTT T T T
_ _ EJ; " cms W2
2015: evidence for H - 7r decay (fermions!) 5 [ my=12538Gev -
""|>10_1§ p-value = 44% E
. = <
2018: discovery of H- bb decay (quarks!) 102k Wt
discovery of pp - VH production : R ;
- " - e ector bosons
discovery of ttH production (Yukawa ~1!) 0% % 3" generation fermions
e 3 Muons 1
. nd . 1074; ----- Sl\ljl Higgs boson i
2020: evidence for H -~ uu decay (2" generation!) o ol el
%) SR T T T "
R S R LRRNE
2021: evidence for H — I'l'y decay T R 2

Particle mass (GeV)

Eventually, a Higgs factory will provide sub-% measurements

Today'’s talk: these measurements enable a new (and better)
measurement of the bottom mass at a high scale: m (m )
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Higgs boson precision measurements at the LHC

Citation: M. Tanabashi et ai. (Particle Data Group), Phys. Rev. D 98, 030001 (2018) and 2019 update

[#°] J=0

Mass m = 125.10 = 0.14 GeV
Full width T < 0.013 GeV, CL = 95% (assumes equal
on-shell and off-shell effective couplings)

Enough data to HO Signal Strengths in Different Channels
. Combined Final States = 1.10 + 0.11
start filling the WW* = 108+18
PDG data sheet 22° = 11974
; 17 = 1107080
on the H boson c¢ Final State < 110, CL = 95%

bb =1.02 + 0.15

putu=—=06+08

T =111 £ 017

Z~ < 6.6, CL = 95%

tTHO Production = 1.28 + 0.20

H® HO Production < 12.7

H® Production Cross Section in pp Collisions at /5 = 13 TeV =
57 = 7 pb
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Higgs decays and the bottom quark mass

The Higgs decay to bottom
quarks is a good laboratory to
study the bottom quark mass:
- quadratic dependence on m_

- EW process, rate decoupled at
LO from strong coupling a._

- precise predictions available
- well-defined natural scale m_

QCD series for I'(H-bb) for u=m:
L+ dgep =1+ 0.2030 + 0.0374 + 0.0019 — 0.0014.
And for u=m:

1+ dgep = 1 — 0.5665 + 0.0586 + 0.1475 — 0.1274.
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See also HDECAY manual and “Handbook of
LHC Higgs cross sections 4. Deciphering the
nature of the Higgs sector”, arXiv:1610.07922
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Choice of mass-sensitive observable

A hadron collider cannot measure
absolute couplings, but ratios of prod.
and decay rates can be precisely

determlned LI L L N Y L Y L N N L LY L L O B
ATLAS Preliminary e Total Stat. == Syst. [ | SM
Vs =13TeV, 24.5- 139 fo’'
Use gg — H — ZZ as standard candle — |m2i20cevy,i<2s
) EY Total Stat. Syst.
to relate all other cross sections and oz e 087 sooa( som, “O)
I I Oyge/ Oggr == 148 550 ol Zend
branching fractions ol }_EE—< 13 B am em
GZH/GggF = 140 Tl ik SaE)
: " |
Experimental and theory uncertainties Cwnl e A= 109 R )
. . B,/B; == 106 “312( o100 ooe)
cancel to some extent in ratio BB, FE:EH Loz twie i sase,
B S et e GO D
SM predICtlon Bbb/B : 22'0 i 0'5 Ibbl IZZI | 11 1 1 T 11 1 | | 11 1 Ill I—(I)'21I I_0V|W7’I _IO.1I2 |
. 2 0o o5 1 15 2 25 3
(additional uncertainty due to Am ) Parameter normalized to SM value

Ratio B_ /B, known experimentally to
approximately 20-30%
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Higgs coupling measurements

We use the following measurements of B /B_,

ATLAS*: /%% = 0877022 (stat.)t9 18 (syst.) = 0.87702%  [ATLAS-CONF-2020-027]

CMS**: ;%)% = 0.8419-2T (stat.) 792 (stat.) = 0.84793T  [EPICT7 (2019)5,421]

*Note that ATLAS has updated its result since our analysis:
u**/u*=0.75 9ie [ATLAS-CONF-2021-53]
**Note that the CMS result is based on a partial (35/fb) run-2 analysis
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Numerical results for decay widths:
H- ZZ from Prophecy4f v3.0 [Comput. Phys. Commun. 256 (2020)],
H- bb from HDECAY [Comput. Phys. Commun. 198 (1998) & 238 (2019)]

V6.6.1 provides results directly in terms of m (m,,)

Results from both measurements combined with Convino (arXiv:1706.01681):

The first measurement of the m_ at scale m

m (m ) = 2.60%35 GeV

Good agreement with 2.792%3 GeV obtained from evolving the world average
form (m )tom,
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We proudly present: m (m )

The mass is extracted from both measurements and the results
are combined with Convino (arXiv:1706.01681):

m. (m ) = 2.60%73 GeV + 0.06 GeV theory uncertainty

Theory uncertainty includes:
- scale variations and estimate of EW corrections (0.3-0.5%, YR arXiv:1610.07922)
- parametric uncertainty* a_(+ 0.001 - 0.2%)

- parametric uncertainty m , (+ 240 MeV - 3%, dominant)

The theory uncertainty is small - lots of room for exp. progress
* Note: use of the MS mass of the bottom quark at the scale of the Higgs boson mass minimizes
the theory uncertainty and o, dependence of the result (cf. the more conventional m (m ))
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RG evolution from Revolver

Running of the bottom quark mass package, arXiv:2102.01085

IFIC-UV/CSIC, PSI, U. Tohoku, U. Vienna (2021)

Quark masses are not predicted % 4. 55 o oo e ]
by the SM, but QCD (RGE) does & 4f PRELIMINARY =
give a prescription for their scale G - -
evolution vy 55_ E
€ 3F =
Collecting measurements at 5 5F E
different energies: : \ ]
- m_(m ) world average from 2F E
low-energy expts 1.5k =
- mb(mZ) from LEP 13_ m,(m,): x PDG world avg. .RG evolution [*3% _f
experiments and SLD s my(M,): o DELPHI O SLD 4 ALEPH  © OPAL -
- mb(mH) from LHC Higgs 0'55_ my(m): o ATLAS'20 O CMS'19 X average (this work) _E
measurements oF———— e -
10 10°
Q [GeV]

LHC m (m ) today is as precise as LEP m_(m_)
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RG evolution from Revolver
package, arXiv:2102.01085

IFIC-UV/CSIC, PSI, U. Tohoku, U. Vienna (2021)

Running of the bottom quark mass

Quark masses are not predicted % 4. 55 o oo e ]
by the SM, but QCD (RGE) does & 4f PRELIMINARY =
give a prescription for their scale G - -
evolution vy 55_ E
€ 3F =
Uncertainties on evolution: 5 5F E
- reference m (m ) - PDG - ‘ -
2F -
- o % 0.001 (PDG o (m,) ) : E
- a_+ 0.004 (BSM evolution ) 1.5F E
- missing higher orders (negligible) 1 mbimb§:¥PDGworldavg' Brocvouton e 3
E my,\M_): © DELPHI O SLD & ALEPH ¢ OPAL E
0-5:_ my(Mm): o ATLAS'20 [0 CMS'19 X average (this work) _:
0: ] L1111 | ] ] ] I N N B | .

10 10°
Q [GeV]

LHC m (m ) today is as precise as LEP m_(m_)
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Running of the bottom quark mass

NZO_IIII 17T T IIIII_ N20I|III|III|III|III|I_

- - x L J ?‘: _

Test running hypothesis: 18 18 PRELIMINARY :

m(p; z,mp(my)) = 16 168 '
[ mfCE (g (i) — g ()| + () l |
x=0 - no running 12} * 12
x=1 - SM prediction 10 T
;9683 & &
m (m ) =4.18"" GeV, o o
compatible with very precise input f :
from PDG world average 4 4
2+ 2

X=1.0810.15(exp)io.05(as.) O | IR IR Oh [ I I

Compatible with SM within 10_’ 4.1 4.15 4.2 4.25 06 08 1 12 14
m(m, ) [GeV] X (SM: x=1)

Incompatible with no-running (~70)

Results confirm RGE scale evolution: no-running scenario ruled out at 7¢
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Future prospects - m (m )
HL-LHC expectation [M. Cepeda et al., YR7 (2019), arXiv:1902.00134] :

- 4.4% precisionon B_/B_ (HL-LHC-S2)
=) 60 MeV exp. uncertainty on m (mH)

A Higgs factory [ILC, J. Tian, private communication, arXiv:1910.11775]:

- 0.86% precisionon B_/B,_  (ILC250)
=) 12 MeV exp. uncertainty on m_(mH)

- 0.46% precisionon B_/B  (ILC250+500)
=) 6 MeV exp. uncertainty on m,(mH)

Theory? Param. unc. (m _, «) expected to come down, EW corrections?

The HL-LHC and ILC have to potential to improve the experimental precision of
m_(m ) to £ 60 MeV (HL-LHC) and even 12 MeV (ILC250) or 6 MeV (ILC250+500)
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Future prospects — other scales

Higgs factories can also: S Al

- Extend the reach, and B f
measure m (250 GeV), —
albeit with limited precision e

- Return to the Z-pole, with =
the GigaZ/TeraZ run, or using S
radiative-return events

1

See S. Tairafune, LCWS21
arXiv:2104.09924, ILD-PHYS-PUB-21-001

PRELIMINARY

i mb(mb): * PDG world avg. —RG evolution

- My(M,): e DELPHI = SLD 4 ALEPH v OPAL 1

L ILC prospects: « m,(250 GeV), 2 ab™ = my(m,), GigaZ

(isssilesssTasswleiesl eapils
0O 50 100 150 200 250
Q [GeV]

The Higgs factory improves m (m_) considerably, assuming progress in theory & MC
m (250 GeV) is challenging, as the mass sensitivity decreases, but feasible
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Small print

DISCUSSION & OUTLOOK

Caveat. When the Higgs decay rates are used for a
determination of the bottom quark mass, we must as-
sume that physics beyond the SM has a neligible impact.
The procedure followed by the ATLAS and CMS experi-
ments is quite robust against certain new physics effects.
The contribution of unknown ”invisible decays” to the
Higgs width cancels in the ratio and other assumptions,
e.g. on the Higgs boson production cross sections, can
be tested to good precision. A shift of the bottom quark
Yukawa coupling (and none of the other Higgs couplings)
would, however, lead to a bias in the mass measurement.
The results in this Letter are strictly valid only for a SM
bottom quark Yukawa coupling.
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Summary

We proudly present a new measurement of the bottom
quark mass at the scale of the Higgs boson mass:

10.36 CAVEAT: under the assumption that the
mb(mH) = 2.607;3, GeV bottom quark Yukawa coupling is standard

A new method with very nice theory properties and ample potential to
iImprove the precision (HL-LHC, Higgs factory)

New and better high-energy measurements (m _(m,), m (m ),...) can
be used for precision studies of the scale evolution predicted by QCD

Possible future project: joint fit of scale evolutions of alpha_s and mb
to derive bounds on massive coloured objects
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Backup: anomalous mass dimension
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Anomalous mass dimension

omy (1)
0 log(p?)

Focusing on the first term in the expansion v, |as] =
Y02 +O(a?), we obtain, in leading-log (LL) approxima-

tion:
e () o (22). o

= Ymlovs ()] mq ()

Yo = —1.23 £ 0.22(exp.) + 0.14(theo.) £ 0.06( )
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Bonus material: running top quark mass
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Top quark mass from radiative events  Ph.D. Pablo Gomis, UV, jan. 2020
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400 oe > tiy, CLIC, s=380 GeV ﬁ

Events
Events

Lo =l I | ;
| e*e” = iy, ILC, {s=500 GeV J

Theoretical prediction [ lf: 1500 - Theoretical prediction

300 F Ll - : |
i Pseudoexperiments T i Peeudoexperiments i
I } | i i } ]
500 i D Stat envelope: = 1 & (1000 fb") M il 1000 B |:| Stat envelope: = 1 (4000 fbr") N

100 F s 4 . 500 - ﬂ,*.mqt*ff‘*‘ﬂw ;
[ i e :
:.._._-—-%-'.‘fry;{'fl....l....l..- 0-"il....|....l....
340 350 360 370 350 400 450
/s' [GeV] /s' [GeV]

Radiative “return to threshold” in e+e- - tty events

Extract short-distance MSR mass with rigorous

Interpretation and competitive precision:

CLIC380 (1/ab): 50 MeV (theory), 110 MeV total
ILC500 (4/ab): 50 MeV (theory), 150 MeV total
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Top quark mass from radiative events

| | T T T T I T T T T | T T T T | T T

ete - tty, ILC, {s=500 GeV

= ] Total uncertainty ] -
| I Theory uncertainty ] _

Prediction (R-evolution)

OI B ISIOI B 1(I)0 B I150I |
R [GeV]

50 evidence for scale evolution (“running”) of the top
quark MSR mass from ILC500 data alone
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