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Outline

»Latest results on Higgs boson production

v ggF at N3LO

v Uncertainties

v H+ jet

v (N)NLOPS

v Interferences and Higgs width

v'Higgs pair production at NNLO
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Higgs at Hadronic Colliders

non-perturbative parton distributions

do = Z/ d‘”a/ Ay, fo(Ta, 15) Fo(Tb, 1) X A6ab(as T, Q% s (i) +O(1/Q)
ab

perturbative partonic cross-section
Partonic cross-section: expansion in as(,u%g) <1 do = o) do(0) + ot doe™) + ...
@ Need precision for both PDFs and partonic cross sections
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Production Channels at the LHC

\'s= 14 TeV

—
Q
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LHC HIGGS XS WG 2010
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® Gluon-gluon fusion dominates
due to large gluon luminosity

associated production with heavy quarks
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Production Channels at the LHC

\'s= 14 TeV

LHC HIGGS XS WG 2010

107 E
100 00 300 400 500 1000

M, [GeV]

Uncertainties @ LHC 14 TeV
TH PDF4LHC | QCD EW
gF 8% 7% > 100% 5%
VBF 1% 3% 5% 5%
WF 1% 3% 25% 7%
7H 4% 4% 30% 5%
ttH 9% 9% 5% )

3
associated production with heavy quarks
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ggF Higgs Cross-section @ LHC

Harlander, Kilgore (2002)
» NNLO Anastasiou, Melnikov (2002)

Ravindran, Smith, van Neerven (2003)

» NNLL Resummation (9% at 7Te\/) Catani, deF, Grazzini, Nason (2003)

Aglietti, Bonciani, Degrassi,Vicini (2004)

: . ~ [Eo Degrassi, Maltoni (2004)
» Two loop EWV corrections not negligible ~ 5% Actis, Passarino, Sturm, Uccirati (2008)

Djouadi, Gambino (1994)
» Mixed EW-QCD effects evaluated in EFT approach  Anastasiou et al (2008)

ine- i Goria, Passarino, Rosco (2012)
p + Mass effects, Line-shape, interferences, ... iees Cross.Section WG

scale pdf + ag

o(mpg = 125GeV) = 19.27f;:§;2 “_Lg:ggg pb  def Grazzin
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ggF Higgs Cross-section @ LHC

Harlander, Kilgore (2002)
» NNLO Anastasiou, Melnikov (2002)
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scale pdf+ ag
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ggF Higgs Cross-section @ LHC

Harlander, Kilgore (2002)
» NNLO Anastasiou, Melnikov (2002)

Ravindran, Smith, van Neerven (2003)

» NNLL Resummation (9% at 7Te\/) Catani, deF, Grazzini, Nason (2003)

Aglietti, Bonciani, Degrassi,Vicini (2004)

: . ~ [Eo Degrassi, Maltoni (2004)
» Two loop EWV corrections not negligible ~ 5% Actis, Passarino, Sturm, Uccirati (2008)

Djouadi, Gambino (1994)
» Mixed EW-QCD effects evaluated in EFT approach  Anastasiou et al (2008)

ine- i Goria, Passarino, Rosco (2012)
p + Mass effects, Line-shape, interferences, ... iees Cross.Section WG

scale pdf+ ag

o(mpg = 125GeV) = 19.27f;:§;2 “_Lg:gf;j pb  def Grazzin

Higher = LHC data and

For RUN 2 higher TH accuracy needed  orders  more observables

ATLAS 5igna| signiﬁcance U= 130 +0.12 (Stat) @010 (th) =+ 009 (SySt)
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Even Higher orders : N°LO

» 3 loop form factor

Baikov et al (2009)
Gehrmann et al (2010)
Lee, Smirnov, Smirnov (2010)

» Triple real emission

Anastasiou, Duhr, Dulat, Mistlberger (201 3) threshold

' issi expansion
» 2 loop + single emission P
Duhr, Gehrmann (2013); Li, Zu (2013); i

Gehrmann, Jaquier, Glover, Koukoutsakis (2012);
Anastasiou, Duhr, Dulat, Herzog, Mistlberger; Kilgore (201 3)

» | loop + double emission

Anastasiou, Duhr, Dulat, Herzog, Mistlberger, Furlan (2013);
Li, Manteuffel, Schabinger, Zhu (201 3)

- Hoschele, Hoff, Pak, Steinhauser, Ueda (201 3)
) Subtraction terms Buehler, Lazopoulos (201 3)

@ Higgs Production (Theory) Daniel de Florian 8



g]mg N3LO

c!¥)(2) = 6(1 — 2) 1124.308887 ... (— 5.1%)

1

+ ] 1466.478272 . . . (— —5.85%)

— Z

i +
[log(1 —

_ M] 6062.086738 ... (— —22.88%)
L == ]y
[log®(1 — 2)]

e =2 6015302, . (— —52.45%)
R
[log®(1 — 2)]

_[loe =2 1e04 369531 .. (— —39.90%)
I
[log*(1 — 2)]

Cfleg” 1 —2)] g, (— 20.01%)
L 1=z 14
[log®(1 — 2)]

4|8 (1-2) 216 . (— 93.72%)
A

—@ Higgs Production (Theory)

in the Soft-Virtual approximation

Anastasiou, Duhr, Dulat, Furlan, Gehrmann,
Herzog, Mistlberger (2014)

2
My
S

Cross section depends on one variable z =

< 1 — z > not the most appropriate measure
of distance to threshold

Affected by factorially-growing subleading terms
(kinematic mistreat of energy conservation)
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g]mg N3LO in the Soft-Virtual approximation
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Natural space for threshold effects : Mellin
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0

Cab(N)

11—z
[log(1 — 2)
| 1-=z

[log®(1 — 2)]

1—2z

1—2z

1—2z

1—2

i 1+
[log®(1 — 2)]

: 1+
[log*(1 — 2)]

L 1+
[log® (1 — 2)]

1+

3)(2) = 6(1 — 2) 1124.308887 ...

! ] 1466.478272 . ..
_|_
] 6062.086738 . ..
+
7116.015302. ..

1824.362531 . ..

230

216.

Higgs Production (Theory)
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Cross section depends on one variable z =
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Anastasiou, Duhr, Dulat, Furlan, Gehrmann,
Herzog, Mistlberger (2014)

2
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S

< 1 — z > not the most appropriate measure
of distance to threshold

Affected by factorially-growing subleading terms
(kinematic mistreat of energy conservation)

z— 1 ::>N—>oo



g]ﬁg N3LO in the Soft-Virtual approximation

¢ (2) = 5(1 — ) 1124308887 ... (= 5.1%) Anastasiou, Duhr, Dulat, Furlan, Gehrmann,

+_ i ] 1466.478272. . . (— —5.85%) Herzog, Mistlberger (2014)
L “ —+
[log(1 — 2) . . M2
- L 6062.086738..... (= —22.88%) Cross section depends on one variable z = —£
-, s
+ logl(i_z) 7116.015302. .. (— —52.45%)
L S .
R0 2) st (s s000% < 1 — z > not the most appropriate measure
R of distance to threshold
- logl(i;z) 230 (= 20.01%)
g1 _Z):+ Affected by factorially-growing subleading terms
L e M (= 93.72%) (kinematic mistreat of energy conservation)
Natural space for threshold effects : Mellin z=1 = > N>
LN 1 1
ca(N) = [ dz 277" cop(2) 1 — —InN —vg+ 0| —
0 —Z] N

i) (N) =361n° N 4 170.7In° N + 744.8In" N + 1405.2In° N + 2676 In” N + 1897In N + 1783.7

* all coefficients positive
e automatically impose energy conservation
* better phenomenological approx.at NLO and NNLO
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donLo [pb]

In® N
N

*SoftVirtual + sub-leading terms  |n* V.

Provides very good approximation for full result at NLO and NNLO

Exact
00 NLO/ 00N O

300 7 200
200F  ----- SV ' N SV
150} - QV 4N ! ---SV+N 7!
100 F —— Exact(gg) ol —— Exact(gg)
70 F - o
50 . =

_ NLO | 3 2 NNLO -
30
20 | S 10} ]
15F
10} ST

2

13¢ : : : : : - 5 13¢
12 é% 12 __________
1.15'_ (g iy = — — — -1
opf————————— < 10}
09 J S QO
08} L 08}
0.7k : : : : : : 0.7k

7 10 15 20 30 50 70 100 7 10 15 20 30 50 70 100

Use differences between SV and SV+s| to estimate error in approx.

deF, Mazzitelli, Moch,Vogt (2014)
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N3Lo approximation deF, Mazzitelli, Moch,Vogt (2014) %

SV+ sub-leading terms computed with physical kernel

k
I N k=543 computed
2,1,0 estimated Correction ~within the expectation
from scale dependence at NNLO
1.2(): ........................... _
MSpe — _ 10-13% = Mg
§ Liop T ——————— 2-6% U= MH/2 ~ resummed NNLL
losfp- — T T T T T T T — T — — -~
loob— ]
7 8 10 12 14 16 18 20
E. [TeV]
H=mpy
H=mpy/2
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N3Lo approximation deF, Mazzitelli, Moch,Vogt (2014) %

SV+ sub-leading terms computed with physical kernel

m* N o _
" k=5,4,3 computed
2,1,0 estimated
120: ...........................
R
§ LIOF T
. S
1.05F R
100 """""
7 8 10 12 14 16 18 20
E.,, [TeV]
H=mpy
pu=mpgl?2

Reduction in scale dependence

Estimate of N4LO SV contribution

TH uncertainty below 5%

Correction ~within the expectation
from scale dependence at NNLO

10-13% U = M g
2-6% = Mpg/2 ~resummed NNLL

60 —————————————————————————————— _

--‘.“ *****
SOF T
40F
= |
2 30¢
S
20:' — 10
ok NLO - N3LO SV
SIRLALE - NNLO — — N3LO SV+N !
0.25 0.5 1.0 L5 2.0

u/mpy

Can be improved by adding more terms when computed

HEP
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Improved Soft approximation
Ball, Bonvini, Forte, Marzani, Ridolfi (2012)

e

*improved by analyticity In" N — (¢(N) + vg)"

*and high energy asymptotic
behavior (small N)

oo
Che NO{ ch m¢, My, /-LF (

n=1

& n ¢ Qg n
1 +O<a5(‘N—1) ))

30_IIII

my =125 GeV -

LHC 8 TeV

~10-15% at 14 TeV

NNLO — |1

5 | approx NNNLO —-—- ||
- ’ N-soft NNNLO —--— |-
i soft-0 NNNLO ------- ]
L truncated NNLL+NNLO
O | | | | | | | | | 1 I I
0.06 0.1 0.2 0.3 0.5 1 2 3
MR / My

Core of both approximations is Soft-Virtual (TH agreement)
Differences in Sub-leading logs (only log® correct)
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v Full N3LO on the way (more terms in threshold expansion first)

v 4-5% accuracy calls for attention to other corrections

* o be improved by resummation, EWV, etc

*(Bottom) mass effects in distributions (and inclusive at NNLO?)

1.2

1.0

0.8

| pp~H+X Vs=8 TeV NLL+NLO
| MSTW2008 NLO ]
—c--F """ m;-o
mt'mb Q2=mb
—————— m,,m, Qp=my/2
/-‘l'F=/J'R=mH=125 GeV
Ql=m /2
0.6IIIITI |||||||||||II |
Pr (GeV)

Grazzini, Sargsyan (2013)

Need matching precision in non-perturbative component!

HEP
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PDFs

» Several groups provide pdf fits + uncertainties

» Differ by: data input, TH/bias, HQ treatment, coupling, etc

I”

» Deviations larger than uncertainties :“global” vs “non-globa

set H.O. data as(Mz)@NNLO uncertainty HQ
P"Z%E\év NNLO | DIS+DY+Jets 0.1171 Hesst'zre'{:ry]::;q <a (Ai’g¥f$R,)
CTIO |NNLO | DIS+DY+ets 0.118 He“;'g{‘eﬁjgzgg“ <l (;Pég;';l()
NNPDF | NNLO | PPTRTEes 01174 Monte Carlo LRI
ABM | NNLO %ﬁ_’?&tg) 0.1132 Hessian BI:;\IN
(G)R | NNLO D'f;’n?:(j';?* 0.1124 Hessian . iﬁisless)
HP%D\? NNLO | only DIS HERA 0.1176 Hessian (A(ér(g:l\'/f'll}lR’)
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PDFs

» Several groups provide pdf fits + uncertainties

» Differ by: data input, TH/bias, HQ treatment, coupling, etc

» Deviations larger than uncertainties :“global” vs “non-globa

I”

up to 5% ! >15% in Higgs cross section

set H.O. data as(Mz)@NNLO uncertainty HQ
P"Z%E\év NNLO | DIS+DY+Jets 0.1171 Hesst'zre'{:ry]::;q <a (Ai’g¥f$R,)
CTIO |NNLO | DIS+DY+ets 0.118 He“;'g{‘eﬁjr{:g;“ <l (;Pég;';l()
NNPDF | NNLO | PPTRTEes 01174 Monte Carlo LRI
ABM | NNLO %ﬁ_’?&tg) 0.1132 Hessian BI:;\IN
(G)R | NNLO D'f;’n?:(j';?* 0.1124 Hessian . iﬁzsless)
HP%D\? NNLO | only DIS HERA 0.1176 Hessian (A(ér(g:l\'/f'll}lR’)
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PDF4LHC recommendation

» No discovery/lack of discovery
hurt by this choice (HH’| |)

Higgs Production (Theory)

» Envelope of MSTW & CT & NNPDF (68%cl)

Aag(My) = £0.0012

3

NNLO gg—H at the LHC (\'s = 8 TeV) for MH =126 GeV

| e MSTWOS, us(M;)=0.1171

|
ggh@nnlo (v1.4.1), u_= u_=M,/2 q
]

—
(]
N
7)) — , ) 7
2.5 —— CT10, u (M%) =0.1180 Green dotted line: .
E - average of three Gaussians J‘
e | ——— NNPDF2.3, ay(M?) = 0.1190 ]
> = Statistical combination -, 1
x= C . ]
= 15— ‘
5 " E
2 ]
e 1= : e
m : -’,{ g j
L = n e \
Y R g 3
- : oy = 1
- o cusd o & ]
L N . O | | R
P8.5 19 19.5 20 20.5 21 21.5 22
Solid lines: histogram of random predictions o] (pb)
Dashed lines: Gaussian with same mean and s.d. H
Daniel de Florian |15




PDF4LHC recommendation

» Envelope of MSTW & CT & NNPDF (68%cl)  Aas(Mz) = £0.0012

» No discovery/lack of discovery
hurt by this choice (HH’| |)

But.... not enough for RUN 2?...
Need to match perturbative accuracy

eSome sets out of the recommendation

NNLO gg—H at the LHC (I's = 8 TeV) for MH =126 GeV

— 3 | b |
3 — MSTWO08, o g(M?) = 0.1171 ggh@nnlo (v1.4.1), u_=p =M, /2 |
w u , ' i

2.5 —— CT10, u (M%) =0.1180 Green dotted line: ]

E - average of three Gaussians _!

a = NNPDF2.3, ug(M?) =0.1190 ]

— z

-~ 20 ]
> = Statistical combination -, 1

= - . ]

= 15 —

Q2 - 4
© r \ 3

Q - .
o 1— H - -
pul - s, S -

m "'{ - “ R ’ .

N ..¢ 23 56 BT —
05— It e e IR e ]
N h‘q ,"
R O 0 ‘ X ':Y:"\ . L. .., . - -
‘PB.S 19 19.5 20 20.5 21 21.5 22

Solid lines: histogram of random predictions o] (pb)
Dashed lines: Gaussian with same mean and s.d. H

*Increased uncertainty due to different central values
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PDF4LHC recommendation

» Envelope of MSTW & CT & NNPDF (68%cl)  Aas(Mz) = £0.0012

NNLO gg—H at the LHC (I's = 8 TeV) for MH =126 GeV
3

» No discovery/lack of discovery R R PP
hurt by this choice (HH’| |) -H S
-~ 20 =

g . ; === Statistical combination -, é

But.... not enough for RUN 2?... - | E
Need to match perturbative accuracy = f i E
o . '-'T .

an

3 O . ‘ ) o Ly s, ‘ - -
5 19 195 20 205 21 215 22
Solid lines: histogram of random predictions GH (pb)

o SO m e S ets O ut Of th e rec o m m e n d ati O n Dashed lines: Gaussian with same mean and s.d.

*Increased uncertainty due to different central values

» Precise LHC data needed for validation & improvement

Jets might no be enough? (NNLO on the way) will take
Transverse momentum of V (qg) (NNLO needed) some time...
Find the origin of differences between sets!!!

@ Higgs Production (Theory) Daniel de Florian 15



doyy/ dp_ [fb/GeV]

More exclusive

[T T T | T T | T T | L | L | L | LI | L | T T | T T_]
0.06F- ATL/!S Preliminary 4 yaa syst. unc. -
f =2z —dl . gg—H (MINLO HJ+PS) + XH
0.051 \E=8Tev:f|_dt=2o.3 fo g-+H (Powneasrs) + XH
- gg—H (HRes) + XH .
0.04— ==== XH = VBF + VH+fIH  —]
0.03| - H — 4] —
0.02 .\\\‘\7\\ RORnRnann, _:
0.01— —
- = .

O 20 40 60 80 100 120 140 160 180 200
P, [GeV]

e [ransverse momentum distributions

*Jet vetoes
Still large Experimental uncertainties

HEP
UBA
wwvw.hep.df.uba.ar
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ATLAS Preliminary

dogy/ dp._ [fb/GeV]

—
Q

T T T | T T T | T T
+ data syst. unc.

g9—H (HRes) + XH

(K yqr = 1.15)

--- XH = VBF + VH + ttH
H—yy, \s =8 TeV

[Ldt=2031"

H —yy

-
/////////////////// ‘,//////////////////

L0 e S 3
C PR R BT AR A Lo o1y | | .

5 af AL L L BN B B L | |

E +

B Tt

E‘ V77 7777 N7 77777 7N 777 77 7 ALl s + /////////

% O'. AT BT BT BT R S AT AT A

© 0O 20 40 60 80 100 120 140 160 180 200

—>
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e

o(P1 > PT veto) [f0]

pp — H

jet

R.Boughezal, FCaola, K.Melnikov, FPetriello, M.Schulze (201 3)

e NOW: gg and qg channels (>98% of total result)

e Full NNLO with exclusive distributions

* Preliminary results

5000

4000 r

3000 [

2000 |

1000 r

H+i

LO ——

NLO —— ]
. . NNL
Preliminary

0 30 60 90 120 150

PT veto [GeV]

180

Higgs Production (Theory)

211

do/dpr

F.Caola (LoopFest 2014)

400

+60%  NLO
+30-40% NNLO

scale dep. ~4%

350

300 |

250 [

200 r

150 r

Preliminary

100 r

LO ——
NLO ——

50 r

0

|

NNLO —— 7

40 60 80

Daniel de Florian
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120 140 160 180
pT,H [GeV]
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pp — H + jet

X. Chen, T. Gehrmann, M. Jaquier, N. Glover

e

*gg channel : agrees with previous calculation (2 NNLO calculations!)

eDifferential : Rapidity and transverse momentum

M. Jaquier (LoopFest 2014)

1 | 0.2 |
M4 L
08 L LO ——+— i LO
. NLO » <~ 0.15
« ¥ ¥ NNLO :----- K'faCtOr
=~ 06 * * 7 =
% ¥ o< KN ¥ % 0.1 T T
S o4l . » 1 S NNLO/NLO
X X oy XK ]
0.2 >0<§<+++ T = 0.05
. § < N + X §
0 Les® ' % x oL ie
0 © +++++++++++
= ++““J’*‘FJQ-++++-+++#‘*'*++++4=F
n
0.02 | 1 i
M3
ors | LO ——+ ] 08 LO —— | 1 I
) ‘ : 100 200 300 400
0.6
- — PT
S 0.01 | L FE 1 3
g . . © 04
0.005 |- ’ ’ .
. . 0.2
+ +
o+ | +

Higgs Production (Theory)
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Merging NLO with Parton Showers

» Resummation to NLL accuracy + realistic final states

» Carry (N)NLO precision to all aspects of experimental analysis

i‘% » NNLOPS (Higgs) = 10° —

talk by S. Frixione

> : NNvLops [ ]
Hamilton, Nason, Re, Zanderighi g 101 HoT —— |
B
o 10
Gl i
= 1073 m—
POWHEG+MINLO © f
eH+jet at NLO (+PS) = (1{2 e —— ——
*|nclusive reweigthed to NNLO 0 5'0 1'()() 1'50 Qbo 2'5() 300

Py [GeV]
*Can not reach NNLL but good overall agreement with HqT
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% » UNZLOPS (Higgs) Hoche, Li, Prestel (2014)

*UNZ2LOPS method to match H+0 jet and H+ 1| jet at NLO+PS
*Implement NNLO with gr subtraction in SHERPA

o) 12 L L B L L L B B B A e i [ ';' ([ rrrrprrrprrrprrrprr e T e e T T e e e ‘*LEJ
Q - 1= [0)
'—'I I \/E =14 TeV | 8 Q) i s=14TeV UN2LOPS | g
| o S b - 2
g 10 I & 8 1 — HqT 1S
Is 1 N — MC@nLo
8 | L o g
l Q &=
B o) ]
B ©
6 1071} :
4| — UNPLOPS B |
i — I\N/IIEID@S)NLO i g m /2<pL <2m |
2| M /2< w <2m,, 102} o m ;j:t Zﬂ HqT
I mH/4<u <mH - .
i Q | .
i ‘ ‘ Ll ‘ ‘ I B
o = ‘ ‘ — ‘ | — BEBEBREE
3 14l P ;
Z s e 1 ==
-C% 0.9 ?\ b b b b b b b Qc:-._U' Ll ‘ L BN
o -4 -3 -2 -1 0 1 2 3 4 0 20 40 60 80 100 120 140 160 180 200
Y, P; . [GeV]

*Excellent agreement with HNNLO
*Very good agreement with HqT (still not NNLL)

@ Higgs Production (Theory) Daniel de Florian



g}ﬁg VH production

» Fully differential NNLO calculation for VH including NLO
H—bb and V- Il decays with spin correlations

L | T T I_ IIIII | T T 1T | T T 1T | T T 1T 1.4_ —_——————
0.0200 [ PPoWHAXSIBD +X Mp=Hp=mgtMmy, K =Hy | [ (mg+my)/2 < pg=pp < 2(myg+my) , my/2 < p, < 2my | LI I C I 4 f . I .
Vo=l4 TeV, my=125 GeV NLO (prod) + LO (dec) a—t-l et a— n a ys I S
0.0100 -+ NLO (prod) + NLO(dec) —| i _
“m 1 12 -
- | MC@NLO [ ]
0.0050 (= [ 1
| ! .
/E — EEE%‘L‘L%'..-. 1
) 1.0 e, W B Py T v L gy B ——— oo . e
& R S I s o N o o Ferrera, Grazzini, Tramontano (2013,2014)
£0.0020 — e PR ke 1
b - | WH ZH
0.0010 — 1 4 o8l ﬁl_l_'_;l_.—l__
[ Jet alg. C/A, R=1.2 i s ]
0.0005 [— cuTs: 1 fat—jet with p}>200 GeV and |n,|<2.5 — ]
B p>30 GeV, ph>30 GeV, |n,|<2.5, py>200 GeV | 0.6 _
- VETO: mo jets with p}>20 GeV and In;|<5 1 norm. to NLO
0.0002 [ | | [ | | [ | | 1111 | 1111 | 1111 P N I B B B 1
200 250 300 350 400 450 500 250 300 350 400 450 500
pr (GeV) pr (GeV)

» NLO decay effects relevant but well accounted by MC
» NNLO corrections at 14 TeV sizable (~16% due to jet veto)
beyond MC@NLO uncertainties

o (fb) | NLO (with LO dec.) | NLO (full) [ NNLO (with NLO dec.) | MC@NLO
w/o jet veto 254110 2.63" 0 2.5212% 2.8271%
w jet veto 1.22711% 1.29712% 1.075% 133715
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Off-shell effects and interference

signal background
Aij—)X — Aij_)H AH Anx +Acontinuum
Propagator

J_glﬁ:_fr'—e

'y
(¢ — Mp)? + T3 Mg MHFH ol _MH)+O( )ZWA
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Off-shell effects and interference

signal background
Aij—)X — Aij_)H AH AH—>X +Acontinuum
Propagator

P W

'y
(> — MZ)?2 +T%3M% MHFH(S(Q ~ Mig) + O( ) ZWA

A (q) ~

But above threshold decay 10000 [y s 11 > 27 tonsn, Mor—125GeV >
amplitude compensates 1/(¢?)? o [ [l o1
S| —
2 2\ 2 S |
N 0.01
Apsvv]”~ (7)™
= 0.0001 |
'% L
1le-06
eSizable contribution from off-shell Lo08 |
eEnhances effect of interference
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Width measurement from off-shell Caola, Melnikov

CMS 19.7 o' (8 TeV) + 5.1 tb™ (7 TeV)
[T T 11 | IIIIIIII | I'T T1 | T T T | T T T | T T1 I_ 2 2
— - M2 —A 2 2\ 2 2
60: i O.OIl / H dq2 |Agg—>H—>VV|2 N gggH(MH)gHVV(MH)
- . 2 2 A[2
500 ] M2, — A2 (QQ—MH)+FHMH 'y
i . SM
40 - g=¢&y9 .
i = 4
30?1 | -
20?J ] )
Hi® i oft 2 |AggsHovV| 2 2 2\ 2 2
el e / dq ( 2—M2)+ 2 )2 ~ [ dq gggH(q )gHVV(q )
— q2> M3, q H R{ H
o ] A Al
100 200 300 400 500 600 700 800

my, (GeV)
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Width measurement from off-shell Caola, Melnikov

CMS 19.7 6" (8 TeV) + 5.1 fb™ (7 TeV)

[T T 11 | IIIIIIII | I'T T1 | T T T | T T T | T T1 F 2 2

- 7 M2 —A 2 2\ .2 2

: * Data —————__ on " o NAggsmovv/ 9ggrt (M) 95y v (M)
i B qg — ZZ M?% — A2 (q _ H)"‘ H""H H

[ Z+X

_ ~ SM

i g==&g

R N R R §

[ [ R R B

ToT 1
R

._l-J.-}

10f4;

ol : :,h.-.ll--—.-._: = :

0= ,
106 200 "300 400 500 600 700 800

Py = T3

off da? [Aggs vy ]|? do2 a2 2\ 2 2
o q ~ | dq”g,,u(q”) 95vv Q)
q>>M?

(¢> — M%) +\%(Mir

m,, (GeV)
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60

30

Width measurement from off-shell Caola, Melnikov

19.7 6" (8 TeV) + 5.1 fb™ (7 TeV)

50+

40F

20

TR T T T 0
- 10

R R R (R

ToT 1
R

[ N R

10f4;

L | L | L | L | L F

e Data

]9gg+VV — 27

@ qg — 2z
[ Z+X

A e

' 200300400 500600700 800
m,, (GeV)

Higgs Production (Theory)

M3z —A?
_ sOn /

¢ |Agg—>H—>VV|2 N gggH(MIQJ)g%{VV(MJ%I)
mz-az (@7 — Mg) + T3 M U
S M
g==£&g

Py = T3

- 2
?-\O-Off/ da? |Agg—>H—>VV| /d 2 2 2\ .2 2
q ~ [ A gy (47) 9mvyv (@)
] 02> M2, (q2 _ MI2{) _|_T\%(MI2{ ggH HVV
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Width measurement from off-shell Caola, Melnikov

CMS 19.7 b (8 TeV) +5.1 fb 7 TeV)
60__I T T | IIIIIIII | IIIIIIIIIIIIIIII M2 _Az 2 2 2 2 2
B o Data \ on H 2 |Agg—>H—>VV| gggH(MH) gHVV(MH)
g — 27 N M2 — A2 (¢ — H)_|_ H*"H H
[ Z+X i

g=¢g°M
Py = T3

A HoVV]
(QQ—QJ\Z_;):T\%(MQ ~ dQQQSQH(QQ)Q%va(QQ)
H H

ok )
106~ 200300400 500" 600 700 800

m,, (GeV) SM assumptions on couplings (running)
I' . I'
exp __ __back on oft H | _int H
o = +o0 4+ 0o XFSM o X —FSM
H H

CMS 'y < 22MeV (5.45SM)
ATLAS 'y <24 MeV (5.7sMm)

@ Higgs Production (Theory) Daniel de Florian 23



Width measurement from interference

In diphoton channel, interference small for total _ = oy —
cross section but asymmetry produces shift in g wof IR
invariant mass : enhanced by detector resolution & x|

NG [

b S

o oF

Dicus,Willenbrock (1986)
Dixon, Siu (2003)

Martin (2012,2013)

deF et al (2013)

Dixon, Li (201 3)

—20f
A [
—40}

Known to O(a?)

v

) P PSP RPN R B
124.96 124.98 125.00 125.02 125.04

M., (GeV)
W ——— LOOI( at AMH — MIZPY — Méz
o s AMu ~1GeV implies T'gz ~ 20073
A — —0.90 + 0.75 GeV (CMS)
.. | H = 1 +1.47+0.72 GeV (ATLAS)
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Width measurement from interference

In diphoton channel, interference small for total _ = oy —
cross section but asymmetry produces shift in g wof IR
invariant mass : enhanced by detector resolution & x|

NG [

b S

o oF

Dicus,Willenbrock (1986)
Dixon, Siu (2003)

Martin (2012,2013)

deF et al (2013)

Dixon, Li (201 3)

—20f
A [
—40}

N N N B IR
124.96 124.98 125.00 125.02 125.04

v

Known to O(a?)

M., (GeV)
i ————— Look at AMy = M” — M{”
31 0 I Destructive Incesf. (SM) AMH ~ 1GeV implies FH ~ 200 F?‘IM
< oo I Constructive Inter.f.
g 090 £0.75GeV (CMS)
jzz \\\\\\\\\\\\\\\\\\\\\ BT ] +1.47+£0.72 GeV (ATLAS)

QCD corrections needed for Interference in general talk by K. Ellis
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Higgs self couplings: Fundamental to test Higgs potential

A 2 1 A
V=7 (20H+H2) = 5(2A0")H® + AwH® + JH

9 v5000) .
A>.(’
g OO0 N2
9 vooo0) K
,>_ff_.[:i___ﬂ
g T H
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Higgs self couplings: Fundamental to test Higgs potential

A 21 A
v =" (2vH+H2) — Z(2AA)H? + AwHB + ZHA

4 2 4
9 oEo50) /,H
A>H{ ~ 40 fb very challenging
g 00000 N H
9 o000) /,H @ |4TeV
,>-ff..({i---ﬂ ~0.05fb  impossible
g 00000 N H

Compared to ~50 pb for single Higgs production
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Higgs self couplings: Fundamental to test Higgs potential

A 21 A
v =" (20H+H2) = ~(2A0*)H? + MoH® + ZH?

4 2 4
9 oEo50) /,H
A>«: ~ 40 fb very challenging
g oo N H
9 o000) /,H @ |4TeV
,>-ff..({i---ﬂ ~0.05fb  impossible
g 00000 “H

Compared to ~50 pb for single Higgs production

*Several recent phenomenological studies  Baur, Plehn, Rainwater (2003)

Dolan, Englert, Spannowsky (2012)
»In general need very large Baglio et al (2012)

luminosities 600-3000 fb-! Papaefstathiou,Yang, Zurita (2012)
207%-30% uncertainty in triple Higgs coupling ?
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HH production channels

gg fusion - o(pp — HH + X) [fb]
1000 + MH = 125 GeV gg — HH

9 o000 /,-E[ g > —— - :
H«:’ 1o |
g 00000 \\\}{ 4] - ----H ]()O i
VV fu5|on 10 § T — WHIEE

-
TR S
P
__—‘—‘_1.--'
P etis
- st
= e
- et
-
- o
g
PRt
e et
f” .““‘
R R
- ot
’
’ 0
-, S
’ 0N
’ omamamae
e o D ammmmnn =
¢’ o g
- . RN e —_ _
A Py %
Ol -
/ A PSS
q % R Lo
’ & .o
‘/ — - - - U PR
_ _ - _ - | ’ B et PR .
- - ¢ 5 P PE e
- - ¢ R PR
- - & < 7 & A
~ - ~ ~ ’ :~ .’ Pad
3 .
* ~ - — S < A PP -
- ~ S .
q H ]
St
I s . R
q - L. 4
R
T
EASS
a2
v,

Baglio et al|

qq’ — Hqu—
- qq/gg — ttHH -

. . . 1 i | | !
Associated production with top "' 5 3 50 75 100

C Vs [TeV]
g - >4>mgm»< >m<
-l o I o\\
9:::[t ! : :
Gluon-gluon fusion dominates

Higgs-strahlung Only some contribute with HHH

S et
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HH production in gg fusion

g oTTO00)
LO : Triangle and .
Box contributions

g TOEOo0

Yq

Very difficult to reach higher orders

—@ Higgs Production (Theory)
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HH production in gg fusion

g TOT0O0) H g ., J9 )21
LO : Triangle and 7Y IS .
Box contributions SN
g 0vTTO0 “H q . T H

Very difficult to reach higher orders :ll> Use effective Lagrangian

Pretty bad approximation at LO

2
m
expansion IN — m—g Grigo, Hoff, Melnikov, Steinhauser (201 3)
{
0.8 : p
S 0.6 e
% 04 ]
02¢ -
200 B 600
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HH production in gg fusion

g oTTO00)
LO : Triangle and .

Box contributions
g TOEOo0

Very difficult to reach higher orders

Pretty bad approximation at LO

o mE
expansionin  p= —5
e
0.8 : p
S 06 ]
% 04 ]
02] .
0 B !
200 600
@ Higgs Production (Theory)

tbl
Yq

——> But OK (~10%) for K-factors!

Grigo, Hoff, Melnikov, Steinhauser (201 3)

3 T T T T T T T T
275% NLO/LO %
A\
2.5\ -
- 4
M 225 \§§ 10
21 ST = -
I \©~§_?~- -
1.75 P~ --=ZIZT=
1.5
300 400 500 600 700
Vs (GeV)

cut
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% NNLQO dcF) Mazitelii 2013) NLO
Dawson, Dittmaier, Spira (1998)

020F LHC Q14 TeV My = 126 GeV
T MSTW 2008
§ ' —— NNLO
Q i —== NLO ]
g 0.15 NN\ e ID : K
~H Y . 05Q < pr,ur < 2Q oLo = 17.8733 tb
g 0.10F 0.5 < pur/pur <2 ] ONLO = 3321_28 b I 86
~ My - o .
= 005 S /SN _ 2| AIUNNLO = 40.2 35 b 2.26
....:_";;;;:::t ...... == . + 8%
0.00 — e O(+£20%) at NLO
300 400 500 600 700
0(GeV)

As expected, very similar pattern to single Higgs
eLarge QCD corrections

*Scale band: overlap between NLO and NNLO < 2% effect
*Reduction in scale dependence 0<C? <20?

2 2
o =iy
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Dependence on collider Energy | Een [TeV])| 8 14 33 | 100
9.76 T0-55140.2 7321243 7171638 T5°

2000
1000
500

200
100
50

20

deF, J. Mazzitelli (2013)

o(1b)

Em(TeV)

*Soft-virtual emission ~98% of total correction (14 TeV)
*Explains increase of corrections at lower energies (closer to threshold)
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Doable within EFT : reach status of single Higgs production

Fully differential at NNLO, NNLL, SV@QNSLO, ...

Needed : go beyond EFT approximation and distributions !

eFull NLO distribution hard to compute 2 loop

*Improve over EFT P—

t,b g

g 7000000
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Doable within EFT : reach status of single Higgs production

Fully differential at NNLO, NNLL, SV@QNSLO, ...

Needed : go beyond EFT approximation and distributions !

eFull NLO distribution hard to compute 2 loop
*Improve over EFT ) s

e

10%

t.b

E HH production at pp colliders at NLO in QCD

3 | My=125 GeV, MSTW2008 NLO pdf (68%cl)
10° F

g TO5000Y -

10% E

Frederix et al (2013) MadGraph5_aMC@NLO
Talk by Marco Zaro

10" §

lld L L b1l L L Ll L L Ll

10°

12 All channels with full mr
10‘} o dependence in real contributions
0 f 15 EFT for virtual
e e e e

Vs[TeV]
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(short) Conclusions

*Covered a reduced number of improvements over ~ last year
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(short) Conclusions

*Covered a reduced number of improvements over ~ last year

*Every Higgs Hunting meeting a bunch of % calculations

eooF at N3LO
°H + jet
*(N)NLOPS
*Interferences

*Higgs pair production
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(short) Conclusions

*Covered a reduced number of improvements over ~ last year

*Every Higgs Hunting meeting a bunch of % calculations

eooF at N3LO
°H + jet
*(N)NLOPS
*Interferences

*Higgs pair production
*Work triggered by experimental measurements

::> in the right path to Higgs precision!
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Thanks
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