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Theory Predictions:
HH and Combinations with Single Higgs
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The Higgs self-coupling

Standard Model Higgs Lagrangian:
Lo-V(), V(®)=—p2(@'d)+\(®!D)?
l EW symmetry breaking

1 A p? =’ SM: self-couplings
(H) o 'H +.%_ 4 7 m?% =2x? determined by mg,v

TH: coupling known in SM
EXP: need to find and measure
processes involving Higgs self couplings
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HH Production Channels at the LHC
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Production channels similar to H

A very important difference:

H
o(pp — HH) ~ “(”fog; )




HH Selt Coupling Dependence
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Theory uncertainties on cross section translate into uncertainties on the self-

coupling extraction:

Ao A/
For gg = HH close to SM 4,,, we observe — ~ — —

9] A

Differential measurements provide additional information and break degeneracies
present at total cross-section level



HH Gluon Fusion: N3LO HTL

N3LO results for Gluon fusion in the m; — oo were recently obtained
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Chen, Li, Shao, Wang 19

T

Very mild scale dependence

Take 69 part of result from known

single Higgs calculation

Anastasiou, Duhr, Dulat, Herzog, Mistlberger 15;
Dulat, Lazopoulos, Mistlberger 18

2-loop box piece of & first
computed earlier

Banerjee, Borowka, Dhani, Gehrmann, Ravindran 18



HH Gluon Fusion: N3LO HTL + NLO SM

Top quark mass effects (known up to NLO) have also been included
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Grazzini, Heinrich, SJ, Kallweit, Kerner, Lindert,

Chen, Li, Shao, Wang 19 Mazzitelli 18; (+NNLL) de Florian, Mazzitelli 18;



HH Gluon Fusion: Mass Scheme Uncertainties

With such a tiny scale uncertainty, other sources of uncertainty become relevant

HH@NLO: my in the OS and MS scheme  Baglio, Campanario, Glaus, Mihlleitner,
(+Ronca), Spira, Streicher 18, (20)

See talk of Seraina Glaus on Tue
g9 — HH at NLO QCD | /s = 14 TeV | PDF4LHC15

1 — I - T ' T ' T ' T ' T
; —— MS scheme with m,(m,) ]
MS scheme with m,(myy/4) 1 do(gg — HH)

Top quark mass scheme unc:

o _ +9%
10_1 3 — —— MS scheme with mt(mHH) _ dQ 0=300 GeV o 000312(5)_23% fb/G@V,
. —— OS scheme : d HH
= | dolsg > HH) = 0.1609(4) 7% fb /GeV,
10 — ] dQ Q=400 GeV
— { do(gg— HH) 0%
] = 0.03204(9) 5¢s, fb/GeV
— ] dQ 0=600 GeV (9) 265 10/ GeV.
107 — 1 do(gg — HH
= | doles ) = 0.000435(4) "% fb/GeV,
do/dm, [fb/GeV] B= ] dQ 0=1200 GeV
T Hp = lp =Mgy/2 — . . f
Full NLO results in different top-mass schemes +I:' I_a rge unce r‘ta | nty Obta N ed
_ comparing OS scheme with MS
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Such mass scheme uncertainties will show up in other processes (e.g. HJ, ZH)

Jones, Spira (Les Houches 19) See talks of Daniel de Florian on Mon & Jonas Lindert on Tue
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HH Gluon Fusion: Mass Scheme Uncertainties (l1)

Combination of scale (ug, 4r) and top mass scheme (OS / MS) studied very recently
Baglio, Campanario, Glaus, Muhlleitner, Ronca, Spira 20

If we wish to take the envelope of the predictions as the uncertainty, then the two
uncertainties should be added linearly (validated at NLO)

Above authors advocate use of NNLOgr,,,0x With (NLO) mass scheme errors added

NLO Mass Scheme Unc.

Proposed Combination

Scale (uy, pr)

fn=—10: oy = 1680730 fb, fa=—10: o = 1438(1)75 f, 16807135 tb,
Fx=—5: O 598.972T% fb, Kx=—b: O 512.8(3) 1% fb, 598.9115% fb,
fa=—1: o = 131972504 ky=—1: o = 113.66(7)75% b, 131.9% 155, tb,
Ky = ot 70.38F21% fb, Fx=0: O 61.22(6) 5% h, 70. 38*% fb,
kx=1: O 31.0 éggz b, + Ky = Ttot 27.73(7( +11?<7 31.0
Fiy = Otor 13.81721% fb, Ky = Otor 13.2(1) 1%, fb 13. 81*38‘% fb,
ka=24: oy, 13.10723% fp, iy =24 Oy 12.7(1) T3¢, b, 13.1075%, fb,
Ky = O tot 18. 67+§ gg) th, Ky = Otot 17.6(1 )ﬁ?y b, 18. 67%3? b,
Fx=D5: O 94.8274:9% b, Ky = Ttot 83.2(3) 1137 b, 94.82718% fh,
Fx=10: oy 672.2752% b pa=10: o1 579(1) 752" b 672.2115% b

See talk of Seraina Glaus on Tue



Mass Uncertainties: Where do we go from here?

1) Just keep calculating, but NNLO with full m is very challenging

100

Low invariant mass:

expand in 1/m?

known to NNLO
Grigo, Hoff, Steinhauser 15;

Around Peak:

threshold expansion
Grober, Maier, Rauh 17

High energy:

small-m; expansion
known at NLO

Davies, Mishima, Steinhauser,
Wellmann 18, 19

800 1000 1200 1400 1600
mMuh [GGV]

400 600

See also: Davies, Steinhauser 19; Davies, Herren, Mishima, Steinhauser
19: Davies, Grober, Maier, Rauh, Steinhauser 19; Giardino, Grober 18:

2) Understand structure of mass logarithms  Liu, Penin 17, 18
3) Choose preferred scales/schemes? (Threshold: OS, HE: MS ?)

9



Expansions beyond NLO

NNLO Virtual:

\9_9.9_9_9,—%---- >—— - - - - —-

A Y A Y A 4

Computed 3-loop virtual piece in large-m; expansion:
Boxes up to 1/m}

” Davies, Steinhauser 19

Triangles up to 1/m;

NNLO Real-Virtual (Partial):

CLLLD E“‘ W

Q000

g

Davies, Herren,
5-loop forward scattering amplitudes Mishima, Steinhauser 19

Calculation restricted to diagrams with 3 closed top quark loops (ng’)

10



VBF HH: Non-factorisable contribution

VBF Approximation/structure function approach:
neglect the (colour suppressed) exchange of -7 -7
particles between the quark lines i -

Non-factorisable contributions recently studied

. . . . o vl Vs = eV, cuts
using the eikonal approximation g PrOVBRIH L R t\
Liu, Melnikov, Penin 19 :
Dreyer, Karlberg, Tancredi 20 20|
Delicate cancellations between “box" i \\
and “triangle” (1;) diagrams spoiled, < | 7
giving rise to a large corrections 2 °F N -
2 é 28 f
NNLO _ ~2 T LO LO = :
dog g ~ O [ (1 - 3) (dJTT T dUTB) I = T T -1
0 ; : ; —
—|—(43)dO-BBi| _5; ]
I factorisable a2 ———
I non-factorisable Otg NERN | | ]
. . 10 | | |
Note: (As pointed out by authors) Eikonal 50 00 0 200 250 300

approximation not trustworthy for too high p, ; b.jy [GeV]
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HH VBF: NNLO QCD + NLO EW

Inclusive known to N3LO QCD
Dreyer, Karlberg 18

New state of the art for differential predictions
NNLO QCD Dreyer, Karlberg 18
+ NLO EW  Dreyer, Karlberg, Lang, Pellen 20

107 ' ' LO —it ofull o qep ONNLO QD ONLO BEw | ONNLO QCDXNLO EW  ONNLO acp D]
:!:‘:I:‘::l NRLOQEDIOEN T 0 78444(0) 10082 _0.07110(13)  —0.0115(5)  —0.0476(2) |  0.6684(5) 0%, 0.01237(2)
?;103; — I:::- _ T10.5% ~9.1% ~1.5% —6.1% | —14.8%1000 +1.7%
~ C j i
A =1 ; ?
= =L
o o . o . o
T e —+ EW corrections similar in size to NLO QCD
o] r ]
i corrections and to those in single Higgs case
w0ttt t——+——+——+—— N on-factorisable contribution similar to NNLO
SR U R R Syt S oL QCD factorisable contribution but with
e " - opposite sign
T (1+8gw) — 1 pp g
08 - (NLO/LO)qCCl — . . . .
: ~mwonos= | All corrections available in public code:
- Keun/vpr #0000+
ol o ooy ] proVBFHH v1.1.0
0 50 100 150 200 250 300 350 400

Pt 1, [GeV]
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HH Gluon Fusion: EFT Results

Just varying A: one “direction" in EFT parameter space
Parametrise non-resonant new physics with EFT:

E).: :c;hhh :j>::(;tt :Ibt NLO QCD corrections with full
A R N top-quark mass dependence

known (non-linear EFT framework)

Buchalla, Capozi, Celis, Heinrich, Scyboz 18
Cggh M- @ . Cgghh

*1— <« oNrLo/oLO
* Results for 12 BSM “clusters”/benchmarks >
e Coefficients for reconstructing oo, mpn i
for arbitrary values of the couplings 5 20
e K-factors show significant dependence on  * \\
the couplings v e
See also: ] Nﬁ'/

(B.I. NLO HTL) Grober, Muhlleitner, Spira, Streicher 15; | | | , , | | | ,
(B.I. NNLO HTL) de Florian, Fabre, Mazzitelli 17: 0T T T ling
Dall'Osso, Dorigo, Gottardo, Oliveira, Tosi, Goertz 15; Carvalho, Manzano, Dorigo, Gouzevich 16;

13



HH Gluon Fusion: EFT Results (Il)

Results in non-linear EFT framework for gg = HH @ NLO (2-loop) with full m are
now publicly available in POWHEG-BOX (See /User-Processes-V2/ggHH)

Heinrich, SJ, Kerner, Scyboz 20

2.2

2 4 2 2
I Mpsm|” = a1 ¢; +as ¢y, +ascicrp, + asc

Born-virtual interference

2o Chnn @5 Cogr, + as cuci + ar o, term parametrised with 23

=+ ag CyCt Chhh + Qg CttCqgghChhh + a9 CttCqgghh + a1 C?nghchhh + a1 CtQnghh ||nea rly |ndependent Sets Of

2 3
+ @13 CtChppCagh + A14 CtCRRRCgghh T Q15 CgghChhhCgghh T Q16 Ct Cygh

2 2 2
+ Q17 CCiCygh + Q18 CtCygpChhh + Q19 CtCqghCqghh + 20 Cp Cygp,

2 3 2
+ Q21 CetCygp, T A22 Cygp,Chhh T+ 423 Cygp Cgghh -

> : SM ' —— 1
9 104 L BM1 ——
R R S e BM2 -
= : — BM 3 :
$£107° . NLO
S : LHC 14 TeV ——
2R . PDF4LHCI5 H—'—-—._
1076 | = My /2
E Nogmalisec} to SM | | | ;
:ll | | | | | | |
= 1.0} I — - — | ;
0.1L | | | | | | ]

300 400 500 600 700 800 900 1000

My, [GeV]
14

couplings, grids generated
for each interference term,
combined at run time

Allows user to specify EFT
couplings in a completely flexible
manner

Note: Chromo-magnetic operator
not included here (suppressed
depending on EFT counting)



HH Gluon Fusion: NNLO HTL + NLO SM with EFT

NNLO (Born-improved) HTL limit results known including dim-6 operators
de Florian, Fabre, Mazzitelli 17

15

T Benchmark | cppp Cit Cggh  Cgghh
0'100? 6 24 1.0 00 % 02
050/ Can apply bin-by-bin reweightin
% 0050’ """ NLOgy pp y . y 9 9
2 = TR NNLOwo- to obtain NLO improved results
s = including EFT effects
goot0r T
0.005:— R
i AO-(NLOFUH)
----- Ac(NNLOy; o_.) = Ac(NNLOg_.) X
Ac(NLOg_)
1.25F
9 1.20F
% 1.15¢
o 1.gof I —m
T 405
1.00——— ' ' ' ' ' '
300 400 500 600 700 800 900 1000
M (GeV)
de Florian, Fabre, Heinrich, Mazzitelli (Les Houches 19)
| ! : ’ 2 ’ i NNLOy o_; corrections
olfb] | 131.9725% | 70.38+24% | 3105722 | 13.81721% | 13.1723% | 18.67127% | 94,8274 %% i
o show rather mild
/o 4.25 2.7 1 0.445 0.422 0.601 3.05
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Higgs Selt-Coupling from Single Higgs Production

So far focused on HH production where 4; appears at LO
Can also constrain this coupling from high-order effects in single Higgs production

Z E.g. can constrain 45 below HH threshold from EW

correctionsto ete™ » ZH

McCullough 13

At LHC, 45 appears in main Higgs production and decay channels

h A h ! .
06 - 06
----- m — t ot
h > d h
h h ™ j
f
" W v
06 //,”m
______ .:\
ho
h |14 Y

Gorbahn, Haisch 16, 19; Bizon, Gorbahn, Haisch, Zanderighi 16; Degrassi, Giardino, Maltoni,
Pagani 16; Maltoni, Pagani, Shivaji, Zhao 17; Di Vita, Grojean, Panico, Riembau, Vantalon 17

16



Single Higgs Constraints

Y‘v“o————-—"—"""->———— —V L L S V-SSR |
[ \ \ \ 1 : : y ]
; dotted: &k, only / solid: global it ] 14t VoA dotted: 6k only / solid: global fit ! |
12+ width: S1 and S2 scenarios | [ | width: St a.md S2 scenarios ,'I ]
. HL~LHC single Higgs, inclusive | 2r [O HL-LHC single nggs, d|flferent|€fll /
10} HL-LHC single Higgs, differential 1 [ “\ \ HL-LHC double Higgs, differential ,',
- | 10 L) HL-LHC combination v
8l :
! _
< . ]
6 ]
4l ]
ol |
O ............................ ]
-15 -10 -5 0 5 10 15

LHCHXSWG-2019-005 °%

Warning:
see EXP talks for

— — updates
Limits on A5 from HH production (ATLAS bbbb, bbt™t~, bbyy) _
Oy < 0.90g)\ (95% CL) and —=5.0 < x; < 12.0 CERN-EP-2019-099

Impressive results have already been obtained with current data

Complementary limits on 45 from single Higgs: —=3.2 <k, < 11.9

Combination: —2.3 < k, < 10.3  ATL-PHYS-PUB-2015-007
ATLAS-CONF-2019-049

17



Higgs Selt-Coupling from Single Higgs Production

Desirable to have differential effects for gluon
fusion: need 2-loop EW diagrams for pp — HJ

Computed in 1/m2 expansion (valid for Pry < my)

Gorbahn, Haisch 19

1.00;
0.95}
9 0.90}
g =
0.85}
g [
0.80}
0.75!

Ratio to SM rather flat below top threshold
Interesting to explore 4, effects above threshold (?)

h — yZ now known

18

50
pr.u [GeV]

Degrassi, Vitti 19

2-loop diagrams computed in a small
external momentum expansion

100 150 200 250 30

Self-coupling dependent contributions to

Sensitivity of I'(h — yZ) & BR to 4; found to
be similarto h - WW



Higgs Selt-Coupling from Single Higgs Production

Can also constrain A, by considering the e
modification of precision EW observables .L/_ h_
(EW oblique corrections) S, T AN ,//h

Weaker bounds than single Higgs production:

W W
—14.0 <k, < 17.4 (but complementary) m
W h W

Degrassi, Fedele, Giardino 17,

\ /
Kribs, Maier, Rzehak, Spannowsky, Waite 17; B~ .|/ “h
)t ~ 7P 7 Aside: can play similar games with HH to set indirect
| .o . .
A Y | imits on 4, from (partial) EW corrections to HH
< — —&— — Bizon, Haisch, Rottoli 18; Borowka, Duhr, Maltoni, Pagani,

Shivaji, Zhao 18

Important caveat: If 1; is modified by BSM physics we may expect other Higgs
couplings to be affected, can have drastic effects on indirect constraints, need to

be careful how we interpret deviations (+global EFT approach motivated)

Di Vita, Grojean, Panico, Riembau, Vantalon 17
19



Summary

Incredible progress in HH theory over the last few years

* Gluon fusion - Full SM result: NLO

e Gluon fusion - HTL result: N3LO (also differential)

» Vector Boson Fusion - N3LO inclusive, NNLO differentially + NLO EW

* Progress matched by amazing work from the experiments

Uncertainties beyond scale variations are becoming relevant
* Mass scheme uncertainties at the level of >10% percent @ NLO

« Motivates studies of m; dependence beyond 2-loop

Combination with constraints from single Higgs production & EW precision
observables can improve A; determination

Many other fascinating developments were not covered in this talk

(e.g. prospects at future collider prospects, EFT fits, ...) See talks of Konstantinos
Nikolopoulos, Michele
Selvaggi & Shankha Banerjee
from this morning

Thank you for listening
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Heavy Top Limit

Heavy Top Limit (HTL): m7r — oo
Effective tree-level couplings between gluons and Higgs
Lowers number of loops by 1

TXXXX0)
.> ....... ZZ@ ______ HTL valid for: \/§ < 2my
000.0.00)

— e ZZZ@ .. HH production for: 2my; < \/§

HJ: high pr not well described

Born improved NLO HTL:

o dO’LQ (mT)

o dO‘LQ(mT —> OO)
N———
N

dUNLQ (mT — OO)

donvro(mr) =~ donLo(mr)

Spira et al. (HPAIR)
22



HH Approximations @ NLO (Schematically)

B-i HTL: | ! N x

Dawson,
Dittmaier, Spira 98

R

FTapprox: A 1

Maltoni, Vryonidou, I
Zaro 14

Full Theory: ) 1

Borowka, Greiner, Heinrich, SPJ, Kerner, Schlenk, Schubert, Zirke 16;

Borowka, Greiner, Heinrich, SPJ, Kerner, Schlenk, Zirke 16;
Baglio, Campanario, Glaus, Muhlleitner, Spira, Streicher 18;

23




HH: NNLO HTL Combined with NLO SM

Differential NNLO HTL + NLO SM

Top quark mass effects studied using
3 different approximations

\Js =14 Tev

0.201

©
—
Sl

S

(i!j) E -_— NNLOB_prOJ

e NNLONLo-i

=~ 0.10 ’ ]
E‘C — NNI—OFTapprox
o

I I EE =

©

0.05¢

0.00t . \ : s : s
1

1.3F
1.2E
1_0_ ....................................................................................................................... -

0.9t
0.8

ratio to NLO

500 600 700 800

Mnn (GeV)
Grazzini, Heinrich, SJ, Kallweit, Kerner, Lindert,

Mazzitelli 18; (+NNLL) de Florian, Mazzitelli 18;

300 400

NG 13 TeV 14 TeV 27 TeV 100 TeV
NLO [fb] 27.78 1138% | 32.88 T135% | 127.7 H11A% | 1147 HIOTR
NLOFappros [{D] 28.91 11307 | 34.25 110 | 1341130 | 1220 F{50d
NNLOxLo_; [fb] 32.60 *23% | 38.66 t23% | 149.3148% | 133711 %
NNLOB_ o5 [fD] 33.42 T10% | 39.58 T1A% | 154.2 70T | 1406 T 5%
NNLOprapprox [b] 31.05722% | 36.60 T21% | 139.9 T13% | 1224 0%
M, unc. NNLOprupprox | £2.6% +2.7% +3.4% +4.6%
NNLOptapprox/NLO 1.118 1.116 1.096 1.067

1) NNLOnLo.i

Rescale NLO by KNNLO = NNLOHTL/N LOHTL

2) N N LOB-proj

Project real radiation contributions to Born
configurations, rescale by LO/LOg1.

3) NNLOFTapprox
NNLO HTL correction rescaled for each

multiplicity by:

Full

ABorn(i5 — HH + X)

R(ij - HH + X) =

24

A (5 — HH + X)




Mass Scheme Dependence




H* Mass Scheme Uncertainties

LH study of mass scheme dependence currently being finalised,
attempts to highlight the issue by examining: H*, HH, HJ, ZZ

Consider gg —» H* @ O = 900 GeV:

o - N T T 777 o(gg— H*) [pb] | Q@ =125 GeV @ =900 GeV
i ofotty) ] 10.8% 10.0%

13 s 0o — H ] LO 18.4313'411:;) 0.139;86097%

ot Q=900 GeV 1 NLO 42177 o 0.2307,, 35,

- o= Q12 -
1.1 : O ] *
N 1 Similarly to HH production, m
o | scheme dependence reduced by

“only” tfactor ~2

| Note: For on-shell H(125)

10" .1 production uncertainty is tiny
LH Study (Spira) 20 R

08 |

07

Suggests that mass scheme uncertainties could be quite sizeable for
many (loop-induced) Higgs processes with scales 2 m;

20



HJ Mass Scheme Uncertainties

102 5 103
] — mPS MCFM — mP5 MCFM
— mMS MCFM — mM MCFM
= 0s 5 100
c — mP JKL 3
< 10" - mMS JKL =
= t £
2 — mP5 NNLOJET < 10
é LHC 13 TeV LO — mMS NNLOJET é LHC 13 TeV LO
S qg0] PPF4LHCIS NLO S 10-34 PDF4LHC15 NLO
1 prj >30 GeV prj, > 30 GeV
1 1R =pr=pa =mp;/2 fr = pp = py = Hr/2
1.05 10—°
@p]

& oo & 1.00
< - e ~JI1r - s
wn 7 nr—r n
‘2 m 7 i ‘ @ \-\W
g )
200 300 400 500 600 700 800 900 1000 T 200 400 600 800 1000

* LH Study 20 ming [GeV] Pe.h [GeV]

Mass scheme uncertainty hugely different for each distribution

Suspicion: my,; is mostly not probing
the top quark loop above threshold,
smaller sensitivity to mass effects (?)
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